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Frequency-domain two-dimensional (2D) Raman signals, which are equivalent to coherent two-dimen-
sional Raman scattering (COTRAS) signals, for liquid water and carbon tetrachloride were calculated
using an equilibrium-nonequilibrium hybrid molecular dynamics (MD) simulation algorithm. An
appropriate representation of the 2D Raman spectrum obtained from MD simulations provides an
easy-to-understand depiction of structural and dynamical properties. We elucidate mechanisms
governing the 2D signal profiles involving anharmonic mode-mode coupling and the nonlinearities of
the polarizability for the intermolecular and intramolecular vibrational modes. The predicted signal pro-
files and intensities can be utilized to analyze recently developed single-beam 2D spectra, whose signals
are generated from a coherently controlled pulse, allowing the single-beam measurement to be carried
out more efficiently. Moreover, the MD simulation results allow us to visualize the molecular structure

Keywords:
2D Raman spectroscopy
Molecular dynamics simulation

and dynamics by comparing the accurately calculated spectrum with experimental result.
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1. Introduction

Fifth-order two-dimensional (2D) Raman spectroscopy is the
oldest multi-dimensional laser spectroscopy, whose spectra are
obtained by recording the signals as functions of the time dura-
tions between trains of laser pulses [1]. It has created the possibil-
ity for quantitatively investigating the intermolecular vibrational
motion of liquid molecules, while various 1D and 2D infrared (IR)
spectroscopies were developed for investigating intramolecular
vibrational modes of liquids and biological molecules [2-8].
Although it has been demonstrated theoretically that 2D Raman
spectroscopy has the capability to elucidate the difference between
homogeneous and inhomogeneous broadening [1], the anhar-
monicity of the potential [9-13], the mode-mode coupling mech-
anism [14-18], and dephasing processes detected through
nonlinear polarizability [19-28] of the intermolecular modes were
recognized early on, experimental signals have been obtained only
recently for CS, [32-35] benzene [36], and formamide liquids [37],
due to the unforeseen cascading effect of light emissions [29-31].
While the 2D Raman signals of liquid water have not yet been
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observed, 2D THz-Raman (or 2D Raman-THz) spectroscopy was
considered both theoretically and experimentally [38-45]. In this
method, the cascading effects are suppressed using two THz pulses
and one set of Raman pulses. Because intermolecular vibrational
modes are usually both Raman and IR active, the information that
we can obtain from the 2D Raman and 2D THz-Raman signals can
be used to investigate the fundamental nature of intermolecular
interactions in a complementary manner. Nevertheless, it is desir-
able to develop 2D Raman techniques, in which the cascading
effects are suppressed, because the role of Raman excitation is dif-
ferent from that of THz excitation due to the large nonlinearity of
polarizability function, and the information obtained from the 2D
Raman measurement is different from that obtained from the 2D
THz-Raman measurements [45]. Moreover, in comparison with
2D THz-Raman measurements, 2D Raman techniques are applica-
ble to wider range of materials, including glasses and solids at high
resolution, from low-frequency intermolecular to high frequency
intramolecular modes.

A recently developed single-beam spectrally controlled 2D
Raman spectroscopy method, whose signals are generated from a
coherently controlled pulse, overcomes the cascading problem
inherent to multi-beam methods and creates a new possibility
for measuring intramolecular interactions of liquids by means of
2D Raman spectroscopy [46]. In this measurement, a vibrational
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excitation is created by the sequence of pulses whose time period
corresponds to a vibrational mode [47]. Thus, by sweeping the
pulse periods, we can tune the excitation frequency of the
vibrational modes. Although both conventional 2D Raman and sin-
gle-beam 2D Raman spectroscopies measure the fifth-order Raman
(or the second-order nonlinear) response function of the molecular
polarizability, the appearance of the 2D signals is very different.
For example, while the single-beam measurement utilizes a
femto-second laser pulse, the spectrum obtained from this mea-
surement is similar to that obtained from a frequency domain 2D
Raman measurement [17]. This is because a vibrational excitation
in the single-beam measurement is created by a sequence of coher-
ently controlled pulses whose time period corresponds to a vibra-
tional mode, and, by manipulating the two sets of pulse periods,
we can obtain the 2D Raman signal as functions of the two vibra-
tional frequencies. In this paper, we calculate the frequency-
domain 2D Raman signals of intermolecular and intramolecular
modes, which are equivalent to coherent two-dimensional Raman
scattering (COTRAS) signals [16], from full molecular dynamics
simulations approach, in order to contribute further development
to single-beam 2D Raman spectroscopy.

