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ABSTRACT: Conical intersections (CIs) hold significant stake in
manipulating and controlling photochemical reaction pathways of
molecules at interfaces and surfaces by a�ecting molecular
dynamics therein. Currently, there is no tool for characterizing
CIs at interfaces and surfaces. To this end, we have developed
phase-cycling interface-specific two-dimensional electronic spec-
troscopy (i2D-ES) and combined it with advanced computational
modeling to explore nonadiabatic CI dynamics of molecules at the
air/water interface. Specifically, we integrated the phase locked
pump pulse pair with an interface-specific electronic probe to
obtain the two-dimensional interface-specific responses. We
demonstrate that the nonadiabatic transitions of an interface-active
azo dye molecule that occur through the CIs at the interface have di�erent kinetic pathways from those in the bulk water. Upon
photoexcitation, two CIs are present: one from an intersection of an optically active S2 state with a dark S1 state and the other from
the intersection of the progressed S1 with the ground state S0. We find that the molecular conformations in the ground state are
di�erent for interfacial molecules. The interfacial molecules are intimately correlated with the locally populated excited state S2 being
farther away from the CI region. This leads to slower nonadiabatic dynamics at the interface than in bulk water. Moreover, we show
that the nonadiabatic transition from the S1 dark state to the ground state is significantly longer at the interface than that in the bulk,
which is likely due to the orientationally restricted configuration of the excited state at the interface. Our findings suggest that
orientational configurations of molecules manipulate reaction pathways at interfaces and surfaces.

■ INTRODUCTION

Conical intersections (CIs) are points where di�erent
electronic states intersect and are pivotal in the multidimen-
sional potential energy surfaces of molecules.1−5 CIs act as
funnels that initiate ultrafast nonradiative decay of photo-
excited states to lower-lying electronic states. Such a funneling
e�ect guides the molecule to reach nuclear configurations that
would otherwise be thermally inaccessible. These CIs are
crucial for understanding a wide range of photochemical
phenomena and play a significant role in the manipulation of
nonadiabatic photochemical processes, leading to significant
transitions between electronic states. CIs are widely observed
in various photochemical processes, showcasing their im-
portance in fundamental molecular events. For instance, in
energy transfer within light-harvesting complexes, CIs serve as
key points where the excited state energy can be e2ciently
channeled to the target molecules.6,7 Additionally, photo-
isomerization, which involves the rearrangement of atoms in
response to light, frequently occurs via CIs.8 Photodissociation
processes, where molecules break apart upon absorbing light,
are governed by CIs as well.9 Furthermore, CIs facilitate
nonradiative relaxation processes in photostable molecules,

allowing them to return to their ground state without emitting
light.10,11

To gain insights into CIs and their impacts on photo-
chemical processes, both experimental and computational
investigations have been actively conducted in bulk solvent and
gas phases.1,3 Experimental techniques, such as ultrafast
spectroscopy and photoelectron spectroscopy, provide valuable
information about the dynamics and electronic structure near
CIs.4,12−23 Computationally, quantum chemical methods
enable the exploration of potential energy surfaces and the
characterization of CIs.24−30 Despite the progresses made in
understanding CIs in bulk solvent and gas phases, our
knowledge of their behavior at interfaces and surfaces remains
limited. However, the study of CIs in these environments is
crucial due to their close relationship with numerous
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photochemical processes occurring at interfaces and surfaces.
For example, interfacial charge transfer reactions in organic
solar photovoltaic devices, where light energy is converted into
electricity, heavily rely on CIs to facilitate e2cient electron
transfer across the interface.31 Similarly, light-triggered
reactions on the surface of photocatalysts, which play a vital
role in various applications like energy conversion and
environmental remediation, are inherently associated with
CIs.32,33 Exploring the behavior of CIs at interfaces and
surfaces is of great importance to advance our understanding of
photochemical processes in complex systems. By elucidating
the dynamics and mechanisms associated with CIs in these
contexts, we can develop strategies to optimize and control
photochemical reactions for a wide range of applications.
However, further research is needed to uncover the precise
nature and characteristics of CIs in interfacial and surface
environments, as their behaviors in these settings remain
largely unknown.

Interfaces and surfaces exhibit unique chemical and physical
properties compared to the bulk.34,35 The proximity of CIs to
these interfaces and surfaces introduces distinct characteristics
and dynamics, hypothesized to result in fundamentally
di�erent photochemical processes. First, solvent molecules
near interfaces and surfaces can exhibit di�erent structural
organization and orientation compared to the bulk solvent.
The unique solvation environment at interfaces can either
enhance or suppress specific photochemical pathways, leading
to variations in the overall photochemical behavior. Second,
the structural configurations of molecules near interfaces and
surfaces can di�er significantly from those in the bulk. The
restricted environment often involves altered molecular
orientations, surface adsorption, or confinement e�ects,
which can perturb the potential energy surfaces and alter the
accessibility of CIs. As such, the electronic energy relaxation
pathways and rates can be modified, leading to diverse
photochemical behavior and outcomes compared to the bulk
environment. Third, the presence of partially or fully oriented
molecules at interfaces and surfaces impacts the accessibility of
CIs and the subsequent electronic relaxation pathways. At
interfaces and surfaces, molecules may experience preferential
orientations due to interactions with the substrate or
neighboring molecules. The preferential orientation can result
in specific reaction channels being favored or inhibited, altering
the overall photochemical behaviors and product distributions.
As a result, the distinct structural configurations, dynamical
environment, solvation dynamics, and partially or fully oriented
molecules at interfaces and surfaces contribute to significant
variations in the electronic energy relaxation pathways and
rates near CIs.

