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ABSTRACT

Accurate and efficient simulation of vibrational Raman spectra for systems with strong anharmonicity and nuclear quantum effects remains
challenging. Herein, we apply the recently developed constrained nuclear-electronic orbital (CNEO) framework to simulate Raman spec-
tra. We implement analytic static polarizabilities within CNEO density functional theory (CNEO-DFT) and compute Raman spectra using
both CNEO harmonic analysis and CNEO molecular dynamics (CNEO-MD). In the harmonic analysis approach, vibrational frequencies
are obtained by diagonalizing the mass-weighted CNEO Hessian, and Raman intensities are derived from the projected derivatives of the
polarizability with respect to normal-mode coordinates. In CNEO-MD, both frequency and intensity information are extracted from the
Fourier transform of the projected polarizability time-derivative autocorrelation function. Applications to formic acid and the mixed water
dimer/trimer system show that, compared to conventional DFT, CNEO-DFT achieves substantially improved accuracy, particularly for modes
with significant hydrogen motion. Overall, the CNEO framework provides an accurate and efficient approach for simulating vibrational
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Raman spectra and is especially promising for systems in which hydrogen motion plays a critical role.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0301302

I. INTRODUCTION

Vibrational Raman spectroscopy is a powerful technique for
probing the static and dynamic properties of chemical systems, from
isolated molecules to condensed-phase environments.' '’ It enables
nondestructive, real-time measurements and has broad applications
in chemistry, materials science, and biology." "~ Computational
simulations of Raman spectroscopy complement experiments by
predicting spectra, revealing underlying physical mechanisms, and
providing atomistic insights.”*"* >’

The most widely used approach for simulating vibrational
Raman spectra is harmonic analysis,1 LIS which assumes a har-
monic potential energy surface (PES) around the stationary geom-
etry. In this way, vibrational frequencies are obtained by diago-
nalizing the mass-weighted Hessian matrix, and Raman intensities
are obtained from the first derivatives of the polarizability ten-
sor with respect to mass-weighted normal-mode coordinates.'*'>"”

Because of its low computational cost, this approach is widely used in
practical applications. “'"*"** However, harmonic analysis neglects
anharmonicity and intermode anharmonic couplings, which can
lead to discrepancies between theoretical predictions and experi-
mental results. To mitigate this issue, empirical vibrational scale
factors are often applied to harmonic frequencies to improve agree-
ment with experiments.”””> However, the optimal values of such
scale factors strongly depend on the underlying electronic structure
method and basis set, limiting their transferability and predictive
power.

A variety of methods that go beyond the harmonic approxima-
tion have been developed to overcome the limitations of harmonic
analysis and achieve a more accurate description of vibrational
motions. One widely used and computationally efficient method
is vibrational second-order perturbation theory (VPT2) and its
generalized variant (GVPT2), which introduce anharmonic correc-
tions to harmonic frequencies and polarizability derivatives, thereby
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improving agreement with experiment.””’* ** Another family of
approaches consists of vibrational wave-function-based methods,
which are built upon the vibrational self-consistent field (VSCF)»*
framework. Extensions include vibrational configuration interac-
tion (VCI),""* vibrational coupled cluster (VCC),”"* and vibra-
tional Moller-Plesset theory (VMP),” ¥ with the second-order
variant (VMP2) also known as correlation-corrected VSCF (cc-
VSCEF). In these methods, the vibrational Schrodinger equation is
solved approximately to obtain vibrational wave functions, after
which transition polarizabilities and hence Raman intensities can
be evaluated using response theory.”* These approaches have been
successfully applied to simulate vibrational Raman spectra of a vari-
ety of systems and are particularly effective for predicting overtone
and combination bands due to their explicit quantum mechani-
cal treatment of nuclear motion.”***”’ However, applications of
these methods to large molecular systems remain computationally
demanding, primarily because of the high dimensionality of the
PESs. To mitigate this challenge, strategies employing semiempir-
ical PESs have been explored to reduce computational cost while
maintaining reasonable accuracy.”’

In addition to the static approaches above, dynamic approaches
offer an alternative way by explicitly simulating nuclear motion in
time. In these methods, Raman spectra are derived from the Fourier
transform of the polarizability autocorrelation function. Based on
this, classical molecular dynamics (MD)—particularly ab initio
molecular dynamics (AIMD)—propagates nuclear trajectories on a
PES, thereby capturing some anharmonicity and intermode cou-
pling through finite-temperature dynamics.”"* However, because
access to anharmonic regions occurs primarily via limited thermal
motion, classical MD typically underestimates intrinsic anharmonic
effects. Path-integral (PI)-based techniques, such as centroid molec-
ular dynamics (CMD),””" and ring polymer molecular dynamics
(RPMD),””” can incorporate anharmonicity and nuclear quantum
effects (NQEs) in the simulation of vibrational Raman spectra.l‘%‘zz‘%
However, these PI-based approaches also have known limitations
for vibrational spectroscopy: RPMD can exhibit spurious resonances
arising from the internal ring-polymer modes,”" ° while CMD
suffers from the curvature problem that distorts high-frequency
vibrational modes.”””” Several methodological variants have been
developed to mitigate these issues, including thermostatted RPMD
(TRPMD),” which damps internal-mode resonances by applying
a Langevin thermostat to internal modes of the ring polymer,
and (fast)-quasi CMD [(H-QCMD],””*" which reduces curvature
artifacts by replacing Cartesian centroids with curvilinear centroids.

