N
N

N

HAL

open science

Predictions for the properties of water below its
homogeneous crystallization temperature revisited

Frédéric Caupin

» To cite this version:

Frédéric Caupin. Predictions for the properties of water below its homogeneous crystallization tempera-
ture revisited. Journal of Non-Crystalline Solids: X, 2022, 14, pp.100090. <10.1016/j.n0cx.2022.100090). <hal-

04142235)

HAL Id: hal-04142235
https://hal.science/hal-04142235v1

Submitted on 22 Jul 2024

HAL is a multi-disciplinary open access archive
for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documents may come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

L’archive ouverte pluridisciplinaire HAL, est des-
tinée au dépot et a la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
francais ou étrangers, des laboratoires publics ou
privés.

Distributed under a Creative Commons CC BY-NC 4.0 - Attribution - Non-commercial use - International
License


https://hal.science/hal-04142235v1
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr

Version of Record: https://www.sciencedirect.com/science/article/pii/S2590159122000103

Manuscript_84674981a82a797ab4673d221adfc784

14 (2022) 100090

ELSEVIER

Contents lists available at ScienceDirect
Journal of Non-Crystalline Solids: X

journal homepage: www.sciencedirect.com/journal/journal-of-non-crystalline-solids-x

= JOURNAL OF
NON-CRYSTALLINE SOLIDS: €3

Check for

Predictions for the properties of water below its homogeneous ol

crystallization temperature revisited

Frédéric Caupin

Institut Lumiere Matiere, Université de Lyon, Université Claude Bernard Lyon 1, CNRS, F-69622 Villeurbanne, France

ARTICLE INFO ABSTRACT

Keywords:
Supercooled water
Kauzmann
Arrhenius
Adam-Gibbs
Angell

Properties of liquid water supercooled below its melting point have been thoroughly investigated. Experiments
on bulk water become increasingly difficult as the temperature is lowered, and eventually impossible when the
delay before ice nucleation becomes too short, around 230 K at ambient pressure. At low temperatures, amor-
phous ices and their glass transition may be studied only below the temperature of crystallization during heating,
around 150 K. The temperature range from around 150 to 230 K at ambient pressure thus appears as a no man's

land where the properties of bulk water are not accessible. Following Austen Angell's footsteps, I provide here
physically acceptable predictions for thermodynamic properties (heat capacity, entropy) of liquid water down to
its glass transition, and use the Adam-Gibbs approach to predict its dynamic properties (shear viscosity, self-
diffusion coefficient, rotational correlation time).

1. Introduction

The last time I met Austen Angell was in Hamburg, during the DESY
Water Week (25-28 February 2020), just before the outbreak of the
covid-19 pandemic in Europe. Following my presentation, in which a
slide showed a model predicting how much the heat capacity could in-
crease in supercooled water [1], Austen was worried that most of the
entropy of the supercooled liquid would be exhausted and would pre-
maturely fall below that of ice, an accident known as the Kauzmann
paradox [2]. In a later e-mail exchange, I sent him figures based on
Ref. [1] showing that this was not the case; we shall see that my state-
ment was too hasty. Austen suggested me to “to use [my] entropy
variation with T to calculate the viscosity by the Adam-Gibbs equation,
to see what it predicts.”’ Unfortunately, I could not find time to do so
and show him the results. The purpose of this paper is to eventually
present my “homework”.

Viscosity was measured at ambient pressure down to 239 K [3]. The
ice nucleation rate increases upon cooling, so that measurements at
lower temperature become extremely difficult. The lowest temperature
reached with bulk liquid water is around 230 K using fast evaporating
droplets [4], and efforts with this technique have been recently made to
obtain thermodynamic data [5,6]. To avoid crystallization of water and
perform measurements at even lower temperature, tricks must be used,
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such as nanoscale confinement [7] or addition of solute [8] (see Ref. [9]
for a review). However, the relation to the properties of pure bulk water
is not straightforward [7,10]. On the low temperature side, measure-
ments starting from the amorphous ices are limited by ice crystallization
around 150 K at ambient pressure [11]. Therefore, a physically moti-
vated prediction for the dynamic properties of water in the =150-230 K
“no man's land” is valuable.

