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ABSTRACT: The dynamic Stokes shift is a common means for characterizing
ultrafast solvation dynamics of electronically excited states. Here we extract the
excitation frequency-dependent dynamic Stokes shift from two-dimensional
electronic spectra (2DES) of cresyl violet, a molecule with a well-defined
vibronic progression. The extracted dynamic Stokes shift function, S(t),
exhibits oscillatory behavior, and the oscillatory components are assigned to
intramolecular vibrational modes through DFT and TD-DFT calculations. The
well-characterized oscillations are incorporated into the fitting procedure of
S(t). The excitation frequency dependence of the ultrafast response is
examined through the analysis of S(t) obtained from slices taken at different
excitation frequencies of the 2DES spectra. The extracted ultrafast timescales
range from 36 to 98 fs, and we interpret the frequency dependence of the
timescales in the context of other dynamic processes that also lead to lineshape
changes in the 2DES spectrum, such as vibrational energy relaxation and
spectral diffusion. Through comparison of the extracted timescales, we find that the fastest timescales are extracted over a range of
excitation frequencies, where contributions from vibrational relaxation and spectral diffusion can be minimized.

■ INTRODUCTION

Understanding the ultrafast dynamics that follow an electronic
excitation is important for predicting the fate of an electronic
excited state.1−3 Prior to the absorption of a photon, a solute
molecule lies in the ground electronic state and the
surrounding solvent molecules can be considered at equili-
brium with respect to the charge distribution associated with
the molecule. Excitation of the solute to the Franck−Condon
(FC) excited state induces a change in this charge distribution.
As time evolves, the excited state begins to relax through
intramolecular and intermolecular vibrational relaxation and
solvent reorganization.1,2,4−6 A schematic of this process is
depicted in Figure 1 where FC active modes will evolve on the
excited electronic state as vibrational energy is dissipated on
the femtosecond to picosecond timescales. In addition, the
solvent molecules lying in close proximity to the solute will
respond to the charge rearrangement that accompanies the
electronic excitation. For polar solvent molecules, the solvation
dynamics can be classified into two contributions, an ultrafast
sub-100 fs inertial response followed by a diffusive contribution
that evolves on slower timescales.1,7−12 The ultrafast response
of the solvent can dictate the reactivity of the system,2,3,6,13,14

for example, through stabilization of charge transfer states.15−18

In addition, vibrational motion and relaxation can also play an
important role in electron and proton transfer processes.3,19−23

In this sense, understanding the ultrafast dynamics associated

with the creation of an electronic excited state could lead to
additional insight into the chemical reactivity of a system.
Two-dimensional electronic spectroscopy (2DES) is a

powerful experimental technique for characterizing the ultra-
fast dynamics of electronic excited states.24−30 One reason for
this lies in the ability of 2DES to simultaneously probe ultrafast
dynamics associated with different processes while maintaining
high spectral and temporal resolution. For example, in the
context of Figure 1, 2DES can probe the evolution of
vibrational modes and ultrafast relaxation associated with the
S1 state.

30−32 In a 2DES experiment, the system is excited with
ultrafast laser pulses leading to the creation of vibrational
coherences on the ground and excited electronic states.33−36

As the system relaxes the vibrational modes will evolve leading
to amplitude modulations in the 2DES spectra, and analysis of
the amplitude modulations yields information on the frequency
and dephasing time of vibrational modes strongly coupled to
the electronic excitation.37−44 In addition to vibrational
motion, 2DES is sensitive to the relaxation of the S1 excited
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state.30−32,38,45−47 For 2DES performed on molecules with a
larger Stokes shift, where the incoming laser pulses have been
tuned to probe both the absorption and emission, relaxation of
the excited electronic state manifests as a shift in frequency
along the detection axis of the 2DES spectrum as the energy
gap between the ground and excited state decreases.29,47−51

This relaxation is referred to as the dynamic Stokes shift and
can be described by the Stokes shift function,4−6 S(t) (eq 1),
where ν(t) is the time-dependent frequency change associated
with the energy gap between the ground state and excited
electronic state, ν(0) is the initial transition frequency upon
excitation, and ν(∞) is the transition frequency associated
with the relaxed system:

ν ν
ν ν

= − ∞
− ∞

S t
t

( )
( ) ( )
(0) ( ) (1)

Through the framework of linear response, S(t) is equivalent
to the frequency fluctuation correlation function (FFCF),
normalized by the variance (eq 2):4−6,15
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It is through its relationship to the FFCF that the dynamic
Stokes shift reports on the solvation dynamics of the system.52

There are several methods for extracting solvation dynamics
from 2DES spectra,40,53−57 including monitoring the dynamic
Stokes shift.47−50,58 Though extraction of the Stokes shift
function can only be applied to systems where the evolution of
the stimulated emission can be probed (systems with larger
Stokes shifts), one advantage of this technique compared to
other methods is that the dynamic Stokes shift function can be
obtained from a single slice taken at a given excitation
frequency in the 2DES spectrum.48,50 In this sense, analysis of

the dynamic Stokes shift can be used to resolve the frequency
dependence of the solvation dynamics. However, as discussed
above, there are additional contributions to the time evolution
of the 2DES spectra, including the amplitude modulations that
arise from the creation of vibrational coherences, and it is
important to account for these processes in interpreting the
extracted S(t) functions. This is the focus of the current
manuscript where we extract and analyze the frequency-
dependent dynamic Stokes shift function from 2DES spectra
containing prominent amplitude modulations arising from
vibrational coherences.
As a model system, we investigate cresyl violet as it has a

