Optical Pumping of Poly(3-hexylthiophene)
Singlet Excitons Induces Charge Carrier
Generation
Patrick C. Tapping and Tak W. Kee∗
Department of Chemistry, The University of Adelaide, South Australia 5005, Australia
E-mail: tak.kee@adelaide.edu.au
Phone: +61-8-8313-5039

Abstract

Graphical TOC Entry

The dynamics of high-energy excitons of poly(3hexylthiophene) (P3HT) are shown to consist of
torsional relaxation and exciton dissociation to
form free carriers. In this work we use pumppush-probe femtosecond transient absorption
spectroscopy to study the highly excited states
of P3HT in solution. P3HT excitons are generated using a pump pulse (400 nm) and allowed
to relax to the lowest-lying excited state before re-excitation using a push pulse (900 nm
or 1200 nm), producing high-energy excitons
which decay back to the original excited state
with both sub-picosecond (0.16 ps) and picosecond (2.4 ps) time constants. These dynamics
are consistent with P3HT torsional relaxation,
with the 0.16-ps time constant assigned to ultrafast inertial torsional relaxation. Additionally, the signal exhibits an incomplete recovery,
indicating dissociation of high-energy excitons
to form charge carriers due to excitation by the
push pulse. Our analysis indicates that charge
carriers are formed with a yield of 11%.
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The intense research on conjugated polymers
is mainly driven by the function of these materials as light harvesting chromophores and electron donors in organic solar cells. 1–4 Polymer
based solar cells offer the advantage of solution
processability for rapid and low-cost fabrication of mechanically flexible devices. Poly(3hexylthiophene) (P3HT) is one of the most
studied conjugated polymers for several important reasons. First, there are well-established
synthetic methods by which a high regioselectivity is achieved routinely. 5 Second, P3HT exhibits the ability to aggregate in an ordered
fashion to form semicrystalline domains. 6 Recent work has shown that these semicrystalline
domains enhance exciton and charge transport. 7 In many cases, long-range order is maintained and P3HT is able to “crystallize” to form
nanofibers which are microns in length. 8–10 In
addition to nanofibers, P3HT is capable of
folding into roughly spherical aggregates, i.e.,
nanoparticles, to give rise to functional properties including charge storage and chemical
sensing. 11,12 Furthermore, P3HT nanoparticles
provide a good model system for investigating
the dynamics of excitons and polarons. 13 The
nanoparticle system offers a device-like environment without the significant structural and
interfacial heterogeneities found in a thin-film
device, thereby improving the understanding
between a material’s function and its molecular properties. 12 Finally, the P3HT-fullerene
blend is the most widely investigated donoracceptor system owing to its relatively high solar power conversion efficiency, which is as high
as 6.5%. 14–16 As a consequence, there is continuing effort in studying P3HT to develop insight into the photovoltaic properties of P3HTfullerene solar cells.
The use of femtosecond laser spectroscopy
has offered a vast level of information about
exciton dynamics of P3HT films or aggregates. 13,17–24 The photoexcitation event first
generates a “hot” singlet exciton with Frenkelexciton characteristics and a spatial extent of
nearly 9 nm, over approximately 20 monomeric
units. 20 This delocalized exciton then undergoes rapid self-localization within the first 100 fs
to a size of ≤10 monomers. 19 Furthermore, vi-

