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ABSTRACT: Pure water can be substantially supercooled
below the melting temperature without transforming into ice.
The achievable supercooling can be enhanced by adding
solutes or by applying hydrostatic pressure. Avoiding ice
formation is of great importance in the cryopreservation of
food or biological samples. In this Letter, we investigate the
similarity between the effects of pressure and salt on ice
formation using a combination of state-of-the-art simulation
techniques. We find that both hinder ice formation by
increasing the energetic cost of creating the ice−fluid interface.
Moreover, we examine the widely accepted proposal that the
ice nucleation rate for different pressures and solute concentrations can be mapped through the activity of water [Koop, L.; Tsias,
P. Nature, 2000, 406, 611]. We show that such a proposal is not consistent with the nucleation rates predicted in our simulations
because it does not include all parameters affecting ice nucleation. Therefore, even though salt and pressure have a qualitatively
similar effect on ice formation, they cannot be quantitatively mapped onto one another.

The formation of ice from supercooled water is the most
important freezing transition on Earth. Despite its

relevance and ubiquity, there are still many uncertainties
about this phase transition. For instance, important issues such
as the rate1−3 and the mechanism4,5 by which ice nucleates in
supercooled water are still currently under debate.6

The urge to understand in detail water freezing comes from
the fact that it has a central role in key industrial and
environmental processes. For example, the content of ice in
clouds has a strong impact on the Earth’s albedo and, therefore,
on climate change.7 On the other hand, successful cryopre-
servation crucially depends on avoiding water freezing, which
can be deleterious for the cells.8

A way to delay the formation of ice in cryopreservation
protocols is to put the sample under hydrostatic pressure9 to
slow down ice nucleation.10 Salt is also known to have a
decelerating effect on ice nucleation.11

In a seminal work, Koop et al. compiled experimental data on
the freezing of salty aqueous solutions at different concen-
trations and pressures. Quite remarkably, they were able to map
the ice nucleation rate of all systems into a single curve that
solely depends on the activity of water in solution.12 This
spectacular result, based on the parallelism between the effects
of salt and pressure on ice nucleation, has had great acceptance
in the scientific community studying water freezing.
The goal of the present work is to investigate the analogy

between the effects of pressure and salt on water freezing by

means of computer simulations. By comparing the effects of salt
and pressure, we are able to assess the validity of the proposal
by Koop et al. To achieve this, we compare three systems: pure
water at 1 bar, pure water at 2000 bar, and a 1.85 m NaCl
aqueous solution at 1 bar. State-of-the art simulation techniques
are required to compute the ice nucleation rate and the
interfacial free energy for these systems. We use the
Seeding13−15 and the Mold Integration (MI)16 methods for
that purpose. These techniques enable us to gain understanding
of the parameters that affect the ice nucleation rate.
We use the TIP4P/2005 water model17 combined with the

Joung Cheetham/SPC/E model for NaCl.18,19 We perform
molecular dynamics simulations at constant temperature and
pressure with the GROMACS package.20 We refer the reader to
our previous work for further simulation details.3,21

The Seeding technique consists of simulating ice nuclei
embedded in the supercooled fluid (either pure or salty water).
We insert pure spherical ice Ih seeds as that shown in the
graphical abstract. The embedded ice cluster configuration is
equilibrated as described in ref 22. We make sure that the
cluster interface is well equilibrated by looking at the ionic
density profile.23 Once we get an equilibrated configuration of
an ice cluster embedded in the solution, we monitor the
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evolution of the nucleus at different temperatures. For
temperatures higher than that at which the inserted cluster is
critical, the cluster melts, and vice versa.
In this way, we obtain an estimate for the temperature at

which the inserted cluster with Nc molecules is critical. We
determine Nc using local bond order parameters,24 as done in
our previous work.14,15,25 We use large system sizes to ensure
that concentration changes are negligible as the cluster grows or
melts in the brine solution.23 In Figure 1a, we show Nc versus
the supercooling, ΔT, which is the melting temperature, Tm,
minus the temperature of interest (the model melting
temperatures for pure ice in coexistence with pure water at 1
and 2000 bar26 and with a 1.85 m NaCl aqueous solution at 1
bar23 are 250, 227, and 240.5 K, respectively). Clearly, for a
given ΔT, the number of molecules required to reach the
critical size is larger in salty or compressed water than that in
pure water at normal pressure. This is consistent with the
experimental observation that salt and pressure hinder ice
nucleation.11

