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Anomalous Exciton Diffusion in the Conjugated Polymer MEH—PPV Measured Using a
Three-Pulse Pump-Dump—Probe Anisotropy Experiment
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A femtosecond pumpdump—probe anisotropy experiment is used to study the time-dependent motion of
singlet excitons in the conjugated polymer poly[2-methoxy-5-((2-ethylhexyl)oxy)-1,4-phenylenevinylene]
(MEH—PPV). The pump pulse prepares an unpolarized population of excitons at tn@e which is then
depleted by a linearly polarized dump pulsé &t T1,. The anisotropy decay of the remaining population is
then monitored as a function of the probe del&y, At both room temperature and 4 K, thg; anisotropy
decay is observed to slow @g; increases. Although interpretation of our results is complicated by the possible
presence of excited-state absorption at 600 nm, the wavelength of the dump and probe pul$gs, the
dependence is consistent with a slowing down of the diffusion of the luminescent exciton during its lifetime
in the material. This experiment provides a way to directly probe anomalous diffusion of the exciton at different
points during its lifetime, which is what ultimately determines the distance it can travel in the polymer.

Electronic energy transfer (EET) in conjugated organic dependence of the anisotropy decay tiifygi on excitation
polymers plays a central role in the diverse applications of these wavelength, indicating dispersive EET dynami€3his obser-
materials, from sensors to light-emitting diodes to solar éefls.  vation could be quantitatively explained in terms of an initial
A quantitative understanding of the factors that govern the rate EET rate that depended on where the exciton was created within
and length of EET is vital for the rational design of materials an inhomogeneous distribution of chromophore energies. Sec-
with enhanced (or suppressed) energy transport properties. EETond, although the anisotropy decays showed the expected
in disordered systems is usually analyzed within the framework
of diffusion theory, and using this approach, one can define a
diffusion coefficientD and estimate the three-dimensional
diffusion lengthLp of an exciton using the relation

e‘\ﬂ/Tpm time dependence, they always possessed small con-
stant offsets that indicated the polarization was never completely
randomized by the EET. This failure of the anisotropy to com-
pletely decay suggested that the rapid depolarization observed
after photoexcitation did not proceed at the same rate over the
Lp = y6D7y (1) course the exciton’s lifetime. Both observations indicate that
energetic disorder in MEHPPV, as observed in single molecule
wherezy is the excited-state lifetime. Depending on the time experimentsl12may play an important role in EET.
scale and length scale of measurement, however, this picture Though our earlier work provided evidence in MERPV,
of “normal” diffusion can break down. Energetic disorder can jt could not address whether these different energetic environ-
lead to a situation where the exciton diffuses quickly at early ments were coupled, which would lead to anomalous exciton
times but slows down at later times, for example, as it reaches diffusion at longer times. Two-pulse pumprobe experiments,
a low-energy site where there are no other energetically 5nq in fact, any,® experiment designed to probe rotational
accessible sites within the range of the transfer mtfraéﬂ'dns . diffusion, can only measure the loss of anisotropy during a single
slowing down of the exciton motion leads to an “anomalous” yine interval immediately after photoexcitation. If the bath is
or time-dependent diffusion coefficieht.Such time-dependent  ationary, meaning that the statistical mechanical nature of the
transport can have important practical consequences, f_or EXenvironment does not evolve during the excited-state lifetime
ample, in the generation rate of free charges from singlet of the probe, then it does not matter when one probes the

exgtonstlln phOtOV?Ita'C g?_ll'é. df ved diffusion—immediately after absorption of a photon, or much
ecently, we performed ime- and Irequency-resolved pimp 1o the measured diffusion rate will always be the same. But

Q:ggrepﬂgljgZ?gﬁ;}gg{iﬂ"?ﬁ’yﬁgfr;)n;K/T;S_r?}gmng;'_%?gzs_ggﬁ?’ it is straightforward to picture situations where the stationary
hexyl)oxy)-1,4-phenylenevinylene] (MEHPPV)8 Analysis of condition breaks down. One example is a chromophore in
' ; solution whose charge distribution in the excited state undergoes

these two-pulse experiments provided information about the ratea large chanae relative to the around state. If the local solvent
of energy transfer from an initially excited chromophore to its 9 9 9 ) RN
must rearrange to accommodate the new charge distribution,

neighbor8 and, assuming normal diffusion, about the overall o ) )
spatial motion of the exciton. Several aspects of our data, then.the qual fr.'Ct'on experienced by the splute (and thus its
rotational diffusion rate) can change with time as well. In a

however, suggested that the exciton motion could not be i iton diff th h a disordered
described in terms of normal diffusion. First, there was a strong similar manner, as an exciton diituses through a disoraere
medium, its immediate surroundings change and thus the
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state population, and the analysis of T anisotropy decay is
identical to that in the standard two-pulse case. Although the
signal is lower than iy experiments, one can acquire multiple
To3 anisotropy decays which depend parametrically on the
pump—dump delayTi.

