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A photophysical study, employing linear optical and femtosecond two-dimensional electronic

spectroscopies, of two conjugated copolymers in solution is reported. The study focuses on the effect of

backbone conformation on the properties and dynamics of excitons. For the predominantly planar

copolymer, poly((4,8-diethylhexyloxyl) benzo([1,2-b:4,5-b0]dithiophene)-2,6-diyl)-alt-((5-octylthieno
[3,4-c]pyrrole-4,6-dione)-1,3-diyl) (PBDTTPD), the dipole moment of excitons was found to be

unchanged upon photoexcitation, and no excitonic relaxation was detected within 1 ps. For poly[N-

110 0-henicosanyl-2,7-carbazole-alt-5,5-(40,70-di-thienyl-20.10.30-benzothiadiazole)] (PCDTBT), however,

bathochromic shifts of the absorption and fluorescence spectra as a function of solvent polarity indicate

a change in dipole moment of approximately 3 Debye upon photoexcitation at the red-edge of the

absorption spectrum. Excitation at the PCDTBT absorption maximum, where an ensemble of polymer

chains have a predominantly twisted backbone, causes relaxation in the excited state to excitons with

stronger charge-transfer character on a timescale of �200 fs. This dynamic Stokes shift was not

observed when exciting on the PCDTBT absorption red edge, which photo-selects more planar

conformations. Ultrafast relaxation in the excited state involving coupled torsional and solvent

coordinates increases the charge-transfer character of the exciton. Although there is a concomitant loss

of energy, electron-hole correlation (binding) is weakened, which may contribute to the efficiency of

organic solar cells based on PCDTBT as an electron donor.
Introduction

Conjugated copolymers with electronic absorption spectra

extending to the near-infrared—low band gap polymers—are

currently of interest because they have produced the best per-

forming organic photovoltaic devices to date.1 Absorption in this

spectral region is rare in conjugated homopolymers, but can be

obtained by hybridization of molecular orbitals between alter-

nating donor and acceptor units comprising a single chain. In

addition, conjugated copolymers allow more freedom for

synthesizing numerous derivatives, in turn providing a variety of

opportunities to tune the photophysical and electrical properties

toward high internal quantum efficiency for organic photovoltaic

devices.2–6

The photophysics of conjugated copolymers differs markedly

from that of homopolymers in accord with their more compli-

cated chemical structures, giving rise for instance to intra-

molecular charge-transfer excitons created upon

photoexcitation. For example, the origins of transitions yielding

distinct absorption bands in different spectral regions are related
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to the nature of the repeat units, meaning that transitions can

involve significant inter-repeat unit character (i.e. charge trans-

fer) or they can resemble typical p–p* transitions.7,8 In conju-

gated copolymers containing the p-dithiophenebenzodiathiazole

(dT-BT) unit, the absorption spectrum consists of two distinct

bands. The low-energy band is identified with a transition to

a charge-transfer state, and the high-energy band is assigned to

the delocalized excitonic p–p* transition. Recent spectroscopic

studies on random donor–acceptor alternating copolymers in

solution revealed that a neutral singlet exciton surrounded by

polar solvent molecules relaxes to an intramolecular charge-

transfer exciton, which takes place more effectively in more polar

solvents.9 In films incorporating a blend of conjugated copoly-

mers and the electron acceptor [6,6]-phenyl-C61-butyric acid

methyl ester (PCBM), it has been shown that exciton dissociation

leads to unbound charge carriers with high yield, perhaps

because of the intrinsic charge transfer character in the copol-

ymer exciton states.6,10,11

The high binding energy of excitons is a central issue in organic

material systems and their applications in photovoltaics because

it impedes their splitting to unbound charge carriers.12 Questions

currently being pursued include whether exciton delocalization

and binding energy can be controlled by chemical structure.

PCDTBT, recently a popular copolymer for preparing efficient
This journal is ª The Royal Society of Chemistry 2012
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Fig. 1 Experimental setup for 2D-ES spectroscopy measurements. The

beam path is drawn with green lines and the translation stages are colored

grey. l/2: half-wave plate, P: polarizer, AL: achromatic lens, DO: dif-

fractive optic, PM: parabolic mirror, Wi: a pair of wedges, ND: neutral

density filter, C: chopper.
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solar cells, has been studied with ultrafast spectroscopy in solu-

tion, as a film and blended with PCBM.10,11,13–15 PBDTTBD has

also been demonstrated to produce reasonably efficient photo-

voltaic devices when blended with PCBM.16–18 The most distin-

guishable difference in chemical structure between the two

copolymers is the presence of the thiophene unit intervening the

donor and acceptor units, which perhaps introduces stronger

charge-transfer character.