The fact that more accurate methods are computationally
expensive, whereas faster approaches either treat nuclei classically
or rely on empirical corrections, underscores the need for tech-
niques that can simulate vibrational Raman spectra both accurately
and efficiently. Recently, our group developed constrained nuclear-
electronic orbital density functional theory (CNEO-DFT),"" *
which provides an efficient framework to incorporate NQEs, par-
ticularly nuclear quantum delocalization, into an effective PES.
CNEO-DFT harmonic analysis has shown accuracy comparable to,
and in some cases better than, that of DFT-VPT2 in predicting vibra-
tional frequencies.®’ Moreover, MD simulations on CNEO surfaces
(CNEO-MD) have successfully simulated infrared (IR) spectra of
highly anharmonic systems involving hydrogen, including a variety
of water clusters and shared-proton complexes.””*® However, while

ARTICLE pubs.aip.org/aipl/jcp

IR spectroscopy, which is governed by dipole-moment-based selec-
tion rules, has been explored within the CNEO framework, Raman
spectroscopy, which follows polarizability-based selection rules, has
not. Herein, we extend the CNEO framework by implementing
analytic static polarizabilities within CNEO-DFT and use them for
vibrational Raman spectra simulations.

This paper is organized as follows. Section II briefly reviews
the CNEO framework and presents the implementation of static
polarizability calculations and methods of Raman spectra simu-
lation within this framework. Section III provides computational
details. Section I'V presents and discusses the results, beginning with
CNEO-DFT polarizability calculations, followed by calculation of
vibrational Raman spectra for several molecular systems involving
hydrogens. Finally, Sec. V offers concluding remarks.

Il. METHOD
A. CNEO framework

The CNEO framework originates from multicomponent quan-
tum chemistry,” "’ in which both electrons and nuclei are
treated quantum mechanically. In conventional multicomponent
DFT,**”""? which is also commonly known as nuclear—electronic
orbital DFT (NEO-DFT),” the total ground-state energy can be
obtained by minimizing the multicomponent energy functional,
which depends on both the electronic density p® and the set of

quantum nuclear densities {p" }:

E = min E[p"{p"}] )
PAe"}

In NEO-DFT, for any fixed set of classical nuclear coordinates,
the quantum nuclei are relaxed to their ground-state density dis-
tributions. The resulting total energy, which is solely a function of
the classical coordinates, defines the NEO PES with reduced dimen-
sionality compared to the conventional all-nuclear PES. This corre-
sponds to an adiabatic picture in which quantum nuclei are assumed
to respond instantaneously to the motion of the classical nuclei. As a
result, harmonic frequencies obtained directly from NEO-DFT gen-
erally do not correspond to experimental vibrational frequencies. In
practice, specialized treatments such as NEO-DFT(V)"*”” or NEO
Ehrenfest dynamics’®’” are required.

In contrast, CNEO-DFT offers an alternative formulation in
which the conventional concept of molecular geometry is retained.
This is achieved by treating quantum nuclei as distinguishable par-
ticles, each associated with a classical coordinate defined by the
expectation value of its position operator:""**

(r)" = (¢7"[Fl67") = R". @)

Here, # is the position operator, (r)", ¢, and R* denote, respec-
tively, the position expectation value, the occupied nuclear orbital,
and the classical coordinate of the uth quantum nucleus. Note that
because of the distinguishable-particle treatment, each quantum
nucleus corresponds to a single occupied nuclear orbital labeled
with subscript 1. This treatment is justified by the fact that quan-
tum nuclei remain highly localized and therefore can be assumed
distinguishable, each described by its own local nuclear orbital.

J. Chem. Phys. 163, 244111 (2025); doi: 10.1063/5.0301302
Published under an exclusive license by AIP Publishing

163, 244111-2

0G 'ST 20 9202 AenN 8T


https://pubs.aip.org/aip/jcp

The Journal

of Chemical Physics

The ground state is then determined through a constrained
energy minimization procedure, with the following additional terms
introduced into the Lagrangian:®’

D - R, 3)

where f* is the Lagrange multiplier associated with the position
expectation constraint for the u-th quantum nucleus. The stationary
condition of the Lagrangian with respect to nuclear and electronic
orbitals yields a set of coupled electronic and nuclear Kohn-Sham
equations:®’

1
(—Evz - ve)¢; =&

1 2 n,u U u n,u nu n,u (4)
(_WV + VM4 (r-R ))‘PP’ =€ ¢p
Here, ¢, is the orbital energy of the p-th electronic orbital,
and €3 is the orbital energy of the P-th nuclear orbital of the
u-th quantum nucleus. V° is the Kohn-Sham effective potential of
the electronic orbitals, which includes the Hartree potential, exter-
nal potential, electron-nuclear correlation potential, and electronic
exchange-correlation potential. V™" is the Kohn-Sham effective
potential of the nuclear orbitals of the u-th quantum nucleus,
which mainly includes the Hartree potential, external potential, and
electron-nuclear correlation potential. M* is the mass of the u-th
quantum nucleus. The additional term in the nuclear Kohn-Sham
equation, f*- (r — R"), comes from the position expectation con-
straint for the u-th nucleus. By solving these coupled Kohn-Sham
equations self-consistently under the nuclear position expectation
constraints, one can obtain the CNEO-DFT ground-state energy
as a function of both the classical nuclear positions and the
quantum nuclear position expectation values, thereby defining the
CNEO effective PES.! This full-dimensional effective PES inher-
ently incorporates NQEs, particularly nuclear quantum delocaliza-
tion, which is critical for accurately describing vibrational spectra
and hydrogen-related transfer processes.”" %"

In CNEO-MD, the CNEO effective PES serves as the guiding
potential for classical nuclear propagation, which is justified by the
constrained minimized energy surface molecular dynamics (CMES-
MD) formulation.”””” The working equations for quantum nuclei in
CNEO-MD are

