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ABSTRACT: In organic bulk heterojunction materials, charge delocalization Q%%

has been proposed to play a vital role in the generation of free carriers by ‘ @3} @%
effectively reducing the Coulomb attraction via an interfacial charge transfer T cs=

exciton (CTX). Pump-push-probe (PPP) experiments produced evidence that nw—*—/@ﬁ
the excess energy given by a push pulse enhances delocalization, thereby

increasing photocurrent. However, previous studies have employed near- 5_72: @ﬁ

infrared push pulses in the range ~0.4—0.6 eV, which is larger than the binding
energy of a typical CTX. This raises the doubt that the push pulse may directly
promote dissociation without involving delocalized states. Here, we perform
PPP experiments with mid-infrared push pulses at energies that are well below Push ‘ @N.
the binding energy of a CTX state (0.12—0.25 V). We identify three types of .
CTXs: delocalized, localized, and trapped. The excitation resides over multiple

polymer chains in delocalized CTXs, while it is restricted to a single chain

(albeit maintaining a degree of intrachain delocalization) in localized CTXs.

Trapped CTXs are instead completely localized. The pump pulse generates a “hot” delocalized CTX, which promptly relaxes to a
localized CTX and eventually to trapped states. We find that photo-exciting localized CTXs with push pulses resonant to the mid-
infrared charge transfer absorption can promote delocalization and, in turn, contribute to the formation of long-lived charge
separated states. On the other hand, we found that trapped CTXs are non-responsive to the push pulses. We hypothesize that
delocalized states identified in prior studies are only accessible in systems where there is significant interchain electronic coupling or
regioregularity that supports either inter- or intrachain polaron delocalization. This, in turn, emphasizes the importance of
engineering the micromorphology and energetics of the donor—acceptor interface to exploit the full potential of a material for
photovoltaic applications.

Bl INTRODUCTION efficiencies with systematic variation of photoexcitation energy
covering from low-energy absorption of CTX states to high-
energy vibronic levels of the donor 'Ex state, along with
changes in other parameters, such as temperature, composi-
tion, and bias voltage. These works found remarkable
robustness of IQE against input photon energy in a wide
range of organic photovoltaic devices, suggesting that excess
energy of a hot state is wasted via rapid internal conversion
processes and is therefore not key for charge separation.'”
What has been persistently reported in the spectroscopy
community, on the other hand, is the ultrafast generation of
free charge carriers preceding internal conversion of inter-
mediate states."”~'” Reported timescales are often tens of

The near unity internal quantum efficiency (IQE) of charge
generation in organic solar cell materials'~* is often ascribed to
the peculiar nature of interface charge transfer states. A key
role is played by states known as charge transfer excitons
(CTXs), which are described as a superposition of a neutral
exciton and bound singly charged polaron pairs. The mystery
of how CTXs in a low dielectric environment overcome their
large binding energies has bred a wealthe of discussion on its
working mechanism. While the role of entropy and energetic
disorder has been invoked to play a decisive role in the efficient
dissociation of the CTXs into free charges.,s_8 one of the most
plausible hypotheses to explain the efficient dissociation of the
CTXs into free charges is a “hot” state model, which states that

higher vibrational or electronic states of CTXs, populated by Received: May 4, 2023
initially generated singlet excitons ('Ex) with excess energy, Revised:  June 7, 2023
can easily cross the Coulomb barrier of charge separation.’ Published: July 6, 2023

While a large body of literature has been devoted toward

. o . . . . 10—14
supporting this view, recent evidence is often against it.

Such objections are based on the measurement of device
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femtoseconds, which cannot be captured by electrical
characterizations in the steady state, and vary considerably
with the pump energy. For example, a study on the
PCPDTBT/PC4xBM blend, reported by Grancini et al,
showed that the generation rate of charge separated states
(CS; free polarons) is twice faster upon photoexcitation of the
higher-lying exciton state than that from the lowest-energy
exciton state.'> Authors suggested that the excess energy of the
exciton state is directly projected into the high-energy CTX
states, which have a higher degree of charge delocalization than
the states in the lower energy. Due to their excess energy that
aids barrier crossing, but also to the decreased Coulomb
binding that reduces the barrier height as a result of
delocalization, high-energy delocalized CTX states have been
proposed as the origin of eflicient free charge carrier
generation.

Additional evidence came from pump-push-probe spectros-
copy that allows tracking of charge separation in real time. In a
series of experiments conducted by Friend group, they
analyzed how electroabsorption (EA), generated by the local
electric field of electron—hole pairs, evolves in time to study
the charge separation dynamics.”'® To isolate EA from the
congested pump-probe spectra, near-infrared (NIR) push pulse
was employed to selectively perturb the electron—hole
distance. The push on—off difference signal at different
pump-push delays provided a direct visualization of EA
evolution, which could be translated into an electron—hole
pair distance increasing on an ultrafast timescale and ultimately
probed the dynamics of the delocalization.

