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We model, simulate, and analyze the intramolecular modes of liquid HoO and D-O to elucidate how anhar-
monicity, energy relaxation, and vibrational dephasing interplay through anharmonic mode-mode coupling.
Our analysis employs two-dimensional (2D) correlation spectra, a representative observable in nonlinear in-
frared vibrational spectroscopy. Accurate reproduction of these 2D spectral profiles requires not only a precise
dynamical description of intramolecular vibrations but also an appropriate treatment of thermal environmen-
tal effects arising from strong interactions with surrounding molecules, which act as thermal baths. Capturing
the essential features of the 2D spectra further demands a non-Markovian, non-perturbative, and nonlinear
description of the interactions between intramolecular modes and their baths. To this end, we adopt a hi-
erarchical equations of motion (HEOM) framework to compute the 2D spectra. By comparing the resulting
spectra of HoO and D2O, we clarify the underlying mechanisms governing their complex energy and phase

relaxation dynamics.

I. INTRODUCTION

Water molecules possess a simple molecular struc-
ture, yet the collective dynamics mediated by hydrogen
bonding are remarkably complex, underpinning a wide
range of chemical reactions and biological processest
Isotope substitution provides a fundamental means of
probing these intricate dynamics. Replacing HoO with
D50 modifies zero-point energies and vibrational cou-
plings, leading to measurable changes in spectral line
shapes, coherence lifetimes, and reaction kinetics. Such
isotope-dependent variations have been exploited to elu-
cidate hydrogen-bonding networks? clarify tunneling
contributions,® and refine mechanistic models of aque-
ous reactions® Ultrafast spectroscopic techniques, in-
cluding X-ray free-electron laser experiments, offer direct
access to the quantum properties of hydrogen-bonded
liquids by probing femtosecond dynamics and isotope-
dependent vibrational coupling® In particular, nonlin-
ear two-dimensional vibrational spectroscopy (2DVS)¢Ho
has provided direct experimental evidence for isotope-
dependent vibrational coupling and coherence lifetimes
within hydrogen-bonded water networks - 7H21

Recent theoretical studies have further shown that
sparse hydroxyl solutes (e.g., HOD in liquid D2O) serve
as clean spectroscopic probes of the local hydrogen-
bonding environment, owing to the OH stretching vibra-
tion’s relative isolation from other modes?%2? Molecu-
lar dynamics (MD) simulations combined with empirical
mappings between local electric fields and OH stretch-
ing frequencies have yielded valuable insights into IR,
Raman, and 2D IR spectra %38 However, discrepancies
remain, particularly in spectral linewidths and echo peak-
shift dynamics, highlighting the limitations of empirical
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frequency-field correlations and classical approximations
in capturing the quantum nature of environmental inter-
actions and spectral diffusion 5732

Given the inherent difficulty of simulating nonlin-
ear spectroscopy within a quantum MD framework, we
have recently developed a suite of computational tools
designed to overcome this challenge. These tools em-
ploy machine-learning (ML) techniques to parameterize
a multimodal anharmonic Brownian (MAB) model di-
rectly from MD trajectories (sbml4md) 4% 2 The result-
ing model provides a physically transparent platform for
analyzing the roles of anharmonicity, energy relaxation,
and vibrational dephasing as they interplay through
anharmonic mode-mode coupling among intramolecular
modes.

Capturing the essential features of the 2D spectra fur-
ther demands a non-Markovian, non-perturbative, and
nonlinear description of the interactions between in-
tramolecular modes and their baths in both classical
and quantum regimes. Therefore, in parallel with this
research, our group developed a computational plat-
form capable of rigorously treating (i) any two quan-
tum inter- and intramolecular modes (DHEOM-MLWS) 4544
(ii) any three classical inter- and intramolecular modes
(CHFPE-2DVS), 4% and (iii) three quantum intramolecu-
lar modes (HEOM-2DVS) 27 thereby enabling the numeri-
cal computation of 2DVS. By combining these tools, we
can model various solutions, including water, and obtain
spectra such as 2D IR-Raman and 2D IR as needed. In
this paper, we utilize this framework to model, simulate,
and analyze the 2D correlation spectroscopy of HoO and
D50, thereby clarifying the underlying mechanisms gov-
erning their complex energy and phase relaxation dynam-
ics.

