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ABSTRACT: We report structural and dynamical properties of liquid water described by
the random phase approximation (RPA) correlation together with the exact exchange
energy (EXX) within density functional theory. By utilizing thermostated ring polymer 8
molecular dynamics, we examine the nuclear quantum effects and their temperature
dependence. We circumvent the computational limitation of performing direct first-
principles molecular dynamics simulation at this high level of electronic structure theory
by adapting an artificial neural network model. We show that the EXX+RPA level of
theory accurately describes liquid water in terms of both dynamical and structural

properties.

iquid water is arguably the most important condensed
matter system, and our ability to accurately simulate its
dynamical and structural properties under various conditions
and settings will have the most overarching impacts in a wide
range of fields from atmospheric science to photocatalysis to
biochemistry (see, e.g. ref 1 for a recent review). First-principles
molecular dynamics (FPMD)>” simulation provides an exciting
prospect for such a grand feat since it does not rely on empirical
parameters that need to be tuned for different systems and
conditions. Liquid water has been one of the most widely
studied systems, and it is arguably the most important
application using the FPMD method." *° Yet, an accurate
description of liquid water has remained elusive for FPMD
simulation. Unlike for classical molecular dynamics simulations
in which empirical parameters can be tuned to ensure that the
experimental values are obtained for physical properties,®’ ™ a
number of liquid water properties from FPMD simulation can
deviate quite substantially from their corresponding exper-
imental values.”' In recent years, understanding the delicate
interplay between the underlying electronic structure theory
approximation of FPMD and the classical-particle approxima-
tion to nuclei, particularly concernin% for protons, has become
an important focus in the literature.””*" This problem is made
further complicated by the plaguing difficulty of achieving
statistical convergence for calculated properties in practice
because of the significant computational cost of FPMD
simulation.*”**
Density functional theory (DFT) remains the most widely
employed electronic structure theory method that is used to
drive FPMD simulation because of its appealing balance
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between the accuracy and efficiency. For FPMD simulation of
liquid water based on DFT, most semilocal approximations like
the generalize gradient approximation (GGA) to the exchange-
correlation (XC) functional appears inadequate for accurate
modeling of liquid water as exhaustively documented in the past
decade.”’ More recent works show that significant improvement
can be obtained with the recent nonempirical meta-GGA
approximation, SCAN, by Perdew and co-workers,*”**™* but
not adequate enough for the accuracies often needed for many
applications (e.g, the calculated diffusion constant under-
estimates the experimental value by an order of magnitude’).
While the SCAN approximation already includes the
intermediate-range van der Waals interaction, a separate
correction is needed for the dispersion interaction in
general.""*® At the same time, some empirically parametrized
meta-GGA XC functionals such as B97M-rV*"** approximation
appear to perform quite well. BO7M-rV meta-GGA approx-
imation is empirically parametrized against extensive data sets
together with rVV10 approximation®”*° for nonlocal correla-
tion. The recent work by Head-Gordon and co-workers showed
that B97M-rV meta-GGA approximation can yield great
accuracy for various structural and dynamical properties of
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Figure 1. Oxygen—oxygen (left), oxygen—hydrogen (middle), and hydrogen—hydrogen (right) radial distribution function (RDFs) at 300 K from the
NN-RPA simulation, in comparison to the experiment and select FPMD references. Referenced data are taken from 1. ref 30, 2. ref 31, 3. ref 33, and 4.
ref 86. The statistical error bars in these simulations are smaller than the line width.

