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Abstract 

Using molecular dynamics simulations in combination with the two-phase thermodynamic 
model, we reveal novel characteristic fingerprints of the crossing of the Frenkel and 
melting line on the properties of high-pressure water at a near critical temperature                   
(1.03 Tc). The crossing of the Frenkel line at about 1.17 GPa is characterized by a crossover 
in the rotational and translational entropy ratio Srot /Strans, indicating a change in the 
coupling between translational and rotational motions which is also reflected on the shape 
of the rotational density of states. The observed isosbestic points in the translational and 
rotational density of states are also blue-shifted at density and pressure conditions higher 
than the ones corresponding to the Frenkel line. The first-order phase transition from a rigid 
liquid to a face-centered cubic plastic crystal phase at about 8.5 GPa is reflected on the 
discontinuous changes in the translational and rotational entropy, particularly on the 
significant increase of the ratio Srot /Strans. A noticeable discontinuous increase of the 
dielectric constant has also been revealed when crossing this melting line, atrributed to the 
different arrangement of the water molecules in the plastic crystal phase. The 
reorientational dynamics in the plastic crystal phase is faster in comparison with the ‘rigid’ 
liquid-like phase, but remains unchanged upon a further pressure increase in the range 8.5-
11 GPa.  
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Supercritical fluids have attracted significant interest in diverse areas of science and 

engineering, due to their unique physicochemical properties and corresponding 

applications1. Particularly during the last decade, the study of the fundamental properties 

and the nature of supercritical fluids has received a new, noticeable attention from the 

scientific community. The main reason for this is that recent experimental and theoretical 

evidences started questioning the generally accepted idea that the supercritical region is a 

single fluid phase region2-19. Based on these evidences, several characteristic lines have 

been defined in order to divide the supercritical thermodynamic phase space into different 

regimes2-16. However, when crossing these lines, first- or second-order phase transitions, 

characterized by discontinuous changes in the thermodynamic properties of the fluids, are 

not observed. The crossing of these lines is characterized either by local extrema or 

crossovers in several thermodynamic quantities, where significant but not abrupt changes 

of these properties can be observed. The first line introduced in the literature in order to 

distinguish different regimes in the supercritical thermodynamic phase space was the 

Widom line2-10. The Widom line, originating from the critical point, identifies the boundary 

between two different regimes where supercritical fluids are characterized as gas-like and 

liquid-like fluids, respectively. Note that the definition of the Widom line is not unique and 

it depends upon the identification of the local maxima of thermodynamic response 

functions, such as the constant pressure specific heat Cp, the thermal expansion coefficient 

αp and the isothermal compressibility ΚT, along different isobars or isotherms10. The 

crossing of the Widom line is often characterized in the literature as supercritical pseudo-

boiling7,20 and our previous studies21 have pointed out that it is also related to the existence 

of significant local density inhomogeneities17,22 in supercritical fluids. At higher pressures, 

supercritical fluids exhibit crossovers in several properties, often characterized by the 

introduction of a new line called the Frenkel line12-16. The Frenkel line has been 

characterized as the boundary between a “non-rigid” liquid-like fluid and a “rigid” liquid 

and it is essentially different than the Widom line. However, it should be noted that the 

criteria used to identify the Frenkel line up to know have been a subject of debate23-25 and 

an active area of research21, 26-31 in order to provide deeper insights of the molecular-scale 

phenomena taking place at high pressures. 
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In a very recent work21, we focused on supercritical water (SCW) and revealed with the 

aim of molecular dynamics and Monte Carlo simulation techniques that a near-critical 

isotherm can be divided into different domains where SCW exhibits distinct behavior, 

ranging from a gaslike to a plastic crystal one. By investigating a wide range of structural, 

thermodynamic, and dynamic properties of SCW, we provided solid evidence about the 

existence of a structural transition from a liquidlike fluid to a compressed, tightly packed 

liquid, in the density and pressure region around 3.4 ρc and 1.17 GPa, introducing an 

alternative approach to locate the crossing of the Frenkel line. Moreover, at much higher 

pressures, around 8.5 GPa, we observed another first-order phase transition to a face-

centered cubic (fcc) plastic crystal polymorph. Such an observation clearly reveals the 

existence of a melting line of water at supercritical conditions, which is located at very 

elevated pressures. 