CIs in bulk systems have been successfully investigated
several times using two-dimensional electronic spectroscopy
(2D-ES).13,14,36−38 However, when it comes to interfaces and
surfaces, interface-specific methods such as electronic sum
frequency generation (ESFG) and electronic second harmonic
generation (ESHG) spectroscopy, they have been predom-
inantly used to study the electronic properties of systems.
Transient ESFG/ESHG, a one-dimensional time-resolved
interface-specific technique, was used to investigate interfacial
photoreactions and other interfacial processes pioneered by
Eisenthal and Tahara.39−50 Pioneering 2D-VSFG techniques
developed by Bonn, Tahara, and Zanni, investigated the
response of interfacial transitions to di�erent excitation
frequencies and dynamics of interfacial transient features.51−67

Inspired by these previous transient ESFG and 2D-VSFG
works, to advance our understanding of CIs at interfaces and
surfaces, it becomes essential to combine the capabilities of
2D-ES and ESFG spectroscopies, introducing an additional
energy dimension to the one-dimensional time-resolved
ESFG/ESHG approach. By integrating these two spectroscopic
methods into one unit, a novel approach called “i2D-ES”
(interface-specific two-dimensional electronic sum frequency
generation spectroscopy) can be used to explore the
nonadiabatic dynamics of CIs. Notably, there have been no
reported methods to date that specifically investigate CIs at
interfaces and surfaces.

In this study, we developed phase-cycling i2D-ES and
performed advanced computational modeling to investigate
the dynamics of CIs of molecules at the air/water interface. We
employed an azo dye, AP3,64 as a study system since it exhibits
a significant nonradiative transition. Furthermore, AP3 is
amphiphilic and interface-active.64 To do so, we combined the
phase locked pump pulse pair with an interfacial electronic
probe to obtain the two-dimensional interface-specific
responses. Here we demonstrate that the nonadiabatic
transition from the optically active S2 state to the dark S1

state, occurring through the CI, exhibits di�erent kinetics at
the air/water interface from those in bulk water. To fully reveal
the e�ects of air/water interfacial environment on nonadiabatic
transitions, we modeled ground state orientational geometry,
potential energy surfaces, and excited state populations of AP3
at the air/water interface and in bulk water, as shown in Figure
1A and B, respectively. Our study highlights the potential of
i2D-ES spectroscopy in elucidating the dynamics of CIs at
interfaces, o�ering fresh insights into the kinetics and lifetimes
of electronic states involved in nonadiabatic transitions.

■ METHODS

Laser Systems. The output from a Ti:sapphire regenerative
amplifier (UpTek Solutions, 800 nm, 100 fs, ∼4.0 mJ, 1 kHz
repetition rate) was split into three beams to generate a visible pump,
a short-wave IR (SWIR) pulse, and an 800 nm picosecond beam. A
portion of 0.8 mJ from the fundamental light was used to pump a
home-built noncollinear optical parametric amplifier (NOPA) for the
visible pump. A portion of 1.5 mJ from the fundamental light pumped
a two-stage broadband optical parametric amplifier (BOPA) for the
SWIR. A detailed description of the BOPA has been given
previously.68−70 The two-stage BOPA was used to produce an
ultrabroadband SWIR from 1200 to 2400 nm with a pulse energy of
250 μJ and a pulse duration of ∼200 fs.46,63 For electronic sum
frequency generation (ESFG) experiments, the rest of the
fundamental light passed through an etalon (SLS Optics) to generate
the picosecond 800 nm light. The time delay between the picosecond
800 nm and the SWIR was controlled by a programmable motorized
translational stage (UT100-100, Klinger), and set to zero. For
electronic second harmonic generation (ESHG), only the SWIR was
used while the 800 nm was simply blocked. Another programmable
motorized translational stage (M-112.12S, Physik Instrumente) was
used to control the time delay, Tw, between the pump pairs and the
800 nm/SWIR pulses.
i2D-ES Experiments. The output of the NOPA (centered at 590