Two-dimensional electronic spectroscopy (2D-ES) has been

developed only relatively recently,19,20 yet it has been employed to

investigate various material systems. 2D-ES is a four-wave-

mixing process; the optical properties of a system are probed via

a non-linear effect quantified by a full third order optical

polarization in the light-matter interaction picture. 2D-ES can be

understood in the manner of pump–probe, but the difference is

the presence of the additional axis, often called the absorption

frequency axis, in addition to the signal axis. The absorption

frequency axis can be obtained by scanning the separation of the

two excitation pulses, the delay time s1 (coherence time) at each

population time s2, and then Fourier transforming with respect

to the variable s1.
2D spectra enable us to unveil a large amount of information

on excited state dynamics and properties that pump–probe

experiments are unable to reveal. For instance, the shape (i.e. the

aspect ratio) of diagonal features on the diagonal and the

dynamics of the shape provide the origin of broadening and

coherence. The cross peaks observed in the off-diagonal part of

the 2D spectra are indicative of the interaction between different

states. For conjugated polymers, electronic coupling between

conformational subunits can be strong, but is generally compa-

rable to the vibrational coupling.21 Nonetheless, electronic

quantum coherence along poly[2-methoxy-5-(2’-ethylhexyloxy)-

p-phenylene vinylene] (MEH-PPV) polymer chains was

observed.22,23 That work suggests that low-frequency phonons

with length scales longer than the exciton size lead to correlated

bath fluctuations and effectively reduced decoherence along

a chain.

Here we report 2D-ES studies of PBDTTPD and PCDTBT in

chloroform solution. The questions we aim to address in this

paper are as follows: what is the nature of excitons produced by

photoexcitation? In particular, does their charge-transfer char-

acter evolve with structural reorganization on an ultra-fast time-

scale? Is an intervening unit such as thiophene in PCDTBT

essential for increasing charge-transfer character?

Experimental methods

Linear spectroscopy

Absorption spectra were measured with a Cary 100 Bio UV-Vis

spectrometer. Photoluminescence (PL) spectra were taken using

a Cary Eclipse fluorimeter. Measurements were carried out on

dilute solutions in a 1 cm cuvette. The maximum optical density

(OD) was 0.3, after the solution was filtered by a 0.45 mm PTFE

filter. No concentration dependence of the spectra was observed.

2D-ES spectroscopy

The experimental setup for 2D-ES spectroscopy is illustrated in

Fig. 1. A 1 kHz train of 130 fs full-width at half maximum
This journal is ª The Royal Society of Chemistry 2012
(FHWM) pulses with a 775 nm center wavelength was generated

from a Clark-MXR CPA-2001 Ti : sapphire regeneratively

amplified laser. Part of the output was converted to visible light

by a noncollinear optical parametric amplifier (NOPA) and

compression was carried out as usual using a pair of prisms. The

pulse duration was characterized by transient grating frequency-

resolved optical grating (TG-FROG) of pure solvent (toluene).

For 2D-ES measurements, pulses centered at 560 and 633 nm

with a �30 nm spectral bandwidth were generated with a pulse

duration 22�24 fs. After the prism compressor, the beam was

split into two beams and one of those was delayed (by the pop-

ulation time) using a mechanical stage (Newport UTM150PP-1)

with a 0.1 mm resolution. Intensity of each beam was controlled

by a half-wave plate and a polarizer combination.