Motivated by all the previous findings, we focused on the role of entropy and related 

dynamics of SCW in the range of thermodynamic conditions where the crossing of the 

Frenkel and melting lines is observed. SCW has been selected to be studied due to is great 

importance in a wide range of phenomena in chemistry, physics, materials and earth-

planetary science. In our previous study21 we observed a crossover in a rotational-

translational coupling parameter when crossing the Frenkel line along a near-critical 

isotherm of SCW. Such an observation indicates that the balance between translational and 

rotational motions changes when the structural transition from a “non-rigid” to a “rigid” 

liquid takes places.  

At higher pressures, when the first-order transition from a “rigid” liquid to a plastic crystal 

phase takes place, the individual water molecules are still able to rotate. On the other hand, 

the translational motions are limited to low-frequency oscillations around the lattice sites, 

reflected on the very short-time scale behavior of their velocity time correlation functions. 

From a thermodynamic point of view, it is well known from the literature that the 

fingerprints of the different types of molecular motions on the entropy of a molecular 

system can be revealed by applying the two-phase thermodynamic model32,33. With the aim 

of this particular statistical mechanical model the translational and rotational components 

of the total entropy of the system can be directly extracted. In this way, the changes in the 
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relative contributions of each component when crossing the Frenkel and the melting line 

can provide important information about the effect of these different type of entropic 

driving forces on these phenomena. 

The two-phase thermodynamic (2PT) model has been presented in details in previous 

works in the literature32,33. Briefly speaking, the 2PT model relies upon the calculation of 

total density of states (DOS) function ( )s v :  
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 In this equation jm  is the mass of atom j, N is the total number of atoms of the system and  

( )k
js v  the spectral density of atom j in the k axis direction (k = x, y, and z in a Cartesian 
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where ( )k
jv t   is the k-component of the velocity vector of atom j at time t. In the case of 

rigid polyatomic molecular systems, where the vibrational degrees of freedom are frozen, 

the total DOS can be decomposed into a translational and a rotational component: 

( ) ( ) ( )trans rots v s v s v= +                                                  (3) 

The translational component is determined from the molecular center of mass velocities, 

using an analogous expression with Eq. 1, 2, whereas the rotational component from the 

angular velocity: 
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In Eq. 4 k
lI  and  k

lω  are the moment of inertia and the angular velocity of molecule l  about 

the k principal axis of inertia, respectively. M in Eq. 4 is the total number of molecules in 

the system. The translational and rotational DOS can also be decomposed into a gas-like 

and a solid-like component, respectively: 
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( ) ( ) ( )g s
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The gas-like components are expressed as: 
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where Transf  and Rotf  are the translational and rotational fluidicities, defined in details in 

previous works in the literature32,33. Briefly speaking, the translational and rotational 

fluidicity correspond to the fractions of the total translational and rotational degrees of 

freedom of the system, respectively, which can be described as ‘gas-like’ degrees of 

freedom. As it has been systematically presented in the literature32,33, they can be obtained 

by the following equation: 
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The dimensionless diffusivity constant is expressed as: 
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,   ,i trans rot=            (8) 

 In the framework of the 2PT model, a thermodynamic property Φ (e.g., the entropy S) can 

be expressed as a functional of the gas-like and the solid-like components of the total DOS 

( )s v : 

0 0

( ) ( ) ( ) ( )g g s ss v W v dv s v W v dv
∞ ∞

Φ ΦΦ = ⋅ ⋅ + ⋅ ⋅∫ ∫                                                    (9) 

The weighting functions ( )gW vΦ  and ( )sW vΦ  corresponding to different thermodynamic 

properties Φ are presented in details in previous works in the literature32,33. In Eq. 9, in the 

case of rigid polyatomic molecules, the gas-like and solid-like components of the total DOS 

are expressed as: 

( ) ( ) ( )g g g
trans rots v s v s v= +           ,      ( ) ( ) ( )s s s

trans rots v s v s v= +                              (10) 
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By decomposing the gas- and solid-like components of the total DOS into their 

translational and rotational components, Eq. 9 can be re-written as: 

( ) ( )
0 0

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) transg g s s g g s s rot
trans trans rot rots v W v s v W v dv s v W v s v W v dv

∞ ∞

Φ Φ Φ ΦΦ = ⋅ + ⋅ ⋅ + ⋅ + ⋅ ⋅ = Φ +Φ∫ ∫    

(11) 

In this way, a thermodynamic property Φ can be decomposed into its translational and 

rotational components Φtrans and Φrot, respectively.  

