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Abstract

In this paper, we show that the semiconducting polymer poly[2-methoxy-5-(2'-ethyl-hexyloxy)-1,4-phenylene viny-
lene] (MEH-PPV) can be incorporated into the channels of an aligned mesoporous silica host. Polarized fluorescence
spectroscopy is used to show that more than 80% of the polymer in the composite is aligned by incorporation into the
host. Time-resolved transient absorption spectroscopy further indicates that the incorporated chains are isolated from
each other, while the unincorporated polymer is aggregated, probably at grain boundaries or surfaces. Control of the
fraction of polymer inside versus outside the pores can be achieved by selective oxidation of the unincorporated
polymer. Because of the unique nanoscale geometry of this material and the existence of multiple environments, ex-
citations in this composite are funneled from outside the pores down into the aligned, isolated polymer chains inside the
pores. Time-resolved stimulated emission spectroscopy is used to follow this process by monitoring the increase in
Iuminesce polarization with time. The results show that control of polymer morphology through host/guest chemistry
can be used to direct the motion of excitations and thus to deliver energy to specific regions of a material. © 2001
Elsevier Science B.V. All rights reserved.
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1. Introduction

Host/guest composite materials with nanome-
ter-scale order offer an exciting new direction for
control of materials properties on the molecular
level. One particularly promising class of hosts are
surfactant-templated mesoporous silicas [1,2]. Be-
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cause of the range of pore sizes and shapes that
can be produced, these materials offer a variety of
options for controlling molecular interactions at a
fundamental level, while still allowing for the in-
corporation of a wide range of different guests [3—
10]. One area where this type of control is likely to
be particularly valuable is in manipulating the
optical properties of semiconducting polymers.
Control over the interactions between polymer
chains is critical to obtaining the desired opto-
electronic properties of these technologically
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promising materials [11]. In solution, m-conjugated
polymers such as poly(para-phenylene vinylene)
show strong absorption and luminescence [12]
with simple, single exponential excited-state re-
laxation dynamics [13]. When these same polymers
are cast into thin films for device applications,
however, luminescence quantum yields go down
[14], and the excited state relaxation dynamics
become multi-exponential and complex [13]. The
differences between solutions and films can be as-
cribed to interactions between polymer chains,
including energy transfer between chains and the
formation of interchain shared excited state species
[11,15].

One way to control interactions between poly-
mers is to isolate the chains of a substituted
poly(para-phenylene vinylene) in an insulating
matrix. Many researchers have attempted to do
this by blending semiconducting polymers with
non-conducting polymers [13,16]. Because the en-
tropy of mixing for polymers is exceedingly low,
however, phase separation usually takes place,
leaving the chains of the semiconducting polymer
in contact [16]. Instead, the approach described
here utilizes an ordered, nanoporous silica as a
host which serves to both isolate and align the
polymer chains [17,18].

The host that we have chosen is a P6mm hexa-
gonal surfactant-templated silica [1,2]. A macro-
scopically oriented host is produced by aligning an
inorganic/organic liquid crystal precursor in a
magnetic field [19]. Subsequent condensation of
the silica component of the material and removal
of the surfactant via calcination affords an ori-
ented, polycrystalline, nanoporous solid [20].
While the orientation of the host material is not
perfect (~50°, full width at half maximum height),
net alignment of the majority of the domains is
achieved. The surface of the host is then silylated
to make it compatible with the polymer, and the
polymer is incorporated into the pores from solu-
tion [17]. Heat treatment is used to drive the
polymer into the pores. We have chosen the solu-
ble polymer poly[2-methoxy-5-(2'-ethyl-hexyloxy)-
1,4-phenylene vinylene] (MEH-PPV) [21], and
have shown that polymer can be incorporated into
the silica pores from solution without disruption
of the net alignment of the composite [17].

This mesoporous silica/conjugated polymer
composite serves as a unique testing ground for
understanding and controlling the electronic
properties of isolated polymer molecules. Below,
we describe the results of both continuous wave
(CW) and time-resolved spectroscopies that were
used to examine the properties of the polymer/sil-
ica composites. The results provide a model for
exploiting nanoscale host/guests composites to
control the flow of energy in complex materials.