Position in solid film Experiment
gsgg';ﬁon% % % % The samples are prepared by dissolving75mg/mL of
Ay : ¢ MEH—PPV (Sigma-Aldrich, average MW 51 000) in meth-
Pulse /77y * Diffusion H ylene chloride. The resulting solutions are stirred at room
Polarization " _* ' .- A temperature for several days and then spin cast onto 1 mm thick
glass substrates at 600 rpm for 600 s to yield films with a peak
optical density of between 0.5 and 1.0. The thin films are
- D > Time immediately loaded into a Janis ST-100 continuous-flow cryostat
Pump Tz  Dump Tos Probe and placed under vacuum to prevent photooxidative damage.

Figure 1. Diagramatic representation of the experimental three-pulse Steady-state absorption and fluorescence spectra were taken
experiment. The circularly polarized pump pulse (400 nm) creates an using an Ocean Optics S-2000 YVis spectrometer and 400
iso_tropic excite_d-state distribution in the sam_ple. ThIS is followed by nm excitation. The pumpdump—probe experiments are per-
a “I”f_a”%_’ %Q!ﬁgﬁﬁ?ndtﬂf‘éféfiﬁ é?;g ”T’E)isart]ct)'l'z% ]‘(’i‘”‘e'gfi‘nc\r/ie;faexsc i?on formed using a 40 kHz regeneratively amplified Ti:sapphire laser
giclifﬁsli)anlci)n the sample and is probed at timg by the probe pulse system. lts frequency-doubled Qutput prc_)vides the 40.0 nm pump
(600 nm). pulse and also pumps a noncollinear optical parametric amplifier,
whose output is tuned to 600 nm, near the peak of the MEH
excitation travels between different chromophores in different PPV fluorescence, to generate the dump and probe pulses. The
environments. Two-pulse experiments at multiple wavelengths, visible pulse, with a bandwidth of-16—20 nm, is passed
like those reported in ref 8, can tell us about the existence of through a prism compressor and the intensity autocorrelation
these different environments, but they cannot provide the widths of 40-50 fs are obtained by second harmonic generation
information we really need to understand transport, namely how in a 0.1 mm BBO crystal. The cross-correlation of the 400 nm/
do excitons move between these environments, and how quickly600 nm pulses is measured by detecting fluorescence generated
does the rapid motion observed immediately after photoexci- by the two-photon absorption pfterphenyl in a PMMA film,
tation get quenched as the exciton moves to progressively loweryielding widths 116-135 fs. All the beams are passed through
energy sites. A loose analogy may be drawn between our studycalcite polarizers to purify their polarizations immediately before
of rotational dynamics, which probe physical motion through the experiment. The pump pulses are circularly polarized using
real space, and the study of spectral line shapes, which reflecta Y/,-wave plate and the polarization of the probe pulse is
the motion of a quantum state through energy space. Spectrabriented 45 relative to that of the dump. After the sample, the
broadening may be studied in the time domain using the free probe beam is directed into a polarizer set &t 9¢thich splits
induction decay, g process, but multiple pulsg® spec- the beam into its parallel and perpendicular components, which
troscopies such as the photon echo are required if one wants taare detected separately. In this detection scheme, induced
quantify longer time phenomena like spectral diffusion. Because birefringence effects due to different polarizabilities in the
energy level shifts affect the electronic polarization terms in ground and excited statés® are eliminated from the signal,
the density matrix description of optical spectroscépgach which only reflects the linear dichroism of the sample. The pump
field interaction can manipulate this polarization apt and dump beams are mechanically chopped and the differential
spectroscopies are sufficient to provide multiple experimental transmittance of the probe beam is detected at the sum
time delays. To quantify the longer time rotational diffusion frequency. The three laser beams are focused to a spot with a
also requires multiple pulse methods, but now intensity (field diameter of~100um, and the probe fluence is on the order of
squared) interactions must be used to manipulate populations0.1uJ/cn?. The 400 nm excitation fluence at the sample-&
rather than polarizations. wudlcn?, whereas the 600 nm dump fluence ~gt5 uJdicn?,