liquid water.”® As for hybrid XC approximations, some great

successes have been reported using revPBE0O-D3 approximation,
in which D3 Grimme’s dispersion correction is added to
revPBEQ approximation.”' ~>* In order to illustrate the particular
philosophy of achieving increasingly higher accuracy by
satisfying more physical constraints (through an increasing
number of ingredients from the electronic structure such as
electron density, its gradient, kinetic energy density, etc.),
Perdew introduced a “Jacob’s ladder” analogy for the XC
approximation such that climbing the rungs in the ladder would
generally lead to a higher accuracy.”* Nonempirical variants of
the meta-GGA and hybrid XC approximations, which belong to
the third and fourth rungs of the Jacob’s ladder, by Perdew and
co-workers such as SCAN** and PBE0*” approximations do not
perform as well as BO7M-rV and revPBEO-D3 approximations
for liquid water. In the Jacob’s ladder, the fifth rung constitutes
the XC approximations that depend on the unoccupied/virtual
Kohn—Sham states, in addition to those ingredients from the
lower rungs (hybrid, meta-GGA, GGA, and LDA). The random
phase approximation (RPA) is probably the most well-
recognized approximation that belongs to this fifth rung, and
it derives the correlation energy expression through the
adiabatic-connection fluctuation—dissipation theorem in the
context of DFT.>™" The correlation energy is given by the
dynamical response function of the noninteracting Kohn—Sham
system, and it is generally used together with the exact (Fock)
exchange energy from the Kohn—Sham orbitals. Starting with
the first practical implementation of the RPA in quantum
chemistry by Furche,”®® the RPA has become available in
various different DFT implementations nowadays.”**°~® In
particular, the RPA is able to capture the dispersion
interaction,”® and inadequate description of the dispersion
interaction is one of crucial shortcomings in many XC
approximations for modeling liquid water, often requiring a
separate correction for nonlocal correlation. In the context of
simulating liquid water, the RPA was used by Del Ben et al. in
their NpT Monte Carlo simulation, and the oxygen—oxygen
radial distribution function was reported.”® However, without
nuclear quantum effects taken into account, it is difficult to
assess its agreement with experiments. Quantum-mechanical
description of atomic nuclei is indeed a crucial aspect in
modeling liquid water using FPMD simulation in addition to the
underlying electronic structure theory."”*" Starting with the
early work by Morrone and Car,”* a number of path-integral
approaches have been used in conjunction with FPMD
simulation for examining nuclear quantum effects (NQEs) in
liquid water. NQEs appear to be quite vital for accurate
calculation of structural and dynamical properties of liquid
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water. Although it had been long believed that NQEs lead to a
less structured liquid water in the context of classical molecular
dynamics,”°~®® the seminal work by Harbershon et al. has shown
that the less structured liquid water is likely an artifact of using a
simple harmonic potential for O—H stretch in popular force field
models.”” As shown by Markland and co-workers’' and also in
our recent work,”® NQEs can lead to a more structured liquid
water in FPMD simulations based on hybrid and meta-GGA XC
approximations. Furthermore, depending on particular XC
approximations employed, NQEs can either accelerate or
decelerate the water diffusivity; the diffusion coeflicient is
decreased with NQEs for revPBE0-D3 hybrid XC approx-
imation”' while NQEs slightly increased the diffusion coefficient
when B97M-rV meta-GGA XC approximation was used.””
These recent findings showed that NQEs in liquid water are
quite sensitive to the underlying electronic structure theory.*
Without NQEs properly taken into account, a fortuitous
cancellation of errors between an inaccurate potential energy
surface and the classical nuclei approximation could be mistaken
as accurate electronic structure theory description of liquid
water.””** These findings in the past few years therefore call for
further studies with higher levels of theory such as the RPA. At
the same time, understanding impacts of NQEs together with an
advanced electronic structure theory is made further compli-
cated by statistical convergence issues in practice. As pointed out
by Gygi and co-workers,”* relatively short FPMD trajectories
could lead to unreliable determination of calculated properties
from the statistically unconverged ensemble, especially for
dynamical properties like diffusion coefficients. In order to
overcome the computational difficulty of obtaining FPMD
simulation trajectories of hundreds of pico-seconds needed,
some have advocated using multiple time-step integration
schemes®®’%~7° as well as the use of modern machine-learning
techniques.’””” = In this work, we employ the neural network
model”*** by Behler and Parrinello to machine-learn the FPMD
simulation based on the RPA correlation with the exact
exchange (EXX). The Thermostated Ring Polymer Molecular
Dynamics (TRPMD) method®*®’ is used to examine NQEs and
its temperature dependence. We show that the EXX+RPA level
of theory is able to accurately model liquid water in terms of both
dynamical and structural properties. Details of the method-
ologies are discussed in Computational Method section.