To quantify the decelerating effect of salt and pressure on
homogeneous ice nucleation, we compute the nucleation rate, J.
In the Seeding method, simulations are used to obtain the
parameters on which the J expression given by Classical
Nucleation Theory (CNT)27−29 depends14,15,30
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Such parameters are the fluid number density, ρf, the number of
particles in the critical cluster Nc (Figure 1a), the chemical
potential difference of water in ice and in the liquid, Δμw = μw

i

− μw (Figure 1b), and the frequency with which particles attach
to the critical cluster (the attachment rate, f +). Further details
on the calculation of these factors will be given in a forthcoming
publication.23 The nucleation rate as a function of the
supercooling is plotted in Figure 1c for the three systems
under comparison. For a given supercooling, pure water at
normal pressure (in black) has the highest nucleation rate. In
other words, the supercooling required to freeze water increases
when adding salt (in red) or applying pressure (in blue), in
agreement with the experimental trend.10,11

Because we have access to all variables required for the
computation of J, we can rationalize which is the main factor
behind the pressure/salt-induced deceleration of ice nucleation.
The nucleation rate is given by J = Ae−ΔGc/(kBT), where A is a
kinetic prefactor and ΔGc/(kBT) is the Gibbs free energy
barrier required to form a critical ice nucleus in the supercooled
fuid. We have checked that A does not change by more than 1
or 2 orders of magnitude between different systems for a given
supercooling, which is insignificant as compared to the large
differences between the J curves in Figure 1c. The differences in
J must be then ascribed to changes in ΔGc/(kBT). Within
CNT, ΔGc/(kBT) is proportional to the third power of the
ice−liquid interfacial free energy, γ, and inversely proportional
to the second power of |Δμw|. The latter does not significantly
change from one system to another (see Figure 1b). Therefore,

Figure 1. Plots for pure (black), salty (red), and compressed water (blue) as a function of the supercooling: (a) number of particles in the critical
cluster; (b) water chemical potential difference between the liquid and the solid phases; (c) decimal logarithm of the nucleation rate; (d) ice−water
interfacial free energy. Symbols in (d) for ΔT = 0 and >0 correspond to our calculations of γ with MI and Seeding, respectively. Shaded regions in
(c) and (d) indicate the error bar.
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the key to the decrease of J must be found in an increase of γ.
This is in fact what we concluded in our recent study of ice
nucleation under high pressure.31 In Figure 1d, we represent γ
versus the supercooling for the three studied systems (the
points for the supercooled fluid have been obtained with the
Seeding method, whereas those at coexistence, ΔT = 0, were
obtained with the MI method16,21). Indeed, the interfacial free
energy increases when adding salt or applying pressure for a
given supercooling. Therefore, both pressure and salt decelerate
ice nucleation by increasing the ice−liquid interfacial free
energy, which is one of the main conclusions of our work. This
is a valuable simulation prediction given that there is no
experimental consensus for the value of the ice−liquid
interfacial free energy (not even for the case of pure water at
1 bar32).
The fact that pressure and salt hinder ice nucleation for the

same reason is in principle consistent with the proposition that
applying a certain pressure should have the same effect on ice
nucleation as adding a given amount of salt.12 Such a proposal
is the basis of the so-called water-activity-based ice nucleation
conjecture (WAB-INC).12,33 The WAB-INC is based on an
analysis of the freezing of salty water drops at different
pressures and proposes that the nucleation rate depends only
on the activity of water, aw. This idea is extremely appealing
because it enables one to obtain the nucleation rate for any
solution at any pressure with a fit solely depending on a
measurable thermodynamic parameter such as the activity.
Although the WAB-INC apparently works,12 it has never been
carefully checked for three reasons: (i) aw cannot be
experimentally measured for deeply supercooled solutions
due to the formation of ice (in fact, in many cases, it is
assumed to be independent of temperature33); (ii) the general
character of the theory has not been tested because the J range
that can be measured is narrow (it is limited by the sample’s
volume and the cooling rate); (iii) the physical basis of the
WAB-INC is unclear because many of the parameters that
affect ice nucleation, like γ, Nc, or Δμw for T < Tm, cannot be
measured experimentally. Our simulations do not have these
shortcomings and enable us to test the validity of the WAB-
INC in a wide range of nucleation rates.
To start with, we evaluate the temperature dependence of aw

in the brine solution at 1 bar and with salt concentration c =
1.85 m via

μ μ= +c T T RT a c T( , , 1) (0, , 1) ln[ ( , , 1)]w w w (2)

