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ABSTRACT

Low energy vibrations in the excited state have been hypothesized to play an important role in quickly and efficiently generating free charges
in bulk heterojunctions of some conjugated polymer systems. While time-resolved vibrational spectroscopies seemingly are well poised to
address the relationship between kinetics and vibrational motions after initial photoexcitation, uncertainty in the measurement arises due to
overlapping signals and difficulties in assigning observed oscillatory signals to the molecular response. Here, we demonstrate a high sensitivity
strategy to distinguish between signal oscillations originating from lab noise and those molecular in origin in order to isolate the low energy
excited-state vibrations in the model conjugated copolymer PCDTBT. Furthermore, to distinguish modes that may be implicated in different
kinetic pathways, coherent signal oscillations extracted from 2-dimensional electronic spectroscopy (2DES) are compared for the polymer
in two solvents with different polarities resulting in different kinetics. We observe that the change in solvent affects dynamics on the >2 ps
scale but not on the time scale required for free charge generation in heterojunctions (~200 fs time scale). By the same token, the excited state
vibrational modes that appear and disappear based on solvent polarity may also be associated with the slower kinetic process. The observation
of low energy vibrational motions coupled to the excited state manifold that persists through the solvent change and thus can be associated
with the fast kinetic process supports the hypothesis that direct polaron formation, rather than exciton formation and diffusion followed by
interfacial charge separation, is a more likely route toward free charges in organic heterostructures.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5132299

INTRODUCTION perfectly ordered pi-conjugated chains, strong intrachain electronic

coupling leads to extended delocalization where transport occurs

Owing to their high internal efficiency, strong visible absorp-
tion, and economic viability, conjugated donor-acceptor copolymers
are being considered as possible low-cost alternatives to silicon pho-
tovoltaic devices acting as light absorbers and electron donors.'
When blended with electron acceptors such as fullerene into an
organic bulk heterojunction, mobile free charges appear faster than
is predicted by traditional models in which excitons diffuse to the
interface and form interfacial charge separated states.” * While this
speed helps explain the efficiency and, in turn, the performance of
these materials in a photovoltaic context, the mechanism utilized
in route to generating free charges is under debate.”” The dispar-
ity in the time scales initially prompted researchers to suggest that
the transport is at least partially coherent, which could increase exci-
ton diffusion lengths and the transport rate. In highly structured and

stochastically by means of population relaxation.” However, many
polymers demonstrating fast long-range transport are amorphous
and have a significant degree of disorder. While disorder may limit
the extent of delocalization, this is only the case for isolated electron-
hole pairs or excitons. Polarons, quasiparticles that result from cou-
pling of the charges with the geometric motion of the polymer chain,
may help facilitate free charge generation by utilizing this disor-
der to their advantage.”* " These amorphous polymer systems exist
in an intermediate coupling regime in which the geometric relax-
ation energies are on the same order of magnitude as the electronic
coupling.” This leads to an interplay of delocalization and localiza-
tion where collective jumps in excitation that are delocalized over
many chromophores reduce the number of diffusive steps required,
sometimes referred to as “supertransfer.”'”
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Coupling of electronic motion to vibrational modes is intrinsic
to conjugated polymers since the lowest energy transition involves
the same 7 orbitals that delocalize electron density along the poly-
mer chain. Any modification to these bonds (C-C stretching or ring
breathing modes) will modify the 7-7™ electronic transitions. These
vibrational energies are typically in the thousands of wavenum-
bers regime and are relevant to intrasegment dynamics.”’ Electron-
phonon coupling in this higher energy regime is typically more
experimentally accessible using methods such as Femtosecond Stim-
ulated Raman Spectroscopy (FSRS) and Infrared-Active Vibrational
(IRAV) spectroscopy, and previous studies have successfully cor-
related structural changes to polaron formation."*'” In the case
of amorphous polymers, charge carriers need to jump between
chain segments. This intersegment interaction has weaker wave-
function overlap, leading to coupling strengths in the 50-500 cm ™"
regime, where a different set of vibrational modes are relevant.’
Recent work has proposed that polarons and excitons are vibroni-
cally coupled, resulting in the direct generation of polarons rather
than mobile charges that follow from the disassociation of exci-
tons.'® Other studies have proposed that vibrations that are strongly
coupled to excitons create a high density of states that entrop-
ically favor electron and hole hopping between subunits rather
than electron-hole attraction.'”*’ This high density of states is
also thought to explain the weak correlation between energy-level
alignment of exciton states and power conversion efficiency of
organic photovoltaic devices.”** Natural multichromophoric photo-
synthetic complexes have demonstrated similar strategies to increase
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transport lengths in the presence of structural disorder that may
be applied to electronic-vibrational coupling in conjugated poly-
mers. In particular, studies show that a high density of vibronic
states along with vibrations equal to the energy gap between
electronic states result in a resonant condition conducive to fast
transfer.”””

