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ABSTRACT: Many photoinduced excited states’ relaxation pro-
cesses and chemical reactions occur at interfaces and surfaces,
including charge transfer, energy transfer, proton transfer, proton-
coupled electron transfer, configurational dynamics, conical
intersections, etc. Of them, interactions of electronic and vibrational
motions, namely, vibronic couplings, are the main determining
factors for the relaxation processes or reaction pathways. However,
time-resolved electronic-vibrational spectroscopy for interfaces and
surfaces is lacking. Here we develop interface/surface-specific two-
dimensional electronic-vibrational sum frequency generation spec-
troscopy (2D-EVSFG) for time-dependent vibronic coupling of
excited states at interfaces and surfaces. We further demonstrate the fourth-order technique by investigating vibronic coupling,
solvent correlation, and time evolution of the coupling for photoexcited interface-active molecules, crystal violet (CV), at the air/
water interface as an example. The two vibronic absorption peaks for CV molecules at the interface from the 2D-EVSFG experiments
were found to be more prominent than their counterparts in bulk from 2D-EV. Quantitative analysis of the vibronic peaks in 2D-
EVSFG suggested that a non-Condon process participates in the photoexcitation of CV at the interface. We further reveal vibrational
solvent coupling for the zeroth level on the electronic state with respect to that on the ground state, which is directly related to the
magnitude of its change in solvent reorganization energy. The change in the solvent reorganization energy at the interface is much
smaller than that in bulk methanol. Time-dependent center line slopes (CLSs) of 2D-EVSFG also showed that kinetic behaviors of
CV at the air/water interface are significantly different from those in bulk methanol. Our ultrafast 2D-EVSFG experiments not only
offer vibrational information on both excited states and the ground state as compared with the traditional doubly resonant sum
frequency generation and electronic-vibrational coupling but also provide vibronic coupling, dynamical solvent effects, and time
evolution of vibronic coupling at interfaces.
KEYWORDS: vibronic coupling, two-dimensional electronic-vibrational sum frequency generation,
double-resonance sum frequency generation, ultrafast interfacial processes, non-Condon process, center line slopes

■ INTRODUCTION
Interfaces and surfaces play vital roles in almost all natural and
artificial phenomena such as solar energy conversion, environ-
mental issues, artificial photosynthesis, etc.1−7 Understanding
photoinduced dynamic processes and chemical reactions at
interfaces and surfaces is crucial for revealing the nature of
natural and artificial phenomena. Upon photoillumination,
many photoinduced physical processes and chemical reactions
subsequently occur at interfaces and surfaces. These interfacial
physics and chemistry are intimately correlated with funda-
mental steps such as electron or hole transfer, proton transfer,
proton-coupled electron/hole transfer, configurational dynam-
ics, conical intersections, and energy transfer.8−10 The reaction
rates for such steps are dictated by both electronic and nucleic
motions. Electronic-nucleic interactions in these perturbed

electronic states are key to photoinduced chemistry with
ultrafast time resolution. However, dynamical interactions of
electronic and nucleic motions at interfaces and surfaces have
not been exploited.
It is worth mentioning that static interactions of electronic

and nucleic motions at interfaces and surfaces were demon-
strated more over decades ago.11−14 Such a technique is
frequency-domain doubly resonant sum frequency generation
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(DR-SFG), which is generated by mixing a visible beam and an
IR beam. The IR beam is varied to be resonant with a vibrational
transition of the ground state of molecules, while the visible
beam is tuned and used to upconvert the vibrational free
induction decay to be resonant with electronic transitions.12−20

Recently, a femtosecond broadband IR was introduced to mix
with a tunable picosecond beam to be doubly resonant with
multiple vibrational transitions and electronic transitions
simultaneously.21−28 Although the DR-SFG has provided
coupling of electronic and vibrational degrees of freedom,
studies of dynamic vibronic coupling at interfaces and surfaces
are lacking.
Direct measurements of dynamical vibronic coupling require

resonant techniques that interact with both electronic and
vibrational transitions, even though two-dimensional electronic

spectroscopy could measure vibronic coupling between excitons
or different electronic states of systems indirectly in bulk.29−43

Recent development of 2D electronic-vibrational (2D-EV)44−46

and 2D vibrational-electronic (2D-VE)47,48 spectroscopies
made it possible that one could directly examine the time-
dependent correlation of electronic and vibrational dynamics.
These 2D spectroscopies probe the couplings between the
electronic and vibrational transition frequencies of molecules in
bulk. On the other hand, interface/surface-specific two-dimen-
sional electronic sum frequency generation spectroscopy (2D-
ESFG) has emerged as a powerful tool for electronic couplings
at interfaces and surfaces.49,50 However, interface/surface-
specific two-dimensional electronic-vibrational sum frequency
generation spectroscopy (2D-EVSFG) has not been demon-
strated until recently.51 In this work, we present the develop-