I'will give here only a brief description of the salient points needed to
understand the following, and refer the reader to classic references
[12-14] for detailed reviews. The rapid decrease of entropy upon
cooling is a common feature of many glassformers (the so-called fragile
ones). Although it is not impossible for a liquid to reach a lower entropy
than its crystalline counterpart (think about helium 3 at low tempera-
ture), this entropy crisis is puzzling enough to have led Kauzmann to
suggest a possible thermodynamic origin for the glass transition [2]. The
supercooled liquid would become a dynamically arrested phase (the
glass) to stop loosing entropy. Entropy could thus control the dynamic
properties of the supercooled liquid, and Adam and Gibbs [15] proposed
a quantitative connection.

Such a connection between dynamics and thermodynamics has
inspired many researchers, at the forefront of whom was Austen Angell.
It is notable that his paper On the Importance of the Metastable Liquid State
and Glass Transition Phenomenon to Transport and Structure Studies in Ionic
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Liquids. 1. Transport Properties [16] was the eighth (out of 5105 at the
time of writing) to cite Adam and Gibbs [15], within a year from its
publication: the latter appeared on July 1, 1965, and the former was
submitted to The Journal of Physical Chemistry on January 25, 1966.
Since, Austen Angell constantly came back to the link between transport
properties on the one hand, and heat capacity and entropy on the other
hand, most recently in his work on phase change materials [17]. He first
thought about applying the Adam-Gibbs approach to water in 1973
[18]. The large increase of heat capacity in supercooled water quickly
reduces the liquid entropy. Constraining this entropy to remain higher
than that of ice down to the glass transition temperature Ty < 150K
implies a A-type anomaly for the heat capacity, which “would presum-
ably be accompanied by a sharp drop in viscosity and diffusivity tem-
perature dependences” [18]. This was reiterated by Angell et al. [19,20],
who proposed that this would cause viscosity to change its fragile
behavior near melting to a strong, Arrhenius behavior near T,. Using
constraints on the behavior of entropy and heat capacity near Ty and
melting, Starr, Angell and Stanley [21] gave bounds for these quantities
across the whole temperature range, and made predictions for the vis-
cosity and self-diffusion coefficient. I will follow the same logic here,
using a recent two-state model for the thermodynamics of stable and
supercooled water [1].

The paper is organized as follows. Section 2 describes the sources
used for the thermodynamic properties of water and ice, and compares
their entropies, directly and in a Kauzmann plot. Section 3 presents
experimental data for the dynamic properties of supercooled water, and
displays their temperature dependence in an Arrhenius plot. Section 4
explores a possible connexion a la Adam-Gibbs between thermodynamic
and dynamic quantities, and uses it to extrapolate dynamic data to low
temperatures and plot them in an Angell plot. Section 5 discusses the
results, with appropriate caveats.

2. Thermodynamic properties of supercooled water and ice: The
Kauzmann plot

2.1. Thermodynamic properties of ice

Feistel and Wagner [22] have developed a Gibbs potential function
for hexagonal ice, covering the ranges 0-273.16 K and 0-210 MPa. We
use here only the thermodynamic values at ambient pressure (Pym =
101325Pa) and down to 130K, for which tables are provided. As the
isobaric heat capacity Cp, ice Varies linearly in that range, we use the
following function for the entropy of ice as a function of temperature:

T CP.ice(T/)

, T T
SiceT = Ore 7/dT:Sre ——1 bl =1, 1
st [ S50 —sara(pr)on(z). o
where T, = 273.152519K is the melting point at Py, and Sief = —
1220.76932549696 Jkg ' K! the calculated entropy of ice at (T, Patm)-
Fitting Eq. 1 on the 17 tabulated values from 130 to 273 K [22], we find:
a=1912.21Jkg 'K ! and b = 173.407Jkg 'K L.

2.2. Thermodynamic properties of supercooled water: A two-state
approach

Liquid water is famous for its thermodynamic anomalies, such as its
density maximum and isothermal compressibility and isobaric heat ca-
pacity maxima along isobars. The anomalous behavior becomes even
more pronounced when the liquid is supercooled, that is at temperatures
below ice-liquid equilibrium [23,24]. Two-state descriptions of water
have a long history [25]. Water is viewed as a non-ideal mixture of two
states A and B, in which the fraction x of the B state is not fixed, but a
function of temperature and pressure which minimizes the total Gibbs
free energy of the liquid. We have recently derived a two-state model [1]
where the Gibbs free energy of the liquid reads:
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G(T,P,x) = Ga +x[Gy(T,P) — Ga(T , P)| + ka T [xInx + (1 — x)In(1 — x) |
+o(P)x(1 —x), (2)