In practice, the chemical potential difference with and without
salt at 1 bar, μw(c,T,1) − μw(0,T,1), is obtained as Δμw(0,T,1)
− Δμw(c,T,1), the difference between the black and the red
curves in Figure 1b (the chemical potential of water in ice
cancels out when both Δμw’s are subtracted). In Figure 2, we
plot aw(c,T,1) as a function of the supercooling (red curve). To
our knowledge, this is the first time that the temperature
dependence of water activity is reported up to such deep
supercooling either in simulations or experiments (there are
simulation works that report activities as a function of
concentration at constant temperature34). As explained below,
the cross with the orange curve (activity of water coexisting
with ice) corresponds to the melting temperature, above which
the water activity remains almost constant, in accordance with
experimental observations for most simple ionic solutions.33 By
contrast, aw sharply increases below the melting temperature.
The activity of pure water under pressure is in principle 1.

However, in the framework of the WAB-INC, pure water under

pressure p is effectively assigned the activity of a water solution
at normal pressure having the same chemical potential
difference with ice, Δμw

μ μ− =T p T p(0, , ) (0, , )i
w w (3)

μ μ+ −T RT a c T T(0, , 1) ln ( , , 1) (0, , 1)i
w w

eff
w (4)

where ceff is the effective concentration required to satisfy the
equality above. Thus, we can compute aw(c

eff,T,1) as exp-
[(Δμw(0,T,1) − Δμw(0,T,p))/(RT)] (the exponent is obtained
by subtracting the black and the blue curves in Figure 1b). In
Figure 2, we show aw(c

eff,T,1) as a function of temperature
(blue curve). Again, the activity sharply increases below the
melting temperature of compressed water, given by the crossing
with the orange curve. Therefore, according to our simulations,
the assumption that aw does not depend on temperature for
most ionic solutions12,33 cannot be safely made, especially at
low temperatures where water behaves anomalously.35,36

As pointed out in ref 33, the validity of the WAB-INC does
not rely on whether or not aw depends on temperature.12 What
the WAB-INC really proposes is that J(Δaw) is a universal
curve for any pressure or concentration. Δaw is the difference,
for a given temperature, between the activity of water in the
solution (or in compressed water) and the activity of water at
coexistence with ice, aw

i . The latter can be obtained through

μ μ= +T T RT a c T(0, , 1) (0, , 1) ln[ ( , , 1)]i i
w w w (5)

The chemical potential difference μw
i (0,T,1) − μw(0,T,1) is

simply Δμw for pure water at 1 bar (black curve in Figure 1b).
aw
i is plotted in orange in Figure 2 (at the melting point, the
orange and the red/blue curves cross because the activity of
water becomes equal to aw

i ). Thus, to obtain Δaw for the
studied solution, we have to subtract, for a given temperature,
the red and the orange curves in Figure 2, whereas for pure
water under pressure, we compute the difference between the
blue and the orange curves (see red and blue arrows in Figure
2, respectively). Knowing Δaw(T) and J(T) (Figure 1c), we
obtain J(Δaw). In Figure 3a, we plot J(Δaw) for compressed
and salty water. Both curves are not the same for every Δaw.
Therefore, the WAB-INC proposal of a universal J(Δaw) curve
is not consistent with our simulation predictions. However, the
J(Δaw) curves lie close to each other beyond the rate value
measured in typical experiments, J ≈ 1016 m−3 s−1, given by the

Figure 2. Water activity as a function of T − Tm
0 , the difference

between the temperature of interest and the melting temperature of
pure water (Tm

0 = 250 K for the model). In red, we plot the activity of
water in the studied 1.85 m solution, and in blue, we show the effective
activity for pure water at 2000 bar as defined in the main text. In
orange, we plot the activity of water coexisting with ice.
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horizontal green line in Figure 3a. Thus, our results are
compatible with the fact that the WAB-INC may seem to work
when data of typical freezing experiments are analyzed.12 Why
would a theory that is not general seemingly work at high
values of Δaw?
On the one hand, it is perhaps worth noting that the WAB-