well-defined vibronic structure that has been previously
characterized by 2DES,59−64 pump−probe,65−68 and Raman
spectroscopies.69,70 We present 2D electronic spectra of cresyl
violet dissolved in methanol where the incoming pulses have
been tuned to probe contributions from both the ground state
bleach and stimulated emission. The 2DES spectra exhibit
oscillatory behavior as expected based on the previous
studies,59−62 and the oscillations are assigned to vibrational
coherences on the ground and excited electronic states through
DFT and TD-DFT calculations. The time dependence of the
well-characterized vibrational modes is then incorporated into
the procedure for the analysis of the dynamic Stokes shift
function, S(t). The analysis is applied to S(t) functions
extracted from slices taken along the excitation axis (ν1) and
ultrafast timescales are obtained. We find that the ultrafast
timescales vary between 36 and 98 fs across the excitation axis,
and a comparison of the extracted timescales could serve as a
means to disentangle vibrational relaxation from the inertial
solvent response.

■ EXPERIMENTAL AND CALCULATION METHODS
Sample Preparation. Cresyl violet perchlorate (CAS

number 41830-80-2) was purchased from Acros Organics
and used without further purification. UV/VIS and 2DES
measurements were performed on cresyl violet samples
dissolved in methanol with an OD of ∼0.3 or less in a quartz
cuvette with a pathlength of 1 mm (STARNA, 21-Q-1). UV/
VIS spectra were measured on a JASCO V-750 spectrometer
before and after the 2DES measurements to confirm the
stability of the sample. Fluorescence spectra were measured on
a HORIBA FL1039/40 fluorimeter in a quartz cuvette with a
pathlength of 1.5 mm (STARNA, 16.12F-Q-1.5). All
spectroscopic measurements were performed at room temper-
ature using methanol as the solvent.

2DES. 2DES is a third-order nonlinear spectroscopy where
a system undergoes three field-matter interactions (E1, E2, and
E3 (Figure 1)) that act to create a third-order polarization that
leads to the emission of a signal (Es).

71−74 The interaction with
the first electric field, E1, initiates the t1 time period and creates
a coherence between the ground and first excited electronic
state of the system. The interaction with the second electric
field, E2, marks the end of the t1 time period and the beginning
of the t2 time period. For the system of interest, cresyl violet,
the second field-matter interaction can create either a
population or a vibrational coherence on the ground or
excited electronic state. The system is free to evolve in this
state over the course of the t2 time period. The interaction with
the third electric field, E3, acts to end the t2 time period by
creating another coherence between the ground and excited
electronic state of the system. The interaction of E3 marks the
beginning of the t3 time period, and the signal, Es, is emitted.

Figure 1. (a) Schematic depicting relaxation along the excited state
potential energy surface. The three field-matter interactions in the
2DES experiment are indicated as blue lines. In this picture, a
vibrational coherence is created in the excited electronic state during
the t2 time (where the solid/dotted arrow indicates interaction on the
bra/ket side of the density matrix, respectively). (b) Chemical
structure of cresyl violet perchlorate. (c) Linear absorption spectrum
(orange shaded area) and fluorescence spectrum (green shaded area)
of cresyl violet dissolved in methanol along with the spectra of the
incoming pump (blue line) and probe (brown line) pulses.
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Experimentally, for each t2 time period, the t1 time period is
scanned and the resulting signal is detected through spectral
interferometry. A Fourier transform along the t1 axis yields the
excitation axis, ν1. The detection axis, ν3, is obtained
experimentally by the diffraction grating in the spectrometer.
The resulting 2D spectrum can be considered a correlation
map between the excitation frequencies and the detection
frequencies.24,30

Our 2DES experimental setup has been described in detail
previously.50,75 Briefly, 2DES spectra were obtained in the
pump−probe geometry using a pulse shaper-based de-
sign51,76,77 ensuring that purely absorptive 2D spectra are
collected directly.51,76−78 An acousto-optic programmable
dispersive filter pulse shaper (DAZZLER, FASTLITE) was
used to scan the t1 time delay from −50 to 0.1 fs in 0.2 fs step
sizes. For each t1 time delay, a four pulse phase-cycling scheme
was applied to remove the background and scattering,76 and
for a given phase relationship, 50 spectra were averaged. The
measurements were performed using the partially rotating
frame with a frame rotation frequency of 350 THz.76 The t2
time was scanned from −20 fs to 2.2 ps in 7 fs step sizes using
a computer-controlled delay stage (NEWPORT ILS250 CC,
XPS-Q8). The incoming pulses were tuned to overlap with the
absorption and fluorescence spectra, and the spectra of the
incoming pulses are plotted in Figure 1. The pulses were
characterized by SFG-FROG,79 which showed a temporal
duration of ∼21 fs at the FWHM for the cross correlation
between the pump and probe pulses (Figure S1 in the
Supporting Information). The two pump pulses had a total
power of 10 nJ at the sample (5 nJ per pulse) and the probe
pulse had a power of 5 nJ. The pulses were set to the magic
angle polarization: horizontal for the probe pulse, and 54.7° for
the pump pulse with respect to the polarization of the probe
pulse.
Calculations. DFT and TD-DFT calculations were

performed with the Gaussian16 software package.80 Ground
state and excited state geometry optimizations were performed
at the B3LYP level of the theory with the 6-311+G(2d,p) basis
set, which was used for similar laser dyes.50,81 For all
calculations, the polarizable continuum model (PCM) was
used to account for the dielectric of the methanol solvent.
Frequency calculations were performed to confirm that the
optimized geometries were at a minimum on the potential
energy surface. The non-resonant Raman active vibrational

modes were calculated using the optimized geometry of the S0
state. The dipole strengths associated with the Franck−
Condon absorption and emission transitions were calculated
from the optimized geometries for the S0 and S1 states. The
optimized Cartesian coordinates for the S0 and S1 states, the
calculated vibrational spectra, and additional calculation details
are reported in the Supporting Information.

