GARDY ORCA - Online Research @
CARDY® Cardiff

This is an Open Access document downloaded from ORCA, Cardiff University's institutional
repository:https://orca.cardiff.ac.uk/id/eprint/123564/

This is the author’s version of a work that was submitted to / accepted for publication.
Citation for final published version:

Mandal, Aritra, Schultz, Jonathan D., Wu, Yi-Lin , Coleman, Adam F., Young, Ryan M. and Wasielewski,
Michael R. 2019. Transient two-dimensional electronic spectroscopy: coherent dynamics at arbitrary times
along the reaction coordinate. Journal of Physical Chemistry Letters 10, pp. 3509-3515.
10.1021/acs.jpclett.9b00826

Publishers page: http://dx.doi.org/10.1021/acs.jpclett.9b00826

Please note:
Changes made as a result of publishing processes such as copy-editing, formatting and page numbers may
not be reflected in this version. For the definitive version of this publication, please refer to the published
source. You are advised to consult the publisher’s version if you wish to cite this paper.

This version is being made available in accordance with publisher policies. See
http://orca.cf.ac.uk/policies.html for usage policies. Copyright and moral rights for publications made
available in ORCA are retained by the copyright holders.
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Dynamics at Arbitrary Times along the Reaction Coordinate
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Abstract:

Recent advances in two-dimensional electronic spectroscopy (2DES) have enabled identification
of fragile quantum coherences in condensed phase systems near the equilibrium molecular
geometry. In general, traditional 2DES cannot measure such coherences associated with
photophysical processes that occur at times significantly after the initially prepared state has
dephased, such as the evolution of the initial excited state into a charge transfer state. We
demonstrate the use of transient two-dimensional electronic spectroscopy (t-2DES) to probe
coherences in an electron donor-acceptor dyad consisting of a perylenediimide (PDI) acceptor and
a perylene (Per) donor. An actinic pump pulse prepares the lowest excited singlet state of PDI
followed by formation of the PDI*"-Per™* ion pair, which is probed at different times following the
actinic pulse using 2DES. Analysis of the observed coherences provides information about
electronic, vibronic, and vibrational interactions at any time along the reaction coordinate for ion
pair formation.
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Quantum coherences between electronic or vibronic states are proposed to have profound
effects on the function of many chemical, biological, and materials systems.* Recent advances in
two-dimensional electronic spectroscopy (2DES) have enabled identification of these fragile
quantum effects in disordered condensed-phase systems like photosynthetic antenna complexes,*
11 polymers* 12 and small molecules.®**° 2DES is a third-order nonlinear spectroscopic technique
that uses three time-ordered ultrafast optical pulses:1®1’ the two initial light-matter interactions
with two pump pulses can create coherences between two electronic or vibronic states near the
equilibrium configuration of the system. These coherences appear as amplitude oscillations of
different 2DES spectral features as a function of the waiting time (t2), which is the delay between
the succeeding pump pulse and the probe pulse. Analysis of the origin and dephasing timescales
of these coherent oscillations provides mechanistic insights into the roles of the molecular
electronic and vibrational degrees of freedom in enabling efficient long-range energy transport in
these systems immediately upon photoexcitation.

Such coherent effects and vibronic couplings are thought to have a strong influence on
photoinduced charge transfer.'®-1° Photogeneration of the initial excited state of a donor-acceptor
molecule is often followed by charge separation to varying degrees resulting in charge transfer
(CT) or, in the limit, ion pair states. Charge separation is usually accompanied by significant
nuclear reorganization in the molecules. Unfortunately, investigation of coherences in these CT or
ion pair states cannot typically be achieved by conventional 2DES because it generates and
measures coherences only near the Franck-Condon region of the initially prepared state. Moreover,
in the excited-state manifold, conventional 2DES experiments can identify coherences between
optically bright electronic/vibronic states only. However, in cases such as photoinduced charge

transfer and singlet fission, for example, the relevant coherences are often associated with CT or



triplet states that are usually optically dark. While 2DES studies on such states have been
performed,™ 202 the necessary photophysical transformations must be extremely rapid and
outcompete dephasing of coherences involving the dark states to be observed. In order to study
electronic/vibronic coherences at any stage of a photoinduced process with no limitation on its
timescale, here, we report transient two-dimensional electronic spectroscopy (t-2DES).
Coherences launched and detected in these experiments at a given time delay from the initial
photoexcitation can probe the interactions between electronic and/or vibrational degrees of
freedom in states that are produced following preparation of the initial excited state.

