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Abstract 

Monte Carlo and molecular dynamics computer simulations using the rigid TIP4P and the 

flexible BJH intermolecular H2O potentials were carried out for 50 states of supercritical water 

characterizing a very wide range of thermodynamic conditions, 573 ≤ T ≤ 1273 K; 

0.02 ≤ ρ ≤ 1.67 g/cm3; 10 ≤ P ≤ 10 000 MPa. Good agreement with available experimental data of 

the simulated thermodynamic and structural properties give confidence to the quantitative statistical 

analysis of intermolecular hydrogen bonding under the conditions studied. Energetic, geometric, and 

angular characteristics of supercritical H-bonds and their distributions at a given temperature remain 

almost invariant over the entire density range studied from dilute gas-like (~0.03 g∙cm–3) to highly 

compressed liquid-like (~1.5 g∙cm–3) states. The increase of temperature from ambient to supercritical 

affects the characteristics of H-bonding in water much more dramatically than the changes in density 

along any supercritical isotherm. Compared to H-bonds in liquid water under ambient conditions, the 

H-bonds at 773 K are, on average, 10% weaker, 5% longer, and less linear.  

Both above and below the H-bonding percolation threshold the fractions of H2O molecules 

involved in a certain number of H-bonds in liquid and supercritical water closely follow the universal 

binomial distribution as a function of the average number of H-bonds per one water molecule in the 

system, as predicted by the independent bond theory. This universal distribution remains intact even 

when dynamic criteria of H-bonding lifetimes are additionally applied.  
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Introduction 

The thermodynamic and transport properties of any substance near and above its critical point 

differ from those of the corresponding gas or liquid. Supercritical water (SCW) and supercritical 

aqueous solutions are especially important in this respect. Due to the extremely high compressibility, 

thermal expansivity, and heat capacity of SCW, small changes in pressure and/or temperature 

generate very substantial changes in density and enthalpy. These, in turn, affect diffusivity, viscosity, 

thermal conductivity, dielectric, and solvation properties of water, thus dramatically influencing the 

kinetics and mechanisms of chemical reactions [1].  

In nature, hot aqueous solutions (known in the geological literature as hydrothermal fluids) 

penetrate the porous structure of the Earth’s crust and play a key role in the transport and enrichment 

of ore-forming minerals [2]. Geological processes of hydrothermal fluids encompass a wide range of 

depths (i.e., pressures and temperatures), leading to complex physical and chemical behavior, such 

as the chemistry and hydrodynamics of so called “black smokers” (hot hydrothermal vents at the sea 

floor). SCW is even implicated in some thermodynamic scenarios leading to the origin of life on our 

planet [3]. 

From an engineering standpoint, SCW is also attracting rapidly growing attention as a 

promising medium for a wide range of environmentally friendly and energy-efficient technological 

applications from green chemical synthesis of new compounds and nanoparticles, to the production 

of synthetic fuels from biomass by catalytic conversion in SCW, and to the environmentally friendly 

disposal of toxic wastes by the process of supercritical water oxidation [1,4].  SCW can serve as a 

tunable solvent, its properties becoming closer to those of commonly used organic solvents, because 

of the flexibility of its density and dielectric constant. The same substance, water, may thus serve as 

both an “aqueous” and a “non-aqueous” solvent, having the advantage that all the reaction and 

separation processes occur in the same medium, tuned to desired characteristics by simply controlling 

its temperature and/or pressure [4].  
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It is now well established that many unique and anomalous properties of water, including its 

unusually high critical temperature, are the results of relatively strong specific hydrogen bonding 

between the H2O molecules [5]. In normal liquid water, such anomalous behavior as, for instance, 

the density maximum at 4°C, arise from the competition between nearly ice-like tetrahedrally 

coordinated local H-bonding patterns and more compact molecular arrangements characterized by a 

higher proportion of weak and broken H-bonds (e.g., [5,6]). Under supercritical conditions, the 

molecular picture linking the structure and properties of water becomes more complicated. 

Nevertheless, a significant clarification of this picture has gradually emerged over the last 15-20 years 

due to the concerted efforts of many experimental [7-17] and computational molecular modeling [18-

27] research groups.  