4R _
d(P iy . ?
% = —V(R>VCNEO(<R))’

where (R) and (P) are the position and momentum expectation val-
ues of the quantum nuclei, respectively. Formally, these equations
are identical to those of classical nuclei, except that the classical
positions and momenta are replaced by the corresponding position
and momentum expectation values of quantum nuclei. CNEO-MD
effectively incorporates NQEs into MD while retaining essentially
the same computational cost as conventional AIMD.® For vibra-
tional spectra in particular, CNEO-MD has been shown to provide
significantly improved descriptions for modes involving hydrogen
motions.”*>%
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B. Static polarizability and vibrational Raman spectra
within the CNEO framework

Raman spectroscopy is based on the inelastic scattering of light.
When an incident photon interacts with a molecule, it can tran-
siently excite the system to a higher energy state. The molecule then
relaxes back to a different vibrational level of the ground electronic
state, resulting in frequency shifts of the scattered photon that reflect
the vibrational energy spacing of the system. For non-resonance
vibrational Raman scattering, the scattering cross section has the
following dependence:'”"’

2

, (6

1(w) o< (@i - ©)*Y pid(-w + wf - wi)|pyasips

where wy is the frequency of the incident photon, typically in the vis-
ible range, and w denotes the frequency shift between the incident
and scattered photon. For the more commonly measured Stokes
Raman scattering, w is positive, corresponding to energy transfer
from the incident photon to the molecule. w; = E;/hand wy = E¢/h
are the angular frequencies of the initial and final vibrational states,
respectively. p; and pg denote the polarization vectors of the inci-
dent and scattered light, respectively. p, represents the population
of the initial vibrational state, and a is the transition polarizability
tensor for the transition from the initial vibrational state ’vi) to the

final vibrational state |1)f ),

f

&

ayp; = (v v’), (7)
with & the static polarizability operator.

The static polarizability is a tensor that describes the response
of the dipole moment of a molecule to an applied external electric
field or, equivalently, the second derivative of the total energy with
respect to the applied electric field:

ou _ OE

OF  OF* ®

Under the influence of the applied electric field F, the CNEO
Kohn-Sham equations become

1
(—5v2 + Ve +F»r)¢; = 55, )

1 n,u U u Uu n,u n,u  n,u
(—WVZ+V’ +f'(r-R")-Z F-r)¢P’ =¢p”,  (10)

where Z" is the nuclear charge of the u-th quantum nucleus. The
electronic equation closely resembles that in conventional DFT in
the presence of an external electric field. However, the main dif-
ference is that in conventional DFT, only the electronic response
to the external electric field is considered, whereas in CNEO-DFT,
the quantum nuclei are allowed to respond. Importantly, the posi-
tions of the quantum nuclei are still constrained to their designated
position expectation values, and therefore the nuclear density does
not directly contribute to the induced dipole. Nevertheless, because
the electronic and nuclear equations are coupled, the redistribution
of the quantum nuclear density has some indirect influence on the
electronic response and thus the overall polarizability.
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Based on the previously developed CNEO coupled-perturbed
Kohn-Sham equations,”* we can derive the analytic polarizability as
follows (see the supplementary material for more details):

— _ &%Ecneo
M OFOF,
occ all e nuc all uk ul
= —ZZ Z Upirpi + ZZ Z Uplrpl (11)
i u
occ all

= 22 Z Upitpi

where k, I denote the x, y, or z directions, i is the index for the occu-
pied electronic orbitals, and u is the index for the u-th quantum
nucleus. The index p(P) goes over all electronic (nuclear) orbitals.
Up, denotes the element of the transformation matrix that connects
the unperturbed electronic orbital coefficients to their first-order
perturbed electronic orbital coefficients, which can be obtained from
the CNEO coupled-perturbed Kohn-Sham equations with an elec-
tric field applied along the k direction, and rll,i is the electronic dipole

matrix element along the [ direction. U% and r4 are defined anal-
ogously for the u-th nucleus. Note that for nuclear orbitals, the
occupied orbital index can only be 1 because of the distinguishable
particle treatment; thus, each nucleus possesses only a single occu-
pied orbital. In addition, note that because of the imposed position
constraint, the second term in the middle line of Eq. (11) vanishes,
leaving only the first term (see the supplementary material for more
details).

With the calculated polarizabilities, Raman intensities can
be obtained using either CNEO-DFT-based harmonic analysis
or CNEO-MD, following procedures analogous to those used in
conventional DFT or AIMD.”""

In harmonic analysis, the polarizability is expressed as a Tay-
lor series with respect to normal mode displacements around the
equilibrium geometry, and the total vibrational wave function is
approximated by the product of the harmonic oscillator wave func-
tions of the normal modes. Under this treatment, the scattering cross
section in Eq. (6) becomes' !

I(w) o< Z(WL w)%

Here, Q, represents the k-th mass-weighted harmonic normal mode
and wy its corresponding harmonic frequency, both obtained by
diagonalizing the mass-weighted Hessian matrix at the optimized
geometry. The polarizability derivatives with respect to normal
modes (Oa/OQy) are evaluated numerically in practice.

