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Abstract 

The present study reports a systematic analysis of a wide variety of structural, thermodynamic and 

dynamic properties of supercritical water along the near-critical isotherm of T=1.03 Tc and up to 

extreme pressures, using molecular dynamics and Monte Carlo simulations. The methodology 

employed provides solid evidence about the existence of a structural transition from a liquid-like 

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. Around 8.5 

GPa another transition to a face-centered cubic plastic crystal polymorph with density 5.178 ρc is 

also observed, further confirmed by Gibbs free energy calculations using the two-phase 

thermodynamic model. The isobaric heat capacity maximum, closely related to the crossing of the 

Widom line, has also been observed around 0.8 ρc, where the local density augmentation is also 

maximized. Another structural transition has been observed at 0.2 ρc, related to the transformation 

of the fluid to a dilute gas at lower densities. These findings indicate that a near-critical isotherm 

can be divided in different domains where supercritical water exhibits distinct behavior, ranging 

from a gas-like to a plastic crystal one.  
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1. Introduction 

According to the standard physical chemistry textbooks the liquid and gas phases of a 

molecular system can coexist under specific (P,V,T) conditions up to the critical point (Pc, 

Vc, Tc), where a stationary inflection point on the P-V critical isotherm is observed1. The 

isothermal compressibility factor of the system also diverges as the critical point is 

approached2. According to keynote reviews3, the actual definition of a supercritical fluid 

(SCF) is that of a fluid at a temperature higher than its critical value Tc, regardless of its 

pressure and density. Up to about a decade ago, the generally accepted idea was that there 

isn’t any physical observable capable to distinguish the liquid and gas phases of a 

molecular system at supercritical conditions4. However, experimental and theoretical 

studies revealed the existence of maxima for some thermodynamic properties, such as the 

specific heat, the thermal expansion coefficient and the isothermal compressibility4-12. The 

location of these maxima defines a line arising from the critical point, which has been 

characterized as the Widom line4-12.  Although not related to any first- or second-order 

transition, this line is considered as the boundary of two different dynamical regimes, a 

gas- and a liquid-like one.  

The structure and dynamics of near-critical SCFs exhibit another peculiar behavior. Their 

microscopic picture resembles that of an inhomogeneous system with voids and molecular 

clusters exhibiting a local density augmentation3. Our previous systematic studies have 

shown that these local density augmentation effects and corresponding local density 

relaxation times depend strongly on the nature of the intermolecular interactions and are 

maximized in the density region around 0.8 ρc
13-15. At densities higher than 2.0 ρc the 

formation of voids is no longer pronounced. At higher pressures SCFs exhibit a crossover 

in several properties, often characterized by the introduction of a new line called the 

Frenkel line16-25, which is still a subject of debate 23-25 and an active area of research in 

order to achieve a deep understanding of the molecular-scale phenomena taking place at 

high pressures.  

Among several SCFs, supercritical water (SCW) is of paramount importance for a wide 

range of applications in physics, chemistry, materials and earth science26-28. The complex 

behavior of water is reflected on its phase diagram, with very distinct liquid and solid 
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phases observed so far at very different thermodynamic conditions29. At high temperatures 

and extreme pressures evidences of the existence of plastic crystal phases of water range 

have also been reported in classical and ab initio molecular simulation studies29-37. 

However, the detailed analysis of the structure and dynamics of these plastic crystal phases, 

as well as the transformation boundaries and mechanisms between the so-far 

computationally reported polymorphs, at supercritical conditions is still an open topic of 

investigation. In this respect, molecular simulation can be an extremely useful tool in 

predicting the behavior of SCFs at extreme conditions, and can further guide and assist the 

design of experiments38.  

Here, by applying molecular simulation techniques, we initially focused on the behavior of 

SCW at the high-pressure regime, along a near-critical isotherm (T=1.03 Tc), aiming to 

shed some light on the existence or not of structural transitions at densities higher than 2.0 

ρc, by systematically investigating the density dependence of a wide variety of structural, 

thermodynamic and dynamic property descriptors.   

As mentioned above, the maximum in thermodynamic quantities such as the isobaric heat 

capacity Cp at densities lower than 2.0 ρc is attributed in the literature to structural 

transitions from a gas-like to a liquid-like inhomogeneous fluid. The temperature 

dependence of the thermodynamic state points related to these structural transitions is 

represented by the introduction of the Widom line. In a previous study39 we had performed 

a structural analysis based upon the identification of nearest neighbors and the estimation 

of the volume of the sphere containing the four nearest neighbors around a central water 

molecule. Our analysis had revealed a very sharp increase of this volume at densities lower 

than 0.2 c . The observation of this crossover provided an indication that in this range of 

densities the short-range order is destroyed and a structural transition takes place in the 

system. However, it was not yet clarified if this structural crossover is related to the 

structural transitions described by the Widom line or not. Therefore, another aim of the 

present study was to locate the maximum in the Cp along the investigated near-critical 

isotherm in order to see if the above-mentioned structural crossover at 0.2 c  is related to 

the Widom line or not.   
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In general, the present study aims to provide a systematic analysis of the thermodynamic, 

structural and dynamic features of the fluid in a very wide pressure range along a near-

critical isotherm, presenting a unified picture of the several different structural regimes of 

SCW and the corresponding structural transitions at near-critical conditions, ranging from 

a gas-like fluid to a plastic crystal polymorph.  