■ RESULTS AND DISCUSSION
2DES Spectra of Cresyl Violet. Absorptive 2DES spectra

of cresyl violet in methanol are shown in Figure 2 for two
representative waiting times t2 = 50 fs and t2 = 2 ps. The
maximum of the linear absorption spectrum (νmax,abs = 505
THz) and fluorescence spectrum (νmax,fl = 481 THz) are
indicated on the 2DES spectra as white dotted lines. The 2D
spectral profile is filtered by the incoming laser pulses, which
were tuned to spectrally overlap with both the linear
absorption and fluorescence spectra. The spectra of the
incoming pump and probe pulses are plotted in Figure 1.
This tuning gives a spectral window by which to observe the
time evolution associated with both the ground state bleach
and the stimulated emission.
As the waiting time increases the main peak undergoes an

asymmetric line broadening along the ν3 axis, with the
maximum amplitude shifting toward νmax,fl as t2 increases.
Many previous 2DES studies have attributed this red shift to
the dynamic Stokes shift.46−51 After the initial electronic
excitation, the excited system starts to relax in response to the
altered charge distribution of the S1 excited state through
solvent reorganization and/or intramolecular vibrational
energy relaxation. As the S1 state relaxes, the energy gap
between the ground state and the excited state decreases,
leading to a red shift in the stimulated emission. In the 2DES
spectra, this red shift leads to a shift in the amplitude of the
peak to lower frequencies along the ν3 axis. We extract the
dynamic Stokes shift function from the 2DES spectra by
monitoring this peak shift as a function of time.
In addition to lineshape changes, we also observe amplitude

modulations that arise from the creation of vibrational
coherences on the ground and excited electronic states.28,37−44

Time-dependent amplitude traces are plotted in Figure 2 for
three different ν1,ν3 coordinates: ν1,ν3 = 490, 490 THz
(yellow), ν1,ν3 = 505, 490 THz (green), and ν1,ν3 = 505, 505
THz (red). As the waiting time evolves the amplitude

Figure 2. (a, b) Absorptive 2DES spectra of cresyl violet dissolved in methanol for two representative waiting times t2 = 50 fs and t2 = 2 ps. The
dotted line along the ν1 axis indicates the maximum of the absorption spectrum (505 THz), and the two dotted lines along the ν3 axis indicate the
maximum in the absorption (505 THz) and emission (481 THz) spectra. (c) Waiting time-dependent amplitudes at three different ν1,ν3
coordinates: ν1,ν3 = 490, 490 THz (yellow), ν1,ν3 = 505, 505 THz (red), and ν1,ν3 = 505, 490 THz (green), are plotted. The ν1,ν3 coordinates are
denoted as colored dots superposed on the 2DES spectrum at t2 = 50 fs.
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oscillates, consistent with previous 2DES studies performed on
cresyl violet. These previous studies focused on analyzing these
oscillations: to assign vibrational coherences on the ground
and excited electronic states,59 to expand experimental
techniques,60−63 and to report on photophysical and photo-
chemical events.64 In this manuscript, we consider how to
incorporate these prominent amplitude modulations into the
analysis of the dynamic Stokes shift.
To account for the oscillatory components in the dynamic

Stokes shift function, we first extract the frequencies of the
vibrational coherences from the 2DES spectra and characterize
the coherences through comparison with DFT and TD-DFT
calculations.
Vibrational Coherences. To extract the frequencies of the

vibrational coherences, we fit the t2-dependent amplitudes at
each ν1,ν3 coordinate with a biexponential function to remove
the background associated with population dynamics. The
resulting residuals are then Fourier transformed along the t2
axis to yield the power spectra. The power spectra obtained
from analysis of the traces at the three different ν1,ν3
coordinates (see colored dots in Figure 2a) are shown in
Figure 3a using the same color-coding scheme as Figure 2.
Comparison of the traces shows that the amplitude of the
oscillatory components varies for different ν1,ν3 coordinates in
the 2D spectra. As we are interested in extracting all the
oscillatory components present in the 2D spectra, we focus on
the averaged power spectrum obtained from taking the mean
of the power spectra at each ν1,ν3 coordinate within a box

spanning ν1 = 450−550 THz and ν3 = 450−550 THz in the
2D spectrum. The averaged power spectrum is displayed in
Figure 3b as a blue line. Given our experimental conditions,
the spectral overlap of the incoming pump pulse coupled with
the temporal bandwidth of ∼21 fs, we resolve six oscillatory
features with frequencies of 343, 470, 520, 567, 587, and 666
cm−1. The frequencies are consistent with previous ultrafast
spectroscopic studies62,65−68 and Raman studies69,70 on cresyl
violet. The experimentally determined frequencies are
indicated as blue vertical dotted lines in Figure 3 and are
reported in Table 1.