The energy of the push employed in these experiments is
typically in the range ~0.4—0.6 eV,'””° which is very large
considering that the estimates of CTX binding energy are a few
hundred millielectronvolts.*'** In this regard, mid-infrared
(MIR) photoexcitation with energy less than the CTX binding
energy can decisively tell whether charge separation is aided by
charge delocalization or is simply promoted by an energy input
large enough to cross the potential barrier instantly. Also, in
the MIR region, vibrational and electronic transitions of
transient charged species, i.e., free polarons and CTXs, coexist.
In small donor-bridge-acceptor triad systems, a push targeting
bridge vibrations has been shown to increase or decrease the
yield of charge transfer.”>>* Thus, MIR has the potential to
disentangle the role of vibrationally and electronically hot
states on the charge separation dynamics in the organic solar
cell materials, which remains unexplored.

Here, we employ pump-push-probe spectroscopy to study
the effect of a low-energy photoexcitation on the dynamics of a
charge transfer exciton (CTX) in a polymer:fullerene bulk
heterojunction material (Figure 1). Push energy was tuned
from 0.12 to 0.25 eV in the mid-infrared (MIR) region to
monitor how vibrational and low-energy electronic transitions
of transient species respond to the given excess energy. To
ensure that the energy of the push is smaller than the CTX
binding energy, poly(9,9-dioctylfluorene-alt-benzothiadiazole)
(F8BT), whose fullerene bulk heterojunction is known to have
poor external quantum efficiency (EQE)*® and power
conversion efficiency (PCE),”” was chosen.

We found three types of CTXs, delocalized, localized, and
trapped, generated at the interface of F8BT:Cg, by analyzing
the spectral signature found in both the pump-probe (PP) and
pump-push-probe (PPP) spectra. The “hot” CTXs created
immediately after the ultrafast charge transfer dynamics
following photoexcitation display hole polaron absorption in
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Figure 1. (a) Molecular structure of poly(9,9-dioctylfluorene-alt-
benzothiadiazole) (F8BT) and the consequences of mid-infrared
excitation of a charge transfer exciton generated at the F8BT:C60
interface. (b) Schematic of pump-push-probe spectroscopy employed
in this study.

the visible region that subsequently redshifts, indicating that
initially, the CTX is delocalized among multiple polymer
chains but rapidly localizes within a single chain. We show that
a push pulse resonant with the low-energy charge transfer
absorption at 0.19 eV can repopulate delocalized CTXs from
localized CTXs that nevertheless retain a degree of intrachain
hole delocalization, providing further chance to generate the
CS state. However, the push pulse was shown ineffective to
promote delocalization at long pump-push delays from what
we deem are trapped CTXs, where the polaron not only is
localized within a single chain but also exhibits no intrachain
delocalization. We claim that a degree of charge delocalization,
either intra- or interchain arising from interchain coupling or
regioregularity, is essential to allow charge transfer absorption
and increase effective electron—hole separation, which then
reduces the Coulomb barrier for charge separation.

B METHODS

We performed pump-probe (PP) and pump-push-probe (PPP)
experiments on both a pristine F8BT and a blend F8BT:Cg,
thin film. The chemical preparation of the samples and their
characterization by means of steady-state absorption (Figure
S1) are discussed in the Supporting Information (SI). Details
on the optical setups for performing broadband PP and PPP
measurements are given in the Experimental Section of the SI
and further discussed in refs 28, 29.

The PP measurements, in combination with the steady-state
absorption measurements of the pristine and blend samples,
serve the main purpose of identifying the states involved in the
photoexcitation and establishing their spectral signature. This
detailed knowledge of the photophysics of the systems will set
then the basis for investigating the MIR-induced changes of the
spectra by means of PPP spectroscopy.

B RESULTS

Pump-Probe Experiments. The PP dynamics has been
analyzed in both samples by using the decay associated spectra
(DAS) approach,*® which is a well-established tool in the non-
equilibrium community to extract the transient absorption
spectra by multiexponential decay fitting of the PP curve.

