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Abstract

Two-dimensional electronic spectroscopy (2D-ES) has become an important technique for studying
energy transfer, electronic coupling, and electronic—vibrational coherence in the last ten years.
However, since 2D-ES is not interface specific, the electronic information at surfaces and interfaces
could not be demonstrated clearly. Two-dimensional electronic sum-frequency generation (2D-
ESFQG) is an emerging spectroscopic technique which explores the correlations between different
interfacial electronic transitions and is the extension of 2D-ES to surface and interfacial specificity.
In this work, we present the detailed development and implementation of phase-cycling 2D-ESFG
spectroscopy using an acousto-optic pulse shaper in a pump-probe geometry. With the pulse pair
generated by a pulse shaper rather than optical devices based on birefringence or interference, this
2D-ESFG setup enables rapid scanning, phase cycling, and the separation of rephasing and
nonrephasing signals. Additionally, by collecting data in a rotating frame, we greatly improve
experimental efficiency. We demonstrate the method for azo-derivative molecules at the air/water
interface. This method could be readily extended to different interfaces and surfaces. The unique
phase-cycling 2D-ESFG technique enables one to quantify energy transfer, charge transfer,
electronic coupling, and many other electronic properties and dynamics at surfaces and interfaces
with precision and relative ease of use. Our goal in this article is to present the fine details of the
fourth-order nonlinear optical technique in a manner which is comprehensive, succinct, and
approachable such that other researchers can implement, improve, and adapt it to probe unique and
innovative problems to advance the field.

Introduction

Ultrafast multidimensional spectroscopy has been proven to be a robust tool to investigate
chemical and physical processes of molecules.'* These processes range from ultrafast
intramolecular relaxation processes to intermolecular processes such as charge transfer, energy
transfer, and electronic coupling in photochemical, biological, and materials systems®'® One such
technique, two-dimensional electronic spectroscopy (2D-ES), has been very successful and used
extensively to investigate ultrafast processes in bulk materials.!”' The great utility of 2D-ES is that
by spreading the electronic spectrum into a second dimension, coupled electronic modes are
correlated by cross peaks; and additional dynamical information can be derived from the 2D
lineshapes.”? However, since 2D-ES is not interface specific, electronic structure and dynamics at
surfaces and interfaces cannot be clearly examined and separated from their dissimilar bulk



properties. As a second-order nonlinear optical technique, sum frequency generation (SFG)
spectroscopy has been used to probe surfaces and interfaces because of the intrinsic
surface/interface selectivity of even-order nonlinear processes.””?° Vibrational sum frequency
generation (VSFQG) have been proven to be a powerful tool to examine the vibrational information
such as molecular structure, orientation, packing, and reactions at the interfaces.”’** To probe the
electronic structures and photo-induced dynamics of molecules at interfaces, electronic sum
frequency generation (ESFG) was developed and utilized.*'*’ By combining multidimensional and
SFG spectroscopic methods, an interface-specific 2D spectroscopy could be developed, addressing
this critical knowledge gap.

Time-resolved interfacial electronic spectroscopy has been used to study ultrafast interfacial
processes such as solvation and rotational dynamics, electron, energy, and proton transfer, and
excited state lifetimes. As far as photoinduced excited states are concerned, a UV-visible beam is
used as a pump and ESHG or ESFG as a probe. Understanding these reactions using pump-probe
spectroscopy would thus provide valuable mechanistic insights into a wide range of photoinduced
relaxation processes at interfaces. Eisenthal and coworkers pioneered the time-resolved interfacial
dynamics by developing time-resolved ESHG.”® Specifically, the debut of time-resolved (TR) SHG
showed that isomerization at the air/water interface could occur over twice as fast as in bulk. The
team continued to expand the TR-ESHG to investigate unique solvation dynamics, rotational
dynamics, and electron transfer at interfaces.’'>> These works over 30 years ago ignited the field
and have led to excellent innovations in ultrafast interfacial physical chemistry ever since.** %
The next major milestone in interfacial ultrafast electronic techniques was the use of a femtosecond
800 nm pulse mixed with a white light continuum to generate multiplex ESFG responses.*! 444658

