Do all liquids become strongly correlating at high pressure?
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We present molecular dynamics simulations studying the influence of pressure on the correlation
between the thermal equilibrium fluctuations of virial W and potential energy U , focusing on liquids
that are not strongly correlating at low pressure (i.e., do not have a W U correlation coefficient
above 0.9). The systems studied are the two hydrogen-bonded liquids GROMOS methanol and
TIT5P water, the ionic liquid defined by a united-atom model of the 1-butyl-3-methyl-imidazolium
nitrate, and for reference the standard single-component Lennard-Jones liquid. The simulations
were performed for pressures varying from 0 GPa to 10 GPa. For all systems studied we find that
the virial / potential energy correlation increases with increasing pressure. This suggests that if
crystallization is avoided, all liquids become strongly correlating at sufficiently high pressure.

The properties of strongly correlating liquids were recently discussed in several papers [1]. These liquids
by definition exhibit strong correlations between their
constant-volume equilibrium fluctuations of the P
potential energy U and the virial [2, 3] W ≡ −1/3 i ri ·
∇ri U (r1 , ..., rN ), where ri is the position of particle i.
Recall that, if p is the pressure, V the volume, N the
number of particles, and T the temperature, the average
virial hW i gives the configurational contribution to the
pressure [2, 3]:
pV = N kB T + hW i .

(1)

If ∆ denotes the instantaneous deviations from equilibrium mean values, the W U correlation is quantified by
the correlation coefficient R defined by
h∆W ∆U i
R = p
.
h(∆W )2 ih(∆U )2 i

(2)

Perfect correlation gives R = 1; strongly correlating liquids are defined [1] by R ≥ 0.9 for fluctuations monitored
in the N V T ensemble, i.e., at constant volume and temperature.
The computer simulations of Ref. 1 indicate that the
correlation coefficient R tends to increase at increasing
pressure, but no systematic studies have been carried out
of the effect of pressure on the correlation. The simulations of Ref. 1 showed that van der Waals type liquids
and metallic liquids are generally strongly correlating. In
contrast, liquids composed of molecules whose interactions have competing or directional interactions are generally not strongly correlating. The latter classes of liquids include the hydrogen-bonded liquids, the covalently
bonded liquids, and the (strongly) ionic liquids. Since
previous works indicated that R increases at increasing
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pressure, the question arises whether all liquids become
strongly correlating at sufficiently large pressure. This is
the guiding question of the present brief report.
Simulations of four different model liquids were performed with N V T molecular dynamics using the Gromacs package [4]. For each model samples of different
densities were created and mixed during 1 ps (argon
units) at a high temperature, followed by a ramping down
to the desired isotherm. Here the systems were equilibrated at constant temperature during 10 - 500 ns. The
data for each state point shown below represent an average taken over five statistically independent samples,
with a sampling frequency of 0.2 ps and production runs
of length 10 ns. The following systems were studied:
1) The single-component Lennard-Jones
liquid defined
by