2. Experimental

The synthesis of the mesoporous silica/semi-
conducting polymer host/guest composites has
been published elsewhere and will only be briefly
summarized here [17]. Silicate/surfactant liquid
crystals were aligned in an 8.7 T magnetic field by
heating the liquid crystal phase just below its or-
der-to-disorder phase transition temperature.
Once the composite was oriented, it was cooled to
room temperature, removed from the field, and the
silica was crosslinked by exposure to HCI vapor.
Calcination in O, at 500°C yielded an oriented
porous host. Silylation was performed with phe-
nyldimethylchlorosilane. MEH-PPV was synthe-
sized by established methods [21] and incorporated
into the pores from a chlorobenzene solution. The
solution was heated at 80°C to drive the polymer
into the pores. The composites were washed for
~2 h in chlorobenzene to remove unincorporated
polymer, and then index matched in glycerol to
improve optical quality. A sample two-dimen-
sional X-ray diffraction pattern from an oriented
composite is shown in Fig. 1. Both the raw data
(top) and the chi plot (bottom) indicate net
alignment of the sample, with a distribution of
orientations. The data shows that host orientation
is preserved upon silylation and polymer incor-
poration.

CW polarized fluorescence was obtained with a
home-built system utilizing the 488 nm line of
an Ar" laser for excitation and a Princeton In-
struments intensified diode array for detection.
For polarized measurements, care was taken to
scramble the luminescence polarization before
detection because of the known polarization bias
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Fig. 1. Two-dimensional X-ray diffraction pattern of the MEH-
PPV loaded, phenyldimethylchlorosilane treated aligned silica
used for fluorescence measurements: (top) raw diffraction data,
(bottom) angular distribution of pore orientation obtained
from integrating over 20 for the fundamental, (10 0)nexagonas
diffraction peak.

of ruled-grating monochromators. Time-resolved
stimulated emission and transient absorption
measurements were made using a regeneratively
amplified Ti:Sapphire laser which produces ~120
fs light pulses centered at 800 nm with 1 mJ of
energy at a 1 kHz repetition rate (spectra physics).
These pulses pump a dual-pass optical parametric
amplifier (OPA). For the stimulated emission ex-
periments, signal and idler beams from the OPA
were then used to generate pump and probe light
at 485 and 590 nm, respectively by sum frequency
mixing (SFM) with the residual 800 nm light. The
transient absorption measurement utilized the 485
nm pump light and the residual 800 nm pulse for

use as the probe. Further details of the femtosec-
ond apparatus can be found in Ref. [11].

3. Results and discussion

Fig. 2 shows an example of polarized photolu-
minescence data obtained on the mesoporous sil-
ica/conjugated polymer composites. VV indicates
that the pores were excited with vertically polar-
ized light and that the vertically polarized lumi-
nescence was detected. VH similarly refers to
vertically polarized excitation and horizontally
collected luminescence. In all cases, the pores (and
thus the majority of the polymer chains) are ori-
ented vertically in the laboratory frame. The re-
sults show strong anisotropy in the polarization of
the emitted light for both V and H excitation. The

PL Intensity (arb. units)
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Fig. 2. Luminescence from MEH-PPV in the nanostructured
composite with the excitation light (a) polarized along the
pores, and (b) polarized perpendicular to the pore direction.
Solid curves show data collected with parallel emission and
excitation polarization. Dashed curves show data collected with
perpendicular emission and excitation polarization. These data
can be used to calculate the fraction of polymer chains con-
tained within the silica nanopores.
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majority of the light is emitted with vertical po-
larization, suggesting macroscopic alignment of
the polymer chains.

The data in Fig. 2 can be used to determine the
fraction of polymer guests incorporated within the
silica nanopores. Using the known direction of
the transition dipole with respect to the chain axis
(~20°) and the distribution of pore orientations
determined by two-dimensional X-ray diffraction
(Fig. 1), a geometric model can be constructed to
fit the observed luminescence polarization ratios
[17]. Comparison of the model with the anisotropy
shown in Fig. 2a allows us to calculate that over
80% of the polymer chromophores in the com-
posite are aligned and isolated within the silica
nanopores. The remaining ~20% of the polymer is
randomly oriented, presumably located outside of
the pore environment [17].