where G and Gg are the Gibbs free energies of liquids made of pure state
A and pure state B, respectively; the third term is the ideal entropy of
mixing, and the last term is the enthalpy of mixing for a regular solution.
The model parameters were found by fitting above 1000 values of
experimental data for liquid water in a broad range of temperatures and
pressures: from 300K to the temperature of homogeneous ice nucle-
ation, and from 400 MPa to the pressure of homogeneous vapor nucle-
ation. The resulting fit describes all data within their uncertainties. We
tested two versions of this model, with and without including recent,
indirect isothermal compressibility data from experiments on fast
evaporating micrometer-sized droplets [5]. We have argued [26] that
these data might suffer some bias in the compressibility or temperature
[4] values. Indeed, the slope of the compressibility-temperature curve
from Ref. [5] does not match that from a previous work by Kanno and
Angell using capillaries 200pym in diameter [27] in the temperature
range where the two sets overlaps (see Fig. 7 of Ref. [1]). As including
the data from Ref. [5] causes systematic deviations in the fit, in the
following, we will use the version without them.

Introducing the “reaction constant” K such that kgT In K = Gg — Gp,
the equilibrium fraction x. is found by minimizing G:

Xe

kBT<an+lnl > +o(P)(1 —2x.) =0. 3

e

As shown in Ref. [1], x, switches from O to 1 when the temperature is
lowered, so that the system changes from an A-like liquid at high-
temperature to a B-like liquid at low temperature. At high pressure,
the change in x. is discontinuous, signaling a first-order liquid-liquid
transition ending at a critical point around 218K and 72 MPa. Note that
this is a prediction from the model, as all supporting experimental data
were measured at state points above the putative transition. At lower
pressures, x. changes continuously, with an inflection point at x, = 1/2
which defines the so-called Widom line associated with the liquid-liquid
transition [24].

From Eq. 2, the entropy S and isobaric heat capacity Cp follow:

S=— (3—?)P =Sy —kp [xc (0(21;1() )P el + (1= x)In(1 —xc)},
C)]

& (TInK) dx) [ ((TinK) e
-t () < (), [, e
®)

where Sy and Cp, 5 are the entropy and isobaric heat capacity of a pure
state A liquid, respectively. When preparing the present article, I
discovered a discrepancy between the entropy variation calculated by
integration of Cp/T and by direct difference. I found out that it arose
from an error in the version of Eq. 4 used in Ref. [1]. Fortunately, S was
not directly used in the fit of experimental data, and the expressions for
all other quantities were correct; therefore the results of Ref. [1] are
unaffected, except for the entropy displayed in its Figs. 17 and S6%
corrected versions of these figures have now appeared in an Erratum
[28]. The correct expression for S, Eq. 4, is used here.

At ambient pressure, the fitted data extend down to 239.75K. Fig. 1
compares this model and its extrapolation to lower temperatures to ice
and to the previous work by Starr et al. [21]. We see that the various
models for the liquid all exhibit a heat capacity maximum of similar

2 These are the figures I sent to Austen Angell.
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S/(kT kg™ K1

Cp/(kJ kg™ K1)
(9]

o

150 200 250 300
T/K

Fig. 1. Top: entropy as a function of temperature for ice (long-dashed blue) and
liquid water (solid red: Ref. [1], short-dashed brown: bounds from Ref. [21]).
The ice curve is the fit with Eq. 1 to data from an empirical equation of state for
hexagonal ice [22]. The liquid curve is based on a two-state fit to experimental
data [1], down to 240 K for entropy, and extrapolated below. The curves
intersect at 184.49 K. To avoid this crossing, and keep the liquid entropy above
that of the crystal, a switching function (Eq. 6) is introduced; the modified
liquid entropy is shown as a dot-dashed purple curve. Bottom: isobaric heat
capacity as a function of temperature; the legend is the same as in the top panel.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

