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origin: (1) the depopulation of librational modes due to nuclear
quantum effects and (2) the balance of two interconverting
molecular arrangements, the high density and low density liquid states, that coexist in water. We systematically investigate tetrahedral
liquids modeled with Stillinger-Weber potentials, which allows the interpolation between simple liquids and low coordination
materials such as carbon. We show that the TCM is not exclusive to water, but an anomalous behavior shared by pure liquids with
intermediate tetrahedrality. Our work provides a thermodynamic explanation for the TCM of water and tetrahedral liquids in

general.

B INTRODUCTION

Water plays a central role in our lives: it is ubiquitous in nature
and industry, necessary for life on Earth, and by definition hosts
the entirety of aqueous chemistry. Furthermore, water is a
widely used solvent in many chemical processes, earning it the
epithet of “universal solvent”. Despite its relatively simple
molecular geometry, a triatomic molecule with C,, symmetry,
water is extremely complex in its condensed phases: it has an
enormously rich phase diagram with different types of ices,
amorphous phases, and a supercooled liquid state in which many
anomalous properties are enhanced.' Liquid water at ambient
conditions also possesses many anomalous properties, most
notably a density maximum at 4 °C (277.15 K) and (constant)
atmospheric pressure, and a solid phase that is less dense than
the liquid (i.e., ice floats in liquid water). Its thermodynamic
response functions, such as the isothermal compressibility fr,
thermal expansion coefficient a; and isobaric heat capacity Cp,
also show anomalous behaviors.

Beginning in the 19th century with the mixture models of
Whiting and Réntgen,”” these anomalies can be explained when
water is viewed as a mixture of two interconvertible molecular
arrangements, often referred to as the high-density liquid
(HDL) and low-density liquid (LDL) structures. Within this
two-state picture, several qualitatively distinct scenarios have
been proposed: the stability limit conjecture,* the li%uid—liquid
critical point (LLCP),” the critical-point-free’ and the
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singularity-free” scenarios. State-of-the-art molecular simula-
tions favor the “second critical point” scenario,”” while
mounting indirect experimental evidence is consistent with,
but does not yet conclusively prove, the existence of the LLCP
(see ref 1 and the references therein). These thermodynamic
scenarios explain water’s thermodynamic anomalies, and while
conceptual bridges have been built for diffusivity and
viscosity,”'°™"” water’s heat transport anomalies and the
associated microscopic mechanisms remain unexplained.

At constant pressure the thermal conductivity (TC) of liquid
water increases with temperature until it reaches a maximum at
404 K (10 bar),"® then decreases upon further heating until the
boiling point is reached. In contrast, the TC of a simple liquid
monotonically decreases with increasing temperature primarily
due to the corresponding decrease in density. Thus, water’s
thermal conductivity maximum (TCM) and subsequent
decrease upon cooling are anomalous properties. The temper-
ature of the TCM increases with pressure; all natural and
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Figure 1. Thermophysical and structural properties of (a) atomistic force fields of water and (b) SW potentials as a function of temperature T at
constant pressure: the (i) density p, (ii) isothermal compressibility Sy, (iii) thermal conductivity 4, (iv) Bridgman thermal conductivity A5 and (v) the
orientational tetrahedral order parameter gr. In (b), ¢ represents the strength of the three-body interactions that promote tetrahedral order. Data
corresponds to ~10 bar. Experimental data are from, or calculated from, refs 18 and 27.

industrial processes that occur at near-standard conditions

therefore correspond to the anomalous heat transport regime of

TCM remains an open question.

water. Despite its significance, the physical origin of water’s
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Theoretically predicting the TC of liquids is a challenging
problem. In arguably the earliest attempt (1923), Bridgman
connected the TC of a liquid to its isentropic speed of sound. He
imagined liquid molecules arranged in a cubic lattice, with the
internal energy difference due to the temperature gradient being
“handed down a row of molecules at a rate determined by the
speed of sound”.'” This was the first in a family of quasi-lattice
(QL) models that assume liquid molecules oscillate about fixed
points in a solid-like lattice on the time scale of heat transport,
and exchange energy via nearest-neighbor collisions.”’”** When
the characteristic frequency of energy exchange is identified with
the acoustic spectrum, these models give a TC of the form A,
87%¢, where § is the average distance between molecules and ¢ is
the speed of sound.”””* While these models may give accurate
predictions for specific liquids at specific thermodynamic
conditions, they cannot in general predict the TC of
liquids.””*>***>*® However, we will show that when used
together with simulations, they provide insight into the origins
of water’s TCM.

We consider one of simplest quasi-lattice models: the
Bridgman equation empirically corrected for polyatomic
molecules, Az = 2.8kpd *cs, which using the thermodynamic

relations csz = (pﬂs)_1 and f1/fs = Cp/Cy =¥, can be written as

3 1/6
_ PY
/IB = 28kB MT

by (1)

where p, M, By (fs) and y are the density, molecular mass,
isothermal (isentropic) compressibility and adiabatic index,
respectively. Cp and Cy are the isobaric and isochoric heat
capacities, respectively. Modern interpretations of the Bridgman
equation identify the preceding factor, set here to 2.8 kg, as the
heat capacity of the vibrational modes that transport heat.”>~>*
The Bridgman equation can also be recovered within phonon
models of liquids when the group velocity of heat carrying
modes is approximated as cg (a very good approximation for
simple liquids such as argon).”” In the case of water, p(T) and
7(T) both increase monotonically in the temperature range
where the extrema in Ay, ¢5, fs and f1 occur. Thus, all four
extrema share the same phenomenological origin, i.e., if one did
not exist, then they all would not exist, and the effect of p(T) and
7(T) is to shift the temperature T,, of the extrema. Thus, the
Bridgman equation, along with other quasi-lattice models,
provides a possible thermodynamic explanation for the TCM.
The Bridgman equation is surprisingly accurate for water (and
some other liquids) at near-standard conditions.'®*” It
accurately reproduces the experimental TC down to 0 °C
(273.15 K) at 1 bar (the limit of validity of the experimental
TAPWS-2011 correlation'®) and extrapolations have been used
to predict the anomalous behavior (a TC minimum) of
supercooled water (see Section 2.1 in the Supporting
Information for a more in depth discussion of the Bridgman
equation).”® However, eq 1 breaks down at high temper-
atures.'®*’” Furthermore, advancing our results below, the
magnitude of the Bridgman equation does not hold for
molecular force fields of water even at near-standard conditions:
it underestimates the TC by ~10—40% (overestimates by
~180% for mW) at 300 K. A popular approach is to replace the
factor of 2.8 with a fitted coefficient, resulting in accurate
predictions for a wide array of fluids, especially for monatomic
and diatomic liquids.”> The fitted coefficient is ~1 for
monatomic fluids and generally increases with molecular

complexity;*® for water it is ~3, and ~1.8 at extreme conditions
(1000—2000 K and 1.0-1.9 g cm™>; up to 22 GPa).>>*® This
demonstrates that the TC is highly correlated with the speed of
sound, and supports the use of the Bridgman equation to predict
the position and existence of the TCM, which do not change
when scaling eq 1 by a constant. Even so, while eq 1 reproduces
the TCM, it is shifted by T,,.x;.) — Thax(z) ~ —70 K at near-

standard pressure, and IT,,(;) = Tha() increases with

ax(2)

pressure.'®

The question remains: to what extent is the TCM connected
with the 1 minimum? This hypothesis has eluded investigation
by simulation studies because it is difficult to build an accurate
model of water that does not reproduce the compressibility
minimum, which reflects crucial aspects of the orientational
correlations and tetrahedral order in liquid water. Furthermore,
owing to the microscopic formulation of the heat flux™~"" and
the presence of coupling effects,”™*” it is still challenging to
calculate TC from simulations, and the TCM has seldom been
reported. Advancing our discussion below, we identify seven
water models that reproduce the TCM, and crucially, two that
do not. Through the analysis of these different models, we
identify three factors contributing to the observation of the
TCM: the compressibility via thermodynamic considerations,
tetrahedrality and nuclear quantum effects.

