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ABSTRACT: Infrared-activated vibrations in the fingerprint region induced by structural
rearrangement of the polymer in the presence of a charge are used to identify polaronic
species in femtosecond spectroscopy. This is possible without resorting to complex spectral
modeling or excitation density dependence of the different charge carriers. Their dynamics
are investigated in bulk heterojunctions formed of a polythiophene derivative with TiO2
nanoparticle acceptors, as well as in the pure polymer. The water-soluble polymer poly[3-
(potassium-6-hexanoate)thiophene-2,5-diyl] (P3P6T) is compared with the intensely studied
poly(3-hexylthiophene-2,5-diyl) (P3HT). Distinct bands are attributed to polarons and
polaron pairs. Pairs with a lifetime of a few picoseconds are generated within the time
resolution. In the presence of the acceptor, polaron yield rises with respect to the generated
polaron pairs. Diffusion of polarons from 10 ps onward is identified as being either of
predominantly intrachain or interchain character, depending on the degree of order present in the polymer.

■ INTRODUCTION

For organic and hybrid solar cells built of a conjugated
semiconducting polymer mixed with an appropriate acceptor, a
plethora of bound and free charges has been stated and
assigned to charge dynamics observed in time-resolved
measurements. Prominent among these are excitons, polarons,
and polaron pairs.1,2

Excitons, which are neutral electron−hole pairs bound by
Coulombic attraction, are unanimously considered as primary
photoexcitations. In the simplest picture, excitons dissociate to
form free charges in the form of polarons. Polarons are
quasiparticles formed by structural reorientation around a
charge on the polymer backbone. In the conventional picture,
this rearrangement leads to polaronic states that form two
electronic levels offset from HOMO and LUMO within the
band gap.3 In the presence of an acceptor featuring a favorable
band alignment with respect to the polymer, charge separation
becomes much more efficient. Polaron pairs are neutral
electron−hole pairs weakly bound via Coulomb interaction
where the charges are each coupled to their own lattice
distortion. They have been observed in time-resolved experi-
ments covering the visible and infrared spectral regions, as well
as in Raman studies investigating the C=C and C−C stretching
regions.4−6

A clear distinction between different charged species in
spectroscopic studies, which is the prerequisite for studying
their respective dynamics, is not straightforward. It commonly
relies on differing dependencies on excitation fluence.7 Thus,

regimes are often entered where additional processes, such as
bimolecular recombination, dominate the picture.8 Here, we
show that different polaronic species can be clearly
distinguished by observing the femtosecond to picosecond
dynamics of respective charge-induced vibrational modes
without the need for complex spectral decomposition. Besides
the transitions from the in-gap polaronic levels, charges on the
backbone of a polymer give rise to “infrared-activated
vibrations” (IRAVs). In the presence of charges, these appear
in the IR “fingerprinting” region and can serve as a quantitative
measure of them in time-resolved experiments.9 Interpreted
within the framework of the “amplitude mode” model, IRAVs
are derived from Raman modes of the neutral polymer. They
become IR-active as a consequence of a local structural
rearrangement of the polymer around the added charge that
leads to a change in symmetry.10 However, intense vibrational
modes not directly linked to Raman modes, thus lying outside
the scope of the amplitude model, have been observed and
connected with the displacement of charge density by specific
vibrations.11 They are expected to be extremely sensitive to
delocalization of the polaron.12 Likewise, the enhanced
vibrational modes are expected to be sensitive to the specific
nature of the charge on the polymer and allow for
distinguishing polaron and polaron pair dynamics.
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We investigate the widely studied poly(3-hexylthiophene-
2,5-diyl) (P3HT) since an extensive body of work on charge
dynamics, covering a broad spectral and temporal range, exists
for this polymer, as detailed below. Thus, P3HT serves as a
reference to relate our findings to previous studies. As a
variant, we include poly[3-(potassium-6-hexanoate)thiophene-
2,5-diyl] (P3P6T). It shares the backbone with P3HT but
differs in its side groups, which are water-soluble. As such,
P3P6T offers potential for green technologies where the
organic solvent can be avoided in the production process of
photovoltaic devices.13,14 In P3P6T, polaronic signatures
including IRAVs are readily observable, even without time
resolution, due to their extremely long-lived nature. Both
polymers are combined with TiO2 as an acceptor material. In
the field of hybrid photovoltaics, this combination has been
employed in various nanostructures.15−19