In the present study we focused on the behavior of the entropy S of fluid SCW and its 

translational and rotational components, Strans and Srot, along a near-critical isotherm 

(T=1.03 Tc, Tc = 647.1 K,) and in the density range 2.2-4.8 ρc (ρc = 0.322 g/cm3), which 

corresponds to the high-pressure range of 0.12-7.06 GPa. Subsequently, we focused on the 

entropic changes when crossing the melting line of SCW at 8.5 GPa, where a first-order 

transition from a metastable liquid-like phase with density 4.976 ρc to a fcc plastic crystal 

phase with density 5.178 ρc takes place21. The properties of the fcc plastic crystal phase of 

water were also investigated at the densities of 5.235 ρc, 5.339 ρc and 5.434 ρc, 

corresponding to the pressures of 9, 10 and 11 GPa, respectively. Molecular dynamics 

(MD) simulations in the NVT ensemble were performed for all the range of the investigated 

densities, using the SPC/E potential model of water34. The densities of the fcc plastic 

crystal phase corresponding to 9, 10 and 11 GPa were calculated by first performing MD 

simulations in the NPT ensemble. Previous systematic studies have verified the accuracy 

of the SPC/E model in estimating the critical point of water as well as various 

thermodynamic, structural, transport and dynamic properties of the system21,35-38. The 

investigated temperature is also higher than the predicted critical temperature of SPC/E 

water, ensuring that the simulated system is at supercritical conditions. Well equilibrated 

initial configurations of 500 water molecules in cubic boxes corresponding to the 

investigated densities, from previous 15 ns MD runs, have been used in subsequent 5 ns 

MD runs using the DL_POLY code39. A 9 Å cutoff was used in the simulations to treat the 

van der Waals interactions, while the long-range electrostatic interactions were treated 

using the standard Ewald summation method40. The equations of motion in the MD 

simulations were integrated using a leapfrog-type Verlet algorithm40 and the integration 
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time step was set to 1 fs. The intramolecular geometry of the water molecules was 

constrained using the shake algorithm and  the temperature (in the case of NVT-MD 

simulations) and pressure (in the case of NPT-MD simulations) were constrained using 

Nose-Hoover thermostats and barostats41,42, respectively. The simulation trajectories, 

containing the atomic positions and velocities, were further analyzed using the DoSPT 

code43, where the 2PT model is implemented. 

The density dependence of the translational, rotational and total entropy of fluid SCW, in 

the density range 2.2-4.8 ρc, as well as the density and pressure dependence of the fraction 

Srot / Strans is presented in Figure 1. From this figure it can be seen that both the translational 

and rotational entropy of SCW, as well as their sum, decrease with the increase of the 

density. However, the ratio Srot / Strans remains almost constant, exhibiting values slightly 

fluctuating around 0.46, up to about 3.4 ρc and 1.17 GPa. At higher densities and pressures, 

the ratio Srot / Strans starts to increase, as it be clearly seen in Figure 1. Interestingly, in 

previous studies44 of confined water in a series of carbon nanotubes of different diameter, 

it was observed that when the nanotube diameter decreases, the fraction of Srot / Strans 

increases. In the cases of (8,8) and (7,7) nanotubes this fraction is close to the value 

obtained for bulk liquid water (≈ 0.21)33. However, the situation changes for the narrower 