%% Only a few years later Tahara et al. used the multiplex ESFG combined with a visible pump pulse
to successfully mix three nondegenerate waves for the first time to investigate ultrafast interfacial
dynamics through TR-ESFG.® Recently, the TR-ESFG technique was used to investigate
interfacial organic chemical reactions at the air/water interface.®" °* Solid interfaces have been
investigated using these techniques as well, where Zhu et al. used TR-ESHG to investigate charge
transfer at organic/inorganic semiconductor interfaces.®> Subsequently, with the addition of HD to
the TR-ESFG system, they were able to probe interfacial charge transfer, charge carrier motion, as
well as band normalization, all metrics imperative to the design and implementation of efficient
semiconductors in photonics systems.* TR- and/or HD- ESHG/ESFG methods have been used to
uncover interesting information about GaAs and GaP semiconductor surface properties.”’ Using
ESFG, Zhang et al. were able to identify three dark surface states that contribute to band-bending
in GaP semiconductors, and azimuthal angle-dependent phase measurements resulted in the
correlation of surface charges and isotropic ESFG responses.®® Along these lines, broadband HD-
ESHG was used for spectral phase measurements for common nonlinear optical reference materials,
3] both highlighting some serious pitfalls of common reference materials and providing a basis upon
which they could be remedied.®® Remarkably, the surface properties of GaP semiconductors have
un also been studied in-depth by broadband TR-ESFG, where surface states were identified for n- and
= p-type species, and their effects on surface electric fields and surface carrier population dynamics

A0

1
|



at the material surface were assessed.’” %" Most recently, TR-ESFG observed the ultrafast charge
transfer trions in 2D organometallic heterojunctions and was aided by phase differences in signal
components, ultimately unveiling processes which may be useful in the improvement of designer
photonic materials.®® All these achievements in instrument development and interfacial knowledge
advancements built on the previous work and instructed subsequent endeavors. Accordingly, the
natural progression from ESFG to TR-/HD-ESFG was to combine it with two-dimensional
spectroscopies.

Recently, two-dimensional vibrational SFG (2D-VSFG) spectroscopy has been demonstrated
as an extension of two-dimensional infrared (2D-IR) techniques to study vibrational structures and
dynamics at surfaces and interfaces.”””’* By contrast, corresponding two-dimensional interface-
specific electronic spectroscopy has still been left behind. One of the most challenging parts of
developing a 2D-ESFG method is building up a broadband laser for an ESFG signal as a probe and
a stabilized phase-locked visible pulse pair as a pump. In our previous work, we developed a
broadband ESFG spectrometer based on an optical parametric amplifier that generates short-wave
infrared (SWIR) from 1200 nm to 2400 nm.* > 7® The resultant ESFG spectrum covered almost
all the visible light from 480 nm to 760 nm from mixing an 800 nm with the SWIR laser source.
Based on this SWIR laser source, we developed 2D-ESFG and 2D-ESHG techniques with a phase-
locked visible pulse pair from a Translating Wedge based Identical pulses eNcoding System
(TWINS).”>™ This suite of fourth-order nonlinear optical spectroscopic techniques allowed
investigations of surface states for both n- and p-type GaAs surfaces. However, the TWINS-based
2D-ESFG spectroscopy system is not ideal for further development for multiple reasons. First, the
time delay between two pump pulses at different wavelengths in the birefringent wedges was
necessarily different and needed to be quantified. Second, precise 2D spectral analysis required the
exact time-zero to be known. Third, an accurate and fine-step control of the phase-locked pulse is
required to guarantee the accuracy of the measured excitation frequency; all of which contributed
to very long sampling times of several hours. Last, any scattering from samples could introduce
artifacts in the TWINS-based 2D-ESFG spectra.**®* As such, an alternative approach for efficient
and reliable 2D-ESFG is needed.