INC is not as neat as it may appear. In the publication where
the WAB-INC was proposed, variations of up to 15−20 K
around the universal freezing curve can be clearly noticed.12 In
that temperature range, there may be many orders of
magnitude difference in the nucleation rate. On the other
hand, the WAB-INC may be a particular case of CNT in certain
limits. Because in the WAB-INC framework the rate solely
depends on the activity of the solvent (chemical potential), the
WAB-INC will be compatible with CNT if, for a given Δaw, all
other parameters that affect ice nucleation are the same. We
check if this is the case for the ice−fluid interfacial free energy, a
parameter that we have shown to be central in understanding
the effect of salt (this work) and pressure (ref 31) on
homogeneous ice nucleation. Combining Δaw(T) and γ(T)
(Figure 1d), we obtain γ(Δaw), shown in Figure 3b. Clearly, γ is
not the same for salty and compressed water at low Δaw and
becomes increasingly similar as Δaw increases. When both Δaw
and γ are similar, the WAB-INC may seem to work, but this is
just a particular case of CNT. That γ becomes similar between
different systems at high Δaw may be related to the nucleation
of ice clusters in solute-depleted regions when the critical
cluster size becomes small.37 With our analysis, we conclude
that CNT is a much more comprehensive theoretical
framework than the WAB-INC to understand ice nucleation
and that the WAB-INC may only seemingly work as a particular
case of CNT at high nucleation rates. The fact that the

simulation approach employed in this work provides estimates
of the nucleation rate in a much wider range than current
experiments has clearly evidenced the deficiencies of the WAB-
INC. We expect our work to inspire future attempts to derive
phenomenological frameworks to describe ice nucleation that
do not necessarily comply with the WAB-INC.38

Our conclusions are based on the results obtained with a
water model. One may wonder if our observations can be safely
applied to real water as well. We argue that if WAB-INC had a
strong physical foundation it should be able to explain ice
nucleation both in real water and in any family of realistic water
models. Our model is quite realistic because it closely
reproduces the behavior of real water for many thermodynamic
and dynamic properties,39 including anomalies40 and, most
importantly, homogeneous ice nucleation in pure14,30 and salty
water.23 Moreover, in this work, we show that the model
captures the experimentally observed deceleration of ice
nucleation with pressure and salt10,12 (Figure 1c), as well as
the fact that the WAB-INC may seemingly work in the range of
nucleation rates typically accessible to experiments (see Figure
3a). Furthermore, we do not need a perfect model for the NaCl
ions to test the WAB-INC as the theory should in principle
work for a wide variety of solutes. Therefore, even if the
simulated solute does not behave exactly as real dissolved NaCl,
it can be taken as any arbitrary solute for testing the WAB-INC.
Be it as it may, we hope that our work will motivate future
experiments to definitely confirm our prediction. As a matter of
fact, there have been already experiments reporting incon-
sistencies with the WAB-INC.41

Our Seeding approach to ice nucleation relies on two
assumptions: (i) the proposed structure of the critical cluster is
the correct one and (ii) the formation free energy of such a
cluster can be obtained via CNT. Our guess for the critical
nucleus structure is that of a spherical pure ice Ih cluster. We
use ice Ih because this structure, or stacking mixtures of ice Ic
and Ih, has shown to be that of critical ice clusters at 1
bar.4,14,25,31,42 We insert pure ice seeds disregarding the
possibility that NaCl ions enter the ice lattice. This
approximation is inspired by the experimental phase diagram,
where the brine coexists with pure ice.43 To make sure that this
is a good approximation, we have performed a long (260 ns)
direct coexistence simulation below the melting temperature
and computed the fraction of ions incorporated into the grown
ice lattice. Such a fraction was smaller than 0.2%, a value in
agreement with previous simulation work44,45 and sufficiently
small to justify our approximation. We use spherical clusters,
consistently with previous studies showing that the cluster’s
shape quickly equilibrates into a sphere,25 with thermal
fluctuations typical of a rough ice−fluid interface.46,47

