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We studied the phase diagram for the TIP4P/Ice water model using enhanced sampling
molecular dynamics simulations. Our approach is based on the calculation of ice-liquid
free energy differences from biased coexistence simulations that sample reversibly the
melting and growth of layers of ice. We computed a total of 19 melting points for five
different ice polymorphs which are in excellent agreement with the melting lines obtained
from the integration of the Clausius-Clapeyron equation. For proton-ordered and fully
proton-disordered ice phases, the results are in very good agreement with previous calcu-
lations based on thermodynamic integration. For the partially-proton-disordered ice III, we
find a large increase in stability that is in line with previous observations using direct coex-
istence simulations for the TIP4P/2005 model. This issue highlights the robustness of the
approach employed here for ice polymorphs with diverse degrees of proton disorder. Our

approach is general and can be applied to the calculation of other complex phase diagrams.
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I. INTRODUCTION

The phase diagram of water is diverse and includes one liquid phase, one vapor phase, and 20
known ice polymorphs,!= as well as hypothesized low- and high-density phases of supercooled
water.*% Molecular simulations are an important tool to obtain insight into the phase behavior of
water on scales and conditions inaccessible to experiments.® Furthermore, the ability to calculate
the phase diagram using molecular simulations and compare it with its experimental counterpart
provides a stringent test for the capability of a given molecular model to represent water accurately
across different thermodynamic conditions. For these reasons, the development of methods to

accurately determine the phase diagram of water has received considerable attention over the years.

Many methods have been employed to study phase equilibria involving liquid water and ices.
One of the most common approaches is thermodynamic integration, which calculates free ener-
gies by performing a series of simulations that link a phase of known free energy to the phase of
interest. For crystalline solids, two well-known flavors of thermodynamic integration are the Ein-
stein crystal method developed by Frenkel and Ladd’ and the Einstein molecule variant proposed
by Vega and Noya.®? Another simple yet powerful approach is the direct coexistence technique,
where melting points are determined by either a series of NPT simulations, or by the equilib-
rium temperature of a single coexistence simulation within the NPH ensemble.!” The methods
described above are often complemented by the Gibbs-Duhem integration technique developed by
Kofke.!! In this method, the Clausius-Clapeyron equation is integrated starting from a known co-
existence point, and a continuous and smooth coexistence curve can be traced from it. In a seminal
work, Sanz et al. used the Einstein molecule method and Gibbs-Duhem integration to calculate a
large region of the phase diagram of different empirical water models that provided an unprece-
dented look into the ability of water models to reproduce the experimental phase diagram.!? Very
recently, a similar approach has also been used to calculate the phase diagram of machine learning
models trained on energies and forces derived from ab initio calculations. For instance, Zhang et
al. studied the phase diagram of a water model derived from density-functional theory (DFT) cal-

culations based on the SCAN functional,?

and Reinhardt and Cheng followed a similar procedure
to calculate the phase diagram of a water model based on a hybrid density functional with van
der Waals corrections.'* However, the application of the Einstein crystal and Einstein molecule
methods is not devoid of challenges. An important feature of many ice phases is proton disorder,

1.e., the existence of many proton configurations compatible with oxygen atoms in their regular
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crystallographic positions. A delicate approximation is typically made in the Einstein crystal and
Einstein molecule methods in order to account for the entropic contribution of proton disorder.
This approximation is critical in the cases of partially-disordered ice phases, such as ice III and
V1. Indeed, for the TIP4P/2005 model, a dramatic increase in the region of stability of ice III
and an increase of about 25 K in the melting temperature was observed when the melting line was

computed using direct coexistence rather than the Einstein molecule method.'6

Enhanced sampling methods provide an alternative route to calculating the free energies of
solids. These methods are based on introducing a bias potential along with a suitably defined
collective variable. For many years, the lack of structure-specific collective variables precluded the
application of enhanced sampling to the accurate calculation of free energies of solids. Recently,
two different approaches have been proposed to determine structure-specific collective variables.

One is based on using particular peaks of the structure factor!”!8

and the other relies on a similarity
kernel (environment similarity) in order to compare environments in the simulation to reference
environments of the target structure.!”?? In the interface pinning method'® introduced by Pedersen
et al., one considers a liquid-solid coexistence configuration and uses an umbrella bias potential,
a function of a structure factor peak, to avoid growth or melting. From such a simulation one can
extract liquid-solid chemical potential differences. This method was applied by Cheng et al. to
calculate the chemical potential of ice I;,.2! Another approach is based on performing a simulation
in which the bulk liquid and the bulk solid are reversibly interconverted. This alternative, together
with the “environment similarity” collective variable, was used by Piaggi and Car to determine
the chemical potentials of ice I;,.?> As in the case of the direct-coexistence method, the entropic
contribution of proton disorder is automatically included in this case due to the explicit simulation
of the crystallization process,?? thus providing a key advantage over thermodynamic integration.
The environment similarity collective variable was also recently used to calculate the ice Th-liquid

interfacial free energy.?®> Until now, however, enhanced sampling methods have not been applied

to the calculation of complex phase diagrams that involve multiple crystal polymorphs.

Here, we study the phase diagram of the TIP4P/Ice water model using enhanced sampling
molecular dynamics (MD) simulations. We employ a method based on simulating the coexis-
tence between an ice polymorph and liquid water through the application of a bias potential that
allows for sampling reversibly the melting and growth of ice layers. We target five different ice
polymorphs, namely ice Iy, II, III, V, and VI, with appropriately chosen “environment similar-

ity” collective variables. This procedure allows us to calculate ice-liquid water chemical potential
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differences and, thus, determine the corresponding coexistence points. We subsequently employ

Gibbs-Duhem integration to trace continuous coexistence lines starting from these points.

II. METHODS

Our goal is to calculate the melting lines of ice Iy, II, 111, V, and VI. To this end, we follow a
protocol based on calculating a small number of points along the melting line of each polymorph
which are then used within the Gibbs-Duhem integration method to trace the corresponding melt-
ing lines. In Sec. I A we describe the biased coexistence approach that we use to calculate melting
points, and in Sec. II B we provide specific details about our implementation of the Gibbs-Duhem

integration method.