To assign the observed frequencies to vibrational coher-
ences, we compare the experimental results to those obtained
from quantum chemical calculations. Due to the temporal
short pulses used to obtain the 2DES spectra, vibrational
coherences on both the ground and excited electronic states
will be created.33−36 To describe the vibrational coherences
created on the excited electronic state, we calculated the FC
active modes associated with absorption. The calculations
show four FC active modes lying within the 300−800 cm−1

spectral region. The calculated frequencies are reported in
Table 1, and the FC dipole strength is plotted as a function of
frequency (pink stick spectra) in Figure 3. To describe the
vibrational coherences created on the ground electronic state,
we calculated the FC active modes associated with the
emission spectrum and the non-Resonant Raman active
modes. The FC emission calculation accounts for vibrational
coherences created on the electronic ground state as the
excited electronic state relaxes during the t1 time period. The
dipole strength associated with the FC emission is plotted as a
function of frequency in Figure 3 (orange sticks), and the
frequencies are reported in Table 1. In addition, we calculated
the non-resonant Raman active modes to account for the
vibrational modes excited through impulsive Raman processes.
The calculated Raman spectrum is plotted in Figure 3 (cyan
sticks) in the 300−800 cm−1 spectral region, and the
assignment procedure is detailed in the Supporting Informa-
tion.
Figure 3 allows for a comparison of the experimental

frequencies with the calculated vibrational frequencies
associated with the Raman active and FC active modes. Of
the six experimentally resolved vibrational frequencies, three
frequencies, 343, 520, and 587 cm−1, appear in all three
calculations, indicating that these oscillations could arise from
vibrational coherences created on both the ground and excited
electronic states. We note that previous pump−probe
measurements performed on cresyl violet65 were able to

Figure 3. (a) Power spectra associated with the t2 traces at ν1,ν3 =
490, 490 THz (yellow), ν1,ν3 = 505, 505 THz (red), and ν1,ν3 = 505,
490 THz (green), the three coordinates in Figure 2a. (b) Average
power spectrum for the ν1,ν3 coordinates in the 2DES spectra within
the ν1 = 450−550 THz and ν3 = 450−550 THz range. The six light
blue dotted lines indicate the most prominent modes in the averaged
power spectrum. (c) Calculated non-resonant Raman spectrum. (d)
Calculated dipole strength associated with the FC absorption. (e)
Calculated dipole strength associated with the FC emission.

Table 1. Frequencies of the Oscillatory Components from
the 2DES Spectra Are Reported Along with the Frequencies
of the Assigned Vibrational Modes from DFT and TD-DFT
Calculations

calculated frequencies

2DES power
spectrum (cm−1)

Raman active
modes (cm−1)

FC absorption
(cm−1)

FC emission
(cm−1)

343 347 342 347
470 472 472
520 531 533 531
567 572
587 608 597 608
666 687

The Journal of Physical Chemistry B pubs.acs.org/JPCB Article

https://dx.doi.org/10.1021/acs.jpcb.0c05522
J. Phys. Chem. B 2020, 124, 8857−8867

8860

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.0c05522/suppl_file/jp0c05522_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.0c05522/suppl_file/jp0c05522_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c05522?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c05522?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c05522?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c05522?fig=fig3&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://dx.doi.org/10.1021/acs.jpcb.0c05522?ref=pdf


resolve the contributions from the ground state and excited
state coherences to the peak at 590 cm−1. As our experimental
resolution is limited by the maximum t2 scanned, we do not
separate this peak into contributions from the ground or
excited state coherences but assume that both contributions
could be present. Based on the calculations, we assign the
experimental mode at 567 cm−1 to a vibrational coherence on
the excited electronic state as it is only present in the Franck−
Condon absorption calculation and absent in the ground state
Raman and Franck−Condon emission calculations. This is
consistent with previous spontaneous Raman measurements by
Fujiyoshi et al. that studied the low frequency vibrations of
cresyl violet where the 567 cm−1 mode was not observed in the
spontaneous Raman measurement.69 The 470 and 666 cm−1

modes are assigned to vibrational coherences on the ground
electronic state as they are only present in the calculated
Franck−Condon emission and/or non-resonant Raman
spectra and absent in the FC absorption spectrum. Again,
this assignment is consistent with a previous Raman study.69

Through comparison with the calculated spectra and
previous studies, we have assigned the amplitude modulations
in the 2D electronic spectra to vibrational coherences where
the coherences can evolve on the ground and/or excited
electronic state. We now incorporate these well-characterized
coherences into the analysis of the dynamic Stokes shift.
Dynamic Stokes Shift. To extract the dynamic Stokes

shift function from the 2DES spectra, we analyze the linewidth
changes along the ν3 axis according to our previously described
procedure.50 We first demonstrate the importance of including
amplitude modulations in the analysis of the dynamic Stokes
shift obtained from the projections of the 2DES spectra onto
the ν3 axis. We then apply this procedure to investigate the
frequency dependence of the dynamic Stokes shift where the
dynamic Stokes shift function is obtained from taking slices at
different excitation frequencies (ν1).
To obtain the projections, each 2DES spectrum is summed

along the ν1 axis for a given t2 time. A representative projection
for t2 = 50 fs is plotted in Figure 4a as a blue line along with the
linear absorption (orange area) and fluorescence (green area)
spectra. Given the tuning of the incoming laser pulses, the
stimulated emission and ground state bleach spectral features
are not clearly resolved; however, a comparison with the