magnitude, which translates into an inflection point in the entropy
curve. In the two-state model, the maximum and inflection point occur
near the Widom line. The good agreement between two independent
methods (the two-state prediction based only on high temperature data,
and the estimate from Ref. [21], based on polynomial interpolation
between constrained behaviors at high and low temperature) is
remarkable. A departure is seen only at the lowest temperatures, when
the prediction for Cp from Ref. [21] reaches the ice value, while that
from the two-state extrapolation remains at higher values. Accordingly,
the entropy from the two-state extrapolation keeps dropping to lower
values than that from Ref. [21], and the former crosses the entropy of ice
at 184.49K. In the two-state model, Cp of the liquid asymptotically ap-
proaches Cp of state B at low temperature. If one wishes to avoid the
early crossing of the entropies of supercooled water and ice, Cp for state
B in the two-state model should be constrained to lie above Cp of ice.
This should be possible with an appropriate modification of Gg — G, in
Eq. 2. I leave this for future work, and for the time being I simply
introduce a switching function ¢ to modify the Cp behavior at low
temperature, viz. Cp*(T) = ¢(T)Cp(T) + [1 — ¢(T)ICp, ice(T), With

T — Tswilch

oT ©)

H(T) = % 1+ tanh

The modified entropy S* follows by integrating Cp*/T. Fig. 1 shows
with a dot-dashed purple curve S* and Cp* using Tswitch = 197K and 6T
= 20K. At 244.11K, the lowest temperature for which accurate Cp data
is available, Cp* is lower than Cp by 0.55% only, so that the quality of the
two-state model in representing experimental data remains unaffected.
Cp* is now close to the lower estimate from Ref. [21], and, by design, S*
now remains above Sie, with a difference approximately twice that
proposed in Ref. [21]. The latter used the mean value for Se, reported by
Speedy et al. in Ref. [29]. From the study of evaporation rates of
amorphous water and ice, they estimated Sex = 94 + 94 Jkg 'K ™! at
150K; the value for S* — S;c.(150K) = 168J kg’1 K ! is not incompat-
ible. We shall see that it leads to predictions significantly different from
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Ref. [21].
2.3. The Kauzmann plot

With the entropies for ice (Section 2.1) and liquid (Section 2.2), we
can now define the excess entropy Sex=S-Sice and build the Kauzmann
plot, displaying Sex(T)/Sex(Tm) as a function of T/Ty, (Fig. 2, top). Down
to 0.8 Ty, all choices for the liquid entropy stay very close; at lower
temperatures, the raw S from the two-state model gives an unphysical
Sex = 0 above Tg, whereas the corrected S* and S from Ref. [21] turn
around, avoiding the entropy crisis.

Angell introduced an alternate version of the Kauzmann plot, the
“thermodynamic fragility” plot. The quantities are now scaled with
respect to T, rather than to Ty, and the slope corresponds to the fragility.
The result is displayed in Fig. 2 (bottom), except for the raw two-state
prediction for S, which crosses Sice above Ty and cannot be shown
with this representation. We have used throughout the present work T,
= 136K. Within the extrapolations used, water changes from a very
fragile behavior near Ty, to a strong behavior near T,. When compared to
other glassformers (see Fig. 2 of Ref. [21]), water would be the strongest
liquid near Tg.

3. Dynamic properties of supercooled water: The Arrhenius plot

Shear viscosity 7, self-diffusion coefficient D, and rotational corre-
lation time 7, have been extensively measured in supercooled water. In
their seminal 1976 paper [30], Speedy and Angell showed that, at
ambient pressure, these dynamic quantities, as well as thermodynamic

1.0 . . : :
0.8} .
£0.6f .
9
X
S 0.4f ’ .
T, //
L /i i
0.2 t":/// i
0 o4 1 1 1 1
0 02 04 06 08 1.0
T/Tm
1.0 ; ——
/'/ /’//
0.8F /7 y
/7
0.6 / A
5 0.6f / 1
g //]
5 iy
1 0.4r / //// -
T /]
0.2r //' /// R
8 4 0.6 0.8 1.0
To/T

Fig. 2. Kauzmann (top) and thermodynamic fragility (bottom) plots. The
legend is the same as in Fig. 1. The dotted line in the top panel shows the
first bisector.
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quantities, can be described by the power-law