Assumption (ii), in turn, is expected to be satisfied for the
large critical cluster sizes used in this work. Independent
evidence of the validity of CNT to describe the free energy of
crystal cluster formation can be found, for example, in ref 48. As
long as conditions (i) and (ii) are satisfied, one can use seeding
to obtain nucleation rates regardless of whether the pathway
leading to the formation of the critical cluster is CNT-like (a
one-by-one addition of particles to a growing crystal cluster) or
a more sophisticated one like composition fluctuations followed
by crystal cluster growth.37,49−51 Thus, although Seeding does
not provide any information on the way the critical cluster is
formed, it can be used to obtain nucleation rates,15 even in
systems where the formation of the critical cluster has been
reported to be two-step, like crystallization in hard spheres52,53

Figure 3. (a) Nucleation rate of salty (1.85 m NaCl) and compressed
(2000 bar) water as a function of Δaw. The horizontal green line
corresponds to J = 1016 m−3 s−1. (b) Ice−fluid interfacial free energy as
a function of Δaw.
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or in mw-water.54 In any case, because we are dealing with the
crystallization of the solvent and with large critical clusters
whose size exceeds that of typical composition fluctuations, we
do not expect the formation mechanism of the critical nucleus
to be markedly two-step. It is also worth noting that Seeding
has been successful in predicting crystal nucleation rates in the
Lennard-Jones and the Tosi−Fumi NaCl systems15 as well,
which gives further confidence in the predictions made in this
Letter. Moreover, in this work, we find consistent values
between the γ obtained at coexistence with MI, a method that
does not rely on CNT and that does not suffer from strong
finite size effects,16 and that obtained below the melting
temperature with Seeding (see Figure 1d). This consistency
test, and the considerations mentioned above, strongly support
the validity of the approach followed in this work.
In summary, we compare the effects of pressure and salt on

homogeneous ice nucleation. We find that both pressure and
salt decelerate ice nucleation by increasing the ice−liquid
interfacial free energy. Despite this qualitative similarity, it is
not possible to quantitatively map ice nucleation rates of salty
water onto those of compressed water through the activity of
water. Our results question the validity of the so-called water-
activity-based ice nucleation theory.12

Understanding and quantifying the effect of salt on
homogeneous ice nucleation can be useful to develop climate
change models.7 On the other hand, improving cryopreserva-
tion protocols, aimed at vitrifying biological samples by averting
ice nucleation and growth upon cooling, requires deep
understanding of the effect of freezing-preventing factors like
pressure, salt, or combinations of both.8,9 Our work may also
have implications in the experimental search of the putative
liquid−liquid transition of water,55−58 which in some cases uses
pressure and solutes as strategies to approach the so-called no-
man’s land.36,59,60

■ AUTHOR INFORMATION

Corresponding Author
*E-mail: esa01@quim.ucm.es.

ORCID
Eduardo Sanz: 0000-0001-6474-5835
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

This work was funded by Grants FIS2013/43209-P and
FIS2016-78117-P FIS2016-78847-P of the MEC and the
UCM/Santander 910570 and PR26/16-10B-2. C.V. and E.S.
acknowledge financial support from a Ramon y Cajal
Fellowship. J.R.E. acknowledges financial support from FPI
Grant BES-2014-067625. Calculations were carried out in the
supercomputer facilities La Palma and Magerit from the
Spanish Supercomputing Network (RES) (Projects QCM-
2015-3-0036 and QCM-2016-1-0039). The authors acknowl-
edge the computer resources and technical assistance provided
by the Centro de Supercomputacion y Visualizacion de Madrid
(CeSViMa).

■ REFERENCES
(1) Laksmono, H.; et al. Anomalous Behavior of the Homogeneous
Ice Nucleation Rate in No-Mans Land. J. Phys. Chem. Lett. 2015, 6,
2826−2832.