For dynamical calculations, by expanding the delta function
in Eq. (6) in the time domain, the scattering cross section can be
expressed as the Fourier transform of the quantum autocorrelation
function of the projected polarizability (p; aps),”’

I(w) —(wL—w) f e (P &(0)ps) (ps(t)py)) dt. (13)

Obtaining the exact quantum autocorrelation function is
generally challenging. Nevertheless, based on the principle of
quantum-—classical correspondence, quantum correction factors are
commonly used to build the connection between quantum and clas-
sical autocorrelation functions, thereby enabling classical MD to

6(wk -w). (12)

T Oa
PL Qs 2. Ps
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simulate vibrational spectra. Various quantum correction factors
have been proposed in the past based on different models,”’"** and
one of the most widely used is derived from the harmonic oscilla-
tor model. Specifically, for a one-dimensional harmonic oscillator
in the canonical ensemble, the Fourier transforms of the quan-
tum and classical position autocorrelation functions differ only by
a frequency-dependent factor:

J5 4“”(9?(0)93(0) hw

[ e G0y, e 1Y

Because the polarizability is assumed to depend linearly on the
normal coordinates around the equilibrium geometry,'” the same
factor can be applied to the polarizability autocorrelation function.
In this way, the Raman intensity can be calculated with

R

2 1-— efﬁﬁw

e ((pL(0)ps) (pr (t)ps)) i,
(15)

which requires evaluating the time-dependent polarizability tensor
along an ensemble of classical MD trajectories to construct the auto-
correlation function. In practice, a formally equivalent expression
based on the autocorrelation function of the projected polarizabil-
ity time derlvatwe [pL&(t)ps] is commonly employed for better
convergence:”

I((U) ( w) _ﬁeh—ﬂhw [::o

2w

ﬂwr((PL"‘(O)PS) (PL “(t)Ps» dz,
(16)

where the projected polarizability time derivative is obtained
numerically.

In gas-phase experimental measurements, molecular orienta-
tions are isotropically distributed. Then, the orientational averages
of both the projected polarizability and the projected polarizabil-
ity time-derivative autocorrelation function depend only on the
polarization geometry of the incident and scattered light.

Specifically, in harmonic analysis, the orientational average of
the squared projected derivative of the polarizability with respect to
a normal mode can be expressed in terms of two rotational invari-
ants of the polarizability derivative tensor,'”” namely, the isotropic
invariant,

I ( Oa ) 00 + oy + 0tzz)
o) 30Q
and the anisotropic invariant,

Ja 1{0a; Oajj\? i
Igniso( ) = *( = _ 4 ) + 371] . (18
90.) "2 2\aq, ~aa,) *aq, )

, (17)

For the commonly used VV polarization geometry, where the inci-
dent and scattered light have parallel polarization directions (the
same geometry employed for the reference spectra in this work), the
orientational average can be simplified to'”
80( ( Ou ) 4 ( Ow )
T 2 2

=Lio| 5~ | + 2 Laniso| 5 ) (19)

( P 9P )M 0Q) " 45\ o
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Similarly, for dynamic approaches, the orientational average of
the projected polarizability time-derivative autocorrelation function
can be simplified to

({(pia(0)ps)(psa(t)pr)))

pelips
= SOOI Tr B} + o3 { (- 5 0) (6 - ) (1))
i<j
+ %Z @ (0)a; (1)). (20)

i<j

Applying Eq. (19) to Eq. (12) and Eq. (20) to Eq. (16) yields the
working formulas for Raman spectra from harmonic analysis and
from MD simulations, respectively.

I1l. COMPUTATIONAL DETAILS

All DFT and CNEO-DFT calculations were carried out using
a locally modified version of PySCE."" "% Molecular dynamics sim-
ulations were performed with the Atomic Simulation Environment
(ASE) package,” interfaced with PySCF.

The choice of electronic exchange-correlation functional has a
great influence on the simulated vibrational spectra. Previously, our
group benchmarked® several commonly used functionals against
CCSD(T)¥* for the O-H stretch modes in the water dimer
and found that the range-separated hybrid meta-GGA functional
wB97M-V*” gives the closest agreement with CCSD(T), suggesting
minimal errors from the electronic part. In this work, we extended
this benchmark to both water dimer and trimer complexes, with the
results summarized in Table S1. We found that wB97M-V remains
the best-performing functional, with a mean absolute deviation
(MAD) of 18 cm™". Accordingly, we employed wB97M-V for the
following harmonic analysis and MD-based Raman spectra simu-
lations. For electrons, we used the def2-TZVPPD’"”” basis set. For
protons, we used the PB4-D”* basis set. The proton basis set con-
vergence results using the PB4-D, PB5-F, and PB6-F proton bases
are reported in Table S2. The results show that the polarizability
is effectively converged at the PB4-D level. Proton-proton correla-
tion was not considered. Electron-proton correlation was also not
included, as a recent benchmark study on CNEO vibrational fre-
quencies” showed that the epc17-1” functional yields inaccurate
vibrational frequencies similar to conventional DFT, whereas the
epcl7-2°° functional yields results comparable to CNEO-DFT at the
no-epc level. In all calculations, only protons were treated quan-
tum mechanically owing to their more pronounced NQEs relative to
heavier nuclei, although a fully quantum treatment is feasible within
the CNEO framework.*”

For CNEO-MD and AIMD, we employed the NVE equipar-
tition protocol,® which initializes the system at its equilibrium
geometry and assigns each normal mode a kinetic energy of kg T. The
initial velocity along each normal mode coordinate was given a ran-
domly chosen positive or negative direction. This scheme has been
shown to be effective for simulating vibrational spectra of moderate-
sized molecular systems.”® For formic acid studied in this work,
we found that 10 independent trajectories of 2 ps each were suffi-
cient to converge the spectra. In contrast, for both water dimer and
trimer complexes, whose dynamics are more complex, we found that
at least 20 trajectories were required to ensure adequate statistical

ARTICLE pubs.aip.org/aipl/jcp

averaging (see Figs. S1-S3 for convergence tests with respect to the
number of trajectories). Each trajectory was run for 2 ps with a step
size of 0.5 fs at an effective temperature of 300 K. We emphasize
that this simulation temperature does not correspond to experimen-
tal conditions; rather, it serves as a control parameter that modulates
the strength of anharmonic intermode coupling, which is absent in
harmonic calculations.”