Transient absorption spectroscopy (Fig. 3)
shows that the polymer chains contained within
the pores are, in fact, isolated, while the 20% of
polymer chains outside of the pores are in contact
with other chains in a more film-like environment.
When the pump and the probe polarizations are
both oriented perpendicular to the pore direction,
fast transient absorption decays are observed,
similar to those observed for polymer films. By
contrast, slow transient absorption decays are
observed when the pump and the probe polariza-
tions are oriented parallel to the pore direction,
similar to that seen for the polymer in dilute so-
lution. While there is some variation in the tran-
sient absorption decay time observed in different
solutions, the data presented here corresponds to
dilute solutions in a solvent that shows the longest
decay and in which the polymer has the highest
quantum yield [15]. ' It is thus reasonable that the
solution decay presented here is indicative of
loosely coiled, isolated polymer chains. Fig. 3 thus
characterizes the different polymer environments

! Changing solvent from the good solvent used here (chlo-
robenzene) to a poorer solvent (such as THF), which causes the
chains to coil up, can result in a 50% decrease in transient
absorption decay time. The effect of concentration is smaller,
with a 15X increase in concentration resulting in only about a
15% decrease in absorption decay time due to quenching via
interchain interactions. See Refs. [11] and [15] for more details.
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Fig. 3. Ultrafast transient absorption dynamics of MEH-PPV
(pump 490 nm, probe 800 nm). Crosses and circles show excited
state absorption decay of MEH-PPV in a chlorobenzene solu-
tion and a spin-coated film. For MEH-PPV in the mesoporous
silica composite, the solid curve is the absorption decay with the
pump and probe pulse polarizations parallel to the pore direc-
tion, and the dotted curve shows the absorption dynamics with
the pump and probe polarized perpendicular to the pores. Film-
like behavior is observed for horizontal excitation, while solu-
tion-like behavior is seen for vertical excitaion.

present in the composite, and shows that both
isolated and interacting polymer domains can be
included within a single material.

Control of the fraction of polymer chains in-
corporated inside versus outside of the pores can
be obtained by selective oxidation of the exterior
polymer. Photooxidation of substituted poly(para-
phenylene vinylene) polymers in air has been well
documented [22,23]. Fig. 4 compares the polarized
fluorescence of a freshly made sample (left) to a
sample that has been allowed to oxidize at ambient
conditions for about 6 weeks (right). The degree of
emission polarization is clearly much greater for
the oxidized sample, showing that the degree of
aligned versus unaligned polymer can be con-
trolled by oxidation. More importantly, this result
indicates that the polymer chains contained within
the pores are protected from oxidation. This pro-
tection may stem from reduced oxygen diffusion
into the confined porous region, or may result
from reduced UV irradiation due to absorption by
the porous silica host. Regardless of the mecha-
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Fig. 4. Polarized luminescence from MEH-PPV in the nano-
structured composite with the excitation light polarized along
the pores. Solid curves show data collected with parallel emis-
sion and excitation polarization. Dashed curves show data
collected with perpendicular emission and excitation polariza-
tion. The curve on the left was taken immediately after prepa-
ration of the composite; the curve on the right was taken ~6
weeks later. Oxidation of the unincorporated polymer in the
aged sample results in a net increase in polarization of the
fluorescence.

nism, the silica nanopores can be used not only to
align polymer chains and control their morpho-
logy, but also to protect the chains from uninten-
tional oxidation.