The spectra of the F8BT pristine film have four global
exponential time constants, which are shown as the evolution
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J. Phys. Chem. C 2023, 127, 13712-13722


https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c02938/suppl_file/jp3c02938_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c02938/suppl_file/jp3c02938_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c02938/suppl_file/jp3c02938_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c02938?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c02938?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c02938?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c02938?fig=fig1&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.3c02938?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

F8BT — t=26ps —1,=22ps —1,=180ps — 1, >6ns

-5 T T T T T T T
1.0 1.5 20 2.5
Probe Energy (eV)
(b) _
0 Epr=1.14eV [ 4
- [
E 3
) >
£ ¥ =
< ¥ =]
£ ! £
1 Eor = J
: P pr=2.56 eV 0
7T e
0 50 100 108 0 5 102 108
Time (ps) Time (ps)
(c)
-5 - F{;BT:C60 —1,=180fs — 1,=20ps — 1; =440 ps w>Bns
T T T T T ¥ T
1.0 15 20 25
Probe Energy (eV)
(d) Y y
it )
Epr=1.79 eV Epr=1.28eV| 1
o >
E 3
] R »
£ I =)
< : 9
E 3
g H -
¢
Lé 0

0 2 410" 102 10°
Time (ps)

0

2 410" 102 108
Time (ps)

0 2 410" 102 10%
Time (ps)

Figure 2. Evolution associated spectra and the representative decay traces of (a, b) F8BT pristine and (c, d) F8BT:Cy, blend films. Insets are scaled
to show the spectra with small AA signals. Pump-probe (PP) spectra were obtained upon photoexcitation at 2.82 eV (440 nm) with pump fluences

of 0.4, 0.8, 1.6, and 3.2 uJ cm™.

associated spectra in Figure 2a. The spectra from ¢, through t;
are characterized by the same spectral signatures. Furthermore,
the presence of a quasi-isosbestic point at 1.85 eV indicates
that the spectral evolution up to t; is dominated by a single
process.

To identify the species involved in the decay, we focus on
the initial spectrum with time constant ¢,. It shows four distinct
bands: two negative bands centered at 2.56 and 2.26 eV, one
positive band at 1.33 eV, and a shoulder band at 1.66 eV.
Based on the steady-state measurements (Figure S1), the
negative bands at 2.56 and 2.26 eV correspond, respectively, to
the lowest energy absorption and fluorescence peaks and are
therefore ground-state bleach (GSB) and stimulated emission
(SE). The photoinduced absorption at 1.33 eV has been

13714

studied by Stevens et al. and was assigned to the excited-state
absorption (ESA) of singlet exciton ('Ex) based on the
exciton—exciton annihilation dynamics observed at high pump
fluence.”’ As shown in Figure 2b, pump fluence-dependent
decay dynamics are also reproduced in our sample, which
revalidates the assignment of this band. This is also consistent
with the study by Denis et al. of F8BT in solution, which
identified an ESA around 1.3 eV and a smaller ESA around
1.55 eV, both assigned to an excitation from the singlet exciton
'Ex.** The ESA at 1.3 €V was found to arise from excitation to
a higher exciton state, while the ESA at 1.55 eV was assigned to
a charge transfer from a benzothiadiazole (BT) unit to another
BT unit.

https://doi.org/10.1021/acs.jpcc.3c02938
J. Phys. Chem. C 2023, 127, 13712-13722
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As the spectra associated with the second and the third time
constants do not develop a new band, they are also dominated
by the decay of 'Ex to the ground state. We observe a small
red-shift in the ESA of 'Ex, accompanied by a red-shift in the
SE, which originates from the exciton downhill migration to
the lower energy sites of the density of states, which is also
reported in other pristine conjugated polymer films.”*** The
shoulder band at 1.66 eV also follows the decay profile of the
1.33 €V 'Ex ESA, suggesting that the main contributor of the
peak is the same singlet exciton, consistent with the results in
ref 31, 32. Yet, their peak ratio gradually changes (Figure SS),
indicating that the physical origin of the two peaks may not be
the same. In this respect, in the case of an archetype
conjugated homopolymer, P3HT, the initial PP spectra display
a single broad Gaussian ESA band associated with a singlet
exciton, which decays and gives rise to polaron ESA at a
different energy in the late time spectra. Similarly, the presence
of this shoulder peak in our PP spectra may contain a signal
from a different state with some charge transfer character at
later times. This will be confirmed by our PPP experiments.

The last spectrum associated with t, (Figure 2a, inset) is
drastically different from the rest and is composed of a broad
peak centered at 1.49 eV, GSB, and a small positive absorption
at 2.39 eV. The band at 1.49 eV is reported as the ESA of
triplet exciton (*Ex) by Lee et al., which shows up in the quasi-
steady-state photoinduced absorption of a blend film of FS8BT
with the iridium(III) complex capable of triplet sensitization.”
The derivative-like shape near GSB (~2.5 eV) likely arises
from electroabsorption (EA), which is the ground-state
absorption red-shifted by the local electric field of a bound
charge pair, that overlaps with GSB in the opposite sign.36 This
band is intensified when the charge transfer yield increases as it
will become evident in the Cg, blend film.