The manuscript has been organized in the following way: In Section II the employed 

computational methods are presented, whereas the results and the relevant discussion are 

presented in Section III. Finally, the concluding remarks are provided in Section IV.   

2. Computational Methods  

2.1 Fluid-phase simulations 

Classical NVT Monte Carlo (MC) and NVT molecular dynamics (MD) simulations of 

SCW were initially performed in the density range 2.2-4.6 ρc along the near-critical 

isotherm of T=1.03 Tc  (Tc = 647.1 K, ρc = 0.322 g/cm3), using the SPC/E40 potential model 

of water. To explore additional thermodynamic state points when investigating the density-

pressure diagram of SCW at higher pressures close to the melting line, another NVT MC 

and NVT MD simulation at the density of 4.8 ρc was afterwards performed. Apart from the 

simulations in the density range 2.2-4.8 ρc, additional NVT MC simulations were 

performed in the range 0.05-2.0 ρc. Subsequently, NPT MC simulations were performed at 

fixed pressures corresponding to the ones calculated from all the NVT MC runs, to 

investigate the pressure and density dependence of the specific heat of SCW. The choice 

of the SPC/E model has been based upon previous works verifying its accuracy in 

estimating the critical point of water as well as various thermodynamic, structural, transport 

and dynamic properties of the system39, 41-45. Moreover, the use of SPC/E potential model 

allowed us to correlate our findings with results previously obtained at the density range 

0.05-2.0 ρc using the same model39. Note that the simulated fixed densities have been 

expressed as reduced densities ρ/ρc, using as reference the experimental critical density. 

The reason to do so is that the reported values for the calculated critical density using the 

SPC/E model are close to the experimental one. Furthermore, since the value of the 

calculated critical density may slightly depend on the simulation method41,42,46, it was 

considered as a more standard approach to use the experimental critical density as a 
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reference point. In this way the findings of the present study could be also correlated to the 

findings of our previous works13-15,39, providing in this way a more complete picture of the 

behavior of SCW at supercritical conditions near the critical point.  The temperature of the 

selected isotherm is also higher than the predicted critical temperature of SPC/E water, 

ensuring that the simulated fluid water is a supercritical fluid.  MC simulations in the 

canonical ensemble have been performed using 500 water molecules in cubic boxes for 

500000 MC cycles using the RASPA code47 to equilibrate the systems under study. The 

equilibrated configurations were used as starting points for subsequent 5 ns MD 

equilibration runs using the DL_POLY code48, followed by 10 ns production runs to 

calculate the properties of the systems. 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 method49. The equations of motion in the MD 

simulations were integrated using a leapfrog-type Verlet algorithm49 and the integration 

time step was set to 1 fs. The intramolecular geometry of the water molecules was 

constrained using the shake algorithm49 and the pressure and temperature were constrained 

using Nose-Hoover thermostats50 and barostats51. 

Trial runs with 864 and 1372 molecules confirmed the absence of system-size effects on 

the obtained results. The calculated pressures corresponding to each one of the simulated 

densities were used as inputs in subsequent NPT MC simulations to calculate the constant-

pressure heat capacity of SCW.  

2.2 Investigation of the stability of the face-centered cubic plastic crystal phase 

Additional NPT MD simulations at higher pressures were performed in order to investigate 

the face-centered cubic (fcc) plastic crystal phase of water. Following previously 

established simulation protocols, initial fcc configurations containing 500 water molecules 

with random orientations in a cubic box were prepared. Previous studies29,37 have reported 

that the fcc plastic crystal phase stabilized by this protocol perfectly reproduces the fcc 

plastic crystal obtained during the Martensitic phase transition of the bcc plastic crystal 

phase, using anisotropic NPT-MD simulations techniques. The system was then 

equilibrated for 100 ns in the NPT-ensemble for a series of pressures in the range P=8.5-