The t-2DES experiments use an ultrafast optical excitation pulse, called an actinic pump, to
populate the electronic state of interest followed by measuring the two-dimensional electronic
spectra of the prepared state using the pulse sequence of conventional 2DES. The delay between
the actinic pump and the first pulse of the 2DES pump pulse pair, tact (Figure 1A), can be varied
to measure t-2DES spectra of the system at different stages of the photoinitiated process.
Consequently, coherent oscillations from the t-2DES spectra can be obtained at different locations
along the reaction coordinate (Figure 1B). Similar to traditional 2DES, coherences can be
generated in t-2DES involving the state prepared by the actinic pump (analogous to the ground
state in 2DES), or higher-lying states accessed via the 2DES pump. In this fashion, the actinic
pump can also investigate coherences involving states that absorb deeper into the ultraviolet region

which may be difficult in conventional 2DES.?? It is also important to emphasize that the
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Figure 1. (A) Schematic representation of the beam geometry and pulse sequence used for the t-2DES
experiments in this work. (B) Illustration of utilizing t-2DES to elucidate quantum coherences during
different stages of a photophysical process. (C) Structures of PDI-Xy-Per and PDI-Xy. (D) Normalized
linear UV-Vis absorption spectra of PDI-Xy-Per in DCM and of PDI"-Xy in DMF, along with pulse
spectra.

coherences interrogated by this technique are not necessarily the same as those that are potentially
relevant from the initial photoexcitation event; they are induced at selected points along the
reaction coordinate in order to probe the shape of the potential energy surface and to elucidate how
the electronic/vibronic states may be interacting at a given time.

The implementation of t-2DES experiments has similarities to previously reported transient
two-dimensional infrared spectroscopy (t-2DIR), except the latter uses ultrafast mid-IR pulses to
measure the 2DIR spectra following electronic excitation of the molecules by an actinic pump

pulse.?®2% While the Raman-active modes investigated by t-2DES are resonance-enhanced, the



vibrational modes observed in t-2DIR are not. Therefore, t-2DES allows for direct interpretation
of the influence of vibronic interactions along the reaction coordinate of a photophysical process.
Additionally, the 2DES pump pulses that launch the Raman vibrational coherences in t-2DES have
much broader bandwidths compared to narrowband Raman pump pulses used for the same purpose
in femtosecond stimulated Raman spectroscopy (FSRS).252" Consequently, information on
vibronic coupling over a much broader spectral range is readily obtained in t-2DES. The precision
with which the coherence is launched relative to populating the initial excited state determines the
time resolution in t-2DES; this value is controlled by the cross-correlation between the actinic
pump pulse and the first pulse of the 2DES pump pulse pair that launches the coherence.
Formally t-2DES is a fifth-order nonlinear spectroscopic technique and can be viewed as a
two-dimensional extension of pump-degenerate four wave mixing spectroscopy.?® However, the
signal-to-noise of the detected coherences are improved in t-2DES as a result of dispersing the
spectra along the pump frequency axis. Two-dimensional resonance Raman spectroscopy?® as well
as population-controlled impulsive Raman spectroscopy,®-32 in comparison, do not disperse the
spectra in the electronic excitation frequency. While pulse sequences similar to t-2DES have been
used before in the context of coherent two-dimensional mass spectrometry,® the signal in t-2DES
is detected coherently, as opposed to incoherent detection in the previous case. Other fifth-order
nonlinear spectroscopic techniques like triggered-exchange 2DES cannot launch and measure
coherences at an arbitrary time delay after initial photoexcitation,®* nor can GAMERS, owing to
the non-resonant interaction with the initial pump pulse.>® Consequently, t-2DES offers more
specific and detailed information on vibronic interactions. Furthermore, t-2DES can be extended
to yield two-dimensional resonance Raman spectra by scanning and subsequent Fourier transform

of Tact.



As a proof-of-concept, we have utilized t-2DES spectroscopy to study a photoinduced charge
transfer reaction within an electron donor-acceptor dyad comprising a perylene-3,4:9,10-bis-
(dicarboximide) (PDI) acceptor and a perylene (Per) donor, separated by a xylene (Xy) spacer
(PDI-Xy-Per, Figure 1C). The excited-state dynamics of PDI-Xy-Per are reasonably well-
understood;® thus, it provides a useful platform for studying vibrational coherences from different
states with similar electronic spectra using t-2DES. The actinic pump pulse was used to excite
PDI-Xy-Per to Y"PDI-Xy-Per, which undergoes charge transfer to generate PDI*-Xy-Per+3®
Subsequently, by using 2DES pump pulses that are non-resonant with the ground-state absorption
of PDI-Xy-Per but resonant with either *"PDI-Xy-Per or PDI*-Xy-Per** transitions, we launch and
measure coherences that occur long after the initial photoexcitation process.