Previously, a phase-cycling strategy was successfully employed in 2D-VSFG, where it showed
utility in removing noise from scattering and separation of resonant and nonresonant responses to
improve experimental quality and efficiency.® Phase-cycling and programmable control of pulse
shapes allow precise and arbitrary control over the delay and phase for the pump pulses, which
makes it possible to optimize the data acquisition and extend the experimental systems to rougher
surfaces and air/water interfaces. Using a phase-cycling technique in 2D-SFG experiments can
reduce sampling time and produce normalized, background-free data without the need for external
calibration or validation. In this work, we detail the development of the 2D-ESFG spectroscopic
method using a phase-cycling pulse shaper integrated into a visible-ESFG pump-probe geometry.
As an example, we present the 2D-ESFG method on the couplings of molecules at the air/water
interface. We believe that by providing an in-depth account of experimental development we can



make these advanced fourth-order nonlinear optical techniques more accessible to researchers who
can apply them to their unique questions, and invite interested researchers to continue to improve
the technology.

Experimental Section
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Figure 1. Schematic representation of (A) 2D-ESFG experimental setup and (B) the beam
geometry and pulse sequence used for the 2D-ESFG experiments. (C) Double-sided Feynman
diagrams (rephasing pathways) for a three-level system where |g>, |e> and |[f> represent the
ground state, the excited state, and a higher excited state, respectively. Nonrephasing pathways
could be obtained by switching the time ordering of the first two interactions

Laser systems. As shown in Figure 1(A), the output from a Ti:Sapphire regenerative amplifier
(Uptek Solution, 800 nm, 100 fs, ~4.0 mJ, 1 kHz repetition rate) was split into three beams to
generate an 800 nm picosecond pulse, a SWIR pulse, and a visible pump pulse. The picosecond
800 nm pulse was produced by an etalon (SLS Optics), which allows simple switching back to a
femtosecond pulse by removing the etalon. A portion of 1.5 mJ from the fundamental light pumped
a two-stage broadband optical parametric amplifier (BOPA) to generate the SWIR pulse. A detailed
description of the BOPA has been made in our previous work.*- 7>’ The BOPA was used to produce
an ultra-broadband SWIR from 1200 to 2400 nm with a pulse energy of 250 uJ and a pulse duration
of ~200 fs. A portion of 0.8 mJ from the fundamental light was used to pump a home-built non-
collinear optical parametric amplifier (NOPA) tunable from 500 nm — 750 nm for the visible pump.
The output of the NOPA (centered at 517 nm, full width at half maximum of 20 nm, 8.0 pJ) passed
through an acousto-optic programmable dispersive filter pulse shaper (Dazzler, Fastlite) to generate
the pump pulse pair with a relative phase and controllable delay for this work.**” The correction
of high-order phase terms was achieved by the Dazzler for pulse compression of the pump. The
pump pulse was characterized by a collinear phase-cycled SHG-FROG measurement with the
Dazzler, resulting in a pulse duration of ~30 fs at the sample position.*® The time delay between the
picosecond 800 nm and the SWIR for generating ESFG was controlled by a programable motorized




translational stage (UT100-100, Klinger), and set to zero. Another programable motorized
translational stage (ILS150BPP, Newport) / (M-112.12S Physik Instrumente) was used to control
the time delay, 7w, between the pump pairs and the ESFG-generating pulses.