(2) Koop, T.; Murray, B. J. A physically constrained classical
description of the homogeneous nucleation of ice in water. J. Chem.
Phys. 2016, 145, 211915.
(3) Espinosa, J. R.; Navarro, C.; Sanz, E.; Valeriani, C.; Vega, C. On
the time required to freeze water. J. Chem. Phys. 2016, 145, 211922.
(4) Malkin, T. L.; Murray, B. J.; Brukhno, A. V.; Anwar, J.; Salzmann,
C. G. Structure of ice crystallized from supercooled water. Proc. Natl.
Acad. Sci. U. S. A. 2012, 109, 1041−1045.
(5) Russo, J.; Romano, F.; Tanaka, H. New metastable form of ice
and its role in the homogeneous crystallization of water. Nat. Mater.
2014, 13, 733.
(6) Sosso, G. C.; Chen, J.; Cox, S. J.; Fitzner, M.; Pedevilla, P.; Zen,
A.; Michaelides, A. Crystal Nucleation in Liquids: Open Questions and
Future Challenges in Molecular Dynamics Simulations. Chem. Rev.
2016, 116, 7078−7116.
(7) Cantrell, W.; Heymsfield, A. Production of ice in tropospheric
clouds. Bull. Am. Meteorol. Soc. 2005, 86, 795.
(8) Morris, G. J.; Acton, E. Controlled ice nucleation in
cryopreservation-a review. Cryobiology 2013, 66, 85.
(9) Studer, D. High-pressure freezing system. U.S. Patent
US6,269,649, 2001.
(10) Kanno, H.; Speedy, R. J.; Angell, C. A. Supercooling of Water to
−92oC Under Pressure. Science 1975, 189, 880−881.
(11) Kanno, H.; Angell, C. A. Homogeneous nucleation and glass
formation in aqueous alkali halide solutions at high pressures. J. Phys.
Chem. 1977, 81, 2639−2643.
(12) Koop, T.; Luo, B.; Tsias, A.; Peter, T. Water activity as the
determinant for homogeneous ice nucleation in aqueous solutions.
Nature 2000, 406, 611−614.
(13) Knott, B. C.; Molinero, V.; Doherty, M. F.; Peters, B.
Homogeneous Nucleation of Methane Hydrates: Unrealistic under
Realistic Conditions. J. Am. Chem. Soc. 2012, 134, 19544−19547.
(14) Sanz, E.; Vega, C.; Espinosa, J. R.; Caballero-Bernal, R.; Abascal,
J. L. F.; Valeriani, C. Homogeneous Ice Nucleation at Moderate
Supercooling from Molecular Simulation. J. Am. Chem. Soc. 2013, 135,
15008−15017.
(15) Espinosa, J. R.; Vega, C.; Valeriani, C.; Sanz, E. Seeding
approach to crystal nucleation. J. Chem. Phys. 2016, 144, 034501.
(16) Espinosa, J. R.; Vega, C.; Sanz, E. The mold integration method
for the calculation of the crystal-fluid interfacial free energy from
simulations. J. Chem. Phys. 2014, 141, 134709.
(17) Abascal, J. L. F.; Vega, C. A general purpose model for the
condensed phases of water: TIP4P/2005. J. Chem. Phys. 2005, 123,
234505.
(18) Joung, I. S.; Cheatham, T. E. Determination of Alkali and Halide
Monovalent Ion Parameters for Use in Explicitly Solvated
Biomolecular Simulations. J. Phys. Chem. B 2008, 112, 9020−9041.
(19) Benavides, A. L.; Aragones, J. L.; Vega, C. Consensus on the
solubility of NaCl in water from computer simulations using the
chemical potential route. J. Chem. Phys. 2016, 144, 124504.
(20) Lindahl, E.; Hess, B.; van der Spoel, D. GROMACS 3.0: a
package for molecular simulation and trajectory analysis. J. Mol. Model.
2001, 7, 306.
(21) Espinosa, J. R.; Vega, C.; Sanz, E. Ice-Water interfacial free
energy for the TIP4P, TIP4P/2005, TIP4P/ICE and mW models as
obtained from the mold integration technique. J. Phys. Chem. C 2016,
120, 8068−8075.
(22) Espinosa, J. R.; Vega, C.; Valeriani, C.; Sanz, E. The crystal-fluid
interfacial free energy and nucleation rate of NaCl from different
simulation methods. J. Chem. Phys. 2015, 142, 194709.
(23) Soria, G. D.; Espinosa, J. R.; Ramirez, J.; Valeriani, C.; Vega, C.;
Sanz, E. A simulation study of homogeneous ice nucleation in
supercooled salty water. To be published.
(24) Lechner, W.; Dellago, C. Accurate determination of crystal
structures based on averaged local bond order parameters. J. Chem.
Phys. 2008, 129, 114707.
(25) Zaragoza, A.; Conde, M. M.; Espinosa, J. R.; Valeriani, C.; Vega,
C.; Sanz, E. Competition between ices Ih and Ic in homogeneous
water freezing. J. Chem. Phys. 2015, 143, 134504.

