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Abstract

In this paper, we show how composite samples consisting of chains of the semiconducting polymer MEH-PPV embedded into the

channels of oriented, hexagonal nanoporous silica glass allow control over energy transfer and exciton migration in the polymer. The

composite samples are characterized by two polymer environments: randomly oriented and ®lm-like segments with short conjugation-

length outside the channels, and well aligned, long conjugation segments that are isolated by encapsulation within the porous glass.

Ultrafast emission anisotropy measurements show that excitons migrate unidirectionally from the polymer segments outside the pores to the

oriented chains within the pores, leading to a spontaneous increase in emission polarization with time. Because the chains in the pores are

isolated, the observed increase in polarization can take place only by exciton migration along the polymer backbone. The anisotropy

measurements show that energy migration along the backbone occurs more slowly than FoÈrster energy transfer between polymer chains;

transfer along the chain likely takes place by a thermally-activated hopping mechanism. Similar time scales for intra- and interchain energy

transfer are also observed for MEH-PPV chains in solution. All the results provide new insights for optimizing the use of conjugated

polymers in optoelectronic devices. # 2001 Elsevier Science B.V. All rights reserved.
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Conjugated polymers are useful for devices because they

combine the electrical and optical properties of traditional

semiconductors with the mechanical and solution processing

advantages of plastics [1±3]. One of the best studied con-

jugated polymers is poly[2-methoxy-5-(20-ethyl-hexyloxy)-

1,4-phenylene vinylene] (MEH-PPV), whose chemical

structure and photoluminescence (PL) spectrum are shown

in Fig. 1. A conjugated polymer chain is best thought of as a

series of linked chromophores with a distribution of con-

jugation-lengths, because twists and bends of the chain lead

to breaks in the conjugation. The con®nement of the excited-

state wavefunction (exciton) on shorter conjugation-length

segments produces a blue-shifted absorption and lumines-

cence, while the absorption and luminescence of longer

conjugation-length segments is red-shifted. Following exci-

tation, excitons rapidly move to the conjugated polymer

segments that are the lowest in energy, leading to a struc-

tured and highly Stokes-shifted PL, as seen in Fig. 1a.

Wavelength-dependent (site-selective) excitation experi-

ments on conjugated polymers and oligomers are consistent

with the basic picture of emission from low-energy segments

following energy migration through an inhomogeneous

density of states [4,5]. Time resolved PL experiments have

observed the rapid decay of blue emission from high energy

segments [6,7] and the delayed rise of red emission from low

energy segments, [8] showing that energy transfer takes

place in just a few picoseconds. Detailed modeling [9] of the

observed energy migration is consistent with FoÈrster transfer

[10] (dipole±dipole coupling) as the predominant relaxation

mechanism. FoÈrster transfer on the time scale of a few

picoseconds has also been observed in conjugated polymers

doped with small amounts of a red-emitting guest [11±14].

All of this work makes it clear that energy transfer in

conjugated polymers takes place rapidly and ef®ciently.

None of these experiments, however, address the funda-

mental questions of how easily energy migrates along the

backbone of a single polymer chain instead of between

polymer chains, or how this energy ¯ow can be controlled

or directed.

In this paper, we show how control over energy ¯ow can

be achieved by aligning semiconducting polymer chromo-
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phores on the nanometer scale via encapsulation into the

hexagonally-arrayed channels of mesoporous silica glass

[15,16]. The design of the system forces energy to ¯ow along

isolated polymer chains into the oriented portion of the

composite material [17]. Thus, use of the composite allows

us to separate the roles of interchain and intrachain energy

transfer in conjugated polymers, providing valuable infor-

mation for the optimization of polymer-based optoelectronic

devices.

The main technique we use to examine the dynamics of

energy transfer is time-resolved stimulated emission aniso-

tropy. The details of our ultrafast apparatus, which has a

�200 fs time resolution, are described elsewhere [18±20].