nm, full width at half-maximum of 25 nm, 8.0 μJ) passed through an
acousto-optic programmable dispersive filter pulse shaper (Dazzler,
Fastlite) to generate the pump pulse pair71,72 with a duration of ca. 25
fs. A reflection geometry was used for i2D-ES experiments. All the
pulses were aligned into a single incident plane. The pump pair was
focused by a 25 cm focal length lens to a spot size of 310 μm at an
incident angle of 37°, and spatially overlapped with the 800 nm/
SWIR probe. A schematic experimental setup is shown in Figure S1A.
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Dazzler enables independent control of phase and amplitude over
each pulse, which achieved the scan of the time delay of τ and phase-
cycling control.73 The generated pulse pair was of the form |E(ω)|(1 +
exp[i(ωτ + ϕ12)]) where E(ω) is the spectral amplitude of the pulse,
ω, and ϕ12 = ϕ1 − ϕ2 is the relative phase shift of two generated
carrier waves. Changing the phase di�erence, ϕ12, between the two
pump pulses, would change the phase of the i2D-ES signal as well, but
the pump−probe signal remained the same. We employed a two-step
phase-cycling scheme (ϕ12 = 0 or π) to obtain the background-free
i2D-ES signals. The details of the data processing are described in the
Supporting Information. Another advantage of the phase cycling
strategy for the i2D-ES is that one could use a partially rotating frame
to greatly improve the sampling e2ciency of the experiments.74,75 We
implemented phase cycling in a rotating frame. By keeping both
carrier waves in phase while shifting the time-domain carrier-envelope
phase ϕCEP of the second pulse with respect to the first pulse as a
function of the time delay τ, ϕCEP(ω0,τ) = (1 − γ0)ω0τ. ω0 is the
center frequency of the pump spectrum and γ0 controls the CEP
evolution.

In this work, the SWIR of 5 μJ was focused on a sample surface
with spot sizes of 120 μm in diameter by a 15 cm focal length lens at
an incident angle of 45° as ω3 and ω4. The typical ESHG probe covers
wavelengths ranging from 580 to 750 nm. The pulse energy of the
pump was 0.12 μJ. A 780 nm short-pass filter (Thorlabs) and a 445
nm long-pass filter (Thorlabs) were used to remove the fundamental
light and other light from the surroundings after samples. The

polarization of i2D-ES signals, SWIR, and pump pulses were
controlled by polarizers and half-wave plates (Thorlabs). The
polarizations of the pump pair, ESHG, and SWIR were set to be p,
p, and s, respectively. p and s lights are defined to be parallel and
perpendicular to the incident plane, respectively. A single-axis Galvo
mirror (Thorlabs) rotated up and down at an angle of 1.5° and a
frequency of 500 Hz to separate the signals of the two phase-cycling
steps vertically into two strips onto the charge-coupled detector
(CCD) chip. The signals were detected using a thermo-electrically
cooled CCD (iDus 420, Andor, Oxford Instruments) with a
spectrometer (Kymera 328i, Andor, Oxford Instruments). Andor
Solis software from Andor Technology and a self-complied LabVIEW
program were used to implement data acquisition for i2D-ES signal.
Considering the data collection time and noise levels at di�erent
frequencies, we used the sampling scheme in a partial rotating frame
with γ0 = 0.15, and 37 steps evenly between 0 and 90 fs (2.5 fs per
step) in this work. It took 5 min for each i2D-ES measurement for
one Tw.
Chemicals. The chemical structure, synthesis, and characterization

of [(E)-4-((4-(dihexylamino) phenyl)diazinyl)-1-methylpyridin-1-
lum] (AP3) were described in our early work.64 10 μM AP3
dissolved in deionized water was used in our experiments.

The details of the 2D-ES experiments as well as the computational
details are included in the Supporting Information.

Figure 1. Snapshots of the interface (A) and bulk (B) simulation boxes, both of which include one AP3 cation with 1688 water molecules. (C)
Schematic of light beam geometry for the phase-cycling i2D-ES, which consists of two phase-locked pulses (ϕ1 and ϕ2) and two probe pulses (ω3

and ω4). (D) i2D-ES spectrum of AP3 at the air/water interface at a waiting time Tw of 0.030 ps, with the pump spectrum (light-green shadow),
the corresponding UV−vis absorption spectrum (red line), interfacial ESHG intensity spectrum (blue line) normalized with respect to that of n-
GaP (100). Wavelength (nm) is shown in top and right axes.
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■ RESULTS AND DISCUSSION

Ultrafast Interface-Specific 2D Electronic Spectrosco-
py (i2D-ES) Experiments. i2D-ES is a fourth-order nonlinear
spectroscopy where four pulses involved generate a polar-
ization that results in the observed interface-specific spectral
signal, as shown in Figure 1C. The first field (E1) with a phase
of ϕ1 interacts with a sample initiating a coherent super-
position of the ground and excited electronic states at the time
t = 0. The interaction of the second field (E2) with a phase of
ϕ2 leads to a population of either the ground or excited state
after the coherent time delay τ. The system evolves during a
waiting time Tw after the second field arrives. Then the
generated i2D-ES (Es) signal is detected. In one scenario, the
four pulses with a picosecond beam (ω4) is used to upconvert
the polarization generated by the third pulse (ω3), leading to
the emission of the resultant i2D-ES signal with the
conservations of the energy and momentum (∓k1 ± k12 + k3
+ k4).