The Journal of Physical Chemistry Letters Letter

DOI: 10.1021/acs.jpclett.7b01551
J. Phys. Chem. Lett. 2017, 8, 4486−4491

4490

mailto:esa01@quim.ucm.es
http://orcid.org/0000-0001-6474-5835
http://dx.doi.org/10.1021/acs.jpclett.7b01551
http://pubs.acs.org/action/showLinks?pmid=26801035&crossref=10.1063%2F1.4939641&coi=1%3ACAS%3A528%3ADC%252BC28Xht1CmtbY%253D&citationId=p_n_53_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fja309117d&coi=1%3ACAS%3A528%3ADC%252BC38Xhs1Gru77P&citationId=p_n_45_1
http://pubs.acs.org/action/showLinks?pmid=28799362&crossref=10.1063%2F1.4965427&citationId=p_n_8_1
http://pubs.acs.org/action/showLinks?pmid=27036458&crossref=10.1063%2F1.4943780&coi=1%3ACAS%3A528%3ADC%252BC28XkvVCitr0%253D&citationId=p_n_67_1
http://pubs.acs.org/action/showLinks?pmid=17812529&crossref=10.1126%2Fscience.189.4206.880&coi=1%3ACAS%3A528%3ADyaE2MXlsFamurg%253D&citationId=p_n_30_1
http://pubs.acs.org/action/showLinks?pmid=10949298&crossref=10.1038%2F35020537&coi=1%3ACAS%3A528%3ADC%252BD3cXmtFegtbo%253D&citationId=p_n_40_1
http://pubs.acs.org/action/showLinks?pmid=26001475&crossref=10.1063%2F1.4921185&coi=1%3ACAS%3A528%3ADC%252BC2MXoslyjs7w%253D&citationId=p_n_79_1
http://pubs.acs.org/action/showLinks?crossref=10.1175%2FBAMS-86-6-795&citationId=p_n_24_1
http://pubs.acs.org/action/showLinks?pmid=23246475&crossref=10.1016%2Fj.cryobiol.2012.11.007&citationId=p_n_26_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fjp8001614&coi=1%3ACAS%3A528%3ADC%252BD1cXnvFGqtL4%253D&citationId=p_n_62_1
http://pubs.acs.org/action/showLinks?pmid=25296830&crossref=10.1063%2F1.4896621&coi=1%3ACAS%3A528%3ADC%252BC2cXhslahtrfP&citationId=p_n_56_1
http://pubs.acs.org/action/showLinks?pmid=22232652&crossref=10.1073%2Fpnas.1113059109&coi=1%3ACAS%3A528%3ADC%252BC38XislWlurk%253D&citationId=p_n_11_1
http://pubs.acs.org/action/showLinks?pmid=26450320&crossref=10.1063%2F1.4931987&coi=1%3ACAS%3A528%3ADC%252BC2MXhs1WjtrfM&citationId=p_n_88_1