This paper is organized as follows. Section [[I] intro-
duces our strategy, which combines MD and ML to pa-
rameterize the MAB model and compute 2D IR spectra
via HEOM: MD — ML (sbml4md) — MAB model —
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2D IR (CHFPE-2DVS/HEOM-2DVS). Section [[I]| presents the
evaluated parameter values of the MAB model for H,O
and D50, along with the linear absorption and 2D cor-
relation IR spectra calculated from them. Section [[V] is
devoted to the summary.

Il. MD SIMULATION, ML-BASED MAB MODELING,
AND 2D IR VIA HEOM

Here, we briefly describe our complementary strategy
for constructing data-driven models from atomic trajec-
tories and for computing 2DVS by solving them within
the HEOM framework. For clear illustration, we restrict
the present discussion to the intramolecular modes of wa-
ter, although the approach is in principle applicable to
any solvent—solute system or to reaction centers within
biomolecules.

A. MAB model

At the core of our approach is the MAB model. In
this paper, we consider the three primary intramolecular
modes of the water molecule: (1) anti-symmetric stretch,
(1') symmetric stretch, and (2) bending. These modes
are described by dimensionless vibrational coordinates
q = (q1,q1/,g2). Each mode is independently coupled to
the other optically inactive modes, which constitute a
bath system represented by an ensemble of harmonic os-

cillators. The total Hamiltonian can then be expressed
40149
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is the Hamiltonian for the sth mode (s = 1,1/, and 2),
with mass mg, coordinate ¢s, and momentum p,; and

N 1 . 1
Us(ds) = 5mewids + 3705045 (3)
is the anharmonic potential for the sth mode, described
by the frequency w, and cubic anharmonicity gs. The
anhramonic coupling between the sth and s'th modes is
given by

. . 1 9 n .
Uss'(Gsy Qs') = 9ss/QsGsr + 8 (9525 Q20" + Gssr2Qsd2)
(4)

where gss represents the second-order harmonicity, and
gs2s and g.42 represent the third-order anharmonicity.

The bath Hamiltonian for the sth mode is expressed
50051
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where the momentum, coordinate, mass, and frequency

of the j,th bath oscillator are given by p;_, x;,, m; and
wj,, respectively. The counter term is expressed agadind

aE = AOV2(G) (6)

with A = > ai/2mjswi. The S-B interaction, de-
fined as

HI(S) = _‘/s(qu) st ajs‘%jsa (7)

consists of linear-linear (LL)**®% and square-linear (SL)

S-B interactions,*#®050 V (g,) = VL(E)QS + V§E>q§/2, with

coupling strengths VL(E), VS(E), and «;_. For a vibrational

mode with weak anharmonicity, the LL interaction leads
to energy relaxation, while the SL interaction results in
vibrational dephasing 206

The bath property is characterized by the SDF, defined
as Js(w) = >, (o /2mj,w;,)é6(w — wj,). To employ the
HEOM formalism, we consider the Drude SDF,

msCs 73‘*)
Js(w) = o W2 (8)

The factor of the counter term is now given by

s MsCsYs
AG) = 5 (9)

B. Generation of MD Trajectories

The parameter variables of the MAB model are evalu-
ated based on atomic trajectories generated by MD sim-
ulations. When using MD to obtain atomic trajectories
for parameterizing the MAB model, the same precau-
tions are required as when directly calculating multidi-
mensional spectral profiles via MD simulations >89 Sey-
eral important considerations are summarized below.

System size. Because we aim to model fast inter-
molecular modes that originate from short-range inter-
molecular interactions, it is not necessary to perform
large-scale simulations with many molecules. Thus, rela-
tively small system sizes are sufficient, and even systems
containing 200-300 molecules reproduce the qualitative
behavior of liquid water.

Thermostat effects. Because 2DIR signals are highly
sensitive to molecular dynamics, the use of thermostats
such as the Nosé—Hoover or Langevin schemes can dis-
tort the 2D spectral profiles, particularly along the to
waiting-time axis. For accurate dynamical behavior, mi-
crocanonical (NVE) simulations are therefore preferred.

Force-field dependence. The 2DIR response
strongly depends on the accuracy of the force field.