For FPMD simulation, B97M-rV meta-GGA and revPBEO-
D3 hybrid XC approximations have shown to yield an accurate
oxygen—oxygen radial distribution functions (gOO RDF) at
room temperature when NQEs are taken into account via the
TRPMD method. Figure 1 shows that our EXX+RPA artificial
neural network model (“NN-RPA”) also produces an accurate
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Figure 2. Heights of the first peak (left), the first minimum (middle), and the second peak (right) in the gOO RDF as a function of temperature in the
NN-RPA simulation. Experimental references as well as select FPMD references are shown for comparison. Referenced data are taken from 1. ref 30, 2.

ref 31, 3. ref 33, 4. ref 87, and 5. ref 86.

gOO RDF at 300 K, and significant improvement over our
previous NN-SCAN simulation®® was obtained. Accurate
oxygen—hydrogen and hydrogen—hydrogen RDFs (gOH and
gHH) are also obtained as can be seen in Figure 1. As expected
from the first-principles Monte Carlo simulation with the
RPA,* the classical nuclei approximation with the NN-RPA
model results in an overstructured RDFs. Among various gOO
RDF features influenced by the NQEs, the first peak is
particularly sensitive to the NQEs. Without the NQEs taken
into account via the TRPMD, the first peak is noticeably higher
than the experimental reference value, indicating an over-
structured water. At the same time, the rest of the gOO RDF
features are in good agreement with the experimental RDF even
without the NQEs. The RDF extrema positions are also in an
excellent agreement with the experimental reference. Similar
improvement are also evident for the gOH and gHH RDFs when
the NQEs are taken into account as seen in Figure 1. For the
gOH and gHH RDFs, not only the first peak heights but also the
peak widths show great agreement with experiment with the
NQEs.

Temperature dependence of the gOO RDF was also
examined. Figure 2 shows the temperature dependence of the
gOO RDF values for the first peak, the first minimum, and the
second peak. The temperature dependence is monotonic over
the simulation temperature range of 260~360 K, and the first
RDF peak shows the most significant temperature dependence.
The NQE on the first peak remains quite significant at all
temperatures while the NQEs on the first minimum and the
second peak are relatively small. An artificial elevation of the
simulation temperature is often used as a computationally
efficient protocol for mimicking some aspects of NQEs in
modeling liquid water using classical nuclei MD simulation as
discussed in ref 30. Figure 2 indicates that the artificial elevation
of ~30K in classical nuclei MD simulation would yield the
experimental gOO RDF for the first peak, which is an important
marker for water molecules’ local structural environment.