brational relaxation, torsional relaxation and
exciton hopping occur on the subpicosecond
to >10-picosecond time scales to enable the
exciton to relax further. 19,25 The exciton selflocalization and relaxation processes produce
a significant Stokes shift in the emission spectrum and exhibit a large decrease in the polarization anisotropy. 19 In the case of the P3HTfullerene films or aggregates, there is increasing evidence to suggest that charge carriers are
generated at t ≤100 fs. 20,26 The large spatial extent of the initially prepared delocalized exciton offers the opportunity for a significant fraction of the “hot” exciton to be quenched by
fullerene to generate free carriers. This phenomenon has also been reported for other conjugated polymer-fullerene blends recently. 27–29
To obtain further insight into the behavior
of excitons and charge carriers, more elaborate experimental configurations utilizing three
or more optical pulses were employed. Recently, Busby et al. used pump-dump-probe
spectroscopy to investigate excited-state selftrapping and ground-state relaxation dynamics of P3HT. 30 Wells and Blank employed twocolor three-pulse photon echo peak shift spectroscopy to demonstrate that the early-time
exciton relaxation of P3HT is strongly driven
by the coupling between the exciton and the
torsional degrees of freedom. 25 Other examples of multi-pulse spectroscopic investigations
include coherent intrachain energy migration
using 2D electronic spectroscopy, and charge
carrier generation and torsional relaxation using pump-push-probe spectroscopy. 31–34 Notably, Gadermaier et al. used pump-push-probe
spectroscopy to investigate methyl-substituted
ladder-type poly(para)phenyl. 34 In their study,
the pump pulse excites the conjugated polymer
to generate singlet excitons. The push pulse
then arrives at t < 3 ps to excite these “hot”
excitons. Using this experimental scheme, the
authors reported that charge carriers are generated by “pushing” the singlet excitons with a
yield of 7%.
In this study, we employ pump-push-probe
spectroscopy to study the effect of photoexcitation of singlet excitons of P3HT on torsional relaxation and charge carrier genera2

tion dynamics. P3HT is investigated at a low
concentration under the single-chains condition
to exclude contributions from interchain coupling. 22,25,30 In the experiment, the pump pulse,
with a wavelength of 400 nm, generates singlet
excitons. The push pulse, which is tuned to
the singlet exciton absorption band, arrives approximately 25 ps after the pump pulse to promote the relaxed or “cool” singlet excitons to
high-energy, delocalized excitonic states. The
probe pulse, which is centered either at the
singlet exciton absorption band or the stimulated emission (SE) band, detects the effects of
the pump and push pulses. The results show
that most of the high-energy excitons undergo
rapid relaxation back to the lowest-lying singlet
excitonic state due to ultrafast torsional motions of P3HT. Approximately 11% of the highenergy excitons dissociate to form charge carriers, which in turn undergo geminate recombination to produce ground-state P3HT. The
results also indicate that the exciton binding
energy is ≤1 eV. In short, pump-push-probe
spectroscopy is used to reveal new insight into
the exciton dynamics of P3HT
Figure 1a shows that P3HT in tetrahydrofuran (THF) has a ground-state absorption band
centered around 450 nm and it exhibits a large
Stokes shift, with an emission maximum around
575 nm. Upon excitation, a broad excitedstate absorption (ESA) band centered around
1100 nm appears in the near-IR region. It shows
a lifetime of approximately 500 to 600 ps and
has previously been assigned to the singlet exciton. 13,35,36 Fluorescence lifetime results confirm a singlet exciton lifetime of 530 ps, which
is in agreement with previously obtained values for P3HT in solution. 19,22,23 Consequently,
the pump-probe and pump-push-probe transient absorption data were fitted with a fixed
time constant of 530 ps, as is discussed below.
The emission signal shows a dynamic red-shift
from 0 ps to ∼25 ps. 19,22,23 Similarly, a red-shift
is also evident in the stimulated emission band
of the pump-probe data, with the peak shifting
from 575 to 625 nm over a period of approximately 25 ps. These results are shown in Supporting Information. This dynamic red-shift
has been observed previously in polythiophene