2D-ESFG Setup. A reflection geometry was used for ESFG and 2D-ESFG experiments, as shown
in Figure 1(A) and (B), with all the pulses aligned non-collinearly into a single incident plane. The
picosecond 800 nm pulse of 35 uJ was focused onto the sample surface with a 450 um diameter
spot (=20.0 cm) at an angle of 60°. The SWIR of 5 uJ was focused on the sample surface with 150
pum diameter spot (=15.0 cm) at an incident angle of 45°. The resultant ESFG spectrum covers the
wavelength range of 475 — 550 nm. A 780 nm short-pass filter (Thorlabs) and a 445 nm long-pass
filter (Thorlabs) were used to remove the fundamental light and stray light from the detection path.
The 517 nm pump pair of 0.11 pJ was focused (f=25.0 cm) to a spot size of 250 um at an incident
angle of 37°, and spatially overlapped with the probe on the sample surface. The polarization
combinations of ESFG/2D-ESFG signal, and incident pulses were controlled by polarizers
(Thorlabs) and half-wave plates (Thorlabs), respectively. The polarizations of the pump pair,
ESFG/2D-ESFG, 800-nm, and SWIR beams were set to be p, s, s, and p, respectively. p and s are
defined to be parallel to and perpendicular to the incident plane, respectively.

The pulse-shaper can be used in various phase-cycling schemes, where two- and four-step
schemes were used in our experiments. To eliminate the unwanted transient absorption background,
a two-step (1x2) phase-cycling scheme whose signals were detected at relative phase differences
¢12 =0 and ¢, = m was employed. An alternate two-step (1x2) phase-cycling scheme with
¢, =0 and ¢;, = m/2 can separate the rephasing and nonrephasing contributions using either
a chopping or phase subtraction method. With the phase subtraction method, datasets were collected
using a four-step (1x4) phase-cycling scheme. Here, ¢, = 0,7/2,m,3m/2, the subtraction
between data at ¢, =0 and ¢, = ™ (P, = /2 and ¢, = 3m/2) was used to remove
pump-probe background and other ¢;,-independent signals. Tan and coworkers showed that a
three-step (1%3) phase-cycling scheme obtained the same data as this 1x4 phase-cycling scheme
but with higher efficiency.* However, such a scheme is more difficult to be implemented in our
current setup. Since 2D-ESFG signals are generally weak, each data point was acquired for 5
seconds, longer than the single-shot data collection used in most 2D experiments. The phase pattern
for one cycle was uploaded to Dazzler and was repeated during data acquisition. At each waiting
time, the 2D-ESFG spectra were acquired by scanning the coherence time. A 1 kHz trigger signal
from the laser system was used for the synchronization of the Dazzler and a single-axis Galvo
mirror (Thorlabs). The Galvo mirror rotated up and down at an angle of 1.5° and a frequency of
500 (250) Hz to separate the signals of the 1x2 (1x4) phase-cycling signals vertically into two (four)
strips on the CCD chip. Andor Solis software from Andor Technology and a self-complied
LabVIEW program were used to acquire data for the 2D-ESFG signals.

Chemicals. 10 uM [(E)-4-((4-(dihexylamino) phenyl)diazinyl)-1-methylpyridin-1-lum] (AP3) in
water was used in our experiments. The chemical structure, synthesis, and characterization of AP3



were described in our early work.”’
Results and Discussion

Like 2D-VSFG,% % ¥22D.ESFG is a fourth-order nonlinear spectroscopy where four pulses,
including two visible pulses, one SWIR, and one ps 800 nm, generate a polarization that leads to
the emission of interfacial responses. Explicitly, the two visible pulses form the phase-locked pump
pulse pair, which interacts with the sample before the ESFG probe which is in resonance with an
electronic mode of the sample. Figure 1 shows the beam geometry and pulse sequence used for the
2D-ESFG experiments in this work, as well as three Feynman rephasing pathways, including
ground state bleaching (GSB), stimulated emission (SE), and excited state absorption (ESA). The
experimental time delays of the laser pulses are the differences between the maxima of the pulse
envelops, specified by coherent time (7), population time (7, ), and ESFG time delay (t3). The first
field of E,;with a phase, ¢; and a wavevector, k,; interacts with the sample initiating a
coherent superposition of the ground and excited electronic states. The interaction of the second
field of E,, with a phase, ¢, and a wavevector, k,, leads to a population of either the ground
or excited state. Then, the system is free to evolve during the waiting time Ty. After T, SWIR
(Eswir) pulse with a wavevector of kgy gz and a picosecond 800-nm beam, E,; with a
wavevector of k,; are overlapped with a relative delay of t3, and leading to the emission of the
resultant 2D-ESFG signal at the temporal response t,. The temporal response was measured in the
frequency domain (1,) by a spectrometer coupled with a CCD. t; was set to be zero in our case.
The direction of the radiated 2D-ESFG signal obeys the conservations of the energy and momentum
(Fhp1 = kpa + kps + kswir)-