The two beams were spatially overlapped into a diffractive

optic with a 25 cm focal length achromatic lens, and each beam

was further split into two replicas (�1 diffractive orders), whilst

other diffraction orders were blocked. For coherence time delays,

a pair of wedges (1.5 mm thickness, 1� wedge angle, fused silica)

was used for the excitation beams 1 and 2. Beam 3 was used as

a probe beam, while beam 4 served as a local oscillator (LO). One

wedge in each pair was mounted on a translation stage (Newport

MFA-CC) with a 0.1 mm resolution. They were translated

laterally along the direction of inner surface, whilst the beam was

aligned perpendicular to the outer surface. Coherence-time delay

using the pairs of wedges was calibrated using spectral interfer-

ometry with a 50 mm pinhole. The four beams were achromati-

cally collimated using a pair of 25 cm focal length parabolic
Chem. Sci., 2012, 3, 2270–2277 | 2271
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Fig. 2 Absorption spectra of (a) PBDTTPD and (b) PCDTBT in

toluene (black open squares) and chloroform solution (blue open circles).

The laser spectra with a center wavelength of 560 nm (green dashed line)

and of 633 nm (red dotted line) are shown in each figure. The spectral

bandwidth of the laser spectra is �30 nm. The chemical structure of each

polymer is drawn above each absorption spectrum.
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mirrors and focused into the sample (the solution was contained

in a cuvette with 1 mm path length). The LO was attenuated by

a neutral density filter of �3 OD, placed between the two para-

bolic mirrors. The LO always preceded beam 3 by�500 fs. Beam

3 passed through a pair of wedges on a fixed mount and was

modulated by a chopper at 3.2 Hz.

The heterodyned signal was recorded by overlapping the third

order signal radiated by the sample with the LO, then dispersing

it using a 1200 grooves mm�1 grating (blazed at 500 nm) in

a 0.63 m spectrograph (Andor SR-163) onto a 1600 � 400 pixel,

thermoelectrically cooled charge-coupled device (CCD) array

detector (Andor Newton DU971N). Fourier transformation of

the raw data was carried out as described elsewhere.24,25 The

phase determination procedure was conducted using the

projection-slice theorem and comparison with pump–probe data.

All solutions were filtered by a 0.45 mmPTFE filter. The OD of

each sample was set to be 0.3 or less across the spectral range

excited by the laser pulses. Before taking data for conjugated

copolymers, we tested our alignment with pure toluene solvent

and rhodamine B in methanol solution. The time-zero in

coherence time and the calibration factors for beams 1 and 2 were

double-checked by a recording homodyne signal versus coher-

ence time and 2D spectra of toluene at 0 fs population time.

We have used a spectrally narrow pulse for a number of

reasons, including a concern regarding artefacts potentially

caused by the different degree of chirp of the LO compared to the

other three pulses.26,27 Even if the chirp is removed equally by the

prism compressor, the neutral density filter used for attenuation

of the LO induces some additional chirp for the LO, which

introduces the following concerns. First, Fourier transformation

should carefully be carried out since the time-delay between the

signal field and the LO are different at each wavelength owing to

the inequality in the degree of chirp between them. Second, as

pointed out by others, when we use the projection slice

theorem,25 the projection of the 2D-ES spectrum and the pump–

probe spectrum can never be satisfactorily matched.26 In addition

to the technical issues, there are advantages of having a narrow

pulse for the experiments reported here. Since the distribution of

site energies in a conjugated polymer are dictated by conforma-

tional disorder,28–30 we can selectively excite sub-populations of

conformational disorder. For example, we can selectively excite

planar polymer chains at the red-edge of the absorption. Like-

wise, twisted polymer chains can also be selectively excited by

high-energy excitation.
Results

In order to investigate the relative charge-transfer character of

excited states in the polymers under study, we measured

absorption and PL spectra of PBDTTPD and PCDTBT in

solvents of different polarities. Because of solubility issues, the

photophysics of solutions were investigated only in toluene and

chloroform (dielectric constants of 2.38 and 4.81 respectively),

Fig. 2. The absorption spectra of the PBDTTPD solutions,

Fig. 2(a), present notable features. In general, conjugated poly-

mers are predicted to be more twisted in the ground state than the

excited state. A marked change in torsional potential from

ground to excited state leads to a somewhat featureless absorp-

tion spectrum compared to the fluorescence.31–33 However, the
2272 | Chem. Sci., 2012, 3, 2270–2277
absorption spectra of PBDTTPD solutions show defined

vibronic features and no solvent effect. The absorption spectra of

PCDTBT solutions shown in Fig. 2(b) have two distinct peaks in

energy, which is a typical feature of copolymers containing dT-

BT.3,7,8,34 The absorption maximum of the lowest energy band of

PCDTBT in a polar solvent (chloroform) was found to be red-

shifted by 32 meV (552 nm to 560 nm) compared to the non-polar

solvent (toluene).