Figure 1. (A) Physical time delays of the four laser pulses for 2D-EVSFG (upper). The coherence time delay, t1, is defined as the one between kV1 and
kV2. The waiting time delay, tw, is defined as the delay between the pump pair and the mid-IR. t3 is between the IR and the ps 800 nm, and the detection
time t is between the ps and signal. The response time delays between four electric field-matter interactions are specified by t1′, t2′, t3′, and t4′. (B)
Energy diagram of a pure electronic transition (left) and a vibronic transition (right) when the pump pair interacts withmolecules. |g0>, |g1>, and |gn>
denote vibrational states of 0, 1, and manifold n in the ground state. |e10′>, |e11′>, and |e1n′> represent manifold vibrational states of 0′, 1′, and
manifold n′ in the pure electronic excited state. |e10′,ν>, |e11′,ν>, and |e1n′,ν> denote vibrational states of 0′, 1′, and manifold n′ in a vibronic excited
state that is coupled with excitation of a low frequency, ν. Blue and red arrows indicate the GSB and ESA 2D-EVSFG signals.
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ment of 2D-EVSFG in the time domain for the dynamical
interactions of electronic and nucleic motions.

■ DESIGN PRINCIPLE FOR 2D-EVSFG
SPECTROSCOPY

Our 2D-EVSFG experiments consist of four laser beams,
including two visible pump beams (kV1 and kV2) resonant with
electronic transitions, a mid-IR (kIR) resonant with vibrational
transitions, and a picosecond 800 nm (kps) for up-conversion for
molecules at interfaces and surfaces. 2D-EVSFG signal is
emitted in the ksig direction by satisfying both the energy and
momentum conservations (∓kV1 ± kV2 + kIR + kps). The
experiments followed a traditional pump−probe geometry for
2D electronic and vibrational spectroscopies.52−54

Figure 1(A) (upper) demonstrates the laser pulse sequence
for the 2D-EVSFG experiments. The physical time delays of the
four laser pulses are defined as the differences between the
maxima of the pulse envelopes, specified by a coherent time
delay between the pump beams 1 and 2, t1, a waiting time delay
between the pump 2 and the IR, tw, an up-conversion time delay
between the IR and the 800 nm, t3, and a detection time t
between the 800 nm and the signal detection. The response time
delays between electric field-matter interactions are specified by
t1′, t2′, t3′, and t4′ (Figures 1(A) (bottom)). The first visible
pump pulse (kV1) creates a coherent superposition of the ground
and excited electronic states. During the coherent time delay, t1,
the second visible pump pulse (kV2) changes the perturbed
system into a population state with either the ground or excited
state. For a given waiting time delay of tw, the mid-IR pulse
generates vibrational polarization in either the ground or excited
state. Within the time delay of t3, the ps 800 nm beam up-
converts the vibrational response of the system, which yields 2D-
EVSFG signal at a detection time of t. In our case, the time delay
t3 was set to zero.
In principle, 2D-EVSFG is a fourth-order nonlinear process

where the interactions of the four pulses with matter generate a
fourth-order nonlinear signal. The signal originates from fourth-

order polarization, which is given by the convolution of the
fourth-order response function, R(4)(t4′,t3′,t2′,t1′), with the four
electric fields as derived in the Supporting Information.55 Since
the electronic responses of molecules interacting with a
nonresonant visible light are instantaneous, the fourth-order
response function is further expressed as,56,57

=R t t t t R t t t t( , , , ) ( , , ) ( )(4)
4 3 2 1

(3)
3 2 1 4 (1)

Expanding R(3)(t3′,t2′,t1′) yields eight terms grouped into four
pairs of complex conjugate field-matter interaction path-
ways.58,59 Thus, the 2D-EVSFG enables us to measure the
relative strengths with which a vibrational mode is coupled to
the solvent on excited states with respect to the ground
electronic state at interfaces and surfaces.
Like those in 2D-EV,60,61 both ground state bleaching (GSB)

and excited state absorption (ESA) contribute to responses in
2D-EVSFG. When the pump pair interacts with molecules, the
transitions could be a pure electronic transition or a vibronic
transition. Figure 1(B) shows energy diagrams for a pure
electronic transition (left) and a vibronic transition (right). A
pure electronic transition occurs from the ground state |g0> to a
higher excited state |e10′> without excitation of any vibrations,
while a vibronic transition takes place from ground state |g0> to
a higher vibronic state |e10′,ν> accompanied by an excitation of a
low frequency ν. It is noted that the vibronic state |e10′,ν> is a
Franck−Condon active excited state. When ν is zero, it is a pure
electronic transition, namely, |e10′>. In other words, any
Franck−Condon active low frequency modes could be photo-
excited. In the case of GSB contributions, the light-matter
interactions further follow a pathway of |g0>→ |g1>→ |gn>. On
the other hand, in the case of ESA contributions, the interactions
make a pathway of |e10′>→ |e11′> → |e1n′> or |e10′,ν>→ |
e11′,ν> → |e1n′,ν>. |gn> and |e1n′,ν> represent virtual states for
the ground state and first excited state, respectively.

