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1. INTRODUCTION

The optoelectronic properties of conjugated polymers com-
bined with “plastic” mechanical behavior and solution processa-
bility make them highly interesting materials with applications in
organic electronics.1�5 In bulk heterojunction (BHJ) solar cells,
an electron-donating conjugated polymer is blended with a
fullerene electron acceptor, such as [6,6]-phenyl C60 butyric acid
methyl ester (PCBM).6�12 This yields a nanoscale morphology
in the thin film active layer with a high donor�acceptor interfacial
area for efficient photoinduced charge separation and with phase-
separated fullerene and polymer networks for charge transport to
the electrodes. Regioregular poly(3-hexylthiophene), abbreviated as
P3HT throughout the text, has been thoroughly investigated and
is considered a state of the art material. High power conversion
efficiencies, around 5%, can be obtained in thermally annealed
P3HT:PCBM devices.8,13�15

A key to optoelectronic device functioning is the interaction of
the conjugated polymer with light. Numerous steady-state and
time-resolved spectroscopic studies have been conducted in
pristine P3HT and P3HT:PCBM blends in order to understand
the nature and evolution of neutral and charged excitations,16�56

but many aspects of the photophysics remain unclear. This is
explained by the general complexity of light-induced processes in
conjugated polymers,57�60 as well as by additional complications

that arise because of the strong interchain interactions in the
partially microcrystalline film morphology of P3HT. Indeed, the
P3HT chains in thin films π-stack into two-dimensional lamellae
sheets perpendicular to the substrate with interchain distances of
only 3.8 Å.61 Amorphous conjugated polymers can be treated as
one-dimensional semiconductors where excitations are localized
on single polymer chains.62 On the other hand, it has been shown
in P3HT films that both neutral excitations17,26,29,36,40,42,43,45,48,54

and charged polarons20,46,49�51 are at least partially delocalized
over neighboring polymer chains and become quasi-two-dimen-
sional interchain species. This infers unique properties to the
polymer, such as a relatively high charge carrier mobility
[approximately 0.1 cm2/(V s)]61 and a high yield, up to 30%, of
photogenerated charge carriers in pristine P3HT films.38

We report here an ultrafast emission study of pristine P3HT in
spin-cast thin films and dilute chlorobenzene (CB) solution, as
measured by femtosecond-resolved fluorescence up-conversion
(FU). This technique selectively probes neutral singlet excita-
tions and is not concerned with charged polarons or triplet states,
in contrast to transient absorption spectroscopy. Data recorded
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ABSTRACT: The femtosecond-resolved evolution of the emis-
sion spectrum of the important conjugated polymer poly(3-
hexylthiophene) (P3HT) is presented. Detailed fluorescence
up-conversion spectroscopy was performed on P3HT solid-
state films and on P3HT in chlorobenzene solution. Two
excitation wavelengths and several emission wavelengths, cover-
ing the entire fluorescence spectrum, were used. The data were
complemented by polarization-sensitive measurements. Our
global analysis allowed a reconstruction of the time-resolved
emission spectra with 200 fs temporal resolution, so that spectral
changes due to the early relaxation processes following π�π* interband absorption in the pristine polymer could be
comprehensively characterized. Absorption occurs in isolated polymer chains in solution and in the solid state (including interchain
interactions) for the film. In both cases, we find evidence of delocalization of the electrons and holes formed in the energy bands
directly after photoexcitation with excess energy. This is followed by ultrafast (∼100 fs) self-localization of the primary
photoexcitation and by relatively slow exciton formation (∼1 ps). Further relaxation occurs with time constants ranging from
hundreds of femtoseconds to tens of picoseconds, due to exciton hopping to sites with lower energy and to a slow conformational
planarization of the polymer backbone. Depolarization, a spectral red shift, and important changes in the vibronic structure are
observed as a consequence of this relaxation. Finally, relaxed intrachain and interchain singlet excitons are formed in solution and
film, respectively, on a 100�200 ps time scale. They decay with a∼500 ps time constant, by intersystem crossing in solution and by
nonradiative recombination in the film. Our results are consistent with and strongly support the conclusions we obtained from a
similar time-resolved fluorescence study of the polymer PCDTBT (J. Am. Chem. Soc. 2010, 132, 17459): ultrafast charge separation
in polymer:fullerene blends seems to occur before localization of the primary excitation to form a bound exciton.
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over several emission wavelengths are compared for two excita-
tion wavelengths and are supplemented by fluorescence polar-
ization measurements. Such a comprehensive and systematic
approach has not been used in previously reported time-resolved
emission investigations of P3HT.16,17,21,23,24,37,44,54 Further-
more, those studies obtained either single-wavelength FU dy-
namics with a∼200 fs time resolution or entire emission spectra
with a lower time resolution of several picoseconds typical for
streak cameras. Here, we use the FU dynamics obtained at many
emission wavelengths to reconstruct the emission spectra with a
∼200 fs time resolution. This reveals important spectral changes
directly following light absorption in P3HT, in particular where
the relative intensity of the vibronic transitions is concerned.
Detailed information about the early relaxation dynamics of the
primary photoexcitations in the pristine polymer can be re-
trieved. Those relaxation processes are important to understand,
since they occur on a similar time scale as charge separation in
P3HT:PCBMblends.18,32 Therefore, they are directly relevant to
the functioning of BHJ solar cells.

2. EXPERIMENTAL METHODS

2.1. Samples. Regioregular poly(3-hexylthiophene) was
synthesized by RiekeMetals, Inc., according to the Rieke method
(Mn = 33.4 kDa, Mw = 79.9 kDa, PDI = 2.4, regioregularity =
92.1%). For thin film fabrication, a 10 mg/mL solution of P3HT
in chlorobenzene (Sigma-Aldrich, anhydrous, 99.8%) was spin-
cast on a circular quartz substrate (Saint-Gobain Spectrosil 2000)
at 3500 rpm in a nitrogen glovebox. After annealing the thin film
on a hot plate at 60 �C for 1 h and letting it rest at room
temperature overnight, it was encapsulated in inert atmosphere
between two quartz disks using epoxy resin (DELO-KATIO-
BOND LP655), as described in detail elsewhere.63 The optical
density of the solid sample was 0.26 at the visible maximum
(∼540 nm), which corresponds to a film thickness of about
45 nm, as inferred from the absorption coefficient published in
the literature.36 The steady-state absorption and fluorescence
spectra of the encapsulated film revealed no sign of polymer
degradation over a period of 1 month. For solution measure-
ments, P3HT was dissolved overnight in chlorobenzene (Acros,
Extra Dry, AcroSeal, 99.8%), which had previously been degassed
by argon bubbling for 15 min. The solutions were placed in a
1 mm cell which consisted of two Spectrosil quartz disks separated
by a Teflon spacer. The optical density at the visible maximum
(455 nm) over 1 mm was 0.33 for the FU measurements with
500 nm excitation and 0.55 for 400 nm excitation, which
corresponds to concentrations of about 0.08 mg/mL and 0.14
mg/mL, respectively. The shape of the absorption spectrum was
the same at the two concentrations.
2.2. Steady-State Measurements. Steady-state absorption

spectra were measured with a Cary 50 (Varian) spectrophoto-
meter, while fluorescence emission and excitation spectra
were recorded with a Cary Eclipse (Varian) fluorimeter (slit
width 3 nm) and repeated with a Photon Technology Inter-
national fluorimeter to verify reproducibility (slit width 2 nm,
data not shown). All fluorescence spectra were corrected for
the wavelength-dependent sensitivity of the detection. When
representing the emission spectra on a wavenumber scale
in cm�1, the fluorescence intensity was multiplied by the
square of the wavelength (λ2) in order to account for the
band-pass constant in wavelength imposed by the monochro-
mator of the fluorimeter. All spectra shown here were recorded

with the same solutions or thin film as used in the FU
measurements. Similar spectral shapes were obtained with
highly diluted solutions, so that concentration effects can be
ruled out.
2.3. Time-Resolved Emission Measurements. Emission

dynamics on the femtosecond time scale were obtained using
the fluorescence up-conversion setup previously described.63,64

In brief, the 800 or 1000 nm output of a tunable Mai Tai HP
(Spectra-Physics) mode-locked Ti:sapphire laser system (100 fs
pulse duration, 80 MHz repetition rate) was frequency doubled
for sample excitation at 400 or 500 nm, respectively. The pump
intensity per pulse was adjusted in the range of 6�40 μJ/cm2