B METHODS

We perform extensive equilibrium and nonequilibrium molecular
dynamics simulations for a diversity of water models: the rigid
nonpolarizable force fields TIP3P,** SPC,*® SPC/E,*® TIP4P/2005"’
and TIPSP;*® the flexible model TIP4P/2005f° the flexible,
polarizable and reactive force fields (ReaxFF), water-2017"° and
CHON-2017_weak;*" and the highly coarse-grained monatomic water
“mW” model*” together with related Stillinger-Weber (SW)
potentials.”> Thermodynamic response functions were calculated
from NPT simulations using the fluctuation relations and the equation
of state. The TCs were calculated from boundary-driven non-
equilibrium molecular dynamics (NEMD) simulations using Fourier’s
Law, ], =—AVT, where ] is the heat fluxand VT is the local temperature
gradient. As demonstrated in our previous work, ™ the temperature
gradients used here are well within the linear regime: VT < 2, 8,and 11
K nm™' for the mW/SW, empirical and ReaxFF force fields,
respectively. We note that the computation of TC via NEMD includes
all possible coupling effects; in the case of polar fluids such as water this
includes the cougling between heat and polarization fluxes, which
decreases the TC.>>*** We converge our TC values with respect to the
NEMD simulation cell size. Statistical uncertainties reported herein
correspond to the 95% confidence interval and the uncertainties of fit
parameters (e.g., T, obtained by fitting cubic functions to the region
close to the minimum/maximum) were estimated by parametric
bootstrapping. Further methodological details are given in the
Supporting Information.

B RESULTS AND DISCUSSION

We show in Figure la(iii) the TC of the water models at
constant pressure, alongside the experimental values. We target
the 10 bar isobar since at 1 bar the TCM occurs above the
boiling point and experimental data for superheated water is not
available. For each force field, a single A(P, T) point is calculated
from each simulation, and the TC at 10 bar is calculated by
interpolating A(P) at a given T (see Section 2.7.1 in the
Supporting Information). Consistent with the growing body of
work #6763 demonstrating that empirical atomistic force fields
typically overestimate the TC by ~10—50% at temperatures/
pressures near 300 K and 1 bar, the atomistic force fields
reported here systematically overestimate A by 30—50% at near-
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Figure 2. Temperature T, at which extrema in thermophysical properties occur for the force fields of water at 10 bar. The arrows indicate the
temperature shift in the TCM, from T,,,,;) to T, (1), due to nuclear quantum effects. Experimental data are from, or calculated from, refs 18 and 27.

standard conditions. It is evident in Figure la that the
temperature dependence of 4 is correlated with that of Ay and
Pr. For example, SPC/E exhibits shallow extrema in 4, Az and fr.
Similarly, comparing the reactive force fields, water-2017 has
steeper gradients than CHON-2017_weak for all three proper-
ties.

The TCM can be inferred for TIP4P/2005, SPC/E and
MCEM from previous NEMD simulation studies,”*” but
quantitative estimates of T,,,,,(;) were not reported. Studies using
the Green—Kubo (GK) method have explicitly shown TCM at
near-standard pressures (exact pressure conditions were not
specified) for TIP4P/2005 (T (1) ~ 400 K), SPC/E (T () ~
400 K) and TIP4P (T ~ 350 K).°*°" However, these
studies report A values as low as 0.2 W K™' m™" at 240—250 K,
which is inconsistent with the 0.8—0.9 W K™' m™' from
other®*®® GK predictions using the same models. Thus, to the
best of our knowledge, we report the first reliable quantitative
predictions of T,,,,(;) using empirical force fields.

The temperatures at which the extrema occur are shown in
Figure 2 (see Table 2 in the Supporting Information for
numerical data). TIP4P/2005, TIP4P/2005f, SPC/E, SPC and
TIP3P reproduce the TCM. They also predict the correct order
of thermodynamic anomalies,
T ) < Tmin(/iT) < Tmax(}»B) < Tmin(ﬂs) < Tm S) which is ex-

max(p ax(c

pected since T, () < Toin(,) < Tmin(s) < Tnax(cy) i thermo-

dynamic necessity for (0T,..,)/0P) < 0,7°¢ and
ap > 0= T < Thin(p)- Regarding the position of the

TCM, TIP4P/2005, TIP4P/2005f and SPC/E correctly predict
Toax(3) > Tnax(cy) (noting the overlap of uncertainties for TIP4P/

2005 and TIP4P/2005f), while SPC and TIP3P predict
Tain(s,) < Toax(t) ~ Tnax(i) S Tonax(ey) Interestingly, the two

models, water-2017 and CHON-2017 weak, that fail to
reproduce the TCM also fail to reproduce the extrema in the
thermodynamic properties fr, fs, ¢s and Ag. Our simulation
results would therefore support the hypothesis that the TCM
arises from the compressibility minimum. However, TIPSP does
reproduce the TCM, although with a weak temperature
dependence at lower temperatures, but not the four thermody-
namic extrema.

We show in the Supporting Information that for TIPSP the
pressure of the maximum Tj,u.() (P) i$ Ppyay(rip) = (250 % 90)

bar. At this pressure, the extrema in fr, fs, ¢s and Ay will appear
at the same temperature as the density maximum, T, = (282.8 +
0.3) K, then move to higher temperatures as P is increased,
diverging from T,,,(,) which decreases.”®® Thus, the Bridgman
equation predicts the TCM at only ~200—300 bar higher,
corresponding to a density difference of ~0.01 g cm™,
supporting the view that the TCM is correlated with these
thermodynamic anomalies. We will show later that investigating
tetrahedral liquids modeled using the mW/SW potentials gives
insight into the behavior of TIPSP.