IV. RESULT AND DISCUSSION
A. Polarizability

We begin by examining static polarizabilities, which are key
inputs for Raman intensity calculations. Table I summarizes the
mean signed error (MSE) and mean absolute deviation (MAD) of
the isotropic polarizability, ais, = %Tr [«] (in A?), which are com-
puted by comparing DFT and CNEO-DFT calculations with exper-
imental results using five different electronic exchange-correlation
functionals (PBE,”””* PBE0,””'" B3LYP,'"""'"* wB97M-V,**”" and
wB97X'%). The benchmark set, adopted from a previous study,'*°
comprises 37 molecules containing main-group elements (C, H,
N, O, F, Cl, and P). All polarizabilities are calculated analytically
except for wB97M-V, for which we use finite-difference calculations
because the analytic response implementation in PySCF temporarily
does not support the VV10 nonlocal correlation.®” The raw polar-
izability data are provided in Section SIII of the supplementary
material.

For most functionals, DFT shows a negative MSE, while
CNEO-DFT shows a positive one. The DFT MADs lie in the
0.21-0.32 A® range, with B3LYP giving the smallest value among
the tested functionals. For CNEO-DFT, the largest MAD occurs
with PBE and the smallest with wB97X. Overall, the errors depend
strongly on the choice of electronic exchange-correlation functional,
which tends to overshadow differences arising from the inclusion
of NQEs. Nonetheless, because members of the wB97 family are
known to perform well for vibrational properties,’”'" the good
performance of CNEO with wB97M-V and wB97X functionals
likely reflects a more physically consistent description rather than
fortuitous error cancellation.

To probe the sources of error more deeply, we note that
the polarizability errors in Table I reflect three contributions: (1)
electronic-structure error of the functional, (2) NQEs, and (3) dif-
ferences in optimized geometries between CNEO-DFT and DFT.
To separate these effects, we recomputed all polarizabilities at the

TABLE I. MSE and MAD of calculated isotropic polarizabilities (in A3) relative to
experimental values for five electronic exchange-correlation functionals with conven-
tional DFT and CNEO-DFT. For each method, molecular geometries were optimized
at the same level of theory prior to polarizability evaluation.

PBE PBEO0 B3LYP wB97M-V wB97X
DET MSE 0.17 -0.19 -0.09 -0.16 -0.25
MAD 026 0.27 0.21 0.25 0.32
MSE 052 0.13 0.24 0.15 0.05
CNEO-DFT MAD 053 0.20 0.28 0.22 0.17
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TABLE II. MSE and MAD of calculated isotropic polarizabilities (in A%) relative to
experimental values for CCSD and for CNEO-corrected CCSD obtained with dif-
ferent exchange-correlation functionals. Results are reported at MP2/aug-cc-pVTZ
reference geometries (MP2) and at method-specific optimized geometries (OPT).

aCOl’l’
Geometry accsp PBE PBEO B3LYP wB97M-V wB97X
MP2 MSE -0.18 -0.02 -0.03 -0.02 -0.03 -0.04
MAD 030 0.22 022 0.22 0.22 0.22
OPT MSE 0.16 0.14 0.14 0.13 0.12
MAD 0.26 024 0.24 0.24 0.24
MP2'% Jaug-cc-pVTZ' """ reference geometries used in the previ-

ous benchmark study,'’® which are commonly regarded as reliable
equilibrium geometries for small main-group molecules. At these
fixed geometries, CCSD polarizabilities from Ref. 106 serve as ref-
erence values. In this setup, the deviation of DFT from CCSD
approximates the electronic-structure error for each functional,
while the difference between CNEO-DFT and DFT indicates the
NQEs correction captured by CNEO. We then define a corrected
polarizability,

Kcorr = (OCCNEO - ‘XDFT) + &ccsp

= acneo — (aprT — decsp ) (21)

which can be interpreted as a CCSD polarizability augmented by
the CNEO NQEs correction, or equivalently a CNEO-DFT polar-
izability with electronic-structure error removed. We note that this
analysis assumes approximate additivity of electronic-structure and
NQE:s contributions at the fixed reference geometry.

The raw data for acorr are provided in Tables S3-S7. In Table 11,
we present the corresponding MSE and MAD relative to experi-
ment and compare them with errors from direct CCSD calculations.
Without NQEs corrections, CCSD generally underestimates polar-
izabilities with a MSE of —0.18 A* and a MAD of 0.30 A>. Applying

J S
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the CNEO NQEs correction significantly shifts the MSE toward zero
(—0.02 to —0.04 A*) and slightly reduces the MAD to ~0.22 A’
across all functionals tested. This consistently near-zero MSE indi-
cates that the CNEO correction compensates for the systematic error
associated with the omission of NQEs in conventional CCSD, while
the lower MAD reflects a modest improvement in precision. These
results show that CNEO-corrected CCSD recovers the missing NQE
contributions in a consistent and reliable manner. Put differently,
if electronic-structure error is minimized, CNEO-DFT will yield
accurate static polarizabilities.