While it is clear that the characterization of transient low energy
vibrations on the electronic excited state is important, access to
this energy regime is difficult experimentally. Raman based tech-
niques have an inherent trade-off between time resolution and
the ability to observe low frequency modes, and direct detection
of IR-active modes requires generation of far-IR light, which is
extremely challenging below ~500 cm ™. Instead of using narrow-
band pulses to generate population in the excited state, techniques
such as impulsive vibrational spectroscopy or 2-dimensional spec-
troscopy (2DES) use compressed broadband light to simultaneously
track populations and coherences, which report on both the kinet-
ics and vibrations in the time domain. However, since vibrations
are detected as fluctuations of the signal in time, periodic lab noise
can be mapped onto the signal and may cast doubt onto whether
the detected oscillations are physically meaningful. Furthermore,
even when a signal is confirmed to arise from a molecular vibra-
tion, assignment of how that vibration couples to any particular
electronic state is ambiguous. Here, we develop a method which
we call Variable Bandwidth Noise Minimization (VBNM) to sep-
arate out signals from the system of interest from parasitic signals
that arise from laboratory noise lab frame. To further isolate the
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FIG. 1. (a) Absorption and photolumi-
nescence (excited at absorption max-
imum) of PCDTBT in both chloroben-
zene and toluene. Combined Excitation
Emission Spectra (CEES) of PCDTBT in
chlorobenzene (b) and toluene (c). Con-
tour lines drawn from emission spectra
normalized at each emission peak. This
helps show that in chlorobenzene (CB),
n PCDTBT's emission spectra’s peak posi-
tion is independent of excitation energy,
while in toluene (TL), excitation of the
inhomogeneous broadened absorption
spectra yields emission from distinct sub-
populations. (d) Slice of 2DES spectra at
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mechanism of carrier generation, kinetic pathways are distinguished
through the variation of solvent polarity, which in turn allows for
assignment of vibrations to a particular dynamic process.”” For sol-
vents without a strong hydrogen bonding network, the change of
dielectric constants can be understood within the framework of the
Stark effect, meaning that changes in transition energies are related
to the difference of a particular state’s permanent dipole moment
and polarizability in the two solvents.”**’ Leveraging the fact that
copolymer’s charge transfer states have separated charges leading to
large electric dipole moments (4 = gd) amenable to change, vibra-
tions associated and not associated with that kinetic pathway can
be separated out by comparing the coherences observed in different
solvents.

Our study focuses on one of the well-celebrated conjugated
“push-pull” polymers, which alternates between electron rich and
deficient units, PCDTBT within the poly(2,7-carbazole) family syn-
thesized by Leclerc et al. as shown in Fig. 1(a).”’ Exhibiting
high stability in air, photovoltaic cells fabricated with a PCDTBT
blend active layer may achieve photoconversion efficiencies beyond
6%, and internal quantum efficiencies near 100% have been
reported.”’"”” Both the absorption and fluorescence of PCDTBT in
chlorobenzene and toluene are shown in Fig. 1(a). The lowest energy
absorption peak has been assigned to a localized charge transfer
transition, in which the electron density is concentrated at several
electron-accepting units, which are themselves distributed over the
chain.” The transition is inhomogeneous broadened, arising from
the different torsion, coiling, and folding configurations of the back-
bone. Previous work has documented excited state dynamics fol-
lowing excitation of this transition tracked through ENDOR, 2DES,
fluorescence upconversion, and Transient Absorption (TA) spec-
troscopies, but distinguishing between different kinetic processes
after photoexcitation has been challenging.”***" Provencher et al.
doped a PCDTBT film and found that the polarons exhibit a broad
absorption stretching from ~1.2 to 2.0 eV (620-1030 nm) peaking
at 1.7 eV (~730 nm) assigned to be from interband transitions.'®
However, since other excited species also have absorption in the
same region, other handles such as kinetic rates or vibrational peak
amplitudes have been used to track polaron population.” While the
exact dynamics after photoexcitation is unknown, the fact that free
charges are generated within ~200 fs in the polymer heterostruc-
tures has led some to suggest that local structural lattice distortions
of the copolymer directly self-localize charges as polarons without
needing to diffuse to the interface’s charge transfer state.”*”> 2DES
performed on this system by the Scholes group tracked peak energies
of ground state bleach (GSB) and excited state absorption (ESA) fea-
tures to observe internal relaxation on a ~200 fs time scale that they
assigned geometric changes but did not directly observe any excited
state vibrations in the form of coherences.’