The question of the ranges of temperature and density (or pressure) where H-bonding 

interactions can significantly affect the observable properties of water has long been considered very 

important for the construction of realistic structural models for this fluid, and the first X-ray 

diffraction experiments on dense supercritical water by Yu.E.Gorbaty already gave significant 

quantitative insight [7]. This conclusion was later confirmed by the early molecular computer 

simulations of supercritical water [18-20] as well as by several other experimental techniques [8-10, 

13-15]. However, it is important to remember that none of the experimental methods provides a direct 

way to measure the degree of H-bonding in SCW. There is always some level of uncertainty 

associated with the definition of what constitutes a hydrogen bond between two water molecules, as 

observed experimentally, hence with any quantification of the extent of H-bonding in SCW from 

experimental data. Numerical estimates of the number of H-bonds per water molecule, nHB, are 

necessarily based on some assumptions and interpretation of experimental data in terms of particular 

molecular models.  

Therefore, computational molecular modeling efforts are playing an especially important role 

in developing a detailed quantitative picture of hydrogen bonding in SCW as a locally heterogeneous 

system where the percolating network of H-bonds may be generally broken, but significant fractions 
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of smaller patches (or clusters) of H-bonded molecules can still exist surrounded by a growing number 

of non-bonded H2O monomers with increasing temperature and decreasing density [28-34]. 

In this paper an attempt is made to re-analyze the results of Monte Carlo (MC) and molecular 

dynamics (MD) computer simulations in order to extract certain structural and topological parameters 

of such H-bonding networks and their local patches in SCW, which remain surprisingly universal 

over extremely wide ranges of temperature and density from a highly dilute supercritical water vapor 

to a highly compressed SCW at a density of up to 150% of normal bulk liquid water. 

 

Simulation Details 

The MC simulations were performed for a system of N=216 H2O molecules using the NPT-

ensemble algorithm described in detail elsewhere [19,23]. Water molecules were interacting via the 

effective site-site pair potential TIP4P [35], which uses the experimentally known geometry of the 

rigid monomer, and has four interaction sites. A total of over 40 thermodynamic states were simulated 

for liquid and supercritical water along four isotherms (573, 673, 773, and 1273 K) within the pressure 

range from 10 to 10000 MPa, thus sampling a very wide density range between 0.02 and 1.67 g/cm3.  

The MD simulations were performed using a conventional NVE-ensemble algorithm. The 

densities were chosen to correspond to the pressure range of 25<P<3000 MPa. The flexible BJH 

water model [36], employed in the simulations, has already been proven to provide quite accurate 

thermodynamic, structural, diffusional, and vibrational properties of SCW [21,22]. The total potential 

is represented by separate intermolecular and intramolecular contributions and an isolated H2O 

molecule has the same geometry as the TIP4P model. 

All pressure-temperature points probed by the present MC and MD simulations are presented 

in Figure 1 on the phase diagram of pure water. The simulated thermodynamic properties have already 

been demonstrated to agree well with available equation of state data, if one correctly accounts for 

the difference in the critical parameters of the molecular H2O used in the simulations model and real 
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water [22, 23, 26, 30]. For completeness, these data are provided here in graphical and tabulated form 

as Supplementary Information. The simulated structure of supercritical water is also in good 

agreement with x-ray and neutron diffraction data, as discussed earlier [22, 23, 26, 30, 38]. 

 

Figure 1. Phase diagram of water substance and thermodynamic P-T-points simulated. Filled circles 
– MC simulations; open squares – MD simulations; open circle marks the critical point of 
water. 
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This semi-quantitatively correct behavior of the simulated thermodynamic and structural 

properties of liquid and supercritical water over very wide ranges of temperatures, pressures, and 

denisties, gives a significant degree of confidence in developing a more detailed analysis of the local 

molecular geometric and energetic arrangements leading to H-bonding under supercritical conditions 

and their evolution with temperature and density. 

 

Hydrogen Bonding in Liquid and Supercritical Water 

To define an H-bond in molecular simulations is always simpler than in experimental 

measurements, because one always has a complete mechanical description of the modeled system in 

terms of the coordinates of all atoms and energies of interactions between them. Several criteria of 

H-bonding have been proposed, and a combination of a geometrical and an energetic one appears to 

be most useful, especially under supercritical conditions [39]. Kumar et al. have recently reviewed a 

number of H-bonding criteria available in the literature [40] and suggested the geometrical criteria, 

R(O∙∙∙H) ≤ 2.41 Å and θ ≥130° for the O–H∙∙∙O configuration, and an interaction energy between the 

hydrogen bonded water molecules to be more negative than –12.9 kJ mol–1.  