Brie¯y, the samples are excited with a polarized ultrafast

laser pulse centered at 490 nm, the peak of the MEH-PPV

absorption spectrum. The polarized luminescence dynamics

are measured via stimulated emission using a variably

delayed probe pulse centered near the PL maximum of

590 nm. Energy transfer leads to loss of memory of the

initial excitation polarization until eventually there is no

difference in intensity for emitted light polarized either

parallel (k) or perpendicular (?) to that of the excitation

laser. We monitor the remaining PL polarization memory via

the time-dependent anisotropy, r(t): [21]

r�t� � k �t�ÿ ? �t�
k �t� � 2 ? �t� (1)

Because many of the optics in the experimental set-up have

polarization-dependent reflectivities, the absolute magni-

tudes of the k and ? emission transients are somewhat

difficult to measure. Thus, in the results presented below,

we used the relative magnitudes of the polarized steady-state

PL emission to properly scale the ratio of the integrated k
and ? emission dynamics.

For MEH-PPV chains in solution, our recent work has

shown that both the polymer conformation and the degree of

interchain interaction can be controlled by changing the

chemical nature of the solvent and the concentration of the

polymer in solution, respectively [19,20]. The blue-shift of

the emission from MEH-PPV in THF (Fig. 1a, dashed curve)

relative to that in CB (Fig. 1a, dotted curve), for example, is

the result of a tighter chain coil in THF that leads to a shorter

average conjugation-length [19,20]. PL excitation and fem-

tosecond pump-probe experiments show that MEH-PPV

aggregation takes place more readily in CB than THF and

that the degree of aggregation is higher at higher polymer

concentration [19,20]. Thus, if primary mechanism for

energy transfer and loss of emission polarization were

exciton migration along the polymer backbone, as suggested

in previous solution work on both other conjugated polymers

[22,23] and MEH-PPV, [24] we would expect a much greater

anisotropy decay in THF than CB due to the more highly

coiled chain in THF. Instead, Fig. 2 shows that the opposite

is observed: there is a greater loss of anisotropy for excited

MEH-PPV in CB relative to THF. As we will argue in more

detail below, we believe the rapidity of the anisotropy decay,

along with the higher extent of aggregation of MEH-PPV in

CB relative to THF [19,20], leads to the conclusion that the

observed polarization loss is the result of interchain energy

transfer.1

If interchain FoÈrster transfer dominates energy migration

for conjugated polymers in solution, then what is the role of

intrachain exciton transport in these materials? This ques-

tion can be addressed by taking advantage of mesoporous

silica/polymer host/guest chemistry [25±30] to produce

composite materials with a strongly polarized polymer

PL. In particular, we can make use of our previous work

on incorporating MEH-PPV into the hexagonally-arrayed

and aligned 22 AÊ diameter channels of a mesoporous silica

Fig. 1. (a) Steady-state photoluminescence (PL) spectra of MEH-PPV in

different environments: chlorobenzene solution (CB, dashed curve),

tetrahydrofuran solution (THF, dotted curve), and the mesoporous silica

composite with excitation and collection polarizations parallel to the pore

direction (VVV, heavy solid curve; see footnote 2). The three curves are

scaled to the same maximum intensity for ease of comparison; (b) PL of

MEH-PPV in the nanostructured composite with excitation light polarized

along the pore direction. The heavy solid curve (VVV, same as (a)) shows

emission collected polarized along the pore direction, while the dotted

curve (VVH) is for emission collected polarized perpendicular to the pore

direction; (c) PL of MEH-PPV in the nanostructured composite with

excitation light polarized perpendicular to the pore direction. The dot-

dashed curve (VHV) shows emission collected polarized along the pore

direction, and the thin solid curve is for emission collected polarized

perpendicular to the pores (VHH). The relative intensities of the four

curves in (b) and (c) are as measured and have not been scaled. The inset

shows the chemical structure of MEH-PPV.

1 Our definition of interchain transfer includes not only FoÈrster transfer

between conjugated segments on different chains, but also FoÈrster transfer

to conjugated segments that may be part of the same polymer chain: the

operative definition is that the transfer is through space rather than

intrachain along the polymer backbone. By interchain `̀ contact'', we refer

simply to two conjugated segments (either on the same or different chains)

that are physically located within a FoÈrster transfer radius from each other.
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glass [30]. The synthesis makes use of a porous silica host

that was aligned in a magnetic ®eld via a silica/surfactant

liquid±crystalline intermediate [31]. Following calcination

and condensation of the silica host, [32] the resulting

mesoporous glass is surface treated with organic groups

to promote compatibility of the channel interiors with the

polymer guest. MEH-PPV chains are incorporated from

solution and the resulting composite is index-matched in

a glycerol/propanol mixture to suppress scattering from the

polycrystalline domain structure of the silica framework.