RESULTS

PCDTBT is studied in two aromatic solvents, toluene and
chlorobenzene, to examine the effect of solvent polarity on the gen-
eration of polarons and charge transfer states. A combined excitation
and emission (CEES) plot is displayed in Fig. 1(b), which shows
the fluorescence spectra of PCDTBT in chlorobenzene as a func-
tion of excitation wavelength. The emission spectra are consistent,
independent of the excitation wavelength. However, when the same

ARTICLE scitation.org/journalljcp

measurement is performed for PCDTBT in toluene [Fig. 1(c)], the
fluorescence peak shifts as a function of the excitation energy. Since
the absorption is primarily inhomogeneously broadened, changing
excitation wavelengths photoselects for differently twisted subpop-
ulations resulting in a shifting fluorescence peak. In chlorobenzene,
this effect is not seen due to the fact that all the excited species relax
to a common untwisted planar configuration, a key result from the
Scholes group report.” Another key result from the previous 2DES
study was that an excited state absorption (ESA) was observed to
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FIG. 2. Transient absorption of PCDTBT shown as a function of probe wavelength
and probe delay. (a) Immediately after excitation, two peaks, assigned to be ground
state bleach and stimulated emission, are observed. (b) Global analysis is used to
recover the decay associated spectra (DAS). Only the two fastest components are
shown here, but they can be used to illustrate the fact that the fastest ~200 fs com-
ponent is agnostic to the choice of solvent. However, the change in solvent polarity
changes the energy in which the signal rises on a ~2 ps time scale. This is more
clearly seen in the inserts to the right of the DAS, where the zero crossing point for
the ~200 fs component does not change between solvents, but the zero crossing
in the ~2 ps component shifts to the red in chlorobenzene. This establishes that
processes happening faster than 2 ps are insensitive to solvent change.
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appear within ~200 fs. A slice of the 2DES measured in our experi-
ment at a fixed population time of 200 fs is shown in Fig. 1(d) and
shows a negative ESA feature to the Stokes side of the diagonal, the
same energy as the polaron absorption and in agreement with the
previous 2DES study.'® The same time slice in both solvent does not
show differences in peak energies, suggesting that the ESA feature is
insensitive to solvent change at early times.

Transient absorption (TA) spectroscopy is performed to exam-
ine the changes to the kinetic pathways of the polymer in the two
solvent environments. Using a narrow-band pump wavelength of
500 nm, a broadband probe is used to examine the energy region
where the absorption, fluorescence, and polaron state transitions
exist. The TA spectra for the polymer in chlorobenzene are shown
in Fig. 2(a) and show that immediately after excitation, two peaks
around 550 nm and 670 nm appears. These can be assigned to be
the ground state bleach (GSB) and stimulated emission (SE), respec-
tively, from the steady state absorption and fluorescence spectra. The
stimulated emission peak grows in and shifts toward lower energies
as probe delay increases. In order to better characterize the transfer
processes and the state energies involved, global analysis was per-
formed. Figure 2(b) displays the result of this fitting, which decon-
structs the original dataset into a set of spectra each containing only
either a positive or a negative amplitude exponential with the same
time constant that can be summed to reconstruct the original data.
Each of these Decay Associated Spectra (DAS) readily shows the
probe energy at which the signal either rises or decays at the same
rate, with a positive amplitude corresponding to a decay of signal
while a negative amplitude exponential represents a growth of sig-
nal. While only two components are displayed for the scans in both
solvents, the full set of dynamic components can be found in the