11 GPa and T=1.03 Tc. The simulations revealed that at pressures higher than 8.5 GPa after 
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100 ns the plastic crystal structure was maintained, while at pressures lower than 8.5 GPa 

trial runs revealed that the initial fcc crystal structure melts fast and transforms to a high-

pressure liquid-like fluid. The calculated density for the fcc plastic crystal phase at 8.5 GPa 

was found to be 5.178 ρc (1.667 g/cm3). To further investigate the thermodynamic stability 

of the fcc plastic crystal phase, two NPT-MD simulations at 8.5 GPa were performed, 

starting from a random, fluid-like, initial configuration. The first isotropic NPT-MD 

simulation with 432 water molecules was performed to see if the system at 8.5 GPa 

converts to a bcc plastic crystal phase. This methodology according to the literature and 

our previous works at subcritical temperatures29,30,31,36,37 is very effective in reproducing 

this plastic crystal phase at temperature and pressure conditions where the fluid- plastic bcc 

transition is thermodynamically favorable. Our simulation has shown that the system does 

not convert to a plastic bcc crystal after 100 ns of simulation at these thermodynamic 

conditions (1.03 Tc, 8.5 GPa). An additional isotropic NPT-MD run was performed at the 

same conditions using an initial configuration of a plastic bcc crystal of 432 water 

molecules in a cubic box, obtained at T=440 K and 9 GPa, using the same computational 

protocol as in our previous studies36,51. In this case it was observed that even if we start 

from an initial plastic bcc crystal structure, the system converts to a fluid phase after a few 

ps. In both cases the density of the fluid phase at T=1.03 Tc and 8.5 GPa converges to the 

same value of 4.976 ρc (1.602 g/cm3) independently of the initial configuration.  These 

findings are in agreement with previous studies33 mentioning that at high temperatures the 

bcc plastic crystal phase is observed at higher pressures in comparison with the fcc one, 

which is more stable at the investigated pressure range. To further compare the stability of 

the fcc plastic crystal phase, a 100 ns NPT-MD simulation was performed with 500 

molecules staring again from a random fluid-like initial configuration. The resulting phase 

after 100 ns is a liquid-like fluid phase. The density of the obtained liquid-like phase is the 

same with the one obtained when using 432 molecules in the simulation box. Next, two 

NVT-MD simulations were performed at the calculated densities of the predicted fcc 

plastic crystal phase and liquid-like fluid phase at 8.5 GPa. The two systems were again 

equilibrated for 5 ns and additional production runs of 10 ns were then employed to 

determine structural and dynamic properties. Using the trajectories of these simulations, 

we applied the two-phase thermodynamic model52,53, as implemented in the DoSPT code54, 
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in order to estimate the entropy of the two phases. In the framework of the two-phase 

thermodynamic model52,53 a fluidicity parameter, corresponding to the thermodynamic 

conditions of the simulated system, is used to partition the translation and rotation modes 

into a diffusive, gas-like component and a non-diffusive, solid-like component. The 

entropy of a molecular system is obtained by calculating the density of state functions from 

the Fourier transform of the corresponding velocity autocorrelation functions and 

subsequently applying quantum statistics to the solid component and hard sphere/rigid 

rotor thermodynamics to the gas component. A detailed description of the two-phase 

thermodynamic model is provided in the literature52-54. By calculating the entropy S of the 

simulated fcc plastic crystal and liquid-like fluid phases, the Gibbs free energy of each 

phase was calculated from the trajectories of the NVT-MD simulations using the standard 

thermodynamic formalism: 

tot pot kinG E T S P V U E T S P V= −  +  = + −  +                            (1) 

In this equation potU and kinE are the average potential and kinetic energy calculated 

by the NVT-MD simulations of the two phases. Using this formalism, the estimated Gibbs 

free energy values for the fcc plastic crystal and the liquid-like fluid phase are 17.19 and 

24.18 kJ/mol, respectively. The fact that the corresponding Gibbs free energy change for 

the fluid→ plastic fcc crystal transition is 6.99G = − kJ/mol clearly indicates that the fcc 

plastic crystal phase is the most thermodynamically stable phase, further verifying the 

existence of this transition. Therefore, our simulations indicate that at T=1.03 Tc and 8.5 

GPa SCW is crossing a melting line converting to a fcc plastic crystal polymorph. 

