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Abstract

We review some recent progress in understanding the dynamics and thermodynamics of hydration

water at low temperature T . Using a theoretical model, we predict two dynamic crossovers for water

at the interface with lysozyme at low hydration level and, using dielectric spectroscopy, we observe

them. We show that these two crossovers are the consequence of the particular formation and

rearrangement of the hydrogen-bond (HB) network of hydration water. At approximately 252 K

we predict a large increase in isolated HBs that gives rise to a P -dependent specific heat maximum.

This maximum, much broader and smaller than that consistent with calorimetric experiments, is

similar to that calculated in many atomistic models for supercooled water and is often associated

with the Widom line of the liquid-liquid phase transition. At approximately 181 K we predict that

the HB network percolates over the protein surface, inducing a P -independent large structural

rearrangement. As a consequence, the specific heat has a large maximum that is consistent with

data from calorimetric experiments. We show that this low-T , P -independent maximum is the

Widom line, consistent with other recent analyses based on experimental data. Each of the two

maxima allows us to predict a dynamic crossover: one between two non-Arrhenius behaviours at

' 252 K and the other between non-Arrhenius and Arrhenius behaviour at ' 181 K. Our dielectric

experiments for hydrated lysozyme show clear evidence of these two crossovers. Our analysis

bridges the gap between experimental data and theoretical predictions.
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Because of their relevance to physics, chemistry, and biology, the anomalies of water

have attracted intense interest [1–4]. One of water’s anomalies is its large isobaric specific

heat CP that increases upon cooling below 35◦C [5]. Two other response functions, the

isothermal compressibility KT and the isobaric thermal expansivity αP , also increase in

magnitude upon cooling for a wide range of temperature T . This increase is rapid in the

supercooled region, with a possible divergence between T ≈ −48◦C [6] and T ≈ −51◦C [7].

However, experimental data for the bulk liquid state are only available, at present, down to

TH ≈ −41◦C, due to homogeneous nucleation of ice.

As discussed in Ref. [8], several different thermodynamic scenarios have been proposed

to explain the behavior of the response functions. Among them, the liquid-liquid critical

point scenario is the one that is predicted by the many-body model for hydration water,

which we show is consistent with all the available experimental data [9, 10]. A recent review

about the model provides a detailed definition and can be found in Ref. [11]. The main

feature of the model is that it effectively takes into account the many-body interaction that

characterizes water, an interaction that is missed in pairwise additive potentials [12] or three-

body potentials [13]. The many-body interaction accounts for the cooperative behavior of

the hydrogen bonds (HBs).

The rationale behind the present Comment is to provide an updated discussion on the

significance of the presence of two dynamical crossovers and their relevance to the liquid-

liquid critical point scenario. In particular, this Comment is based on two recently published

articles [14, 15] and new calculations [16] where experimental evidence, model calculations,

and simulations tackling the dynamical behavior of the hydrogen bond network are reported.

In the cited articles, we have evidenced that the dynamic properties of the HB network at

the protein-water interface exhibits not one, but two dynamic crossovers in the one-phase

region at low pressure [14, 15]. Our results show how the two crossovers are related to the

thermodynamics of water. We find that the two crossovers are consequences of two structural

changes, due to (i) the formation of the HBs and (ii) their cooperative rearrangement, which

are manifested in two maxima of the isobaric specific heat, CP .

In particular, in Ref. [14] we investigate the dielectric relaxation time of water protons

[17, 18] as a sensitive probe for HB breaking and formation [19]. We perform dielectric

relaxation experiments on lysozyme powder with hydration level h = 0.30g H2O/g dry

protein, over a broad frequency (10−2 Hz–108 Hz) and temperature range (150 K 6 T 6
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300 K).

We have found that at high T , the water proton relaxation time τ shows a Vogel-Fulcher-

Tamman (VFT) behavior, with a clear kink at T ≈ 252 K (Fig. 4 of Ref. [14]), where a

crossover from one high-T VFT behavior to a second VFT behavior at a lower T is observed.

As we discuss in Ref. [14], this crossover was predicted by the many-body model for hydration

water [20] and it was shown, by analytic calculations and simulations, that it is present also

in the singularity-free scenario [21] where water has no cooperativity and no criticality at

finite T .

Our prediction of a dynamic crossover in Refs. [20] and [22] is based on an analysis of the

behavior of the number of HBs, NHB. We show that NHB increases for decreasing T and, as

a consequence, the activation energy that rules the HB dynamics also increases. The rate of

change of NHB becomes maximum at a temperature that in Ref. [14] we show corresponds

to the crossover temperature at ≈ 252 K. When T < 252 K, the rate of change of NHB with

T decreases and, as we show analytically, the dynamics has a crossover from non-Arrhenius

to an apparent Arrhenius behavior [20, 22]. In Ref. [14] we discuss how this crossover is

associated with a change in the diffusion regime of water protons, from sub-diffusive at lower

T to freely diffusive at higher T .