The PL spectra of dilute solutions of PCDTBT and

PBDTTPD in toluene and chloroform excited at 560 nm are

presented in Fig. 3. For PBDTTPD we observe no spectral shift

of the PL spectrum in chloroform compared to toluene. On the

other hand, the PL maximum of PCDTPBT in chloroform was

red-shifted by 77 meV (654 nm to 682 nm) and became broader

than the PL in toluene. The Stokes shifts of PCDTBT in toluene

and chloroform solution are 350 meV and 394 meV, respectively.
This journal is ª The Royal Society of Chemistry 2012
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Fig. 3 Photoluminescence spectra of (a) PBDTTPD and (b) PCDTBT in

toluene (black open squares) and chloroform solution (blue open circles).

All samples were excited at 560 nm.
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The red-shift in emission is more prominent than the red-shift

observed in the absorption spectrum.

We conducted 2D-ES to study the ultra-fast photo-induced

dynamics of the copolymers. The total real 2D spectra present

two distinct features. In this paper the x-axis is the absorption

energy, Fourier-transformed with respect to the coherence time,

and the y-axis is the signal energy, also often called the emission

or detection energy. The red contour represents the positive

amplitude signal assigned to ground state bleaching (GSB), and

the blue contour represents the negative amplitude signal, which,

in most cases, we assume here to be due to excited state

absorption (ESA). Our resulting 2D spectrum appears to result

from a superposition of GSB and ESA.

Fig. 4(a) and 4(b) show representative total real 2D spectra

recorded using narrow pulses centered at 633 nm for dilute

solutions of PBDTTPD and PCDTBT in chloroform. The laser

spectrum used for the measurements is shown in Fig. 2 (red

dotted line). We note that under these excitation conditions

PBDTTPD in solution was excited and probed at its absorption

maximum, while for PCDTBT in solution we excited and probed

at the red-edge of its absorption.

The locations of negative features in the 2D spectra shown in

Fig. 4(a) and 4(b) differ markedly. The negative features in 2D-

ES are typically due to ESA. In the 2D spectra of PBDTTPD in

solution measured at a 633 nm center wavelength, we observed

an ESA above the diagonal, indicated as ESA2 in Fig. 4(a). That

means, in this case, that the ESA was blue-shifted compared to

the photoexcitation. On the other hand, in the 2D spectra of
This journal is ª The Royal Society of Chemistry 2012
PCDTBT in solution measured at 633 nm, we observed an ESA,

indicated as ESA1 in Fig. 4(b), below the diagonal, indicating

that the ESA was red-shifted compared to the state photo-

excited. In either case, no clear spectral shift of neither the GSB

nor the ESA was observed. That is more clearly visualized in the

plot of the signal amplitude along a diagonal slice as a function of

population time, Fig. 4(c) and 4(d).

2D spectra were also recorded for PCDTBT in chloroform

solution measured at the absorption maximum. Fig. 5(a) illus-

trates the representative total real 2D spectra of PCDTBT in

chloroform solution using narrow pulses centered at 560 nm

(green dashed line in Fig. 2(b)). First of all, the negative feature

observed in the 2D spectra of the PCDTBT solution excited at

the absorption maximum shows interesting changes as a function

of population time. The negative feature at early population

times (<200 fs), indicated as ESA2 in Fig. 5(a), is prominent

above the diagonal. Its magnitude diminishes with population

time and the feature can no longer be seen after 200 fs. Mean-

while, another negative feature below the diagonal emerges.

Fig. 5(b) shows the diagonal amplitude plotted versus population

time. In contrast to the results shown in Fig. 4(c) and 4(d), we

observe a red-shift of the GSB. The time-scale of the red-shift of

the GSB is the same as that of the decay/rise of the negative

features.