Differences in anharmonicity or structural fidelity lead
to noticeable changes in the nonlinear response, even for
nonpolar systems. Reliable force fields should therefore
be validated against experimental structural data.

Long-range treatment of induced polarizability.
The 2DIR profile is sensitive to the functional form of
the induced polarizability. For many molecular systems,
the Ewald summation is required to properly account
for long-range dipole—dipole interactions, although the
magnitude of the effect depends on the molecule.

Atomic trajectories for machine learning. For
liquid water, a typical training trajectory has a total
length of approximately 50 ps, with Cartesian coordi-
nates of all atoms in all molecules saved every 0.1 fs.
The required length of the underlying MD trajectory is
evaluated from the linear absorption spectrum obtained
directly from the simulation. Accurately reproducing the
bending-mode peak requires a longer trajectory than that
needed to capture the stretching-mode peak.

Notes for other molecular systems. Although the
discussion above focuses on liquid water, similar consid-
erations apply to other molecular systems. The required
trajectory length, the sensitivity to thermostatting, and
the importance of long-range electrostatics all depend on
the characteristic timescales and interaction strengths of
the system under study. For systems with slower struc-
tural relaxation or stronger intermolecular correlations,
substantially longer MD trajectories may be necessary
to achieve converged spectral features. Careful valida-
tion against experimental observables is therefore essen-
tial when extending the MAB parameterization to differ-
ent molecular environments.

C. ML procedure (sbml4md)

The dynamical characteristics of the MAB model
are defined by several key components: the vibrational
potentials of the individual modes, the anharmonic
mode-mode couplings, the functional forms of the lin-
ear and nonlinear interactions between the modes and
the bath, and, critically, the SDF that governs the bath
fluctuations. In our approach, these interaction forms are
specified in advance, and their corresponding dynami-
cal parameters are determined through ML optimization.
The bath, treated as a continuum of degrees of free-
dom, is represented by a set of harmonic oscillators—
typically numbering more than one thousandt—whose
coupling constants are optimized to reproduce the MD
results, from which the SDF parameters are subsequently
inferred. With these elements in place, the algorithm de-
veloped by our group (sbml4md) proceeds as follows, illus-
trated here using the intramolecular vibrations of liquid
water as a representative example.

1. Intramolecular Modes

By introducing the molecular system as a continuous
function J(w) described by Eq. (8), we have effectively
considered a low-temperature heat bath with infinite spe-
cific heat, modeled by an infinite number of harmonic
oscillators. In our description, the intramolecular modes
(1), (1’) and (2) are described in terms of the two O-H
bond lengths and the H-O—H bond angle of the kth water
molecule, defined as

r:]f = ‘Xlé — X]Ifh , (10)
r§ = ‘Xg — x’fb’ , (11)

and

0% = arccos <(X’8 ~ k) - (X6 - X’IC{Z)) . (12)
T2
where X0, xg,, and xg,are the positions of the oxygen,
the 1st, and 2nd hydrogen atoms, respectively, describing
the intramolecular motion of the kth molecule and r; and
ry are the average length of r¥ and r§
The system coordinates for three intramolecular modes
are expressed as

1
d=Let-n), (13
1
q’f, =3 (riC + 7“"2c — 27“0) , (14)
g5 = 6" — 6o, (15)

where the equilibrium values of ry and 6, are evaluated
from the equilibrium distributions as (r) and (6). The
system and S-B interaction, H](;) and HI(S), are described
with these system coordinates. The intramolecular mode-
mode interaction, Us 4 (gs,qs ), in the system Hamilto-
nian can be obtained by rewriting the intramolecular po-
tentials appearing in Eqs. and in terms of Egs.
—, respectively.

2. Bath oscilators

The degrees of freedom associated with the surround-
ing molecular motions, including the representative in-
termolecular vibrational mode, are treated as bath os-

cillators and are described by HI(S) and H](;), given in
Eqgs. and , respectively.

Within the ML framework, introducing a bath with
infinitely many degrees of freedom is not feasible. Conse-
quently, the bath coupled to the sth mode is represented
by a system of N, finite harmonic oscillators. The in-
verse of the interval Awy, between the eigenenergies of
these oscillators determines the required sampling time
of the trajectory, with longer times needed for smaller in-
tervals. In practice, Ny is typically chosen between 1000
and 2000.