We have recently developed a three-pulse ptohygmp— resulting in a maximum differential transmittancel/T of
probe anisotropy experiment to directly observe such longer time ~10-4 at 600 nm. Varying either the pump or dump powers by
dynamics in EET:* Technically ay® process, it is related in  a factor of 2 did not change the observed anisotropy dynamics,
spirit to recent experiments designed to probe solvafidfiThe and previous degenerate purrobe experiments suggest any
experiment is outlined in Figure 1 in the context of EET in a intensity-dependent dynamics are isotropic and do not influence
disordered system. In this experiment, a circularly polarized the anisotropy decays.
pump pulse creates an isotropic excited-state populatibrrat
0. This population undergoes various relaxation processes, bulRagyits and Discussion
there is no observable polarization in the sample untl At
that time, a second (dump) pulse, linearly polarized and shifted Figure 2 depicts the absorption and emission spectra for
in wavelength to overlap the excited-state emission, depletesMEH—PPV thin films at both room temperature and 4 K, as
the excited-state population and leaves a polarized hole. Thewell as the power spectra of the 400 nm (pump) and 600 nm
polarization anisotropy of the depleted excited-state decays as(dump/probe) pulses. As the temperature is lowered, both the
the remaining excited-state molecules transfer energy to theirabsorption and emission shift to longer wavelengths and sharpen.
randomly oriented neighbors. The decay of the dump-induced This shift is larger for the emission, and this leads to a
anisotropy is then measured by a third (probe) pulse whose delaycorresponding decrease in their spectral overlap. In both cases,
T,z is scanned. The dumiprobe sequence is the equivalent of however, the 600 nm dump/probe sequence has good overlap
a two-pulse anisotropy experiment on the nonstationary excited-with the emission.



Exciton Diffusion in Conjugated MEHPPV J. Phys. Chem. A, Vol. 108, No. 49, 20040803

from previously studied MEHPPYV films. There is considerable
evidence from ellipsometrs?24 optical waveguiding? reflec-
tance?6 and X-ray diffractioR” that MEH—PPV chains in films
made by spin coating and even drop casting lie almost entirely
parallel to the substrate. Nevertheless, we have also analyzed
our data using the standard expression for three-dimensional
rotational diffusion and found no difference in the observed
trends withTq,, and less than 5% difference in the extracted
Tpol Values extracted from thks decays. We fit the 298 and 4

K data at theT1, delays of 1, 21, and 42 ps and extract Thg
values shown in Figure 4. For the fits to the normalized data,
the value ofy, was fixed at 0.1 at 298 K and 0.0 at 4 Ky
shows a strong dependence o3 at both temperatures, but
the dependence is most pronounced at 4 K.

pump dl:‘mp 298 K

Normalized Intensity

. . . , — , Although the data in Figures 3 and 4 clearly imply a slowing
350 400 450 500 550 600 €50 700 750 in the T»3 anisotropy decay with increasinfy,, indicative of
Wavelength anomalous subdiffusion, there are two aspects of the data that

Figure 2. Steady-state absorption and emission spectra for MEH are qualitatively different from what was observed in our
PPV thin film (solid) and spectral profile for the 400 nm pump and previous application of the pumylump—probe technique to
600 nm dump/probe pulses (dashed). the rotational diffusion of Coumarin 153 (C153) in solutin.
. . First, thergy's of the T3 decays are consistently smaller than