Characteristic snapshots of the simulated metastable, liquid-like phase and the fcc plastic 

crystal phase of water are depicted in Figure 1. Selective snapshots from the simulations 

performed in the present work, starting from low densities (0.2 ρc) and going up to the 

observed fcc plastic crystal phase at 8.5 GPa (with a density of 5.178 ρc) are also presented 

in Figure 2, clearly depicting the structural changes as the density of the system increases. 
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3. Results and Discussion 

3.1. Local Intermolecular Structure – Hydrogen Bonding 

To explore the structural changes in SCW at the density region 2.2 - 4.6 ρc, along the 

isotherm T=1.03 Tc, the calculated, and presented in Figure 3, O-O and O-H pair radial 

distribution functions (rdf) were analyzed in detail. To further validate the efficiency of the 

SPC/E potential model in predicting the structure of SCW at high densities and pressures, 

an additional NVT-MD simulation was performed at a slightly higher temperature T= 1.04 

Tc (673 K) and a density of 2.71 ρc where Soper, using an empirical potential structure 

refinement of his experimental neutron diffraction (ND) data55, presented these rdfs.  The 

calculated rdfs in our present study are in good agreement with the experimental ones, as 

it can be seen in Figure 4. The only difference between the calculated rdfs and the ones 

obtained by Soper is the slightly higher intensity of the first peak of the O-H rdf obtained 

by the MD simulations with the SPC/E potential model. As the density increases, SCW 

starts to resemble a dense liquid, with the appearance of well-defined first, second and third 

solvation shells at short intermolecular distances. The positions of the minima are also 

slightly shifted to shorter distances at higher densities. This behavior is also reflected on 

the much larger first shell’s coordination number, with its corresponding values ranging 

from 7.3 to 14.2 in the density range 2.2 - 4.6 ρc.   

The changes in the behavior of SCW at densities higher than 2.0 ρc are also reflected on 

the density dependence of the average number of hydrogen bonds (HBs) <nHB> formed per 

molecule, presented in Figure 5. To estimate these numbers, a well-established geometric 

criterion, used in several previous studies13,39,56-58, was employed. According to this 

criterion a hydrogen bond between two water molecules exists if the interatomic distances 

are such that R(O…O)   3.6 Å, R(H…O)   2.4 Å and the donor-acceptor angle                      

H­O…O    30º (the symbol ... corresponds to intermolecular distances). It can be clearly 

observed that in the density range 2.2 - 4.6 ρc <nHB> exhibits a linear density dependence. 

By analyzing in the present study the trajectories of our previous MD simulations38 in the 

density range 0.2 - 2.0 ρc, it was found that <nHB>, presented in the inset picture in Figure 

5, exhibits a non-linear density dependence due to the local density augmentation effects 

in this particular region. The change in the density dependence of <nHB> at densities higher 
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than 2.0 ρc is a further indication of the liquid-like behavior of SCW at higher densities. 

The density dependence of the fractions fn of water molecules forming n HBs (n=0-5), 

presented in Figure 5, also provides interesting information about the local structural 

changes in SCW in the density range 2.2 - 4.6 ρc. At 2.2 ρc the dominating fractions of 

hydrogen bonded water molecules are f2 and f1. However, at 3.4 ρc the fraction of molecules 

forming 3 HBs starts being the dominating one and several intersections between different 

fn (ρ) curves are observed. At this particular density f2 ≈ f3, f1 ≈ f4 and f0 ≈ f5, respectively. 

At 4.6 ρc the dominating fractions of hydrogen bonded molecules are f3 and f4. Note 

however that, although at high densities the coordination number for the first solvation 

shell of water is quite large (14.2 at 4.6 ρc) the average number of HBs per molecule is still 

lower in comparison with ambient water, indicating a loss of local orientational order at 

the tightly packed first solvation shell of SCW at high densities. 

The density effects on the local orientational order in high-density SCW were studied by 

calculating the commonly used tetrahedral59 q  and trigonal order 
3q parameters60 and the 

entropic parameter qS , related to the tetrahedral entropy per molecule 61, which are 

presented in Figure 6. The tetrahedral order parameter59 gives information about the 

tetrahedral arrangement of the four nearest neighbors of each water molecule and is defined 

as:  
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These order parameters have been normalized to one for perfect order and zero for a 

random distribution. The entropic term qS  is associated with the local tetrahedral order 
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around the water molecules and can be calculated from the probability distribution of the 

tetrahedral order parameter f(q): 

( ) ( )
1

3 1 3
ln 1 ln 1 ( )

2 2

N

q B i B

i

S k q k q f q dq
N =

=  − =  −                                (4) 

In Eq. 4, 
Bk  is the Boltzmann constant. As it can be observed, around 3.4 ρc q  and 

3q  are 

maximized, whereas qS  minimized. The appearance of these local extrema in this 

particular region could be related to structural transitions from a liquid-like fluid to a tightly 

packed liquid, where a loss of the local orientational ordering is observed due to the very 

dense packing of the molecules at short intermolecular distances. The position of these 

extrema could therefore be used to identify the boundary for the structural transitions from 

a “non-rigid” to a “rigid” liquid, with the latter being dominated by the very strong 

repulsive interactions between the molecules which are tightly packed at short 

intermolecular distances. Note that our previous studies39 in the density region 0.2-2.0 ρc 

revealed that the q and 3q exhibit a non-linear density dependence very similar to the one 

observed for the average number of HBs per molecule, which has been attributed to the 

local density inhomogeneities in this particular region. All the above results sufficiently 

indicate that the structure of SCW in the density regions 0.2-2.0 ρc, 2.2 -3.4 ρc and 3.4-4.6 

ρc is significantly different, as also depicted in the snapshots of the simulations presented 

in Figure 2. 