Under this prescription, the trajectory of the jsth os-
cillator is given by

T, (t) = Ay, sin(wj, t + ¢;,), (16)

where ¢;, is a random phase and A;, is a parame-
ter learned within the ML framework. The amplitudes
of the bath oscillators {4; } are utilized to determine
the Drude SDF parameters (As,7s), and {A;,} are up-
dated consistently with SDF throughout training. Be-
cause the SDF is defined through the anti-symmetric
function of 7; (¢) as >, ({#;.(¥'),%;,(t)}), where {-,-}
denotes the Poisson bracket,”? the SDF must be opti-
mized with respect to ({V(t'),Vs(t)}) rather than the
operator Vy(gs) = VL(E)(}S + Vs(f)df /2. This indicates that
VS(E) cannot be determined independently of the Drude
SDF strength (.

Because the overall scale of the SL coupling can be
absorbed into the bath strength, there is a scale redun-
dancy between the S-B coupling strength and VS(E). To
make this explicit, we factor out the SL coefficient and
rewrite the interaction operator as V, = VS(E) (G2 + VL(E) ds
wirh V%) = V&) /yls).

We then optimize the coefficients through
=, ViPA;L (17)

Js

which allows VL(E) to vary separately. We subsequently
fix the gauge by applying a post-training normaliza-

tion VS(E) — 1 and absorb its magnitude into the bath-

strength parameter as (s — (; (VS(E)>2

In the SL-only calculations reported in this work, we
set VL(E) = 0, so that VL(E) = 0 and the coupling operator
reduces to V, = ¢2/2 after normalization.

The bath parameters and S-B couplings are then en-
coded in the latent variables

N (CARCARCAE (18)

where {c% } denotes the set of bath-coupling parameters.

3. ML optimaization

The trajectory of each molecule is then propagated us-
ing the MAB model:

(& (to + iAt), pF (to + iAL)) = L(At; 2, %)
x (@"(to + (i = 1)AL), p* (to + (i — 1)At)),
(19)
where (g"(t), p"(t)) denote the coordinates and mo-

menta of the kth molecule. The operator ﬁ(At;zk,Z)
is the Liouvillian corresponding to Eqs. — with the
discretized heat bath, and ¥ denotes the set of system
and bath parameters.

For each molecule, phase-space trajectories
(q®(t),p*(t)) from MD are compared with MAB-
predicted trajectories (gF(t), p*(t)). Parameters in
Eqs. and and the SDF Eq. (8) are optimized to
reproduce the reference MD data. We define the loss
function as the Mean Squared Error (MSE) between the
predicted and actual MD trajectories for the sth mode:

MSE,, = £ 3N [@5 () -5 (t)]°. (20)

Minimization of the above loss functions corresponds
to the optimization of the learning model parameters.
These include the anharmonicity of the potential en-
ergy surfaces, anharmonic mode-mode couplings, cou-
pling strengths for LL and SL interactions, and the SDF
parameters associated with each vibrational mode.

To optimize the MAB model parameters, we employ a
generative ML scheme:

1. Read generated MD trajectories of water molecules
from the input file.

2. Simulate corresponding trajectories with the MAB
model under trial parameters.

3. Compute a loss function measuring deviation from
MD references.

4. Backpropagate the loss to iteratively refine param-
eters.

D. CHFPE-2DVS

Once the optimized MAB variables are obtained, the
spectrum is calculated using the HEOM framework. For
Egs. (I)-(9) with the Drude SDF [Eq. (8)], CHFPE-
2DVS%? and QHFPE-2DVS4Y have been established to
treat three vibrational modes to simulate 2D correlation
IR spectra.