In practical calculations, however, geometries are typically opti-
mized with the corresponding method rather than fixed at the
MP2 level. To assess the impact of geometry, we re-evaluated the
CNEO-corrected CCSD values with the geometric effect included.
In this protocol, the corrected polarizabilities were still calculated
by Eq. (21), but the CNEO-DFT and DFT polarizabilities were
computed at their own optimized geometries, thereby incorporat-
ing both the CNEO NQEs corrections and the geometric effect. As
shown in Table I, including the geometric effect increases the MSE
from close to zero to a positive value (~0.12-0.16 A3), whereas the
MAD changes only slightly. Both metrics remain better than direct
CCSD. The positive MSE indicates a modest overestimation intro-
duced when using method-specific optimized geometries. While the
origin of this overestimation remains unclear, we hypothesize that
electronic-structure errors can enter through geometry. Specifically,
optimized structures inherit functional errors, and polarizability
is sensitive to geometric changes. Thus, although the electronic-
structure error is mitigated via Eq. (21), residual bias may persist
in optimized geometries. To test this hypothesis, a natural next step
is to evaluate CNEO-MP2 polarizabilities at CNEO-MP2-optimized
geometries, which we defer to future work as the methodology has
not yet been developed.

B. Formic acid

Having assessed the accuracy of static polarizabilities from
CNEO-DFT, we next employ CNEO-MD to simulate vibrational
Raman spectra. Formic acid, the simplest carboxylic acid, has been
extensively studied for decades and serves as a well-characterized

FIG. 1. High-frequency Raman spec-
tra of trans-HCOOH from experiment,
CNEO-MD, and conventional AIMD.
Each spectrum is normalized to have
the same maximum intensity. Verti-
cal dashed lines represent experimen-

tal peak positions (black) and harmonic
frequencies from CNEO-DFT (red) and
DFT (blue). Experimental spectra used
for comparison were digitized from pub-
lished Raman jet spectra.!!>

EXPT
Vo V1
CNEO-MD /\
AIMD /\
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1,4,19,112,113 . . . .
test system. It exists in two isomeric forms—trans and

cis—arising from rotation around the C-O single bond. In the gas
phase, the trans isomer is ~800 times more abundant than the
cis isomer.''* Accordingly, we focus on trans-formic acid as a pro-
totypical case to evaluate our methods. As a nonlinear five-atom
molecule, formic acid has nine vibrational normal modes, including
stretching and in-plane and out-of-plane bending motions. For con-
venience, we label the vibrational modes from v; (highest frequency)
to vo (lowest frequency), with their normal-mode displacement vec-
tors shown in Fig. S4. Among the nine modes, O-H and C-H
stretches (v1 and v,) lie in the high-frequency region and are highly
anharmonic, whereas the lower-frequency modes are predominantly
bending vibrations.

Figure 1 compares the Raman spectrum of trans-formic acid
in the high-frequency range (2800-4000 cm™') from experiment,
CNEO-MD, and AIMD. All simulations employed wB97M-V with
the def2-TZVPPD electronic basis set and the PB4-D protonic basis
set. The vertical dashed lines represent experimental peak posi-
tions and harmonic frequencies from CNEO-DFT and DFT. DFT
harmonic analysis and AIMD significantly overestimate the O-H
(v1) and C-H (v,) stretching frequencies by ~200 and 150 cm™,
respectively, although AIMD partially accounts for anharmonicity
via classical finite-temperature propagation on the PES. In con-
trast, CNEO-DFT harmonic analysis and CNEO-MD reproduce
the experimental peak positions within about 10 cm™. This signif-
icant improvement for X-H stretching frequencies is due to the
explicit incorporation of NQEs, especially nuclear-quantum delocal-
ization, in CNEO calculations and is consistent with previous CNEO
studies, 636566

As for intensities, AIMD already shows high-quality agree-
ment with the experimental reference, and CNEO-MD yields sim-
ilarly accurate results. Although CNEO gives slightly more accu-
rate polarizabilities than conventional DFT, as benchmarked in
Subsection [V A, the relative improvement is small, as most molec-
ular polarizabilities are in the range of 1-10 A® (Tables $3-S7),
while the absolute errors for both approaches are on average below
0.3 A%, Consequently, any intensity improvement from CNEQ is not
visually apparent in spectra.

S,
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In addition to the high-frequency stretching region, we also
investigated the low-frequency portion (600-2000 cm™') of the
Raman spectrum, as shown in Fig. 2. The modes in this range are
comparatively less anharmonic, with smaller deviations between
VPT2 and harmonic frequencies,''® and CNEO-MD and AIMD
yield similar results in terms of both frequency and intensity. Specif-
ically, modes vs, v, and vo are dominated by heavy-atom (C, O)
motions, and CNEO-MD and AIMD give similar results as heavy
nuclei are treated as point charges in both approaches. For modes
vy and vs, which correspond to O-H and C-H in-plane bend-
ing vibrations, CNEO underestimates the frequencies by ~30 cm™",
whereas DFT matches the experimental peaks more closely. This
discrepancy does not reflect a limitation of CNEO itself but arises
mainly because the wB97M-V functional underestimates these in-
plane bending frequencies by ~20 cm ™ compared to the CCSD(T)
references (see Table S8 of the supplementary material). Conse-
quently, the good agreement between DFT and experiment is due to
the error cancellation between the neglect of NQEs and the intrinsic
electronic-functional error. If the functional error were eliminated,
we anticipate that CNEO would slightly outperform DFT for these
modes. Finally, for v; and vg, which involve X-H out-of-plane bend-
ing motions and for which wB97M-V frequencies are already close
to CCSD(T) references (Table S8), DFT reproduces the experimental
results with a deviation of ~30 cm ™", while CNEO further improves
this agreement, reducing deviations to ~3 cm™ for v; and ~16 cm™
for vg.