2D-ESFG in the rotating frame. Data acquisition in a rotating frame is a significant advantage of
using a pulse shaper for our 2D-ESFG experiments.*!-** The emitted 2D-ESFG field, S, depends
on both 7 and ¢,,, and oscillates rapidly at w, such that S,p « e“Tei®12 where w represents
the frequency of the transition. To resolve coherent oscillations and to characterize the 2D signal,
a sampling step in the time domain needs to be sufficiently small to acquire at least two samples
during one optical cycle subject to the Shannon-Nyquist criterion. In our ESFG spectral region, this
restricted a step size to be smaller than 1 fs (0.87 fs at 520 nm), which resulted in a long data
collection time since nearly 200 data points are necessary to characterize the signal at a single 7.
To solve the problem, the coherent oscillations could be shifted to an arbitrary frequency or
completely removed with a pulse shaper. Specifically, the time-domain carrier-envelope phase
(CEP), ¢cgp, of a second pulse with respect to a first pulse is defined, namely, ¢cgp(wg, T) =
(1 —yy)wet, where w, is the center frequency of the pump pulses, y, is the adjustable
parameter that controls the CEP evolution, and t is the time delay of the two pulses. Thus, the
carrier waves of the two pulses are kept in phase, while the CEP could be modulated by varying
yo and 7. During the scan of t, the phase difference between two pump pulses is replaced by
$12 — Gcep(wo,T) , then the acquired signal becomes S, o e{@~(1-Y0)wo)Tpib1z = which
oscillates at w — (1 — yg)wy. The sampling rate for the 2D line shape reconstruction at the



Nyquist-Shannon requirement could be tuned by y,.

To demonstrate how the rotating frame works, raw 2D-ESFG signals from air/10 uM AP3
solution interface with a waiting time of 7,y = 1.8 ps at 19881 c¢cm™ (503 nm) were plotted as a
function of coherence time, 7, as shown in Figure 2. When y, = 1 (red line), the oscillations of
the 2D-ESFG with the coherent time occur at the frequency of the transition. This is denoted as a
laboratory-frame or no rotating frame measurements with no CEP shift between the two pulses. By
contrast, for y, = 0 (green line), the oscillations were shifted to the origin of the frequency space
and oscillated with w — wq, which is denoted as a fully rotating frame, showing a much lower

s
- PR o
. s
= o /

l'ull nliuling Tromme
— Partial rotating frame
—— Mo rofating Frane

II'|||r|'|V|‘I1u II.IJW'WJ‘ VMg,

AL

I
) 1 20 30 40 S0 60
r (%)
Figure 2. Raw 2D-ESFG signal as a function of coherence time 7 at 19881 cm
(503 nm) from air/10 uM AP3 solution interface with a waiting time of 7, = 1.8
ps. Top (yo = 0, green line), middle (y, = 0.3, blue line), and bottom (y, = 1, red
line) correspond to fully, partially, and no rotating frame, respectively.

frequency. When 0 <y, < 1 (blue line, y, = 0.3), the frequency of the oscillations was greatly
reduced, which is denoted as a partially rotating frame. Considering the data collection time and
noise levels at different frequencies, we used the sampling scheme in a partially rotating frame with
Yo = 0.15 and 37 steps of T evenly spaced between 0 and 90 fs in this work. The rotating frame
greatly reduced the sample times to 5 minutes for 2D-ESFG measurement at each 7, which is 10
times faster than those without the rotating frame.