In the CHFPE-2DVS, the terms associated with the
Matsubara frequencies vanish, and the equations are ex-
pressed as follows*2H0H

oW ™) (q,p:t R
% = (L(q,p) — X, nsvs) W™ (q,p; t)
+ 3, & W e (g, pit)

+3.6,Wm=e)(q,p;t),  (21)

where W (™) (q,p;t) is the Wigner distribution function
(WDF) and the hierarchical elements are denoted as
n = (n1,n9,n3), where each n, is a non-negative inte-
ger representing the sth mode, and ey is the unit vector
in the sth direction. Note that W (™) (q, p;t) has physical
meaning only when n = (0,0,0); for all other values of
n, it serves as an auxiliary WDF that accounts for non-
perturbative and non-Markovian S-B interactions.?*!
The classical Liouvillian L corresponding to the system

Hamiltonian Hgys(g,p) = Y, H,(:) + D ey Ussr (ds, Gsr)



is defined as

L(q.p)W(q,p) = {Heys(a.p), W(gq,p)}re,  (22)

where {-,-}pp denotes the Poisson bracket, given by

0A OB 0A 0B
A B = —
{4, Bles ZS: (3615 dps  Ips 3(15)

(23)

for any functions A and B.

The operators @, and O, describe the energy exchange
between the sth mode and its corresponding bath, and
are defined as follows:?97

(i) 78‘/@((]9) 6

. PR (24)
and
A msCa'Ys 6‘/; (Qa) a 8‘/& (Q5)
@S e — + S S S b 25
B 0g Op TP o, v (%)

where (; is the S-B coupling strength, ~, is the inverse
correlation time, and T is the temperature.

E. Linear absorption spectrum and 2D correlation spectra

For optical measurements in which the molecular sys-
tem interacts with a laser field E(t), the nonlinear com-
ponents of the dipole moment are essential for describing
2D spectroscopy. Here we assume?3 4649

p= St o S i, (26)

where s and pge denote the linear and nonlinear ele-
ments

For the intramolecular three-mode vibration, the ex-
citation frequency greatly exceeds thermal excitation,
so the equilibrium state is taken as the ground state
|0) = |04, 04/,02). Applying the dipole operator [ yields
the excited state |1), which contains single- and double-
excitation components. A second application produces
both returns to the ground state and higher excitations,
collectively denoted as |2)47

In the density operator representation, the first-order
response function ig?®o1

RO = (3 )ulogr ). @)

where G(t) is the Green’s function of the total Hamil-
tonian without a laser interaction, and peq is the equi-
librium state. whose Fourier transform gives the linear
absorption spectrum I(w) = [~ dtRW (t) exp(wt). The
third-order response is

.\ 3
RO (t3,t,t1) = (;) tr{ 4G (t3) " G(t2) 2 G(t1) > p°},
(28)

which expands into more than sixteen terms for three
energy eigenstates. These include both population states
such as |1)(1| and coherent states such as |2)(1].

In 2D correlation spectroscopy, coherent contributions
are excluded 1" Rephasing parts correspond to popula-
tion states, while non-rephasing parts involve coherences.
For density operators in the energy eigenbasis, separation
is achieved by evaluating the specific Liouville pathways
associated with excited-state populations and their con-
jugates, yielding the 2D correlation spectra. The detail
of this procedure is explained in Refs, 47 and [51l

I1l. SIMULATION RESULTS AND DISCUSSIONS
A. MD simulation

Intermolecular interactions were modeled with the
mb-pol potential **3% a  quantum-chemistry-based
many-body framework that reproduces the properties
of water across all phases with near—-quantum-chemical
accuracy. Training data were generated from molecular
dynamics simulations performed with the i-PI driver 94
which was coupled to an external force engine via the
socket interface under classical conditions.

Simulations were carried out for liquid HoO and DO
systems, each containing 256 molecules in a cubic box
of side length 19.7295 A under periodic boundary condi-
tions. Trajectories were propagated in the isothermal—
isobaric (NPT) ensemble at T = 298.15 K and P =
1 atm, employing a Langevin thermostat (7 = 25 fs) and
an isotropic Langevin barostat (7 = 250 fs). The equa-
tions of motion were integrated with a time step of 0.1 fs
for a total of 500,000 steps (50 ps). Center-of-mass trans-
lational motion was removed to eliminate global drift as-
sociated with finite-precision integration. Cartesian coor-
dinates were saved every 10 steps (1 fs), and thermody-
namic quantities were recorded at each step. For D50,
isotopic masses were explicitly assigned at initialization
(O: 15.999 u, H: 1.008 u, D: 2.014 u).

B. ML parameterization

Based on the obtained MD trajectories, parameteriza-
tion of the MAB model via ML was carried out following
the procedure described in [[IC] In this work, we focus
on the case in which Vi1, is set to zero.