For t-2DES experiments, we used 524 nm, 36 fs pulses as the actinic pump, and 17 fs pulses
with a 648-780 nm spectrum for the 2DES pump (Figure 1D; see Figure S1 for temporal
characterization). A broadband white-light continuum with a ~500-1000 nm spectrum was used as
the probe pulse (Figure 1D). The experimental beam geometry for performing the t-2DES
experiments is shown in Figure 1A. Similar to the pump-probe configuration for conventional
2DES measurements, the 2DES pump pulse pair propagate collinearly in t-2DES, after being
generated by a pulse shaper.3"-38 The actinic pump pulse bisects the 2DES pump and probe pulses
along the direction of propagation. The difference between two separate 2DES spectra, collected
with and without the actinic pump, yields the t-2DES spectra. The signal with or without the actinic
pump co-propagates with the probe pulse based on the phase matching condition and is detected
by heterodyne mixing with the probe. In this experimental geometry, the measured t-2DES spectra
are absorptive in nature. The formal fifth-order t-2DES signal depends on the relative polarization

of the optical pulses.®® While the polarizations of the 2DES pump and probe pulses were parallel



to each other for these experiments, they were perpendicular to that of the actinic pump pulse.
Further details of the experimental setup and sample preparation are provided in the Supporting
Information.

The linear absorption spectrum of PDI-Xy-Per in dichloromethane (DCM) exhibits several
vibronic peaks (Figure 1D), with the 00 vibronic band of PDI centered at 526 nm. Excitation of
this band has been shown to result in charge separation (CS) forming PDI*-Xy-Per**,*® and
therefore, the actinic pump (Figure 1D) initiates CS during the t-2DES measurements. In order to
ascertain the spectral changes and timescales corresponding to the CS process, we performed
conventional 2DES spectroscopy on PDI-Xy-Per using pump pulses centered at 524 nm and a
white light pulse as the probe. The resultant 2DES spectra at a waiting time of 100 fs show
overlapping ground-state bleach (GSB) and stimulated emission (SE) features centered at 532 nm
together with a SE feature at 578 nm probe wavelengths (Figure S2).%° The primary excited-state
absorption (ESA) exhibits a maximum at a probe wavelength of 707 nm. At a waiting time of 40
ps, the 2DES spectrum exhibits photoinduced absorption (PIA) signals arising from the CT state
with PDI* observed at 717 nm, 801 nm and 966 nm probe wavelengths, whereas Per** is observed
at a 559 nm probe wavelength.*® Evolution-associated spectral analysis on this 2DES dataset with
a A — B — ground state (GS) model yields the time constants for charge separation and
recombination as 6.22 + 0.17 ps and 84.5 + 2.3 ps, respectively, which are in good agreement with
previously reported values.®® The 2DES spectra of states A and B primarily show features of
*PDI-Xy-Per and PDI*-Xy-Per**, respectively (Figure S3).

With the population dynamics well understood, we performed t-2DES measurements at
various tact to obtain two-dimensional electronic spectra at different stages of the charge separation

process. Figure 2A shows representative t-2DES spectra of PDI-Xy-Per in DCM at varying Tac,



keeping T2 fixed at 500 fs (see Figure S5 for spectra at additional tact). Actinic pump delays of 1
ps, 6 ps and 40 ps are chosen to access different stages of the charge transfer process, as indicated
by the arrows on the population kinetics obtained from the evolution-associated spectral analysis
of the conventional 2DES data (Figure 2B).