The empirical atomistic force fields underestimate T, by
~70—160 K. Our simulations were carried out according to
classical nuclear dynamics, i.e., nuclear quantum effects (NQEs)
are not explicitly accounted for. However, NQEs are implicitly
included, to some extent, in classical models fit to experimental
data. While this is not the case for ReaxFF models if they are
parametrized using only ab initio data, both water-2017 and
CHON-2017_weak were parametrized using DFT and
experimental data, which notably include experimental liquid
densities."”*' Recently, a machine-learned (neuroevolution)
potential (MLP) trained at the quantum-mechanical DFT level
with the SCAN functional predicted the TCM at 30 bar only
when corrected for NQEs.”” However, deep neural network
potentials, one also trained on SCAN and the other on PBE,
reproduced the TCM without NQEs.”” The discrepancy
between the two MLP-SCAN results may in part be attributed
to the use of experimental densities along an “ambient pressure”
isobar in ref 70, as opposed to p(T) of the model. Our
simulations using empirical force fields show that the explicit
incorporation of NQEs is not required to observe the TCM.
Furthermore, advancing its introduction below, the purely
classical mW model possesses the TCM, despite not including
light atoms (hydrogen), which are primarily responsible for
NQEs. The mW results demonstrate that NQEs are not strictly
necessary for the existence of the TCM.

To investigate the impact of NQEs on the TCM we quantum-
correct our TC values through the isobaric heat capacity Cy,
which is related to the TC via A = pCpDy, where Dy is the
thermal diffusivity. The quantum-corrected TC, A%, is given by

1% = pCEDy = (CF/C)2 = & @
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This approach relies on the fact that water’s heat capacity is “a
signature of nuclear quantum effects”’””” and is greatly
overestimated by classical models even at high temperatures
(see Figure S4 in the Supporting Information), while Dy is much
less sensitive to NQEs.*””® An analogous heat capacity scaling
approach predicted TCs in good agreement with experiment for
liquid para-hydrogen and helium at the CMD-PIMD level of
theory.”” We employ the frequency domain method of Berens’*
to quantum-correct Cp (see Section 2.5 in the Supporting
Information). We note that the quantum-corrected Cp, values for
TIP4P/2005 and TIP4P/2005f are in excellent agreement
(4% from 273 to 440 K) with experiment (see Figure S4 in the
Supporting Information).

The quantum correction decreases the TCs of the atomistic
force fields, bringing them into much better agreement with
experiment (Figure 3a). As shown in Figure 3b, the quantum
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Figure 3. Effect of nuclear quantum effects on the thermal conductivity
of selected atomistic force fields. (a) The quantum-corrected thermal
conductivity A%° and (b) quantum-correction factor A% as a function of
the temperature T. Data corresponds to 10 bar.

correction is significantly larger for the flexible force fields.
Classically, water’s intramolecular vibrational modes are
relatively small but significant heat carriers,” as demonstrated
by the systematic ~3—6% increase in TC from TIP4P/2005 to
TIP4P/2005f (Figure la(iii)). Quantum mechanically, these
vibrational modes are not populated at ambient temperatures.
This is reflected in our quantum correction to Cp, in which the

contribution of intramolecular vibrations are almost completely
suppressed (>95% even at the highest temperatures, 400—450
K), consistent with the similar quantum correction to the
potential—potential part of the spectral thermal conductivity of
MLP-SCAN in ref 69. Overall, the intramolecular contribution
Al is large, between 32 and 35% of the total A% at 300 K and
~20—50% depending on the temperature (see the Supporting
Information, Figure S5).

Returning to Tz, it is the temperature dependence of A%
that has an effect. A% increases monotonically with temperature,
which shifts the TCM to higher temperature, in better
agreement with experiment (Figure 2). For the flexible (rigid)
force fields, the temperature dependence of A% comes almost
(exactly) entirely from the intermolecular contribution Af,,
(see the Supporting Information, Figure SS). The majority of
A, and its temperature dependence arises from librational
modes (see the Supporting Information, Figure S6) and we
therefore identify the depopulation of librational modes as the
primary molecular mechanism for the increase in T,,,(;) due to
NQEs. (This does not imply that librations are the primary
contributors to the total TC: lower frequency modes are also
significant, especially at lower temperatures."**>*") Interest-
ingly, the quantum correction induces the TCM in CHON-
2017 _weak, as is the case for MLP-SCAN in ref 69.

We turn to the mW/SW models to strengthen the connection
between the TCM, the thermodynamic extrema and the
microscopic two-state picture of water. The mW model
underestimates the TC of water by 45% at 300 K, and is
~60% lower than the atomistic force fields, but crucially it
predicts a TCM (see Figure 1b(iii)). The TCM is also shifted to
a lower temperature in the order of extrema (see Figure 2).
Decompositions of the microscopic heat flux in atomistic
simulations show that Coulomb interactions,”® rotational
intermolecular energy transfer,” and the heat flux carried by
the hydrogen atoms™ are major contributors to water’s TC. The
mW model lacks all these mechanisms of heat transfer,
explaining its lower TC. Indeed, the mW model does not aim
to accurately incorporate all the molecular details of water, but
rather to capture its phenomenology as a tetrahedral liquid.

The mW model is a paramaterization of the SW potential for
water. The SW potential has the form Vg, = V, + ¢V}, where
V, and Vj are the potential energy contributions of the two- and
three-body terms, respectively. V; imposes an energetic penalty
for deviations from the tetrahedral angle cos 8 = —1/3 (0 ~
109.5°) between triplets of particles. Increasing ¢p therefore
increases the degree of tetrahedral order of the liquid. To show
this, we compute the orientational tetrahedral order parameter
q,=1-(3/8) 2?—1 Z::j+l (cos W + 1/3)*¢ where Wy is
the angle formed by the lines joining the central particle (water
oxygen atom for the atomistic force fields) and its nearest
neighbors j and k. g measures the local tetrahedral order taking
into account the four nearest neighbors and varies from 0 for an
ideal gas to 1 for a regular tetrahedron. Figure 1b(v) shows that
g increases with ¢ at a given temperature.

We systematically investigate the effect of tetrahedrality on
the TCM by varying ¢p. We show in Figure 1b p, 1, 4 and A3 for
17 < ¢p <27 at 10 bar. At constant temperature and pressure, the
TC generally decreases with increasing ¢ due to the
corresponding decrease in density and speed of sound. The
behavior of Ax(T; ¢) mirrors that of A(T; ¢), justifying the
interpretation with eq 1. We show in Figure 4 the temperature
T,, of the TCM and other extrema for the SW model. T,
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Figure 4. Temperature T, at which extrema in thermophysical
properties occur for the SW potentials at 10 bar. The “tetrahedrality”
parameter ¢b controls the strength of the interaction energy that

penalizes deviations from the tetrahedral angle 6 ~ 109.5° between
triplets of molecules.

features a maximum at ¢) ~ 24 (close to ¢ = 23.15 corresponding
to water) for f3r, fis, cs and Ag, while Ty5(,) and Tyy(;) increase
monotonically with ¢.