This paper is organized as follows. In Section 2, we explain the
methodology for simulating 1D and 2D Raman signals with full MD
simulations. In Section 3, we investigate the calculated 1D and 2D
Raman signals for liquid water and CCl, to elucidate the mecha-
nisms governing the 2D signal profiles of the intermolecular and
intramolecular vibrational modes. Section 4 is devoted to conclud-
ing remarks.

2. Theory
2.1. Symmetrized response functions

The conventional time-domain 1D Raman measurement utilizes
a pair of off-resonant pump pulses, E2(t), followed by the probed
pulse, E¢(t). The signal is detected as the function of a delay time
between the pump and probe. In the 2D Raman case, the signal
is generated by two pairs of off-resonant pump pulses, E2(t) and
E5(t), followed by the final probed pulse, E(t), as a function of
two delay times between the two pump and probe pulses. The
optical observables in 1D and 2D Raman measurements are then
defined as the third-order and fifth-order polarizations expressed
as [1]

PO(t) = Ey(t) /OOO dtyR®) (61)E3 (t — t1) (1)
and
PO(t) = Ef(t)/%dtz/%dth@(tz, t1) x E3(t — t)EX(t — £ — y),

0 0

(2)

where R®(t;) and R®(t,, t;) correspond to the third- and fifth-order
response function defined by
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While the signals from conventional time-domain Raman spec-
troscopy are generated from ultrashort Raman pulses, those from
single-beam coherently controlled Raman spectroscopy are gener-
ated from trains of short pulses produced using a pulse shaping

technique from a single broadband pulse [46,47]. In this measure-
ment, a vibrational excitation is created by a sequence of pulses
whose time period corresponds to a vibrational mode. Thus, by
sweeping the pulse periods, we can tune the excitation frequency
of the vibrational modes. Both single-beam 1D and 2D Raman mea-
surements utilize a broadband Gaussian electric field with a modu-
lated phase mask produced using a pulse shaping technique
described by E(t) [48,49]. The signals of single-beam 1D Raman
and 2D Raman measurements are then expressed in the Fourier
representation as

PO o] = % [ " 4o S®[anE[w — an] x /ﬁdQE[Q}E[Q — )
(3)

2 o 00
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where f[w] is the Fourier representation of any function f(t), and Q
and Q — w; with j=1 and 2 correspond to the pump and Stokes
frequencies. In this measurement, the third- and fifth-order Raman
response functions are also expressed in the Fourier space as
S®w4] and S®'[w,, w;] [16,50]. It should be noted that the fifth-
order Raman response function in the present case has to be sym-
metrized in terms of two pulse delay times, because the signal-beam
measurement is in principle a frequency domain measurement,
where the time ordering of pump and probe pulses do not play a
role. Thus, we consider the following response functions

S¥w;] = R® [an] ()
and

1
SO [wy, on] = 5 {R<5> (1 + W2, 1] + R [ + o, wz]}. (8)

The above symmetrized response function is equivalent to the
observable of a COTRAS measurement [16]. Although the experi-
mentally observed single-beam 1D and 2D Raman signals were
obtained from Eqgs. (5) and (6) for a single broadband pulse with a
phase mask, here we calculate and analyze S®[w;] and S® [w,, w1]
themselves to explore the basic features of 2D Raman signals in
the frequency domain.