Accurate calculation of the self-diffusion coeflicient in FPMD
simulation remains a significant challenge. Marsalek and
Markland reported a highly accurate diffusion coefficient using
revPBE0-D3 hybrid XC level of theory in 2017.>" Interestingly,
their FPMD simulation at room temperature showed that the
diffusion coefficient decreased by ~15% when NQEs were taken
into account via the TRPMD approach. Habershon and co-
workers have previously explained such somewhat counter-
intuitive observation in terms of the delicate balance between
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intermolecular and intramolecular nuclear quantum effects.”” At
the same time, Ruiz Pestana et al. found that NQEs lead to a
slightly faster diffusivity when B97M-rV meta-GGA was
employed, and the same TRPMD approach was used for taking
into account NQEs in 2018.>* Our recent SCAN meta-GGA
work®® showed that, for the temperatures lower than 300 K,
NQEs lead to a ~10% reduction in the diffusion coefficient. For
the temperatures higher than 300 K, NQEs slow down the
diffusivity by 15%~20%. These observations show that the NQE
on the diffusivity is exceptionally sensitive to the underlying
electronic structure theory. Unlike for revPBEO-D3 hybrid XC
approximation, the SCAN meta-GGA work,”* however, did not
produce a reasonable diffusion coefficient even with NQEs.”
Figure 3 shows the temperature dependence of the self-diffusion
coefficient from the NN-RPA simulation, and NQEs are
incorporated via the TRPMD method. The reported values in
Figure 3 include the finite size error correction® based on
temperature-dependent experimental viscosity of liquid water®”
as done in the same way in refs 30,31,33 The diffusion
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Figure 3. Temperature dependence of the diffusion coefficient from the
NN-RPA simulation, in comparison to the experimental values
reported in ref 90 The finite size error correction® based on
temperature-dependent experimental viscosity of liquid water® is
included. Select FPMD references are also shown for comparison.
Referenced data are taken from 1. ref 30, 2. ref 31, 3. ref 33, and 4. ref 90.
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coefficients are found to be in an excellent agreement with the
experimental temperature-dependent diffusion coefficient,”®
and the NQE on the diffusion coefficient is found to be
negligibly small, being on the same order of magnitude as the
statistical errors. The temperature dependence is found to be
much more significant on the diffusion coefficient. This
observation again underscores the notion that the NQE on
the diffusion coeflicient is very sensitive to the underlying
electronic structure theory as reported in the recent FPMD
works 303133

Unlike for many molecular dynamics simulations with
commonly used force fields, NQEs have been found to slow
down the rotational dynamics at room temperature in FPMD
simulation at the revPBEO-D3 hybrid XC level of theory.>’ Our
recent SCAN meta-GGA work showed a nontrivial temperature
dependence for the NQE on the rotational dynamics,” and
agreement of the rotational relaxation constants to the
corresponding experimental values was quite unsatisfactory.
Table 1 shows the relaxation time constants calculated from the

Table 1. Relaxation Time Constants for the Second-Order
Orientational Correlation of Individual Water Molecules
Using the H—H Vector (""), O—H Vector (7°"), and the
Dipole Vector (7) from the Classical Nuclei MD and
TRPMD at 300 K, in Comparison to the NN-SCAN Results,
revPBE0O-D3 Results, and the Experimental Values at Room
Temperature

AH LOH o
NN-RPA classical nucl. 2.6(0.2) 2.2 (0.1) 1.7 (0.1)
NN-RPA TRPMD 2.8 (0.2) 2.3 (0.1) 1.8 (0.1)
NN-SCAN classical nucl.” 21.5 (3.1) 15.7 (2.2) 12.9 (1.9)
NN-SCAN TRPMD* 181(39)  160(43)  12.0(3.6)
revPBEO-D3 classical nucl.” 2.01 1.73 1.35
revPBEO-D3 TRPMD" 2.62 2.13 1.67
experiment” 1.6-2.5 1.95 1.90

“Ref 30. PRef 31. “Refs 91—94.

NN-RPA simulation for the second-order orientational
correlation function for the H—H vector, the O—H vector,
and the dipole vector of individual water molecules at 300 K, in
comparison to the revPBEO-D3 result”' and to the experimental
values.”' ™" Compared with the SCAN meta-GGA results, the

EXX+RPA level of theory yields a considerable improvement,
and great agreement with experimental values is obtained. At the
same time, we find that the NQE decelerates the rotational
dynamics rather negligibly, being on the same order of
magnitude as the statistical errors. Figure 4 shows the
temperature dependence of the relaxation time constants;
notably, having quantum nuclei plays a rather minor role for the
rotational dynamics, while the temperature dependence is much
more significant.