In Figure 2c, we plot the decay spectra measured in the
F8BT:Cy, blend film. The initial spectrum t, shows an
attenuated SE band and a broad ESA that appears as a
hump near 1.9 eV. The 'Ex ESA at 1.33 eV manifests instead at
the same energy as that in the pristine film. An attenuated SE
in the initial spectrum suggests that a portion of the
photoexcitation produces CTXs within the pulse duration.
The 'Ex ESA, along with the GSB, rapidly decays in #, = 180 fs
to give the ¢, spectrum with prominent EA at 2.40 eV and
completely quenched SE. Since the kinetics is independent of
pump fluence and EA develops in the following spectrum, this
process can be associated with charge transfer from F8BT to a
proximal Cg. Surprisingly, in the ¢, spectrum, the ESA at 1.30
eV remains while SE is completely quenched. This ESA
persists in #; and survives until the f, spectrum, which
contributes to an increased signal in the red side of the *Ex
ESA when compared to the t, spectrum of the pristine film.
Also, the t, spectrum contains additional signal in the blue side
of the *Ex ESA band, which persists from the earlier spectra.
The hump ESA around 1.9 eV in t; becomes a dragging
shoulder spanning 1.5—2.0 eV in t,. This decays in intensity in
t; but remains stagnant until t,.

To emphasize the role of the acceptor and extract the
spectral evolution of the early photoexcited states in the Cq
heterojunction, we subtracted the t; spectrum of the pristine
film from the ¢, spectrum of the blend film, which leaves this
new ESA at 1.94 eV associated with the time constant t
(Figure 3a). For the time constant £, we subtracted the ¢,
spectrum from the t, spectrum, both from the blend film
(Figure 3b). The extracted band associated with the ¢,
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Figure 3. Polaron absorption spectra extracted from the (a) 7; and
(b) 7, pump-probe spectra of the F8BT:C4 blend film. Polaron
absorption in the 7; spectrum (purple solid line) was obtained by
subtracting the 7, spectrum of the pristine film from the 7; spectrum
of the blend film (gray and black solid lines in panel a, respectively).
Polaron absorption in the 7, spectrum (maroon solid line) was
obtained by subtracting the 7; spectrum from the 7, spectrum both
from the blend film (gray and black solid lines in panel b,
respectively). Polaron absorption peaks are fitted with exponentially
modified Gaussian functions to determine their peak positions.

spectrum shows a maximum at 1.72 eV. The peak position
of these new ESAs do not further red-shift until ¢, (Figure S6).
We attribute the 1.72 eV ESA to the F8BT®" polaron
absorption, which matches the reported peak position of
F8BT*" absorption from an injected hole following the
assignment by Bird et al.*’

We claim that the higher energy peak position in t, is a result
of a greater degree of hole delocalization of a “hot” delocalized
CTX (DCTX), which retains an amount of excess energy with
respect to the CTX with a hole localized on a single chain. The
lower energy absorption in t,, which matches instead with the
reported peak position of F8BT** absorption from an injected
hole,*” signifies that it originates from the localized hole of a
localized CTX. A large difference in the polaron absorption
peak position in the visible wavelength has been reported in
other conjugated polymers, e.g., P3HT, and was explained with
an electronic structure model constructed from a coupled
chain aggregate, which predicts that delocalization will
blueshift absorption with respect to that of a localized hole.*®

From here, we will refer to the peaks in Figure 3a,b as DP2
and P2 to indicate that these absorptions originate from a
higher-energy transition of delocalized and localized polaron,
respectively. The absence of pump fluence-dependence in the
time constant t, indicates that it is a unimolecular process.
Since t; dynamics greatly reduces the intensity of GSB by 79%,
we suggest that the “hot” DCTX is mostly quenched by
geminate charge recombination. What is left after this process
is the absorption at 1.72 eV. This suggests that the remaining
population becomes localized CTXs. More in particular, their

https://doi.org/10.1021/acs.jpcc.3c02938
J. Phys. Chem. C 2023, 127, 13712-13722
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long lifetime suggests that these are trapped CTXs (TCTXGs),
which will be confirmed by the PPP measurements.