A. Biased coexistence simulations

We consider a system in which liquid water is in direct coexistence with an ice polymorph.
In a conventional coexistence simulation, if the temperature is below the melting temperature,
the crystal grows irreversibly at the expense of the liquid, and if the temperature is above the
melting temperature, the crystal melts irreversibly. For our biased coexistence simulations, we
take inspiration from the interface pinning technique!® and introduce a bias potential such that
the number of ice-like molecules in the system reversibly increases and decreases by the number
of molecules in one ice layer. This procedure allows us to compute chemical potentials and thus
coexistence points. As discussed in the next section, a key element in these simulations is the use

of order parameters able to drive the crystallization of each ice polymorph.

1. Order parameters

To construct our order parameters, we consider the atomic environments within a prescribed
cutoff r. of each water molecule in a given ice polymorph. The number m of distinct environments
is equal to the number of molecules in the basis of the crystal structure. The environments X =
X1,----, Xm are the starting point for the construction of the order parameter of each polymorph and
are shown in Fig. 1 for ice Iy, II, III, V, and VI. Environments are centered at oxygen atoms, and
only oxygen atoms are considered as neighbors. Protons are not included in the environments in

order for the proton configuration to form spontaneously during the simulation without any bias
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FIG. 1. Atomic environments centered at oxygen atoms for ice Iy, II, III, V and VI. The position of the
center of the environment is shown in gray, and oxygen and hydrogen atoms are shown in red and white,

respectively.

towards a particular configuration.?* The number m of distinct environments and the cutoff r. for
each ice polymorph is summarized in Table 1.
The “environment similarity” kernel'>?" is then used to compare the atomic environments ; €

X with a generic environment Y,

k(%) = [ Py(¥)py(r)dr 1)

where py,(r) and p,(r) are the atomic densities corresponding to the environments x; and ¥,
respectively. If the densities are represented by sums of Gaussians centered at the neighbors’

positions with spread o, the kernel becomes:

1 Lorj)?
kn() =5 ¥ ¥ exp (—%) @)

i€x jEX
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TABLE I. Parameters used in the definition of the “environment similarity” collective variables for different
ice polymorphs. m is the number of environments, 7, is the cutoff used in the definition of environments, &
is the spread of Gaussians in Eq. (2), and x is the threshold value of the order parameter that distinguishes

liquid and solid environments.

Ice m r. (nm) o (nm) K

Ih 4 045 0.0775 0.7275
II 12040 0.0775 0.9600
IIT 12 0.40  0.0675 0.7675
vV 28042 0.0725 0.8300
VI 10 030  0.0575 0.7300

where 7 is the number of neighbors in the environment );, and rf and r; are the positions of the
neighbors in environments ¥; and y, respectively. In Eq. (2) we have added a normalization such
that ky,(x;) = 1. The m similarity kernels derived from Eq. (2) allow us to identify if a given
environment is compatible with one of the environments of an ice polymorph. However, since it
is preferred to have a single similarity measure between a given environment and any of the m

reference environments of a polymorph, we define the best-match kernel

kx (x) = max{ky, (%) : 21 € X}, (3)

that compares the environments y with all the environments X of a given polymorph. kx()x) as
defined in Eq. (3) is not continuous and not differentiable, and cannot be used directly in enhanced
sampling MD simulations. For this reason we use a smooth approximation to the maximum func-

tion,
1 m
b (1) = 5 log (zexpam) @
=1

where A has to be set to a large value. In our simulations we employed A = 100.

Since there is one value of kx () per oxygen atom, any given bulk configuration has a dis-
tribution of this quantity. Fig. 2 shows the distributions of kx () in liquid water and each ice
polymorph. Since the distributions have very small overlap, kx () can be used to distinguish lig-
uid water from any ice polymorph. We have chosen the spread of the Gaussians o such that the
overlap between the two distributions is minimized (the overlap between distributions as a function

of o is shown in Fig. S1 of the Supplementary Information).
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FIG. 2. Distributions of the environment similarity kernels calculated from NPT simulations of bulk liquid
water and ice polymorphs. The temperatures and pressures used in the simulations in each case are specified

in the plot.

The similarity kernel defined in Eq. (3) provides a way to characterize the environments in a
given configuration as being compatible with the environments in a given ice polymorph. For a
system of N water molecules there are N oxygen-oxygen environments x ', x2,....x". We thus
define a global order parameter n;., that represents the number of environments consistent with an
ice polymorph,

Nice = {numberof ¥’ : kx(x") > «}, (5)
Here, k is a watershed between values of ky(x’) consistent with the liquid and those consistent
with the solid. Appropriate values of ¢ and k for each ice polymorph are shown in Table 1. The

order parameter defined in Eq. (5) can be made continuous and differentiable using,
N .
Rice = Z f(kX (X’)) (6)
i=1

where f is a switching function that is ~ 0 and ~ 1 for kx (') values consistent with the liquid

and the solid, respectively. In particular we choose:

0 if y<0
fO) =192 (3-2y) if 0<y<1 (7)
1 if y>1
7
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where y = (kx (x%) —k1)/(ky — k1), and k; and k can be chosen as the peaks of the liquid and ice

distributions of kx ('), respectively.