Unlike the direct FPMD simulations using the maximally
localized Wannier functions,” the use of the artificial neural
network does not allow us to obtain IR spectra in our NN-RPA
simulation. Instead of computing the IR spectra, the vibrational
density of states (VDOS) was calculated from the Fourier
transform of the velocity—velocity autocorrelation function as
shown in Figure S. In agreement with the earlier FPMD
simulations using the revPBE0-D3 hybrid and B97M-rV meta-
GGA XC approximations,”*” the most prominent change due
to NQEs is on the O—H stretching mode region, and the NQEs
red-shift the O—H stretch peak to 3553 cm™" from 3795 cm ™" in
the NN-RPA simulation. As widely appreciated in the literature,
the broadening of the O—H stretching peak is likely due to an
artifact of the TRPMD method.*"**?° The NQEs also affect the
O—H bending mode region (experimentally ~1637 cm™" in the
IR measurement) and the libration mode region, but only
slightly. Temperature dependence of the NQEs on both O—H
stretching and bending modes is rather minor (see Figure $).
The libration mode exhibits a negligibly small NQE for the
vibrational power spectrum, and this observation appears at
odds with a noticeable blue-shift observed in the IR spectra for
the revPBEO-D3 hybrid XC and B97M-rV meta-GGA
simulations.”"**

In pursuit of an accurate description of liquid water via first-
principles molecular dynamics (FPMD) simulation, the
description at the random phase approximation (RPA) level of
theory was examined within density functional theory (DFT)
formalism. The RPA correlation energy together with the exact
exchange energy (EXX) based on the Kohn—Sham orbitals was
employed, belonging to the fifth rung of the so-called Jacob’s
ladder of DFT by Perdew.”* Artificial neural network model
representation was adapted to circumvent the computational
limitation of performing direct FPMD simulation at this
advanced level of electronic structure theory, and the
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Figure 4. Temperature dependence of the relaxation time constants for the second-order orientational correlation of individual water molecules using
H—H vector (left), O—H vector (middle), and dipole vector (right) from the classical nuclei MD and TRPMD. The experimental values at 300 K are
also shown for comparison. Note the log scale in the y-axis. Referenced data are taken from 1. ref 30, 2. ref 31, and 3. refs 91—94.
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Figure S. (Top) The vibrational density of states (VDOS) of liquid water at 300 K from the NN-RPA simulation. The green dashed vertical lines
indicate the peaks in the experimental IR spectrum.”’” (Bottom) The temperature dependence of the vibrational peak positions is shown for the O—H
stretch mode (left), H—O—H bending mode (middle), and the libration mode (right).

thermostated ring polymer molecular dynamics (TRPMD)
method was used for taking into account nuclear quantum
effects (NQEs). This EXX+RPA level of the theory was found to
yield an accurate description of liquid water overall. The
simulation shows great quantitative agreement with exper-
imental values for the radial distribution functions, the diffusion
coefficients, and the rotational relaxation times. The NQEs
noticeably lower the first peak height of the oxygen—oxygen
RDF, yielding an excellent agreement with the experimental data
for this important structural indicator. For the self-diffusion
coefficient and the rotational relaxation constants of water
molecules, the NQEs appear to play a rather minor role across
the temperature range of 260~360 K. The NQEs also result in a
significant redshift of the O—H stretch peak by as much as 200
cm™ in the vibrational spectrum. NQEs play a surprisingly small
effect on liquid water dynamics at this advanced level of theory,
except for the intramolecular vibrational dynamics. Given the
appreciable NQEs on these dynamical properties observed
previously for the revPBE0-D3 hybrid XC*' as well as for B97M-
rV>? and SCAN meta-GGA™ XC approximations (despite their
differing effects), the present finding may seem rather surprising
at first. At the same time, recent works show that NQEs depend
quite sensitively on the underlying electronic structure theory
approximation to the extent that the water dynamics can be
either accelerated or decelerated, depending on the potential
energy surface. Our present work again underscores that the
NQEs in liquid water, especially for dynamical properties like
the diffusion coeflicient, are quite sensitive to the underlying
electronic structure theory.>*"*