It might be interesting to see a beating in amplitude of the

positive or negative features, or a beating in aspect ratio of the

diagonal feature. However, due to light scattering by the sample

with poor solubility, we were unable to resolve any beating

patterns during population time.
Discussion

According to density functional theory calculations applied to

a copolymer containing dT-BT units,7 the high energy absorp-

tion band seen in the absorption spectrum of PCDTBT in solu-

tion (�400 nm) can be assigned to a p–p* transition. The lowest

energy absorption band (�560 nm) arises from transitions with

significant intramolecular charge-transfer character. The broad

shape of this band, typical for conjugated polymers, is indicative

of energetically disordered polymer chains in combination with

a change in the frequency of torsional modes.28,31,35

The defined vibronic features observed in the absorption

spectrum of PBDTTPD in solution indicate that there is little

change in torsional frequency between ground and excited

state, perhaps because the chain is reasonably planar in both

states.36 Recent quantum chemical calculations37 of the equi-

librium geometries of conjugated copolymers showed that

PBDTTPD has a planar backbone conformation in the elec-

tronic ground state. In contrast, the backbone conformation of

PCDTBT is twisted in the ground state; carbazole (electron

donor) and thiophene units are twisted with a torsion angle of

�25–27�, and thiophene and benzothiadiazole (BT in short,

electron acceptor) units are slightly twisted with a torsion angle

of �3–5�.
The absorption and fluorescence spectra of PBDTTPD and

PCDTBT solutions show different trends with solvent polarity.

In the case of PBDTTPD in solution, absorption and emission

spectra were found to be unaffected by the solvent polarity,

indicating that there is no significant change in dipole moment
Chem. Sci., 2012, 3, 2270–2277 | 2273
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Fig. 4 Total real spectra of (a) PBDTTPD and (b) PCDTBT in chloroform solution obtained using the pulses centered at 633 nm. T denotes the

population time. Red (blue) color means positive (negative) amplitude. The grey and dashed lines represent nodal lines (zero amplitude). The contour

lines are drawn in 10% intervals. E1 denotes the absorption energy, Fourier-transformed from coherence time domain. E3 denotes the signal energy.

Contour plots (c) and (d) of the amplitude spectrum along the diagonal were taken from (a) and (b) with diagonal energy (y-axis) and population time (x-

axis), respectively. The red solid line is drawn along the center of the amplitude ‘ridge’.
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between the ground and excited states. On the other hand, in the

case of PCDTBT in solution, the PL spectrum was found to be

significantly red-shifted and the absorption spectrum is slightly

red-shifted in polar solvent compared to a less polar solvent. This

suggests that there is an increase of dipole moment upon

photoexcitation, consistent with the predicted charge-transfer

character of the first excited state mentioned above.

Relaxation to the equilibrium excited state configuration is

accompanied by a further increase in the dipole moment owing to

solvent polarization and reorientation.38–40 The change in dipole

moment from the initially populated excited state to the relaxed

excited state of PCDTBT can be estimated by considering

a dielectric continuummodel with a spherical cavity.9,41 Based on

the crude approximation that the observed Stokes shift is entirely

due to the effect of solvent polarity, the Stokes shift, Es, is related

to the change in dipole moment via eqn (1),

Es ¼ jme2 � me1j2
2p30a3

�
3� 1

23þ 1
� n2 � 1

2n2 þ 2

�
(1)

where me2 and me1 are the equilibrium and non-equilibrium

excited-state permanent dipole moments, respectively, 30 the
2274 | Chem. Sci., 2012, 3, 2270–2277
permittivity, a the interaction cavity radius, 3 the dielectric

constant, and n the refractive index. Although we were only able

to obtain two points in the plot of the Stokes shift versus the

solvent parameter, assuming that a is 5 �A9,41 we estimate

|me2 � me1| � 3.3 D.

Before we go into more details of the 2D spectra, let us discuss

what situations are predicted in the following three cases: (i)

PBDTTPD excited at the absorption maximum, (ii) PCDTBT

excited at the red edge, and (iii) PCDTBT excited at the

maximum of the absorption. In the case of PBDTTPD in chlo-

roform solution, regardless of excitation energy there is little

structural (e.g. torsional) reorganization upon photoexcitation.

Therefore, any signature of the torsional relaxation should not be

seen. Furthermore, the solvent-independent linear absorption

and PL spectra show that there is no change in charge-transfer

character in the non-equilibrium and equilibrium excited states

compared to the ground state.