To further investigate the density dependence of the local translational order in SCW, we 

calculated the structural descriptor ζ introduced by Russo and Tanaka62, also presented in 

Figure 6. The structural descriptor ζ is defined as the difference between the distance of the 

closest neighbor molecule which is not hydrogen-bonded to a specific water molecule and 

the distance of the furthest neighbor molecule which is hydrogen-bonded to the same water 

molecule. As it can be clearly seen, in the region where q , 
3q  and qS  exhibit their local 

extrema, ζ changes its sign from positive to negative values. The negative value of ζ results 

from the inter-penetration of the short-range local HB network of the individual water 

molecules by non-hydrogen-bonded neighbors. As long as ζ is positive, this inter-

penetration does not take place. Therefore q and 3q become more enhanced as the density 
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increases, reaching their maximum values at the density range where ζ becomes zero. 

When ζ becomes negative, a local orientational disorder is induced due to the inter-

penetration of the local HB network, causing the decrease of q and 3q at higher densities 

and the increase of qS . All these findings clearly indicate the existence of a structural 

transition in the density region around 3.4 ρc and T=1.03 Tc in SCW. Interestingly, 

Trachenko and coworkers have estimated the location of the Frenkel line, characterizing 

structural transitions from a “non-rigid” liquid-like fluid to a “rigid” liquid, for 

temperatures close to 1.03 Tc at a very similar density range19 (see Figure 2b of Ref. 19). 

In their approach, they have used the changes in the shape of the molecular velocity 

autocorrelation function, more specifically the disappearance of its first minimum at short-

time scales, as a criterion to identify the boundaries for this structural transition. Our 

approach, based upon the investigation of orientational and translational order parameters 

and corresponding entropic quantities, reveals the existence of this kind of structural 

transitions from a different point of view.  

3.2. Thermodynamic Properties.  

The density dependence of the calculated pressure is presented in Figure 7, in comparison 

with available experimental data up to pressures of about 1 GPa, from the databases of the 

National Institute of Standards and Technology (NIST) and references therein63,64. In the 

density range 0.05 - 2.0 ρc the pressure-density curve (inset figure) exhibits a sigmoidal 

shape, with an almost plateau-like behavior in the range 0.4-1.2 ρc and an inflection point 

around 0.8 ρc, where the local density inhomogeneities are more pronounced. On the other 

hand, the shape of the pressure-density curve is very different in the range 2.2 - 4.6 ρc , with 

the derivative / rdP d , where /r c  = , increasing more rapidly at densities higher than 

3.4 ρc. Using the calculated values of the pressure corresponding to each one of the 

investigated densities, extensive NPT Monte Carlo (MC) simulations were subsequently 

performed in order to calculate the constant pressure specific heat pC . The constant 

pressure specific heat pC  has been calculated from the configurational enthalpy confH                                                                          

(
pot

confH U P V= +  ) fluctuations of the system: 
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( )2
2

2

1
3p conf confC H H R

NRT
= − +                                          (5) 

In the case of MC simulations, the constant 3R is added to account for the classical kinetic 

energy contributions from the translation and rotation of the water molecules, as pointed 

out previously65,66. 

The pressure dependence of pC  is also presented in Figure 7. The corresponding error bars 

in the calculation of pC  are in the range of about 5 % and certainly do not affect the trends 

observed in Figure 7. In the pressure range 0.12 – 5.7 GPa a crossover is observed around 

1.17 GPa, which corresponds to a density of 3.4 ρc. This crossover can be more clearly 

observed when plotting the pressure dependence of the derivative /pdC dP , presented as 

an inset picture in Figure 7. From this inset picture it can be observed that the decay of pC

in the pressure range 0.12-1.17 GPa, corresponding to the 2.2-3.4 ρc density range, is very 

steep and this is also reflected on the non-zero, negative /pdC dP  derivative values. 