the pair potential vLJ (r) = 4ǫ (σ/r)12 − (σ/r)6 . This
system serves as a reference strongly correlating liquid.
The results reported below refer to standard argon units
(σ = 0.34 nm, ǫ = 0.997 kJ/mol). Samples consisting of N = 864 particles were studied. 2) Methanol:
The GROMOS force field was used [5, 6], which is composed of three sites representing respectively the methyl
group, the oxygen atom, and the oxygen-bonded hydrogen atom (H). The masses are, respectively, 15.035 u,
15.999 u, 1.008 u; the Coulomb interactions are given
by the following charges: 0.176 e, -0.574 e, and 0.398 e.
The sites interact with sites on other methanol molecules
by additional Lennard-Jones interactions with the constants ǫMM = 0.9444 kJ/mol, ǫOO = 0.8496 kJ/mol,
ǫMO = 0.9770 kJ/mol, σMM = 0.3646 nm, σOO = 0.2955
nm and σMO = 0.3235 nm. The van der Waals interactions are cut off smoothly between 0.9 nm and 1.1 nm.
The M-O distance is fixed at 0.136 nm, the O-H distance
at 0.1 nm, and the M-O-H bond angle at 108.53o. Samples consisting of N = 1728 molecules were studied. 3)
TIP5P: In this water model [7] each water molecule is
described by five sites: one site represents the oxygen
atom (O), two sites represent the hydrogen atoms, and
two sites locate the centers of negative charge that correspond to the oxygen lone-pair electrons. The potential
parameters and charges used are the same as in Ref. 1.
Sample consisting of N = 512 molecules were studied.
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FIG. 2: The W U correlation coefficient R plotted as a function of pressure along isotherms for the following systems: 1)
The standard, single-component Lennard-Jones liquid (two
isotherms), 2) the ionic liquid [BMIM]+ [NO3 ]− , 3) methanol,
and 4) the TIP5P water model (two isotherms; the last point
represents a crystallized sample). In all cases the correlation
increases with pressure.
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FIG. 1: Time series from simulation of 512 molecules of
TIP5P water in the NVT ensemble at two different pressures.
(a) At zero pressure the correlation
between normalized flucp
tuations of the virial, △W
(t)/
h(△W
)2 i and that of the pop
tential energy, △U (t)/ h(△U )2 i, is weak, with a correlation
coefficient of R = 0.18. As shown in Ref. 1 this low correlation is related to the existence of a density maximum at
lower temperature where the W U correlation is almost zero.
(b) At the pressure 8 GPa the W U correlation is considerably
stronger (R = 0.64).

To systematically investigate the influence of pressure
on the W U correlation we calculated the correlation coefficient as a function of pressure along isotherms for the
four liquids. Figure 2 shows that the correlation increases
with increasing pressure for all systems. The low correlation in the case of the single component Lennard-Jones
(SCLJ) liquid at T=310 K reflects the fact that only the
last three points stem from liquid-state simulations.
In Fig. 3 the correlation coefficient was plotted instead as a function of the relative volume change, △V =
(V0 − V )/V0 , where V0 is the highest volume at the given
temperature corresponding to the lowest pressure of the
simulation. In three cases the lowest pressure was around
1 bar, but for Methanol the lowest pressure was of order
0.1 GPa. Water crystallizes upon compression before it
reaches the correlation coefficient R > 0.9 that defines a

Correlation coefficient, R

Normalized fluctuations

1.0

1

Correlation coefficient, R

4) [BMIM]+ [NO3 ]− : A united-atom model of the ionic
liquid 1-butyl-3-methyl-imidazolium nitrate [8] based on
the GROMOS [5] force field. The same parameters were
used as in Ref. 8.
As an example of W U correlations Fig. 1 shows the
equilibrium fluctuations as a function of time of the
TIP5P water model’s normalized virial and potential energy. Figure 1(a) gives data from a simulation at zero
pressure at T = 475 K. The fluctuations of W and U
are rather uncorrelated (R = 0.18). At lower temperatures the correlation is even lower; indeed near the density maximum the correlation is close to zero [1]. Figure
1(b) gives data from a simulation at p = 8 GPa at the
same temperature. Here the correlation is much larger
(R = 0.64).
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FIG. 3: The correlation coefficient R plotted against the volume decrease relative to the volume V0 at the lowest pressure
of the given isotherm. Data were taken from 10 ns of simulations of each liquid. The higher density isotherm (450 K)
of TIP5P water shows stronger correlation than its less dense
counterpart (475 K) at the same pressure.

strongly correlating liquid.
In summary, all liquids studied show increasing virial /
potential energy correlations as pressure increases. These
simulations indicate that if crystallization is avoided, all
liquids become strongly correlating at sufficiently high
pressure. As a potentially important consequence of this,
note that the major part of planet Earth is molten silica
at extremely high pressure; our simulations suggest that
this liquid is strongly correlating and thus simpler than
it is at ambient pressure.
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