A well-known Fermi resonance in trans-formic acid occurs
between an O-H in-plane bending mode (vs) and the overtone of
an O-H out-of-plane bending mode (2 vs). It results in a small peak
(ver) at around 1220 cm ™" in the experimental spectrum.’'”"""? Both
CNEO-MD and AIMD simulations capture this feature and pro-
duce a resonance peak around 1300 cm™" in the simulated spectra.
Notably, Fermi resonance has also been observed with CNEO-
MD in a previous study on the HDO molecule.”> However, we
acknowledge that methods based on classical MD simulations are
generally not expected to rigorously describe inherently quantum-
mechanical phenomena such as overtones, combination bands, and
Fermi resonances.”’

FIG. 2. Low-frequency Raman spec-
tra of trans-formic acid obtained from

experiment, CNEO-MD, and conven-
tional AIMD. Each spectrum is normal-
ized to the same maximum intensity.
Vertical dashed lines denote experimen-
! tal peak positions (black) and harmonic
H frequencies from CNEO-DFT (red) and

DFT (blue). The brown box highlights the
Fermi-resonance peak (ver, FR stands
for Fermi resonance) between vs and 2
! vg. Experimental spectra used for com-
1 parison were digitized from published
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(a) (b)

FIG. 3. Schematic representation of (a) the water dimer and (b) the water trimer.

C. Water dimer and trimer

Water clusters are important models for understanding the
properties and dynamics of hydrogen-bond networks. They bridge
the gap between isolated molecules and bulk water.'”” The vibra-
tional spectra of the water dimer and trimer have been studied
experimentally and theoretically for decades.”'”'"'** Here, we focus
specifically on the O-H stretching modes of these complexes.

In the water dimer [Fig. 3(a)], two water molecules are con-
nected by a single hydrogen bond. The four O-H stretching nor-
mal modes comprise the donor free O-H stretch (2f), the donor
hydrogen-bonded O-H stretch (2b), and the acceptor symmet-
ric (2as) and asymmetric (2aa) O-H stretches. The water trimer
[Fig. 3(b)] forms a cyclic ring in which three water molecules are
interconnected by three hydrogen bonds. Notably, this cyclic con-
figuration is asymmetric: one of the three free O-H bonds points to
one side of the plane defined by the three oxygen atoms, whereas the
other two point to the opposite side. Consequently, the trimer lacks
Cs symmetry, and all three hydrogen-bonded O-H stretches (3b) as
well as the three free O-H stretches (3f) are inequivalent.

EXPT

CNEO-MD

AIMD
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Before investigating the water dimer and trimer, we first briefly
examine the Raman spectrum of the water monomer. The simu-
lated results between 3500 and 4000 cm™" are shown in Fig. S5. Both
CNEO-DFT harmonic analysis and CNEO-MD reproduce exper-
imental frequencies with an error below 30 cm™, in contrast to
the ~200 cm™" errors from DFT harmonic analysis and AIMD. In
terms of intensities, the AIMD and CNEO-MD results are com-
parable, which is similar to the formic-acid case. These results
demonstrate the good performance of CNEO in predicting the
vibrational features of free O-H stretches, consistent with previous
infrared-spectral simulations of gas-phase water molecules.*

Figure 4 compares the experimental Raman jet spectrum of
water clusters with the calculated Raman spectra of a 1:1 mixture of
water dimer and trimer, with a focus on the O-H stretching region.
There are three features in the experimental spectra corresponding
to free O-H stretches. The green peak at 3640 cm™" corresponds
to the acceptor’s symmetric O-H stretch in the dimer (2as), while
the yellow peak around 3720 cm™ arises from the acceptor’s anti-
symmetric O-H stretch (2aa) and the donor’s free O-H stretch (2f).
The pink feature near 3700 cm™ is attributed to the three free O-H
stretches in the trimer (3f), whose close frequencies coalesce into a
single peak.

CNEO-DFT harmonic analysis reproduces the frequencies of
these modes with less than 40 cm™ deviation from the exper-
imental results, whereas DFT harmonic analysis overestimates
them by ~200 cm™'. CNEO-MD predicts similar peak positions
to CNEO-DFT, with additional finite-temperature broadening. By
contrast, AIMD follows the DFT harmonic-analysis behavior with
significantly overestimated peak positions.

Turning to the much more challenging hydrogen-bonded O-H
stretch modes, the brown peak near 3600 cm ™" in the experimental

2b H

I 1

3100 3200 3300 3400 3500

3600 3700 3800 3900 4000

Wavenumber/cm™1

FIG. 4. Experimental and calculated Raman spectra for a mixed water dimer/trimer system from CNEO-MD and AIMD simulations. Dashed lines indicate harmonic frequen-
cies, with heights proportional to the predicted Raman intensities. Peak labels use the numeral to denote the cluster (2 = dimer, 3 = trimer) and letters to denote the mode
type: b = hydrogen-bonded O-H stretch, f = free O-H stretch, and as/aa = acceptor symmetric/antisymmetric stretches (in the dimer). The experimental reference is Raman
jet spectroscopy of water clusters dominated by monomers, dimers, and trimers, digitized from Ref. 6. Peaks below 3400 cm~" and the peak to the right of 3b arise primarily
from larger water clusters (tetramer/pentamer). The monomer fundamental and rovibrational features, as well as the features of larger water clusters above 3600 cm=',
were manually removed to facilitate a clearer comparison with the simulated spectra, because the monomer features are overly saturated and the larger-cluster features
make visual comparison difficult. Because the relative dimer/trimer abundance in the experiment is unknown and sensitive to the experimental conditions, a simple 1:1 linear
combination of the simulated dimer and trimer spectra for comparison with the experiment was used.
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spectrum is attributed to the dimer, while the blue broad peak near
3490 cm ™" arises from the trimer and includes contributions from all
three of its hydrogen-bonded O-H stretches. The additional feature
to the right of the bonded O-H stretch (3b) at around 3510 cm™" has
been assigned to tetramers or pentamers.” The hydrogen-bonded
O-H stretch modes have strong anharmonic intermode couplings.
In particular, the trimer’s cooperative hydrogen bonding leads to
shorter O---O distances relative to the dimer, further enhancing
anharmonicity. "'