■ EXPERIMENTAL METHODS
Sample Preparation. Films were spray-deposited on

substrates of CaF2 (Korth Kristalle GmbH, 2 mm thickness)
utilizing an airbrush system Grafo Typ 3 (Harder &
Steenbeck). The pressure of the carrier gas nitrogen was set
to 2 bar, and the distance between the sample and nozzle of
the spray setup was kept at 16 cm. Poly(3-hexylthiophene-2,5-
diyl) (P3HT) (MW = 50−70 kDa, regioregularity 91−94%,
Rieke Metals) was sprayed out of 10 mg/mL chlorobenzene
solution. A layer of TiO2 nanoparticles (P25, Evonik) was
deposited from aqueous dispersion. A composite film of
P3HT:TiO2 was prepared by successively spray-depositing
TiO2 nanoparticles out of aqueous dispersion and P3HT from
a chlorobenzene solution. Poly[3-(potassium-6-hexanoate)-
thiophene-2,5-diyl] (P3P6T) (MW = 55−65 kDa, regioregu-
larity 82−90%, Rieke Metals) was sprayed out of a 10 mg/mL
aqueous solution. The polymer was also used to deposit a
composite film P3P6T:TiO2 (2:1 (w/w)) with P25 TiO2
nanoparticles. All films containing P3HT and P3P6T were
thermally annealed for 10 min at 120 °C under nitrogen flow.
X-ray Diffraction. X-ray diffraction (XRD) measurements

were performed using a conventional XRD instrument (Bruker
D8 Advance, Karlsruhe, Germany) with a scintillation counter.
A copper anode X-ray source of λ = 1.54 Å at 40 kV and 40
mA was operated. Crystallite sizes were calculated with the
Scherrer equation using a Scherrer constant K = 0.94.
UV−vis and FTIR Absorption Spectroscopy. Steady-

state UV−vis absorption spectra were recorded on a
PerkinElmer Lambda 650s UV−vis spectrometer. The spectra
presented in Figure 1c were corrected for scattering effects by
extrapolating the scattering signal between 720 and 830 nm to
the entire measurement range using a Rayleigh scattering
approach.
Steady-state IR absorbance spectra were recorded with a

Bruker Tensor 27 FTIR spectrometer. The photoinduced
absorption (PIA) spectrum of P3P6T was measured with a
Bruker IFS 66v/s FTIR spectrometer. Both FTIR spectrom-
eters were purged with dry air.
Femtosecond Spectroscopy. To observe the spectral

evolution and temporal dynamics of photoexcited species on
ultrashort timescales, a pump-probe setup based on a
Ti:sapphire amplifier (Libra, Coherent Inc., 130 fs, 800 nm,
1 kHz) was employed. Pump pulses at 500 nm were generated
in a two-stage noncollinear optical parametric amplifier
pumped with the second harmonic of the Ti:sapphire laser
that fed the whole setup. Probe light was converted to the mid-

infrared with the help of a two-stage optical parametric
amplifier followed by difference-frequency mixing in a AgGaS2
crystal. The probe was tuned to 1250 cm−1 (covering ∼200
cm−1). The probe beam was split into two to provide an
unpumped reference to determine the change in optical
density upon excitation (ΔOD = − log10(T/T0)), where T is
transmission measured through the excited sample and T0 is
the reference value without a pump pulse preceding the probe.
Additionally, a chopper served the same purpose. Pump and
probe beams were focused onto the sample, and the latter was
detected on a 2 × 64 pixel HgCdTe detector after passing a
spectrometer, resulting in a spectral resolution of about 2 cm−1.
Polarization of the pump-beam with respect to the probe and
its energy was adjusted with a combination of λ/2 waveplate
and broadband wire-grid polarizer. If not noted otherwise, the
pump and probe first passed the 2 mm CaF2 substrate before
reaching the sample. Care was taken to limit the excitation
density to some tens of μJ/cm2. The pump beam diameter was
determined with the help of a beam camera to ∼150 μm. The
data shown in Figures 2 and 3, as well as in Figure S2, were
measured with a pump pulse energy of 10 nJ corresponding to
an excitation fluence of about 50 μJ/cm2. The resulting low
density of primary photoexcitations kept contributions from
additional decay channels due to bimolecular recombination to