absorption and fluorescence spectra indicates that the lower
energy portion of the projection will have more contribution
from the stimulated emission, and the higher energy portion
will have more contribution from the ground state bleach.
Using the lower energy portion as a reporter for the stimulated
emission, we extract the transition frequency associated with
the stimulated emission, νSE, recording the frequency where
the amplitude reaches 50% of the maximum amplitude on the
lower energy portion of the projection. For comparison, the
frequency associated with the ground state bleach, νGSB, is
extracted through taking the frequency where 50% of
maximum amplitude is reached for the higher energy portion
of the projection.
For the representative projection in Figure 4a, the extracted

frequencies for νSE and νGSB are marked with vertical dotted
lines. As mentioned above, νSE will have a larger contribution
from the stimulated emission. As the stimulated emission
reports on the evolution of the S1 excited state, νSE serves as a
reporter for the energy gap between the S1 and S0 state in the
2DES spectra and its time evolution is plotted in Figure 4b.
The plot shows that νSE decays over the first 200 fs. In
addition, strong oscillatory features are observed as amplitude
modulations arising from the creation of vibrational coherences
that also contribute to the time evolution of the 2D electronic
spectra.
From the time dependence of νSE, we can obtain the

dynamic Stokes shift (eq 1) where ν(t) is taken as νSE(t2). The
ν(∞) term is obtained from the longer time behavior of
νSE(t2), and the denominator (ν(0) − ν(∞)) is equivalent to
the steady-state Stokes shift obtained from the difference
between the maxima of the linear absorption and fluorescence
spectra, 24 THz for cresyl violet in methanol. The S(t)
obtained from the projection is plotted in Figure 4c. Figure 4c
shows that S(t) oscillates and decays as a function of waiting
time t2.
The decay in S(t) is attributed to the solvation dynamics.

Previous studies have shown that the decay of S(t) for
chromophores dissolved in methanol and other polar solvents
can be well described with a Gaussian and exponential
function.8,14,82−84 The Gaussian function accounts for the
inertial solvent response and the exponential function accounts
for the diffusive solvent response. In addition to the decay in

Figure 4. (a) Representative projection of the 2DES spectrum at t2 = 50 fs (blue line) and the linear absorption spectrum (orange shaded area) and
emission spectrum (green shaded area). The two black dotted lines indicate the maximum in the absorption (505 THz) and emission (481 THz)
spectra. νSE (blue vertical line) and νGSB (green vertical line) at t2 = 50 fs are plotted at the frequency closest to 50% of the maximum intensity of
the projected 2DES spectrum. (b) Plots of νSE (blue plus sign line) and νGSB (green open circle line) as a function of waiting time t2. The two black
dotted lines indicate the maximum in the absorption (505 THz) and emission (481 THz) spectra. The gray area (up to 28 fs) indicates the time
period of the coherent artifacts due to the pulse overlap and is not analyzed. (c) Stokes shift function S(t) (eq 1) generated from analysis of the
projections of the 2DES spectra onto the ν3 axis.

The Journal of Physical Chemistry B pubs.acs.org/JPCB Article

https://dx.doi.org/10.1021/acs.jpcb.0c05522
J. Phys. Chem. B 2020, 124, 8857−8867

8861

https://pubs.acs.org/doi/10.1021/acs.jpcb.0c05522?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c05522?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c05522?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c05522?fig=fig4&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://dx.doi.org/10.1021/acs.jpcb.0c05522?ref=pdf


S(t), we also observe oscillatory behavior. The oscillations arise
from intramolecular vibrational coherences of cresyl violet that
give rise to amplitude modulations in the 2DES spectra (see
above section) and are not attributed to the intermolecular
modes associated with the solvent. This is consistent with
previous photon echo experiments performed with ultrafast
laser pulses, where oscillations in the extracted correlation
functions were assigned to the high frequency intramolecular
vibrational modes of the excited chromophore.8,84−88 These
previous studies employed a cosine function to mimic the
intramolecular mode and extract the timescales for solvation.
Here, we take a similar approach by incorporating the well-
characterized vibrational coherences into the analysis of the
S(t) function extracted from the 2DES spectra. We note that
this procedure can be expanded on to account for the damped
oscillatory components through applying a global analysis by
following procedures outlined in previous pump−probe
studies.89,90

To incorporate the vibrational modes into S(t), we first
model the S(t) function with a Gaussian and single exponential
function. We then analyze the resulting residuals, RS(t), to
determine the frequencies and confirm the assignment of the
oscillatory behavior. This information is then incorporated into
the fitting procedure of S(t). Additional information regarding
the fitting procedure and initial guess parameters is reported in
section 3 of the Supporting Information.
For S(t) extracted from the projection of the 2DES spectra,

the best fit using a Gaussian and exponential function is plotted
in Figure 5a. We note that, given the temporal duration of the
incoming pulses, we do not analyze the data points obtained
within the first 28 fs. As the longest t2 time probed is 2.2 ps, we
do not fully characterize the diffusive component and have set
the decay of the exponential function to a constant of ∼1 ps
based on previous literature values.8,88,91 Given the maximum
waiting time probed, we focus our attention on the inertial
response. The best fit yields a sub-100 femtosecond
component of 29 ± 3 fs for the Gaussian component, and
this is attributed to the inertial response of methanol.
The residual, RS(t), resulting from subtracting the Gaussian

and exponential fit from the S(t) function is plotted in Figure
5b and shows strong oscillatory features. Figure 5c plots the
Fourier transform of the residual. Four oscillatory features are
observed having frequencies of 342 cm−1, 523 cm−1, 566 cm−1