ARTICLE scitation.org/journalljcp

supplementary material (SI) along with the reconstructed dataset
to be compared with the original data. Comparing the fastest two
dynamic components of the DAS of PCDTBT in the two solvents
show that the component with a time constant of ~200 fs is simi-
lar for both scans. However, a comparison of the ~2 ps components
shows that the growth of signal is centered at a lower energy for
chlorobenzene. This may be more readily seen in the inset to the
right of the 2D DAS plots, which show that the zero-crossing point
for the DAS is the same for the ~200 fs component but shifts to the
red for the ~2 ps component. Since chlorobenzene is the more polar
solvent, the intramolecular charge transfer state should be more sta-
bilized in this environment. We thus assign the slower 2 ps compo-
nent to the exciton mediated intramolecular charge transfer process,
but no processes faster, namely, the polaron formation, were affected
by the solvent change.

As opposed to the narrow-band pump in TA, 2DES’s use of a
broadband pump is capable of creating vibrational coherences and
thus detecting excited state vibrations as oscillations of the signal as a
function of population time. In this methodology, broadband com-
pressed laser pulses initiate vibrations on the ground and excited
states that are observed as oscillations as a function of delay between
laser pulses and Fourier transformed into the frequency domain.
However, time-domain measurements are susceptible to different
sources of noise than frequency-domain techniques, which in turn
casts doubt on the reliability of low energy peaks. Previous work in
our group has demonstrated how to reduce phase and amplitude
pink (1/f) noise through a combination of techniques to increase
acquisition speed and stability, but narrow-band noise (ex. 60 Hz
electrical noise, periodic flow of sample, mechanical vibrations, etc.)
persists.”>”” While pink noise may hinder observation of coherences,

Scan 1: 11 fs step size

A
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FIG. 3. Experimental demonstration of the Variable Bandwidth Noise Minimization (VBNM) scheme for time resolved vibrational measurements. Due to the fact that molecular
response is insensitive to the bandwidth of measurement (given the signal is not being aliased) while narrow-band noise scales along with bandwidth, the two types of
oscillation can be separated out by taking scans with different step sizes. Comparing the scan at a set step size vs the minimization of three scans with different step sizes,
peaks that may have been misinterpreted as molecular response are removed. The minimized scan is overlaid on the differing step size scans, highlighting which peaks

persist (in red) and which get removed through this minimization procedure (blue).
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narrow-band noise is potentially more troublesome as it casts doubt
on whether observed peaks are real. This ambiguity has hampered
the broad application of time domain vibrational spectroscopy in
the case of weak signals at low-frequency. Here, we introduce a
procedure to vary the bandwidth of measurement to isolate the
molecular response.

The difference between oscillations arising from molecular vs
instrument response hinges on the fact that the molecular response
depends on the time delay between laser pulses and instrument

|coend: (RETOMENRGIRD  sortvose
d.

JL | oL

b.

551
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-1000 -800 -600 -400  -200 0 200 400 600 800 1000
Vibrational Energy [cm'*]

FIG. 4. Coherences measured in (a) toluene only, (b) PCDTBT in toluene, (c)
PCDTBT in chlorobenzene, and (d) chlorobenzene only. Modes associated with
the solvent are colored in blue, while peaks that are persist through the solvent
change are marked in red. Since the solvent change affected only slower kinetic
pathways, the modes unaffected by the solvent change are hypothesized to be
involved in the generation of polarons.
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response depends on events happening in lab time. Therefore, if the
time step between laser pulses is varied, the molecular vibrational
frequencies should not change (given they are not being aliased).
However, the oscillations introduced by lab noise show up at dif-
ferent frequencies. This VBNM procedure is demonstrated experi-
mentally on a nonresonant scan of chlorobenzene in Fig. 3. As the
step size of the scan is varied, certain peaks stay constant, while
others change along with the bandwidth based on the Nyquist cri-
teria. To isolate the peaks that are constant, taking the minimum
value of a frequency between scans ensures that any peak that is
not constant between all the scans is removed. Comparing the min-
imization of the scans of 11, 13, and 15 fs steps to the individual
scans, it can be seen that many peaks have been removed that may
have previously been incorrectly assigned to ground state modes of
chlorobenzene. Of course, this procedure relies on the fact the noise
peaks can be shifted significantly (more than the noise peak width).
Thus, although the noise peaks can be shifted through other means
(such as changing the acquisition speed of the camera), we find that
changing the step size allows for the greatest noise peak shifts with-
out negatively affecting the signal-to-noise ratio (SNR). This tech-
nique works well by simply minimizing two scans, but additional
scans allow for averaging between scans. Although not implemented
in this study, previous work has shown additional SNR benefits of
averaging combinations of different scans before taking the lowest
value.”