Although CNEO-DFT harmonic analysis includes nuclear-
quantum delocalization, its neglect of anharmonic intermode cou-
pling leads to significant underestimation of peak positions—by
about 100 cm™" for the dimer and 200 cm™" for the trimer. By con-
trast, DFT harmonic analysis, which neglects both nuclear-quantum
delocalization and anharmonic intermode coupling, overestimates
these frequencies by about 140 and 100 cm™, respectively. This
seemingly better performance of DFT harmonic analysis is due to
the significant error cancellation between the two missing physical
effects.

By incorporating both nuclear-quantum delocalization and
intermode anharmonic coupling through finite-temperature simu-
lation, CNEO-MD demonstrates substantially improved accuracy,
with errors reduced to about 10 cm™ for the dimer and 90 cm ™'
for the trimer. In contrast, conventional AIMD, which includes only
anharmonic intermode coupling but not nuclear-quantum delocal-
ization, loses the partial error cancellation seen in DFT harmonic
analysis and exhibits a much larger error of 200-300 cm ™" for these
complexes.

Beyond peak positions, harmonic analysis reveals that, for the
water trimer, most Raman intensity within the hydrogen-bonded
O-H band arises from the lowest-frequency mode of the three, with
only moderate contributions from the two higher-frequency ones.
With finite-temperature peak broadening introduced by CNEO-MD
and AIMD, these peaks merge into a single asymmetric band with
intensity skewed toward the low-frequency side and a tail on the
high-frequency side.

We note that, in principle, the intensity information could
be used to deconvolute the Raman spectrum and determine the
dimer/trimer ratio by comparison with experiment. However, in
practice, this is challenging due to the complexity of the experimen-
tal spectra. In the original experimental data,” the O-H stretching
region is heavily congested by strong monomer rovibrational fea-
tures and by contributions from larger clusters. Although we manu-
ally removed these features when digitizing the experimental spectra
to enable a clearer comparison with the simulation results, this pro-
cedure introduces uncertainty in the peak intensities and makes a
reliable quantitative deconvolution difficult. Consequently, we did
not pursue a quantitative determination of the dimer/trimer ratio.
Instead, we employed a simple 1:1 combination and limited our
analysis to peak positions and shapes, rather than the more delicate
relative intensities.

Overall, among the methods tested, CNEO-MD provides the
most accurate description of the mixed dimer/trimer spectrum,
which essentially reproduces all major features with accurate peak
positions and shapes. Although it exhibits a notable underestimation
for the hydrogen-bonded O-H stretches in the trimer, it nonethe-
less captures the correct intensity distribution and mode order-
ing. This strong overall performance highlights the reliability of

ARTICLE pubs.aip.org/aipl/jcp

CNEO-MD for simulating Raman spectra in complex hydrogen-
bonded systems.

V. CONCLUSIONS

In summary, we implemented analytic static polarizabil-
ities within CNEO-DFT using the coupled-perturbed CNEO
Kohn-Sham equations. Building on this capability, we computed
Raman spectra using both CNEO-DFT harmonic analysis and
CNEO-MD. In harmonic analysis, vibrational frequencies were
obtained by diagonalizing the mass-weighted CNEO Hessian, and
Raman intensities were obtained from the derivatives of the polar-
izability with respect to normal-mode coordinates. In CNEO-
MD, both frequencies and intensities were extracted from the
Fourier transform of the projected polarizability autocorrelation
function.

Benchmark tests on a set of gas-phase molecules show that
CNEO-DFT yields static polarizabilities comparable to, or slightly
more accurate than, conventional DFT. In addition, using a CNEO-
corrected CCSD scheme, we demonstrated that the NQEs captured
by CNEO can improve agreement with experimental polarizabil-
ities. For vibrational Raman spectroscopy, we evaluated the per-
formance of CNEO-DFT harmonic analysis and CNEO-MD using
formic acid and a mixed water dimer/trimer system and com-
pared them with DFT harmonic analysis and conventional AIMD.
Among all methods tested, CNEO-MD performed the best, with
both NQEs and anharmonic intermode coupling effects incorpo-
rated. Notably, the computed Raman spectrum by CNEO-MD for
the mixed water dimer/trimer system is in excellent agreement with
experiment.

Taken together, this study establishes the CNEO framework
as a robust and computationally efficient tool for calculating static
polarizabilities and simulating vibrational Raman spectra. With
recent developments in periodic CNEO-DFT'*'** and CNEO
QM/MM,'* the CNEO framework holds strong promise for accu-
rate and efficient simulations of Raman spectra in condensed-phase
systems with significant hydrogen motions.

SUPPLEMENTARY MATERIAL

The supplementary material includes a detailed derivation
of the analytic static polarizability within CNEO-DFT, O-H
stretching benchmarks for water dimer and trimer with various
exchange-correlation functionals, convergence tests of CNEO-MD
and AIMD power spectra, polarizability protonic basis-set conver-
gence tests, raw polarizability benchmark tables, vibrational fre-
quencies of trans-formic acid from CNEO-DFT/DFT and exper-
imental references, and additional Raman spectra of the water
monomer from CNEO-MD, AIMD, and experiment.
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