63,65,76,77 In another scenario, the third and fourth pulses
are degenerate.(∓kp1 ± kp2 + 2k3). Ground state bleaching
(GSB), stimulated emission (SE), and excited state absorption
are involved in the interfacial responses, in which rephasing
pathways are depicted by Feynman diagrams in Figure S1B.
The resonance by which the i2D-ES operates occurs from the
ESFG probe (ω3 + ω4 = ωSWIR + ω800 nm) or ESHG (ω3 =
2ωSWIR), as shown in Figure S2. In the case of ESFG, the sum
frequency of the SWIR and 800 nm pulses act as the probe. In
the case of ESHG probe, the second harmonic frequency of the
incident SWIR pulse acts as the probe. For AP3 at the air/
water interface, the second harmonic frequency was used as the
probe.

The phase-cycling i2D-ES approach enables us to remove
scattering, obtain background-free spectra, and, more im-
portantly, accomplish rapid data collection for the weak i2D-
ES signal,78−82 which was much faster than that with the
TWINs in our early work.63−67 As a comparison, 2D-ES was
employed using similar experimental scheme to characterize
the bulk system. Figure 1D shows i2D-ES spectra of AP3
molecules at the air/water interface with a waiting time of Tw =
30 fs. The linear absorption spectrum along with the static
ESHG spectrum and the pump spectrum alongside i2D-ES are
shown for a comparison. The negative diagonal peak at (16800
cm−1, 16800 cm−1) and o�-diagonal peak at (16800 cm−1,
16000 cm−1) were assigned to GSB and SE, respectively,
whereas the positive diagonal peak at (16500 cm−1, 16500
cm−1) was attributed to ESA which corresponds to the
transition from the bright S2 excited state to a higher excited
state. The SE appeared at a higher excitation frequency, which
might be due to a stronger emission for the higher energy
vibronic state. On the other hand, the ESA appeared at a lower
excitation frequency, which might originate from the low
energy transition from S2 to a higher excited state. The
elongated behavior along the diagonal direction is due to
inhomogeneous broadening, while the spectral width of the in
the antidiagonal direction reflects molecular homogeneous
broadening e�ects. A 2D spectrum 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 di�usion and correlations of electronic excited
states of molecules at interfaces and surfaces.

To reveal CI dynamics of photoinduced molecules at
interfaces, we implemented both interface-specific and bulk 2D
electronic spectroscopy experiments. Figure 2 compares several
representative Tw-dependent i2D-ES spectra at the air/water
interface (A) and 2D-ES spectra in bulk water solution (B) for
AP3 molecules. The comparison of i2D-ES and 2D-ES spectra
at more waiting times is shown in Figure S3. It is noted that
the change in transmission was measured in 2D-ES with
positive GSB peaks and negative ESA peaks. For data
visualization, the same color was kept for both i2D-ES and
2D-ES. The similarities and di�erences of the time-dependent
spectra are outlined as follows:

At the early waiting time of Tw < 50 fs, both the spectra are
similar, having the GSB peak and the ESA peak. The only
di�erence is that a negative o�-diagonal peak appears at
(16800 cm−1, 16000 cm−1) in i2D-ES at the earlier time, which
could be due to SE, Franck−Condon active vibronic
transitions, energy transfer, or coupling of excited states. In
our case, this feature was assigned to the SE transition from the
S2 state to the ground state in this time window. It also
suggests that the photoexcitation at the interface populates
closer to the S2 state for the SE transition. Furthermore, the
ESA peak disappears rapidly in both cases, suggesting the short
lifetime of the S2 state of AP3 molecules. The nonadiabatic
movement of electrons accounts for the fast CI relaxation
process between the adiabatic electronic states. We here
assigned the interactions of the bright S2 and the dark S1 state
to be the first CI. Apparently, the S2 → S1 CI process at the
interface is slower than that in the bulk.