Spectrally narrow excitation pulses enabled selective excitation

of PCDTBT chains either with a planar or with a twisted back-

bone conformation, Fig. 5(c). When excited at the red side of the

absorption, the torsional angle between carbazole and thiophene
This journal is ª The Royal Society of Chemistry 2012

https://doi.org/10.1039/c2sc20078c


Fig. 5 (a) Total real spectra of PCDTBT in chloroform solution obtained using the pulses centered at 560 nm. (b) Contour plot of the amplitude spectra

along the diagonal taken from (a) with population time. The red line is drawn along the center of the amplitude spectra. (c) Schematic of potential energy

curves in the ground and first excited state. The vertical arrows indicate the electronic transition with the corresponding transition energy. The green

(red) one represents a large (small) transition energy exciting polymer chains with a large (small) torsion angle.

Pu
bl

is
he

d 
on

 0
5 

A
pr

il 
20

12
. D

ow
nl

oa
de

d 
by

 P
ri

nc
et

on
 U

ni
ve

rs
ity

 o
n 

11
/1

0/
20

19
 1

:4
6:

38
 A

M
. 

View Article Online
units in PCDTBT segments is small, and the distribution of

torsional conformations excited is similar to the relaxed excited

state geometry. We showed that this state has charge-transfer

character, consistent with calculations that indicate that charge is

pushed to the BT units from carbazole units via the intervening

thiophene units. In contrast, excitation of PCDTBT in solution

at the absorption maximum photo-selects larger torsional angles

between carbazole and thiophene units, yielding a non-equilib-

rium excited state.

The difference in bathochromism noted for the absorption

spectra recorded for different solvent-polarities compared to the

PL spectra shows that the initial excited state has less charge-

transfer character than the relaxed geometry. That should

generally be the case because it takes time for the solvent to

polarize and equilibrate to the excited state charge distribution.42

In the case of conjugated polymers, there may also be
This journal is ª The Royal Society of Chemistry 2012
a contribution from torsional relaxation43,44 that affects the

interactions among carbazole and thiophene units.

Now let us discuss the origin of different locations and

dynamics of the ESA seen in the 2D spectra. The blue-shifted

ESA compared to the GSB observed in the 2D spectra of

PBDTTPD in solution, as shown in Fig. 4(a), reveals that the

transition energy from the one-exciton to two-exciton state is

larger than the transition energy from the ground state to the

one-exciton state. On the other hand, when PCDTBT in solution

is excited at the red side of the absorption, the ESA is red-shifted

compared to GSB (see ESA1 in Fig. 4(b)). It is difficult to assign

the nature of the highly excited states accessed by ESA, but it

appears that the red-shifted ESA (ESA1) is associated with the

relaxed charge-transfer exciton, whereas the blue-shifted ESA

(ESA2) arises from the ESA of an exciton with weak or no

charge-transfer character.
Chem. Sci., 2012, 3, 2270–2277 | 2275
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The ESA in the 2D spectra of planar copolymers remains in

the same position within 1 ps population time. Meanwhile, no

clear spectral shift of GSB was discerned on that time scale (see

Fig. 4(c) and 4(d)). The absence of spectral shifts in the GSB and

ESA over a period of 1 ps, nor evidence for growth of cross-peaks

in the lower diagonal part of the 2D spectra, suggests that there is

no fast excitonic relaxation mediated by structural relaxation

such as, for example, torsional relaxation. That is possibly

because predominantly planar segments are excited under these

experimental conditions. A contribution from intramolecular

electronic energy transfer is ruled out on the basis that it is only

significant on the 10 ps time-scale.45,46

Now we discuss the dynamics of excitons in twisted

PCDTBT segments in solution with the features observed in

the total real 2D spectra of PCDTBT in solution measured at

the absorption maximum, which are shown in Fig. 5(a). The

fact that the negative feature is located above the diagonal

indicates that the exciton created under this excitation condi-

tion has different characteristics from the exciton created in

planar PCDTBT segments in solution, and may be similar to

the exciton formed by photoexcitation of PBDTTPD in solu-

tion. Applying the knowledge obtained from 2D spectra of

planar segments of copolymers, the blue-shifted negative

feature (ESA2) at early population times (<�200 fs) is attrib-

uted to the ESA of an exciton with weak charge-transfer

character. This is supported by the conclusion drawn from the

absorption spectra of PCDTBT in solvents of different

polarity, since such excitons are in the non-equilibrium excited

state. The negative feature shown below the diagonal after

�200 fs is positioned at a location similar to ESA1 in the 2D

spectra for the planar PCDTBT segments in chloroform solu-

tion, shown in Fig. 4(b). It can be ascribed to the ESA of the

charge-transfer exciton, which has the same origin as ESA1

observed in the 2D spectra of planar PCDTBT segments.