solutions and attributed to a combination of exciton hopping and torsional relaxation. 37 These
photophysical processes are shown in Figure 1b.
Torsional motions between thiophene rings act
to increase the planarization of the polymer,
thereby increasing conjugation length and allowing a reduction in the energy of the exciton
prior to emission. 22,30 Similarly, the exciton is
able to hop from the site of the initial excitation
to lower energy chromophores in the polymer
chain through excitonic energy transfer (EET),
with corresponding dissipation of energy by further torsional and vibrational relaxation. 38
Figure 2a shows the change in optical density
(∆OD) at 1050 nm as a function of pump-probe
time delay (blue circles). The photophysical
processes involved in the pump-probe experiment are shown in Figure 1b. First, the 400-nm
pump light, which lies within the ground-state
absorption spectrum, promotes P3HT from the
S0 to the S1 ∗ state, with which the S0 state has a
large Franck-Condon overlap. The initially prepared exciton is able to dissipate its energy by a
combination of torsional relaxation and EET to
relax to the lowest-lying excited state, S1 . The
1050-nm probe light (probe 1), which is located
near the maximum of the ESA band, monitors
the transitions from S1 to higher-lying states,
investigating the behavior of these states.
The black, solid curve shown in Figure 2a is
the best-fit curve of the pump-probe data using a multi-exponential function of the form
P
f (t) = n An e−t/τn where, for each component,
τn is the time constant and An is the amplitude. The best-fit values are shown in Table 1.
First, the pump-probe result shows a rapid appearance of the excited-state absorption band
immediately after excitation on a time scale
near the instrument response function of approximately 150 fs. An additional, slower rise
in the signal level with a time constant of 2.4 ps
is also present. Furthermore, the result also
shows decay components with time constants
of 135 ps and 530 ps. The 530 ps time constant,
which was fixed in the curve fitting analysis, is
the characteristic lifetime of the P3HT exciton,
as is discussed above.
The rising and decaying components of the
pump-probe result indicate the following. First,
3
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Figure 1: (a) Ground-state absorption, fluorescence and excited-state absorption spectra of dilute
P3HT in THF. The pump, push, probe 1 and probe 2 wavelengths of 400 nm, 900 nm, 1050 nm and
600 nm, respectively, are indicated with arrows. Inset shows the structure of P3HT. (b) An energy
diagram showing the photophysical processes involved in this study. Note that intersystem crossing
is not shown and the push pulse is only present in the pump-push-probe experiment. TR: torsional
relaxation, EET: excitonic energy transfer, NR: non-radiative deactivation.
Table 1: Fitting parameters for the pump-probe (∆OD) and pump-push-probe
(∆∆OD) data with λpush = 900 nm.a
expt.
λprobe (nm)
A1 b
τ1 (ps)
A2
τ2 (ps)
A3
τ3 (ps)
A4
τ4 (ps)
∆OD
1050
–
–
−0.19
2.4
0.14
135
0.66
530c
∆OD
600
–
–
0.18
2.1
−0.22
60
−0.60
530c
∆∆OD
1050
−0.80
0.16 −0.09
2.4
−0.07
135d
−0.04
530c
∆∆OD
600
0.86
0.16
0.08
2.8
0.03
109
0.03
530c
P
a
The ∆OD and ∆∆OD data was fit to a multi-exponential function f (t) = n An e−t/τn . All
P
parameters have a relative error of 15%. b n |An | = 1. c Fixed to value obtained from
fluorescence lifetime measurements. d Fixed to value obtained from pump-probe experiment.
t < 200 fs. 25 The observed dynamic Stokes shift
is the result of exciton self trapping mediated
by low-frequency torsional modes of P3HT. Recently, Busby et al. used broadband pumpprobe and pump-dump-probe spectroscopy to
investigate the early-time dynamics of P3HT. 30
They concluded that small-amplitude torsional
reorganization (planarization) of the thiophene
units take place at t < 1 ps, while largeamplitude motions occur at t > 1 ps. While
the long time constant, τ4 = 530 ps, represents
the exciton lifetime, 19,22,23 the process with an
intermediate time constant (τ3 = 135 ps) is attributable to additional slow torsional relaxation. 19,24,30,37–40
Figure 2a also shows the ∆OD at 1050 nm
as a function of pump-probe time delay in the