(with a spot diameter of 20 μm) in order to keep the excitation
density constant at the two excitation wavelengths. The latter was
approximately 5� 1013 or 4� 1014 photons/cm3 in solution (for
two separate measurement sessions) and 1.5 � 1018 photons/
cm3 in the film. The measured sample fluorescence was detected
by sum-frequency generation with a delayed gate pulse, and then
the up-converted signal was dispersed in a monochromator and
its intensity measured with a photomultiplier tube. The polariza-
tion of the pump beam was at the magic angle (54.7�) relative to
that of the gate pulses, except for polarization-sensitive measure-
ments, where it was set to 0� (parallel) and 90� (perpendicular).
Measurements were done at room temperature in ambient
conditions. To minimize degradation, the sample cell (containing
the solution or thin film) was constantly rotated during the
measurement. At least two scans of the dynamics in the �5 to
1000 ps (or 300 ps) range were averaged at each emission
wavelength. No significant degradation of the samples was
observed between two scans or when comparing the steady-state
absorption and fluorescence spectra before and after the FU
measurements.
2.4. Analysis of the FU Data. Again, details are described

elsewhere,63,65 so only a summary is given here. For each sample,
the normalized time profiles obtained by FU at various emission
wavelengths were analyzed globally using the convolution of a
Gaussian-shaped instrument response function (IRF) with the
sum of four exponential terms. The width of the IRFwas found to
be around 130 fs with the thin film and around 150�200 fs with
solution samples. The wavelength-dependent amplitudes (or
pre-exponential factors) were scaled to the steady-state emission
spectrum, assuming that the steady-state emission intensity at a
given wavelength is the time integral of the corresponding
emission time profile. The time-resolved emission spectra were
then reconstructed using the analytical expression for the time
profiles at different wavelengths with the parameters (IRF, time
constants, and scaled amplitudes) obtained from the fitting
procedure. Note that the spectra obtained in this way are a
convolution of the sample response and the IRF. This is why we
only show spectra after 200 fs. A similar spectral shape would
have been obtained if the spectra were directly reconstructed
from the properly scaled raw experimental data; the recon-
structed spectra are therefore not compromised by the number
of fitting parameters, as long as they reproduce the data well. For
femtosecond-resolved fluorescence anisotropy measurements,
the anisotropy decay, r(t), was calculated from the FU time
profiles with the polarization of the pump beam parallel and
perpendicular with respect to the gate beam, using the standard
equation. This r(t) was analyzed using the sum of exponential
terms. The measured magic angle traces could always be well-
reproduced by the data calculated from the parallel and perpen-
dicular curves.
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3. RESULTS

3.1. Steady-State Spectra. As shown in Figure 1A, the visible
absorption spectrum of P3HT dissolved in CB solution consists
of a broad unstructured band with a maximum at 21 980 cm�1,
which we assign to the lowest energy π�π* interband transition.
The band gap is estimated from the absorption edge as equal to
18 360 cm�1 (2.28 eV). The corresponding emission spectrum
differs in shape from the absorption band, since it is much
narrower and displays a vibronic progression. It peaks in the 0�0
band at 17 000 cm�1, which implies a Stokes shift, i.e., energy
difference between the emission maximum and the absorption
edge, of 1360 cm�1 (0.17 eV). The emission spectra obtained
with 400 and 500 nm excitation are so similar that they cannot be
distinguished in Figure 1A, suggesting fast relaxation to a
common emitting state, the singlet exciton. The fluorescence
excitation spectrum we measured in solution is slightly broader
than the absorption spectrum and displays structure (Figure 1A).
This result could be reproduced at very low polymer concentra-
tion (absorbance ∼0.05) and using different fluorimeters. It is
thus unlikely to be an artifact or a consequence of high sample
absorption.
The absorption and emission spectra of P3HT thin film spin-

cast from CB are considerably different from those of P3HT in
solution, as shown in Figure 1B. The absorption spectrum is
strongly red-shifted with a maximum at 18 280 cm�1. It displays
structure such as a pronounced shoulder at 16 780 cm�1. The
band gap is about 15 250 cm�1 (1.89 eV). The low-energy tail
below the band gap is most probably due to midgap localized
states, although there could be a contribution of increased
reflection losses caused by changes in the refractive index near
the band edge. The emission spectrum is also red-shifted in the
film compared to solution; it is again independent of excitation
wavelength, displays vibronic structure, and is much narrower
than the absorption spectrum. The 0�0 transition is, however,
less pronounced than in solution, whereas the 0�1 and 0�2

sidebands are enhanced. The 0�1 transition at 13 700 cm�1 is
now clearly the emission maximum, giving a Stokes shift of
1550 cm�1 (0.19 eV). Within the experimental uncertainty, the
fluorescence excitation spectrum in the P3HT film closely
matches the absorption spectrum. It should be noted from the
excitation spectrum that the absorption below the band gap
(probably midgap states) does not significantly contribute to the
emission.
3.2. Time-Resolved Emission for P3HT in Chlorobenzene

Solution. 3.2.1. Excitation at 500 nm. For P3HT in CB solution,
excitation at 500 nm (2.48 eV) occurs on the low-energy side of
the absorption spectrum (Figure 1A), with an excess energy
relative to the band edge of 0.20 eV. The time profiles obtained
by FU with 500 nm excitation at various emission wavelengths
are depicted in Figure 2. The intensity decays almost to zero
within the time window of 1 ns (see the inset), while the early
emission dynamics are nonexponential and depend strongly on
the emission wavelength. The fast decay at high energy and
concomitant rise at lower energy suggest an initial red shift of
the emission spectrum. This is in qualitative agreement with
previous FU investigations of P3HT in chloroform solution
(using lower molecular weight polymer and other excitation
wavelengths).16,37 Unlike those studies, many more emission
wavelengths covering the entire spectrum were recorded here,
and we chose to analyze the dynamics globally using the sum
of four exponential functions. Time constants of τ1 = 0.7 ps, τ2 =
6.0 ps, τ3 = 41 ps, and τ4 = 530 ps were found, and the spectra of
the pre-exponential amplitude factors are shown in Figure 3A.
The amplitude spectrum of τ4 is all-positive and identical to
the steady-state emission spectrum. We therefore assign the
530 ps time constant to the decay of the relaxed singlet
exciton, in excellent agreement with the lifetime reported in
the literature.36,37,54,55

The three amplitude spectra related to the shorter time
constants, τ1�τ3, are much weaker than the one of τ4 and they
are not related to any excited population decay (Figure 3A).
They are positive (spectral decay) at low wavelengths and
negative (spectral rise) at increasingly high wavelengths. This
is characteristic of a progressive relaxation of the photoexcitation,
leading to spectral changes. Our data and analysis provide us with

Figure 1. Steady-state spectra of P3HT in chlorobenzene solution (A)
and as a thin film (B). The absorption spectra (thick black lines), the
fluorescence excitation spectra probed near the emission maximum
(gray lines with small markers), as well as the fluorescence emission
spectra with 400 nm excitation (blue lines) and with 500 nm excitation
(green lines) are shown. The excitation wavelengths (400 nm or
500 nm) used in the fluorescence up-conversion measurements are
indicated as vertical dashed lines. The thin dotted lines identify the
interband absorption edge from the absorption spectrum.