Figure 1. (a) IR absorption spectra of pure P3P6T and P3HT with
the respective structures presented in the inset. (b) Photoinduced
absorption of P3P6T showing a broad polaron absorption P1 and
IRAV mode. (c) UV−vis absorption of neat P3HT film, P3HT:TiO2
layer-on-layer sample, neat P3P6T, P3P6T:TiO2 composite, and a
thin film of TiO2 nanoparticles. (d) X-ray diffraction of the films with
fits to the polymer peaks to determine crystallite sizes.
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a minimum. Subsequent measurements at the same sample
position showed no change in amplitude or decay dynamics for
P3HT and P3HT:TiO2, demonstrating that the polymer
samples are stable under the chosen excitation conditions.
Due to the long-lived excitations in P3P6T that were
observable in the FTIR measurements, there was a change
for the pure P3P6T sample (see Figure S7). To minimize the
influence, only the first scan was evaluated. Nonetheless, the
observed changes in dynamics under prolonged excitation
indicate that the lifetimes of photoexcited species are likely to
be overestimated. No changes were observed in P3P6T:TiO2
over the course of the measurement.

■ RESULTS AND DISCUSSION
Conventional and photoinduced-absorption (PIA) spectra that
indicate the absorbance difference between the illuminated and
dark samples of P3HT in the IR have been thoroughly
investigated. Accordingly, distinct absorption peaks can be
attributed to stretching vibrations of the alkyl chain between
2800 and 3090 cm−1 and respective bending modes as well as
C=C stretching from 1400 to 1590 cm−1 in the FTIR spectra
of neat P3HT presented in Figure 1a.20 The side chain of
P3P6T with its water-soluble end group adds an absorption at
around 1290 cm−1 due to the C=O stretch, as well as two
exceptionally intense carboxylate absorptions at 1402 and 1562
cm−1.21,22 PIA spectra feature a broad absorption attributable
to polarons on the polymer chain, ranging from 2000 to 5500
cm−1. Below 1500 cm−1, the spectra are characterized by a
collection of IRAVs.23−26

For P3P6T, strong spectral signatures are observable in both
samples exposed to ambient light and in samples purposely
illuminated. A broad polaron absorption band extending from
1750 to 5500 cm−1 is accompanied by an almost equally
intense absorption around 1285 cm−1 (see Figure 1b).
Absorption at the position of the two carboxylate stretch
modes around 1500 cm−1 does not change upon illumination.
The photoinduced spectral signatures decay over an extremely
long period of several weeks. We emphasize that this effect is

not due to degradation of the sample, as it is fully reversible
(see Figure S1 in the Supporting Information). Complex
formation with water has been shown to occur in conjugated
polymer films and was suggested to result in similarly long-
lived effects.27 However, it seems unlikely here since formation
of additional bonds is expected to alter the spectral shape in
the IR region, not only the amplitude. We attribute the long-
lived signatures to trapped polarons. To explore the trapping
mechanism in detail lies beyond the scope of the present work.
Processes involving light-induced structural changes in the
polymer backbone28 or trapping at morphological boundaries
between aggregated and amorphous domains have been
suggested.29−32 Recently, polarons that are stable over months
have been reported to occur in P3HT solution precursors.33

Ultraviolet−visible (UV−vis) spectra, which have been
subtracted by a scattering contribution,34 and X-ray diffraction
(XRD) measurements show the more pronounced crystallinity
of the P3HT samples, as compared to P3P6T samples. In the
UV−vis spectra shown in Figure 1c, the degree of vibrational
structure present in the flank toward higher wavelengths above
520 nm is a measure of the extension of the π-conjugated
system.35 It is slightly more pronounced for the P3HT
samples. The maximum of the absorption band is shifted to
lower wavelength when P3P6T is combined with TiO2, which
indicates interaction of the polymer with nanoparticles (NPs)
of positive surface charge.36 In contrast, P3HT has no
negatively charged side groups that could interact with the
positively charged NPs.
The crystallite size is obtained via the Scherrer equation

from Gaussian fits to the polymer peaks in the XRD spectra
(see Figure 1d). With (11.7 ± 0.6) and (11.2 ± 1.0) nm,
crystallites are twice as big for P3HT and P3HT:TiO2,
respectively, as compared to P3P6T and P3P6T:TiO2 ((5.95 ±
0.06) and (6.02 ± 0.16) nm). For both P3HT and P3P6T, the
crystalline fraction is considerably reduced in the sample
blended with NPs as compared to the neat sample, pointing to
a disruption of the interchain order due to the inorganic
acceptor particles, as reported before.37−39