With confidence in the reliability of the low energy coher-
ences, the VBNM procedure is applied in 2DES of toluene only,
PCDTBT in toluene, PCDTBT in chlorobenzene, and chloroben-
zene only, which are displayed in Figs. 4(a)-4(d). The assignment of
these modes to the excited state is confirmed comparing the coher-
ences to nonresonant Raman as well as identifying the Liouville
pathways examined in the experiment, discussions of which may
be found in the supplementary material. Taking the scan in two
different solvents allows for modes of the polymer to be separated
from solvent modes as well as distinguish vibrations associated with
a specific kinetic process. Any peak that appears and disappears is
associated with the slower kinetic processes that were sensitive to
the solvent change. The color coding helps guide the interpreta-
tion as peaks colored in blue are assigned to be from the solvent,
while the peaks in red are the ones that persist between the solvent
change.

DISCUSSION

The VBNM and change of solvent both are general strategies to
filter out congested spectra applied in our case to associate excited
state vibrations to particular kinetic processes. The TA and fluores-
cence measurements demonstrate that the more polar chloroben-
zene solvent stabilizes the charge transfer state of PCDTBT and
affects kinetics on a time scale longer than ~2 ps. On the other hand,
the time scale that free charges are generated in heterojunctions is
not affected by the solvent change. This observation along with the
fact that the fast time scale is associated with excited state vibrational
modes leads us to assign this early kinetic process to direct polaron
formation, a mechanism described in P3HT 2DES studies.'” This
paints the picture that the generation of polarons and the population
of intramolecular charge transfer states are two competitive kinetic
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pathways. Observation of both electronic and vibrational spectral
signatures of polarons directly after photoexcitation makes it seem
likely that polarons are the likely source of ultrafast free carriers in
heterojunctions.”'**’

Our study identifies a set of vibrations that are coupled to the
lowest excited state transition that may be involved in polaron for-
mation. In particular, the modes with energy <100 cm ™, ~140cm™!,
~260, cm™'=520 cm ™, and ~550 cm ™! all can be assigned to motions
of the polymer and persisted through the solvent change. The
<100 cm™" mode that shows up in toluene at ~60 cm™' and in
chlorobenzene at ~80 cm™" are of particular interest as half a period
of their vibration is in the 200 fs-300 fs range. This half period
is important because this is the time scale in which the vibration
reaches its maximum displacement representing the time scale at
which the phonon or molecular structure lags behind. Once the
phonon catches up and localizes the charge, electron-hole attraction
is greatly reduced thus suppressing recombination.” Thus, the time
scale of polaron formation and the period of these <100 cm ™" modes
suggest this mode as a good candidate for the reaction coordinate for
polaron formation. However, without more interpretation of what
physical motions each of the identified modes correspond to, it is
difficult to unequivocally isolate which modes are important. What
is clearly shown is that the excited state of this highly efficient con-
jugated polymer studied is coupled to many low energy vibrational
motions. Understanding the differing role each of these modes play
will be an area of future research.

Previous reports of coherences from 2DES have utilized the
pattern in which coherences show up in their spectrum, known as
beat maps, to assign the origin of the coherences to either the exci-
ton, charge transfer state, or the polaron.'“‘“' Beat maps for coher-
ences found in our study can be found in the supplementary mate-
rial. However, broad overlapping features arising from the high den-
sity of states of the polymer system along with our room temperature
measurement complicate the assignment of coherences originating
from particular excited states.