Figure 2. A schematic of 2D-EVSFG experimental setup. CL1: 25 cm vertically cylindrical lens; CL2: 10 cm horizontally cylindrical lens; DM: dichroic
mirror; F: 780 nm short-pass filter; GM: a galvomirror; HP1: half-wave plate for 800 nm;HP2: half-wave plate for pump; L1: half-inch 7.5 cmCaF2 lens;
L2: 1″ 30 cm lens; L3: 1″ 10 cm lens; P1: polarizer for mid-IR; P2: polarizer for signal. The output of a NOPA tunable from 500 to 750 nm was sent to a
TWINS system to generate phase-locked double-pump pulses. A mid-IR pulse from an optical parametric amplifier (OPA) and a picosecond 800 nm
pulse produced by an etalon were used as a probe. The signal was self-heterodyned and vertically separated onto different CCD strips.
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■ EXPERIMENTAL SECTION

1. Laser Sources for 2D-EVSFG
We adopted a reflection-geometry 2D-EVSFG for studies of liquid
interfaces. Figure 2 shows a schematic setup for our 2D-EVSFG
experiments. The light source was a 1 kHz Ti:sapphire amplified laser
system (UpTek Solutions), which produced ∼100 fs 800 nm pulses
with a pulse energy of ∼4 mJ. Three beams, including a femtosecond
mid-IR, a picosecond 800 nm, and a femtosecond phase-locked pump
pair, were generated from the amplifier as follows:

(a) The femtosecond mid-IR beam. The majority portion of 80%
from the amplifier was sent to an optical parametric amplifier
(TOPAS-Prime, Light Conversion) (OPA) to generate a
broadband mid-IR pulse. The mid-IR of ∼200 cm−1 bandwidth
was tunable from 2.6 to 20 μm. A typical IR intensity profile was
extracted from an SFG spectrum for a p-type GaAs(100) surface
by mixing a narrow 800 nm as shown in Figure 3(A). The IR
beam at 6.0 μm used in our experiments had an average pulse
energy of 6 μJ and a pulse duration of ∼100 fs.

(b) The picosecond 800 nm light. The residual 800 nm light from
the TOPAS was used to produce a narrow-band picosecond 800
nm pulse (∼20 μJ) with an air-spaced etalon (SLS Optics). The
bandwidth of the picosecond 800 nm pulse was ∼8 cm−1, and its
pulse duration was ∼2 ps. A typical spectrum of the picosecond
800 nm pulse is presented in Figure 3(B).

(c) The phase-locked pump pair. The remaining 20% of the output
was directed to a home-built noncollinear optical parametric

amplifier (NOPA) for a phase-locked pump pair. Figure 3(C)
presents a typical spectrum of the pump. The output of the
NOPA (tunable from 500−700 nm, 30 nm fwhm, 4 μJ) was
compressed with a pair of prisms (LaK21, Newport) to 25−35 fs
and characterized by a home-built second-harmonic generation
frequency-resolved optical gating (SHG-FROG). The charac-
terization of pump pulses is shown in Figure 3(D). Fitting of a
Gaussian function to the SHG trace yields a pulse duration of ca.
30 fs. To generate a phase-locked pump pair, a translating
wedge-based identical pulses encoding system (TWINS) was
introduced to generate a pair of phase-locked pump pulses with
an accuracy of 10 attoseconds. The TWINSwas first invented by
Cerullo and co-workers.52,62 The idea of generating two phase-
locked collinear pump pulses with very high delay accuracy was
based upon the difference in group velocity of ordinary and
extraordinary lights in a birefringent crystal. A detailed
description of the application of TWINS in 2D spectroscopy
can be found in our previous work on the development of 2D-
ESFG and 2D-ESHG.49−51 In our case, a 5 mm X-cut and two
pairs of 5 mm Y-cut and 5 mmZ-cut α-BBO crystal wedges were
used for the generation of the phase-locked pump pair.50 The
TWINS has the advantages of simplicity, compactness, and low
cost.