Optical excitation of the polymer films at 500 nm leads to
generation of different polaron species. Their temporal
evolution is monitored via the transient response of
corresponding IRAVs in the spectral region between 1185
and 1320 cm−1. No degradation of the samples occurs in the
course of the measurement for employed pump fluences of
<50 μJ/cm2 (data shown in Figures 2, 3 and Figure S2), as
evidenced by subsequent scans at the same sample position
that do not show any significant change in amplitude or
dynamics for P3HT. The changes observed in P3P6T under
the same fluence are attributed to the influence of long-lived
photoinduced effects as observed in the FTIR measurements
(see Figure S3).
The results measured on P3P6T and P3P6T:TiO2 are

summarized in Figure 2. For better comparison, the transient
data shown are normalized to the maximum of the initial
absorption at 1218 cm−1. The maximum change in optical
density (ΔOD) without normalization lies between 0.5 and 0.8
× 10−3. Two distinct contributions can be identified by their
different lifetimes and spectral positions. In pure P3P6T, a
short-lived band located below 1260 cm−1 is followed by an
absorption centered around 1280 cm−1 (see Figure 2a). The
latter retains its spectral shape for delay times up to 3 ns. The
spectrum of the long-lived species averaged from 300 ps to 3 ns
matches the PIA as observed in the FTIR spectra (see Figure

Figure 2. Pump-probe measurements of IRAV dynamics on P3P6T
(left column) and P3P6T:TiO2 (right column). Transients at spectral
positions marked by horizontal white lines in the 2D plots (a,b) in the
regions of polaron pair (1218 cm−1) and polaron absorption (1281
cm−1) are shown in panels (c) and (d).
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S4). Therefore, we identify the observed absorption changes as
IRAVs due to polarons on the backbone of the polymer,
whereas their precursor is assigned to polaron pairs.
When an acceptor in the form of TiO2 is present, the IR

spectral shape is not fundamentally altered compared to neat
P3P6T (see Figure 2a,b). However, the amplitude of polarons
compared to polaron pairs increases by about 44% (refer to
Figures 2c,d), indicating a higher polaron yield from either
exciton or polaron pair dissociation. Similar spectral dynamics
is observed in P3HT (see Figure S2). The addition of NPs
likewise leads to higher amplitude for the polaron signal by
about 27%.
Although excitonic signatures in the mid-IR have been

suggested on the basis of DFT simulations,40 we do not
observe exciton dynamics in the spectral range investigated. In
general, addition of an acceptor leads to more efficient
dissociation of excitons at the donor−acceptor interface,
reflected in quenching of the exciton signal.41 Similarly, we
would expect a significant reduction of the respective IR
absorption signal in P3HT:TiO2 where efficient charge
separation is known to occur. Exciton dissociation within the
first 150 fs for P3HT mixed with an inorganic acceptor42 and
even faster in other systems43,44 has been reported. However,
no amplitude reduction of the initial signal is apparent in our
measurements. The initial amplitude in the P3HT:TiO2
sample is 80% of that in the pure polymer despite the more
than four times higher absorption of the latter at the spectral
position of the pump (see the unscaled UV−vis spectra in
Figure S5).
The presence of intrachain polaron pairs was demonstrated

before in polyfluorene samples45,46 where the characterization
of the respective polaronic species was based on the intensity
dependence of their kinetics. Here, we not only show that they
can readily be distinguished, without the need for modeling
their respective decay dynamics. Moreover, the general

potential of IRAVs as a dynamic indicator of structural
disturbances due to the presence of a charge is highlighted.
Whether polaron pairs are generated independently from

excitons at the earliest stages or evolve primarily from them is
still under debate.41,47 The formation of polaron pairs has been
reported to be as fast as <20 fs in P3HT,48 well below the time
resolution of our experiment. Therefore, this question is not
addressed here.
The polaron pair signal at delay times of a few picoseconds