The thermal bath associated with each vibrational
mode was represented by N, = 1500 harmonic oscilla-
tors whose frequencies were defined as w;, = j,Aw with
Aw = 1 ps™! =~ 5.31 cm™!. This frequency grid spans
up to 8000 cm ™', thereby covering the overtone region of
the OH btretchlng mode. The initial phases (éf were ran-
domly sampled from a uniform distribution over [0, 27)
at each iteration step.

The MAB Hamiltonian [Eq. ] was propagated us-
ing a time step of 0.1 fs. The latent variables z; were



TABLE I. Optimized parameters of the MAB model for
isotopic water trained from mb-pol potential, incorporating
the MAB model with the SL interaction: (1) anti-symmetric
stretch, (1') symmetric stretch, and (2) bending for H,O and
D20. Here, C; denotes the normalized S-B coupling strength,
and ~s denotes the inverse correlation time of the bath fluc-
tuations, VS(E) denotes the SL interaction (VL(? =0), and g,
is the cubic anharmonicity for the s vibrational mode, respec-
tively. We set the fundamental frequency to wo = 4000 em™ L
The normalized parameters were defined as (s = (wo/ws)?Cs,
and g3 = (ws/wo)?gss. Nonlnear dipole elements are esti-
mated from Ref. @5 and given by ji1;r = 1.2 x 1072, ji12 = 0,
and fi;r9 = 0 with fiss = (wo/ws)2,uss.

s ws (em™) s/ wo Cs Vg@ gs3

1 3805 6.70x107% 6.09 1 —1.31x10"3
H20 |17 3611 487x107® 345 1 —4.48x1073

2 1623 536x107% 11.0 1 —2.59x 1072

1 2706 7.63x107% 343 1 —5.35x1073
D20 |17 2589 6.92x107% 490 1 -1.18x 1072

2 1234  541x107% 0260 1 —5.18x 1072

TABLE II. Optimized mode-mode coupling parameters of

the MAB model for isotopic water trained from mb-pol
potential, incorporating the MAB mode for (1) anti-
symmetric stretch, (1’) symmetric stretch, and (2) bending
modes. Here, we set §ys = gos(wo/ws)(wo/ws), ez =
gs24 (WO/“}S)2(WO/(‘}S’)7 and gss’2 = Gss'2 (wO/wS)(WO/wS/)2'

s—s Jss’ Js2s/ Gssr2

1—1"4.06 x 107! 1.68 x 1072 6.11 x 1074
1—2 1.03x10° 491 x 1072 1.73 x 1072
17—2 1.14 x 10° 5.22 x 1073 1.80 x 1072
1—1"832x107"! 6.03x 1072 1.37 x 1073
1—2 1.86x10° 1.12x 1072 3.60 x 1072

17—2 1.93x10° 1.34 x 1072 3.76 x 1072

H>O

D20

initialized to zero, and both the system parameters and
zj, were iteratively optimized. A minibatch size of 25 tra-
jectories was used for each epoch, and the same set of
trajectories was employed throughout the optimization.
Iterations were continued until convergence of the poten-
tial parameters was achieved.

Model training was performed using Python 3.9.18 in
conjunction with TensorFlow 2.15 and CUDA 12.2. All
computations were executed on a system equipped with
an Intel Core i9-13900H CPU and an NVIDIA GeForce
RTX 4070 GPU.

The model parameters obtained for the MAB are sum-
marized in Tables [l and [

C. CHFPE-2DVS calculations

The CHFPE-2DVS is time-integrated using the fourth-
order Runge—Kutta method. Equation is discretized

using the compact finite-difference scheme on a non-
uniform mesh.

For numerical integration, the hierarchy is truncated
according to the condition &y > A, /N, where N =
> s ns and

A, = ]i[(ns)iolo5 (kBT"TLsCs)nS .

S

(29)

By adjusting the number of hierarchical elements, the
spectrum can be computed with the desired accuracy.

The entire integration routine is implemented in
CUDA with the CUBLAS library and executed entirely
on a GPU without memory transfer to the CPU. The
source code was run on NVIDIA A100 (80 GB VRAM)
GPU boards hosted on a workstation equipped with an
Intel Xeon 6212U (24 cores).