2. Collection and Detection System
A reflection geometry was used for VSFG and 2D-EVSFG experiments.
The picosecond 800 nm and IR beams were combined with a dichroic

Figure 3. (A) The intensity profiles for the mid-IR beam, (B) the picosecond 800 nm beam, and (C) spectrum of the pump beam, and (D) SHG-
FROG result of the pump beam. The pulse duration of the pump beam was ca. 30 fs.
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mirror (ISP optics) for a collinear configuration. A CaF2 lens with a
focal length of 75mmwas placed to focus the two beams onto interfaces
at an angle of 60° with respect to the surface normal. The incident angle
of the pump pulses was set at 50° with respect to the surface normal.
The time delay between the 800 nm and the mid-IR was controlled by a
translational stage and set to zero for 2D-EVSFG experiments. A
programmable motorized translational stage (Klinger) was used to
control the time delay, tw, between the pump pair and the 800 nm/mid-
IR pulses. The IR beam path was protected with a sealed box and
purged with dry air so that the relative humidity inside was kept less
than 1%. Both VSFG and 2D-EVSFG signals were collected in a
coherent direction with energy and momentum conservations. 2D-
EVSFG signal was emitted in the same phase matching direction as the
VSFG since the two phase-locked pump pulses were collinear. The
polarization of the two pump beams, 2D-EVSFG/SFG, 800 nm, and IR
beams were set to be P-, P-, S-/P-, S-/P-, and P-/P-polarized,
respectively. Thus, either PPSSP or PPPPP was used in 2D-EVSFG
experiments.

The 2D-EVSFG signals were detected by a spectrometer (Andor-
2300i, Princeton Instrument) with a liquid nitrogen-cooled CCD
(Princeton Instrument, back-illuminated 1300 × 400). A self-compiled
LabVIEW program was compiled to control signal collection and data
processing. Each data point was integrated for 10 s. Transient visible
pump-VSFG probe experiments were also acquired with the same
setup, except the two coherent pump lasers were set to zero.

3. Time Synchronization of the Incident Lights and Signal
Acquisition

A pump−probe geometry was adopted for surface-specific 2D-EVSFG
spectra. The sampling strategy for 2D-EVSFG was similar to those
employed in our previous 2D-ESFG and 2D-ESHG experiments.49,50

Briefly, a 1 kHz digital signal from the laser system served as a clock for
the time synchronization of the acquisition system, followed by a
divider to generate a 500 Hz signal for the triggering of the chopper. A
lock-in amplifier was synchronized by the chopper with the 500 Hz
signal. A single-axis scanning galvanometer system (Thorlabs) was used
to spatially separate pump-on and pump-off signals on a charge-coupled
device (CCD) chip. The sine-wave output from the lock-in amplifier
controlled the movement of the galvo mirror. With fine adjustment of
the sine-wave output, the galvo mirror turned up and down with a small
angle of around 2° at half of the laser frequency. With a vertically focal
cylindrical lens of 25 cm for spatial separation and a horizontally focal
cylindrical lens of 10 cm for spectral resolution, pump-on and pump-off
signals could be imaged into two spatially separated strips onto the
CCD chip.

4. Accurate Determination of the Waiting Time Delay of
Zero
In the 2D-EVSFG experiment, the four beams are necessarily
overlapped at samples spatially and temporally.

For the spatial overlap, only the pump pair was positioned with either
the ps 800 nm or the IR, since the latter two were collinear. This
positioning was implemented by ensuring that the beam size of the
pump pair was kept much larger than the ps 800 nm.

For the temporal overlap, the time delay (t3) between the ps 800 nm
and the mid-IR was set to zero with a translational stage, where the
maximum SFG signal was optimized from a GaAs wafer. Then, the time
delay (tw) between the mid-IR and the pump pulses was determined to
ensure accurate control of the physical time delays of the four beams.
The coherent time delay, t1, was incremented in ca. 0.32 fs steps
between 0 and 80 fs and is described in the next section. It is important
for the dynamical vibronic coupling in 2D-EVSFG to determine the
time zero of tw. To find an accurate time zero of tw, we measured third-
order responses in GaAs with the mid-IR and the visible pump pulse.
The third-order responses originated from the interactions of two IR
photons and one visible photon with the GaAs, resulting in the
wavelength centered at 450 nm as shown in Figure 4(A). Figure 4(B)
shows the time trace of the third-order signal at 450 nm. Thus, we are
able to find the time zero of tw.
5. Frequency Calibration of the Coherent Phase-Locked
Pulse Pair
In regular 2D electronic spectroscopy experiments, the excitation
frequency, ωe, is generated by Fourier transforming the signal as a
function of the coherence time delay, t1. For the 2D experiments based
on programmable pulse shaper systems, such as liquid crystal spatial
light modulators (LC-SLMs),63−65 acousto-optic pulse shapers
(AOMs),43,66−70 and acousto-optic programmable dispersive filters
(AOPDFs),53,71−73 the coherence time, t1, is perfectly set by the pulse
shaper, resulting in accurate excitation frequencies. On the other hand,
the coherence time delay was not directly related to the excitation
frequency, ωe, in our case when the pump pair was generated with the
TWINS. This lies in the fact that the time delay was varied by following
t1 = Δd(1/vge − 1/vgo) = tp tan α(1/vge − 1/vgo) (vge and vgo are group
velocities of ordinary and extraordinary lights) while translating the
motor stage of y-cut wedge and changing its thickness by Δd = tp tan α
(tp is the direct reading of the motor position movement, and α is the
apex angle of the wedge).49−51,62 It is challenging to directly and
accurately obtain the wavelength-dependent vge and vgo. As a result, we
are not able to extract t1 directly in time domain for the excitation
frequency, ωe.