However, at higher pressures in the range 1.17-5.7 GPa (and corresponding density range 

3.4-4.6 ρc) pC  remains almost constant. In this particular pressure and density range (1.17-

5.7 GPa, 3.4-4.6 ρc), the derivative /pdC dP exhibits a constant, nearly zero value. This is 

a clear indication of this crossover, which is more clearly reflected on the /pdC dP  

derivative. This particular behavior of the pressure and the isobaric specific heat further 

indicate the existence of the structural transitions in SCW around 3.4 ρc. On the other hand, 

in the range 0.2-2.0 ρc, the specific heat pC is maximized around 0.8 ρc. This behavior is 

depicted in the third inset plot of Figure 7, representing the density dependence of pC   at 

the density range 0.2-2.0 ρc. As pointed out earlier, the location of the maxima of pC  has 

been used to identify the crossing of the Widom line. Interestingly, pC and the local density 

augmentation are maximized in the same density range13,15,39. Such a finding indicates that 

the existence of the Widom line and the corresponding structural transition in SCW is 

closely related to the local density augmentation.   
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As mentioned in section 2.2, the conversion of liquid-like SCW to a fcc plastic crystal 

polymorph is observed at 8.5 GPa. This conversion corresponds to a first-order phase 

transition, which is further verified by the discontinuous change in the density of the system 

at 8.5 GPa depicted in Figure 8, where the calculated density-pressure diagram 

corresponding to the pressure range 2-11 GPa is presented. This melting transition, 

characterized by a first-order singularity, can therefore be distinguished from structural 

transitions such as the Widom and Frenkel lines. The latter ones, as mentioned in our 

previous works39, are characterized by maxima or crossovers in thermodynamic quantities 

and during these transitions significant but not abrupt changes of thermophysical properties 

can be observed. 

 

3.3. Dynamic-Transport Properties. 

The dynamics of the short-range local structural network around the water molecules were 

investigated by calculating the density dependence of the intermittent HB lifetime, 

presented in Figure 9. A crossover at densities around 3.4 ρc is observed and can be 

considered as another indication of the structural transition taking place around 3.4 ρc. The 

molecular reorientational dynamics was also studied in terms of the Legendre 

reorientational correlation time correlation functions for the O-H intramolecular vectors of 

the water molecules. A Legendre reorientational time correlation function ( )RC t for a 

specific intramolecular vector and its corresponding correlation time 
R are defined as: 

( ) (0) ( )R i iC t P u u t
→ →

=    ,  
0

( )R RC t dt


=                                   (6) 

In Eq. 6 iu
→

is a unit intramolecular vector associated with a molecule i, and P  is a 

Legendre polynomial of order . The density dependence of the calculated average first 

order Legendre reorientational correlation time 
1R  for the O–H unit intramolecular vectors 

of water molecules, is also presented in Figure 9. We may see that the shape of the curve 

changes at 3.4 ρc, exhibiting an inflection point at this particular density. This finding also 

indicates the effect of the above-mentioned structural transition around 3.4 ρc on water 
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reorientational dynamics. The intermittent dynamics of the hydrogen bonds formed 

between the water molecules have also been investigated in terms of the HB time-

correlation functions ( )HBC t  and their corresponding HB lifetime 
HB : 

( )
( ) ( )

( )

*

2

0

0

ij ij t
HB

ij

h h t
C t

h


=       , ( ) dttCHBHB = 



0

                           (7) 

The variable ijh  is such as ( ) 1ijh t =  when a hydrogen bond between specific atoms of the 

molecules i, j is formed at times 0 and t, and the same hydrogen bond has not been broken 

for a period longer than t*, otherwise, ( ) 0ijh t = . The limiting cases, with * 0t =  and 

=*t , describe the continuous and intermittent dynamics, respectively. When * 0t = the 

dynamics corresponds to the continuous one, where no bond breakings and consequent 

reformations in the time interval [0, t] are observed.  When =*t the dynamics 

corresponds to the intermittent one. In this case, the persistence probability at time t of a 

hydrogen bond created at t=0 is investigated, regardless of multiple breakings and 

reformations of this bond during the time interval [0, t]. The calculated intermittent HB 

lifetimes I

HB are presented in Figure 9. A crossover at densities around 3.4 ρc is observed 

in this figure and can be considered as another indication of the above-mentioned structural 

transition.  

The density dependence of the translational self-diffusion coefficient of water, calculated 

using the well-known Einstein relation, in the range 2.2 - 4.6 ρc is also presented in Figure 

9. Note that at comparable thermodynamic conditions (T=1.04 Tc, ρ=2.17 ρc) the 

experimentally measured value67 for the self-diffusion coefficient of SCW is 

9 247.4 10 /m s− , which is in good agreement with the calculated value of 9 243.16 10 /m s−  

at T=1.03 Tc and ρ=2.2 ρc. The experimental self-diffusion coefficients of SCW at T=1.01 

Tc and in the density range 2.2-2.8 ρc 
68 (Figure 3 of Reference 68) are also in agreement 

with the calculated values presented herein at T=1.03 Tc and the same density range, 

further validating the accuracy of the SPC/E model. From Figure 9 it can be seen that D 

decreases across this particular density range by about one order of magnitude. On the 

other hand, the reorientational correlation time of the O-H vector increases only by a factor 
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of about 1.5. Interestingly, although at 4.6 ρc the calculated self-diffusion coefficient of 

SCW is only about 1.7 times higher than the corresponding value for ambient liquid water 

calculated with the same potential model69, the corresponding reorientational correlation 

time 
1R  for the O–H vector is about 18 times lower than the value obtained by the SPC/E 

model70 at ambient conditions. These findings clearly indicate that the translational 

motions of the water molecules are much more strongly affected by the pressure and 

density increase than the rotational ones, with the latter being significantly faster. SCW at 

high densities and pressure resembles a liquid-like system where rotation is much more 

pronounced over the significantly hindered translation, a picture in agreement with the 

concept of a “rigid” liquid.  