2. Bias potential

In order to build a bias potential, we use the on-the-fly probability enhanced sampling (OPES)

25,26

algorithm that shares many features with the well-known metadynamics technique.?’ The bias

potential is a function of ;. and targets a multiumbrella ensemble® that produces an approxi-

mately uniform distribution in an interval from nfg:’ to n?clfh. The limits of the interval are chosen

as integer multiples of the number of molecules in a crystal layer, Anyqy,,, i.€., nfggv = NiAnjgyer

and n?cifh = (N; + 1)Anyqayer with N; € N. The functional form of the bias potential is
Ny
V(l’lice) = _l i €_(ni""_n’%‘e)z/zclz—i_ﬁAFQL (8)
B\M =

l L |I"!;l‘l'

FIG. 3. Schematic of target probability, free energy AF), and bias potential in the multiumbrella OPES
simulations?. The bias potential (shown in green) compensates the free energy (shown in orange) to obtain
an approximately uniform target probability (shown in purple) in an interval from N to N + 1 layers of ice.
The umbrella potentials shown in dashed green lines are the building blocks for the bias potential defined
in Eq. (8). Above, we show configurations with N and N + 1 layers of ice Ih in direct coexistence with the
liquid. Hydrogen atoms are shown in white, and oxygen atoms with ice Ih-like and liquid-like environments

are shown in red and blue, respectively.
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A

where f3 is the inverse temperature and n,,

low high . . .
ioe to n;.o . In the simulations, the spacing between n

are N, points uniformly spaced in the interval from
A

n ‘.0 1s one molecule. AF) is the difference

in free energy between the unbiased system and the system with an umbrella potential at nﬁ .» and
can be determined iteratively as described in Ref. 25. A schematic plot of the target probability,
bias potential, and free energy in the multiumbrella OPES method is shown in Fig. 3. We note
that other methods such as umbrella sampling or metadynamics can be used instead of OPES to

construct the bias potential.

In Fig. 4(a) we report an example of the time evolution of the number of ice-like molecules
for ice I;, at 270 K in one of our biased simulations. After an initial transient during which a
suitable bias potential is determined, the simulation samples reversibly the full targeted range of
ice-like molecules. This is in stark contrast with the behavior of an unbiased, direct coexistence
simulation, which will have a single transition that either melts or freezes the sample. As such,
the biased simulation can be continued as long as needed, providing us with the statistics on n;c,

required to estimate the difference in free energy between the ice polymorph and the liquid.

{a) (b)
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FIG. 4. Example of the three steps involved in determining the melting point for ice I;, at 0 GPa. (a)
Time evolution of the collective variable number of ice-like molecules as a function of time, where each
color indicates a separate walker used in the enhanced sampling simulations. (b) Free energy as a function
of the number of ice-like molecules (scatter points) for different temperatures and corresponding linear
approximation (lines). (c) Difference in chemical potential between ice I, and liquid water as a function of

temperature, and estimated melting point.
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3. Estimation of the free energy

Once the bias potential is converged, the equilibrium properties of the system can be calculated
through the reweighting technique. In particular, the unbiased probability of observing an ice slab

composed of n;., molecules is:

P(nice) = <5(nice — Nijce (R))>O )

where 0 is the Dirac delta function and (-)o denotes an average over the unbiased ensemble (e.g.,
NPT) and nj..(R) is the number of ice-like molecules in a configuration characterized by atomic
coordinates R. This probability can be computed from the biased simulations using the formula:

(6 (Mice — Nice (R))eﬁv>v
(ePV)y

where (-)y is an average over the biased ensemble and V is the bias potential. In practice, the

P(nice) =

(10)

application of Eq. (10) corresponds to constructing a histogram with weights PV The free-energy
surface for n;., is obtained simply by using the relation:

AG(nice) = —%logP(nice). (1)

In Fig. 4(b) we show an example of free-energy profiles for ice Iy-liquid coexistence at atmo-
spheric pressure. All free-energy profiles show a linear behavior, and, as expected, the overall
trend is for the slope to increase with temperature due to the higher stability of the liquid over ice

L.

4. Estimation of chemical potentials and melting points

The free energy of ice in direct coexistence with the liquid can be written as:
AG = Miighiig + HiceNice + S(”ice), (12)

where 1 are the chemical potentials, n is the number of molecules, S(n;c. ) is the contribution of the
surfaces to the free energy, and the subscripts ;.. and ;;, denote ice and liquid. Using the fact that
Nice +njig = N, with N being the total number of water molecules in the system, we can express

the free energy as:

AG = (“ice - .uliq)nice + .ulin+ S(nice)- (13)

10

10:9G:21 €20z Isnbny G|



AlP

Publishing

The behavior of S(n;..) depends on the characteristics of the specific surface considered and may
introduce non-linear behavior in AG as a function of n;... To extract the chemical potential, we

evaluate the slope of AG over an entire layer Any,y,,:

AG(nice + Anlayer) - AG(nice)

Anlayer
1
Anlayer

((.uice - .uliq)Anlayer + S(”ice + Anlayer) - S(nice)) . (14)

In general, the surface term will be periodic over a layer. Using the property S(njce + Anjgyer) =
S(njce) for the surface term we find:

AG(nicg + Anlayer) - AG(nlce)
Anlayer

= Hice — Hiig; (15)

which implies that the slope of AG(n;.) with respect to n;.. over a full layer is equal to the
difference in chemical potential between the two phases.

In practice, we determine iy ice = Hice — Wig by extracting the slope from AG(njc) calculated
using Eq. (11). The slope is obtained by performing an error-weighted linear least-squares fit.
Once the chemical potential differences are known, the melting points 7, are calculated using
the condition that t;,ic.(Tn) = O at constant pressure. 7, can be easily obtained by an error-

weighted linear least-squares fit of L;;_;c. VS. temperature.

B. Tracing coexistence lines

From the estimated coexistence points, we calculate coexistence lines using Gibbs-Duhem
integration.!! This is done by integrating numerically the Clausius-Clapeyron equation:

dP AR

dT — T,Av (16)

where Ah and Av are per-molecule differences in enthalpy and volume between the two phases un-
der consideration, respectively, and 7, is the coexistence temperature at pressure P. We integrate
Eq. (16) using the fourth-order Runge—Kutta method,?® evaluating the integrand for each integra-
tion step by performing one MD simulation for each phase. While we only calculate liquid-ice
coexistence points, we can locate triple points from the intersection between liquid-ice coexistence
lines. From each liquid-ice-ice triple point, we then conduct a new Gibbs-Duhem simulation with

the two ice phases. We find new triple points from these coexistence lines and repeat the procedure

11
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until the whole phase diagram is computed. We note that while the ice II coexistence line is only
metastable with liquid water, it is essential as its intersection with the coexistence line of ice Iy
provide the last triple point necessary to construct the full phase diagram of all five phases of ice

considered here.