Transition between the t, and t; spectra shows a large
reduction in the F8BT** polaron absorption (Figure 2c inset),
accompanied by the decay in both ESA around 1.30 eV and
the GSB. We attribute this process to, again, charge
recombination. Interestingly, both the ¢, and t; spectra show
ESA at the energy of 'Ex ESA ~1.30 eV even when SE has
completely vanished and DP2 or P2 is present. This ESA also
decays with the polaron absorption at the charge recombina-
tion time t,. It is tempting to assign such coexisting spectral
signatures to branching dynamics due to inefficient CT. But,
because the intensity of the ~1.30 eV 'Ex ESA does not
properly mirror the complete quenching of SE in the later
spectra, the origin of this ESA at later times is a different state
from 'Ex. A similar behavior had been a source of debate in
other conjugated polymers,”~*' until Wang et al. and Psiachos
and Mazumdar showed that the origin of the mixed signal is
ascribable to a CTX.*>** While initially most absorption comes
from the singlet exciton 'Ex, at later times, it is the CTX
absorption that dominates. Being a CTX, a superposition of a
neutral exciton and a polaron pair in the presence of a
significant intermolecular coupling, configuration interaction
from the CTX allows separate excitation of constituent
excitonic and polaronic states that contributes to their own
spectral signatures. Importantly, ESA from the CTX is
expected at the energy of the 'Ex ESA. Thus, we finally
attribute the simultaneous manifestation of 'Ex ESA and DP2/
P2 to the spectral signature of the CTX. Charge separated
(CS) states share a minor contribution to the spectra, as shown
in the PPP experiment in the following.

The last ¢, spectrum again shows dominant *Ex ESA at 1.49
eV, but the red and blue side of the peak contain additional
ESA, which presumably originate from the long-lived TCTX.
This is also supported by the EA signature, which is more
intense than the t, spectrum of the pristine film.

Pump-Push-Probe Experiments. Input of sub-bandgap
energy has been reported to change the electron—hole distance
and increase the charge separation yield."”*° In the mid-
infrared (MIR) region, two different absorbers can contribute
the following: (1) vibrational motion in the charge transfer
coordinate and (2) electronic transition of the charged
polaronic states. To test if MIR excitation can contribute to
creating free charge carriers and what is the mechanism behind
it, we added an MIR push pulse in the pump-probe pulse
sequence and monitored the spectral and kinetic changes
induced by it. We highlight that the MIR photon energy is
sufficiently low that, except for a fast optical Stark effect, no
push-probe signal is present in the absence of the pump
(Figure S7).

We first investigate the effect of a push energy of 0.18 eV on
the F8BT pristine film. At pump-push time delay ¢, = 0 ps,
changes in the pump-probe signal (AAA = AAP™R! ON _
AAPUh T OFF Eigure 4a bottom panel) are persistently negative
in all push-probe time delays ¢, > 0 ps, which indicates that the
population of the excited-state species associated with the
pump-probe signal decreases with the push pulse. Increasing t,
neither changes the sign nor the spectral shape of the AA
(Figure S8). Two bands in the AAA signal are centered at
approximately 1.58 and 1.37 eV (Figure S11), and they
roughly coincide to the peak positions of the shoulder and the
main peak of the 'Ex ESA, respectively, as shown in the top
panel. However, the peak intensity ratio is reversed in the AAA
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Figure 4. Pump-push-probe experiment results on (a) F8BT pristine
and (b) F8BT:C4 blend films. Push-induced difference spectra
(bottom panels; integrated over the push-probe time delay t,
indicated in each legend) and the pump-probe spectra (top panels;
evolution associated spectra analyzed with time constants indicated in
each legend) are plotted together for comparison. The pump-probe
spectra from respective time constants are analyzed with multi-
Gaussian peak functions to present only the excited state absorption
of singlet excitons in (a) and polaron absorption in (b) (see the
Supporting Information for more details). Insets show the kinetics of
the push-induced difference signal at probe wavelengths indicated by
the symbols in the spectra (black circles, 1.57 eV; yellow squares, 1.35
eV; pink triangles, 1.62 eV; light blue diamonds, 1.44 eV) and
adjacent arrows point the direction of changes over time. The push-
induced difference spectra shown here are obtained upon photo-
excitation at 2.76 eV (450 nm) with pump and push fluence values of
25 and 450 uJ cm™? respectively.

spectra. Notice also that the decay of the higher energy band
has a prominent decay fast component of 350 fs that is almost
absent in the lower energy band (Figure 4a bottom panel
inset). This shows that the states that give rise to both ESAs
respond differently to the push pulse, which is at odds with the
possibility that they originate from the same singlet exciton
state 'Ex, further supporting the idea that not just a single state
but two, the exciton and the CTX, contribute to the ESAs even
immediately after photoexcitation.