Polarized steady-state PL (Fig. 1b and c)2 shows that

incorporation of MEH-PPV into the oriented porous silica

host leads to a macroscopic alignment of the polymer chains,

[30] as illustrated schematically in the inset to Fig. 3. The

k:? emission ratio of 4.5:1 for the composite samples

observed in Fig. 1b, which is quite a bit higher than the

�1.3:1 ratio seen in MEH-PPV ®lms, allows us to determine

that over 80% of the polymer chromophores in the compo-

site are aligned and inside the pores [30]. The remaining

�20% of the chains are randomly oriented, either because

the tails of the chains extend out to the tops of the pores, or

because some of the polymer had adsorbed onto the outside

of one of the silica domains. As discussed in detail else-

where, ultrafast photo-induced absorption (PA) experiments

can be used to show that the aligned polymer chains inside

the pores are isolated in a solution-like environment, and

that the randomly oriented chains outside the pores have a

degree of interchain contact similar to that in the ®lm [17].

Perhaps most important, though, is the fact that there is

physically room for only one polymer chain per pore [30].

Thus, the polymer chains inside these composites are not

just isolated but are individually encapsulated in a dielectric

2±3 nm thick, guaranteeing that energy transport cannot

occur between chains3.

The PL spectrum of the composite samples shown in Fig. 1

also tells us quite a bit about the polymer environment inside

these materials. The increased breadth of the PL from chro-

mophores inside the pores, VVV in Fig. 1a (see footnote 2)

re¯ects an increase in the inhomogeneity of the polymer

environment. In a solution or ®lm sample, rapid (interchain)

energy transfer causes excitons to migrate to the lowest

energy sites, leading to a relatively homogenous emission

characterized by vibronic structure. In the composite mate-

rial, however, once excitons localize on an oriented segment

within the pore, further energy transfer along the chain

proceeds very slowly, as will be argued in more detail below.

FoÈrster transfer cannot take place inside the channels

because the dipoles on adjacent segments are aligned

head-to-tail instead of side-by-side. Thus, excitons inside

the pores tend to localize on segments with a wide range of

conjugation-lengths. In addition to this interior inhomogene-

ity, some of the composite sample PL comes from polymer

segments outside the pores. In combination, the highly

Fig. 2. Ultrafast stimulated emission anisotropy (Eq. (1)) of MEH-PPV in

two different solution environments: chlorobenzene (CB, solid diamonds),

and tetrahydrofuran (THF, open squares). For both solutions, the polymer

concentration is 0.25% (w/v). The excitation and probe wavelengths are

490 and 590 nm, respectively. The inset shows the early time dynamics on

an expanded scale.

Fig. 3. Ultrafast stimulated emission anisotropy (Eq. (1)) of MEH-PPV

encapsulated in mesoporous silica glass with the excitation pulse

polarization parallel to the pore direction. Pump and probe wavelengths

are the same as in Fig. 2. The solid curve in the figure is a 250 ps

exponential rise. The different symbols represent scans taken with different

time spacings between points. The inset shows a schematic of the pore

system (pores vertically aligned) with one MEH-PPV polymer chain

embedded per pore.

2 The notation used in Fig. 1 is that the first of the three letters indicates

the orientation of the pores in the lab frame (always vertical (V) in this

paper); the second letter (V or H) is the polarization of the excitation laser

and the third V or H represents the polarization of the emitted light being

probed.