In order to provide a quantitative description of the balance between rotational and 

translational motions in SCW in respect to the ambient liquid, we introduced a coupling 

parameter /rot trans :  

 / 1 1( / )

( / )

amb SCW
rot trans R R

SCW ambD D

 
 =                                                       (8) 

ambD  and 1

amb

R  are the calculated self-diffusion coefficient and the first-order Legendre 

reorientational correlation time of a specific intramolecular vector (in this case the O-H 

vector) of ambient liquid water69,70. Note that the fraction 1 1/amb SCW

R R  has been used since 

R , where  is the order of the Legendre polynomial, is inversely proportional to the 

rotational diffusion70. The density dependence of /rot trans in the density range 2.2-4.6 ρc , 

presented in Figure 9 as an inset figure , exhibits a crossover in the density range around 

3.6 ρc. This finding is consistent with the hypothesis of the structural transition from a 

“non-rigid” liquid-like fluid to a “rigid” liquid and can be considered as an additional 

indication of the existence of this structural transition.  

3.4. Plastic crystal phase of SCW at extreme pressures.  

The observation of plastic crystal polymorphs of water at subcritical temperatures and 

elevated pressures has been reported only in classical29-32,36,37 and reactive force-field33 

simulation studies so far. Some evidence of the existence of the plastic crystal phase at the 
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600-800 K temperature range has also been reported in classical29,35 and ab initio molecular 

simulation studies34. However, a detailed analysis of the structure and dynamics of these 

plastic crystal phases, as well as the transformation boundaries and mechanisms between 

the so-far computationally reported polymorphs, at supercritical conditions is still missing.  

From the experimental point of view, previous studies71 revealed a first order phase 

transition from liquid water to a solid phase at 400 K and pressures above 7 GPa. The 

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

temperature range has also been reported experimentally72. However, the structure of these 

phases could not be identified in these experiments and the experimental verification still 

appears to be very challenging.  

In this particular study we observed the existence of a face-centered-cubic (fcc) plastic 

crystal phase of water at pressures higher than 8.5 GPa along the1.03 Tc isotherm, verified 

by the shape of the calculated O-O and O-H rdf presented in Figure 10. The reorientational 

dynamics of the O-H vector of the water molecules was also investigated in terms of the 

first order Legendre reorientational time correlation function 
1 ( )RC t , which is presented in 

Figure 10 together with the one corresponding to the liquid-like SCW at 4.6 ρc. From this 

figure it can be clearly seen that the decay of 
1 ( )RC t  corresponding to the fcc plastic crystal 

phase at 5.178 ρc is faster in comparison with the one corresponding to the liquid-like SCW 

at 4.6 ρc, indicating that the rotation of the water molecules in the fcc plastic crystal is faster 

in comparison with the liquid-like phase of SCW, although the liquid-like phase is 

observed at lower densities. 

The calculated oxygen atomic velocity time correlation functions ( )O

vC t  and their spectral 

densities ( )O

vS  (in the inset picture) of the simulated fcc plastic crystal polymorph at 

5.178 ρc and the liquid-like SCW at 4.6 ρc are also presented in Figure 10. From this figure 

it can be observed that the low-frequency translational modes in the fcc plastic crystal 

phase of SCW due to the intermolecular interactions and corresponding cage effects, 

causing vibrations around the plastic crystal lattice sites, are significantly hindered. This 

behavior is clearly reflected on both the short-time decay of ( )O

vC t  , with a more 

pronounced negative part at very short time-scales, as well as on the blueshift of the low-
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frequency peak of ( )O

vS  from 122 to 175 cm-1 when going from the liquid-like SCW to 

the fcc plastic crystal phase, respectively. 

4. Conclusions 

In the present treatment a systematic investigation of the thermodynamic, structural and 

dynamic properties of SCW has revealed that a near-critical isotherm (T=1.03 Tc) can be 

divided in several different domains, where water exhibits a very distinct behavior.  