(26) Conde, M. M.; Gonzalez, M. A.; Abascal, J. L. F.; Vega, C.
Determining the phase diagram of water from direct coexistence
simulations: The phase diagram of the TIP4P/2005 model revisited. J.
Chem. Phys. 2013, 139, 154505.
(27) Kelton, K. F. Crystal Nucleation in Liquids and Glasses;
Academic: Boston, MA, 1991.
(28) Volmer, M.; Weber, A. Keimbildung in ubersattigten Gebilden.
Z. Phys. Chem. 1926, 119U, 277.
(29) Becker, R.; Doring, W. Kinetische behandlung der keimbildung
in ubersattigten dampfen. Ann. Phys. 1935, 416, 719−752.
(30) Espinosa, J. R.; Sanz, E.; Valeriani, C.; Vega, C. Homogeneous
ice nucleation evaluated for several water models. J. Chem. Phys. 2014,
141, 18C529.
(31) Espinosa, J. R.; Zaragoza, A.; Rosales-Pelaez, P.; Navarro, C.;
Valeriani, C.; Vega, C.; Sanz, E. Interfacial Free Energy as the Key to
the Pressure-Induced Deceleration of Ice Nucleation. Phys. Rev. Lett.
2016, 117, 135702.
(32) Ickes, L.; Welti, A.; Hoose, C.; Lohmann, U. Classical nucleation
theory of homogeneous freezing of water: thermodynamic and kinetic
parameters. Phys. Chem. Chem. Phys. 2015, 17, 5514−5537.
(33) Koop, T. Homogeneous Ice Nucleation in Water and Aqueous
Solutions. Z. Phys. Chem. 2004, 218, 1231.
(34) Mester, Z.; Panagiotopoulos, A. Z. Mean ionic activity
coefficients in aqueous NaCl solutions from molecular dynamics
simulations. J. Chem. Phys. 2015, 142, 044507.
(35) Debenedetti, P. G. Supercooled and glassy water. J. Phys.:
Condens. Matter 2003, 15, R1669−R1726.
(36) Gallo, P.; et al. Water: A Tale of Two Liquids. Chem. Rev. 2016,
116, 7463−7500.
(37) Bullock, G.; Molinero, V. Low-density liquid water is the mother
of ice: on the relation between mesostructure, thermodynamics and ice
crystallization in solutions. Faraday Discuss. 2014, 167, 371−388.
(38) Barahona, D. Analysis of the effect of water activity on ice
formation using a new thermodynamic framework. Atmos. Chem. Phys.
2014, 14, 7665−7680.
(39) Vega, C.; Abascal, J. L. F. Simulating water with rigid non-
polarizable models: a general perspective. Phys. Chem. Chem. Phys.
2011, 13, 19663−19688.
(40) Pi, H. L.; Aragones, J. L.; Vega, C.; Noya, E. G.; Abascal, J. L.;
Gonzalez, M. A.; McBride, C. Anomalies in water as obtained from
computer simulations of the TIP4P/2005 model: density maxima, and
density, isothermal compressibility and heat capacity minima. Mol.
Phys. 2009, 107, 365−374.
(41) Swanson, B. D. How Well Does Water Activity Determine
Homogeneous Ice Nucleation Temperature in Aqueous Sulfuric Acid
and Ammonium Sulfate Droplets? J. Atmos. Sci. 2009, 66, 741−754.
(42) Malkin, T. L.; Murray, B. J.; Salzmann, C. G.; Molinero, V.;
Pickering, S. J.; Whale, T. F. Stacking disorder in ice I. Phys. Chem.
Chem. Phys. 2015, 17, 60−76.
(43) Koop, T.; Kapilashrami, A.; Molina, L. T.; Molina, M. J. Phase
transitions of sea-salt/water mixtures at low temperatures: Implications
for ozone chemistry in the polar marine boundary layer. Journal of
Geophysical Research: Atmospheres 2000, 105, 26393−26402.
(44) Conde, M. M.; Rovere, M.; Gallo, P. Spontaneous NaCl-doped
ice at seawater conditions: focus on the mechanisms of ion inclusion.
Phys. Chem. Chem. Phys. 2017, 19, 9566−9574.
(45) Bauerecker, S.; Ulbig, P.; Buch, V.; Vrbka, L.; Jungwirth, P.
Monitoring Ice Nucleation in Pure and Salty Water via High-Speed
Imaging and Computer Simulations. J. Phys. Chem. C 2008, 112,
7631−7636.
(46) Benet, J.; MacDowell, L. G.; Sanz, E. A study of the ice-water
interface using the TIP4P/2005 water model. Phys. Chem. Chem. Phys.
2014, 16, 22159−22166.
(47) Benet, J.; Llombart, P.; Sanz, E.; MacDowell, L. G. Premelting-
Induced Smoothening of the Ice-Vapor Interface. Phys. Rev. Lett. 2016,
117, 096101.
(48) Koss, P.; Statt, A.; Virnau, P.; Binder, K. Free Energy Barriers for
Crystal Nucleation from Fluid Phases. arXiv 2017; 1705.08216.

(49) Agarwal, V.; Peters, B. Advances in Chemical Physics; John Wiley
& Sons, Inc., 2014; Vol. 155, pp 97−160.
(50) Vekilov, P. G. The two-step mechanism of nucleation of crystals
in solution. Nanoscale 2010, 2, 2346−2357.
(51) Black, S. Simulating nucleation of molecular solids. Proc. R. Soc.
London, Ser. A 2007, 463, 2799−2811.
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