In the F8BT:Cq, blend film, at t; = 0 ps, the AAA signal is
negative overall at small push-probe delay t, but turns into
positive at ¢, > 400 fs, which persists (Figure 4b bottom panel).
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Figure S. (a) Push-induced difference signal as a function of push energy for F8BT pristine and F8BT:Cy, blend films (upper and lower panels,
respectively). For the F8BT pristine film, the difference signal monitored at 1.57 and 1.33 eV (gray and yellow lines) shows a different push energy
dependence. For the F8BT:Cy, blend film, the spectra before and after (solid and dotted lines, respectively) the sign change of the difference signal
monitored at 1.62 eV are plotted. The error bars indicate the standard deviation calculated—for a given probe and push energy—over a fixed
interval of negative delays of each time trace and averaged over the delay interval indicated in the panels. (b) Steady-state infrared transmittance

spectrum of F8BT.

This means that when the push acts on the system, it depletes
the states that give rise to the transitions in the pump-probe
spectra, but its effect in the long run (>400 fs) is to enhance
the population of such states. The negative spectrum at t, <
400 fs has a maximum at around 1.67 eV, and the positive
spectrum that follows is much blue-shifted. When compared
with the DP2 and P2 peaks at 1.94 and 1.72 €V from the ¢, and
t, PP spectra, which are from delocalized and localized CTXs,
respectively, it becomes clear that the push pulse effectively
increases delocalized states more than localized CTXs. The rise
time is 160 fs at probe energy 1.62 eV (pink trace in the inset
of Figure 4b). Interestingly, the behavior of AAA signal
changes drastically at different pump-push delays. At t; > 1 ps,
AAA displays only the negative spectra that are centered
toward DP2 and the sign does not change throughout the ¢,
window (Figure S9). Dependence on the pump-push delay ¢,
indicates that the push acts on different excited-state species;
because a DCTX gets trapped within ¢; = 180 fs, at pump-push
delay of t; > 1 ps, only a localized CTX or the other product
state accessible from a DCTX is expected to be populated.
Low energy charge transfer absorption from polarons in the
0.1 eV range has been interpreted in the past as interchain
charge transfer from delocalized polarons in polymers where

13717

significant interchain interactions exist. More recently, Spano
and co-workers showed that these kinds of transitions are also
expected in single polymer chains where the polaron
delocalizes within the chain, with the strength of the transition
being directly proportional to the polaron size.**™*” According
to these studies, the push can only induce transitions in states
that exhibit either inter- or intrachain delocalization.

Given that the negative band develops around the DCTX
absorption, implying that localized CTXs populated at ¢, > 1
ps do not respond to the push pulse, our results suggest that
the CTXs exhibit no inter- or intrachain delocalization, which
is consistent with our assignment of these as trapped CTXs
based on the pump-probe measurements.

The nature of the charge transfer absorption that gives rise
to the band at DCTX absorption will be further discussed in
the Discussion Section. It should also be stressed that
multiphoton absorption effects are unlikely to occur at the
push fluences employed here. To rule out this possibility, we
performed pump-push-probe experiments with varying push
fluences (Figure S10) that confirm that the differential signals
in Figure 4 scale linearly with the fluence of the push pulse.

To better understand the origin of push-sensitive excited-
state species, we tuned the push energy in the range of 960—
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2100 cm™' (0.12—0.26 €V), which covers the vibrational
spectrum of F8BT, as shown in Figure 5b. The push energy-
dependent AAA responses at ¢; = 0 ps are plotted in the upper
and lower panel of Figure Sa for F8BT pristine and F8BT:Cy,
blend films, respectively. In the F8BT pristine film, AAA
shows two different curves as a function of probe energy
(Figure Sa upper panel). The AAA at 1.33 eV shows a strong
negative signal only when the push pulse is tuned to 1430
cm™', which coincides with the strong infrared (IR) absorption
by C=C stretching mode, whereas the AAA at 1.57 eV
displays a negative response over a broad range of push
energies. This remarkably different response to the push
excitation further supports the idea that the two states have
different physical origins. In particular, the broad absorption in
the MIR at 1.57 eV is a characteristic of polaron absorption,
which is also observed in other conjugated polymers. As such,
we assign the band centered at 0.19 eV to the mid-infrared
charge transfer (CT) absorption, which, as discussed above,
can have an inter- or intrachain character as long as the polaron
is delocalized within a chain. The response of the peak at 1.57
eV by CT absorption supports our assignment of the CTX
contribution to the shoulder ESA. In the same line, the
response at 1.33 eV associated with the vibrational spectrum of
neutral F8BT reinforces the assignment of the corresponding
band as ESA from a singlet exciton. It is evident that both
electronic excitation of the CTX and IR-active vibrational
excitation deplete the respective states in the pristine F8BT
film.