Phase-cycling 2D-ESFG experiments. In our phase-cycling 2D-ESFG experiments, the
frequency-resolved signal measured after a spectrometer is given by

S(TI TWI t3114) X |E(2) (14) + iw4— [P(Z) (14) + PS(;[)) (T, TWJ t3ll4) + Pp(f) (TI TW: t3, 14) +

2
P (@, Ty, t3,29)]| Eq. 1

where E()(1,) is the ESFG probe field, P(®)(1,) is the free-induction decay from the ESFG
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generated by the pulses 3 and 4, Pp(f ) and Pp(g ) are the polarization induced by the pump pulse 1
and 2, respectively. In other words, Pp(f ) and Pp(; ) are from pump-induced changes in ESFG. All

three of these polarizations contribute to the strong background in the 2D-ESFG signal. P, D is

the desired 2D polarization induced by the interactions with all the pulses, which depends on the
relative phase of the pump pulse pair of the form, ¢, = ¢; — ¢,. A Dazzler enables the
independent phase and amplitude control over each pulse, which provides the ability to scan T

time delay and phase-cycling control.”

Compared with the pulse pair produced by TWINS we used
before or other interferometer setups,””’” **7 the pulse shaper employed here allows the
introduction of an arbitrary carrier wave phase shift that could achieve specific phase-cycling
schemes. We employed a 1x2 phase-cycling scheme of ¢;, =0 and ¢,, = to obtain
background-free 2D-ESFG signals. From Eq.1, changing the ¢, from 0 to @ would change the
phase of the 2D signal as well, but the pump-probe signal remained the same. The desired 2D signal
could be isolated from other contributions by using a 1x2 phase-cycling. As a result, we are able to

obtain only the isolated 2D-ESFG polarization.
S(T' TW; t3: 2-41 ¢12 = O) - S(T; TW; t3: 2-41 ¢12 = 77:) & ZE(Z)*((U4-)PS(;% (T, TW; t3r 14) Eq 2

Figure 3 shows the 2D-ESFG signals as a function of 7 in a partially rotating frame for ¢;, = 0
(red curve) and ¢, = m (blue curve) at the probe wavelength of 19881 cm™ (503 nm) with a
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Figure 3. Raw 2D-ESFG signal as a function of coherence time 7 at 19881 cm™ (503 nm) in a
two-step phase-cycling scheme with a partially rotating frame (y, = 0.15) for ¢;, = 0 (red
line) and ¢;, = 7 (blue line). The black line represents the signal difference of ¢;,= 0 and

p1=m.



waiting time of 7 =1.8 ps. Both curves show the oscillatory features with the offsets due to the

pump-probe background polarizations (Pp(f) and Pp(g )) as shown in Eq. 1. The black curve in the

2D difference signals for ¢;, =0 and ¢, = ® was enhanced without the background. Thus,
this 1x2 phase-cycling scheme could remove the pump-probe background and enhance the desired
2D signal.

Obtaining purely absorptive 2D-ESFG spectra. From the detected photons to the desired 2D-
ESFG signal, several steps need to be performed as schematically presented in Figure 4 (A), which
is similar to the data processing of 2D-ES.**

Step 1: obtain the background-free signal by the subtraction, S(t,T,,t3,14) =
S(t, Ty, t3, As; P12 = 0) — S(t, Ty, t3,A4; P12 = m). Fourier transformation from wavelength
domain needs the data as a function of equally spaced frequency, f,. Therefore, a Jacobian
transformation and a subsequent interpolation along the frequency axis are performed to extract

S(, Ty, t3, fa).

Step 2: Since the pump pulses are essentially interchangeable for ¢;, = 0, the data must be
symmetric with respectto 7 = 0 and therefore its Fourier transform along 7 must be purely real;
known as the symmetry condition. Experimentally, we obtained S(t = 0,T,,, t3, f,) and applied
the symmetry condition by performing the Fourier transform of S(z = 0,T,,, t3, f3) along the T
axis and then the inverse Fourier transform of Re[S(f;, Ty, t3, fa)] to determine S(t;, T, ts, f4).