Decreasing ¢ from the mW model (¢ = 23.15) to ¢ = 17
interpolates between liquid water and a simple liquid. First the
density maximum is lost at 19 < ¢ < 20, followed by the TCM
together with the extrema in f1, B, ¢s and A at 18 < ¢ < 19,
reaffirming the connection between the TCM and the
compressibility minimum. Thus, the SW model transitions
from tetrahedral liquid behavior at ¢ ~ 20 (coordination
number . ~ 8.5) to that of a simple fluid at ¢ ~ 18 (n. ~ 10).In
addition to the increasing n. with decreasing ¢, we observe a less
prominent peak in the radial distribution function at ~4.5 A (see
Supporting Information Figures S15 and S16) indicative of
weaker tetrahedral order. This peak disappears at ¢ ~ 18,
marking the onset of the simple liquid regime. Analogously,
increasing ¢ from the mW model (n.~ 5.0) to ¢ =27 (n ~ 4.1—
4.5) interpolates between the behavior of water and that of
highly tetrahedral materials such as carbon (¢ = 26.27). In this
case, the TCM disappears along with the extrema in Br, fs, cs
and A at 25 < ¢p < 26, before the density maximum is lost at 26 <
¢ < 27. This once again reaffirms the connection between the
TCM and the compressibility minimum. Thus, the TCM exists
in a “Goldilocks Zone” of tetrahedrality, 18 < ¢ < 27, and
disappears with the compressibility minimum at lower/higher ¢.

Returning to TIPSP, which is known to feature higher
tetrahedrality compared to other water models and experi-
ment,”®”>”® the steeper gradient in g(T) compared to the
other atomistic water models (Figure la(v)) is the trend
observed when increasing ¢ in the SW potential (Figure 1b(v)).
In line with this, TIPSP features the density maximum at 10 bar
but not the other thermodynamic anomalies, which is the
scenario for ¢ = 28.

To establish the connection with the two-state picture, we
show in Figure S7 in the Supporting Information the probability
density functions f of gr for the SW potentials at different
temperatures. Increasing temperature at intermediate values of

¢, f(qr) transitions from a single high-q peak corresponding to
the tetrahedral LDL structure, to a bimodal distribution with a
second peak at lower g1 indicative of a significant fraction of the
more disordered HDL structure. In contrast, in the highly
tetrahedral regime (¢ = 27) where the anomalies disappear, the
second low-g peak does not develop past a shoulder, even at
400 K. This corresponds to a smaller increase in the HDL
fraction with temperature and/or that the HDL is more
tetrahedral with a smaller density difference between the two
states. We note that the larger fraction of HDL at lower ¢ is
reflected in the overall increase in p(¢; T) with decreasing ¢. In
the simple liquid regime, we observe broad distributions that are
weakly temperature dependent, indicative of small changes in
the fractions of the two states. Indeed, at ¢ = 17, f(qr) is single-
peaked at a low g1 % 0.5, corresponding to HDL, over the large
100—400 K temperature range. Thus, the TCM along with the
thermodynamic anomalies arise due to sufficiently large changes
in the HDL/LDL fraction as temperature is increased.

B CONCLUSION

In conclusion, using a wide range of water force fields we
uncover the microscopic mechanisms that determine the
maximum in the thermal conductivity of water. By examining
why models succeed or fail to reproduce the TCM, we put
forward two potential origins for the TCM that are not mutually
exclusive: (1) it arises due to nuclear quantum effects and (2) it
arises from thermodynamic considerations, via the compressi-
bility minimum, from the balance of two distinct molecular
arrangements in water, the HDL and LDL states.

Regarding (1), NQEs, acting primarily through the heat
capacity, reduce the TC more at lower temperatures. In strongly
quantum liquids, namely liquid para-hydrogen which possesses a
TCM at ~22 K along the saturation line, this can cause the
monotonic decrease in TC expected for classical simple liquids
to develop into a maximum.”* This would be surprising for water
because the TCM is a high-temperature anomaly, occurring at
~400 K at near-standard pressures at which NQEs are expected
to be weak. Nevertheless, this is the case for the CHON-
2017_weak and MLP-SCAN® force fields. In models that
already possess the TCM, including the accurate TIP4P/2005
and TIP4P/2005f force fields, correcting for NQEs increases
Tnax(2)- We identify the depopulation of librational modes as the
primary microscopic mechanism responsible for the shift or
appearance of the TCM due to NQEs. However, the purely
classical mW/SW models possess the TCM, suggesting that
NQE:s are not strictly necessary for its existence. Furthermore,
we show that NQEs reduce the TC of empirical water models
and bring the value into better agreement with experimental
data. This partly explains the near-universal overestimation of
the TC by empirical force fields of water at near-standard
temperature and pressure conditions.****~%*

Regarding thermodynamic considerations (2), motivated by
the Bridgman eq (eq 1), we show that the TCM is highly
correlated with water’s compressibility minimum. Physically,
this correlation stems from identifying low-frequency inter-
molecular vibrational modes as the primary heat carriers in
liquids and approximating their “group velocity” by the speed of
sound.”’~** The f; minimum has been studied extensively, and
microscopic explanations have been proposed by the now widely
accepted two-state models in which two structural motifs coexist
in water: a low-density state, stabilized enthalpically through
tetrahedral hydrogen bonding, and a high-density state,
stabilized entropically by its greater configurational disor-
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der.””~*" An increased concentration of tetrahedral structures
(increasing fr) upon cooling competes with the effect of
increasing density (decreasing 1), leading to a minimum. Thus,
we additionally provide a microscopic explanation for the TCM
by connecting it with the f; minimum. Indeed, using SW
potentials for tetrahedral liquids, we show that a sufficiently large
change in HLD/LDL fraction upon heating/cooling is required
for the thermophysical anomalies to appear.

Using SW potentials for tetrahedral liquids, we investigate the
TCM as a function of tetrahedrality, interpolating between the
behavior of simple liquids and highly tetrahedral materials such
as carbon. We show that the TCM vanishes alongside the
compressibility minimum at both low and high tetrahedrality.
Our results indicate that the TCM in real water exists in a
“Goldilocks Zone” of tetrahedrality, arising from the balance
between enthalpy and entropy in the liquid. Specifically, at
intermediate tetrahedrality, such as that characteristic of water,
structural fluctuations between the HDL and LDL states give
rise to the thermophysical anomalies. At sufficiently low or high
tetrahedralities, one of these states dominates and the TCM is
lost. We therefore provide insight into the microscopic
mechanism controlling the anomalous thermal transport in
water. Our analysis of the Stillinger-Webber model suggests that
this thermal transport anomaly can be controlled by tuning
three-body interactions, and hence that the TCM is not
exclusive to water, but a general physical behavior shared by
low-coordination liquids of intermediate tetrahedrality.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacs.4c12898.