T Y
A(T) :AO(—— 1) . )
T<

Later measurements of D in supercooled water at ambient pressure
[31,32] were found to be better described by such a power-law than by
the Vogel-Tamman-Fulcher (VTF) relationship A(T) = Ag exp [-B/(T —
To)] traditionally used to describe fragile glassformers. Recently, we
obtained viscosity data of deeply supercooled water from the Brownian
motion of colloids [3]. Using a compilation of literature shear viscosity
(including our new data), self-diffusion coefficient, and rotational cor-
relation time, we confirmed that the power-law (Eq. 7) performs better
than VTF, and gives a representation of experimental data within their
uncertainty over a broad temperature range. For easy reference, the
best-fit parameters and fitted region given in Ref. [3] are reproduced
here in Table 1. Using these fits, we plot in an Arrhenius plot (Fig. 3) the
three dynamic quantities from 300K to the lowest measured tempera-
tures (red curves). Simulations of # and D for the TIP4P/2005 water
model [33,34] are in good agreement with experimental data, and
extend to lower temperatures (see Section 4). The behavior is super-
Arrhenius, making water at moderate supercooling a fragile liquid.

We note that mode-coupling theory (MCT) [35] predicts for dynamic
quantities in moderately supercooled liquids a power-law behavior as in
Eq. 7. MCT predictions have been confirmed in simulation studies of
water (see e.g. Refs. [36-38]). However, as discussed in Ref. [3], the
differences in the singular temperature T and in the absolute values of
the power-law exponent y (Table 1) are not in line with all MCT
predictions.

4. A link between dynamics and thermodynamics?

A long-standing idea in the field of the glass transition is a possible
link between thermodynamics, in particular the Kauzmann paradox, and
dynamics. The dynamic arrest of the glassformer would be due to the
approach of the entropy crisis at Tk, with dynamic processes involving
increasingly larger cooperatively rearranging regions as Tx is
approached. This is formalized in the Adam-Gibbs theory by writing:

A(T) = Agexp ( (8)

)
TSconl' (T) ’
where A is a dynamic quantity, Ay a prefactor, B an energy parameter,
and Scons measures the configurational entropy (that is liquid entropy
left when vibrational contributions have been subtracted).

4.1. Configurational entropy

To test Eq. 8, the first step is to define a proxy for Scops. It is common
to assume that vibrational contributions are identical in the liquid and
the crystal (see however Section 5), and to write Sqonf as the excess en-
tropy Sex (the difference between the entropies in the two phases):

Secont = Sex = 5 — Sice- ©

In the case of ice, Starr et al. [21] argued that the above equation
unnecessarily removes the residual entropy due to proton disorder in ice
Sres = kg In (3/2), and thus wrote:

Table 1
Best fits obtained with a power-law Ao(T/Ts — 1) [3].
Quantity Temperature range Ts (K) v Ao
x)
Viscosity n 239.15-373.15 225.66 1.6438 137.88uPas
Self-diffusion 237.8-498.2 213.96 —2.0801 16077um?s~!
coefficient D
Rotational 236.18-451.63 223.05 1.8760 217.89fs

relaxation time 7,
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Log[D/(um? s~1)]
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Fig. 3. Arrhenius plots showing the base-10 logarithm of a dynamic quantity
(viscosity #: top; self-diffusion coefficient D: middle; rotational correlation time
7,: bottom) as a function of inverse temperature. The red curves are accurate
power-law fits to experimental data (with parameters given in Table 1), plotted
to the lowest temperature at which experiments were performed. The black
discs display the results of simulations of # and D with the TIP4P/2005 water
model [34]. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

Secont = Sex + Stes- (10)

4.2. Correlation with dynamic properties: The Adam-Gibbs plot

To assess the performance of the Adam-Gibbs equation (Eq. 8), we
plot the base-10 logarithm of dynamic properties (Section 3) as a
function of 1/(TSconf)- Fig. 4 displays the results when respectively not
including (Eq. 9, left panels) or including (Eq. 10, right panels) Ses in
Sconf- Note that we have used data from 300K to the lowest experimental
temperature for a dynamic quantity. To calculate Sconf, we have there-
fore used the two-state model for S and Eq. 1 for Sj. (which involves a
short extrapolation above the melting point). We have then performed a
linear fit to the data, sampling evenly 20 points along the horizontal
axis. In all cases, the behavior is remarkably linear, with a better line-
arity in the case where S is included in S¢ons. We will thus follow Starr
et al. and use Eq. 10 for Scopf in the following. The parameters for the
linear fit to the various dynamic properties are given in Table 2.