3 While FoÈrster energy transfer between different chains in the channels

is possible, we expect that FoÈrster transfer inside the composite is inhibited

due to the presence of the silica, which has a dielectric constant of �1.5. It

is worth noting that conjugated polymer chains in adjacent pores are held

to be parallel by the rigidity of the silica matrix. Thus, even if some energy

transfer does take place between chains in neighboring pores, it would not

cause a reorientation of the emission transition dipole and hence would not

affect the results or conclusions drawn from the ultrafast anisotropy

measurements.
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inhomogenous distribution of chromophore sites both inside

and outside the composite causes the vibronic structure of

the PL to be washed out. In addition to being broader, the

peak position of the PL from the polymer in the composite

sample is red-shifted relative to that in solution (Fig. 1a),

showing that the average conjugation-length of the chro-

mophores inside the channels is longer than that in solution.

This makes sense in light of the fact that incorporation into

the channels forces the polymer chains to become straighter,

increasing the conjugation-length.

To probe the fate of the emissive excitons created on the

polymer chains, we use both steady-state and time-resolved

polarized PL to monitor energy transfer in the composites.

When exciting with light polarized perpendicular to the pore

direction, more light is emitted polarized in the direction

along the pores (Fig. 1c, dot-dashed curve VHV) than along

the direction of excitation (Fig. 1c, thin solid curve VHH).

This suggests that excitons on conjugated polymer segments

outside the pores, which are preferentially excited by the

light polarized against the pore direction, migrate to lower

energy segments inside the pores where they emit light

polarized along the pore direction. The presence of direc-

tional migration is also supported by the fact that the PL

polarized parallel to the pores is red-shifted relative to that

along the excitation direction.

Fig. 3 shows the emission anisotropy dynamics from the

composite sample when the excitation laser is polarized

along the pore direction. The initial value of the anisotropy,

r�0� � 0:53, is double that in solution (cf Fig. 2), indicating

a much greater polarization memory in the composite than in

isotropic samples. On the basis of previous energy transfer

studies, [6±14] we assign the initial loss of anisotropy in the

®rst few picoseconds to interchain energy transfer between

the�20% of the chromophores in the ®lm-like environment

outside the pores. After the rapid decay is complete, we see

an increase in the anisotropy which eventually reaches a

value greater than r(0) ±± the PL polarization spontaneously

increases with time. The solid line in Fig. 3 is a ®t to a 250 ps

exponential rise.4 As with the steady-state data in Fig. 1b and

c, the only way to explain this increase in energy polariza-

tion is by migration of excitons from the coiled and non-

aligned high-energy segments outside the pores to the

straight and oriented low-energy segments encapsulated

in the pores. 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. Thus, by forcing energy to ¯ow along

single polymer chains, the design of the composite takes

energy deposited with random orientation outside the pores

and directs it to the aligned chromophores within the pores,

ultimately resulting in a PL polarization greater than that

created by the original optical excitation. Thus, light energy

with all polarizations is harvested by the `̀ antenna'' chro-

mophores outside the pores and then funneled into the

aligned polymer segments within the pores, in direct analogy

to the photosynthetic reaction center. It is worth noting that

simpler systems consisting of conjugated polymers aligned

by tensile drawing [33±35] do not have the requisite nanos-

cale architecture to perform this type of directed energy

transfer.

The key inference to be drawn from Fig. 3 is that exciton

transport along the polymer backbone takes place on a time

scale that is a few orders of magnitude slower than interchain

transport via FoÈrster transfer. This assignment of the fast

anisotropy loss to interchain transfer and the slow anisotropy

rise to exciton migration along the backbone is also sup-

ported by the PL anisotropy dynamics of MEH-PPV in

solution. Fig. 4 compares the PL anisotropy decay of

MEH-PPV in THF solution at both low (squares, same as

in Fig. 2) and high (circles) concentrations. The chain

conformation in these two solutions is the same, but the

amount of interchain contact is increased at higher concen-

tration [19,20]. The increasing amplitude of the fast aniso-

tropy loss with increasing concentration (Fig. 4) supports the

assignment of polarization scrambling due to interchain

energy transfer between those conjugated polymer segments

that are physically located within a FoÈrster transfer radius

(whether or not the chromophores are physically part of the

same chain (see footnote 1)). At low concentration, once the

energy has migrated suf®ciently, interchain energy transfer

ceases because there are no lower energy segments close

enough for FoÈrster transfer to take place. Excitons can

continue to move along the polymer backbone, but Fig. 3

makes it evident that they do so quite slowly, on a time scale

of a few hundred picoseconds: there is insuf®cient time for

the exciton to move enough distance during its lifetime to

Fig. 4. Ultrafast stimulated emission anisotropy (Eq. (1)) of MEH-PPV at

two different concentrations in THF solution: 0.25% (w/v) (open squares,

same as those in Fig. 2), and 1.0% (w/v) (open circles) The excitation and

probe wavelengths are the same as in Figs. 2 and 3.