In spite of the exciting results obtained in this work, given the
long and sometimes controversial history of this topic, we must
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remain cautious about a possible cancellation of errors between
the underlying potential energy from the electronic structure
theory and quantum nuclear description via TRPMD method as
well as the use of artificial neural network. In addition to
improving XC approximation within DFT formalism, other
electronic structure theories are increasingly employed in
FPMD in recent years even though these simulations are still
limited in terms of NQEs and simulation size/length. The
second-order Moller—Plesset perturbation theory (MP2), for
instance, has been employed in FPMD simulation of liquid water
with different types of approximations (e.g, Fragment-based
MP2, SCS-MP2) by a few different groups.'””*~"°° Still, one
important drawback of MP2 calculation, especially for
simulation of liquid water, is that it does not correctly capture
the dispersion interaction,'’" and a separate correction scheme
might be necessary.'”””'®" Others have also employed an
approximated coupled-cluster theory method within the QM/
MM scheme,"®® and variational quantum Monte Carlo method
has been used for the FPMD simulation as well.”’ In the near
future, “gold standard” methods such as CCSD(T) and diffusion
quantum Monte Carlo might become feasible for modeling
liquid water, providing a computational means for validating the
EXX+RPA description of liquid water, which yields great
agreement for experimentally measured properties.

B COMPUTATIONAL METHOD

The random phase approximation (RPA) correlation energy
and the exact (Fock) exchange (EXX) energy were calculated
from the Kohn—Sham eigenfunctions based on the PBE GGA
XC approximation®' within density functional theory (DFT).
We use the CP2K code to perform the EXX+RPA calculation'®®
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within the mixed Gaussian and Planewaves (GPW) formal-
ism,*>0¥1997198 The TZVP Gaussian basis set was used'*”'"’
together with the planewave cutoff of 800 Ry for the electron
density, and the Goedecker—Teter—Hutter (GTH) pseudopo-
tential was used.''" The resolution of identity approach was used
for reducing the computational cost of evaluating the four center
integrals.”® Since it is presently not feasible to perform RPA-
based FPMD simulation with the planewave basis set, SCAN
meta-GGA XC was used for assessing the convergence of the
TZVP basis set. The TZVP basis set result was compared with
the converged planewave basis set result.''> The convergence
test is discussed in Supporting Information. The artificial neural
network (NN) force field was developed following our earlier
work for SCAN meta-GGA XC approximation®’ in the exact
same manner as discussed in Supporting Information. We used
the Atomic Energy NETwork code''” to train the NN force
field, and an excellent agreement was obtained for the oxygen—
oxygen radial distribution function available from the first-
principles Monte Carlo simulation®® as shown in Supporting
Information. The i-PI code''* was interfaced with the Atomic
Energy NETwork code to perform classical nuclei MD and
TRPMD simulations. In all cases, we used a cubic simulation cell
of 11.8172 A with the periodic boundary conditions with S5
water molecules, corresponding to the experimental water
density of 0.997 g/cm? at 300 K. For the classical nuclei MD
simulations, we used the integration step size of 0.5 fs with the
Nose—Hoover thermostat."'>~"'” For the TRPMD simulations,
we used the integration step size of 0.25 fs, and the path integral
Langevin equation global (PILE-G) thermostat''® was used for
the temperature control. The TRPMD simulations employ 32
beads for sampling the path integral as shown sufficient
previously."" For the calculation of diffusion coefficient, this
standard approach combining the TRPMD and the PILE-G
thermostat has been used in recent works on NQEs in liquid
water,”>»"'* and it has been validated to yield a precise
diffusion coefficient.**
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