Figure 2. Ultrafast emission time profiles over 10 ps of P3HT in
chlorobenzene solution after excitation at 500 nm. The probed emission
wavelengths are shown in the legend. The solid lines correspond to the
best multiexponential global fit. The inset shows the time profile of the
590 nm emission over 1000 ps.

http://pubs.acs.org/action/showImage?doi=10.1021/jp1119348&iName=master.img-001.jpg&w=240&h=173
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unique femtosecond-resolved emission spectra of P3HT, recon-
structed from the global fitting parameters (Figure 3B). They are
normalized in Figure 3C, for better visualization of the spectral
shape evolution. The first emission spectrum that can be resolved
with the FU instrumentation (at 0.2 ps) displays already >90% of
the total Stokes shift, pointing to considerable relaxation on a
∼100 fs time scale. It is also much narrower than the mirror image
of the absorption spectrum and has relatively weak oscillator
strength in the 0�1 vibronic band, compared to steady-state
emission. After 200 fs, there is an important rise of the low-energy
part of the emission spectrum over a few picoseconds (seen in the
non-normalized spectra of Figure 3B). The spectrum also shifts
to lower energy by about 0.013 eV (8% of the total Stokes shift)
over tens of picoseconds (Figure 3C). Decay of the intensity
below 550 nm occurs on the same time scale. The slowest
relaxation in the emission spectrum, which only starts after about
1 ps, is the growth of the 0�1 vibronic sideband at 630 nm. This
leads to an overall broadening of the spectrum and takes 100 ps
to complete (Figure 3C).
3.2.2. Excitation at 400 nm. We also measured the emission

dynamics of P3HT in CB solution following excitation at
400 nm. This occurs on the high-energy side of the absorption
spectrum (Figure 1A), with 0.82 eV excess energy compared to
the band edge. Figure 4A shows that the emission time profile at
580 nm is strongly affected by the excitation wavelength. There
is a pronounced early rise only following 400 nm absorption.

The outcome of the global analysis of the time profiles recorded
throughout the emission spectrum, following excitation at both
wavelengths, is compared in Figure 5. The data were obtained
under very similar conditions for 400 and 500 nm excitation, on a
separate occasion and with a slightly higher excitation power than
the data presented before for 500 nm (Figure 2,3), which explains
the minor differences.
The early spectral rise, which occurs over a few picoseconds, is

strongly affected by the excitation wavelength as shown on the
top of Figure 5. It occurs only on the low-energy side of the

Figure 5. Outcome of the global analysis of the emission time profiles of
P3HT in chlorobenzene solution after excitation at 500 nm (A) and
400 nm (B). The top panels show the reconstructed time-resolved
emission spectra, while the normalized reconstructed time-resolved
emission spectra are in the bottom panels.

Figure 3. Outcome of the global analysis of the emission time profiles of
P3HT in chlorobenzene solution after excitation at 500 nm: (A) decay
associated amplitude spectra, (B) reconstructed time-resolved emission
spectra, and (C) normalized reconstructed time-resolved emission
spectra.

Figure 4. Ultrafast emission time profiles (A) and anisotropy decay (B)
of P3HT in chlorobenzene solution recorded at an emission wavelength
of 580 nm after excitation at 500 nm (green) and 400 nm (blue). The
inset shows the anisotropy decay over a longer time scale. The solid lines
correspond in each case to the best multiexponential fit. The fitting
parameters obtained for the anisotropy decay are given in the inset table.

http://pubs.acs.org/action/showImage?doi=10.1021/jp1119348&iName=master.img-003.jpg&w=216&h=203
http://pubs.acs.org/action/showImage?doi=10.1021/jp1119348&iName=master.img-004.jpg&w=213&h=314
http://pubs.acs.org/action/showImage?doi=10.1021/jp1119348&iName=master.img-005.jpg&w=215&h=195
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emission spectrum with 500 nm excitation, while it is more
pronounced and covers the entire spectrum with 400 nm excita-
tion. The normalized emission spectra shown at the bottom of
Figure 5 reveal, however, that the effective spectral shape and its
time-resolved changes are much less dependent on excitation
wavelength than the initial rise. The shape of the earliest resolved
0.2 ps spectrum, the spectral red shift, and the growth of the 0�1
vibronic sideband are all very similar with 400 and 500 nm
excitation, and the time scales for the spectral relaxation are the
same (0.7, 6.0, and 41 ps). This points to a weak dependence of
the processes responsible for this spectral relaxation on the
excitation wavelength. Note that τ4, the exciton lifetime, could
not be determined precisely for the data in Figure 5, as the
dynamics were only recorded up to 300 ps. It can be said,
however, that exciton decay occurs on a similar time scale
(hundreds of picoseconds) at both excitation wavelengths.
3.2.3. Anisotropy Measurements. Finally, polarization-sensitive

FU measurements were obtained and the calculated anisotropy
at an emission wavelength of 580 nm is compared for 400 and
500 nm excitation in Figure 4B. The initial anisotropy r0, mea-
sured with the 0.2 ps time resolution, is in both cases lower than
the theoretical maximum of 0.4 (when the transition dipole
moments of the absorption and emission are parallel). What is
most interesting is that r0 is considerably lower with 400 nm

excitation (0.15) than with 500 nm excitation (0.35). After 0.2 ps,
the anisotropy at 580 nm evolves in a quite similar manner for
400 and 500 nm excitation (Figure 4B). About 35% of r0 is in
both cases lost with time constants of 0.7, 6.0, and 41 ps, the same
as for the spectral relaxation (see the inset table in Figure 4B).
The remaining ∼65% of the initial anisotropy has a very long
nanosecond lifetime, because the anisotropy in the isolated
chains is now only lost by very slow orientational diffusion of
the polymer molecule. We measured the anisotropy decay at
several emission wavelengths throughout the spectrum, but
found no significant difference within the experimental error
(data not shown). This indicates that the emitting dipoles for the
0�0 and the 0�1 vibronic transitions are parallel.
3.3. Time-Resolved Emission for P3HT Thin Film.

3.3.1. Excitation at 500 nm. For the P3HT spin-cast thin film,
excitation at 500 nm occurs on the high-energy side of the absorp-
tion band with 0.59 eV excess energy compared to the band edge
(Figure 1B). This is much more than the 0.20 eV excess energy
injected in P3HT solution at the same excitation wavelength. The
time profiles recorded in the film with 500 nm excitation also
depend strongly on the emission wavelength, implying relaxation
that leads to spectral changes (Figure 6A). We found time
constants for the spectral relaxation in P3HT film of τ1 = 0.3 ps, τ2
= 2.5 ps, and τ3 = 40 ps, which are comparable but slightly faster
than in solution. The outcome of the global analysis for the film
data recorded with 500 nm excitation is shown in Figure 7. The
amplitude spectra in panel A confirm that τ1�τ3 are due to

Figure 6. (A) Ultrafast emission time profiles of P3HT thin film after
excitation at 500 nm. The probed emission wavelengths are shown in the
legend. The dashed line shows the time profile of the 590 nm emission of
P3HT in chlorobenzene solution after excitation at 500 nm. (B)
Ultrafast emission time profiles of P3HT thin film recorded at an
emission wavelength of 620 nm after excitation at 500 nm with different
excitation intensities (the fluorescence intensity is divided by the
excitation power). (C) Anisotropy decay of P3HT thin film recorded
at 650 nm after excitation at 500 nm (green) and 400 nm (blue). The
solid lines correspond in each case to the best multiexponential fit. The
fitting parameters obtained for the anisotropy decay are given in the
inset table.

Figure 7. Outcome of the global analysis of the emission time profiles of
P3HT thin film after excitation at 500 nm: (A) decay associated
amplitude spectra, (B) reconstructed time-resolved emission spectra,
and (C) normalized reconstructed time-resolved emission spectra.

http://pubs.acs.org/action/showImage?doi=10.1021/jp1119348&iName=master.img-006.jpg&w=227&h=271
http://pubs.acs.org/action/showImage?doi=10.1021/jp1119348&iName=master.img-007.jpg&w=196&h=313
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spectral changes, while τ4 = 470 ps is the exciton lifetime. The
latter is on the same order of magnitude as the exciton decay
observed in solution (530 ps). The similarity of the time scales is
confirmed by the comparison of the fluorescence time profiles in
the film (at 730 nm) and in solution (at 590 nm) shown in
Figure 6A. Unlike in solution, the amplitudes of the significant
spectral changes are comparable to the one of the exciton decay in
the film.
Although we cannot obtain the entire emission spectrum due

to experimental constraints above 750 nm, it appears that the
shape of the earliest resolved spectrum at 0.2 ps (panels B and C
of Figure 7) is already considerably narrower than the absorption
spectrum. The overall spectral position is also close to the one for
steady-state emission, showing that the majority of the Stokes
shift has taken place faster than our time resolution. We note that
the 0.2 ps spectrum in the film is very different from the
corresponding spectrum in solution (strong red-shift), indicating
a negligible contribution from nonaggregated (isolated) P3HT
chains to the emission at this time delay. The earliest resolved
spectrum in the film shows a well-resolved vibronic structure
where both the 0�0 transition and the 0�1 sideband are visible,
centered at 665 and 730 nm, respectively. A striking observation
is the much higher relative intensity of the 0�0 band compared
to the 0�1 band, the opposite of what occurs in the steady-state
spectrum.
The normalized time-resolved emission spectra depicted in