C. Computational details

The MD simulations were carried out using LAMMPS?® patched with the PLUMED 2 en-
hanced sampling plugin.*® The input files to reproduce all simulations are available on the
PLUMED-NEST?! as part of a collective effort to improve the transparency and reproducibility of
enhanced molecular simulations. We employed a time step of 2 fs for the integration of the equa-
tions of motion. The temperature was controlled using the stochastic velocity rescaling algorithm
with a 0.1 ps relaxation time.>? The pressure was maintained by the Parrinello-Rahman barostat
with a 1 ps relaxation time.>* The bond lengths and angles were kept fixed using the SHAKE algo-
rithm. A cutoff of 0.85 nm was used for the Lennard-Jones and Coulomb interactions. Long-range
Coulomb interactions beyond this cutoff were computed with the particle-particle particle-mesh
(PPPM) solver. Tail corrections to the pressure and energy were included to take into account
long-range effects neglected due to the Lennard-Jones potential truncation.

The initial configurations for the different ice phases were prepared using the GENICE
software.>*3> This ensures the correct proton order/disorder and zero total dipole moment, while
simultaneously respecting the Bernard-Fowler ice rules®. Starting from these ice structures, the
initial coexistence configurations were created as follows. First, the ice box was equilibrated with
an anisotropic barostat for 1 ns. This was followed by 300 ps of simulation during which the
motion of half of the water molecules on one side of the box was kept frozen, while the the water
molecules on the other half of the box were melted at 450 K. The whole system was then equili-
brated to the 270 K and 1.0133 x 10~* GPa, 250 K and 0.303 atm, 230 K and 0.303 GPa, 250 K
and 0.5066 GPa, 300 K and 1.0133 GPa for ice Iy, II, III, V, and VI, respectively. Finally, follow-

7 we conduct enhanced coexistence

ing best practices for ordinary direct coexistence simulations,’
simulations in the Np, T ensemble (fluctuating box dimensions in the x-direction and constant area
in the yz-directions), with the box dimensions along the yz-directions set to the average equilibrium
values of the ice phase at the thermodynamic condition of the enhanced coexistence simulation.

Following this procedure, we prepared the enhanced coexistence simulations for the systems

12
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specified in Table II. In Fig. 5 we show the interfaces employed in our simulations with the oxygen

atoms colored using the environment similarity order parameter. We conducted enhanced coexis-

Avd
e 5
Ef;, FTFI‘

£

FIG. 5. Initial ice-liquid coexistence configurations for different ice polymorphs. The color of oxygen
atoms is set using a strict threshold on the environment similarity order parameter (see Table I for a list of

thresholds), with red and blue corresponding to ice and liquid phases, respectively.

tence simulations using four walkers (four simultaneous simulations with different random seeds
that share the same bias potential). We first carried out 0.5 ns of sampling in the Np, T ensem-
ble with harmonic wall-bias potentials at the outer ice ranges (see Table II). This step allows the
coexistence configuration to relax toward the thermodynamically favored outer ice range, which
tends to speed up the convergence of the bias potential. After this step, the enhanced sampling
within the multiumbrella ensemble was initiated. The environments for the construction of the
collective variables were obtained using the Environment Finder software.?® We refer the reader
to our digital repository, which includes all the input files to reproduce our simulations, for further
details.

For the Gibbs-Duhem integration, we carried out a series of MD simulations, with an equili-
bration time of 0.125 ns followed by 0.375 ns of production simulation. To reduce the required
equilibration time, we used the final configuration of the previous integration step as the starting
configuration. For steep coexistence lines in the temperature and pressure plane (negative pres-
sure part of L-I;; L-III, L-V, L-VI), the integration was carried out over the pressure using an
integration step of 0.0253 GPa and 0.0126 GPa for ice II and ice III, respectively. For near-flat

coexistence lines in the temperature and pressure plane (positive pressure part of Iy,-L, Iy,-1II, II-1y,,

13
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TABLE II. System setup for enhanced coexistence simulations. We show the total number of water
molecules in the simulation box (Nn,0), the length of the simulation cell vectors, and the range of ice-

like molecules sampled in the biased simulations.

Nu,0 box sides (nm?) ice range

Liquid-ice I, 576 18x45x22 240-288
Liquid-ice I 864 23x21x43 405-459
Liquid-ice III 756 47x20x20 351-405
Liquid-ice V. 672 19x47x18 336-392
Liquid-ice VI 1280 53x25x23 640-720

ITI-V, V-VI), the integration was instead carried out over the temperature with an integration step

of 5 K.

III. RESULTS

We carried out enhanced coexistence simulations at different temperatures along isobars. The
time evolution of the number of ice-like molecules for all simulations are reported in Sec. S2 of the
SI, but shares the essential features of the example provided in Fig. 4 for ice I;,. Each simulation
required different simulation times to reach adequate convergence. In detail, we performed four
parallel simulations lasting 5 ns for ice V, and 10 ns for ice Iy, II, III and VI.

The free-energy profiles for all the studied ice polymorphs and thermodynamic conditions are
reported Sec. S3 of the SI. Except for ice VI, we obtain approximately linear free-energy profiles as
in the example shown in Fig. 4(b). These free-energy profiles are characteristic of the continuous
or rough growth mechanism.® For the (100) interface of ice VI (see Fig. 6), there is a clear
deviation from linearity and we observe a free-energy barrier to form the new layer of ice. This
free-energy profile is characteristic of the birth and spread growth mechanism.?®. It is possible that
this mechanism is observed only for ice VI because the simulation cell is large enough to manifest
it. The nearly linear profiles for ice Iy, ice I, ice III, and ice V suggest that one may sample these
interfaces on smaller ice ranges than one layer, as done in the interface pinning method.'8. This
may reduce the sampling time required to obtain the free-energy profiles and allows for using a

single umbrella potential. Nonetheless, by probing the collective variable on a full layer, we obtain

14
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FIG. 6. Free energy as a function of the number of ice-like molecules in the simulation box obtained from

enhanced coexistence simulations of ice VI and liquid water at 0.81 GPa and different temperatures.

information on the overall slope.