By calculating a wide variety of structural order parameters, thermodynamic and dynamic 

properties of SCW we provide solid evidence about the existence of a structural transition 

from a “non-rigid” liquid-like fluid to a “rigid” liquid in the density and pressure region 

around 3.4 ρc and 1.17 GPa, respectively, at the near-critical isotherm with T=1.03 Tc. Our 

approach directly attributes the introduction of the Frenkel line in the literature to the 

above-mentioned structural transitions in high-density SCW, using a wide variety of 

structural, thermodynamic and dynamic property descriptors. More specifically, we 

revealed that in the density range 2.0- 3.4 ρc water resembles a more homogeneous “non-

rigid” liquid-like fluid, while at densities higher than 3.4 ρc it becomes a long-range 

ordered, tightly packed “rigid” liquid. At densities around 5.2 ρc water converts to a plastic 

crystal polymorph where the molecules rotate faster than in the tightly packed “rigid” 

liquid-like phase.   

Our findings are also correlated to the results of previous studies in the density range 0.05-

2.0 ρc. These previous studies39,73, focusing on the volume expansion of the solvation shell 

containing the four closest water neighbors at low densities and the fluctuations of the 

interaction energy within the first solvation shell of water, revealed the existence of a 

crossover at the density range around 0.2 ρc. That crossover had been attributed to a 

structural transition from a supercritical fluid to a gas-like system where the water 

molecules tend to locate randomly around a central molecule. At densities lower than 0.2 

ρc SCW resembles a dilute gas consisted of randomly distributed molecules. 

On the other hand, our study revealed that the Widom line is located around 0.8 ρc . 

Interestingly, the local density augmentation is maximized in the same density range13,15,39. 

Therefore, the structural crossover associated to the Widom line is distinct from the above-
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mentioned transition at 0.2 ρc. Taking into account that the Widom line is considered as 

the boundary between a gas-like and a liquid-like fluid39,74, we may say that in the density 

range 0.2 - 0.8 ρc near-critical SCW consists of small isolated clusters interacting like gas-

phase molecules inside a vacuum environment. However, in the range 0.8-2.0 ρc SCW 

could be described as a continuous condensed medium consisting of voids and clusters of 

different density, resembling an inhomogeneous porous liquid-like fluid.  

The pressure-induced structural transitions along the investigated near-critical isotherm of 

SCW are schematically represented in Figure 11, providing an overall description of these 

phenomena taking place close to the critical point of water. The findings of the present 

study may serve as a springboard for breakthrough future experimental work to further 

investigate these phenomena in SCW, as well as in other supercritical fluids. 
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FIGURES 

 

Figure 1: Characteristic snapshots of the simulated metastable, liquid-like phase and the 

fcc plastic crystal phase of water at T=1.03 Tc and 8.5 GPa. 
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Figure 2: Selective snapshots of the simulated systems, starting from low density SCW 

(0.2 ρc) and going up to the observed fcc plastic crystal phase at 8.5 GPa (5.178 ρc).  
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Figure 3: Calculated O-O and O-H pair radial distribution functions at the density range 

2.2 - 4.6 ρc, along the T=1.03 Tc isotherm. 
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Figure 4: The calculated O-O and O-H pair radial distribution functions at 2.71 ρc and 

T=1.04 Tc (present study), plotted in comparison with the ones obtained by the empirical 

potential structure refinement of experimental neutron diffraction data55. 
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Figure 5: Density dependence of the average number of hydrogen bonds <nHB> formed per 

water molecule and the fraction of water molecules forming 0-5 hydrogen bonds. 
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Figure 6: Density dependence of the tetrahedral and trigonal order parameters, the 

tetrahedral entropy per water molecule and the structural descriptor ζ. 
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Figure 7: Calculated pressure-density diagrams along the T=1.03 Tc isotherm for the 

overall density range 0.05 - 4.6 ρc and pressure dependence of the calculated specific heat 

pC . The pressure dependence of /pdC dP  in the pressure range 0.12-5.7 GPa and the 

density dependence of pC  in the density range 0.2- 2.0 ρc are also presented as inset figures.  
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Figure 8: Calculated density-pressure diagram of water at T=1.03 Tc and for the pressure 

range 2-11 GPa, depicting the discontinuous change in the density when the melting 

transition takes place. 
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Figure 9: Density dependence of the calculated reorientational correlation time 1R of the 

O-H vector of water molecules and HB lifetime I

HB , the self-diffusion coefficient and the 

coupling parameter /rot trans .  
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Figure 10: O-O and O-H pair radial distribution functions of the fcc plastic crystal at 5.178 

ρc, reorientational time correlation functions 1 ( )RC t  of the O-H vector and oxygen velocity 

correlation functions and corresponding spectral densities at 4.6 ρc and 5.178 ρc. 
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Figure 11: Schematic representation of the observed pressure-induced structural 

transitions along a near-critical isotherm of SCW. 
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