During the waiting times of 50 fs < Tw < 200 fs, the main
spectral features in both the i2D-ES and 2D-ES are the GSB at
(16800 cm−1, 16800 cm−1) and the SE band along the probe
axis. The diagonal GSB peak in the i2D-ES disappears within
150 fs, which is slightly slower than that of ca. 100 fs in the 2D-
ES. The loss of frequency correlation in 2D-ES suggests that
the population relaxation in the bulk is faster than that in the
interface. It is intriguing that the high frequency SE band above
17000 cm−1 along the probe axis in the i2D-ES spectra only
shows up only after 100 fs, while the low frequency SE band
below 15900 cm−1 along the probe axis in the 2D-ES appears
only after 100 fs. We consider the shift of the SE band to be
unique due to the di�erence in the locally excited states at the
air/water interface and in bulk water. The SE band in the i2D-
ES spectra shifts to the higher energy, suggesting that the
locally excited wave packet at the interface propagates uphill to
an intersect point where a CI can happen. On the other hand,
the SE band in 2D-ES shifts to the lower energy, suggesting
that the locally excited wavepacket in the bulk is closer to the
intersection point. The SE signals last for a few picoseconds in
the i2D-ES results. Such a long-lasting SE signal suggests that
the band is not from the minimum of the localized excited
state, which is also evidenced by the fact that the elongated
band along the probe frequency shifts as Tw changes. The time-
dependent SE band is considered as the underlying fast
evolution from the S1 state along the potential trajectory. At Tw

= 100 fs, lower energy SE (late-appearing feature) as well as
higher energy SE were observed for the bulk, while there was
still only lower energy SE (no late-appearing feature) at the
interface. The evolution rate of SE band at the interface
appears to be slower than that in the bulk.
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At waiting times of Tw > 200 fs, spectral signatures and their
dynamics di�er significantly in the i2D-ES and 2D-ES. The
i2D-ES spectra are still dominated by the broad SE band,
whose amplitude decreases with increasing waiting times. On
the other hand, the 2D-ES spectra exhibit a second ESA peak
at 16000 cm−1 along the probe axis, in addition to the round
SE peak. The second ESA peak in the 2D-ES was attributed to
an absorption to a higher excited state in the S1 state, which is
due to the stabilized minimum along the potential trajectory.
The second ESA peak in the 2D-ES was not observed in the
i2D-ES, suggesting that a locally stabilized S1 state does not
exist at the interface. Kinetically, all the peaks in both the i2D-
ES and the 2D-ES decay with increasing waiting times. This
decaying process is coupled with the relaxation into the ground
state, which is the second CI, namely, S1 → S0. The decay rate
is apparently much faster than that in the i2D-ES.

Together, these spectral signatures in the time-dependent
spectra from the i2D-ES experiments suggest that the CIs
dynamics at the air/water interface are di�erent from those in
bulk water.

To understand the dynamical properties of the CIs at the
interface, we implemented the global and target analyses in
both the i2D-ES and 2D-ES. The global and target analyses
were conducted in a manner resembling the approach

described in the literature83−86 but with several modifications.
Our analysis employed a sequential kinetic model where the
first excited compartment, denoted as A0, solely transmits its
population to compartment A1. This continues in sequence
until the compartment An−1 transforms to the final species An

which might represent the ground state or a long-lived excited
state. It was found that 3 species-associated spectra were the
best fit for the time-dependent i2D-ES experiments, each of
which represents the locally excited S2 (A0), the intermediate
S1 (A1), and the further progressed S1 (A2) with a long lifetime,
as shown in Figure S4. On the other hand, 4 species-associated
spectra were the best fit for the time-dependent 2D-ES
experiments (A0b → A1b → A2b → A3b), each of which
represents the locally excited S2, the intermediate S1, the
further progressed S1, and the hot ground state, respectively, as
shown in Figure S5. It is noted that the interfacial species
remained in the long-lived S1 excited state. Figure 2 also
compares the fitted population kinetics for each species at the
air/water interface (A0i: black dotted line, A1i: blue dotted line,
A2i: red solid line in Figure 2C) and in the bulk water (A0b:
black dotted line, A1b: blue dotted line, A2b: red solid line, A3b:
green solid line, in Figure 2D). In the first step, the decay time
from the locally excited S2 to the intermediate S1 corresponds
to the first CI process, being 140 ± 15 fs (A0i → A1i) at the

Figure 2. i2D-ES spectra (A) at the air/water interface and 2D-ES spectra (B) in bulk water of AP3 molecules for four representative waiting times
of 0.030, 0.100, 0.570, and 2.490 ps. Here we retain the notation of 2D-ES as in the literature but reverse the color scale for comparison.
Wavelength (nm) is shown in top and right axes. Population dynamics fitted by the global and target analysis for i2D-ES (C) and 2D-ES (D). The
two sequential steps (A0i → A1i → A2i) were used in the time-dependent i2D-ES. The three species correspond to the locally excited S2 (A0), the
intermediate S1 (A1), and the further progressed S1 (A2). The three sequential steps (A0b→ A1b → A2b→ A3b) were used in the time-dependent 2D-
ES. The four species represent the locally excited S2, the intermediate S1, the further progressed S1, and the hot ground state, respectively.
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interface and 42 ± 4 fs (A0b → A1b) in the bulk. The
subsequent process exhibits a very similar relaxation of 277 ±

30 fs (A1i → A2i) at the interface, and 244 ± 25 fs (A1b → A2b)
in the bulk. Afterward, there appears a second CI process of
1.02 ± 0.12 ps (A2b → A3b) in the bulk, while no further CI
occurs within 20 ps at the interface. These dynamical results
further confirm that the two CIs at the air/water interface were
slower than those in the bulk water.
Computational Studies of CIs at the Air/Water