Step 3: Subsequently, an inverse Fourier transform of S(ty, T, ts, f+) produces S(t;, Ty, ts,ts).
Along the t, dimension, causality requires that there be no 2D signal if the probe pulse interacts
with the sample before the pump pulses, which was enforced by setting the signal to zero for t, <
0.

Step 4: After applying the causality condition and taking the Fourier transform along both 7 and
t, axes into frequency domains, v; and v,, we could obtain the complex absorptive 2D-ESFG
spectrum S(vq,T,, t3,v,). The real part of S(v4,T,,ts,vs) is purely absorptive, and the
imaginary part of it shows the dispersive spectrum.

Step 5: The use of a chirped continuum probe in 2D experiments leads to peak distortions that
increase difficulties in analyzing the spectral and dynamical information. We obtained the cross-
phase modulation (XPM) signal of the chirped ESFG probe with compressed pump pulse at the
GaAs surface in the same configuration as the 2D-ESFG experiments. The time zero at each probe
frequency could be determined. A post chirp-correction scheme for 2D experiments proposed by
Ogilvie ef al. was employed to correct the major distortions induced by chirped probe and give us
the final 2D-ESFG spectra.”®
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Figure 4 (B) shows the real part of the absorptive 2D-ESFG spectrum of 10 uM AP3 solution
at Ty = 0.030 ps. The negative diagonal peak at (19050 cm™, 19050 cm™) and off-diagonal peak at
(19050 cm™, 18670 cm™) were assigned to ground state bleaching (GSB) and stimulated emission
(SE), respectively. The elongated behavior along the diagonal direction is due to inhomogeneous
broadening, while the spectral width in the antidiagonal direction reflects molecular homogeneous
broadening effects. A 2D spectrum then enables us to correlate an excited frequency with a probe
frequency. As a result, any inhomogeneous dephasing process that remains beyond its intrinsic
homogeneous dephasing time will lead to a diagonally elongated 2D line shape. At the interfaces,
a partial loss of frequency correlation with a symmetric line shape occurs at later waiting times due
to environmental fluctuations. These spectral features suggest that i2D-ES spectra could be used to
reveal spectral diffusion and correlations of electronic excited states of molecules at interfaces and
surfaces.
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Figure 4. (A) A schematic of data processing in 2D-ESFG experiments. The raw 2D-
ESFG data (three different 7,,) are given on the top right, and after the five steps shown
on the left end up with the final 2D-ESFG spectra on the bottom right. The results
obtained after each step are shown on the side. (B) 2D-ESFG spectrum at 7, = 0.030 ps,

with the pump spectrum (light-green shadow) and the ESFG intensity spectrum (red line).

The detected 2D signal in the pump-probe configuration is the sum of the rephasing (R) and
nonrephasing (NR) signals, unlike the non-collinear geometries where R and NR signals are in
different phase-matched directions and need to be detected separately. Ogilvie et al.”” demonstrated
that rephasing and nonrephasing 2D spectra could be isolated by employing a 1x2 phase-cycling
scheme of ¢y, = 0 and ¢, = m/2.” From Eq. 2, after the inverse Fourier transform along f;,
we obtain,

S(¢y, = 0) ox RB) 4 RNR)
S(¢pq, = m/2) x —iR®) 4 jRINR), Eq. 3
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Then,
S(¢1z = 0) + iS(¢py, = 1/2) x R®
S(p12 = 0) — iS(p12 = m/2) o RVR). Eq. 4

Performing the combinations and taking the Fourier transform along both 7 and t, axes can
then give the 2D rephasing and nonrephasing spectra. In this work, we used a 1x4 phase-cycling
scheme, ¢, =0,7/2,m, 31/2, where four sets of data were collected. With an additional
subtraction, background-free signals at ¢;, = 0 and ¢;, = m/2 were obtained,

S(p12 =0) = S(¢p12 =) x S(Pp12 = 0)
S(p12 =m/2) = S(p12 = 3m/2) x S(¢p1, = 1/2). Eq.5