Here we are using a somewhat simpler combined geometric and energetic criterion of H-

bonding, based on the calculated radial distribution functions and intermolecular pair energy 

distribution [39], which can be formulated as follows: (1) the distance between the O-atom of the 

molecule-acceptor i and the H-atom of the molecule-donor j is R(O∙∙∙H) ≤ 2.4 Å (the maximum 

allowable H-bond length), and (2) the total energy of interaction between these two molecules Eij is 

below EHB = −10 kJ/mol (the upper limit of allowable H-bonding energy). This criterion of H-bonding 

is directly related to the two most natural parameters of any chemical bond — its length and strength.  

Figure 2 presents the density and temperature dependencies of the average number of H-

bonds, 〈nHB〉, average H-bond energy 〈Eij〉HB, distance 〈RO···H〉HB, and angle 〈θ〉 = 〈∠O–H···O〉 of 

hydrogen bonds obtained from the MC simulations [23, 38] according to the above criterion. As it 
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can be expected, the average number of H-bonds per H2O molecule is systematically increases with 

increasing density along each isotherm, while the average length of H-bonds systematically decreases 

(Fig.2a,c). However, it is interesting to note that as the temperature increases the average total energy 

of H-bonding becomes smaller (less negative), but it is almost constant over the entire density range 

at any given temperature. The same can be said about the average HB angle 〈θ〉 : despite some smooth 

variation with varying density, it also remains nearly constant over a very wide density range.  

 

 

Figure 2. Average parameters of hydrogen bonds in liquid and supercritical water (after [26]). 
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It is even more surprising that the distributions of H-boning angles θ are also virtually density 

independent along a supercritical isotherm. Figure 3 shows these distributions for the supercritical 

isotherm of T = 773K together with the definition of the angles θ  and φ  between two H-bonded 

molecules. These distributions are nearly identical for the states of supercritical water varying oders 

of magnitude in density, from dilute gas-like states (~0.03 g/cm3 at 100 MPa) to highly compressed 

liquid-like states (~1.27 g/cm3 at 3000 MPa).  

 

Figure 3. Distributions of H-bonding angles θ  and φ  in normal liquid water and along the 
supercritical isotherm of T = 773K.  

 

 

This comparison makes it clear that under supercritical conditions the geometry of H-bonded 

molecular arrangements is much more strongly dependent on temperature than on density over a very 



 10 

broad range of thermodynamic states and remains nearly unique and universal for this particular 

temperature. One can consider this as an indirect indication that the increasing orientational disorder 

due to the rising temperature remains essentially the sole mechanism of H-bond breaking under 

supercritical conditions as it is already well established for normal liquid water [41, 42]. Another 

indirect indication of the reorientational mechanism of H-bond breaking under supercritical 

conditions can be found in the librational spectra of H2O molecules calculated from MD simulations 

[21, 22, 31-33]. Even though these spectra are noticeably broadened under supercritical conditions, 

they still show the same characteristic librational frequencies in the range of 400-600 cm-1 as is 

observed in normal liquid water [43]. 

Most of the supercritical states at densities of ρ ≤ 1.0 g∙cm–3 in Fig. 2a are characterized by 

〈nHB〉 < 1.6, that is below the percolation threshold for the H-bonding network [44]. However, even 

though the continuous and infinite tetrahedral network of H-bonds is almost always broken in SCW, 

the fluid experiences significant local density inhomogeneities leading to the formation of H-bonded 

clusters of H2O molecules under these conditions [28-34].  

It has long been established that the interconnected percolating network of H-bonds in liquid 

water can be quite accurately described by a simple binomial distribution 

imi

m
n

m
n

i
mif

−









−














= HBHB 1)(  ,     (1) 

where f (i) is the fraction of molecules having i H-bonds and m is the maximum number of H-bonds 

an individual molecule can experience [44]. This distribution comes from a so-called independend-

bond theory and assumes that m = 4 for an individual water molecule (two donated and two accepted 

H-bonds). It has been proven to hold also for moderately elevated temperatures and liquid-like 

densities [45] above the percolation threshold. However, the statistical analysis of our simulations 

shows that this theory is valid over much wider ranges of temperatures and densities covering the 
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entire supercritical region, including the low density states well below the percolation threshold of 

〈nHB〉 = 1.6.  

Figure 4 shows the distribution functions f (i) for all the supercritical thermodynamic states 

modeled by MC simulations as indicated on Fig.1. It is clear that the observed universality of H-bond 

distributions holds over the entire P-ρ-T range studied. It is worth noting that similar universal 

relationships were recently observed by Idrissi et al. for liquid and supercritical methanol, where 

m = 3 in Eq. (1). 