2.2. Equilibrium-nonequilibrium hybrid MD approach

In 1D vibrational spectroscopic approaches employing full MD
simulations, we can evaluate the observables easily by calculating
the optical properties from an ensemble of molecular trajectories.
The 1D Raman spectrum, S®[w;], is calculated from the response
function in time domain, expressed as

R (t1) (Meq (1) Heq(0))- 9)

1
ks
Here, Ileq(t) is the polarizability obtained from the equilibrium MD
(EMD) trajectories at time ¢ and ITeq(0) = (dlleq(t)/dt),_q-

To calculate 2D signals, we apply the equilibrium-nonequilib-
rium hybrid MD algorithm [51-53]. The fifth-order Raman
response function is evaluated as

RO (ty,t1) = (Meq(—t1) (M) (f2) — Mo (£2))), (10)

ksTE5At
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where At is the time step used in integrating the equations of
motion, and E3 is a constant that arises from the nonequilibrium
MD (NEMD) perturbation. The 2D Raman signal is then calculated
as follows. We first obtain the time derivative of the polarizability,
ﬁeq(—tl), from the equilibrium trajectories at time t = —t;. Then,
we evaluate the polarizability IT,p)(t2) and IT_p)(tz) at time
t = t, from the non-equilibrium trajectories, which are generated
by a perturbation at time t = 0, FIT(0)E24(t), resulting from the
external electric field of the second pair of pulses E3 acting on the
polarizability I1(0). The 2D Raman signal is then calculated from
Eq. (10).

2.3. Details of MD simulations

The symmetrized response functions, S®[w;] and S®[w,, ®1],
are the key to analyze single-beam 1D and 2D Raman signals.
We evaluated these functions from a full molecular dynamics
approach. The third-order Raman response functions were calcu-
lated from the equilibrium trajectory data, while the fifth-order
Raman response functions were calculated with the equilibrium-
nonequilibrium hybrid MD simulation algorithm [51-53].

2.3.1. Liquid water

We carried out the MD simulations for liquid water using an
ab initio-based polarizable water model for intramolecular and
intermolecular vibrational spectroscopies (POLI2VS) [54], follow-
ing the same procedure described in Ref. [53]. In the MD simula-
tions, each system consisted of 64 molecules in a cubic box with
periodic boundary conditions. The interaction potentials contain-
ing the quadrupole moments were cut off smoothly at a distance
equal to half the length of the system using a switching function,
and the long-range charge-charge, charge-dipole, and dipole-
dipole interactions were calculated with the Ewald summation
employing tinfoil boundary conditions. The equations of motion
were integrated using the velocity-Verlet algorithm with
At = 0.25 fs. We first performed isothermal NVT simulations with
a Nose-Hoover thermostat at 300 K. The density was set to be
0.997 g/cm®. Then, the production runs of the hybrid MD approach
were carried out using equilibrium molecular dynamics (EMD)
simulations in an NVE ensemble for a fixed volume, followed by
nonequilibrium molecular dynamics (NEMD) simulations, with a
Raman laser field of 8.0 V/A. We performed 100 sets of 500 ps
EMD simulations and applied the laser field every 25 fs. Before per-
forming the NEMD simulation, we determined the magnitude of
the laser field using the largest possible value which is compatible
with the linear response theory; in practice, we checked that the
temperature of the entire system did not change after application
of the laser.

2.3.2. Liquid carbon tetrachloride

We considered both intermolecular and intramolecular interac-
tions for liquid CCly using the OPLS force field. Because the
intramolecular motions are described using harmonic functions
in the OPLS force field, the anharmonicity of intramolecular modes
arises only through intermolecular interactions. The simulations
included 32 CCl, molecules, with periodic boundary conditions in
a cubic simulation box. We set the box length to 8.647 A, so that
the density matches the experimental value of 1.58 g/cm® [55].
The equations of motion were integrated using the Velocity-Ver-
let algorithm with time steps of 2 fs. We first performed isothermal
NVT simulations with a Nose-Hoover thermostat at 298 K. Then,
136 sets of 200 ps EMD simulations were performed, and a Raman
laser field of 0.93 V/A was applied every 20 fs, for each NEMD
simulation. This intensity was chosen to be the maximum value

consistent with the linear response theory. We employed the direct
reaction field (DRF) method [56] with an Ewald summation to
calculate the polarizability of the entire system. The atomic polar-
izabilities of the carbon and chloride atoms are 1.288599 A® and
2.40028 A3; they were chosen such that the molecular polarizabil-
ity matches the experimental value 10.002 A3 [57]. The damping
parameter in DRF method for liquid CCl; was chosen to be
1.95163. The third-order and fifth-order symmetrized response
functions were then calculated from Egs. (7) and (8).