is superimposed by the tail of polaron absorption. To
separately examine respective contributions, the absorption
change related to polarons at 1281 cm−1 is scaled to coincide
for longer delay times with the signal at 1218 cm−1, where
polaron pair absorption is prominent, and subtracted from it.
After 200 ps, the dynamics at both spectral positions are
identical. The extracted data are presented in Figure 3a. A
biexponential fit is modeled to the isolated polaron pair
dynamics for each sample. The initial short lifetime of τ1 = 0.5
ps in P3P6T is followed by a decay with τ2 = 5.3 ps. Amplitude
and time constant only change slightly in the presence of the
acceptor (τ1 = 0.4 ps, τ2 = 7.1 ps for P3P6T:TiO2). This
suggests that polaron pairs are a bulk effect of the polymer, not
impacted largely by the donor/acceptor interface. In
comparison, polaron pair decay in the P3HT systems is
slower, with τ1 at around 1 ps (1.4 ps in P3HT and 0.8 ps for
P3HT:TiO2) and a longer second decay constant of 30 ps for
the pure polymer and 16 ps in the blend. Since the lifetime and
amplitude of the slower decay are somewhat sensitive to the
scaling of the subtracted component, not too much weight
should be given to their variation. We attribute the sub-ps
component in P3P6T to residual bimolecular recombination of
polaron pairs that becomes accelerated and more dominant at
higher excitation energies. As Figure S6 demonstrates,
contributions of such small amplitude do not influence
lifetimes measured for the subsequent decay process and
thus are not an obstruction to their interpretation.
On timescales longer than a few picoseconds, dynamics is

dominated by polaron diffusion49 either along the backbone of
a single polymer strand (intrachain) or in an interchain process
from one polymer to another.47,50 Which process predom-
inates is influenced by the respective degree of intrachain and
interchain order within aggregates.12,51 Intrachain and
interchain orders, in turn, are themselves competing character-
istics.52 Diffusion-controlled polaron recombination can be
modeled by a stretched exponential decay according to
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0 . In this model, the value of β

indicates whether the described motion happens predom-
inantly in one, two, or three dimension.53,54

The polaron signal, averaged over the range from 1270 to
1290 cm−1, is presented in Figure 3b for all samples
investigated. The data are normalized to the signal at 10 ps
and fitted with stretched exponential curves from 5 ps onward.
The extracted stretching factor of 0.34 in both P3P6T samples
can be attributed to a mostly 1D intrachain motion, as usually
associated with β = 1/3. It is paired with similar fast decay
times of τ = 23 ps for P3P6T and τ= 26 ps in P3P6T:TiO2. For
P3HT, a more pronounced interchain character is expected.
Here, π-stacking is more extended,55 as evidenced by
structuring of UV−vis spectra and the larger crystallite size
measured in XRD measurements (see Figure 1). Intrachain
effects are still expected to play a role due to the presence of

Figure 3. (a) Polaron pair dynamics at 1218 cm−1 modeled with a
biexponential fit. Contributions from polaron absorption have been
subtracted (see text). Indicated in gray is a Gaussian-shaped
correlation function, fitted to the rising flank of the signal. (b)
Transient dynamics of the polaron band around 1281 cm−1

normalized at 10 ps. Stretched exponential fits model polaron
diffusion in the polymer.
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more ordered macromolecules in P3HT of high molecular
weight (>50 kg/mol), as used here.56 Accordingly, a stretching
factor of about 1/2 indicates a mostly two-dimensional
diffusion process. Respective timescales are considerably longer
than in P3P6T (P3HT: τ = 210 ps, β = 0.53; P3HT:TiO2: τ =
70 ps, β = 0.48). The share of polarons surviving up to 3 ns is
by far the largest for P3HT:TiO2. For P3P6T, on the other
hand, the surviving fraction is reduced to about 17% of its
amplitude at 10 ps when TiO2 is mixed in. It seems to be that
the disorder introduced by the acceptor particles in
combination with the predominantly one-dimensional nature
of the diffusive transport entails a more pronounced
recombination of polarons.

■ CONCLUSIONS
We demonstrate the potential of directly distinguishing
polaronic species in conjugated systems via femtosecond
mid-IR spectroscopy on infrared-activated vibrations. We have
identified polaron pairs with a lifetime on the picosecond scale
and polarons decaying over the course of a few hundreds of
picoseconds in P3HT and the water-soluble polythiophene
derivative P3P6T. This assignment is based on distinct spectral
and temporal dynamics and is further supported by the
increased ratio of generated polarons in comparison to polaron
pairs upon the addition of TiO2 nanoparticles as an acceptor.
The prevalence of contributions due to either intra- or
interchain processes in polaron diffusion is in line with the
degree of order present in the respective polymer films.
However, vibrational modes sensitive to the presence of a
charge are not a feature unique to polymers but should instead
also give access to polaron dynamics in other emerging
photovoltaic materials. Prominent among these are certainly
metal halide perovskites where coupling of electronic
excitation and molecular vibrations is believed to play a pivotal
role.
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