There are three different types of signals that contribute to the t-2DES spectra: photoinduced
bleach (PIB), photoinduced emission (PIE), and photoinduced absorption (PIA). Similar to the
GSB, PIB signals result in negative absorption changes as population is removed from the transient
state generated by the actinic pump. At tact = 1 ps, most of the population created by the actinic
pump pulse remains in the excited electronic state, 1*PDI-Xy-Per (|S;)). Consequently, the PIB
features in the t-2DES spectra at tact = 1 ps appear at the same probe frequencies as the ESA
features in the conventional 2DES measurements. The density matrix evolution corresponding to
a representative pathway that results in the PIB signal at (Apump, Aprobe) = (698 nm, 707 nm) at Tact
=1 ps is shown in Figure 2C (Pathway 1; others in Figure S7). In addition, there are two types of
PIE signals obtained in t-2DES. One such signal, PIE-I, is observed at probe wavelengths near the
steady-state emission peaks of PDI at 535 nm and 575 nm when Tat = 1 ps.*® A representative
pathway contributing to the PIE-1 signal at (Apump, Aprobe) = (698 nm, 535 nm) is also shown in
Figure 2C (Pathway 2; others in Figure S7). PIE-I signals are produced only by pathways that do
not involve population transfer during the waiting time and appear as positive changes in
absorption in the t-2DES spectra. At tact = 40 ps, the population from the initially prepared excited
state "PDI-Xy-Per (|S;)) completely transfers to the CT state (PDI*-Xy-Per**, |CT)). Thereafter,
the interactions of the system with the 2DES pump and probe pulses result in diagonal and
cross-peak PIB features at 717 nm, 801 nm and 966 nm probe wavelengths (pathways shown in

Figure S7). These features appear at the same location as the PDI-centered absorption peaks of
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Figure 2. (A) t-2DES spectra of PDI-Xy-Per in DCM as a function of the actinic pump delay (tac). The
spectra are normalized to the maximum absolute change in absorption at each (tac, 12). (B) Population
evolution of different states obtained from the evolution-associated spectral analysis of conventional
2DES data on PDI-Xy-Per in DCM. The black arrows indicate the actinic delays used for measurement
of t-2DES spectra. (C) Feynman diagrams corresponding to representative pathways resulting different
types of t-2DES spectral features. The dotted horizontal lines indicate population transfer during the
time period between two light-matter interactions.



Figure 3A shows representative t-2DES spectra at tact = 40 ps with varying 1> (see Figure S6
for spectra at additional t2). In addition to the PIB features observed in the t-2DES spectrum at
(Tact, T2) = (40 ps, 500 fs), the spectrum at (tact, t2) = (40 ps, 96 fs) exhibits a PIA feature, PIA-I,
centered at 629 nm probe wavelength that arises from the "PDI*-Xy-Per** (|CT,)). Conventional
2DES measurements on chemically reduced PDI-Xy (Figure 1C) allow us to assign this feature
(Figure S4). A representative pathway contributing to this signal is also shown in Figure 2C
(Pathway 3; others in Figure S8). As a function of 1, this positive PIA-I signal disappears, and a
negative PIE signal, PIE-I1, appears with its center at 549 nm probe wavelength. The disappearance
of the PIA-I signal is caused by charge recombination that transfers the population created by the
2DES pump in the excited CT state (|CT,)) back to the excited singlet state of the neutral molecule
PPDI-Xy-Per (|S;)) on ~375 fs timescale as determined by pump-pump-probe spectroscopy of
PDI-Xy-Per (Figure S9). A representative pathway resulting this negative PIE-II signal is shown
in Figure 2C (Pathway 4; others in Figure S8). In general, PIE-II signals in t-2DES spectra appear
as negative signals and involve a unidirectional population transfer during the waiting time. As a
result of charge recombination, a positive PIA signal, PIA-II, arising from the |S;) state also
appears. Even though this signal is mostly overshadowed by the stronger PIB signals from the |CT)
state, a weak positive feature is observed at a 909 nm probe wavelength for longer waiting times
at Tact = 40 ps. A representative pathway for this PIA-I1 signal is shown in Figure 2C (Pathway 5;
others in Figure S8).

In order to extract coherent oscillations from the 2DES or t-2DES, a series of spectra are
collected at closely spaced waiting times (8 fs) up to 12 = 1 ps, yielding a frequency resolution of
33 cm™* (see Supporting Information for details); then, the amplitude of the signal from a relevant

spectral region is chosen and the population kinetics are subtracted from it.
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The top panel of Figure 3B shows the power spectrum of the coherent oscillations obtained
from the highlighted region of the PIB feature (Figure 3A center spectrum) of t-2DES spectra at
an actinic pump delay of 40 ps. The peaks at 285 cm™ and 703 cm™ correspond to the Raman

vibrational modes of DCM and are removed. The most notable PDI* vibrational modes appear at
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Figure 3. (A) t-2DES spectra of PDI-Xy-Per in DCM as a function of waiting time (t2), where the
actinic pump delay (tact) is kept fixed at 40 ps. The spectra are normalized to the maximum absolute
change in absorption at each (ta, t2). The red rectangle in center spectrum indicate the region over
which coherence analysis has been performed. (B) Power spectra of coherent oscillations observed in
t-2DES spectra of PDI-Xy-Per in DCM at 14t = 40 ps (top) and in 2DES spectra of PDI-Xy in DMF

(bottom). (C) FSRS spectra of PDI-Xy-Per in DCM at an actinic pump delay of 40 ps are shown for
comparison.