and 589 cm−1. We note that these frequencies match well with
vibrational coherences from the calculations (Figure 3 and
Table 1) further confirming the assignment of the oscillations
to vibrational modes of the chromophore.
As S(t) is obtained from monitoring the transition frequency

associated with the stimulated emission (νSE), one may expect
the oscillatory behavior of S(t) extracted from the 2DES
spectra to arise from vibrational coherences on the electronic
excited state. We find that the oscillatory components observed
do coincide with the four oscillatory features present in the FC
absorption calculation. However, three of these modes may
also arise from ground state coherences. The ground state
vibrational coherences can contribute to the extracted S(t) due
to possible overlapping spectral features in the 2DES spectra.
For example, according to the displaced oscillator model, for a
given vibrational mode having a frequency of νvib, one would
predict a six peak pattern associated with ground state
bleaching features in the 2DES absorptive spectra.43,92−94

The six peak pattern consists of two diagonal peaks and their
corresponding crosspeaks, where the energy difference

between the transitions corresponds to νvib. In addition,
pathways that lead to the creation of populations in vibrational
excited states of the ground electronic state will lead to two
additional peaks that are shifted to lower frequencies along the
ν3 axis, with the frequency shift being equivalent to the
frequency of the vibrational mode, νvib. If the frequency of the
vibrational mode is comparable to the frequency shift
associated with the Stokes shift, then these transitions may
lead to oscillatory behavior in the region where νSE is extracted
from the 2DES spectra. In this way, contributions from
vibrational coherences in the ground electronic state could
contribute to the oscillations in νSE and therefore S(t).
To account for the influence that the vibrational coherences

have on the extraction of the inertial solvent response, the
periodic oscillations are included in the model to extract the
solvent relaxation parameters. The four oscillatory modes are
included in the model as damped cosine functions along with
the Gaussian and single exponential functions. The extracted
Gaussian timescale is reported in Table 2, and the resulting fit
is plotted as a red solid line in Figure 5d. Parameters associated
with the vibrational coherences are reported in Table S5 of the
Supporting Information.
Accounting for the vibrational coherences, a timescale of 47

± 4 fs for the inertial response is extracted from the analysis of
the projection of the 2D electronic spectra onto the ν3 axis. For

Figure 5. (a) Stokes shift function S(t) (blue dots and line) from the
projections of the 2DES spectra onto the ν3 axis and the best fit from
the sum of a Gaussian and single exponential decay function (magenta
line). Inset plots S(t) up to 2.2 ps and the main plot zooms in on the
first 500 fs. (b) Residual, RS(t), obtained by subtracting the fit in (a)
from S(t). (c) Fourier transform of the residual (RS(t)). The
frequencies of the four prominent oscillatory components are marked
with the blue vertical dashed lines. (d) Stokes shift function S(t) (blue
dots and line) from the projections of the 2DES spectra onto the ν3
axis and the fit with the sum of a Gaussian and single exponential
decay function along with four cosine functions (red line). The
dashed lines indicate the different components of the fit with the
magenta dashed line plotting the sum of a Gaussian and single
exponential decay function and the green dashed line plotting the sum
of the four cosine functions. The inset plots S(t) up to 2.2 ps, and the
main plot zooms in on the first 500 fs.

The Journal of Physical Chemistry B pubs.acs.org/JPCB Article

https://dx.doi.org/10.1021/acs.jpcb.0c05522
J. Phys. Chem. B 2020, 124, 8857−8867

8862

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.0c05522/suppl_file/jp0c05522_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.0c05522/suppl_file/jp0c05522_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c05522?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c05522?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c05522?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.0c05522?fig=fig5&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://dx.doi.org/10.1021/acs.jpcb.0c05522?ref=pdf


comparison, a timescale of 29 ± 3 fs was extracted when the
oscillatory components were not accounted for. Comparing
the two Gaussian and exponential fits, magenta lines in Figure
5a,d show that incorporating the oscillations ensures that the
initial Gaussian component bisects the oscillations. Without
incorporating the oscillations, the Gaussian component tends
to only describe the first period of the oscillation. Based on the
comparison, we show that for systems with strong vibrational
coherences the inclusion of the damped oscillations in the
fitting procedure is important for extraction of the inertial
solvent response from the dynamic Stokes shift function
obtained from 2DES spectra.
Frequency Dependence of the Dynamic Stokes Shift.

We now apply the same procedure demonstrated with the
projected 2D data to that of S(t) obtained from slices taken at
different ν1 frequencies in the 2DES spectra. Here a slice at a
given ν1 frequency along the ν3 axis can be thought of as
narrow band pump−probe spectrum that maintains a high
temporal resolution. In this sense, by taking slices at different
ν1 frequencies, it is possible to analyze the excitation-
dependent behavior of the ultrafast solvation dynamics.
Slices were taken from the 2DES spectra at ν1 frequencies

ranging from 490 to 528 THz in 2 THz steps. For each slice,
νSE is extracted and recorded for each waiting time using the
same procedure described for the projection. The S(t)
functions for four representative slices taken at ν1 equal to
490, 500, 510, and 520 THz are plotted in Figure 6. The ν1
frequencies of the slices are indicated as colored lines on the
2DES spectrum (Figure 6a). The timescale associated with the
Gaussian component is extracted using cosine functions to
account for the oscillatory components along with a Gaussian
and exponential function to describe the solvation dynamics.
The extracted timescales for the Gaussian components, τgau,
are reported in Table 2 (bottom), and the extracted fits are
plotted in Figure 6b using the same color-coding scheme in
Figure 6a for the four representative slices. The optimized
parameters associated with the oscillations are reported in
Table S6 of the Supporting Information. We note that, for
most slices, within error, the frequencies of the oscillatory
components are the same as those used for fitting the model to
the S(t) from the projection. However, for slices taken on the
blue edge of the peak (the higher frequency edge), the 676
cm−1 mode is more prominent, and the 342 cm−1 mode shows
less contribution, which is consistent with 2DES spectra
interpreted through the displaced oscillator model.43,92−94