Figure 7C show that the relative intensity of the 0�0 band
decreases in time. It has about the same intensity as the 0�1 band
after 10 ps, and this inversion of the 0�0 and 0�1 relative
intensity continues up to 200 ps, when the steady-state shape
with a much more intense 0�1 band is reached. The amplitude
spectra in Figure 7A show that the three first time constants, τ1 =
0.3 ps, τ2 = 2.5 ps, and τ3 = 40 ps, are all associated with the decay
of the 0�0 emission band. Apart from the inversion of the 0�0
and 0�1 relative band intensities, other spectral changes occur
for P3HT film upon 500 nm excitation. The reconstructed time-
resolved emission spectra in Figure 7B reveal a∼1 ps spectral rise
above 680 nm. The effect is quite weak compared to the solution
measurements, but might be more pronounced on the red flank
of the emission spectrum, which is experimentally not accessible.
From the amplitude spectra in Figure 7A, it is clear that only τ1 =
0.3 ps contributes to the initial spectral rise. Finally, Figure 7C

shows enhanced early emission intensity below 600 nm, which
decays with the τ1 = 0.3 ps and τ2 = 2.5 ps time constants. There
is also a narrowing over 200 ps of the blue flank of the emission
spectrum.
To ensure the absence of singlet exciton annihilation in our

measurements, we varied the excitation intensity. The fluores-
cence time profiles scaled almost linearly with excitation intensity
at the used pump power of 1.50 mW (see comparison with the
dynamics obtained at a 0.50 mW excitation power in Figure 6B).
Small effects of annihilation are seen at 2.80 mW. They became
very important with a pump power of 8 mW, where τ3 and τ4
were reduced to 21 and 220 ps, respectively. The overall shape of
the spectral changes was however not affected (data not shown).
3.3.2. Excitation at 400 nm. We also measured the FU time

profiles of P3HT film following excitation in the high-energy tail
of the absorption spectrum at 400 nm, with 1.12 eV excess energy
compared to the band edge. The time-resolved emission spectra,
reconstructed from the global analysis of the data, are depicted in
Figure 8. There is hardly any difference compared to the data
recorded with 500 nm excitation. Within the experimental
uncertainty, the shape of the 0.2 ps spectrum is very close at
the two excitation wavelengths. The spectral changes occurring
after 0.2 ps, i.e., the narrowing on the blue side of the spectrum
and the inversion of the 0�0 and 0�1 band intensities, are also
very similar with 400 and 500 nm excitation. It is interesting to
note that the initial spectral rise starts at 680 nm independently of
the excitation wavelength, in contrast to the higher-energy start
of the rise observed with 400 nm excitation compared to 500 nm
excitation in solution (Figure 5A). The strong decay of the 0�0
band in the P3HT film probably masks any spectral rise in the
high-energy part of the spectrum. The only evidence that more
relaxation is needed in the film when more excess energy is
initially provided is that the time constants for the spectral
relaxation are slower with 400 nm excitation (τ1 = 0.6, ps, τ2 =
5.3 ps, and τ3 = 60 ps).
3.3.3. Anisotropy Measurements. Finally, the anisotropy de-

cay of the 620 nm emission, with both excitation wavelengths, is
shown in Figure 6C. The initial anisotropy measured within the
200 fs time resolution is much lower than 0.4. Again, r0 is smaller
with 400 nm excitation (0.15) than with 500 nm excitation
(0.23). The difference is less pronounced than in solution, where
r0 with 500 nm excitation was higher (Figure 4B). At both
excitation wavelengths, about 50% of the initial anisotropy
decays with the same time constants as the spectral relaxation
(inset table in Figure 6C). The remaining anisotropy decays with
a 400 ps time constant, clearly faster than the nanosecond
anisotropy decay component in solution (Figure 4B), but slower
than the spectral relaxation.

4. DISCUSSION

On the basis of experimental results obtained from photo-
conductivity studies and ultrafast investigations of the infrared
active vibrational (IRAV) modes in PPV and MEH-PPV66�71

and on evidence obtained from highly oriented MEH-PPV
chains in a polyethylene matrix,72�75 we view conjugated poly-
mers as quasi-one-dimensional semiconductors and describe
their electronic structure within an energy band picture.1,62 We
note here that the band versus molecular interpretation is not
directly relevant to the scope of the current paper. The important
point is that absorption leads to a delocalized primary photo-
excitation, which then relaxes to amore localized exciton state. As

Figure 8. Reconstructed time-resolved emission spectra obtained by
the global analysis of the emission time profiles of P3HT thin film after
excitation at 400 nm.

http://pubs.acs.org/action/showImage?doi=10.1021/jp1119348&iName=master.img-008.jpg&w=202&h=154
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discussed in the following, the initial delocalization has been
shown by several independent groups and was not necessarily
described within the semiconductor approach. Several processes
contribute to the relaxation of the primary photoexcitation of
P3HT to the relaxed singlet exciton: (1) self-localization, (2)
exciton formation, (3) exciton hopping, and (4) slow torsional
rearrangements. They will be discussed on the basis of our time-
resolved emission results.
4.1. Interpretation of the Steady-State Spectra. We inter-

pret the visible absorption spectrum of P3HT as an allowed
π�π* interband transition yielding electrons and holes in the
conduction and valence band, respectively. Emission on the
other hand occurs from a relaxed singlet exciton state. In our
solution measurements, both absorption and emission are essen-
tially intrachain processes within isolated polymer chains. In-
deed, polymer aggregation (between chains and due to chain
folding) is considered negligible at the concentrations used and
given the fact that CB is a “good” solvent. Our absorption and
emission spectra are also consistent with the spectral shapes
reported previously for nonaggregated P3HT in dilute
solution.40 Strong conformational (mostly torsional) disorder
of the dissolved P3HT chains in the ground state leads to the
inhomogeneously broadened and structureless absorption spec-
trum. The difference between the absorption spectrum and the
broader/more structured fluorescence excitation spectrum in-
dicates that the fluorescence quantum yield differs within the
distribution of absorbing conformations. The more fluorescent
conformers are on both sides of the absorption band, while the
less fluorescent ones absorb in its center.
The shape of the emission spectrum in solution is independent

of excitation wavelength. Even if a large distribution of confor-
mations is initially excited, relaxation eventually occurs to a
common emitting intrachain exciton state with less torsional
disorder. Judging from the excitation spectrum, the low-fluo-
rescent conformations relax to this state in lower yield. The
relaxation toward a more localized singlet exciton after the initial
interband absorption and toward higher order explains the
narrower and more structured emission spectrum. The intra-
chain emission spectrum has previously been well-reproduced
with a Franck�Condon model, using a Huang�Rhys factor of 1
and assuming that the 0.18 eV CdC stretching vibration
predominantly couples to the electronic transition.40 A struc-
tured emission spectrum contrasting with a broad absorption
spectrum was also observed for phenyleneethynylene oligomers
in solution, where the effect was as well ascribed to a more planar
and conformationally constrained excited state compared to a
torsionally disordered ground state.76

The considerable differences between the solution and thin
film steady-state spectra can be accounted for by the self-
organization of P3HT into microcrystalline π-stacked lamellar
sheets in the film. This brings interchain character to the
absorption and emission transitions. Although several models
have been proposed for the film spectra,44,45 the most successful
one is given by Spano.42,43,77 Here, the P3HT chains in the film
are treated as weak H-aggregates. The excitonic coupling be-
tween chains is lower than the exciton�phonon coupling, as the
excitonic interactions are decreased due to the important con-
jugation length within the polymer chains. The low-energy side
of the π�π* absorption band of thin film P3HT can be well-
modeled using H-aggregates as the absorbing species.29,40,42,43