The two sets of signals could then provide the rephasing, nonrephasing, and purely absorptive 2D
spectra. In Figure 5, we present the 2D-ESFG spectra of AP3 at 1.8 ps obtained from the 1x4 phase-
cycling scheme. The three top panels show the real parts of rephasing and nonrephasing components as
well as their sum that represents the purely absorptive 2D line shapes (left to right). The SE band
elongated along the probe frequency is the major spectral feature, which is consistent with the spectral
information obtained from the previous 1x2 phase-cycling scheme. We simulated the correlating 2D

0

spectra based on perturbative expansion for comparison and reference,'® as shown in the three bottom

panels of Figure 5. The response function was modeled employing a two-level system with a vertical

transition energy of 19200 cm™'. The line broadening function g(t) was described by a Kubo lineshape

1

function. The root-mean-square fluctuation A= 3500 cm™" and the correlation time 7, = 100 fs. The

Rephasing Monrephasing Sum
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Figure 5. Experimental (top) and simulated (bottom) 2D-ESFG spectra (real parts) of 10
uM AP3 at 1.8 ps: rephasing (left) and nonrephasing (middle) as well as their sum (right).
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shape of the pump pulse was also involved in the simulation. There are some differences between the
experimentally observed spectra and simulated results because the relaxation process after the photo-
excitation of the AP3 molecules at the interface is more complicated. Our previous studies have shown
that a 590 nm pump could excite AP3 molecules to the optically bright S, state, followed by a conical
intersection to the dark S; state. Molecules at either S, or S; state could give stimulated emission (SE)
signals.”” ! With the higher energy 517 nm pump used in this work, the relaxation processes after
photoexcitation are more complicated than a two-level system used in the simulation. From the
experimental spectra, rephasing and nonrephasing components show differences in line shapes around
probe frequency 19000 cm™ and a slight shift along the excitation frequency. The individual analysis of
both components could reveal the contributions from different coherent pathways, which is crucial for
some systems. The spectral distortions at probe frequency 19000 cm™ might come from the overlap of
GSB and SE or pump scattering. Our future research focuses on improving this 2D-ESFG technique,
including the introduction of some methods to suppress pump scattering.

Summary

In this work, we have detailed the development of phase-cycling 2D-ESFG spectroscopy with the
goal of disseminating the technique to the community to expand its breadth of applicability. With
the unique laser source of SWIR from 1200 nm to 2200 nm and the use of a phase-locked visible
pump pulse pair from a pulse shaper, we demonstrated the advantages of the pulse shaper-based
2D-ESFG over the TWINS-based technique for interface/surface studies. We further extended the
2D-ESFG technique into the air/water interface. Due to relatively weak signal from the surfaces
and interfaces, each step in a 2D-ESFG spectrum acquisition requires a certain time for averaging,
but the use of a partially rotating frame allows for a significant reduction in the number of required
data points per waiting time, reducing the overall acquisition time to more than one-fifth of that
with the TWINs method. The more efficient acquisition and shorter collection time allowed for the
tracking of ultrafast dynamics in amplitudes as well as line shapes of 2D-ESFG peaks with less
effort from the user. In our technique, purely absorptive signals with no pump-probe background
were retrieved using a 1x2 phase cycling scheme, along with retrieving rephasing and nonrephasing
signals using a 1x4 phase cycling scheme. This additional spectral information enables efficient
peak assignments and analysis of interfacial processes. We believe that our 2D-ESFG approach
using a pulse shaper, due to its simplicity in operation, maintenance, and rich spectral information
with different experimental settings, will make 2D-ESFG spectroscopy accessible to a wide range
of interfacial systems, and reveal the electronic structure and dynamics of interfacial species in
catalytic, environmental, and biological systems. By presenting the innerworkings of the phase-
cycling 2D-ESFG process, we aim to provide a guideline by which other researchers can adopt,
adapt, and improve the technique to best suit their own unique interests.
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