(6,6) nanotubes where the fraction of Srot / Strans obtains the value of about 0.43, a value 

very similar to the one obtained in our study for the density range 2.2-3.4 ρc . Moreover, in 

the (6,6) nanotube case, due to the single-file diffusion of the water molecules in the tube, 

the Fourier transform of the component of the velocity time correlation function (tcf) which 

is transverse to the tube axis exhibits a peak. Such a peak has also been observed for the 

spectral density of the transverse current tcf when crossing the Frenkel line45, since at 

densities higher at the one corresponding to the Frenkel line supercritical systems sustain 

propagating solid-like transverse modes. Interestingly, the ratio of Srot / Strans when these 

two different types of structural transitions, which however exhibit some very 

characteristic analogies, take place is very similar. However, in order to provide deeper 

and more quantitative insight on the interrelation between each component of the system’s 

entropy and the system’s density, pressure and local structural order/phase behavior, the 

development of new theoretical models is required. 
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Figure 1: Density and pressure dependence of Srot, Strans, their sum and ratio when going 
from the non-rigid liquid-like phase to the rigid liquid-like phase. 
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The crossover of the ratio of the rotational and translational entropy of water, Srot / Strans , 

observed at 3.4 ρc and 1.17 GPa provides a thermodynamically-based evidence that the 

crossing of the Frenkel line of SCW at this particular isotherm is located at these specific 

conditions, a finding which is in agreement with our recent studies21. In those studies, we 

had observed another crossover of a rotation-translation coupling parameter21 /rot transα , 

indicating that when crossing the Frenkel line of SCW the rotational motions of the water 

molecules start to become more pronounced than the translational ones. This is clearly 

reflected on the density dependence of the ratio Srot / Strans, providing a thermodynamically-

based evidence of the changes in these molecular-scale phenomena associated to the 

crossing of the Frenkel line. Note also that a previous simulation study by Yoon et al.31, 

using the TIP4P/2005 water potential model and also employing the 2PT model, had also 

predicted the existence of the Frenkel line in SCW at very high temperatures (in the range 

2.0-5.0 Tc). The location of the Frenkel line in the previous studies was based on the 

inflection point of the curve ( )transf ρ , describing the density dependence of the 

translational fluidicity. Our present work, focusing on the entropic phenomena taking place 

in SCW at a near critical isotherm points out for the first time the role of the partition of 

the total entropy of the system into translational and rotational components, as reflected on 

the ratio Srot / Strans, on the structural transitions associated to the crossing of the Frenkel 

line. Interestingly, the locations of the crossing of the Frenkel line at the 1.03 Tc isotherm 

using as descriptors either the Srot / Strans ratio or the rotation-translation coupling parameter 
/rot transα coincide. These predictions are also in very good agreement with the results of 

Trachenko and co-workers16, at least at the near-critical isotherm investigated in the present 

study, using the changes in the molecular velocity tcf as a descriptor. On the other hand, as 

pointed out by Yoon et al, the location of the Frenkel line using the translational fluidicity 

as a descriptor exhibits some small differences with the predictions of Trachenko and co-

workers15,16. All these findings are strong indications of the role of the rotational motions 

of the water molecules on the structural transitions associated to the Frenkel line. 

The changes in the rotational motions of the water molecules when crossing the Frenkel 

line are also reflected on the rotational DOS ( )rots v , presented in Figure 2. In this figure it 

can be seen that at densities higher than 3.4 ρc a shoulder located at about 800 cm-1 appears 
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in the rotational DOS, which is blue-shifted at 900 cm-1 at higher densities. Another 

interesting feature is observed, regarding the observed isosbestic points in the rotational 

and translational DOS, presented in Figure 2, when crossing the Frenkel line. According 

to the literature46, when plotting nonmonotonic curves ( ,ρ)s v  as a function of frequency v  

and density ρ  ( ρ is each simulated density of SCW), their crossing points are located along 

a curve *(ρ)v , defined as: 

( )* ρ

( ,ρ)
0ρ v

s v∂
=∂                                                  (12) 

If these intersection points are confined in a narrow region, then the value *(ρ)v  depends 

only weak on ρ . In such a case we refer to them as isosbestic points. Particularly in the 

case where the curves intersect at a single point 0v , *(ρ)v  does not depend on ρ  at all and 

the isosbestic point 0v  is defined as:  

0

( ,ρ)
0ρ v

s v∂
=∂                                                  (13)  
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Figure 2: Calculated rotational and translational density of states of supercritical water. 

 

In the density range 2.2-3.4 ρc an isosbestic point is observed for all the calculated 

rotational DOS ( ,ρ)rots v  at about 1
0 / 360v c cm−= (c is the speed of light). Interestingly 

at densities higher than 3.4 ρc, this isosbestic point is blue-shifted to 1
0 / 510v c cm−= . 