Our strategy for extracting the excitation frequency, ωe, is outlined in
Figure 5. To obtain the excitation frequency of the pump pair, we
started with tp for pseudo frequency, ωp, in the frequency domain.

Figure 4. (A) The cross-correlation by third-order signals in GaAs of mid-IR centered at 1550 cm−1 and the pump pulse of 540 nm. (B) The
determination of the time zero between the mid-IR and pump pulses.
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Experimentally, we measured spectrally resolved interferometry of the
two pump pulses by moving the motor position, tp. The interferometry
signal at each frequency is given by

= + + +

= + +

I I I t I I

I I t v v

2 cos( )

2 cos( tan (1/ 1/ ) ) D.C.

SI

p ge go

1 2 1 1
2

2
2

1 2

(2)
, where I1 and I2 are intensities for the pump pair, vge and vgo are group
velocities for extraordinary and ordinary lights, respectively, Δφ is the
phase difference of the pump pair, and D.C. is direct current with
frequency-independent intensities for the pump pair. Along the tp axis,
the frequency of cosine fringe at each excitation frequency is ω tan α(1/

vge − 1/vgo), which corresponds to the frequency for tp, so-called pseudo
frequency, ωp.

To construct a calibration curve for an excitation frequency with a
pseudo frequency, three steps are taken as follows:

• Step 1: Take the FFT of the 2D interferogram at each excitation
frequency with respect to tp. A well-defined peak could be
obtained at each excitation frequency from Fourier trans-
formation.

• Step 2: Plot the pseudo frequency ωp as a function of the
excitation frequency, ωe.

• Step 3: Fit to a linear function, ωe = aωp + b, which is the
calibration curve for the real excitation frequency and the
pseudo frequency. The intercept, b, is the amount the ωp axis is
shifted with respect to ωe. Since the pulse pair from the TWINS
remains phase-locked, a delay-dependent phase difference
results in a partially rotating frame in the 2D-EVSFG
experiment.54,62

6. Determination of the Absolute Time Zero and Constant
Phase of the Phase-Locked Pulse Pair
In a pump−probe 2D-EVSFG geometry, the total phase of the signal,
φsig, is given by,54

= ± + = ±( ) ( )sig S S1 2 1 2 (3)

where φ1, φ2, and φS are the phases of the first pump beam, the second
pump beam, and the sum frequency signal, respectively. Thus, the total
phase depends on the phase difference in the pump pair, Δφ = φ1 − φ2.

Figure 5. Frequency calibration procedures for a phase-locked pump
pair generated by the TWINS.

Figure 6. Flowchart of data analysis for 2D-EVSFG of CV at the air/water interface at tw = 0.5 ps. (A) Pseudo 2D plot of original data of wavelength-
dependent 2D-EVSFG signal with motor position. (B) Pseudo 2D plot in vibrational frequency for 2D-EVSFG signal from (A). (C) 2D-EVSFG in
terms of pseudo frequency and vibrational frequency. (D) Purely absorptive 2D-EVSFG spectra in terms of excitation frequency and vibrational
frequency after Δφ0 subtraction and calibration procedure of the excitation frequency.