All the vibrational structure occurs in this part of the spectrum,
and the relative absorbance of the 0�0 and 0�1 vibronic peaks

gives access to the excitonic coupling energy, which is related to
the conjugation length. The presence of vibronic structure (not
completely masked by inhomogeneous broadening) indicates
less ground state conformational disorder in the H-aggregates
compared to the P3HT chains in solution, i.e., there is a smaller
distribution of torsional conformers and conjugation lengths in
the more extended and planar polymer chains of the film.
The high-energy side of the broad absorption band of P3HT

film cannot be reproduced with the H-aggregate model. Clark
et al. suggested that this part of the spectrum has a strong
contribution from nonaggregated (amorphous, disordered)
P3HT chains, with intrachain absorption and about 40% less
oscillator strength than the H-aggregates.29,40 They noticed that
the shape of the high-energy film absorption strongly resembles
the structureless solution spectrum, once the H-aggregate part
of the spectrum is subtracted. After photoexcitation of the dis-
ordered P3HT chains, there is, however, relaxation toward
H-aggregates. The shape of the steady-state emission spectrum is
independent of the excitation wavelength and thus always arises
from the same species. The similarity of the fluorescence excita-
tion and absorption spectrum also confirms that the relaxation to
a common emitting state (the interchain singlet exciton) is near
quantitative, independently of where P3HT is initially excited.
Note that, unlike in solution, there is little effect of torsional
disorder on the excitation spectrum in the film. The emission
spectrum of P3HT film has been previously modeled using
H-aggregates as the sole emitting species; it can be reproduced
using a modified Franck�Condon expression with a Huang�
Rhys factor of 1 and a vibrational progression dominated by the
0.18 eV CdC stretching vibration.40 The 0�0 transition is
forbidden in the H-aggregates (although it can be enhanced by
disorder and thermal activation) while the sidebands are allowed.
Hence the 0�1 transition is the band maximum in the emission
spectrum of P3HT film.
4.2. Ultrafast (<200 fs) Relaxation Processes. The time-

resolution of our FU instrumentation does not allow us to
directly measure processes occurring on the ∼100 fs time scale.
A lot can nevertheless be learned about this ultrafast relaxation by
looking at its consequences on the shape of the earliest resolved
0.2 ps emission spectrum and the initial anisotropy. For P3HT in
both solution and film, >90% of the total Stokes shift takes place
faster than 0.2 ps, and there is important loss of anisotropy which
is higher with 400 nm excitation than 500 nm excitation. The 0.2
ps spectrum is also narrower than the mirror image of the
absorption spectrum, and its shape does not significantly depend
on excitation wavelength. All these observations point to con-
siderable relaxation during the 200 fs that followπ�π* interband
absorption in P3HT, which we ascribe to self-localization of the
initially delocalized photoexcitation.
Light absorption in conjugated polymers yields mobile elec-

trons and holes within the energy bands, which are considerably
delocalized along the polymer chain. Self-localization of the
charge carriers into a smaller number of repeat units within
100 fs, associated with local structural lattice distortions that are
strongly coupled to the electronic excitation, has been predicted
30 years ago.78 The self-localization of the primary photoexcita-
tion has recently been experimentally observed for many poly-
mers, including polythiophene derivatives.19,30,34,79�84 Dynamic
localization in MEH-PPV was, for example, observed by a faster
decay of the polarization anisotropy in the fluorescence and TA
dynamics, as compared to derivatives with shorter conjugation
length,79 as well as by three-pulse photon echo experiments in



9733 dx.doi.org/10.1021/jp1119348 |J. Phys. Chem. C 2011, 115, 9726–9739

The Journal of Physical Chemistry C ARTICLE

films and solution.80,81 In the latter study, absorption into
delocalized states that arise from electronically coupled polymer
segments was suggested to model the data. The localization of
the primary photoexcitation, which was found to be delocalized
over at least 11 nm in MEH-PPV,79 is largely driven by local
geometrical relaxation from the more twisted geometry of the
ground state to a planar quinoidal structure in the excited
site.19,30,34,37,79�81 This process in P3HT is dominated by only
two phonon modes: the 0.18 eV CdC stretching vibration and a
lower frequency (∼0.016 eV) torsional motion.30 There is
evidence that it is not a stochastic but a correlated process.30

The correlation of transition frequencies within the ensemble of
excitations was also observed by Collini and Scholes for MEH-
PPV chains in solution.85 Those authors conclude that the high
delocalization of the primary excitation allows its quantum
mechanical transport in space by coherent excitation energy
transfer on the ∼100 fs time scale. Ultrafast migration of the
primary photoexcitation is therefore possible, although this
occurs by a very different mechanism than the much slower
incoherent hopping of a bound exciton (F€orster mechanism,
discussed in section 4.3).83

4.2.1. Self-Localization in Isolated P3HT Chains. As men-
tioned before, the important Stokes shift (>90%) occurring for
the emission of P3HT in CB solution within 200 fs is evidence of
the initial photoexcitation localization. Moreover, we found that
the 0.2 ps emission spectrum has already considerably narrowed
compared to the absorption spectrum, which is a consequence of
the localization and of the ultrafast geometrical relaxation driving
this localization. Ultrafast torsional relaxation obviously reduces
inhomogeneous broadening, implying that the conformational
disorder in the ensemble of emitting species has been reduced
compared to the ground state distribution. Selective excitation of
certain torsional conformers with 500 nm excitation is unlikely as
the origin of such a pronounced narrowing of the emission
spectrum, since the laser pulse is relatively broad and carries
excess energy, so that a distribution of conformers is excited. The
very similar shape of the 0.2 ps spectrum obtained following 400
and 500 nm excitation is unexpected, since different torsional
conformers within the inhomogeneous distribution are excited.
Apparently, any differences in the excited conformers are evened
out during the ultrafast ∼100 fs local structural rearrangements.
The very strong emission depolarization during the initial

<100 fs self-localization is caused by several processes: The local
structural (torsional) rearrangements, the localization of the
initially delocalized excitation around kinks and bends in the
polymer chain (which reorients the dipole), and the quantum-
assisted transport of the delocalized excitation.37,79,83�85 We
observe a considerably lower initial anisotropy with 400 nm
excitation (0.15) than with 500 nm excitation (0.35), clearly in
contrast with our previous result in PCDTBT, where r0 was
about 0.3 at both wavelengths.63 The wavelength-dependence of
r0 is, however, consistent with a transient absorption study by
Guo et al., where the initial anisotropy in the excited-state
absorption of regiorandom P3HT film was found to by much
higher upon 500 nm compared to 400 nm excitation.26 Our
results evidence more relaxation and more initial delocalization
of the primary photoexcitation in isolated P3HT chains if
absorption at higher energy occurs higher into the energy bands.
With more initial delocalization, the self-localization leads to
more loss of the initial polarization memory and gives a lower
measured r0. Our data agrees with a previously reported inter-
mediate value of r0 (∼0.25) for P3HT in chloroform following

excitation at 470 nm.37 The authors also observed that r0
decreases with increasing polymer molecular weight, which
might also be an effect of increased delocalization.
4.2.2. Self-Localization in P3HT Film. As in solution, ultrafast

<200 fs localization of the primary excitation in P3HT film
manifests as an important Stokes shift, emission depolarization,
and narrowing of the 0.2 ps spectrum. Due to the interchain
interactions of the P3HT aggregates formed in the film, the initial
delocalization spans neighboring polymer chains. This favors the
formation of long-lived delocalized polarons by the self-localiza-
tion of the electrons and holes on separate polymer chains.46,49�51

The yield of macroscopic charge carriers in P3HT film is as high as
30%,38 but since they are formed during the <100 fs self-
localization,26 they have no effect on the emission dynamics
resolved in our experiments. Again, r0 is lower with 400 nm
excitation (0.15) than with 500 nm excitation (0.23) in the film,
because of the increased initial delocalization and increased
relaxation if excitation occurs higher into the energy bands. The
difference is less pronounced than in solution, becausemore excess
energy is brought to the film than to P3HT solution at 500 nm, and
because the interchain character of the absorption allows a higher
initial delocalization in the film at any excitation wavelength.
We note that the 0.2 ps emission spectra recorded in the film

following 400 or 500 nm excitation are quite similar and relatively
close in energy to the steady-state emission, which stems solely
from H-aggregates. This is somewhat surprising, since it has
previously been determined that about 55% of the P3HT chains
in films cast from high boiling point solvents are amorphous and
have an absorption spectrum similar to dissolved P3HT.29 A high
proportion of amorphous P3HT is excited at 500 nm, while
amorphous chains are almost exclusively excited at 400 nm.
Similar to absorption, the emission spectrum of amorphous
P3HT should be close to that of the isolated polymer in solution,
i.e., have a 0�0 emission maximum around 585 nm and high
fluorescence quantum yield (isolated P3HT in solution has a
quantum yield of 33%, versus 2% in thin film36). The emission
maximum for P3HT film at 0.2 ps is, however, at 665 nm
independent of the excitation wavelength, and the intensity in
the 585 nm region is only very slightly enhanced compared to the
steady-state spectrum. This suggests that relaxation to aggregates
occurs in <200 fs, so that there is no significant contribution of
amorphous P3HT emission already after 0.2 ps.
There are two possible explanations for this phenomenon.