3. Results and discussion
3.1. 1D Raman spectrum

In order to understand the vibrational nature of water and CCl,
and in order to examine the validity of the vibrational calculations
with the given force fields, we first computed the 1D Raman spec-
tra. In the case of water in Fig. 1, the peaks labeled by 1 and 2 arise
from translational and librational motion, whereas the peaks
labeled by 3, and 4 arise from the bending and stretching vibra-
tional motion, respectively. We note that the peak labeled by 4
arises not only from the intramolecular stretching motion but also
the intermolecular vibrational coupling [2,3]. Because we calcu-
lated the spectrum using the classical MD simulations, the peak
4 was blue-shifted compared with the experimental result[58]. In
the case of liquid CCl, in Fig. 2, the peak labeled by 1 arises from
the intermolecular interactions between CCl; molecules, while
the peaks labeled by 2-5 arise from the intramolecular vibrations.
Because the OPLS force field was not designed to reproduce the
vibrational frequencies of liquid CCly, the peaks labeled by 3 and
5 are shifted towards the red and blue by 40 and 345 cm™', respec-
tively, in comparison with the experimentally obtained spectrum.

3.2. Frequency-domain 2D Raman spectrum

The 2D Raman spectra for liquid water and CCl, are presented in
Figs. 3 and 4. The top panel in Figs. 3 and 4 show the double Fourier
transform of the 2D Raman signal, R(S)[wz, w4]. These spectra are
not symmetric, because the nonlinear polarizability involved in
the Raman excitations plays a different role depending on the
time-ordering of pulses [21]. The bottom panel in Figs. 3 and 4
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Fig. 1. The 1D Raman spectrum for liquid water obtained from MD simulations. The
inset shows the intermolecular and intramolecular vibrational modes of liquid
water. The peaks labeled by n=1-4 arise from these modes. We note that peak 2
appears only as a shoulder in peak 1, and peak 4 arises not only from the
intramolecular stretching motion but also from the intermolecular vibrational
coupling [2,3].
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Fig. 2. The 1D Raman spectrum for liquid CCl, obtained from MD simulations. The
inset shows the five intermolecular and intramolecular vibrational modes of liquid
CCly. The peaks labeled by n=1-5 arise from these modes.
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Fig. 3. The 2D Raman spectrum for water obtained from MD simulations. (a) The
double Fourier transferred spectrum of the fifth-order Raman response function. (b)
The symmetrized spectrum corresponding to the COTRAS measurement.

show the double Fourier transform of the symmetric 2D Raman
signal, S®[w,, ], which corresponds to the COTRAS signal [16].
It should be noted that the transformation defined by Eq. (8) does
not have a one-to-one correspondence, and we cannot reconstruct

R®[w,, ] solely from S® [w,, w;]. With this we know that the half
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Fig. 4. The 2D Raman spectrum for liquid CCl, obtained from MD simulations. (a)
The double Fourier transferred spectrum of the fifth-order Raman response
function. (b) The symmetrized spectrum corresponding to the COTRAS
measurement.

of the information contained in S®[w,, ;] is redundant. Neverthe-
less, we can estimate the peak positions in R®[w,, @;] from exper-
imentally obtained $® [w,, ®;] using Eq. (8).