Once the material is well characterized, it be-
comes possible to follow the motion of excited
state species in these composites using time-re-
solved stimulated emission anisotropy measure-
ments. Because of the net alignment of the
chromophores in the sample, this technique can
directly monitor the fate of the emissive excitons
created on the polymer chains. In these experi-
ments, samples are excited with a short pulse of
polarized light. The fluorescence intensity is moni-
tored using a second pulse that is polarized either
parallel (]|) or perpendicular (L) to the excitation
pulse to cause stimulated emission. In the absence
of energy migration, the emitted light will tend to
have the same polarization as the excitation laser.
When energy transfer takes place to a new segment
with a different physical orientation, however,
memory of the initial excitation polarization is lost
until eventually there is no difference in intensity
for emitted light polarized parallel or perpendicu-

lar to the excitation laser. The intensity of light
emitted parallel or perpendicular to the polariza-
tion of the excitation light can be used to calculate
the time-dependent anisotropy r(¢), which is a
measure of the polarization memory [24]

_ -1

=T T2

(1)

In an isotropic material, energy transfer results in
a decay of the time-resolved anisotropy, »(¢), from
an initial value of 0.4 down to 0 at long times [24].

Fig. 5 shows the dynamic stimulated emission
anisotropy from the composite sample when the
excitation laser is polarized along the pore direc-
tion. The initial value of the anisotropy, »(0) =
0.53, is larger than 0.4, confirming the net align-
ment of energy in the composite. There is a small
initial rapid loss of anisotropy in the first few ps,
which on the basis of previous studies [25-31], and
the data presented in Fig. 3, we assign to Forster

0.58 .
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Fig. 5. Stimulated emission anisotropy of MEH-PPV in a
mesoporous silica with the excitation pulse polarization parallel
to the pore direction. The solid curve in the figure is a 250 ps
exponential rise. The excitation and probe wavelengths are 490
and 590 nm, respectively. The different shaded symbols repre-
sent scans taken with different time spacings between points.
The fast decay can be ascribed to Forster transfer been unin-
corporated polymer chains. The rise is ascribed to directional
migration of excitations from the unincorporated polymer re-
gions down into the aligned, isolated nanopores.
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energy transfer between the ~20% of the conju-
gated polymer segments in the film-like environ-
ment outside the pores. Following the rapid decay
however, we see an increase in the anisotropy that
eventually tapers off at a value greater than »(0).
This increase is a direct result of the nanoscale
architecture of the composite sample. The polymer
segments located outside the pores are coiled, and
thus have a short average conjugation length.
From simple particle in a box type of consider-
ations, these shorter segments are high-energy sites
for excitations. By contrast, the polymer located
within the pores should be relatively straight and
thus excitations on these segments should be lower
in energy. This energy gradient should cause exci-
tations to move from the coiled polymer segments
located outside the pores to the straight-chain
segments located inside the pores, leading to emis-
sion which becomes spontaneously more aligned
with time.

Since the composite samples are designed to
have room for only one chain per pore, exciton
migration to chromophores inside the pores must
take place along the polymer backbone. The solid
line in Fig. 5 is a fit to a 250 ps exponential rise,
which indicates that although excitations can be
forced to move along a single polymer chain into
the aligned portion of our sample, they do so rel-
atively slowly. The determination of this intra-
chain energy transfer time can be used to explain a
range of solution phase data on semiconducting
polymers that had previously been quite contro-
versial [32-34]. These composites can thus be used
not only to control the flow of energy in a complex
material, but also to rigidly define the polymer
environment and thus simplify the electronic be-
havior [18].

4. Conclusions

The idea of controlling the motions of excited-
state species is not new. Nature has developed an
exquisitely efficient system to accomplish this in
the light-harvesting antennae pigments of the
photosynthetic reaction center [35]. Chemists have
worked to imitate this effect with reasonable suc-
cess using complex layered materials [36,37] or

specially designed polymeric species [38,39]. In all
of these synthetic systems, chromophores are or-
ganized in such a way that energy is funneled from
species with blue emission to those with redder
emission. While this results in good directionality
for energy transfer, energy is typically lost during
the process. The unique thing about our work
using host/guest chemistry is that only the con-
formation of the polymer chain is used to direct
energy transfer. This provides the potential to
control the fate of excitations with significantly
less loss of energy. As our ability to organize ma-
terials on the nanometer length scale increases, the
opportunities for this type of molecular control
should also be enhanced. Host/guest chemistry
involving mesoporous materials provides one of
the most promising method to rigidly control the
orientation, the aggregation, and the molecular
conformation of large guest molecules.
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