From the free-energy profile and error associated with each point, we determined the chemical
potential using an error-weighted linear least-squares fit. The estimated chemical potentials for
each ice polymorph as a function of temperature follow a linear behavior (see the example in

Fig. 4(c) and Sec. S4 of the SI) within a range of ~25 K.

The melting points of the ice polymorphs at various pressures were calculated from linear fits
of the chemical potentials as a function of temperature as described in Sec. II and are listed in
Table S1 of the SI. The accuracy of our estimates can be assessed through comparisons with anal-
ogous results reported in the literature for TIP4P/Ice (see Table III). Our estimate of the melting
point of ice I, at ambient pressure is 269.1 K, which is in close agreement with previous estimates,
deviating by 0.7 K from the value obtained from direct coexistence simulations using very large
system sizes.'® Although additional sampling could improve our estimate, we considered a devia-
tion smaller than 1 K to be sufficient for the purposes of this study. Furthermore, finite-size effects

can result in systematic errors of the same order of magnitude.%4!

Using the liquid-solid coexistence points, we traced the coexistence lines using the Gibbs-
Duhem integration method. While a single liquid-solid coexistence point per polymorph provides
sufficient information for the Gibbs-Duhem integration, we determined a total of 19 points to check
the internal consistency of our estimates. Fig. 7(a) shows the coexistence curves constructed start-
ing from the points reported in Table S1 of the SI. Also shown in Fig. 7(a) are the corresponding

coexistence lines reported in Refs. 42 and 46. With the exception of ice III, our results are in agree-
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TABLE III. Estimated melting point for the TIP4P/Ice model at ambient pressure compared to literature

values.

Method T/K

This work 269.1
Enhanced sampling (bulk)*??>  270(2)

Hamiltonian Gibbs-Duhem*>*  272(6)

Direct coexistence** 268(2)
Direct coexistence!'® 269.8(1)
Free surface® 271(1)
Experimental 273.15

ment with those reported in Ref. 42. The discrepancy found for ice III was already observed in
Ref. 46 which also reported new results for the liquid-ice III coexistence line that are in agreement
with our predictions. A similar discrepancy between thermodynamic integration and direct coex-
istence estimates of the liquid-ice IIT coexistence line was also observed for TIP4P/2005.'¢ We
suggest that the origin of the discrepancies seen in Fig. 7 for the liquid-ice III coexistence line lies
in the approximation adopted for the residual entropy of ice III in the Einstein molecule approach
used in Ref. 42. We also note that there is excellent agreement between the coexistence points
calculated here using biased coexistence simulations and the lines traced using the Gibbs-Duhem

integration, demonstrating the internal consistency of our calculations.

We calculated the full phase diagram of TIP4P/Ice using a series of Gibbs-Duhem integration
simulations starting from the triple points listed in Table IV. We note that, while the ice II-liquid
coexistence line is not present in the equilibrium phase diagram of water, its calculation is essential
to obtain the liquid-ice V-ice II triple point. The full phase diagram for TIP4P/Ice is shown in
Fig. 7(b). Compared to the phase diagram reported in Ref. 42, we observe a significant increase in
the size of the ice IlI stability region. A similar increase of the ice III stability region was reported
for TIP4P/2005 by Conde et al. when the phase diagram was computed using direct-coexistence

simulations instead of the Einstein molecule method.!©

The topology of the TIP4P/Ice phase diagram predicted by our simulations is in qualitative
agreement with the experimental data, with the different phase regions being correctly located

with respect to each other. However, the large stability region occupied by ice III significantly
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TABLE IV. Estimated triple points for TIP4P/Ice phase diagram.

P/GPa T/K

Liquid - ice IIl -ice V. 0.798 261.67
Liquid - ice I -ice I  0.216 240.49
Liquid - ice V -ice VI 0.840 263.02
Liquid - ice III - ice I, 0.140 253.24
Liquid - ice Il -ice V. 0.550 250.40
Icell-icel, -Ice I 0.203 106.04
Icell-ice lll-ice V. 0.743 169.68
Ice Il -ice V -ice VI  0.825 114.54

A
o
S

144 — Ref 42 VI-Lig. 121 — Experiment
124~ Ref. 46 = V-Liq. 104 — Ref. 42 Vi
© | — Ih-Liq. II-Liq. © " |.—— This work
o 10 11l-Liq. o T ———
Q= é/ O 0.8 A
o 0.8 / [}
— —_ 0.6 -
-] | S
ﬁ > /i ﬁ 0.4
& 04 g = I 1]
0.2 k& 0.2 — Liq.
0.0 1 — 0.0 . Ih . \
210 220 230 240 250 260 270 280 290 50 100 150 200 250 300
Temperature (K) Temperature (K)

FIG. 7. Phase diagram for TIP4P/Ice. (a) Our estimated liquid-ice melting points (crosses) and coex-
istence lines compared with coexistence lines obtained using the Einstein molecule method*? and di-
rect coexistence®. (b) Our estimated phase diagram for TIP4P/Ice compared with the phase diagram of

TIP4P/Ice computed using the Einstein molecule method and the experimental phase diagram of water.?

reduces the ability of TIP4P/Ice to reproduce the actual phase diagram of water. We suggest that
the presence of a large region of stability of ice III in the TIP4P/Ice model is likely due to the

explicit fit to the range of existence of ice III during the parameterization of the model.*?
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IV. CONCLUSION

We have calculated the phase diagram of the TIP4P/Ice water model using enhanced coexis-
tence simulations. Our phase diagram differs from the previously published phase diagram by
having a substantially larger stability region for ice III. While the phase diagram that we have cal-
culated correctly positions the stability regions of each polymorph with respect to each other, the
qualitative agreement with experiments deteriorated with respect to the phase diagram reported in
Ref. 42. In spite of this shortcoming, the TIP4P/Ice model can still be considered one of the best

empirical potentials for water.