Supporting Information includes simulation details for
equilibrium and nonequilibrium MD, additional dis-
cussion on the Bridgman equation, thermodynamic
response functions, density and structural analyses,
quantum corrections to heat capacity, thermal con-
ductivity data dependence with simulation cell size, and
radial distribution functions. Tables with numerical data
are provided (PDF)

B AUTHOR INFORMATION

Corresponding Authors

Oliver R. Gittus — Department of Chemistry, Molecular Sciences
Research Hub, Imperial College London, London W12 0BZ,
UK,; ® orcid.org/0000-0003-3948-6354;
Email: o.gittus18@imperial.ac.uk

Fernando Bresme — Department of Chemistry, Molecular
Sciences Research Hub, Imperial College London, London W12
0BZ, UK; ® orcid.org/0000-0001-9496-4887;
Email: fbresme@imperial.ac.uk

Complete contact information is available at:
https://pubs.acs.org/10.1021/jacs.4c12898

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We thank the Leverhulme Trust for Grant No. RPG-2018-384.
We gratefully acknowledge a PhD studentship (Project
Reference 2135626) for O.R.G. sponsored by ICL’s Chemistry
Doctoral Scholarship Award, funded by the EPSRC Doctoral

Training Partnership Account (EP/N509486/1). We acknowl-
edge the ICL RCS High Performance Computing facility and
the UK Materials and Molecular Modelling Hub for computa-
tional resources, partially funded by the EPSRC (Grant Nos.
EP/P020194/1 and EP/T022213/1).

B REFERENCES

(1) Gallo, P.; et al. Water: A Tale of Two Liquids. Chem. Rev. 2016,
116, 7463—7500.

(2) Whiting, H. A New Theory of Cohesion Applied to the
Thermodynamics of Liquids and Solids. Proc. Am. Acad. Arts Sci.
1883, 19, 353—466.

(3) Rontgen, W. C. Ueber die Constitution des fliissigen Wassers.
Ann. Phys. 1892, 281 (281), 91-97.

(4) Speedy, R. J. Stability-limit conjecture. An interpretation of the
properties of water. J. Phys. Chem. 1982, 86, 982—991.

(5) Poole, P. H,; Sciortino, F.; Essmann, U.; Stanley, H. E. Phase
behaviour of metastable water. Nature 1992, 360, 324—328.

(6) Poole, P. H.; Sciortino, F.; Grande, T; Stanley, H. E.; Angell, C. A.
Effect of Hydrogen Bonds on the Thermodynamic Behavior of Liquid
Water. Phys. Rev. Lett. 1994, 73, 1632—1635.

(7) Sastry, S.; Debenedetti, P. G.; Sciortino, F.; Stanley, H. E.
Singularity-free interpretation of the thermodynamics of supercooled
water. Phys. Rev. E 1996, 53, 6144—6154.

(8) Debenedetti, P. G.; Sciortino, F.; Zerze, G. H. Second critical point
in two realistic models of water. Science 2020, 369, 289—292.

(9) Sciortino, F.; Zhai, Y.; Bore, S. L.; Paesani, F. Constraints on the
location of the liquid—liquid critical point in water. Nature 2025, 21,
480—48S.

(10) Ito, K; Moynihan, C. T.; Angell, C. A. Thermodynamic
determination of fragility in liquids and a fragile-to-strong liquid
transition in water. Nature 1999, 398, 492—49S.

(11) Torre, R; Bartolini, P.; Righini, R. Structural relaxation in
supercooled water by time-resolved spectroscopy. Nature 2004, 428,
296—299.

(12) Dehaoui, A; Issenmann, B.; Caupin, F. Viscosity of deeply
supercooled water and its coupling to molecular diffusion. Proc. Natl.
Acad. Sci. US.A. 2015, 112, 12020—12025.

(13) Yan, Z.; Buldyrev, S. V.; Stanley, H. E. Relation of water
anomalies to the excess entropy. Phys. Rev. E 2008, 78, 051201.

(14) Nayar, D.; Chakravarty, C. Water and water-like liquids:
relationships between structure, entropy and mobility. Phys. Chem.
Chem. Phys. 2013, 15, 14162—14177.

(15) Shi, R.; Russo, J.; Tanaka, H. Origin of the emergent fragile-to-
strong transition in supercooled water. Proc. Natl. Acad. Sci. U.S.A.
2018, 115, 9444—9449.

(16) Shi, R.; Russo, J.; Tanaka, H. Common microscopic structural
origin for water’s thermodynamic and dynamic anomalies. J. Chem.
Phys. 2018, 149, 224502.

(17) Yu, Z.; Shi, R;; Tanaka, H. A Unified Description of the Liquid
Structure, Static and Dynamic Anomalies, and Criticality of TIP4P/
2005 Water by a Hierarchical Two-State Model. J. Phys. Chem. B 2023,
127, 3452—3462.

(18) Huber, M. L; Perkins, R. A; Friend, D. G.; Sengers, ]. V.; Assael,
M. J; Metaxa, I. N.; Miyagawa, K;; Hellmann, R;; Vogel, E. New
International Formulation for the Thermal Conductivity of H20. J.
Phys. Chem. Ref. Data 2012, 41, 033102.

(19) Bridgman, P. W. The Thermal Conductivity of Liquids. Proc.
Natl. Acad. Sci. U.S.A. 1923, 9, 341—345.

(20) McLaughlin, E. The Thermal Conductivity of Liquids and Dense
Gases. Chem. Rev. 1964, 64, 389—428.

(21) Chen, G. Perspectives on Molecular-Level Understanding of
Thermophysics of Liquids and Future Research Directions. ]. Heat
Transfer 2021, 144, 010801.

(22) Xi, Q; Zhong, J.; He, J.; Xu, X.; Nakayama, T.; Wang, Y.; Liu, J;
Zhou, J; Li, B. A Ubiquitous Thermal Conductivity Formula for
Liquids, Polymer Glass, and Amorphous Solids. Chin. Phys. Lett. 2020,
37, 104401.

https://doi.org/10.1021/jacs.4c12898
J. Am. Chem. Soc. 2025, 147, 42175—-42183


https://pubs.acs.org/doi/10.1021/jacs.4c12898?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c12898/suppl_file/ja4c12898_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Oliver+R.+Gittus"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3948-6354
mailto:o.gittus18@imperial.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fernando+Bresme"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9496-4887
mailto:f.bresme@imperial.ac.uk
https://pubs.acs.org/doi/10.1021/jacs.4c12898?ref=pdf
https://doi.org/10.1021/acs.chemrev.5b00750?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.2307/25138738
https://doi.org/10.2307/25138738
https://doi.org/10.1002/andp.18922810108
https://doi.org/10.1021/j100395a030?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100395a030?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/360324a0
https://doi.org/10.1038/360324a0
https://doi.org/10.1103/PhysRevLett.73.1632
https://doi.org/10.1103/PhysRevLett.73.1632
https://doi.org/10.1103/PhysRevE.53.6144
https://doi.org/10.1103/PhysRevE.53.6144
https://doi.org/10.1126/science.abb9796
https://doi.org/10.1126/science.abb9796
https://doi.org/10.1038/s41567-024-02761-0
https://doi.org/10.1038/s41567-024-02761-0
https://doi.org/10.1038/19042
https://doi.org/10.1038/19042
https://doi.org/10.1038/19042
https://doi.org/10.1038/nature02409
https://doi.org/10.1038/nature02409
https://doi.org/10.1073/pnas.1508996112
https://doi.org/10.1073/pnas.1508996112
https://doi.org/10.1103/PhysRevE.78.051201
https://doi.org/10.1103/PhysRevE.78.051201
https://doi.org/10.1039/c3cp51114f
https://doi.org/10.1039/c3cp51114f
https://doi.org/10.1073/pnas.1807821115
https://doi.org/10.1073/pnas.1807821115
https://doi.org/10.1063/1.5055908
https://doi.org/10.1063/1.5055908
https://doi.org/10.1021/acs.jpcb.3c00869?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.3c00869?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.3c00869?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.4738955
https://doi.org/10.1063/1.4738955
https://doi.org/10.1073/pnas.9.10.341
https://doi.org/10.1021/cr60230a003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr60230a003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1115/1.4052657
https://doi.org/10.1115/1.4052657
https://doi.org/10.1088/0256-307X/37/10/104401
https://doi.org/10.1088/0256-307X/37/10/104401
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c12898?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

(23) Zhao, A. Z.; Wingert, M. C.; Chen, R.; Garay, J. E. Phonon gas
model for thermal conductivity of dense, strongly interacting liquids. J.
Appl. Phys. 2021, 129, 235101.