the 2.4 ps rising component, τ2 , is the result of
a significant red-shift of the excited-state absorption band up to 1050 nm at early time,
as shown in Supporting Information. This
red-shift is due to rapid energy dissipation of
the initially prepared excited state. The general agreement from a number of studies is
that either torsional reorganization, EET, or
both are responsible for these rapid dynamics. Banerji et al. used a global analysis of
multicolor fluorescence upconversion data to reconstruct the time-resolved fluorescence spectra
of P3HT and concluded that self-localization
of excitons occurs approximately 100 fs following the photoexcitation event. 19 Furthermore,
Wells and Blank demonstrated that highly correlated relaxation of P3HT excitons occurs at
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of the ∆OD signal at 1050 nm signal is linear
with respect to the range of push powers used
in this study. The majority of the ∆OD signal
exhibits a rapid recovery, indicating the subsequent relaxation of excitons from the Sn state
to the S1 state. A portion of the signal shows
an incomplete recovery over the duration of the
experiment, which results in the signal difference in Figure 2a at t > 25.8 ps. Our analysis
indicates that this signal difference is due to exciton dissociation by the push pulse to form free
carriers, which is discussed below.
The effect of the push is highlighted in Figure 2b, which shows the change in ∆OD, i.e.,
∆∆OD. In other words, the data in Figure 2b
is the difference between the two traces shown
in Figure 2a, as follows.
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Figure 2: (a) The dynamics of the excitoninduced absorption at 1050 nm in the pumpprobe (blue circles) and pump-push-probe experiments (red triangles). (b) The change in
∆OD (∆∆OD) due to the push pulse. Fit
curves are indicated as solid black curves.

∆∆OD(λ, t) = ∆OD(λ, t)push

on

− ∆OD(λ, t)push

off

(1)
Experimentally, this signal is acquired by modulating the push pulse while keeping the pump
pulse on at all times. It is important to note
that this simple light modulating arrangement
instead of a more elaborate one employed in
other studies 30,33 is used here because the push
pulse only exhibits an optical response in the
presence of the pump light, as shown in Supporting Information. In other words, the pushprobe signal is negligible. It is noted that
two-photon excitation of P3HT may be possible as the energy of two push photons overlaps
with the linear absorption band of P3HT. However, the push peak intensity used in our study
(12.7 GWcm−2 ) is ∼30 times lower than that
used in a study involving two-photon excitation of P3HT. 41 Hence, the negligible optical
response by the push pulse alone is expected.
Figure 2b shows that the depletion of the
∆∆OD signal at t = 25.8 ps is followed by a
fast recovery over a period of several picoseconds. In addition, it is apparent that there is a
portion of the signal that fails to recover completely within the experimental time window.
Four exponential decay components are used to
fit the ∆∆OD data. The longest time constants
τ3 –τ4 are fixed at 135 ps and 530 ps, corresponding to the decay components in the pump-probe
experiment as discussed above. The identical τ3

pump-push-probe experiment (red triangles).
The pump beam is modulated while the 900-nm
push beam is on at all times. The arrival time
of the push pulse in the pump-push-probe experiment is 25.8 ps after the pump pulse, which
enables the exciton to be sufficiently relaxed before being excited by the push pulse. In this
experiment, the exciton is generated in an identical fashion to the pump-probe experiment.
However, after the exciton has undergone relaxation to the S1 state, it is re-excited by the
push pulse to a higher-lying state, Sn . The photophysical events in the pump-push-probe experiment are shown in Figure 1b. As a result,
probing the ESA band as a function of time
offers insight into the Sn to S1 relaxation.
On introduction of the push pulse, the pumppush-probe result shows a significant deviation
from the pump-probe transient, as shown in
Figure 2a. The ∆OD signal at 1050 nm is depleted by approximately 30%, which is a direct measure of the level of excitons promoted
by the push pulse to the Sn state. We have
also performed a power dependence study of
the push pulse while keeping the pump power
constant. The results, which are found in Supporting Information, show that the depletion
5