In computing the phase diagram of TIP4P/Ice, we have provided a state-of-the-art methodol-
ogy for determining complex phase diagrams. An important ingredient of our method is an order
parameter able to drive the growth and melting of all the ice polymorphs studied here. While the
Einstein crystal method, requiring about 8 ns for estimating the free energy per thermodynamic
state point,*”*® is somewhat faster than our methodology and direct coexistence, we highlight
several features that might provide advantages for our method over existing approaches. First,
compared to direct coexistence, our approach allows us not only to find coexistence points but
also to calculate differences in chemical potential that are crucial for assessing the stability of
phases. Second, the explicit simulation of the growth and melting process is useful to obtain in-
sight into these processes. For example, from the shape of the free-energy profiles we detected a
birth and spread growth mechanism for the (100) plane of ice VI. Third, our approach allows us
to systematically improve our estimates by extending the sampling time and, therefore, increasing
the number of instances of creation and destruction of a layer of ice until statistical convergence is
reached. This can be an advantage in small systems in which the accuracy of the direct coexistence
methodology is limited by the stochasticity of the growth and melting events. However, for small
systems, both the direct coexistence technique and our method would suffer from the same system-
atic finite-size effects in the melting points. Finally, compared to the Einstein crystal method, our
approach does not rely on approximations for the residual entropy associated with proton disorder
and can thus be used to study both proton-disordered and partially-proton-ordered ice polymorphs.
As such, our methodology fills a gap between the Einstein crystal method and direct coexistence,

by providing both free energy estimates without approximating proton disorder.

We have shown that we are able to study the phase diagram of water with individual simulations

lasting no longer than 5-10 ns. Therefore, the methodology is well suited for machine learning
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models of water trained on DFT calculations and data-driven many-body models such as MB-pol
which has shown a remarkable ability to reproduce the properties of liquid water and ice over a

wide range of thermodynamic conditions.**~%

V. SUPPLEMENTARY MATERIAL

Details about the environment similarity kernel for water and ice polymorphs. Additional anal-
yses of the coexistence between water and ice polymorphs, free energy differences, and chemical

potentials. List of melting points for the ice polymorphs. Gibbs-Duhem coexistence lines.

VI. ACKNOWLEDGEMENTS

We are grateful to Carlos Vega for a discussion about the effect of partial proton ordering on
the stability of ice polymorphs. We thank Christoph Salzmann for providing us with the data for
drawing the experimental phase diagram. S.B. and F.P. were supported by the Air Force Office
of Scientific Research under award FA9550-20-1-0351. P.M.P. and R.C. acknowledge support
from the center Chemistry in Solution and at Interfaces funded by the U.S. Department of En-
ergy under award DE-SC0019394. Computational resources were provided by the Department of
Defense High Performance Computing Modernization Program (HPCMP) and the Triton Shared
Computing Cluster (TSCC) at the San Diego Supercomputer Center (SDSC).

VII. DATA AVAILABILITY STATEMENT

MD input, analysis scripts, and key results are publicly available on GitHub. MD trajectories
are available from the corresponding author upon request. Input files for PLUMED are openly
available on PLUMED-NEST (https://www.plumed-nest.org/), the public repository of the
PLUMED consortium, as plumID:22.021.

REFERENCES

Ipw. Bridgman, “Water, in the liquid and five solid forms, under pressure,” (American Academy

of Arts and Sciences, 1913).

19

10:9G:21 €20z Isnbny G|



Publishing

AlP

2C. G. Salzmann, P. G. Radaelli, B. Slater, and J. L. Finney, “The polymorphism of ice: five
unresolved questions,” Phys. Chem. Chem. Phys. 13, 18468—18480 (2011).

3T. C. Hansen, “The everlasting hunt for new ice phases,” Nat. Commun. 12, 1-3 (2021).

“L. G. Dowell and A. P. Rinfret, “Low-temperature forms of ice as studied by x-ray diffraction,”
Nature 188, 1144-1148 (1960).

SP. H. Poole, F. Sciortino, U. Essmann, and H. E. Stanley, “Phase behaviour of metastable water,”
Nature 360, 324-328 (1992).

5P, Gallo, K. Amann-Winkel, C. A. Angell, M. A. Anisimov, F. Caupin, C. Chakravarty, E. Las-
caris, T. Loerting, A. Z. Panagiotopoulos, J. Russo, J. A. Sellberg, H. E. Stanley, H. Tanaka,
C. Vega, L. Xu, and L. G. M. Pettersson, “Water: A tale of two liquids,” Chem. Rev. 116, 7463—
7500 (2016).

"D. Frenkel and A. J. Ladd, “New monte carlo method to compute the free energy of arbitrary
solids. application to the fcc and hcp phases of hard spheres,” J. Chem. Phys. 81, 3188-3193
(1984).

8C. Vega and E. G. Noya, “Revisiting the frenkel-ladd method to compute the free energy of
solids: The einstein molecule approach,” J. Chem. Phys. 127, 154113 (2007).

°E. G. Noya, M. Conde, and C. Vega, “Computing the free energy of molecular solids by the
einstein molecule approach: Ices xiii and xiv, hard-dumbbells and a patchy model of proteins,”
J. Chem. Phys. 129, 104704 (2008).

10C. Vega, E. Sanz, J. Abascal, and E. Noya, “Determination of phase diagrams via computer
simulation: methodology and applications to water, electrolytes and proteins,” J. Phys. Condens.
Matter. 20, 153101 (2008).

D, A. Kofke, “Direct evaluation of phase coexistence by molecular simulation via integration
along the saturation line,” J. Chem. Phys. 98, 4149-4162 (1993).

I2E Sanz, C. Vega, J. L. F. Abascal, and L. G. MacDowell, “Phase diagram of water from computer
simulation,” Phys. Rev. Lett. 92, 255701 (2004).

131, Zhang, H. Wang, R. Car, and E. Weinan, “Phase diagram of a deep potential water model,”
Phys. Rev. Lett. 126, 236001 (2021).

14 A, Reinhardt and B. Cheng, “Quantum-mechanical exploration of the phase diagram of water,”
Nat. Commun. 12, 1-7 (2021).