The structural change at ≈ 252 K causes CP to have a maximum at the crossover temper-

ature. Although differently stated in our initial analysis [20, 22], the calculations reported

in Refs. [14] and [15] allow us to clarify that the crossover at T ≈ 252 K is non-cooperative

and thus not associated with the Widom line.

Because the pressure affects the number of HBs in the system, NHB decreases for increas-

ing P at constant T [15, 20, 22]. Thus we show [15] that the maximum of CP associated to

the maximum T -derivative of NHB moves toward lower T when P increases (Figs. 1 and 4

of Ref. [15]).

At T ≈ 181 K we predict and observe a second crossover [14]. The T -dependence of τ

changes from the VFT above 181 K to Arrhenius τ(T ) = τ0 exp (A/RT ) below 181 K, where

τ0 is a characteristic relaxation time and A a constant activation energy (Fig. 4 of Ref. [14]).

To our knowledge, the crossover at ≈ 181 K has previously not been reported.

Recent experimental works confirm our picture. Specifically, quasielastic neutron scat-

tering experiments on water hydrating the surface of rutile (TiO2) nanopowders [23] and

elastic incoherent neutron scattering for perdeuterated C-phycocyanin [24] show data con-
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sistent with the two crossovers that we have observed in hydrated lysozyme.

As we have shown previously [14, 15], the crossover at ≈ 181 K is a consequence of

the maximum change in the number Ncoop of cooperative HBs. At this range of T , the

activation energy for the HB dynamics depends almost exclusively on Ncoop, and we find

that for T < 181 KNcoop saturates. Thus the activation energy becomes constant and the HB

dynamics are characterized by Arrhenius behavior. The structural change in Ncoop induces

a strong maximum in CP . Since the quantity Ncoop is weakly dependent on P , a change of

pressure does not affect the temperature where the strong (cooperative) maximum of CP

occurs. However, the strong maximum of CP is more pronounced around P ' 0.13 GPa,

where it merges with the P -dependent weaker maximum of CP associated with the variation

of NHB, consistent with the occurrence of a critical point for a finite system (Fig. 12 of

Ref. [15]).

Our new calculations [16] give us a new understanding of the two maxima of CP and the

two associated dynamic crossovers. By direct calculation of the HBs correlation length, we

show that the Widom line corresponds to the P -independent locus of the stronger maximum

of CP at T ≈ 181 K [16]. This is consistent with the fact that the strong maximum is a

consequence of the largest fluctuations of the number Ncoop of cooperative HBs.

On the one hand, this result is qualitatively consistent with the recent analysis of the

available experimental results for CP , KT , and αP performed by Anisimov and collaborators

[25]. They found the Widom line to be P -independent and the CP to have strong maxima

that resemble those found in our many-body model (main panels of Fig. 1). The fact that

the analysis from experimental data does not show the high-T (P -dependent) weak maxima

observed in the many-body model is possibly due to orders of magnitude difference between

the two maxima (inset of Fig. 1).

On the other hand, the location of the weak maxima in CP strongly depends on P , with an

amplitude that slowly increases as P is increased (inset of Fig. 1a) or as T is decreased (inset

of Fig. 1b). This behavior is consistent with the numerical simulation results performed with

the ST2 water model [26]. We find [16] similar results for KT and the αP (not shown here),

for which the strong maxima follow the P -independent Widom line, while the higher-T

weak maxima have an amplitude that increases with increasing P and follow loci that are

P -dependent as in ST2 and TIP4P-water [27], TIP4P/2005 water [28] and the pair-wise

Water potential from Adaptive Force Matching for Ice and Liquid (WAIL) [29].
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Since the atomistic models cannot be equilibrated at temperatures of the order of our

low-T maxima in response functions, it is not surprising that atomistic simulations show

only the P -dependent maxima occurring at higher T . Moreover, atomistic pair-wise, non-

polarizable models do not include many-body interactions that would be necessary to give

rise to the cooperative behavior that develops along the Widom line.

In conclusion, our results allow us to reconcile the results of atomistic simulations with

experimental evidence. While atomistic simulations can access only the non-cooperative

maxima at higher T (due to computational limitations and model definitions), experiments

have so far found evidence only of the stronger maxima at lower T (because the lower-T

maxima are overwhelmingly larger than the higher-T maxima, and therefore an extremely

high resolution is needed to separate them.) We clarify that the Widom line of the liquid-

liquid critical point is generated by the cooperative behavior of water and corresponds to

the lower-T locus of CP maxima.
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FIG. 1. The isobaric specific heat for the many-body model for hydration water as function of T

(a) and P (b). Insets: the weak (broader) maxima occurring at temperatures that are function of

P . Their amplitudes are two orders of magnitude smaller than those of the strong maxima at lower

T . Temperature, pressure and specific heat are expressed in internal units of the model, 4ε/kB,

4ε/v0 and kB, respectively as defined in Ref.s [14, 15] and reviewed in Ref. [11].
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