and τ4 values for these two sets of data are chosen on the grounds that apart from the earlytime push pulse-associated dynamics, the decaying ∆OD signal with the push pulse (red
curve in Figure 2a) is simply a portion of that
without the push pulse, which can be shown
using eq 1. In this case, the ∆OD signal with
the push pulse is 11% lower than that without
it (Figure 2a), indicating that the same percentage of the total exciton population is unrecovered after excitation by the push pulse. We
argue that the “missing” excitons as a result
of the push pulse-excitation are attributable to
exciton dissociation to generate charge carriers
in P3HT, consistent with the observation in a
previous pump-push-probe study on a different
conjugated polymer. 34
It is important to note that in the event
of exciton dissociation to form charge carriers,
namely the electron and hole-polaron, they are
expected to undergo rapid geminate recombination to yield ground-state P3HT because of
the close proximity of the charged species. 42
Because the dissociated excitons do not relax
back to the S1 state, this phenomenon manifests as a persistent, negative ∆∆OD signal
such as that shown in Figure 2b. Therefore,
it follows that exciton dissociation should result in a corresponding positive ∆∆OD signal
in the spectral region where ground-state P3HT
absorbs due to charge recombination. Indeed
such a signal is present in our experiment and
shown in Supporting Information. The magnitude of this positive ∆∆OD signal is a function
of the ground-state absorbance, the level of exciton produced in the photoexcitation event by
the pump pulse, the proportion of excitons promoted by the push pulse and the proportion of
the unrecovered excitons. Calculation of the
expected value for the positive ∆∆OD signal
at 465 nm is shown in Supporting Information.
The magnitude of the observed ∆∆OD signal
and the expected value show excellent agreement and hence the assignment of the unrecovered ∆∆OD signal in the presence of the push
pulse to exciton dissociation is strongly supported. Pump-push-probe experiments were
also carried out using λpush = 1200 nm and the
results are shown in Supporting Information.

It is interesting that the ∆∆OD dynamics are
nearly identical to those with λpush = 900 nm.
The lack of dependence of the dynamics on push
pulse wavelength has implications on the exciton binding energy and is discussed below.
With regards to the “missing” excitons, we have
also considered that the negative ∆∆OD signal
as shown in Figure 2b may be due to stimulated deactivation of the exciton by the push
pulse. However, this alternative explanation is
highly unlikely because the push pulse, which
has a wavelength of 900 nm or longer, is sufficiently detuned from any emission wavelengths
of P3HT excitons such that stimulated deactivation is expected to be negligible. In short,
exciton dissociation by the push pulse is significantly more likely. We have also considered
that the persistent ∆∆OD signal in Figure 2b
may be due to production of triplet excitons as
a consequence of charge carrier recombination.
Although our ∆OD data show the presence of
triplet excitons, which manifests as a long-lived
induced absorption band at 820 nm, 23 it is unclear if triplet excitons play a significant role in
the ∆∆OD data at the same wavelength (Supporting Information). However, the dynamics
and magnitude of the positive ∆∆OD signal at
465 nm indicate that the ground state recovery
is complete within picoseconds, which is significantly shorter than the triplet exciton lifetime
of hundreds of nanoseconds. 23 Therefore, we believe the contribution of triplet states is insignificant.
To our knowledge, these results are the first
observation of exciton dissociation to generate
short-lived charge carriers in a conjugated polymer in solution, in which the generation and
recombination of charges are confined on a single chain. A number of studies have reported
generation of charge carriers in neat polymer
films due to photoexcitation. 23,34,43–47 In particular, Cook et al. have reported generation of
charge carriers in a P3HT thin-film. 23 By analyzing their kinetic results, they concluded that
generation of polarons is an early-time photoinduced event, which takes place prior to the
emission of the singlet exciton. While a portion of the charge carriers in films are able to
overcome geminate recombination due to suffi6

ciently high charge mobility, the charge carriers
in single P3HT chains are confined on the polymer chains and hence are able to undergo rapid
geminate recombination. Ultrafast geminate
recombination of charges on a conjugated polymer provides a valuable measure of the yield of
charge generation due to re-excitation of excitons by the push pulse. As mentioned above,
the negative ∆∆OD signal at the push pulsearrival time in Figure 2b indicates excitation of
the exciton and the long-lived signal reflects the
depletion of excitons due to geminate recombination. As a result, the yield of charge generation can be calculated by taking the ratio
between the amplitudes of the two signals. In
this case, using the ∆∆OD results with λprobe =
1050 nm in Table 1, the yield of charge generaP
tion is therefore (|A3 | + |A4 |)/ n |An |, which
has a value of ∼11%. As mentioned above,
Gadermaier et al. used pump-push-probe spectroscopy to investigate a thin film of methylsubstituted ladder-type poly(para)phenyl. 34 An
important conclusion from their study is that
the charge carrier generation has a strong push
arrival time-dependence. Their results show a
maximum charge carrier yield at a pump-push
delay of ∼0.3 ps, which is followed by a significant decrease such that a negligible yield is
present at a pump-push delay of ≥ 3 ps. In
this study, we have also investigated the dependence of charge carrier generation on the
pump-push time delay in which delays ranging from 0.25 to 500 ps were used. Interestingly, no dependence on the pump-push delay
was observed. As shown in Supporting Information, throughout the entire lifetime of the
exciton the push pulse consistently results in
dissociation of ∼11% of the high-energy exciton population to yield charge carriers. The dependence of charge carrier generation yield on
the pump pulse delay time is possibly related
to the early-time dynamics of the polymer. It
is known that methyl-substituted ladder-type
poly(para)phenyl undergoes vibrational cooling
in the first few picoseconds upon photoexcitation and during which time “hot” excitons
can be dissociated effectively to form charge
carriers. 34 In contrast, early-time dynamics of
P3HT are related to torsional relaxation. 24,30