Comparison of the extracted τgau timescales in Table 2
shows that τgau varies as a function of the ν1 excitation
frequency, with slices taken near the center of the peak
resulting in faster timescales. To further investigate this trend
in frequency dependence, the extracted τgau are plotted as a
function of the ν1 slice frequency for each slice taken from the
2DES spectra in Figure 6c. The τgau associated with the
representative slices are color coded using the same color
scheme defined in Figure 6a. We find that the Gaussian
components extracted from the center of the peak ∼508 THz
have the fastest timescale of ∼36 ± 7 fs, while the Gaussian

Table 2. Best Fit Parameters for the Ultrafast Relaxation Timescales of Cresyl Violet in Methanola

Agau τgau (fs) Aexp τexp (ps)

M(t) fitting parameters from the analysis of the projections of the 2DES spectra onto the ν3 axis
oscillatory modes not included in M(t)b 0.219 ± 0.045 29 ± 3 0.020 ± 0.005 1
oscillatory modes included in M(t)c,d 0.094 ± 0.011 47 ± 4 0.018 ± 0.002 1
M(t)c,e fitting parameters from the analysis of four representative slices taken at different ν1 excitation frequencies
slice at ν1 = 490 THz 0.034 ± 0.009 98 ± 26 0.023 ± 0.003 1
slice at ν1 = 500 THz 0.104 ± 0.010 52 ± 4 0.023 ± 0.002 1
slice at ν1 = 510 THz 0.160 ± 0.038 40 ± 7 0.005 ± 0.006 1
slice at ν1 = 520 THz 0.090 ± 0.019 60 ± 10 0.006 ± 0.005 1

aError bars report 95% confidence intervals. M(t) functions used are denoted with superscripts. The relaxation times and weights are estimated by

the following expressions: boscillatory modes are not included in M(t): M(t) = Agaue
−t2/2τgau

2

+ Aexpe
−t/τexp; coscillatory modes included in M(t): M(t)

= Agaue
−t2/2τgau

2

+ Aexpe
−t/τexp + ∑i

4Avib, i cos (2πνit − φi)e
−t/τvib, i; dAvib, i, νi, φi, and τvib, i for analysis of the projection are reported in Table S5 of the

Supporting Information; and eAvib, i, νi, φi , and τvib, i for analysis of the slices taken at different excitation frequencies are reported in Table S6 of the
Supporting Information.

Figure 6. (a) The light red area superposed on the 2DES spectrum
denotes the region where ν1 slices were taken from the 2DES spectra.
Four representative slices taken at ν1 = 490 THz (yellow), 500 THz
(magenta), 510 THz (light green), and 520 THz (dark green) are
indicated as vertical lines. (b) The Stokes shift function S(t) (blue)
along with the corresponding fit (using the same color coding as in
(a)) are plotted for the four representative slices. Here the red solid
lines correspond to the Gaussian and single exponential component of
the fit. (c) The extracted ultrafast timescales are plotted as a function
of the ν1 frequency of the slice. The inset zooms in on the 500−512
THz region where the fastest timescales are observed.
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components associated with excitation to the red and blue of
this frequency range have slower timescales ranging from ∼50
to 100 fs. We note that additional 2DES data sets were
obtained under different pulse tuning conditions to further test
this analysis procedure and the ν1 frequency dependence of the
extracted timescales. The additional 2DES spectra and analysis
are reported in section 4 of the Supporting Information. We
find a similar behavior further supporting the analysis
procedure.
To interpret the observed ν1 frequency dependence of τgau,

we consider how other dynamic processes contribute to the
peak in the 2DES spectra. Both vibrational relaxation and
spectral diffusion have a ν1 frequency dependence and could
lead to changes in the ν3 linewidth. Here, we consider how
these two processes will present in the analysis procedure for
the extraction of the dynamic Stokes shift from the 2D spectra.
We first consider vibrational relaxation. When performing a

2DES experiment, the different vibrational states that lie within
the bandwidth of the incoming laser pulses will be excited. As
the system evolves, the excited vibrational states will relax,
resulting in a growth below the diagonal, on the blue edge
(higher frequency) of the peak along the ν1 axis, in what would
be the crosspeak region if it could be resolved. Taking a slice at
higher lying ν1 frequencies could be effectively selecting
spectral changes more associated with this vibrational
relaxation. In this sense, the process of vibrational relaxation
could lead to a change in the amplitude profile and linewidth
of the ν1 slice, thus altering the frequency extracted for νSE(t2)
and contributing to the extracted Gaussian component.
In addition to vibrational relaxation, the peaks can also

undergo spectral diffusion as the inhomogeneously broadened
peak decays to a homogeneously broadened peak. In 2D
spectra, this leads to a 2D lineshape change where the
inhomogeneity is manifested as an elongation along the
diagonal, and the decay in inhomogeneity results in a decay of
this elongation.71,72,74 This lineshape change is well known in
2D spectra, and its analysis serves as another means for
extracting information regarding solvation dynamics from
2DIR and 2DES spectra.40,53,54,95−97 Here we consider how
the lineshape change associated with spectral diffusion could
alter νSE(t2) extracted from the ν1 slices taken from the 2DES
spectra. As a model, we first focus on a single transition where
spectral diffusion can be described with a Kubo lineshape72