ACS Physical Chemistry Au pubs.acs.org/physchemau Article

https://doi.org/10.1021/acsphyschemau.3c00011
ACS Phys. Chem Au 2023, 3, 374−385

379

https://pubs.acs.org/doi/10.1021/acsphyschemau.3c00011?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.3c00011?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.3c00011?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.3c00011?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.3c00011?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.3c00011?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.3c00011?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.3c00011?fig=fig6&ref=pdf
pubs.acs.org/physchemau?ref=pdf
https://doi.org/10.1021/acsphyschemau.3c00011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


In pulse shaper systems, a shaper is used to allow arbitrary control over
the phases of the pump pair.54 For the two pump pulses generated by
the TWINS, Δφ, the so-called constant phase, is not zero due to their
propagations along different crystal axes with higher order dispersion
with the same source. To determine the constant phase (Δφ0) at zero
time delay, the delay between the two pulses should be chosen to be as
close as possible to zero with very high precision. This is implemented
by taking regular linear interferometry of the two pump pulses, as well
described by Helbing and Hamm.74 In making a discrete Fourier
transformation, spectral amplitude and phase of linear interferometry
are given by

= | | +A j A j i i j( ( )) ( ( )) exp( ( ))p p p p (4)

As seen from eq 4, it is critical to determine the closest zero time
delay between the two pump pulses, namely, τp ≈ 0.
7. Data Analysis
Figure 6(A) shows original 2D-EVSFG data of CV at a waiting of 0.5 ps.
To obtain the absorptive 2D-EVSFG spectrum, several steps are taken
as follows:

Step 1: Convert the SFG wavelength into its corresponding IR
frequency. Thus, we obtain the 2D data as a function of νIR, as
shown in Figure 6(B).
Step 2: Fourier transform the 2D data along tp and generate the
complex absorptive 2D spectrum, as a function of the pseudo
excitation frequency, vp. The real part of the complex 2D
spectrum is purely absorptive, whereas the imaginary part is
dispersive.
Step 3: Subtract the relative phase Δφ0 of the pump pulses by
multiplying with the phase term e−iΔφ0 from eq 4 and obtain the
purely absorptive 2D spectrum, as shown in Figure 6(C).
Step 4: Make the calibration procedure of the excitation
frequency, νe, with the pseudo excitation frequency. Then, one
could retrieve in the excitation frequency, as shown in Figure
6(D).

As a result, 2D-EVSFG spectra at each waiting time are plotted as a
function of both the excitation and detection frequencies.

Chemicals
Deionized water (18.2 MΩ) was used in all the experiments. Crystal
violet (Alfa Aesar) was used as received and dissolved in deionized
water with a concentration of 30 μM.

■ RESULTS AND DISCUSSION
To assist us in identifying peaks in interface-specific two-
dimensional EV spectra, we measured one-dimensional
interfacial spectra, including interfacial electronic spectra by
the broadband electronic second-harmonic generation (ESHG)
technique we developed recently75,76 and interfacial vibrational
SFG spectra of CV molecules at the air/water interface. The top
inset in Figure 7(A) displays broadband ESHG spectra of CV at
the air/water interface under the S-in/P-out polarization
combination. Here, “-in” denotes the polarization of an incident
light and “-out” is that of an output signal. A broad peak at 16506
cm−1 in the S-in/P-out spectrum shows up, which is red-shifted
compared to the main peak at 17 152 cm−1 in bulk solution.77

The VSFG spectra were taken from 1380 to 1650 cm−1. The
right inset in Figure 7(A) shows VSFG spectra of CV at the air/
water interface under the SSP polarization combination. Three
main peaks are located at 1623.2, 1597.2, and 1493.8 cm−1,
which were attributed to −C=C− stretching, in-the-plane ring
stretching and bending, and NR2 bending and rocking modes,
respectively.78

Figure 7(A) presents 2D-EVSFG spectra of 30 μM CV
molecules at the air/water interface with a waiting time of 0 fs
under the polarization combination of PPSSP. Red (positive)
and blue (negative) colors denote ESAs and GSBs, respectively.
Both negative GSB and positive ESA spectra constitute vibronic
transitions (VT) that are related to interfacial electronic
absorption of CV. The spectral analysis of the 2D-EVSFG was
made as follows:

Figure 7. (A) 2D-EVSFG spectra for CV at the air/water interface at a waiting time of 0 fs. The upper inset is the ESHG spectrum of CV under S-in/P-
out polarization, and the right inset is the VSFG spectrum of CV under SSP polarization. (B) Sliced spectra along the excitation frequency axis at
1627.4 (GSB) and 1565.6 cm−1 (ESA). (C) Sliced spectra along the vibrational frequency axis at 16 318 and 16 710 cm−1.
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(1) Along the excitation frequency axis, two main VT peaks
occur at 16 318 and 16 710 cm−1 at the vibrational
frequency of 1627.4 cm−1 in the GSB, as shown in Figure
7(B). Compared with the broad peak at 16 506 cm−1 in
the one-dimensional electronic spectrum, the 2D-EVSFG
presents more prominent VT peaks. If the lowest energy
level of 16 318 cm−1 was considered to be the transition
from |g0> to |e0′>, a vibrational frequency of 392 cm−1