The normalized three-pulse anisotropy decay$;atlelays  the theoretical maximum of 0.5, and also smaller than the values
of 1, 21, and 42 ps are shown in Figure 3. In all cases, the of 9.43-0.47 observed in our previous degenerate pupipbe
initial T3 anisotropies were reproducibly0.33. We note that  eyperiments. In C153, the initial anisotropies were identical to
the 400 nm excitation fluences used in this experiment result \yithin the experimental error for both types of experiments.
in an intensity-dependent decay of the stimulated emission gecond, the two-pulse decay is clearly faster than the three-
signal, most likely due to exciterexciton annihilatiort?2! This pulse decays. Figure 5 compares the normalized two-pulse 400
fluence was necessary to achieve acceptable signal-to-noisgyng pump-probe anisotropy decays to tiig; = 1 ps andT»s
ratios, but the more rapid population decay caused the pump gecays at 4 and 290 K. The two-pulse data are very close to
dump-probe signal to decrease more rapidly than would be he decays obtained earlier from degenerate papnpbe
predicted by MEH-PPV's excited-state lifetime of300 ps, experiments at short wavelengths (500 rirajit thero is ~0.15
which is measured using much lower fluences. Because of this ather than 0.45. Because 400 nm is on the high-energy side of
more rapid decay, we were unable to obtain decays at longerie first absorption band (see Figure 2), it accesses multiple
Tizdelays. Our previous results indicated that exciterciton higher lying excited states with different transition orientatihs,
annihilation is an isotropic process that proceeds independentlyyhich is expected to lower the. More importantly, theli, =
of the EET_ responsmle for the anisotropy decay. The anisotropy 1 ps three-pulse decay is always slower than the two-pulse
data are fit in terms of the parameters used to fit our earlier yecay and this difference is most pronounced at 4 K. Again

two-pulse anisotropy date? this was not observed for C153, where the three-pulse decays
for short Ty, delays reproduced the two-pulse experiments.
rt) = i~ 1o =r.exd— ﬁ +y, @) Although we examined, delays as short as300 fs, these
L+l 0 Tool 0 showed no significant difference from tfig, ~ 1 ps data shown
in Figure 5.

This expression assumes that the chromophore dipoles are The lack of agreement between the two-pulse and three-pulse
randomly oriented in a plane perpendicular to the direction of anisotropy experiments in MEHPPV is troubling, especially
the laser propagation. Although we did not characterize the in- when compared to the simpler behavior of C153 in solution.
plane orientation of the samples used in the present experimentsOne possible explanation for this discrepancy is the possibility
we have no reason to believe that they are significantly different that the anisotropy-inducing pulse (the pump in the two-pulse

10 (a) 298 K |
~1ps
Zosd 0 T ~21ps
g ————— 42 ps
%
‘£ 0.6 .
<
o
(7]
N 04
©
£
S
S 0.2 0.2 g
\
0.0 T T T T T T T T T 0.0 T T T T T T T
0 5 10 15 20 25 0 5 10 15 20 25

Time (ps) Time (ps)

Figure 3. Normalized three-pulse anisotropy decays at 298 K (d)4K (b) for T1, delays of~1 ps (dash);~21 ps (dot), and-42 ps (dot-dash),
and the corresponding fits (solid).
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600 some of which emi#®31we have the situation outlined in Figure
: ‘219[? K b 6. In the two-pulse 400600 experiment, the 600 nm probe
500+ T pulse actually measures different transitions, both emission from
the luminescent-state B to the ground-stagea®d from state
400 T A to higher excited states. Similar to pumping at 400 nm,
] i dumping at 600 nm would also lead to transitions between
3 3001 T multiple states with different transition dipole orientations. In
a 1 both cases, because the absorption/emission event is not purely
20090 @ 7 to a single state, the initial anisotropy will be lower than 0.5,
] because the two nonparallel transitions will act to depolarize
1004 . LI the total signal at that wavelength. Near the peak of the MEH
. " PPV absorption, where we performed our previous degenerate

5 10 2 2 20 50 pump-probe experiments, the absorption should be dominated
T (ps) by a s_lngle excited s_tate, which w_ould explain the highgs
12 seen in those experiments. The discrepancy between the two-
Figure 4. Plot of the fit parameteT,q against the delay between the  and three-pulse anisotropy dynamics shown in Figure 5 could
pump and dumpTyz, for 298 K @) and 4 K @). also result from the situation in Figure 6. When the 600 nm
ump pulse creates the anisotropy, it will populate both the
igher lying excited states and the ground state through both
ESA and stimulated emission. Species A undergoes absorption
bt 600 nm, which contributes to the decreased initial anisotropy,
but according to Kasha'’s rule, it should relax quickly to their
original state. If this relaxation occurs within a few hundred
femtoseconds, it will not contribute significantly to the dynamics
observed during the picosecoiiigs period. The dynamics will
be dominated by the much longer lived depletion of the emitting
state, rather than the transient population in the higher lying
excited states. If this is the case, the pundpmp—probe
experiment is most sensitive to the dynamics of the luminescent
I singlet excitons, rather than polarons or excimers, a possible