3.2.1. Liquid water

The analysis of the fifth-order Raman response function,
R®[w,, ], for liquid water presented in Fig. 3(a) has been carried
out using a multi-mode Brownian oscillator (BO) model with non-
linear system-bath interactions [45,53] through use of hierarchal
Fokker-Planck equations [19-28]. This result indicates that the
peaks labeled by (A) and (A’) arise from the potential anharmonic-
ity, while the peaks labeled by (B) and (C) arise from population
relaxation process and the overtone of the OH-stretching mode,
respectively. The cross peak labeled by (D) corresponds to the
mode-mode coupling between OH stretching mode and inter-
molecular vibrational mode. In the symmetrized (COTRAS) case
presented in Fig. 3(b), the peaks labeled by (A), (A’), (B), and (C)
in Fig. 3(a) appear at the location labeled by (A), (A’), (B), and (C)
in Fig. 3(c). The mode-mode coupling peak labeled by (D) in
Fig. 3(a), however, appears at the same location as the anharmonic
peak (A) in Fig. 3(b) and may not be separately identified. This is
because, unfortunately, the mode-mode coupling peak labeled
by (D) is located at w; ~0 in Fig. 3(a), where the symmetric
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transformation defined by Eq. (8) does not change location, while
the anharmonic peak labeled by (A) in Fig. 3(a) is transferred to this
location.

3.2.2. Liquid carbon tetrachloride

In Fig. 4(a), we observe the contribution from all five vibrational
modes (w = 40, 223, 272, 463, 1125 cm™') as the diagonal, cross,
overtone, zero-frequency (axial) peaks, and the sum and difference
frequency peaks. As was illustrated in Refs.[45,53] for the analysis
of molecular modes using a multi-mode Brownian oscillator (BO)
model with nonlinear system-bath interactions, these peaks arise
from the various types of potential anharmonicity and nonlinearity
of polarizability. Because the OPLS force field for liquid CCl,
assumes harmonic potentials for the intramolecular modes, the
main contributions to the signal arise from the nonlinear polariz-
ability of molecular modes. Indeed, the overtone peak of the four
intramolecular modes (w = 223, 272, 463, 1125 cm™') as well as
their sum and difference frequency peaks are originated from the
nonlinear polarizability. It should be noted that the peaks labeled
by (A) and (B) in Fig. 4 (a) are large and broadened, because these
peaks consist of peaks from a different origin. For example, some
contribution of the peaks labeled by (A) and (B) arise from a pair
of two modes, 223 and 463 cm™!, and 272 and 463 cm™!, respec-
tively. Moreover the peak labeled by (A) contains the overtone
peak of 223 cm™! and the sum frequency peaks of 223 and
272 cm~!, while the peak labeled by (B) contains the different fre-
quency peaks between 223 and 463 cm~!, and between 272 and
463 cm1.

In the case of the symmetrized (COTRAS) spectrum in Fig. 4 (b),
these two peaks labeled by (A) and (B) in Fig. 4 (a) transferred
through Eq. (8) to a similar location labeled by (C). Thus, although
the peak labeled by (C) is prominent compared with the other
neighboring peaks, we cannot solely identify the origin of this
peak. To investigate the origin further, we must analyze not only
the peak labeled by (C) itself but also the surrounding peaks in a
consistent manner. These surrounding peaks may originate from
the same vibrational mode, but arise from a different mechanism
of anharmonic or nonlinear polarizability.

4. Conclusion

In this work, we have calculated frequency-domain 2D Raman
signals, which are equivalent to coherent 2D Raman scattering
(COTRAS) signals, for liquid water and carbon tetrachloride. We
found that the analysis of the frequency-domain 2D Raman spec-
trum was harder than the analysis of conventional 2D Raman spec-
trum, because some of information carried by the conventional 2D
Raman response functions were lost due to the symmetrization of
the response function in frequency domain. In order to analyze fre-
quency-domain 2D signals, it is therefore important to construct a
consistent model that explains not only the location and intensity
of the targeting peak itself but also those of the surrounding peaks.
With the help of full molecular dynamics simulation and model
based analysis, we expect to be able to elucidate the key features
of frequency-domain 2D Raman signals obtained from experiment,
with a view towards probing the fundamental nature of inter-
molecular and intramolecular interactions.

To analyze spectra obtained from a single-beam 2D Raman
measurement, it is important to develop a methodology to simu-
late and to analyze frequency-domain 2D Raman signals, because
the observable of this new measurement is formulated on the basis
of the symmetrized 2D Raman response function. In order to make
a direct comparison between the present results of our simulations
and experimentally obtained results, we must calculate the polar-
izability defined by Eqgs. (5) and (6) for the specific form of electric

field used for the single-beam measurement. This research direc-
tion is left for future studies.
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