 

Figure 4. Distributions f (i) of H2O molecules involved in i H-bonds in liquid and supercritical water 
as a function of the average number of of H-bonds per molecule in the system, 〈nHB〉. 
Different symbols indicate different isotherms of MC simulations, while different colors 
indicate the f (i) fractions with i = 0, 1, 2, 3, and 4, respectively. The solid lines are calculated 
directly from Eq. (1). 

 

The analysis of simulated H-bonding distributions discussed so far, was based on the 

instantaneous statistics of H-bonds without any consideration of their lifetimes. However, MD 

simulations allow one to quantitatively analyze the effects of the H-bonding lifetimes on the observed 
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distributions [47]. Several approaches have been developed [48-51]. Here we use the continuous 

definition of an H-bond [47] and introduce one additional parameter ∆τ which is defined as follows. 

The MD-simulated trajectories can be recorded and analyzed with discrete time intervals (recording 

frequency). The continuous criterion assumes that an H-bond exists continuously if it satisfies all 

other geometric and energetic criteria of H-bonding at the beginning and the end of such interval, 

∆τ. Obviously, the smallest value of ∆τ  is simply the time step of the particular MD simulation. 

However, manipulating ∆τ  within certain limits for the same MD trajectory one can make the 

dynamic criterion of H-bonding more restrictive or less restrictive by allowing to ignore that the H-

bond can be actually broken and re-formed during this interval [49]. The estimates of H-bonding 

lifetimes in SCW of τ ≈ 0.1-0.3 ps obtained by this approach are comparable to other similar estimates 

[32, 33, 50, 51]. 

Figure 5 illustrates how the fractions f (i) are distributed for the results of MD simulations 

shown in Fig.1. They, again, follow quite closely the predictions of the independent bond theory, 

Eq.(1). Even as more and more restrictive dynamic criterion of H-bonding ∆τ  is applied, all the 

simulated distributions gradually shift to the left of Fig.5, but still continue to obey Eq.(1). The actual 

fractions f (i) of H-bonded molecules under the thermodynamic conditions closest to the critical point 

are presented in Table 1. 

 

Table 1. Fractions f (i) of H-bonded molecules in near-critical water at T = 630K and 
ρ = 0.692 g/cm3 depending on the dynamic criterion of H-bonding. 

 

∆τ / ps 〈nHB〉 f (0) / %  f (1) / %  f (2) / %  f (3) / %  

0.01 1.41 16.6 39.4 31.9 10.7 

0.1 0.83 40.2 40.2 16.3   3.0 

0.2 0.57 55.0 34.2   9.5   1.2 
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Figure 5. Distributions f (i) of H2O molecules involved in i H-bonds in liquid and supercritical water 
as a function of the average number of of H-bonds per molecule in the system, 〈nHB〉. 
Different symbols indicate different thermodynamic states of MD simulations, while 
different colors indicate the f (i) fractions with i = 0, 1, 2, 3, and 4, respectively. The solid 
lines are calculated directly from Eq. (1). The percolation threshold is shown as a thin 
vertical dashed line. 

 

Conclusions 

Application of the combined geometric and energetic H-bonding criterion [39] to the results 

of classical MC and MD simulations of SCW over very wide ranges of thermodynamic conditions 

shows that the average total energy of H-bonding in SCW is only weakly dependent on the density at 

any given temperature. The geometry of H-bonded molecular arrangements remains essentially the 

same over a very wide range of densities from dilute gas-like (~0.03 g∙cm–3) to highly compressed 

liquid-like (~1.5 g∙cm–3) fluid states at the same temperature. The increase of temperature from 

ambient to supercritical affects the characteristics of H-bonding in water much more dramatically 

than the changes in density along any supercritical isotherm. Compared to H-bonds in normal liquid 

water, H-bonds at 773 K are, on average, almost 2 kJ∙mol–1 weaker, have by 0.01 nm longer O··∙H 

bond distances, and are somewhat less linear.  
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The distribution of fractions f (i) of H2O molecules involved in i H-bonds in liquid and 

supercritical water as a function of the average number of of H-bonds per molecule in each particular 

thermodynamic state, 〈nHB〉 closely follows the universal binomial distribution as predicted by the 

independent bond theory. This universal distribution remains intact even when additional dynamic 

criteria of H-bonding lifetimes are applied.  
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