Such a behavior is also clearly observed in the case of the calculated translational DOS

( ,ρ)transs v  presented in Figure 2. In the density range 2.2-3.4 ρc an isosbestic point is located 

at about 1
0 / 65v c cm−= , whereas at higher densities the isosbestic point is shifted to 

1
0 / 165v c cm−= . Previous works in the literature have focused on isosbestic points of 

spectral functions in systems consisted of different components, with distinct fractions 

being in equilibrium among them. These components can be e.g., different types of local 

structures in non-reactive fluids or precursors and products of chemical reactions in 
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reactive systems. The overall contribution of all these components gives the total spectral 

observable. The shift in the frequencies of well-observed isosbestic points at different 

regions of the thermodynamic phase-space could be attributed to changes of the actual 

components and the appearance of new ones, according to the literature47.  

Note that in our previous studies21 we revealed that around the Frenkel line, several 

structural order parameters exhibit significant changes. The tetrahedral48 and trigonal49 

order parameters are maximized at the Frenkel line boundary and at higher densities they 

decrease. The loss of this particular orientational order, which is one of the most 

characteristic features of ambient and supercooled liquid water and ice, is caused by the 

very dense packing of the molecules at short intermolecular distances. Due to this dense 

packing, especially as the density increases, an interpenetration of the short-range local HB 

network of the individual water molecules by non-hydrogen bonded neighbors starts to 

take place21. Another very interesting effect takes place at the Frenkel line. At lower 

densities than the one corresponding to the Frenkel line boundary (about 3.4 ρc) the 

dominating fractions fn of hydrogen bonded water molecules (n is the number of hydrogen 

bonds formed by a water molecule) are f2 and f1. However, when crossing the Frenkel line 

the fraction f3 becomes the dominating one. At the Frenkel line, three intersections between 

different fn(ρ) curves are also observed. More specifically, at the Frenkel line f2 ≈ f3, f1 ≈ 

f4, and f0 ≈ f5, respectively21. All these findings are clear indications that the local structural 

environments in SCW change significantly when crossing the Frenkel line. Therefore, this 

blueshift of the isosbestic points of the rotational and translational DOS by about 150 and 

100 cm-1, respectively, can be considered as another indication of the change in the 

molecular-scale structural and dynamic phenomena when crossing the Frenkel line. This 

new finding can motivate experimentalists to investigate possible similar effects in a wide 

range of spectroscopic properties of supercritical water and other molecular systems, 

providing strong experimental evidence about the existence and the exact location of the 

Frenkel line. As previously mentioned, after crossing the Frenkel line (at about 3.4 ρc and 

1.17 GPa) the system at 8.5 GPa converts through a first-order phase transition to a fcc 

plastic crystal phase21. In Figure 3 we present the changes in the entropic components transS
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and rotS , their sum trans rotS S+ , as well as the ratio /rot transS S at the pressure range 1.17-11 

GPa. 

 

Figure 3: Pressure dependence of Srot, Strans, their sum and ratio when going from the rigid 
liquid-like phase to the fcc plastic crystal phase. 

From Figure 3 it can be clearly seen that in the pressure range 1.17-8.5 GPa the decrease 

of the rotational component Srot is very small, whereas the decrease of Strans is much more 

pronounced. However, when crossing the melting line, a discontinuous significant increase 

of Srot and a smaller discontinuous decrease of Strans and discontinuous increase of the total 
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entropy are observed. In the pressure range 8.5-11 GPa, where the system is in the fcc 

plastic crystal phase, Srot slightly increases and Strans slightly decreases with the pressure 

increase, respectively. The total entropy of the plastic crystal phase slightly decreases with 

the pressure increase at the investigated pressure range. These changes are also very clearly 

reflected on the ratio Srot / Strans. In the pressure range 1.17 -8.5 GPa, where SCW is in the 

rigid liquid-like phase, this ratio increases from about 0.46 to 0.59. However, when the 

first-order phase transition from the metastable liquid-like phase to the fcc plastic crystal 

phase takes place at 8.5 GPa (with a corresponding Gibbs free energy change 

7 /G kJ mol∆ − 21), then the Srot / Strans jumps from the 0.59 to the 1.03 value. Therefore, 

in the fcc plastic crystal phase the translational component of the entropy is no longer the 

dominant one. When crossing the melting line, the Srot / Strans ratio increases almost linearly 

with the pressure up to the value of 1.12 at 11 GPa. This increase of the ratio Srot / Strans can 

be interpreted due to the very hindered translational dynamics of the water molecules in 

the fcc plastic crystal phase, especially when the pressure increases. All these findings 

clearly signify the role of entropy as a fingerprint of  the observed structural and first-order 

phase transitions taking place along a near-critical isotherm of SCW. 