actually the case in our earlier studies of C153 rotationa dvant f the techni | th £ multiol
diffusion, but in that case there was also no observable difference@dvantage otne technique. In any case, ine presence of muftiple
spectroscopic species in MEHPPV provides a reasonable

between the two- and three-pulse restfith fact, although it | ) f the di £ th d th |
is beyond the scope of this paper, it can be shown that the detailsSXP anatlondo t 2 |v§r_genc¢ of the two- Efmh t rei-pu s€
of the initial distribution along the-axis are of little importance ~ 211SOtropy data. An obvious improvement of the technique

in determining the relaxation observed by light polarized along Would be to use a pumgdump-upconvert experiment, where
the x- andy-axes. fluorescen_ce upconversion is used to monitor thg exciton Wlthout
A more likely explanation for the divergence of the two- and the comphcatmr;s from ESA that are present in the transient
three-pulse data lies in the complex photophysics of MEH  @Psorption probing method used here.
PPV. Previous workers have shown the existence of an excited- Though the possible presence of an ESA component at 600
state absorption (ESA) contribution at 600 AHi? most likely nm complicates the analysis, the dependence of the; decay
due to an excimer type state, which has been invoked to explaincannot be ascribed solely to ESA dynamics. Firstrghealues
differences between time-resolved luminescence and transien®of the three-pulse experiments do not change Withas would
absorption datéd! The relative intensity of this ESA depends be expected if the ESA contribution was changing significantly
on sample preparatioi,32 but it is present even in carefully  on the experimental time scale. Second, the systematic slowing
prepared samples. If excitation at 400 nm creates a variety of down of the anisotropy decay with,, which is directly related
species, some of which preferentially absorb at 600 nm and to the spatial motion of the exciton, is exactly what is expected

d
experiment and the dump in the three-pulse experiment) interacts,
with different initial distributions in the two experiments. If the

circularly polarized light leads to a truly isotropic distribution
of excited states in the—y plane. But if the chains lie randomly
in all three dimensions, then the distribution excited byxhg
circularly polarized light is not isotropic in thedirection, and
thus the two-pulse pump and three-pulse dump would interact
with different initial transition dipole distributions. In the two-
pulse case, the pump interacts with a spherical distribution,
whereas in the three-pulse case the dump would interact with a
partially relaxed doughnut-like sif? distribution. This was

1.04 (@)298K |, | (b) 4 K]
—T12~ 1ps
084 ----Two pulse |

o
N
1

0.2+

Normalized Anisotropy

0.0

0 5 10 15 20 25 . 0 5 10 15 20 25
Time (ps) Time (ps)

Figure 5. Normalized three-pulse anisotropy decays at 298 K (&) 4rK (b) for T,» delay of ~1 ps (solid), compared with the normalized
two-pulse 406-600 pump-probe anisotropy decays.
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TS tast optical experiments such as the three-pulse photon echo may

600 nm ? Jpp— help clarify the extent and detailed nature of energetic disorder
A3 __ . in MEH—PPV#3 Another approach is to study concentrated

“ g solutions of monomeric chromophores whose structures are

400 nm g 600 nm well-known and whose spectroscopy can be characterized. By

slow = | avoiding questions of sample heterogeneity and multiple species,

. . . . h experiments should alleviate the difficulti ncounter
Figure 6. Proposed scheme to explain the initial anisotropy different such experiments should alleviate the difficulties encountered

dynamics seen in the two- and three-pulse anisotropy decays. In the'" our_lnterpretatlon of the_MEHPPV data. _We_ are C_urrently .
two-pulse experiment, the decay of the anisotropy induced at 400 nm Pursuing this approach using perylene derivatives dissolved in
reflects the dynamics of both species A and B. In the three-pulse amorphous polymers.

experiment, the 600 nm dump pulse interacts with A and B as well,

but only the depleted population in the emissive state B survives long  Acknowledgment. This work is supported by NSF grant
enough to affect the picosecofigs decay. CHE-0415981. C.J.B. is a Sloan Research Fellow, and K.M.G.

. . . . . is an Ullyot Fellow at UIUC.
from anomalous diffusion. In fact, earlier theories of exciton y

motion predict a transition between an anomalous regime and
a normal regime, although a complete analytical solution to the
problem remains to be fourfd:3” Third, the strong temperature (1) McQuade, D. T.; Pullen, A. E.; Swager, T. i@hem. Re. 2000
dependence of the data seen in Figure 4 is further evidence thaf00 2537-2574. = =
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