4.3. Prediction for dynamics at low temperature

We have now all the ingredients to give predictions for the dynamic
properties of water at low temperature. To extrapolate the liquid en-
tropy, we use the various choices presented in Section 2.2. We then
calculate each dynamic quantity from the extrapolation of the linear fits
displayed in Fig. 4 (right panels) (with parameters given in Table 2). The
results are displayed in Fig. 5 in the form of an Angell plot showing the
base-10 logarithm of dynamic properties as a function of Ty/T.



=

. Caupin

Log[n/(Pa s)]

Log[D/(pm? s™H)]

Log[r/1s]
~

3 !

! !

!

3

4 5

3

IS

Journal of Non-Crystalline Solids: X 14 (2022) 100090

Log[n/(Pas)]

Log[D/(um? s~1)]

AT Sex) (kg I71)

UIT (Sex+Sres)] (kg I

Fig. 4. Adam-Gibbs plot for a dynamic quantity (viscosity #: top; self-diffusion
coefficient D: middle; rotational correlation time 7,: bottom) as a function of 1/
(TSconf), using Eq. 9 (left column) or Eq. 10 (right column) for Scons. The solid
red curve and dashed black line show the experimental data and a linear fit,
respectively. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

Table 2
Best linear fits to the base-10 logarithm of each dynamic quantity in the indi-
cated units with a + /(TSconf), With Scone from Eq. 10.

Dynamic quantity Units a #/Tkg™)
Viscosity 1 Pas —4.271 0.5080
Self-diffusion coefficient D pum?s~1 4.427 —0.4584
Rotational correlation time 7, fs 1.972 0.5275

While the experimental data for the stable and supercooled liquid are
well described by a Speedy-Angell power-law, its extrapolation suggests
a surprising divergence at Ts near 220K, which seems unphysical if
liquid water is connected to the low-density amorphous ice at Ty =
136 K. Using the Adam-Gibbs approach with the various models for S¢on¢
based on the shape of the heat capacity of supercooled water allows
avoiding the divergence. This was the idea introduced in the seminal
works by Angell et al. [18,20,21]. However, as they constrained Sex to
reach a rather low value close to 150K, they obtained predictions for 5
and D reaching extreme values far above T (brown long-dashed curves
in Fig. 5). The behavior is even more extreme when the raw prediction
from the two-state model [1] is used (solid red curve), as Sex vanishes at
184.49K (see Section 2.2). Correcting the prediction for S from the two-
state model into S* using the switching function (Eq. 6) removes the
singularity (dot-dashed purple curve). In fact, I have manually chosen
the values for Tswitch and ST to match the self-diffusion coefficient
experimentally obtained from analysis of the growth rate of ice in thin
water films (a few tens of monolayers) [39] (long-dashed black curve in
Fig. 5 middle panel); interestingly, these experimental data for D agree
with simulations. A good match is obtained with a physically acceptable
shape for S* and Cp* (Fig. 1). We note that Shi et al. [41] also obtained a
good representation of the D data on thin water films [39], using another
two-state model where the enthalpy of mixing in Eq. 2 is neglected. In
their model, there is thus no liquid-liquid transition nor Widom line.
Another difference is that they do not use the Adam-Gibbs approach to
obtain dynamic quantities, but rather an Arrhenius law in which the

—10f

Log[t./fs]

Ty/T

Fig. 5. Angell plot showing the base-10 logarithm of a dynamic quantity
(viscosity #: top; self-diffusion coefficient D: middle; rotational correlation time
7,: bottom) as a function of Ty/T. The lowest temperature at which experimental
data are available is indicated by a vertical dotted line. Several extrapolations
are shown: Speedy-Angell power-law (Eq. 7, short-dashed blue), and Adam-
Gibbs equation (Eq. 8) using the liquid entropy from Ref. [21] (long-dashed
brown), from the two-state model [1] (solid red) and its modified version (S*,
Section 2.2, dot-dashed purple). The black discs in the top and middle panels
show results of simulations with the TIP4P/2005 water model [34]. The long-
dashed, thick black curve in the middle panel shows D estimated from the
growth rate of ice in thin water films (a few tens of monolayers) [39]. The gray
empty squares and black empty diamonds in the bottom panel shows dielectric
relaxation time from Refs. [11,40], respectively. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