(24) Khrapak, S. A. Vibrational model of thermal conduction for fluids
with soft interactions. Phys. Rev. E 2021, 103, 013207.

(25) Khrapak, S. A. Bridgman formula for the thermal conductivity of
atomic and molecular liquids. J. Mol. Liq. 2023, 381, 121786.

(26) Zhang, C.; Puligheddu, M.; Zhang, L.; Car, R.; Galli, G. Thermal
Conductivity of Water at Extreme Conditions. J. Phys. Chem. B 2023,
127,7011-7017.

(27) Wagner, W.; Pruf, A. The IAPWS Formulation 1995 for the
Thermodynamic Properties of Ordinary Water Substance for General
and Scientific Use. J. Phys. Chem. Ref. Data 2002, 31, 387—535.

(28) Biddle, J. W.; Holten, V.; Sengers, J. V.; Anisimov, M. A. Thermal
conductivity of supercooled water. Phys. Rev. E 2013, 87, 042302.

(29) Boone, P.; Babaei, H.; Wilmer, C. E. Heat Flux for Many-Body
Interactions: Corrections to LAMMPS. J. Chem. Theory Comput. 2019,
15, 5579—-5587.

(30) Surblys, D.; Matsubara, H.; Kikugawa, G.; Ohara, T. Application
of atomic stress to compute heat flux via molecular dynamics for
systems with many-body interactions. Phys. Rev. E 2019, 99, 051301.

(31) Surblys, D.; Matsubara, H.; Kikugawa, G.; Ohara, T. Method-
ology and meaning of computing heat flux via atomic stress in systems
with constraint dynamics. J. Appl. Phys. 2021, 130, 215104.

(32) Bresme, F.; Lervik, A; Bedeaux, D.; Kjelstrup, S. Water
Polarization under Thermal Gradients. Phys. Rev. Lett. 2008, 101,
020602.

(33) Gittus, O. R.; Albella, P.; Bresme, F. Polarization of acetonitrile
under thermal fields via non-equilibrium molecular dynamics
simulations. J. Chem. Phys. 2020, 153, 204503.

(34) Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, R. W.;
Klein, M. L. Comparison of simple potential functions for simulating
liquid water. J. Chem. Phys. 1983, 79, 926—935.

(35) Berendsen, H. J. C.; Postma, J. P. M.; van Gunsteren, W. F.;
Hermans, J. Interaction Models for Water in Relation to Protein
Hydration. In ntermolecular Forces: Proceedings of the Fourteenth
Jerusalem Symposium on Quantum Chemistry and Biochemistry;
Pullman, B., Ed.; Springer Netherlands: Dordrecht, 1981; pp 331—342.

(36) Berendsen, H. J. C.; Grigera, J. R.; Straatsma, T. P. The missing
term in effective pair potentials. J. Phys. Chem. 1987, 91, 6269—6271.

(37) Abascal, J. L. F,; Vega, C. A general purpose model for the
condensed phases of water: TIP4P/200S. J. Chem. Phys. 2008, 123,
23450S.

(38) Mahoney, M. W.; Jorgensen, W. L. A five-site model for liquid
water and the reproduction of the density anomaly by rigid,
nonpolarizable potential functions. J. Chem. Phys. 2000, 112, 8910—
8922.

(39) Gonzélez, M. A.; Abascal, J. L. F. A flexible model for water based
on TIP4P/200S. J. Chem. Phys. 2011, 135, 224516.

(40) Zhang, W.; van Duin, A. C. T. Second-Generation ReaxFF Water
Force Field: Improvements in the Description of Water Density and
OH-Anion Diffusion. J. Phys. Chem. B 2017, 121, 6021—6032.

(41) Zhang, W.; van Duin, A. C. T. Improvement of the ReaxFF
Description for Functionalized Hydrocarbon/Water Weak Interactions
in the Condensed Phase. J. Phys. Chem. B 2018, 122, 4083—4092.

(42) Molinero, V.; Moore, E. B. Water Modeled As an Intermediate
Element between Carbon and Silicon. J. Phys. Chem. B 2009, 113,
4008—4016.

(43) Stillinger, F. H.; Weber, T. A. Computer simulation of local order
in condensed phases of silicon. Phys. Rev. B 1985, 31, 5262—5271.

(44) Gittus, O. R;; Bresme, F. Thermophysical properties of water
using reactive force fields. J. Chem. Phys. 2021, 155, 114501.

(4S) Chapman, A.; Bresme, F. Polarisation of water under thermal
fields: the effect of the molecular dipole and quadrupole moments. Phys.
Chem. Chem. Phys. 2022, 24, 14924—14936.

(46) Ohara, T. Intermolecular energy transfer in liquid water and its
contribution to heat conduction: A molecular dynamics study. J. Chem.
Phys. 1999, 111, 6492—6500.

(47) Bedrov, D.; Smith, G. D. Thermal conductivity of molecular
fluids from molecular dynamics simulations: Application of a new
imposed-flux method. J. Chem. Phys. 2000, 113, 8080—8084.

(48) Bresme, F. Equilibrium and nonequilibrium molecular-dynamics
simulations of the central force model of water. J. Chem. Phys. 2001,
115, 7564—7574.

(49) Zhang, M.; Lussetti, E,; de Souza, L. E. S.; Miiller-Plathe, F.
Thermal Conductivities of Molecular Liquids by Reverse Non-
equilibrium Molecular Dynamics. ]. Phys. Chem. B 200S, 109,
15060—15067.

(50) Terao, T.; Miiller-Plathe, F. A nonequilibrium molecular
dynamics method for thermal conductivities based on thermal noise.
J. Chem. Phys. 2008, 122, 081103.

(51) Evans, W.; Fish, J.; Keblinski, P. Thermal conductivity of ordered
molecular water. J. Chem. Phys. 2007, 126, 154504.

(52) Rosenbaum, E. J.; English, N. J.; Johnson, J. K.; Shaw, D. W,;
Warzinski, R. P. Thermal Conductivity of Methane Hydrate from
Experiment and Molecular Simulation. J. Phys. Chem. B 2007, 111,
13194—-13208.