4 We choose a single exponential fit solely to define the characteristic

time for the anisotropy increase. We do not feel that the signal-to-noise

ratio of the anisotropy at long times (which, when most of the excitons

have decayed is computed from the ratio of two small numbers) justifies

fitting to a more complex model with additional parameters.
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signi®cantly change the orientation of the transition dipole.

This produces the long-time anisotropy plateaus for the low

concentration solutions shown in Fig. 2. At high concentra-

tion, on the other hand, after the rapid interchain transfer is

complete, the likelihood of ®nding a lower-energy chromo-

phore on a nearby chain within the FoÈrster radius increases

as excitons migrate for small distances along the backbone.

This allows additional interchain transfer to occur, rate-

limited by the intrachain energy migration on the

�250 ps time scale.

Why is intrachain energy transport so slow? We believe

the reason is that migration along the backbone requires

communication between polymer segments that are sepa-

rated by a region of broken conjugation. This means that the

chain segments must physically reorient (`̀ iron out the

kinks'') to allow exciton transport from one conjugated

region to the next. As mentioned earlier, FoÈrster transfer

is ineffective for intrachain transport because the dipoles on

adjacent segments lie head-to-tail. Thus, intrachain energy

migration is slow because the necessary physical reorienta-

tion of the polymer backbone takes time, a process that is

likely to be thermally activated. We are presently performing

temperature-dependent emission anisotropy experiments

not only to verify that the best description of intrachain

exciton migration is that of a thermally-activated hopping

process, but also to determine the activation energy for

intrachain transport. In the interim, we can crudely estimate

the intrachain exciton diffusion coef®cient by noting that the

exciton has to migrate far enough in�250 ps to signi®cantly

reorient the direction of its transition dipole. The distance

between adjacent polymer chain segments that lie in differ-

ent directions can be approximated by the polymer's per-

sistence length, which for MEH-PPV in solution has been

measured by light scattering to be�6 nm [36]. If we assume

that the exciton migrates this distance in �250 ps, we can

estimate the exciton diffusion constant along the backbone

to be � 2� 10ÿ5 cm2=s.

The fact that exciton transport along the conjugated

polymer backbone is much slower than energy transfer

between chains has profound consequences for devices

based on these materials. Recent work by Warman and

co-workers has found that the intrachain mobility of elec-

trons and holes on MEH-PPV is orders of magnitude larger

than the mobility observed by time-of-¯ight measurements

in conjugated polymer devices [37]. This suggests that

polaron transport is slow between chains but rapid along

the conjugated polymer backbone, the opposite of what we

have found here for exciton transport. Together, these results

suggest that the ef®ciency of devices based on conjugated

polymers can be greatly increased with proper control over

interchain interactions [19,20]. In most polymer-based

devices, the current that can be transported through the

active polymer ®lm is limited by the slow hopping of carriers

between chains. Once the carriers do recombine, the result-

ing electroluminescence can be easily quenched by rapid

interchain exciton migration to a low energy defect or trap

site. On the other hand, if electrical contact could be made to

single polymer chains such as those encapsulated in the

mesoporous glass, the resulting device would have ef®cient

charge transport since the current would not be limited by

hopping of carriers between chains. The injected carriers in

such a device would be forced to recombine on a single

chain, reducing the probability of quenching at defect sites

since the newly formed exciton would not be able to migrate

a signi®cant distance along the backbone during its lifetime.

It also may be possible to signi®cantly enhance device

ef®ciency by utilizing energy transfer into the defect-free

polymer segments within the pores even without direct

electrical contact to single chains. Clearly, with suf®cient

control over the interaction between chains, there is an

enormous potential waiting to be tapped for use of con-

jugated polymers in a variety of optoelectronic applications.
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