activation energy depends linearly on the fraction of the two states.
There is no exprimental 7 or 7, data available close to Ty. However,
dielectric relaxation times rp have been measured when heating low-
density amorphous ice [11]. As dielectric relaxation time measured for
stable and supercooled water [40] are roughly proportional to 7z, (the
ratio varies between 4.66 and 5.05 in the range 255 K to 305.5 K),
dielectric data may be used as a rough proxy for z,. The 7, prediction
from S* turns out to be very close to the measured dielectric data at low
temperature. The behavior predicted with S* for all three properties is a
transition from a fragile liquid close to Ty, to a very strong one close to
Tg, as hypothesized by Angell et al. [19,20]. The fragility index, defined
as the slope in the Angell plot near Ty is 13.9, 12.7, and 14.7 for 5, D, and
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7;, respectively, in good agreement with the value 14 reported for
dielectric data [11].

5. Discussion

Dynamic properties of water exhibit a fragile, super-Arrhenius
variation upon cooling (Fig. 3), well described by a power-law, which
suggests a divergence at T near 220 K. Simulation data [33,34] suggest
that there is no such divergence. Data on the self-diffusion coefficients
[39] and dielectric relaxation time [11] near Ty also suggest an Arrhe-
nius behavior at low temperature with a low activation energy, making
water one of the strongest liquids. To avoid the divergence and turn from
fragile to strong, the dynamic behavior of water should thus change
drastically around 220K. Unfortunately, this temperature region lies in
the no man's land [9,42]: experiments cannot be performed below the
temperature of homogeneous ice nucleation (around 230 K [4]), nor
above the temperature of crystallization upon heating of the amorphous
phases of water (around 150 K [11]).

This has prompted Austen Angell and others to look for predictions of
dynamic properties in the no man's land based on the Adam-Gibbs
approach. The Adam-Gibbs dependence of the dynamic properties on
the configuration entropy is well obeyed in water down to the homo-
geneous ice nucleation temperature (Fig. 4). It is a matter of assumption
to use its extrapolation for covering over 10 orders of magnitude of
further changes. Simulations have been performed to test this assump-
tion with water models. For instance, in Ref. [43], the logarithm of the
self-diffusion coefficient was found to follow 1/(TSconf) over 3 orders of
magnitude. However, further tests have been recently performed over a
much broader range with simulated models (hard spheres, soft spheres,
and soft disks) [44]. The conclusion was that the Adam-Gibbs relation is
generally violated. We note however that the dynamic property inves-
tigated was the relaxation time t, rather than #, D, or 7. We note also
that, except for hard spheres, the deviation from linearity of logz, vs. 1/
(TSconf) remains moderate, around 2 orders of magnitude for a total
variation spanning 9 orders of magnitude.

A serious issue with the experimental approach is the identification
of Sconf With Sex (EQ. 9) or Sex + Sres (Eq. 10). It has often been stated that
this is based on the assumption that the vibrational contribution to the
entropy is the same in the liquid and crystal phases, which is unfortu-
nately not the case [45]. Angell and Borick [46] gave experimental,
simulations, and analytic arguments supporting that, although different,
excess entropy and configurational entropy would remain proportional,
which would thus preserve the Adam-Gibbs relation. After recalling this
argument in Ref. [13], Angell wrote: “Regardless of the truth of the latter
statement, it is reasonable to test relationships using the ‘modified’
Adam-Gibbs equation in which, faute-de-mieux, the excess entropy is
employed.” Indeed, experiments don't have access to all the tools
available in simulations, where S¢on¢ can be obtained e.g. from the po-
tential energy landscape [43,47] or the entropy difference between
liquid and glass [44]. It might well be that the proportionality between
Sex and Sconf starts to fail at low temperature, as suggested by the
analysis of simulations with the TIP4P/2005 water model [48].

Keeping in mind the above caveats about the applicability of the
Adam-Gibbs relation and the definition of the configurational entropy, it
remains fascinating to see how a simple expression connecting ther-
modynamic and dynamic quantities may yield predictions connecting
the behavior of liquid water at small and large supercooling, all the way
through the no man's land. I leave the conclusion to Austen; in his early
paper [16], where he called T, the temperature at which S vanishes,
he wrote: “If the essential characteristic of the liquid state, viz. its
configurational entropy, does not vanish before T, then the temperature
range from the melting point down to Ty is as equally valid a part of the
liquid state as the range melting point to boiling point: to date, then,
investigators of the post-melting point range have not had the benefit of
any understanding of the behavior of this lower part of the ionic liquid
range on which to build.”
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