was excited for the transition of 16 710 cm−1. We further
found that the intensity ratio at 16 710 and 16 318 cm−1

was 1.02:1.00. Such a large transition at this vibrational
mode suggests non-Condon participation in the vibronic
transition since a large reorganization of Franck−Condon
excitation for CV could not possibly happen. On the other

hand, at the vibrational frequency of 1565.6 cm−1 in the
ESA, two slightly shifted VT peaks appear at 16 372 and
16 717 cm−1 but exhibit much stronger intensities than
their counterparts in the GSB. It is noted that the vibronic
absorption peaks for CV molecules at the interface in 2D-
EVSFG are more prominent, even though the vibrational
peaks are similar.79 These features suggest that 2D-
EVSFG provides unique local properties at interfaces.

(2) Along the vibrational frequency axis for the excitation
frequencies of 16 318 and 16 710 cm−1 as shown in Figure
7(C), the two negative peaks at 1628.3 and 1591.3 cm−1

were attributed to GSB, which is consistent with those
from one-dimensional VSFG in the right inset in Figure
7(A). Since VSFG is both Raman- and IR-active, the GSB

Figure 8. Conditional averages of CLS in 2D-EVSFG spectra at waiting times of 0.2 ps (A) and 8.0 ps (B) for CV molecules at the air/water interface
under PPSSP. ke,IR (C) and ke,Vis (D) as a function of a waiting time, Tw.
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shows two peaks at 1628.3 and 1591.3 cm−1 in 2D-
EVSFG, instead of one peak at 1595 cm−1 in 2D-EV.79 On
the other hand, three positive peaks occur at 1565.6,
1528.3, and 1454.8 cm−1. The first and third peaks were
due to the vibrational transitions of 1597.2 and 1493.8
cm−1 in the excited state of CV.79 The ESA peak for
1628.3 cm−1 overlapped with the GSB peak of 1591.3
cm−1 and could not be differentiated in our case. The
spectral red shift between the GSB and ESA vibrational
peaks was found to be close to 31.6 and 39.0 cm−1. The
2D-EVSFG data offer vibrational information on both
excited states and ground state as compared with the
traditional doubly resonant sum frequency generation.

Interactions between a chromophore and its surrounding
solvent lead to spectral diffusion processes in electronic
transitions, vibrational transitions, or both. For electronic-
vibrational transitions, solvent interactions are related to the
couplings of the electronic and vibrational degrees of freedom
with solvent modes. Previous theories state that the fluctuations
in the electronic and vibrational motions are intimately
correlated through the energy fluctuations of the vibrations on
the electronic excited state at an early waiting time, before other
relaxation processes take place.45 The center line slopes (CLSs)
were often used to quantify the energy fluctuations. From CLS
values in 2D-EVSFG peaks, one might be able to directly
measure the relative strengths with which a vibrational mode is
coupled to the solvent on excited states with respect to the
ground electronic state at interfaces and surfaces. Following the
pioneering work for 2D-EV from the Fleming group,45,79 we
defined the following four conditional averages of CLSs in 2D-
EVSFG: kg,Vis and kg,IR for GSB peaks and ke,Vis and ke,IR for ESA
peaks. The kg,IR and ke,IR are the conditional averages of CLSs
with respect to the vibrational frequency, while the kg,Vis and ke,Vis
are the conditional averages of CLSs with respect to the
excitation frequency. The magnitude of the CLSs could be
utilized to compare the relative strengths for a vibration that is
coupled with its surrounding solvent on an excited state with
respect to the ground state.
Figure 7(A) shows solvent correlations from 2D-EVSFG

spectra at a waiting time of 0 fs for CVmolecules at the air/water
interface under PPSSP. The values for kg,Vis and kg,IR, at the GSB
peak of (16 318 cm−1, 1627.4 cm−1), were estimated to be 5.39
× 10−4 and 0.216, respectively, while those for ke,Vis, and ke,IR at
the ESA peak of (16 709 cm−1, 1565.6 cm−1) were 7.52 × 10−4

and 1.305, respectively. All the CLS values exhibit positive
solvent correlations at the air/water interface. Based on the
analysis in 2D-EV,45 we attempted to estimate the vibrational
solvent coupling for the zeroth and first vibrational levels on the
electronic state with respect to those on the ground state, being
on the order of 0.216 and 0.382. The former one is much smaller
than that of 1.5 in bulk methanol.79 Such a low value at the
interface suggests that the solvent reorganization energy of the
zeroth vibrational level of the excited state is less than that on the
ground state. These preliminary results show that 2D-EVSFG
could be used to describe the strength of the vibrational coupling
to the bath on the electronic excited state for a given vibrational
mode at interfaces.
The advantage of 2D-EVSFG is that the time evolution of

photoinduced electronic states is tracked from time-dependent
spectra, as compared with steady-state double-resonance SFG.
With different waiting times, we are able to monitor the
structural evolution of molecules at interfaces. Figure 8 shows