The AAA of F8BT:Cq, blend film again shows a broad
absorption over the MIR range tested, but at two push
energies, 1430 and 1700 cm™!, the response becomes
attenuated (Figure Sa lower panel). The signal is negative
before t, = 400 fs and turns into positive afterward, as shown in
Figure 4b, without altering the push energy-dependent spectral
shape. Again, the broad absorption can be attributed to CT
absorption from the CTX, yet the difference in the blend film
is that the electronic transition caused by push eventually
enhances ESA from the CTX. One would be tempted to
attribute the dip at 1430 cm™' to the same vibrational
excitation of the neutral species, but the appearance of another
dip at 1700 cm™’ suggests that the two peaks originate from
the vibrational modes of the F8BT** in the CTX, which is
supported by DFT calculations (Figure S12). Overall, the data
show that while electronic CT absorption can eventually
enhance CTX states, vibrational excitation tends to deplete
these states in the polymer:fullerene bulk heterojunction
material. All excited-state species identified here are
summarized in Figure 6 into a schematic energy diagram
with associated spectral signatures.

B DISCUSSION

CTXs are influenced by parameters such as donor—acceptor
distance, orientation, and dielectric environment.***° In this
respect, owing to conformational heterogeneity at the donor—
acceptor interface in the polymer bulk heterojunction, we
expect a distribution of CTXs. In this work, we have identified
three distinct classes of CTXs: delocalized (DCTX), localized
(CTX), and trapped (TCTX) charge transfer excitons. These
species appear to differ in their energies, lifetimes, and most
importantly, responses to the push input. In what follows, we
elaborate on the dynamic processes that produce these states
and how PPP spectra, which seem irreconcilable with the bulk
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Figure 6. (a) Energy diagram of all excited states (GS: ground state,
'Ex: singlet exciton, ‘Ex: triplet exciton, CTX: localized charge
transfer exciton, DCTX: delocalized charge transfer exciton, TCTX:
trapped charge transfer exciton, CS: charge separated state) identified
using pump-probe and pump-push-probe experiments. Spatial
distribution of excitation is depicted next to each state. Thin arrows
indicate the possible transition pathways identified in this work. (b)
Absorption spectra from all excited states extracted from pump-probe
and pump-push-probe experiments. (DP2: higher-energy transition of
the delocalized polaron, P2: higher-energy transition of the localized
polaron).

dynamics from PP spectra, can elucidate their nature and
varying extent of polaron delocalization.

The DCTX is a hot CTX state that retains excess energy
immediately after charge separation from 'Ex. We assign
DCTX states to lie closer to the dissociation threshold of the
qualitative Coulomb potential (Figure 6a), implying that the
mean electron—hole (e—h) distance is large. The CTX species,
on the other hand, is assigned to be further from the
dissociation threshold and to exhibit a shorter mean e—h
distance, yet it is thermally unequilibrated like DCTX species.

The electronic configuration of the DCTX and CTX is
further clarified in Figure 7a, where the superposition of a
neutral exciton and a bound polaron pair is depicted for the
simplest case of a two-site electron donor and single site
acceptor. The degree of polaron delocalization influences the
energies of the allowed optical transitions, as has been
discussed by ref 36. In particular, when a polaron resides in
a single chain (CTX) (top), two transitions, P1 and P2, appear
typically in the infrared and visible region, respectively. But,
when a polaron is delocalized (DCTX), such as when the hole
delocalizes over two chains (bottom), doublets of states
formed via interchain coupling of a charged polaron and a
neutral ground state alter the allowed transitions to DP1 and
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Figure 7. Electronic configurations of the (a) charge transfer exciton
(ICTX)) and (b) delocalized charge transfer exciton (IDCTX)). The
colored vertical arrow represents the most dominant configuration of
a transition that corresponds to the excited-state absorption from
excitonic (IEx); 1Ex) or polaritonic (IPP); P1 and P2, IDPP); DP1
and DP2) component of a charge transfer exciton. The interchain
charge transfer transition (ICT in the yellow arrow) perturbatively
mixes the singly charged donor (MolD1) and neutral donor (MolD2)
into a delocalized polaron, which displays excited-state absorption
different from that of the polaron before mixing.

DP2, which are red- and blue-shifted with respect to P1 and
P2, respectively. As a consequence, the DCTX is characterized
by the DP2 transition, while the CTX by the P2 transition,
which lies at lower energy. This is the basis of our assignment
of the 1.94 eV band (Figure 3a) as delocalized F8BT** polaron
ESA and the 1.72 eV (Figure 3b) as localized F8BT** polaron
ESA as previously reported in the literature.””