First, the polymer chains absorbing at high energy might not be
completely isolated/amorphous but rather in poorly crystalline
aggregates, where the P3HT chains are still parallel but interact
less due to high disorder. In solution, we observed a decrease of
torsional inhomogeneity during the <200 fs geometrical relaxa-
tion. This is likely to occur also in the film and might be enough
to convert the more disordered aggregates to more ordered and
crystalline species on an ultrafast time scale. The second possi-
bility is that the photoexcitation migrates from amorphous to
crystalline polymer regions within <200 fs. This raises the same
question that we recently brought up concerning the transport of
the photoexcitation to an interface in polymer:fullerene bulk
heterojunction blends, prior to charge separation:63 How can the
excited species move so fast? An exciton diffusion coefficient of
1.8� 10�3 cm2 s�1 was reported for P3HT,86 which means that
an exciton can diffuse on the 100 fs time scale by about 0.1 nm (in
one dimension) or 0.2 nm (in three dimensions). The separation
between amorphous and crystalline polymer regions should be
much longer, on the order of 10 nm, so that exciton hopping by
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the F€orster mechanism (see section 4.3) is too slow to account
for the ultrafast migration between those regions. We therefore
suggest that it is not the bound exciton that diffuses on the∼100
fs time scale but its delocalized precursor. Indeed, the electron
and hole formed directly after interband absorption are expected
to be mobile and delocalized, making ultrafast transport of the
primary photoexcitation by quantum mechanical mechanisms
possible.85

4.3. Exciton Formation and Hopping. After 0.2 ps, the
emission spectrum of P3HT in solution and as a thin film
continues to evolve to lower energy. This relaxation can be
resolved by our experiments, and we found in each case three
associated time constants ranging from subpicoseconds to tens of
picoseconds. As the different relaxation processes responsible for
the spectral changes are complex and occur in parallel, it is
impossible to assign each time constant to a specific relaxation
route. Nevertheless, the time constants found from the global
analysis provide a good estimation of the time scales over which
the relaxations occur.
We suggest that the emission at 0.2 ps does not yet originate

from a relaxed singlet exciton. When the time-resolved emission
spectra are considered without normalization, a fast rise of the
emission spectrum is observed (more obvious for the solution
measurements). In agreement with our recent fluorescence study
of the donor�acceptor copolymer PCDTBT,63 we ascribe this
early spectral rise and the fastest time constant (of the order of
0.5 ps), at least partially, to slower components of singlet exciton
formation. This involves thermalization of the electron and hole
to the band edges, as well as their spatial recombination and
Coulomb binding. In solution, the early spectral rise occurs only
on the low-energy side of the emission spectrum with 500 nm
excitation, while it is more pronounced and covers the entire
spectrum with 400 nm excitation. This shows that the electrons
and holes have to relax further through the energy bands to the
band edges in order to form the exciton, if they are initially
excited higher into the bands. It confirms our assignment of the
spectral rise to exciton formation and provides evidence that this
process is relatively slow (∼1 ps). In the film, the exciton
formation also occurs on the ∼1 ps time scale, but we could
not find the spectral dependence of the rise on the excitation
wavelength, probably because it is masked by other spectral
changes. Note that the excitons in the P3HT film are interchain
species with some delocalization between π-stacked polymer
chains.
After they have formed, the singlet excitons can hop to lower-

energy localized states, allowing a change of their spatial position
and energy.37 The process has often been described as excitation
energy transfer, mainly by the F€orster mechanism, between
polymer segments of different conjugation lengths that exist due
to disorder (kinks anddefects in the polymer chain).37,57,63,83,84,87�97

Cascading down-energy exciton migration typically leads to a
progressive red shift of the emission spectrum, which slows
down in time as the number of nearby states with lower energy
decreases. Multiphasic time scales ranging from about half a
picosecond (for one-step hops) to hundreds of picoseconds
(for multistep hops) were reported for various polymers, so
that we conclude that exciton hopping contributes to the three
time constants we found for the spectral relaxation of P3HT in
solution and film.
In solution, exciton migration leads to a red shift of the

emission spectrum by about 0.013 eV (8% of the total Stokes
shift) over tens of picoseconds and a considerable decay of the

emission intensity below 550 nm on the same time scale. Exciton
hopping to states with a different orientation of the transition
dipole moment also contributes to the emission depolarization
that occurs with the same time constants as the spectral changes.
Note that excitons do not only move to lower energy sites but
also to sites with similar energy. The isoenergetic hops can lead to
depolarization, but not to any shift of the emission spectrum. In
principle, higher energy excitation should lead to the initial
formation of higher energy excitons, which havemore probability
to hop to lower energy localized states, so that exciton hopping in
P3HT could be affected by the excitation wavelength, as was
reported for the PPV polymer.90 Judging from the normalized
emission spectra, the spectral changes and time constants
associated with exciton hopping are, however, quite independent
of 400 or 500 nm excitation in solution. The wavelength-
dependent spectral rise that we observe 1�2 ps after photo-
excitationmight have a contribution from the population of more
red-shifted states by hopping. The rise is nevertheless too fast to
be accounted for entirely by (multistep) F€orster energy transfer
processes. Our assignment to exciton formation is thus justified.
In the film, exciton hopping can be intrachain or interchain

and contributes to a narrowing on the blue flank of the emission
spectrum over 200 ps. We also observe somewhat enhanced early
emission intensity below 600 nm, which decays with the two
faster time constants (τ1 = 0.3 ps and τ2 = 2.5 ps, following
500 nm excitation). This is mostly related to remaining high-
energy excitations on disordered polymer segments with short
conjugation lengths, which decay rapidly due to exciton hopping
to lower-energy, more-ordered sites. This effect is nevertheless
weak, as most relaxation toward more ordered species takes place
during the initial self-localization. The spectral changes occurring
after 0.2 ps due to exciton hopping are very similar with 400 and
500 nm excitation in the film, but the time constants associated
with the relaxation are slightly slower with higher energy excita-
tion. At both excitation wavelengths, about 50% of the initial
anisotropy decays with the same time constants as the spectral
relaxation, partly due to exciton hopping. The remaining aniso-
tropy decays with a 400 ps time constant, clearly faster than the
nanosecond anisotropy decay component in solution, but slower
than the spectral relaxation. The 400 ps depolarization in the
film is ascribed to isoenergetic exciton hops between neigh-
boring polymer chains. Due to the high ordering of the P3HT
chains, this anisotropy decay is much slower than the 50�
60 ps depolarization caused by interchain hops in amorphous
PCDTBT film.63

4.4. Evolution of the Vibronic Structure in P3HT Emis-
sion. 4.4.1. The Vibronic Structure in Solution. The time-resolved
emission spectrum of P3HT measured in solution after 0.2 ps is
dominated by the 0�0 transition. In spite of the strong electron�
phonon coupling in conjugated polymers, the shoulder due to
the 0�1 vibronic band is much less pronounced at early time
delays than in the steady-state emission spectrum, indicating that
the 0�1 transition of the emitting species a few hundred
femtoseconds after photoexcitation is somewhat forbidden.
The 0�1 vibronic sideband at 630 nm then grows over 100 ps,
leading to broadening of the emission spectrum. This relaxation
only starts after about 1 ps, after the excitons have formed and
have perhaps even undergone one-step hops. We ascribe the
growth of the 0�1 band to slow torsional relaxation of the P3HT
chains toward a more planar structure. In general, conjugated
systems tend to adopt a more planar configuration in the singlet
exciton state than in the ground state.98,99 As discussed before,
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some of the more local geometrical relaxation occurs on the
ultrafast time scale and is responsible for self-localization of the
photoexcitation. The slower torsional rearrangements are asso-
ciated with low-frequency vibrations and involve a conforma-
tional change over a larger portion of the polymer backbone
(several repeat units). It has also been suggested that they are
thermally activated.37