Interface. To gain deep insights into the CIs at the air/
water interface, we turn to a suite of advanced calculations.
While the account of interfaces in the research of CIs is not
directly implemented in the literature, we can benefit from the
theoretical perspectives on investigations of CIs in both bulk
and gas phases. These studies are generally divided into two
approaches: phenomenological and molecule-oriented. The
former considers quantum dynamics of the model density
matrix without specific molecular information, relying on
quantum mechanics principles. In the attempt to solve the
Liouville−Von Neumann equation of motion, many ap-
proaches have been proposed such as hierarchical equations
of motion (HEOM),87 hierarchical Fokker−Planck equa-
tion,88,89 and others.90−92 The latter molecule-oriented
approach, however, focuses on detailed molecular behaviors,
utilizing nonadiabatic molecular dynamics approaches such as
Ehrenfest molecular dynamics,93,94ab initio multiple spawning
(AIMS),95ab initio multiple cloning (AIMC),96 fewest switches
surface hopping (FSSH) dynamics,93,94,97 as well as static
calculations of the potential energy surface near CIs.22

To understand the topology of the potential energy surface
(PES) of the examined AP3 system near CIs, we first
conducted calculations of the PES at the time dependent
density functional theory (TD-DFT) level (Figure 3A−C)
without explicit solvent molecules. The red, blue, and black
colors represent S2, S1, and S0, respectively. These calculations
allowed us to investigate the underlying energy landscapes and
identify the key factors influencing the S2 → S1 and S1 → S0 CI
transitions. Interestingly, the S2 → S1 CI transition occurs near
the Franck−Condon region (a dihedral angle ∠CNNC =
179.3° and ∠NNC (carbon in the phenyl ring) = 116.1°),
where the electronic and nuclear rearrangements are nearly
instantaneous. This transition leads to a rapid population of
the S1 state, contributing to the short-lived nature of the S2

state. Notably, the S1 → S0 CI is primarily governed by the
degrees of freedom associated with ∠CNNC and ∠NNC as
can be seen from the geometry of the minimal energy crossing
points (MECP) for which ∠CNNC = 89.9° and ∠NNC =
143.6° (Figure S6). These molecular motions play a crucial
role in facilitating the nonradiative decay process between the
S1 state and the ground state. When considering the interface,
it is important to recognize that the ∠CNNC and ∠NNC
degrees of freedom may become restricted or “stuck” due to
interactions with the interfacial environment. This confine-
ment or hindrance of motion can prolong the lifetime of the
dark state on the interface, providing a possible explanation for
its observed long-lived nature.

To further understand the nature of the investigated
transitions we computed the UV−vis spectra of the AP3
molecule. The spectral analysis at the configuration interaction
singles (CIS) level with the AM1 Hamiltonian (CIS-AM1)
reveals an intense peak at ∼480 nm (Figure S7). Importantly,
the multireference complete active space self-consistent field
method with large active space (14e, 12o) and the perturbative

correction to the dynamical energy (NEVPT2) indicated a
similar first bright excitation energy of the AP3 dye. A
comparison with experimental data shows a corresponding
peak at ∼590 nm, which is in line with the expected blue shift
commonly observed in computational spectra. The results
obtained at the CIS-AM1 level agree with most other high-
level methods (Table S1), which further supports the reliability
of the presented method. The analysis of the spectra and
molecular orbitals reveals that the first bright excitation
corresponds to the transition from the singlet ground state
(S0) to the second singlet excited state (S2) and corresponds to
a π−π* transition (Figure S8), while the S0 → S1 transition
possesses an almost negligible oscillator strength and is
associated with a n−π* transition, rendering S1 as the dark
state.

To computationally investigate the rate constants of S2 → S1

CI transition in bulk and at the interface, we conducted an
analysis of the excited state population using the fewest
switches surface hopping (FSSH) dynamics simulations in
conjunction with the CIS-AM1 method. A thorough sampling
approach, as described in the computational methods, allows
us to achieve an accurate description of the system’s structural
statistical distribution while retaining the influence of the
surrounding explicit solvent molecules (Figure 1A). Figure 3F
demonstrates that a slower photochemical S2 → S1 CI
transition takes place at the interface (τ = 44.3 fs) than that
in the bulk (τ = 31.7 fs), which aligns well with the
experimental observations (Figure 2C,D).