The changes in the rotational and translational dynamics of water when crossing the 

melting line are also reflected on the corresponding DOS. The changes in the rotational 

and translational DOS ( )rots v  and ( )transs v  when crossing the melting line and going from 

the metastable liquid-like phase at 8.5 GPa to the fcc plastic crystal phase at the pressure 

range 8.5-11 GPa are presented in Figure 4. From this figure it can be clearly observed that 

the peak observed for ( )rots v  at  1/ 450v c cm−=  corresponding to the metastable liquid-

like phase at 8.5 GPa, shifts towards lower frequencies, around  1/ 400v c cm−= in the fcc 

plastic crystal phase.  
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Figure 4: Calculated rotational and translational DOS for the metastable liquid-like and 
the fcc plastic crystal phase of SCW water (top panel) in the pressure range 8.5-11 GPa. 
The corresponding calculated first-order Legendre reorientational tcf 1 ( )RC t for the O-H 

vectors of the water molecules and the oxygen atomic velocity tcf ( )O
vC t (bottom panel) 

are also displayed. 

 

This is a clear indication that molecular rotation in the plastic crystal phase becomes less 

hindered in comparison with the liquid-like phase. In the fcc plastic crystal phase, the 

pressure effects upon the position of this low-frequency peak are very weak. The high-

frequency shoulder observed at about 1/ 900v c cm−= remains almost unchanged when 

going from the liquid-like phase to the plastic crystal one. These findings indicate that the 

pressure effects upon molecular rotation in the plastic crystal phase are not very strong. 

This was further evidenced by calculating the average first-order Legendre reorientational 



16 
 

tcf 1 ( )RC t  and the corresponding correlation time 1Rτ  for the two O-H intramolecular 

vectors of the water molecules: 

1 ( ) (0) ( )R i iC t u u t
→ →

= ⋅   ,  1 1
0

( )R RC t dtτ
∞

= ⋅∫                                  (14) 

In Eq. 14 iu
→

is a O-H unit intramolecular vector associated with a molecule i. From Figure 

4 it can be clearly seen that at the metastable liquid-like phase 1 ( )RC t  decays slower than 

at the fcc plastic crystal phase. This is also reflected on the calculated correlation times             

1Rτ  . The corresponding 1Rτ  values at 8.5 GPa for the liquid-like and the plastic crystal 

phase are 0.30 and 0.20 ps, respectively. This means that O-H reorientation in the plastic 

crystal phase is faster. However, in the plastic crystal phase, up to pressures of 11 GPa, the 

calculated reorientational tcfs are almost identical, signifying that in this particular pressure 

range molecular reorientation is not affected by the pressure increase. On the other hand, 

the translational dynamics is more hindered in the plastic crystal phase in comparison with 

the liquid-like one, and this is clearly reflected on both the translational DOS and the 

oxygen velocity tcfs. The low-frequency peak of ( )transS v shifts from 1/ 125v c cm−=  in 

the metastable liquid-like phase at 8.5 GPa to 1/ 150v c cm−= in the fcc plastic crystal 

phase at the same pressure. As the pressure increases, a further blueshift of this peak is 

observed, with a peak corresponding to 1/ 179v c cm−= at 11 GPa. Moreover, in the plastic 

crystal phase a shoulder appears at higher frequencies, around 1/ 350v c cm−= , which 

becomes more pronounced as the pressure increases. All these findings are clear 

manifestations of the more hindered translational dynamics in the fcc plastic crystal phase. 

This behavior is also reflected on the shape of the calculated oxygen velocity tcfs ( )O
vC t , 

with a more pronounced negative part in the case of the plastic crystal phase, particularly 

as the pressure increases. 