(53) Jiang, H.; Myshakin, E. M.; Jordan, K. D.; Warzinski, R. P.
Molecular Dynamics Simulations of the Thermal Conductivity of
Methane Hydrate. J. Phys. Chem. B 2008, 112, 10207—10216.

(54) Kuang, S.; Gezelter, J. D. A gentler approach to RNEMD:
Nonisotropic velocity scaling for computing thermal conductivity and
shear viscosity. J. Chem. Phys. 2010, 133, 164101.

(55) Muscatello, J.; Bresme, F. A comparison of Coulombic
interaction methods in non-equilibrium studies of heat transfer in
water. J. Chem. Phys. 2011, 135, 234111.

(56) Muscatello, J.; Romer, F.; Sala, J.; Bresme, F. Water under
temperature gradients: polarization effects and microscopic mecha-
nisms of heat transfer. Phys. Chem. Chem. Phys. 2011, 13, 19970—
19978.

(57) Romer, F; Lervik, A.; Bresme, F. Nonequilibrium molecular
dynamics simulations of the thermal conductivity of water: A systematic
investigation of the SPC/E and TIP4P/200S models. J. Chem. Phys.
2012, 137, 074503.

(58) Mao, Y.; Zhang, Y. Thermal conductivity, shear viscosity and
specific heat of rigid water models. Chem. Phys. Lett. 2012, 542, 37—41.

(59) Sirk, T. W.; Moore, S.; Brown, E. F. Characteristics of thermal
conductivity in classical water models. J. Chem. Phys. 2013, 138,
064505.

(60) Lee, S. H. Temperature dependence of the thermal conductivity
of water: a molecular dynamics simulation study using the SPC/E
model. Mol. Phys. 2014, 112, 2155—-2159.

(61) Lee, S. H.; Kim, J. Transport properties of bulk water at 243—550
K: a Comparative molecular dynamics simulation study using SPC/E,
TIP4P, and TIP4P/2005 water models. Mol. Phys. 2019, 117, 1926—
1933.

(62) Puligheddu, M.; Galli, G. Atomistic simulations of the thermal
conductivity of liquids. Phys. Rev. Mater. 2020, 4, 053801.

(63) Zhao, G.; Bresme, F. Thermal Transport and Thermal
Polarization of Water in the Supercooled Regime. J. Phys. Chem. Lett.
2024, 15, 9774-9779.

(64) Bresme, F.; Biddle, J. W.; Sengers, J. V.; Anisimov, M. A.
Communication: Minimum in the thermal conductivity of supercooled
water: A computer simulation study. J. Chem. Phys. 2014, 140, 161104.

(65) English, N. J; Tse, J. S. Thermal Conductivity of Supercooled
Water: An Equilibrium Molecular Dynamics Exploration. J. Phys. Chem.
Lett. 2014, 5, 3819—3824.

(66) Holten, V.; Qiu, C.; Guillerm, E.; Wilke, M.; Ricka, J.; Frenz, M.;
Caupin, F. Compressibility Anomalies in Stretched Water and Their
Interplay with Density Anomalies. J. Phys. Chem. Lett. 2017, 8, S519—
5522.

(67) Gonzalez, M. A; Valeriani, C.; Caupin, F.; Abascal, J. L. F. A
comprehensive scenario of the thermodynamic anomalies of water
using the TIP4P/2005 model. J. Chem. Phys. 2016, 145, 054505.

(68) Yamada, M.; Mossa, S.; Stanley, H. E.; Sciortino, F. Interplay
between Time-Temperature Transformation and the Liquid-Liquid
Phase Transition in Water. Phys. Rev. Lett. 2002, 88, 195701.

https://doi.org/10.1021/jacs.4c12898
J. Am. Chem. Soc. 2025, 147, 42175—-42183


https://doi.org/10.1063/5.0040734
https://doi.org/10.1063/5.0040734
https://doi.org/10.1103/PhysRevE.103.013207
https://doi.org/10.1103/PhysRevE.103.013207
https://doi.org/10.1016/j.molliq.2023.121786
https://doi.org/10.1016/j.molliq.2023.121786
https://doi.org/10.1021/acs.jpcb.3c02972?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.3c02972?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.1461829
https://doi.org/10.1063/1.1461829
https://doi.org/10.1063/1.1461829
https://doi.org/10.1103/PhysRevE.87.042302
https://doi.org/10.1103/PhysRevE.87.042302
https://doi.org/10.1021/acs.jctc.9b00252?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.9b00252?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevE.99.051301
https://doi.org/10.1103/PhysRevE.99.051301
https://doi.org/10.1103/PhysRevE.99.051301
https://doi.org/10.1063/5.0070930
https://doi.org/10.1063/5.0070930
https://doi.org/10.1063/5.0070930
https://doi.org/10.1103/PhysRevLett.101.020602
https://doi.org/10.1103/PhysRevLett.101.020602
https://doi.org/10.1063/5.0025148
https://doi.org/10.1063/5.0025148
https://doi.org/10.1063/5.0025148
https://doi.org/10.1063/1.445869
https://doi.org/10.1063/1.445869
https://doi.org/10.1021/j100308a038?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100308a038?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.2121687
https://doi.org/10.1063/1.2121687
https://doi.org/10.1063/1.481505
https://doi.org/10.1063/1.481505
https://doi.org/10.1063/1.481505
https://doi.org/10.1063/1.3663219
https://doi.org/10.1063/1.3663219
https://doi.org/10.1021/acs.jpcb.7b02548?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.7b02548?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.7b02548?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.8b01127?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.8b01127?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.8b01127?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp805227c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp805227c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevB.31.5262
https://doi.org/10.1103/PhysRevB.31.5262
https://doi.org/10.1063/5.0057868
https://doi.org/10.1063/5.0057868
https://doi.org/10.1039/D2CP00756H
https://doi.org/10.1039/D2CP00756H
https://doi.org/10.1063/1.480025
https://doi.org/10.1063/1.480025
https://doi.org/10.1063/1.1312309
https://doi.org/10.1063/1.1312309
https://doi.org/10.1063/1.1312309
https://doi.org/10.1063/1.1407288
https://doi.org/10.1063/1.1407288
https://doi.org/10.1021/jp0512255?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0512255?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.1858858
https://doi.org/10.1063/1.1858858
https://doi.org/10.1063/1.2723071
https://doi.org/10.1063/1.2723071
https://doi.org/10.1021/jp074419o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp074419o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp802942v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp802942v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.3499947
https://doi.org/10.1063/1.3499947
https://doi.org/10.1063/1.3499947
https://doi.org/10.1063/1.3670965
https://doi.org/10.1063/1.3670965
https://doi.org/10.1063/1.3670965
https://doi.org/10.1039/c1cp21895f
https://doi.org/10.1039/c1cp21895f
https://doi.org/10.1039/c1cp21895f
https://doi.org/10.1063/1.4739855
https://doi.org/10.1063/1.4739855
https://doi.org/10.1063/1.4739855
https://doi.org/10.1016/j.cplett.2012.05.044
https://doi.org/10.1016/j.cplett.2012.05.044
https://doi.org/10.1063/1.4789961
https://doi.org/10.1063/1.4789961
https://doi.org/10.1080/00268976.2014.891769
https://doi.org/10.1080/00268976.2014.891769
https://doi.org/10.1080/00268976.2014.891769
https://doi.org/10.1080/00268976.2018.1562123
https://doi.org/10.1080/00268976.2018.1562123
https://doi.org/10.1080/00268976.2018.1562123
https://doi.org/10.1103/PhysRevMaterials.4.053801
https://doi.org/10.1103/PhysRevMaterials.4.053801
https://doi.org/10.1021/acs.jpclett.4c02131?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.4c02131?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.4873167
https://doi.org/10.1063/1.4873167
https://doi.org/10.1021/jz5016179?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz5016179?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.7b02563?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.7b02563?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.4960185
https://doi.org/10.1063/1.4960185
https://doi.org/10.1063/1.4960185
https://doi.org/10.1103/PhysRevLett.88.195701
https://doi.org/10.1103/PhysRevLett.88.195701
https://doi.org/10.1103/PhysRevLett.88.195701
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c12898?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