To understand how a geometry distribution a�ects the S2 →

S1 CI transition, we examined the distribution of ∠CNNC and
∠NNC angles at the air/water interface and in the bulk water
as shown in Figure 3D,E. The average ∠CNNC and ∠NNC
angles at the interface are 187.6 ± 7.3° and 120.6 ± 2.4°, while
in the bulk water the same values are 178.4 ± 6.1° and 123.3 ±

2.1°, respectively. The most significant di�erence in geo-
metrical distributions was observed in the ∠CNNC dihedral
angle, while the ∠NNC was similarly distributed in both the
cases. For the AP3 molecule in the bulk, the nuclear wave
packet appears closer, on average, to the CI upon vertical
excitation. That leads to the faster S2 → S1 transition in the
bulk than that at the interface. These results indicate that the
structural distribution significantly impacts the photochemical
dynamics. In turn, it was found that the inclusion of explicit
solvent molecules in the nonadiabatic molecular dynamics
(NAMD) simulations does not significantly alter the overall
population dynamics in Figure S9, suggesting that the
di�erence in the rates of the state transition is majorly due
to di�erent configurational sampling at the interface compared
to the bulk water environment.

Our computational analyses showed the potential energy
surface and excited state dynamics of the AP3 molecule,
employing a series of calculations to explain the conforma-
tional and kinetic attributes of excited state transitions, both in
the bulk water and at the air/water interface. The S2 → S1

transition in the first MECP was shown to be particularly
influenced by the ground state nuclear conformation due to
the proximity of S2 → S1 CI to the Franck−Condon region
(the blue curve in Figure 3G). On the other hand, a decreased
rate of the S1 → S0 transition at the interface is likely due to the
energetical restriction toward achieving a second MECP
conformation at an interfacial environment as also illustrated
in Figure 3G. This energy constraint results from the AP3−

water interactions at the interface that hinder the direct access
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to the nonradiative decay pathways, thereby extending the
lifetime of the dark state. It is important to note that our
insights into the S1 → S0 transition are based on the static
calculations, providing a detailed, albeit stationary, view into
the complex nonadiabatic photochemical process. That
restriction arose due to the limitations inherent to the CIS
approach, which is not accurate for modeling NAMD
transitions to the ground state. In addition, both our
experimental and computational results show that the S2 →

S1 CI process exhibits an overdamped behavior without
significant vibrational coherence. Such a feature might be
correlated with the nonrigid skeleton of the AP3 molecules.

Unique Environment of Molecules at the Interface
A8ects CI Processes. Our research has demonstrated unique
CIs at the air/water interface by developing the interface-
specific and phase-cycling i2D-ES method accompanied by
theoretical modeling. The main findings from the i2D-ES
experiments and theoretical calculations are that the non-
adiabatic CIs at the air/water interface are significantly
di�erent from those in the bulk water. In the case of AP3
molecules, we have observed two CIs, one from the S2 → S1

transition, and the other from the S1 → S0 transition. Both the
CIs at the interface are slower than those in the bulk. The
nonadiabatic CI dynamics originate possibly from the unique

Figure 3. (A) A three-dimensional plot of the potential energy surfaces obtained at TD-DFT level for dihedral angle ∠CNNC and ∠NNC. The
red, blue, and black colors represent S2, S1, and S0, respectively. (B) The energy profile of the rotation along ∠NNC angle at a fixed dihedral angle
∠CNNC = 180°. (C) The energy profile of the rotation along ∠CNNC dihedral angle at a fixed angle ∠NNC = 162.5°. The histogram for the
distribution of ∠CNNC dihedral angles (D) and ∠NNC angles (E) during the QMMM MD simulation of AP3 molecule at the interface (blue)
and in the bulk (red). The angle of interest is depicted on the left side. (F) Simulated excited state population dynamics obtained from the
ensemble of FSSH NAMD simulation of AP3 molecule at the interface (solid line) and in the bulk (dashed line). (G) Schematic potential energy
surface based on the static calculations of excited state equilibrium geometries and minimal energy crossing points. The time constants from the
global and target analysis and the potential energy surfaces of S1 for the bulk and interface are represented by green and red. The surfaces and the
barrier are not drawn to scale. The blank and gray shaded Gaussians represent the wave packet of thermally reachable geometry conformations.
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environment at the interface. At the air/water interface, the
orientational ordering of molecules,98−104 the hydrophobic-like
interfacial solvent polarity,105,106 solvation dynamics,107−115

and orientational motions,116−118 influence the behaviors of
molecule near the CIs, directing di�erent reaction pathways
and kinetics from those molecules distributed randomly in the
bulk water. These unique properties might contribute
individually or synergistically to the nonadiabatic CI processes.