Apart from all these fingerprints of the crossing of the Frenkel and melting line of water 

on the thermodynamic and dynamic properties of water at near-critical, supercritical 

conditions, we observed another very interesting behavior of the dielectric constant of 
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water when crossing the melting line at about 8.5 GPa. The static dielectric constant 0ε  of 

water was calculated using the following formalism38,50:  

0 3 KyGε ε∞= +                                                                 (15) 

where ε∞ is the dielectric constant at optical frequencies, approaching the value 1 at high 

frequencies because we assumed rigid non-polarizable molecules, and y is the 

dimensionless dipolar strength defined as: 

2

4
9 B

y
k T
πρ µ

→

=                                                               (16) 

with ρ is the number density of water and µ
→

 the molecular dipole vector. In addition, KG

is the finite system Kirkwood factor given by 

2

2K

M
G

N µ

→

→
=

⋅
                                                                    (17) 

where 
1

N

i
i

M µ
→ →

=

=∑  is the total dipole moment of all the molecules N in the system. The 

pressure dependence of the static dielectric constant of water in the pressure range 0.12 -

11 GPa is presented in Figure 5. From this figure it can be seen that in the “non-rigid” (or 

“soft”) liquid phase the static dielectric constant increases with the pressure increase from 

the value of about 16 at 0.12 GPa to 30 at 1.17 GPa, where the Frenkel line is crossed. In 

the rigid-liquid phase, the dielectric constant increases less rapidly with the pressure 

increase. From the value of 30 at 1.17 GPa, the static dielectric constant increases up to 53 

at the metastable liquid-like phase at 8.5 GPa. However, during the transition to the fcc 

plastic crystal phase a significant jump of the dielectric constant to a value of about 68 is 

observed, which further increases with the pressure up to the value of about 78 at 11 GPa. 

This discontinuous change in the dielectric constant when crossing the melting line and its 

significant increase in the plastic crystal phase in comparison with the rigid-liquid phase 
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could be attributed to the different orientational ordering of the molecular dipole vectors 

of the water molecules in the crystal phase. This is directly reflected on the discontinuous 

change in the value of the finite Kirkwood factor KG  when crossing the melting line. The 

values of KG corresponding to the metastable liquid-like phase and the fcc plastic crystal 

phase at 8.5 GPa are 3.83 and 4.75, respectively. This change corresponds to a ≈ 24 % 

increase of KG , which is consistent with the corresponding ≈ 28% increase of the static 

dielectric constant (from the value of 53 to 68).  Note that the corresponding density change 

upon the transition from the metastable liquid-like phase to the plastic crystal phase (from 

4.976 ρc  to 5.178 ρc ) is around 4 %, signifying that the changes in the dipole orientations 

play the most important role in the change of the dielectric constant. The changes in the 

rotational entropy of the system are most likely related to these changes in the orientational 

ordering of the water molecules in the plastic crystal phase, since they both exhibit a 

discontinuous significant increase when the melting line is crossed.  

Note also that the observation of plastic crystal polymorphs of water at subcritical and 

supercritical temperatures and high pressures has been reported only in simulation studies 

so far50-54. Previous experimental studies have reported a first order phase transition from 

liquid water to a solid phase at 400 K and pressures above 7 GPa55, as well as the existence 

of a new crystal phase in the pressure range from 20 to 42 GPa and a wide temperature 

range56. However, the structure of these phases could not be identified and their 

experimental identification is very challenging. From this point of view, this particular 

fingerprint of the crossing of the melting line towards a plastic crystal phase on the 

dielectric properties of water revealed in the present study, in terms of this discontinuous 

jump of the dielectric constant, could provide very useful guidelines for future experiments 

to identify these plastic crystal phases of water.  
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Figure 5: Pressure dependence of the static dielectric constant of water in the range 0.12 -
11 GPa. 

Summing up in brief our concluding remarks, we may say that our findings reveal for the 

first time some very characteristic fingerprints of the crossing of the Frenkel and melting 

line on the properties of high-pressure water at a near critical temperature  (1.03 Tc), 

providing deeper insight of the molecular scale mechanisms taking place when crossing 

these lines. At the same time, our findings can be used as important guidelines to 

theoreticians and experimentalists working on the identification of the structural and first-

order transitions taking place in water at high temperature and pressure conditions, aiming 

to understand a wide range of phenomena with real and important applications in 

chemistry, physics and earth-planetary science. 
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