151, G. MacDowell, E. Sanz, C. Vega, and J. L. F. Abascal, “Combinatorial entropy and phase
diagram of partially ordered ice phases,” J. Chem. Phys. 121, 10145-10158 (2004).

20

10:9G:21 €20z Isnbny G|



AlP

Publishing

I6M. M. Conde, M. Gonzalez, J. Abascal, and C. Vega, “Determining the phase diagram of water
from direct coexistence simulations: The phase diagram of the tip4p/2005 model revisited,” J.
Chem. Phys. 139, 154505 (2013).

TH. Niu, Y. I. Yang, and M. Parrinello, “Temperature dependence of homogeneous nucleation in
ice,” Phys. Rev. Lett. 122, 245501 (2019).

18U. R. Pedersen, F. Hummel, G. Kresse, G. Kahl, and C. Dellago, “Computing gibbs free energy
differences by interface pinning,” Phys. Rev. B 88, 094101 (2013).

19p. M. Piaggi and M. Parrinello, “Calculation of phase diagrams in the multithermal-multibaric
ensemble,” J. Chem. Phys. 150, 244119 (2019).

20A. P. Barték, R. Kondor, and G. Csanyi, “On representing chemical environments,” Phys. Reyv.
B 87, 184115 (2013).

21, Cheng, E. A. Engel, J. Behler, C. Dellago, and M. Ceriotti, “Ab initio thermodynamics of
liquid and solid water,” Proc. Natl. Acad. Sci. 116, 1110-1115 (2019).

22P. M. Piaggi and R. Car, “Phase equilibrium of liquid water and hexagonal ice from enhanced
sampling molecular dynamics simulations,” J. Chem. Phys. 152, 204116 (2020).

23P. M. Piaggi, J. Weis, A. Z. Panagiotopoulos, P. G. Debenedetti, and R. Car, “Homogeneous ice
nucleation in an ab initio machine learning model of water,” arXiv preprint arXiv:2203.01376
(2022).

24P, M. Piaggi, A. Z. Panagiotopoulos, P. G. Debenedetti, and R. Car, “Phase equilibrium of water
with hexagonal and cubic ice using the scan functional,” J. Chem. Theory. Comput. 17, 3065—
3077 (2021).

2SM. Invernizzi, P. M. Piaggi, and M. Parrinello, “Unified approach to enhanced sampling,” Phys.
Rev. X 10, 041034 (2020).

26M. Invernizzi and M. Parrinello, “Rethinking metadynamics: from bias potentials to probability
distributions,” J. Phys. Chem. Lett. 11, 2731-2736 (2020).

27A. Laio and M. Parrinello, “Escaping free-energy minima,” Proc. Natl. Acad. Sci. 99, 12562
12566 (2002).

28] R. Dormand and P. J. Prince, “A family of embedded runge-kutta formulae,” J. Comput. Appl.
Math. 6, 19-26 (1980).

29A. P. Thompson, H. M. Aktulga, R. Berger, D. S. Bolintineanu, W. M. Brown, P. S. Crozier,
P.J.in 't Veld, A. Kohlmeyer, S. G. Moore, T. D. Nguyen, R. Shan, M. J. Stevens, J. Tranchida,

C. Trott, and S. J. Plimpton, “Lammps-a flexible simulation tool for particle-based materials

21

10:9G:21 €20z Isnbny G|



Publishing

AlP

modeling at the atomic, meso, and continuum scales,” Comput. Phys. Commun. 271, 108171
(2022).

30G. A. Tribello, M. Bonomi, D. Branduardi, C. Camilloni, and G. Bussi, “Plumed 2: New feathers
for an old bird,” Comput. Phys. Commun. 185, 604-613 (2014).

3IM. Bonomi, “Promoting transparency and reproducibility in enhanced molecular simulations,”
Nat. Methods 16, 670-673 (2019).

32@. Bussi, D. Donadio, and M. Parrinello, “Canonical sampling through velocity rescaling,” J.
Chem. Phys. 126, 014101 (2007).

3M. Parrinello and A. Rahman, “Polymorphic transitions in single crystals: A new molecular
dynamics method,” J. Chem. Phys. 52, 7182-7190 (1981).

34M. Matsumoto, T. Yagasaki, and H. Tanaka, “Genice: Hydrogen-disordered ice generator,” J.
Comput. Chem. 39, 61-64 (2017).

35M. Matsumoto, T. Yagasaki, and H. Tanaka, “Novel algorithm to generate hydrogen-disordered
ice structures,” J. Chem. Inf. Model. 61, 2542-2546 (2021).

36]. D. Bernal and R. H. Fowler, “A theory of water and ionic solution, with particular reference
to hydrogen and hydroxyl ions,” J. Chem. Phys. 1, 515-548 (1933).

37D. Frenkel, “Simulations: The dark side,” Eur. Phys. J. Plus 128, 1-21 (2013).

3P, M. Piaggi, “Environment finder: A tool for finding and analyzing atomic environments in
crystal structures v1.0.1.” Zenodo (2021).

M. Salvalaglio, T. Vetter, F. Giberti, M. Mazzotti, and M. Parrinello, “Uncovering molecular
details of urea crystal growth in the presence of additives,” J. Am. Chem. Soc. 134, 17221-
17233 (2012).

40D, Rozmanov and P. G. Kusalik, “Anisotropy in the crystal growth of hexagonal ice, i h,” J.
Chem. Phys. 137, 094702 (2012).

41 A, Hudait, S. Qiu, L. Lupi, and V. Molinero, “Free energy contributions and structural charac-
terization of stacking disordered ices,” Phys. Chem. Chem. Phys. 18, 9544-9553 (2016).

421 L. F. Abascal, E. Sanz, R. Garcia Ferndndez, and C. Vega, “A potential model for the study of
ices and amorphous water: Tip4p/ice,” J. Chem. Phys. 122, 234511 (2005).

43C. Vega, E. Sanz, and J. L. F. Abascal, “The melting temperature of the most common models
of water,” J. Chem. Phys. 122, 114507 (2005).