In the F8BT:Cg, blend, the dominant species at early pump-
probe delay is a DCTX, as the pronounced DP2 transition of
delocalized polaron indicates (Figure 3a, t;). Surprisingly, the
PPP spectrum at pump-push delay f; = O initially shows a
negative P2 band of localized polarons at t, < 400 fs (Figure
4b). At pump-push delays ¢, > 1 ps, the PPP spectra show
negative AAA that matches the DP2 transition (Figure S9).
However, in the corresponding PP spectra represented by t,,
the P2 transition is prominent (Figure 3b). In other words, at
short pump-push delays, when the system is expected to
exhibit prominent DP2 absorption, the push reduces mostly
the P2 ESA. This suggests that (1) CTXs are generated along
with DCTXs during photoexcitation and that (2) CTXs carry
higher oscillator strength than the prevailing DCTX at the
given push energy. Instead, at long times, when localization
dominates, the push mostly reduces absorption in the DP2
region. This in turn suggests that (1) the origin of DP2

transition in the PPP spectrum is no longer the DCTX that
displays a significant PP signal at t; = 0 and (2) the DP2 band
in the PPP spectra is produced by a state with polaron
character resembling the DCTX.

To interpret these seemingly contradicting data from PP and
PPP experiments, we turn again to the low-energy CT MIR
band expected from polarons exhibiting delocalization. On the
one hand, in systems with strong interchain interactions, the
push pulse may induce interchain charge transfer (ICT)
transition, where charge transfer happens from a delocalized
polaron to a higher excited delocalized polaron. Spano and co-
workers showed that these bands are also expected in single
chain polymers as long as there is polaron delocalization within
a chain.”""* A push pulse can then induce transitions on
either DCTXs or localized, but not trapped, CTXs. Therefore,
at short pump-push delays, the push induces transitions in
localized CTX states and to a lesser degree in DCTXs, initially
depleting them, as the negative AAA suggests (purple curve in
Figure 4b bottom panel). The difference spectra then turns
positive, suggesting that the relaxation dynamics from the
push-excited CT states enhance the population of DCTX
states after 400 fs. Instead, at long pump-push delays t; > 1 ps,
the pump acts on TCTX and CS states. Since TCTXs show P2
ESA, the prominent negative DP2 band suggests that the push
acts on the other available states, namely, the long-lived CS
states. We believe that the push induces CT transitions in the
(possibly delocalized) CS state, and that its effect is to deplete
this state by inducing charge transfer that can either further
separate the electron or hole (without changes in the spectra)
or reduce their distance, leading to increased charge
recombination.

Finally, the results of our PPP experiment contrast with
other studies where push promotes delocalization and
eventually charge separation at pumg—push delays much larger
than the charge transfer time.'”*® It should be stressed,
however, that the energy of the push pulse used in studies
reported in the current literature is ~0.4—0.6 eV, which is
larger than the activation energy of trapped singlet excitons
and polarons.’”*" It is also comparable, or often larger than,
the CTX binding energy estimated from the lowest-lying
CTX.*"”* Those studies may therefore not be sensitive to the
fleeting presence of hot states that appear to favor
delocalization.

B CONCLUSIONS

In an organic bulk heterojunction material comprising F8BT
and Cgj, we have demonstrated that the hole delocalization of
CTXs is enhanced by a push pulse that targets the low-energy
charge transfer absorption centered around 0.19 eV. Our main
evidence of the delocalized character of the charge transfer
exciton DCTX compared to the well-known charge transfer
exciton CTX was the blueshift in the peak position of the
polaron absorption in the visible region as a result of interchain
coupling.

Interestingly, we were able to identify two kinds of states
that were predominantly sensitive to the push: CTXs localized
in a single chain, which nevertheless retain a degree of
intrachain delocalization, and charge separated states CS. The
push acting on the localized CTX eventually enhanced the
population of DCTXs on an ultrafast timescale, which is
expected to increase CS due to the increased electron—hole
separation. Instead, the push contributed to the charge
recombination of the CS states. Since CTXs are expected to
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be sensitive to the MIR push only when intra- or interchain
hole delocalization is present, we claim that when interchain
coupling is weak or intrachain delocalization is not supported,
trapped CTXs (TCTXs) will dominate, and the excess energy
is wasted.

Vibrational excitation on the same energy scale, on the other
hand, was shown to deplete the CTX as well as 'Ex population,
likely due to quenching. This adverse effect suggests that the
vibrationally hot state, unless it is coupled to a charge
separated state directly, can distribute its energy to other
vibrational coordinates that couple to dissipative pathways,
including those that promote charge recombination.

Our results emphasize the importance of engineering both
the energy offset between the singlet exciton and charge
transfer states and local polymer morphology to optimize high-
yield charge separation. They also show the strength of the
pump-MIR push-probe technique that we have used in
shedding light beyond what is readily available in pump-
probe experiments into the physical nature and dynamics of
the states involved in the ultrafast photophysics of polymer:-
fullerene blends.
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