1. Linear absorption spectra
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FIG. 1. Linear absorption spectra of (a) H2O and (b) D20
calculated using the three-mode MAB models with the pa-
rameter sets listed in Tables [[] and [T} For comparison, each
panel also includes results from MD simulations (blue lines)
and experimental data (black dashed curves). Each spec-
trum is normalized to its maximum peak intensity. The HoO
experimental spectrum is reproduced with permission from
Author, J. Mol. Struct. 1004, 146 (2011). Copyright (2011)
Elsevier:®® The DO experimental spectrum is reproduced
from J. Chem. Phys. 131, 184505 (2009), with the permis-
sion of AIP Publishing/%®

The linear absorption spectra of HoO and DO ob-
tained from the three-mode MAB model with the pa-
rameter sets listed in Tables[l] and [[ are shown in Fig.

For reference, spectra from experimental results and
those directly evaluated from MD trajectories are also
presented. To obtain the MD-based spectrum, we used
the total dipole moment p'°'(t) = pPe™(t) + p"d(t),
evaluated at each sampling step. After removing the



time-averaged dipole (u*'), we applied a real-valued

FFT to each Cartesian component. The IR intensity was
then computed as I(w) ocw? 35 o [ue* (w)]?.

For both H,O and D-O, the stretching peaks of the
high-frequency intramolecular modes appear blue-shifted
relative to the experimental spectra, reflecting the ab-
sence of contributions from the zero-point oscillations in
classical descriptions .67

Although the current MAB parameters were set from
classical MD simulations, the force field (mb-pol) em-
ployed in those simulations was originally developed
for quantum dynamical simulations of nuclei. Therefore,
even if the MAB model variables are derived from clas-
sical trajectories, solving the resulting model quantum
mechanically is expected to yield results equivalent to
those obtained by performing the underlying MD quan-
tum mechanically. This indicates that an MAB model
can, in principle, be constructed from classical MD sim-
ulations when the underlying potential is designed to re-
produce quantum-level accuracy. In addition to the blue-
shifted peak positions, the CHFPE spectra exhibit nar-
rower linewidths than the experimental spectra, reflect-
ing the inability of classical dynamics to capture broad-
ening mechanisms associated with quantum effects.

The MAB model provides a reasonable description of
the stretch peak compared with the present results, aside
from quantum effects. In contrast, its description of the
bend peak deviates substantially from experimentally ob-
tained spectra. Specifically, the bend peak shown in the
present calculation results splits into two or three peaks.
The stretch peak in the original MD spectrum is also
attenuated, implying that the number of MD trajecto-
ries was likely insufficient to reproduce the bending peak.
This inference is supported by comparison with previous
flexible SPC/E and Ferguson results.*? Taken together,
these observations indicate that the present framework
is a faithful approach that accurately reflects the quality
and sampling depth of the underlying MD data.

2. 2D correlation IR spectra

Figures |2l and [3|show the 2D correlation spectra calcu-
lated at different to periods using the MAB parameters
for HyO listed in Tables [I] and [[Il These results differ
significantly from the 2D correlation IR spectrum calcu-
lated using CHFPE-2DV'S with the MAB model variables
chosen to reproduce the 2D IR-Raman simulation results
for H,O obtained with POLI2VS/# and they also differ
substantially from the experimental results.

This difference reflects that, as shown in Fig. [2[(a),
the description of the model obtained through this op-
timization shows the two modes of stretching observed
separately, and furthermore, that the bend peak is split.
Indeed, the 2D profile in Figure 1 shows a total of
four peaks, each appearing as a red-blue pair, observed
around w; = 3800cm~! for (1) anti-symmetric stretch
and 3600 cm ™! for (1’) symmetric stretch motions. Fur-

(a)t,=0fs (b) t,=50fs (c) t,=100 fs (d)t,=150fs
4000 0.8
ar 1 r 1 0.6
3800 1t 4 4t 4 04
§ i i 0.2
“e= 3600 r r 5
3 1800 x3 1 x3 - x3 x3 1] [
4 4 4 -0.4
1600 1 F -0.6
-0.8
1400 : i '
3600 3800 4000 3600 3800 4000 3600 3800 4000 3600 3800 4000
w,(cm™)