4R, Garcia Fernandez, J. L. F. Abascal, and C. Vega, “The melting point of ice 1 h for common

water models calculated from direct coexistence of the solid-liquid interface,” J. Chem. Phys.

22

10:9G:21 €20z Isnbny G|



AlP

Publishing

124, 144506 (2006).

43C. Vega, M. Martin-Conde, and A. Patrykiejew, “Absence of superheating for ice ih with a free
surface: A new method of determining the melting point of different water models,” Mol. Phys.
104, 3583-3592 (2006).

47 R. Espinosa, A. L. Diez, C. Vega, C. Valeriani, J. Ramirez, and E. Sanz, “Ice ih vs. ice iii along
the homogeneous nucleation line,” Phys. Chem. Chem. Phys. 21, 5655-5660 (2019).

4TR. K. Reddy A and S. N. Punnathanam, “Calculation of excess free energy of molecular solids
comprised of flexible molecules using einstein molecule method,” Mol. Simul. 44, 781-788
(2018).

48S. Habershon and D. E. Manolopoulos, “Free energy calculations for a flexible water model,”
Phys. Chem. Chem. Phys. 13, 19714-19727 (2011).

498. K. Reddy, S. C. Straight, P. Bajaj, C. Huy Pham, M. Riera, D. R. Moberg, M. A. Morales,
C. Knight, A. W. G6tz, and F. Paesani, “On the accuracy of the MB-pol many-body potential for
water: Interaction energies, vibrational frequencies, and classical thermodynamic and dynamical
properties from clusters to liquid water and ice,” J. Chem. Phys. 145, 194504 (2016).

05, K. Reddy, D. R. Moberg, S. C. Straight, and F. Paesani, “Temperature-dependent vibrational
spectra and structure of liquid water from classical and quantum simulations with the MB-pol
potential energy function,” J. Chem. Phys. 147, 244504 (2017).

SIp. R, Moberg, S. C. Straight, C. Knight, and F. Paesani, “Molecular origin of the vibrational
structure of ice Iy,” J. Phys. Chem. Lett. 8, 2579-2583 (2017).

>2D. R. Moberg, P. J. Sharp, and F. Paesani, “Molecular-level interpretation of vibrational spectra
of ordered ice phases,” J. Phys. Chem. B 122, 10572-10581 (2018).

3D. R. Moberg, S. C. Straight, and F. Paesani, “Temperature dependence of the air/water interface
revealed by polarization sensitive sum-frequency generation spectroscopy,” J. Phys. Chem. B
122, 43564365 (2018).

D, R. Moberg, D. Becker, C. W. Dierking, F. Zurheide, B. Bandow, U. Buck, A. Hudait, V. Mo-
linero, F. Paesani, and T. Zeuch, “The end of ice I,” Proc. Natl. Acad. Sci. U.S.A. 116, 24413—
24419 (2019).

M. C. Muniz, T. E. Gartner, M. Riera, C. Knight, S. Yue, F. Paesani, and A. Z. Panagiotopoulos,
“Vapor-liquid equilibrium of water with the MB-pol many-body potential,” J. Chem. Phys. 154,
211103 (2021).

23

10:9G:21 €20z Isnbny G|



AlP

Publishing

56T, E. Gartner III, K. M. Hunter, E. Lambros, A. Caruso, M. Riera, G. R. Medders, A. Z. Pana-
giotopoulos, P. G. Debenedetti, and F. Paesani, “Anomalies and local structure of liquid water

from boiling to the supercooled regime as predicted by the many-body MB-pol model,” J. Phys.
Chem. Lett. 13, 3652-3658.

24

10:9G:21 €20z Isnbny G|






Probability

—
o
1

]
0.000 GPa 270K Liquid : Ice Ih

N |

T T T ™
0.202 GPa 230 K Liquid : Ice Il
]
1
T T T T
0.405 GFR 230K anuid: Ice Il
]
Ll L)
DACS GPa 250 K Uquid : Ice V
N\ !
L
T T T T

—
o
1

1.013 GPa 300 K Liquid : ice VI

o
1

A:-—/\

L)
0.4 0.6 0.8 1.0
Environment similarity kernel

12



I3 N—I—l Iayers

fa th’l

M

. O

10:9G:2) €202 Isnbny G

abalility

| 2rEet 3t

§oaf ioe lavers




(a)

# of ice-like molecules

320

g

280

260

240

time (ns)

(b

—

7.5
5.0 -
2.5+
0.0 -
7.5 -

-5.0 -

-7.5 -

® 205.0K
® 270.0K
® 275.0K

(4

280.0K
285.0K

# of ice-like molecules

260

280

Ll
300

(c)

Afljigaca (k] mol” 1)

'
'
.
.
'
i

Tm=269.1K

L) L] ) L]
270 275 280 285
Temperature (K)






AGjigice (k) mol~%)

6 4

4 -
..
24 ot
0 1 b )
o
-2 conpeee®] 7
L
._4 o .'
-6 - @ 155UK o 2/0D.0K
' ® 26005 275.0K
-5 e 265.0
| N Ll | N !
640 660 680 700

# of ice-like molecules




Q

Pressure (GPa)

1.4 9 — Ref. 42 VI-Lig.
124~ Ref. 46  — V-Liq.
’ = lh-Liq. = lI-Lig.
1.04 = ll-Lig.
N2

T
210 220 230 240 250 260 270 280 290

Temperature (K)

(b)

Pressure (GPa)

1.2 A

1.0 +

0.8

0.6

0.4

0.2

0.0

— Experiment
- Ref. 42 Vi
= This work
1 1]
—
Ih \\
T T T T 1
50 100 150 200 250 300

Temperature (K)



	Phase diagram of the TIP4P/Ice water model by enhanced sampling simulations
	Abstract
	Introduction
	Methods
	Biased coexistence simulations
	Order parameters
	Bias potential
	Estimation of the free energy
	Estimation of chemical potentials and melting points

	Tracing coexistence lines
	Computational details

	Results
	Conclusion
	Supplementary Material
	Acknowledgements
	Data availability statement
	References

	Manuscript File
	1
	2
	3
	4
	5
	6
	7