2D-EVSFG spectra at the ESA peak of (16 709 cm−1, 1565.6
cm−1) for 30 μM CV at the air/water interface at two different
waiting times of 0.20 (A) and 8.00 ps (B) under PPSSP. The
CLSs for these waiting times were also appended in Figure
8(A,B). Furthermore, the ke,Vis, and ke,IR values were extracted for
different waiting times as shown in Figures 8(C,D). Even though
the data for the CLSs were not satisfactory, qualitative
comparisons showed that these kinetic behaviors of CV at the
air/water interface are significantly different from those in bulk
methanol.45 Thus, time-dependent 2D-EVSFG could help us
depict dynamical vibronic coupling of molecules at interfaces.

■ SUMMARY AND PERSPECTIVES
In summary, we have successfully developed an interface/
surface-specific 2D-EVSFG spectroscopy. The 2D-EVSFG
spectrometer was based upon four laser beams, including a
phase-locked pump pair, a mid-IR, and a picosecond narrow
beam. A translating wedge-based identical pulses encoding
system (TWINS) was used for a phase-locked pulse pair for
coherent excitation. The frequency calibration of the pump pair
and its zero time delay determination as well as constant phase
were implemented from spectrally resolved interferometry
measurements. The synchronization of the four lasers and
signal detection of 2D-EVSFG were achieved. Data analysis has
been described step by step. Furthermore, we have applied 2D-
EVSFG into crystal violet (CV) molecules at the air/water
interface.
From the 2D-EVSFG spectra, we have demonstrated vibronic

coupling and solvent correlation of CV at the air/water interface.
The two vibronic absorption peaks for CV molecules at the
interface from the 2D-EVSFG experiments were found to be
more prominent than their counterparts in bulk from 2D-EV.
The 2D-EVSFG also offers vibrational information on both
excited states and the ground state as compared with the
traditional doubly resonant sum frequency generation. Quanti-
tative analysis of the vibronic peaks in 2D-EVSFG suggested that
a non-Condon process participates in the photoexcitation of CV
at the interface. We further revealed vibrational solvent coupling
for the zeroth level on the electronic state with respect to those
on the ground state, being on the order of 0.216 and related to a
change in its solvent reorganization energy. The change in the
solvent reorganization energy at the interface is much smaller
than that in bulk methanol. Time-dependent 2D-EVSFG CLSs
showed that kinetic behaviors of CV at the air/water interface
are significantly different from those in bulk methanol.
With this emerging technique, our next aim is to utilize

different polarization combinations to obtain relative orienta-
tions of vibrational dipoles and electronic dipoles. 2D-EVSFG
measures electronic-vibrational responses under electronic
excitations at interfaces. In other words, 2D-EVSFG signal for
a particular vibrational dipole could be enhanced or suppressed
by experimentally setting the polarization combination of the
incident and the detected electric fields. Currently, the main
challenge in the 2D-EVSFGwith the TWINSmethod is that it is
time-consuming. The frequency calibration of a pump pair and
the determination of its time zero are tedious. In addition, the
TWINS requires a high-quality spatial mode of a pump source.
Phase cycling is a promising alternative, which is often used in
ultrafast 2D experiments. Our next plan is to introduce the phase
cycling method into 2D-EVSFG experiments. In addition, the
pump−probe configuration significantly simplified the exper-
imental implementations of the 2D-EVSFG but left one
disadvantage with unwanted transient absorption backgrounds.

ACS Physical Chemistry Au pubs.acs.org/physchemau Article

https://doi.org/10.1021/acsphyschemau.3c00011
ACS Phys. Chem Au 2023, 3, 374−385

382

pubs.acs.org/physchemau?ref=pdf
https://doi.org/10.1021/acsphyschemau.3c00011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Our ultrafast 2D-EVSFG experiments not only offer vibra-
tional information on both excited states and ground state as
compared with the traditional doubly resonant sum frequency
generation and electronic-vibrational coupling but also provide
vibronic coupling, a dynamical solvent effect, and time evolution
of vibronic coupling at interfaces. This time-resolved and
interface-specific electronic-vibrational spectroscopy is readily
applied to reveal the structure and dynamics of interface and
surface species in the fields of environment, materials, catalysis,
and biology.
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