It is conceivable that a significant portion of
P3HT excitons are nearly fully relaxed even at
the earliest pump-push delay in our study, especially because a recent study shows that ultrafast torsional relaxation occurs on a time scale
of ∼100 fs. 32 As a consequence, a negligible dependence of charge carrier generation on the
pump-push delay is present for P3HT.
The results on charge carrier generation suggest that the exciton binding energy of single P3HT chains in tetrahydrofuran is approximately 1.03 eV or lower, because we have used
a λpush as long as 1200 nm, as shown in Supporting Information. Studies have shown that
the exciton binding energy of isolated chains is
typically 2 to 3 eV. 48–50 However, it must be
noted that these results are based on theoretical modelling on single polymer chains alone,
i.e., in the absence of any solvent. Furthermore,
these studies showed that in a polymer film,
owing to a significant level of interchain coupling, dielectric screening of conjugated polymers results in the decrease of exciton binding
energy to ∼1 eV. It is well established by experimental measurements that the exciton binding energy in P3HT films is ≤ 1 eV. 51 For several other conjugated polymers including MEHPPV, PFO and P3OT, the exciton binding energies of the films are even lower, ranging from
0.3 to 0.6 eV. 52 Therefore, it is clear that the
presence of a dielectric medium, e.g., a solvent
such as THF, around the conjugated polymer
can lower the exciton binding energy. It is interesting that in a study where electrolytes were
added to poly-2,7-(9,9-dihexylfluorene) in THF,
an exciton binding energy of 0.2 eV was measured. 53 Overall, the ≤ 1 eV exciton binding
energy from this study shows good agreement
with previous studies.
The two remaining decay components in the
∆∆OD data, with time constants τ1 and τ2 of
0.16 ps and 2.4 ps, respectively, are present as
a result of the transition from Sn to S1 . A recent study by Clark et al. offers important insight into the ultrafast non-radiative transition
from Sn to S1 . 32 By examining oligofluorenes in
solution using pump-push-probe spectroscopy,
these authors observed a dynamic component
in their data with a sub-0.1 ps time constant.
7
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Using non-adiabatic excited-state molecular dynamics to model their data, Clark et al. concluded that oligofluorenes can undergo a conformation change on this ultrafast time scale,
which is analogous to inertial solvation observed
in the 1990s. 54–56 Therefore, in our study it
is reasonable to assign the decay component
with a time constant of 0.16 ps time to ultrafast torsional relaxation. The slower component with a time constant of 2.4 ps can be assigned to larger amplitude and further torsional
relaxation, which has been observed in previous studies. 24,30 It is interesting that the decay time constants and relative amplitudes of
these two relaxation components are independent of the pump-push delay time (Supporting
Information). These results indicate that the
relaxation dynamics of the Sn state are insensitive to whether the original S1 is a torsionally
“hot” or “cool” exciton. This outcome is particularly interesting especially with long pumppush delay times, e.g., 500 ps. In this case, it is
reasonable to assume that the S1 state is fully
relaxed, with the singlet exciton localized on a
chromophoric segment with a significant conjugation length. In the event that relocalization
of the push pulse-induced high-energy exciton
occurs within the same conjugated segment, the
Sn to S1 relaxation is expected to be free of
the larger amplitude torsional relaxation. However, the presence of the decay component with
a 2.4 ps time constant at all pump-push delay
times suggests that the push pulse induces a
high level of exciton delocalization, allowing it
to relocalize and undergo relaxation in a different segment of the polymer chain not previously
excited by the pump pulse.
Figure 3 shows the results of repeating
the pump-probe and pump-push-probe experiments, but probing the SE band at 600 nm.
Figures 3a and 3b show the data from the ∆OD
and ∆∆OD experiments, respectively. The
data appear to mirror that obtained from probing the ESA band (Figure 2), which is expected
as both are the result of transitions originating from the same electronic state. The similarity of the ESA and SE dynamics is confirmed in the fitting parameters (Table 1) where
the equivalent components are seen in both
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Figure 3: The dynamics of stimulated emission
at 600 nm in the pump-probe (a, blue circles)
and pump-push-probe experiments (a, red triangles). The change in ∆OD due to the push
pulse is shown in (b). Fit curves are indicated
with black lines.
the pump-probe and pump-push-probe experiments. A subtle difference between the ESA
and SE data is the magnitude of the subpicosecond recovery component. This difference can be seen in Figures 2a and 3a as the
extent of the deviation in the signal due to
the push pulse. As ∆OD is a indication of
the population of excitons, ∆∆OD/∆OD at
the push pulse arrival time should be a measure of the proportion of excitons being affected by the push pulse, and should be identical for both the ESA and SE data. This is
not the case however, with this proportion being ∼30% for the ESA and ∼50% for the SE
data. The difference can be attributed to dissociation of the exciton into an electron and
hole-polaron. The hole-polaron has been observed previously in transient absorption studies of P3HT films, nanoparticles and nanowires,
exhibiting an absorption peak overlapping the
red-side of the emission. 13,23,36,57 A short-lived
hole-polaron absorption induced by the push
would manifest as a positive ∆∆OD signal. As
a consequence of the overlap between this positive signal and the negative signal of the SE
band, an apparently larger than normal de-
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lifetime of the Sn state of ∼250 fs, which is calculated using the gap law. 34,58 The energy gap
between the S1 and Sn state is estimated using the peak wavelength of the ESA band of
1075 nm. The delocalization of the high-energy
exciton also provides the opportunity for exciton dissociation to produce charge carrier states
(electron and hole-polaron). Owing to the presence of charge carriers on the same polymer
chain, geminate recombination occurs rapidly,
returning the polymer to the S0 ground-state.
The rate constant of exciton dissociation,
kED , may be calculated using the yield of exciton dissociation, ΦED , and the lifetime of the
Sn state, τSn and eq 2.