(69) Xu, K; Hao, Y,; Liang, T.; Ying, P.; Xu, J.; Wy, J; Fan, Z.
Accurate prediction of heat conductivity of water by a neuroevolution
potential. J. Chem. Phys. 2023, 158, 204114.

(70) Tisi, D; Zhang, L.; Bertossa, R.; Wang, H.; Car, R.; Baroni, S.
Heat transport in liquid water from first-principles and deep neural
network simulations. Phys. Rev. B 2021, 104, 224202.

(71) Vega, C.; Conde, M. M.; McBride, C.; Abascal, J. L. F.; Noya, E.
G.; Ramirez, R.; Sesé, L. M. Heat capacity of water: A signature of
nuclear quantum effects. J. Chem. Phys. 2010, 132, 046101.

(72) Vega, C.; Abascal, J. L. F. Simulating water with rigid non-
polarizable models: a general perspective. Phys. Chem. Chem. Phys.
2011, 13, 19663—19688.

(73) Sutherland, B. J.; Moore, W. H. D.; Manolopoulos, D. E. Nuclear
quantum effects in thermal conductivity from centroid molecular
dynamics. J. Chem. Phys. 2021, 154, 174104.

(74) Berens, P. H,; Mackay, D. H. J.; White, G. M.; Wilson, K. R.
Thermodynamics and quantum corrections from molecular dynamics
for liquid water. J. Chem. Phys. 1983, 79, 2375—2389.

(75) Matsubara, H.; Kikugawa, G.; Ohara, T. Comparison of
molecular heat transfer mechanisms between water and ammonia in
the liquid states. Int. . Therm. Sci. 2021, 161, 106762.

(76) Errington, J. R; Debenedetti, P. G. Relationship between
structural order and the anomalies of liquid water. Nature 2001, 409,
318-321.

(77) Barnard, A. S.; Russo, S. P. Development of an improved
Stillinger-Weber potential for tetrahedral carbon using ab initio
(Hartree-Fock and MP2) methods. Mol. Phys. 2002, 100, 1517—1525.

(78) Camisasca, G.; Pathak, H.; Wikfeldt, K. T.; Pettersson, L. G. M.
Radial distribution functions of water: Models vs experiments. J. Chem.
Phys. 2019, 151, 044502.

(79) Skinner, L. B.; Benmore, C. J.; Neuefeind, J. C.; Parise, J. B. The
structure of water around the compressibility minimum. J. Chem. Phys.
2014, 141, 214507.

(80) Huang, C.; Wikfeldt, K. T.; Nordlund, D.; Bergmann, U,;
McQueen, T'; Sellberg, J.; Pettersson, L. G. M.; Nilsson, A. Wide-angle
X-ray diffraction and molecular dynamics study of medium-range order
in ambient and hot water. Phys. Chem. Chem. Phys. 2011, 13, 19997—
20007.

(81) Schlesinger, D.; Wikfeldt, K. T.; Skinner, L. B.; Benmore, C. J.;
Nilsson, A.; Pettersson, L. G. M. The temperature dependence of
intermediate range oxygen-oxygen correlations in liquid water. J. Chem.
Phys. 2016, 145, 084503.

(82) Nilsson, A.; Pettersson, L. G. M. The structural origin of
anomalous properties of liquid water. Nat. Commun. 2015, 6, 8998.

(83) Russo, J.; Tanaka, H. Understanding water’s anomalies with
locally favoured structures. Nat. Commun. 2014, S, 3556.

(84) Vedamuthu, M.; Singh, S.; Robinson, G. W. Properties of Liquid
Water. 4. The Isothermal Compressibility Minimum near 50.degree.C.
J. Phys. Chem. 1998, 99, 9263—9267.

CAS BIOFINDER DISCOVERY PLATFORM™

PRECISION DATA
FOR FASTER
DRUG
DISCOVERY

CAS BioFinder helps you identify
targets, biomarkers, and pathways

Unlock insights

42183

https://doi.org/10.1021/jacs.4c12898
J. Am. Chem. Soc. 2025, 147, 42175—-42183


https://doi.org/10.1063/5.0147039
https://doi.org/10.1063/5.0147039
https://doi.org/10.1103/PhysRevB.104.224202
https://doi.org/10.1103/PhysRevB.104.224202
https://doi.org/10.1063/1.3298879
https://doi.org/10.1063/1.3298879
https://doi.org/10.1039/c1cp22168j
https://doi.org/10.1039/c1cp22168j
https://doi.org/10.1063/5.0051663
https://doi.org/10.1063/5.0051663
https://doi.org/10.1063/5.0051663
https://doi.org/10.1063/1.446044
https://doi.org/10.1063/1.446044
https://doi.org/10.1016/j.ijthermalsci.2020.106762
https://doi.org/10.1016/j.ijthermalsci.2020.106762
https://doi.org/10.1016/j.ijthermalsci.2020.106762
https://doi.org/10.1038/35053024
https://doi.org/10.1038/35053024
https://doi.org/10.1080/00268970110109853
https://doi.org/10.1080/00268970110109853
https://doi.org/10.1080/00268970110109853
https://doi.org/10.1063/1.5100871
https://doi.org/10.1063/1.4902412
https://doi.org/10.1063/1.4902412
https://doi.org/10.1039/c1cp22804h
https://doi.org/10.1039/c1cp22804h
https://doi.org/10.1039/c1cp22804h
https://doi.org/10.1063/1.4961404
https://doi.org/10.1063/1.4961404
https://doi.org/10.1038/ncomms9998
https://doi.org/10.1038/ncomms9998
https://doi.org/10.1038/ncomms4556
https://doi.org/10.1038/ncomms4556
https://doi.org/10.1021/j100022a047?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100022a047?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c12898?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.cas.org/solutions/biofinder-discovery-platform?utm_campaign=GLO_ACD_STH_BDP_AWS&utm_medium=DSP_CAS_PAD&utm_source=Publication_ACSPubs