160, 545, and 1550 cm™. In order to compare the coherent oscillations observed in the t-2DES
spectra at tact = 40 ps, we performed a similar analysis on the conventional 2DES spectra of
PDI*-Xy in DMF (Figure 3B bottom panel). The three major PDI* centered vibrational modes
appear here as expected. We also performed FSRS on PDI-Xy-Per in DCM with an actinic pump

11



at 525 nm, a Raman pump at 650, 680, and 700 nm, and a white-light probe pulse in order to
further compare the vibrational coherences observed in t-2DES and 2DES experiments (Figure
3C). Even though the 160 cm™ vibrational mode is not observed in FSRS due to insufficient

spectral resolution in that region, such low frequency vibrational coherences have been previously
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Figure 4. (A) t-2DES spectra of PDI-Xy-Per in DCM at (tac, t2) = 40 ps, 500 fs), showing the PIB
signal around the diagonal. The spectrum is normalized to the maximum absolute change in absorption.
(B) Normalized amplitude of the coherent oscillation at a frequency of 545 cm™ obtained at each point
of the t-2DES spectra shown in (A).

observed in 2DES studies of neutral PDI.3" %' The 545 and 1550 cm vibrational coherence
frequencies are assigned to PDI* centered modes using DFT calculations (see Figure S11), which
are in good agreement with previous studies of PDI-Xy-Per.*

A comparison of coherent oscillations obtained from t-2DES spectra with FSRS spectra shows
the dependence of resonance enhancement on electronic excitation wavelength and the importance

of pump spectral resolution (Figures 3B and 3C). Since the vibrational coherences can be obtained
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from each point in the t-2DES spectra, this technique can be instrumental in identifying the
electronic excitation energies where vibrational resonance enhancements are maximized. To
illustrate this feature of t-2DES, the intensity of the 545 cm™ core stretch (Figure S11) vibrational
mode obtained from the coherence analysis at different points of the PIB feature around 717 nm
probe wavelength of t-2DES spectra at tact = 40 ps is shown in Figure 4B, along with the raw
t-2DES spectra (Figure 4A). The two-dimensional contour map in Figure 4B shows that the
resonance enhancement of this vibration is maximized at an excitation wavelength of 725 nm.
Such excitation energy dependence of the resonance enhancement of vibrational intensities is the
likely reason for the absence of the 1420 cm™ mode in the power spectrum of the coherences
obtained from t-2DES, which is present in the FSRS spectra at both 650 nm and 680 nm Raman
pump wavelengths. These contour maps, often called beat maps, can provide useful constraints for
detailed modeling of vibronic and/or electronic coupling of the system.'® 42 The beat maps also
highlight the relevant region of t-2DES spectra for coherence analysis, improving its signal-to-
noise compared to pump-pump-probe spectroscopy. While a comparison of the FSRS spectra with
the power spectrum of the coherent oscillations in t-2DES allows us to conclude that the
coherences observed in t-2DES of this model system are likely purely vibrational in origin, the
pattern of the beat map suggests that some vibronic coupling may also be present.*

In summary, we have demonstrated t-2DES on an electron donor-acceptor dyad molecule that
undergoes photoinduced charge separation, measuring using 2DES at different stages of the charge
transfer process. Moreover, we have shown that analysis of the amplitude oscillations of the
t-2DES spectral features enables interrogation of vibrational coherences, and how they reflect
changes in the potential energy surface(s) during a photophysical process. In this case, the 6.22 ps

charge separation time constant is long enough that most coherences that can be measured in
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conventional 2DES experiments have already dephased. The t-2DES experimental technique,
therefore, can be employed to investigate the role of vibronic coupling on photoinduced electron
transfer and other photophysical processes in chemical, biological, and materials systems through
initiation and measurement of coherences at arbitrary positions along the reaction coordinate.
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