crease in SE due to the push is observed. The
ESA data are free from the same effect, as the
hole-polaron absorption does not overlap the
ESA band. This observation provides further
support that the push pulse is causing dissociation of the exciton and production of charge
carrier states.

S1
Pump

Energy

Push

Sn

Charge carriers

Recombination

Exciton
dissociation

ΦED =
S0

kED
1/τSn

(2)

Values of 11% and 160 fs are used for ΦED
and τSn , respectively. The calculated kED has
a value of ∼0.67 ps−1 , which corresponds to
an exciton dissociation time constant, τED , of
∼1.5 ps. The ∆∆OD data at a wavelength under the ground-state absorption spectrum (Supporting Information), which reports the recovery of the ground-state due to geminate recombination of charge carriers produced during exciton dissociation, shows an increase on
a time scale consistent with τED . This result
indicates that geminate recombination occurs
significantly faster than exciton dissociation,
which is expected given the close proximity of
charge carriers on the polymer chain.
In conclusion, we have used pump-push-probe
spectroscopy to show that excitons on isolated
P3HT chains in solution may be delocalized by
the use of a secondary photoexcitation, a push
pulse. Of these high-energy excitons, ∼11%
were found to dissociate into charge carriers,
with the remainder having the possibility of relocalizing on a different region of the polymer
chain. Exciton dissociation is present with a
push wavelength up to 1200 nm, giving a value
for the binding energy of the exciton of ≤ 1 eV.
The lack of time dependence of the pump-push
delay indicates that ultrafast torsional relaxation causes the majority of relaxation of the
P3HT exciton on a time scale of ≤ 160 fs.