(see Figure S15 in the Supporting Information for modeled
spectra). As the Kubo lineshape does not account for the
relaxation of the S1 state, this model enables an examination of
lineshape changes solely arising from spectral diffusion. To
describe the lineshape changes associated with spectral
diffusion, we interpret normalized spectra and slices through
the parameter νSD, which is defined as the frequency where the
amplitude reaches 50% of the maximum amplitude on the
lower energy portion of the slice when only spectral diffusion is
included in the model. We note that this is the same procedure
used to extract νSE(t2) when a Stokes shift is present, and in
this sense the ν1 excitation frequency dependence of νSD can be
used to understand how spectral diffusion influences νSE(t2). In
considering spectral diffusion, slices taken at higher ν1
frequencies (on the blue edge of the peak) will result in a
decay of νSD to lower frequencies along the ν3 axis. For ν1 slices
taken at lower ν1 frequencies (on the red edge of the peak),
spectral diffusion will result in an increase in νSD to higher
frequencies along the ν3 axis. For ν1 slices taken at the center of
the peak, spectral diffusion will also lead to a decay associated

with νSD but to a lesser extent compared to slices taken on the
blue edge of the peak. A comparison of νSD extracted from
slices taken at different ν1 frequencies of the simulated 2D
spectra is made in Figure S15 of the Supporting Information.
The described method for extracting νSE(t2) from the ν1 slices
assumes that the lineshape changes along the ν3 axis are
dominated by the relaxation of stimulated emission. Given that
spectral diffusion also results in lineshape changes along the ν3
axis this process will contribute to the extracted νSE(t2). Given
the larger changes in νSD on the blue edge of the peak and the
positive trend of νSD on the red edge of the peak, we expect the
extraction of the νSE(t2) from the ν1 slices on the red and blue
edges to have more contributions from lineshape changes
associated with spectral diffusion. We expect νSE(t2) extracted
from ν1 slices taken near the center of the peak to have smaller
contributions associated with spectral diffusion for systems
with larger Stokes shifts. To further investigate this, we expand
upon the Kubo lineshape model and simulate 2DES spectra
using the displaced oscillator model where the relaxation of the
S1 state is included.74,98 The simulated spectra and extracted
νSE(t2) are plotted in Figure S16 of the Supporting
Information. Comparison of the early and late time values of
νSE(t2) from the simulated spectra show that slices taken from
the center of the peak are better able to reproduce the Stokes
shift, further supporting that spectral diffusion lineshape
changes will have a minimal contribution to the extracted
νSE(t2) for slices obtained near the center of the peak. As an
additional test, we have also performed a global analysis of
slices taken at different ν1 frequencies (see Supporting
Information, section 6). From the global analysis we find
that spectral features associated with the growth of the
stimulated emission are more pronounced for slices taken
toward the center of the peak when compared to slices taken
on the red or blue edge.
Considering how the spectral changes associated with

spectral diffusion and vibrational relaxation contribute to νSE,
the comparison of the extracted timescales indicates that
contributions from these different processes will be minimized
in the analysis of S(t) for ν1 slices taken near the center of the
peak in the 2DES spectra. In the context of the τgau timescales
presented in Figure 6, this indicates that the fastest timescale
components at the center of the peak as reporting on the
ultrafast solvation dynamics, where the longer timescales on
the red and blue edges are attributed to a combination of
contributions arising from the solvent reorganization, vibra-
tional relaxation, and spectral diffusion. As such, taking slices
along the ν1 axis of the 2DES spectra can serve as a means for
disentangling the contribution of the solvation dynamics from
ultrafast vibrational relaxation.

■ CONCLUSIONS
In this work, we extract the frequency-dependent dynamic
Stokes shift function from 2DES spectra that exhibit strong
oscillatory components associated with vibrational coherences.
To accomplish this we expanded on a general procedure to
extract S(t) from 2D electronic spectra50 to include oscillatory
components associated with the evolution of vibrational
coherences. Though previous studies have considered this
through a global analysis of the entire 2D electronic spectra
simultaneously spanning the ν1,ν3 coordinates,

49 the advantage
of the current procedure lies in its ability to be applied to a
single slice along the excitation axis, enabling for the excitation
frequency dependence of the solvation dynamics to be
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investigated. Applying the analysis procedure to slices taken at
different excitation frequencies, we obtain the ultrafast
timescales associated with S(t) as a function of excitation
frequency. Through comparison, we find that the fastest
timescales of ∼36 fs are extracted over a certain excitation
frequency window where contributions from lineshape changes
associated with spectral diffusion and vibrational relaxation are
minimized. The fastest τgau timescales extracted are attributed
to the solvent inertial response. The longer τgau timescales on
the red and blue edges of the peak are attributed to
contributions arising from lineshape changes associated with
vibrational relaxation and spectral diffusion in the 2DES
spectra. In this sense, examining the ν1 frequency dependence
of the solvation dynamics could serve as a means for separating
intramolecular vibrational relaxation timescales from the
inertial solvent response.
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