Slow excited-state planarization of a polythiophene derivative
in toluene solution has been reported to occur in 15 ps and to
lead to an increase of conjugation length by about two repeat
units.88 For P3HT in solution, the torsional relaxation respon-
sible for the change in vibronic structure contributes to the 6 and
41 ps time constants of the spectral relaxation and possibly also
causes some spectral red shift. Within the experimental uncer-
tainty, the process is independent of the excitation wavelength.
As the rearrangements can reorient the emitting dipole, they
contribute, together with exciton hopping, to the emission
depolarization on the picosecond/tens of picoseconds time scale.
Due to its similar time scale and effect on the conjugation
length, torsional relaxation is strongly entangled with exciton
hopping. It has been suggested that torsional relaxation be-
comes the predominant mechanism for shorter polymer chains
or with low excitation energy, when exciton hopping becomes
less favored.37,88

Spectral relaxation due to torsional relaxation has been
investigated in detail for conjugated oligomeric model systems
in solution.76,100,101 In those studies, the planarization typically
leads to a red shift of the spontaneous or stimulated emission
spectrum, together with a decrease of the inhomogeneous
broadening of the vibronic bands, so that the spectrum becomes
more structured. This clearly differs from the spectral broadening
brought about by the growth of the 0�1 sideband seen here for
P3HT in solution. A decrease of the inhomogeneous broadening
is not at the origin of the slow appearance of this vibronic
sideband, since the spectrum has already considerably narrowed
during the <200 fs relaxation processes. This leads to the
conclusion that the slow torsional relaxation in P3HT really
enhances the oscillator strength of the vibronic 0�1 transition,
possibly by increasing the Franck�Condon coupling between
the electronic excitation and the predominantly Franck�Condon
active CdC stretching vibration. Further theoretical work is
necessary to understand why the 0�1 emission is so small in the
species formed after the <200 fs ultrafast geometrical changes
causing self-localization and how the slower structural changes
then enhance this transition.
4.4.2. The Vibronic Structure in the Thin Film. In the emission

spectrum of P3HT film 0.2 ps after light absorption, the relative
intensity of the 0�0 band is strikingly higher compared to the
0�1 band. As discussed before (section 4.2.2), we are confident
that the early emission stems already from P3HT aggregates,
even if amorphous or disordered P3HT regions are initially
excited. The important 0�0 intensity indicates, however, that
they are not yet relaxed H-aggregates, for which the 0�0
transition is symmetry forbidden.43,102 We observe a decrease
of the 0�0 emission intensity occurring with the three time
constants of the spectral relaxation (0.3, 2.5, and 40 ps with
500 nm excitation), until the steady-state spectrum with a 0�1
bandmaximum is reached. The significant decay of the 0�0 band
with the 0.3 ps time constant (which is largely associated with
thermalization to the band edges and exciton formation) is
consistent with the theoretical result of Spano et al. that the
0�0 oscillator strength is higher when the electron and hole are

toward the top of the energy bands.77 The 0�0 emission
therefore decreases rapidly during thermalization to the band
edges. It continues to decrease more slowly, which we mainly
assign to torsional relaxation leading to a planarization of the
entire polymer backbone, as described earlier in the context of
the solution data. The torsional relaxation also contributes,
together with exciton hopping, to the narrowing observed over
200 ps on the blue flank of the emission spectrum and to
emission depolarization. It is very similar with 400 and 500 nm
excitation.
The steady-state emission spectrum of P3HT in solution

(isolated chains) and in the film (H-aggregates) has been
modeled with a Franck�Condon expression and a Huang�Rhys
factor of 1 (for the film data, the 0�0 amplitude is variable and
uncoupled from the rest of the progression).40 The same model
was used to describe the emission spectra of P3HT diluted in an
inert ultrahigh molecular weight (UHMW) polyethylene matrix
at different concentrations; again a Huang�Rhys factor of 1
independent of the extent of aggregation was found.17 We did
not perform a quantitative Franck�Condon analysis of our time-
resolved emission spectra, given the rather limited number of
spectral points. Qualitatively, it appears, however, that the
Huang�Rhys factor changes with time, leading to the decrease
of the 0�0 band intensity. The Huang�Rhys factor represents
the coupling of the electronic excitation to the Franck�Condon
active vibrational modes (in this case predominantly the 0.18 eV
CdC stretching vibration), which depends on the displacement
of the nuclear potential wells in the ground and excited states.We
suggest that slow torsional relaxation, involving low-frequency
modes that are not necessarily Franck�Condon active, shifts the
equilibrium position of the CdC vibration in the excited state. As
a consequence, the potential well as a function of the CdC
stretching coordinate shifts and hence the Hung�Rhys factor
changes.
Torsional relaxation to a more planar polymer chain config-

uration also increases order in the polymer chain, which affects
the vibronic structure of the emission spectrum. Indeed, remain-
ing disorder after the initial self-localization, but before the
slower planarization, can lift the symmetry constraints and
explain the presence of the symmetry-forbidden 0�0 band.
Simulations of the steady-state spectra have shown that disorder
enhances the 0�0 emission, while it hardly affects the vibronic
sidebands.77 It is interesting to mention here that the 0�0
transition is also thermally activated, i.e., more pronounced at
room temperature compared to 10 K.77,102 It has recently been
observed for P3HT in an UHMW polyethylene matrix that the
emission time profiles recorded in the 0�0 band and 0�1 band
only depend on the emission wavelength for high P3HT con-
centration, proving the important role of aggregates in the
spectral changes.17 Vibrational cooling mediated by torsional
relaxation was used to explain the result. In this case, the
enhanced early emission in the 665 nm region (near the 0�0
band) originates from vibrationally hot excited aggregate states
with more torsional disorder and symmetry-allowed transitions
to the electronic ground state (same parity).102 After vibrational
relaxation to the lowest vibrational level in the electronically
excited state, the 0�0 transition at 665 nm becomes forbidden.
The inversion of the vibronic bands that we report for pristine

P3HT film is unlikely to be a relaxation from nonaggregated to
aggregated sites by exciton hopping, as was suggested on the
basis of a similar observation for P3HT film at 10 K recorded on
the nanosecond time scale.40 This would imply a stronger
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spectral red-shift, which we do not observe at room temperature
(the position of the 0�0 band shifts by only about 0.015 eV,
while the 0�1 band does not shift at all between 0.2 and 200 ps).
Exciton migration to interchain aggregates has been observed for
films of PTOPT, a substituted polythiophene derivative with
close interchain packing but less crystallinity than P3HT, and
there was indeed a much more pronounced red shift.48 Kobaya-
shi et al. explained the inversion of the 0�0 and 0�1 emission
intensities observed for a regioregular polythiophene derivative
at low temperature (measured with a streak camera and 7 ps
resolution) by emission from two distinct intrachain states of
opposite parity and with different lifetimes.44 As it has today been
well-established that absorption and emission in P3HT films has
interchain character, this interpretation is less likely.
4.5. ExcitonDecay. In solution, we found a 530ps time constant

for the decay of the relaxed singlet exciton, in excellent agreement
with the lifetime reported in the literature.36,37,54,55 A major
deactivation channel of the intrachain exciton in isolated P3HT
chains is intersystem crossing to the triplet state; emission occurs
with a quantum yield of about 30% in CB.36,55 Singlet annihila-
tion as a decay mechanism can be excluded here, since the time
constants showed no dependence on the excitation power at the
low intensities used. In the film, we measured an exciton lifetime
of 470 ps, again in accordance with previously published
values.17,36 This is on the same order of magnitude as the exciton
decay observed in solution. The strong reduction of the fluores-
cence quantum yield from 33% to 2%,36 when going from solution
to film, can therefore not be explained by a reduction of the exciton
lifetime. It is rather due to the high yield of nonemitting polarons in
the P3HT films directly from the primary photoexcitation36,38 and
due to the lower oscillator strength for emission in H-aggregates
compared to free polymer chains.40,46 Intersystem crossing of
singlet intrachain excitons to the triplet state was observed in
transient absorption studies of P3HT solution and in regioran-
dom P3HT films, but the interchain character of the singlet
excitons in regioregular P3HT films was found to prevent
formation of triplet excitons.26,36,46 We therefore assign the 470
ps interchain exciton decay in the P3HT film to nonradiative
exciton recombination to the ground state. Although the∼500 ps
exciton decay ofH-aggregates in the film andof free polymer chains
in solution is in both cases predominantly nonradiative,17 we
conclude that it occurs by different mechanisms.