Figure 4: Energy level diagram showing the initial excitation by the pump pulse to produce
the singlet exciton. The push pulse promotes
the exciton to a high-energy, delocalized state
which allows dissociation to produce charge carriers.
Figure 4 summarizes the pump-push-probe
results in this study. The pump vertically excites the polymer to form a delocalized singlet
exciton which rapidly localizes to a section of
the polymer within ∼100 fs to give the S1 state.
Torsional motion between the thiophene rings
acts to increase the planarization of the polymer section, lowering the energy of the exciton. Through the process of EET, the exciton may hop to nearby, lower energy regions of
the chain, which themselves can undergo further relaxation due to torsional motion. The
arrival of the push pulse then further excites
the exciton, producing a high-energy, delocalized state, Sn . From the highly excited state,
several relaxation pathways are available. The
majority of the high-energy excitons rapidly decay back to the original S1 state, possibly localizing in a new, previously unvisited conjugated segment of the polymer on a time scale
of ∼160 fs, which corresponds to the fastest decay time constant observed in this study. This
assignment shows agreement with the expected
9

Experimental Section

tectors. CMOS sensors were used for the visible (Ultrafast Systems, CAM-VIS-2) and InGaAs diode arrays for the near-IR (Ultrafast
Systems, CAM-NIR) wavelengths. Probe spot
sizes were 260 µm for the visible and 75 µm for
the near-IR, with the energy of the pulses always much less than those of the pump and
push pulses. Relative to the probe, the pump
and push beam crossing angles were 5° and
−4° respectively, with polarizations set at the
magic angle of 54.7°. Samples had a concentration of 0.02 g L−1 for the visible and 0.1 g L−1
for the near-IR experiments and were studied
in a quartz cuvette with a 2 mm path length
(Starna Cells 21-Q-2) with continuous stirring.
By changing the sample after each run of the
experiments, each sample was subjected to less
than 90 minutes of laser exposure and effects
of photobleaching was not observed to exceed
10%. Fitting of the data was performed using a
Gaussian instrument response function of 150 fs
(FWHM).

Materials and sample preparation. Regioregular P3HT (MW = 50 000 g mol−1 , 99%
regioregular, Rieke Metals) was dissolved in
freshly distilled THF (reagent grade, Scharlau)
using sonication at 25 °C for one hour to produce 0.1 g L−1 solutions, which were then filtered through a 0.2 µm nylon filter.
Steady state spectroscopy. The steadystate absorption spectrum was obtained using
a P3HT solution diluted to 0.01 g L−1 using
a quartz cuvette with a 1 cm pathlength and
a Cary 300 UV-visible absorption spectrophotometer. The fluorescence spectrum was obtained on a Perkin-Elmer LS-55 fluorescence
spectrometer with the same sample used for the
steady-state absorption measurement. Excitation wavelength was 400 nm and excitation and
emission slit widths set at 5 nm.
Pump-probe and pump-push-probe spectroscopy. Schematic diagram of the pumpprobe/pump-push-probe transient absorption
apparatus are supplied in Supporting Information.
All laser pulses originated from
a Ti:sapphire regenerative amplifier (SpectraPhysics, Spitfire Pro XP 100F) producing 100 fs
pulses at a repetition rate of 1 kHz centered at
800 nm. Pump pulses at 400 nm were generated by frequency doubling of the fundamental output using a 0.5 mm BBO crystal. The
pump pulse energy was 1.8 µJ with a spot size
of 700 µm. Push pulses at 900 nm or 1200 nm
were produced using an optical parametric amplifier (Light Conversion, TOPAS-C) with a
pulse energy of 1.8 µJ and a spot size of 475 µm.
An optical chopper was used to mechanically
modulate either the pump or push beams at
a frequency of 500 Hz to obtain the ∆OD or
∆∆OD values, respectively. A white light continuum was generated for probe pulses by a
3.2 mm thick sapphire crystal for the 600 nm
probe light and a 12.7 mm thick sapphire crystal for the 1050 nm probe light, with the arrival
time determined by a computer controlled delay line. The probe was split into signal and
reference beams and fed to a pair of linear de-
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