It is known that solvent polarity at the air/water interface is
similar to hexane.105,106 Such a hydrophobic nature could lead
to a di�erent electronic absorption of AP3. Both our electronic
spectra64 and the calculations shown above have demonstrated
that no significant spectral shift was observed at the interface.
Thus, the Franck−Condon region is not a�ected by the static
solvent environment at the air/water interface. On the other
hand, the time scales for solvation dynamics at the air/water
interface are between ca. 200 fs and 1−2 ps,107−118 in which it
is the motions of the first water shell that are chiefly
responsible for the di�usive solvation dynamics with the
similar physical origin to that in bulk. Due to the close
proximity of the first CI to the Franck−Condon region, the
impact of solvation dynamics is greatly reduced while moving
in the excited state PES. Consequently, the S2 excited state has
a very short lifetime (∼50 fs) before solvation starts. These
results suggest that both static and dynamical solvent e�ects
during the CI at the air/water interface are the same as those in
the bulk. Furthermore, the orientational dynamics are on the
order 10−100 ps, as seen in Figure S10, which is temporally
decoupled from the CI. Therefore, we could exclude the
possibility of the solvent environment, solvation dynamics, and
orientational dynamics at the air/water interface in the roles of
the S2 → S1 CI.

We found that the ground state orientational geometric
distribution is critical in determining the kinetics of the
photochemical processes. Molecules that prefer to stay at the
air/water interface have, in general, partial or full orientational
ordering. Photoexcited AP3 electrons experience movements
from the optically bright S2 to the dark state S1 through the
first CI process at the interface. The orientational configuration
of the AP3 molecules at the interface, on average, is farther
away from the CI when vertically excited compared to that in
the bulk, making the S2 → S1 transition slower at the interfaces
than that in the bulk. Thus, the variation in the distribution of
internal degrees of freedom within the bulk solvent and at the
interfacial region significantly influences the di�erence in
photochemical dynamics, resulting in distinct behavior of
photochemical processes under these two unique conditions.
The interfaces may impose restrictions on orientational
degrees of freedom, altering the energy landscapes and
photochemical transitions relative to those in the bulk. The
distributions of ∠CNNC and ∠NNC angles indicated that the
system’s structural distribution a�ected the photochemical
dynamics. This is due to the geometrical configuration of
molecules in the bulk on average being closer to the CI upon
vertical excitation compared to the interface case. Such an
orientational configuration dictates distinct directional photo-
chemical reactions at the air/water interface, di�erent from
those molecules randomly distributed in bulk water. Our
computational results elucidated the energy landscapes under-
lying the S1 → S0 and S2 → S1 transitions of AP3, revealing the
primary influence of ∠CNNC and ∠NNC degrees of freedom
on these transitions. Computational excited state population
analysis revealed a slower S2 → S1 transition at the interface

compared to the bulk, congruent with the experimental
observations. It was further noted that interfacial interactions
could potentially restrict these degrees of freedom, leading to a
prolonged lifetime of the dark state, namely, the S1 → S0 at the
interface. It is noted that CI processes are not necessarily
slower than those in bulk. The rate of the nonadiabatic
dynamics depends on initial orientational configurations,
locally excited states, and CI interaction zones of molecules,
which together determine how the CIs proceed at interfaces.

■ CONCLUSIONS

In conclusion, we have examined the nonadiabatic CI
dynamics of AP3 molecules at the air/water interface by
developing phase-cycling interface-specific two-dimensional
electronic spectroscopy (i2D-ES) and advanced computational
modeling. We have demonstrated that the nonadiabatic
transition from an optically active S2 state into a dark S1

state of the molecules occurs through the first CI at the
interface and has di�erent kinetic pathways from those in the
bulk water. Combined with the computational results, it was
suggested that the orientational geometry distribution of the
interfacial molecules in the ground state dictates the position
of the locally excited state farther away from the cross point of
the CI, slowing down the interaction of the two excited states.
Furthermore, we have observed a slower CI from S1 to S0 at
the interface than that in the bulk, which is likely due to the
restricted orientational configuration of the dark S1 state at the
interface. Thus, we have concluded that the orientational
configurations of molecules in both the ground state and
excited states play a vital role in manipulating reaction
pathways at interfaces and surfaces. Technically, self-hetero-
dyne (homodyne) detected 2D-SFG has been found to have
some limitations such as limited bandwidth and spectral
deformation. Our next goal is to integrate heterodyne-detected
ESFG/ESHG into the 2D phase cycling experiments. This
study represents a significant step forward in understanding the
complex molecular behaviors at interfaces and the mechanisms
driving the di�erences in photochemical reactions between
interface and bulk environments. Our findings provide insights
into the photoinduced relaxation dynamics at the air/water
interface. CIs may profoundly influence the dynamics and yield
of energy and charge transfer processes at interfaces. One
application could be when vibronic coupling of organic light-
absorbing materials may result in the formation of CIs in
charge separation dynamics of donor/acceptor interfaces for
organic solar cells. The ultrafast CIs with e2cient nonradiative
relaxation could induce or suppress charge transfer at
interfaces. Ultimately, the rates of interfacial charge separation
and recombination greatly a�ect the e2ciency of photovoltaic
devices. We hope this work stimulates further research in this
area and contributes to the broadening of the scientific
understanding of CIs and their broader implications in all
photoinduced interfacial processes for solar energy conversion,
photosynthesis, photocatalysis, and environmental photo-
chemistry.
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and 2D spectra) and theoretical calculations are
presented (PDF)
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