FIG. 2. The 2D correlation IR spectra of H2O for the stretch-
ing modes (1) and (1’) [upper panel] and the stretching (1,
1’)-bending (2) motions [lower panels] at different ¢» peri-
ods were obtained using the parameter sets listed in Tables |I|
and [[T] The spectral intensities were normalized to the max-
imum stretching amplitude. For improved visibility, the con-
tour interval in the lower panels—where the peak intensities
are weaker—was increased by a factor of three.
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FIG. 3. The 2D correlation IR spectra of HoO for the (2)
bending motions were obtained using the parameter sets listed
in Tables mand |m The spectral intensities were normalized to
the maximum stretching amplitude. For emphasis, the peak
intensity of the bending mode was multiplied by a factor of
three relative to the intensity shown in Fig.

thermore, in the bending-mode results shown in Fig.
two red—blue peak pairs are clearly observed, particularly
for to values of 100 fs or longer.

In D50 results in Figs. @] and [5] where the excitation
frequencies of both the stretching and bending modes are
lower than in HyO, differences in the overall spectral pro-
file are expected. Nevertheless, the characteristic features
of this modeled system that appear in the 1D spectra are
also manifested in the 2DIR results. In particular, the
stretching band broadens without splitting, whereas the
bending band clearly splits into three distinct compo-
nents.

Whether the clear discrepancies between the present
spectrum and experimental observations—such as the
peak splitting—can be resolved by performing quantum
calculations with HEOM-2DVS for the same model re-
mains to be verified in future work.

Excluding differences in spectral profiles arising from
variations in the model, an examination of the contrast
between HoO and D5O shows that, in DoO, the narrower
spacing between the stretch and bend modes leads to
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FIG. 4. The 2D correlation IR spectra of D2O for the stretch-
ing modes (1) and (1’) [upper panel] and the stretching (1,
1’)-bending (2) motions [lower panels] at different ¢, periods.
For emphasis, the contour interval in the lower panels was
increased by a factor of three.
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FIG. 5. The 2D correlation IR spectra of D2O for the (2)
bending motions were obtained using the parameter sets listed
in Tablesm and[[_Il As the peak intensity was weaker than that
in the upper panel of Fig. [ the contour interval was tripled
for emphasis.

stronger stretch—bend coupling. This enhanced coupling
facilitates more efficient energy transfer and consequently
results in a slower decay of the cross peak.

The water results suggest that the antisymmetric mode
appears to be more strongly coupled to the bend than the
stretch-bend crosspeak position. However, given that the
bend peak is also split, determining whether this argu-
ment corresponds to actual water requires analysis—such
as artificially altering coupling parameters—after im-
proving the reproducibility of model experiments.

IV. CONCLUSION

In this study, we have demonstrated that the
condensed-phase dynamics of intramolecular vibrations
in HoO and DO can be accurately captured by com-
bining the sbml4md approach—which constructs MAB
models directly from MD atomic orbitals—with the
CHFPE-2VS method, which provides a rigorous numeri-
cal treatment of these models. The resulting linear ab-
sorption spectra and 2D correlated IR spectra reproduce
key experimental features and reveal pronounced isotope-
dependent differences in anharmonicity, intermolecular
coupling, and both energy and vibrational relaxation.

These distinctions, which are difficult to access or in-
terpret using MD alone, underscore the essential role of
properly incorporating bath effects in determining non-
linear spectroscopic responses.

The present results offer a unified mechanistic picture
of vibrational dynamics in hydrogen-bonded liquids. By
enabling systematic variation of physical conditions—
such as the character of environmental fluctuations or
the inclusion of quantum effects—beyond what is feasi-
ble in conventional MD, the proposed framework provides
a powerful route for disentangling the fundamental fac-
tors that govern molecular motion in complex condensed-
phase systems.

Because the sbml4md strategy employed here is intrin-
sically based on single MD trajectories, it can never-
theless be directly extended to solute molecules in solu-
tion, reaction centers in biomolecular environments, and
other heterogeneous systems. By solving the quantum
system using MAB model parameters determined from
trajectories obtained via quantum MD and propagated
with quantum HEOM, it becomes possible to incorpo-
rate quantum effects in a physically consistent manner.
These directions represent promising avenues for future
investigation.
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