CONCLUSION

Utilizing new experimental techniques to suppress laser and
laboratory noise, our study reports on low energy vibrations cou-
pled to the excited state of the conjugated polymer PCDTBT. A
comparison of PCDTBT in two solvents reveals that kinetic pro-
cesses occurring on a >2 ps time scale are affected by the solvent
polarity, while the ~200 fs time scale of polaron formation is not.
This information is applied to the study of the excited state vibra-
tions of the polymer, where certain coherences disappear and appear
in the different solvent environments, while modes associated with
the polaron should remain. Identification of modes likely associated
with polaron formation helps to untangle the complicated excited
state landscape. This methodology to assign vibrational function
by changing chemical parameters will be explored further in future
research.

METHODS
Spectroscopic data collection

CEES data were taken on the photon-counting fluorescence
spectrometer (PC1 by ISS™). Absorption spectra are taken on a

ARTICLE scitation.org/journalljcp

Shimadzu UV-1800 spectrometer. PL data displayed in Fig. 1(a) are
simply a single row of the CEES chosen with a 545 nm excitation
wavelength. Raman data were collected using a Horiba LabRAM HR
Evolution with 785 nm excitation and 600 gr/mm. Samples were in
taken in a 2 mm quartz cuvette with an integration time of 400 s with
2 accumulations to account for stray cosmic rays.

Transient absorption was collected using a commercial Helios
system described in detail in the supplementary material of Ref. 41.
The pump energy used was 1 mW of 1 kHz light at 500 nm gen-
erated by an optical parametric amplifier (TOPAS-C from Light
Conversion). Probe delays were taken out to 3 ns.

The spectroscopic setup used to collect the 2DES has been
described in detail previously in Ref. 36. Briefly, broadband pulses
are generated from a 3rd harmonic non-collinear optical paramet-
ric amplifier (3H-NOPA) (ORPHEUS-N) seeded by a 200 kHz
1028 nm laser (Pharos) compressed with a prism compressor and
measured using transient grating frequency-resolved optical gating
(TG-FROG) at the sample position with solvent (pulse characteri-
zation found in supplementary material). The spectrometer is built
in a passively phase stable configuration, and the signal is detected
using Gradient Assisted Photon Echo Spectroscopy (GRAPES).
Since GRAPES encodes 7 delays spatially and w; is resolved using
a spectrometer, the only delay to be scanned is T. This delay is
scanned continuously without stopping the stage allowing for a full
3D dataset to be collected in <2 s lab time. This rapid acquisition
beats out much of the 1/f noise. In order for the scans with differ-
ent step sizes to be correlated, no parameters are changed between
different scans other than the step size. The phase of the complex
signal is retrieved through spectral interferometry. Interference with
a local oscillator allows for retrieval of a relative phase. The phase of
the nonresonant signal is known to be purely dispersive, so the rela-
tive phase of the nonresonant signal to the local oscillator is used to
roughly phase the PCDTBT signal. The phase is fine tuned by mak-
ing sure that the 2DES signal summed along w, matches the pump
probe signal according to the projection-slice theorem. Verification
of the pump probe signal relative to the sum of the 2DES signal can
be found in the supplementary material.

Variable bandwidth procedure

The signal obtained with different step sizes yields different
bandwidths along wr but the same range of w; and w;. wr is first
obtained for each w; and w; by removing the population dynamics
through a global analysis procedure described in Ref. 36 and then
Fourier transforming the residual. The largest step size determines
the bandwidth relevant for the minimization procedure. All three
scans are interpolated onto a new wr axis (or simply the wr axis of
the largest step size scan). For each point in w; and w;, the different
scans now with the same number of points along wr are minimized
with respect to each other. To get the figures shown in Figs. 3 and
4(a)-4(d), the minimized 3D data cube is summed along w; and w.
This procedure relies on a high degree of correlation between scans
of different step sizes. Thus, it is critical that no parameters of the
scan are changed other than the step size.

Sample preparation

PCDTBT was bought from Sigma-Aldrich (Mw 20000-
100000) and used without further purification. Previous 2DES
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measurements of PCDTBT were limited by scatter due to forma-
tion of large aggregates at higher concentration. We found that
starting with low concentrations and slowly adding in solute to
reach relatively high concentrations of PCDTBT removes scatter-
ing. For the 2DES measurement of PCDTBT in chlorobenzene had
an optical density of 0.19 in a 200 um quartz flow cell and 0.18 in
toluene.

SUPPLEMENTARY MATERIALs

See the supplementary material for additional figures, pulse
characterization, and discussion of excited state vs ground state
coherence
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