Meanwhile, it is also observed that the center of the GSB red-

shifts with population time as shown in Fig. 5(b). The observed

change in ESA and the red-shift of GSB seem to accompany

relaxation of the charge-transfer exciton.

We conjecture that a dynamic Stark effect, caused by the

increased dipole moment of neighboring charge-transfer exci-

tons, plays a role in shifting exciton transition energies associated

with a ground state sub-population. The Stark effect in conju-

gated polymers has been studied mostly in the presence of

applied electric fields in films,47–50 in particular to determine the

mobility of charge carriers as the charges screen the external field,

and to probe the kinetics of electron-hole pairs.51,52 Even in

solution, recent studies reported the dynamic vibrational Stark

shift of a dye surrounded by a polarizable solvation shell, which

evidences an intramolecular charge-transfer reaction.53 For

PCDTBT in chloroform solution, excitons become polarized

after �200 fs. It leads to redistribution of electric fields, and

consequently causes a down-shift of energy levels of neighboring

excitons, resulting in a red-shift of their contribution to the GSB.

Also, the Stark effect causes an extra spectral broadening.

Therefore, the negative feature seen below the diagonal can

possibly be understood by a red-shift and broadening of the

signal spectrum after the solution is photo-excited. This idea of

a dynamic Stark effect might be confirmed by conducting the

measurements with different fluence of the excitation pulses, and
2276 | Chem. Sci., 2012, 3, 2270–2277
observing more pronounced effects with increasing excitation-

fluence. This is left as future work.

Our analysis of the 2D spectra of PCDTBT in chloroform

solution after �200 fs cannot yet determine whether the unusual

changes in ESA features related to the dynamic Stokes shift are

caused by a dynamic Stark effect or whether they are a direct

probe of a change in exciton to two-exciton resonance accom-

panying excitonic relaxation. Regardless, our analysis suggests

that the dipole moment of charge-transfer exciton increases with

time, and thus the electron-hole correlation becomes weakened.

The charge-transfer character of the state is supported by the

solvent-dependent PL spectra that show that the dipole moment

of the state increases with relaxation to an equilibrium geometry

and solvent configuration. According to the 2D spectra, struc-

tural relaxation, possibly along with the relaxation of charge-

transfer excitons, takes place on a remarkably rapid time scale of

�200 fs.

It would be interesting to perform the measurements on

PCDTBT in toluene to figure out the effects of solvent polarity

on the rate of intramolecular charge-transfer. However, poor

solubility leads to scattering, resulting in unreliable analysis of

the data. A polarization-dependent study would allow us to more

clearly resolve the 2D spectra, perhaps leading to clear insights

into the nature of the transitions.54,55 The measurements for the

study of the effect of solvent polarity and polarization depen-

dence can be carried out after resolving the problems related to

light scattering by the sample.
Conclusions

We have investigated the characteristics and the dynamics of

excitons created upon photoexcitation in PBDTTPD and

PCDTBT in solutions. We found that the charge-transfer char-

acter of the excitons in PBDTTPD is unchanged in the ground

and excited states. In contrast, it is found that excitons in

PCDTBT have a moderate charge-transfer character in the non-

equilibrium excited state, but have stronger charge-transfer

character in the relaxed excited state concomitant with structural

relaxation.

Our 2D spectra showed that relaxation to the excitons with

stronger charge-transfer character in PCDTBT, which is typi-

cally used as an electron donor in the blend, occurs on the

surprisingly fast time scale of �200 fs. This suggests that charge-

transfer excitons eventually have a lower binding energy than the

primary excitons before they reach the heterojunction interfaces.

The weakening of electron-hole correlation controlled by an

increasing number of units intervening the donor and acceptor

moieties can lead to higher efficiency of photovoltaic devices by

facilitating the charge-transfer process at the heterojunction

interfaces. Although other physical processes should also be

taken into account, this may explain why the photovoltaic

devices based not only on the blend of PCDTBT and PCBM, but

also even on PCDTBT alone, are efficient.10
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