5. CONCLUSIONS

Detailed fluorescence up-conversion measurements, followed
by global analysis of the emission time profiles and reconstruction
of the time-resolved emission spectra with a 200 fs resolution,
allowed a comprehensive understanding of the photophysics of
pristine regioregular P3HT in dilute chlorobenzene solution and
solid thin film. The isolated P3HT chains in solution are torsion-
ally highly disordered in the ground state, leading to an inhomo-
geneously broadened, structureless absorption spectrum. The
absorption is assigned to an interband π�π* transition that is
entirely intrachain. On the other hand, the π�π* absorption in
spin-cast P3HT film has interchain character, since the polymer
organizes into microcrystalline π-stacked lamellar sheets. This
yields a strongly red-shifted spectrum where a vibronic structure
can by discerned, as the ordering reduces the inhomogeneous
broadening. There is nevertheless remaining torsional disorder in
the film, explaining why only the low-energy part of the spectrum
can be modeled as absorption by H-aggregates. The high-energy

absorption arises from amorphous polymer chains or highly dis-
ordered P3HT aggregates.

In both film and solution, the initially highly delocalized and
mobile electrons and holes, formed in the energy bands by the
π�π* interband absorption, self-localize within ∼100 fs. This
relaxation is driven by ultrafast local geometrical relaxation
involving the CdC stretching and a torsional vibrational mode.
The ultrafast localization explains why the earliest emission
spectra that we could measure 0.2 ps after excitation are already
strongly Stokes-shifted (>90%). In film and solution, the shape of
the earliest 0.2 ps emission spectrum displays much less inho-
mogeneous broadening than the absorption spectrum, showing
that the <200 fs processes effectively decrease the torsional
disorder. The early 0.2 ps emission spectrum is also virtually
independent of the excitation wavelength, indicating that any
differences due to selective excitation of certain conformers in
solution or amorphous/crystalline regions in the film are evened
out on the ultrafast time scale. We made the important observa-
tion that emission in the film only 0.2 ps after photoexcitation
occurs mainly from aggregates, even if a high proportion of
amorphous/disordered P3HT chains is initially excited. Either
the ultrafast geometrical relaxation is sufficient to convert the
disordered polymer to more crystallinity or the photoexcitation
can migrate from amorphous to ordered regions in <200 fs. This
migration is too fast to be accounted for by F€orster hopping of a
bound exciton, so we suggest instead quantum mechanical
transport of the primary delocalized photoexcitation.

Moreover, for the dilute and solid sample, we observed a
strong loss of the emission anisotropy during the ultrafast
relaxation, caused by the local structural rearrangements, by
the localization of the initially delocalized excitation around
kinks and bends in the polymer chain and by the quantum-
assisted transport of the delocalized excitation. Very importantly,
there was in both cases a stronger ultrafast depolarization with
excitation at 400 nm compared to 500 nm. This provides
evidence that absorption with more excess energy, higher into
the energy bands, gives rise to a higher initial delocalization and
to more loss of anisotropy during the self-localization.

We have recently discussed the implications of the ultrafast
relaxation processes in pristine PCDTBT on the photoinduced
charge separation in PCDTBT:PC70BM bulk heterojunction
blends.63 Judging from their similar time scales, the charge
separation occurs during the initial self-localization, before the
photoexcitation becomes bound in a singlet exciton. We sug-
gested that the high initial mobility of the electrons and holes
directly after the π�π* interband transition and their high
delocalization, allowing quantum mechanical spatial displace-
ment,85 could lead to their ultrafast transport to a polymer:
fullerene interface and account for the observed ultrafast charge
separation rate in BHJ blends. The charge separation in annealed
P3HT:PCBM blends also occurs in less than 120 fs,32 thus in
parallel with the self-localization of the photoexcitation in P3HT.
A significant distance (∼10 nm) has to be covered by this
excitation in <120 fs to reach an interface, since there is
experimental evidence that phase separation between the poly-
mer and fullerene is necessary for a well-functioning solar cell.8

The present experiments provide strong confirmation that the
primary photoexcitation, before it self-localizes and becomes an
exciton, is highly delocalized in P3HT. This result supports the
mechanism for charge separation that we proposed in PCDTBT
and allows generalization to P3HT. Note that the ultrafast
transport of the delocalized photoexcitation from amorphous
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to crystalline regions in pristine P3HT probably occurs by the
same mechanism as the transport to a fullerene interface in
P3HT:PCBM blends.

Following the ultrafast self-localization, further spectral relaxa-
tion occurs with 0.7, 6.0, and 41 ps time constants in solution, at
either excitation wavelength. In the film, the relaxation is slightly
slower with 400 nm excitation (0.6, ps, 5.3 and 60 ps) compared
to 500 nm excitation (0.3, 2.5, and 40 ps), because more excess
energy is initially brought to the system.We ascribe the relaxation
that occurs in∼1 ps to singlet exciton formation, which involves
thermalization of the photoexcited electron and hole to the band
edges, as well as their spatial recombination and Coulomb
binding. Exciton formation is observed as an early spectral rise
of the emission spectrum in solution and film. For P3HT in
solution, this rise starts at higher energy when the polymer is
excited higher into the energy bands at 400 nm, confirming our
assignment. The relatively slow exciton formation represents
further evidence that <120 fs charge separation in P3HT:PCBM
blends occurs before the primary photoexcitation becomes a
bound exciton. Once the exciton is formed, it can hop to localized
states with lower energy that exist as a consequence of disorder.
All three time constants of the observed spectral relaxation and
concomitant depolarization have a contribution from exciton
hopping. This F€orster-type transport of the exciton to shorter
polymer segments leads to a fast decrease of the emission
intensity on the high energy side of the spectrum by 0.5�1 ps
one-step hops. Then cascading and decelerating energy migra-
tion leads to the observed slightly progressive red-shift of the
emission spectrum. The exciton hopping is clearly slower than
the <120 fs charge separation in annealed P3HT:PCBM films
and therefore cannot account for the ultrafast transport of the
excitation to an interface nor for the <200 fs transport of the
photoexcitation from amorphous to crystalline regions in pristine
P3HT film.

The main spectral changes that we observed are, however,
related to the vibronic structure of the emission. In solution, the
0�1 sideband is more forbidden at early time delays. It grows
with the 6.0 and 41 ps time constants due to slow planarization of
the entire polymer backbone which increases the 0�1 oscillator
strength and also turns the emission dipole (depolarization).
This slow torsional relaxation is related to low frequency vibra-
tions and possibly thermally activated. In the P3HT film, both the
0�0 and 0�1 bands are present at 0.2 ps, but the 0�0 band has a
much higher relative intensity, although this transition is sym-
metry forbidden in perfect H-aggregates. This band decays to a
much smaller relative intensity with the three time constants of
the spectral relaxation and depolarization, which we mainly
ascribe to slow torsional relaxation of the polymer backbone.
The planarization affects theHuang�Rhys factor by changing the
equilibrium position of the Franck�Condon active CdC stretch-
ing vibration, reduces disorder-induced 0�0 emission, and med-
iates vibrational relaxation of hot aggregates with allowed
emission in the 0�0 spectral region. The fastest subpicosecond
decay of the 0�0 band could also be caused by intraband
thermalization to the band edges.

Finally, a relaxed intrachain exciton is formed in solution, and a
relaxed interchain exciton is formed in the film on the 100�200
ps time scale. These species gives rise to the steady-state emission
spectrum, but they clearly appear too slowly to be involved in the
charge separation occurring in P3HT:PCBM blends. Significant
polarization anisotropy is conserved in the intrachain exciton in
solution, which can only decay on the nanosecond time scale by

large-scale polymer reorientation. The remaining anisotropy in
the film decays faster (with 400 ps), as the interchain excitons
have the possibility to hop to neighboring polymer chains. Both
intra- and interchain excitons decay on the 500 ps time scale, by
intersystem crossing to the triplet state in solution and by
nonradiative recombination in the film. The fluorescence quan-
tum yield is nevertheless much lower for the film due to the
interchain character of the emission from H-aggregates and to
the loss of the initial excitation to polaron species.
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