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Density Fluctuations in Liquid Water
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The density distributions and fluctuations in grids of varying size in liquid water at ambient pressure,
both above the freezing point and in the supercooled state, are analyzed from the trajectories obtained
from large-scale molecular dynamics simulations. It is found that the occurrence of low- and high-density
regions (LDL and HDL) is transient and their respective residence times are dependent on the size of the
simulated system. The spatial extent of density-density correlation is found to be within 7 A or less. The
temporal existence of LDL and HDL arises as a result of natural density fluctuations of an equilibrium
system. The density of bulk water at ambient conditions is homogenous.
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Bulk water possesses several anomalous behavioral
characteristics that cannot be explained easily from the
viewpoint of a simple liquid. Recently, the conventional
picture on the near-tetrahedral hydrogen-bonded water
structure was challenged [1,2]. From the analysis of
x-ray absorption [1,2] and emission spectra [3] the surpris-
ing conclusion was reached that the water molecule envi-
ronment in the liquid is highly distorted with two distinct
local structures, where a majority of water molecules
participated in a strong asymmetrical H-bond and only a
minority are tetrahedrally bonded [1]. In other words, the
structure of bulk water at ambient conditions is inhomog-
enous but a mixture of two different entities. Recently, the
density difference contrast observed in small-angle x-ray
scattering experiments (SAXS) of bulk water measured
between 7 to 74 °C were attributed to temperature depen-
dent fluctuations of the two types of local structures [4].
The authors of Ref. [4] further argued that this observation
was akin to the postulated liquid-liquid phase transition
between high (HDL) and low-density (LDL) water in the
supercooled regime [5-9], where the high-density liquid
structure is highly distorted and the low-density structure is
more tetrahedral. The interpretation provided in Ref. [4]
has been highly contested [10,11]. The simultaneous tem-
poral presence of high- and low-density regions in a liquid
is not surprising. This could be a manifestation of the
natural fluctuation dissipation of a system under thermo-
dynamic equilibrium and the features observed in the
recent SAXS study may just be the result of dynamic
number fluctuations common to all liquids and not neces-
sary is the consequence of the presence of two distinct
components [7,8].

For water to be a mixture of two liquids with distinct
structures, it is essential to define the relative concentration
and the lifetime of each entity and their temperature de-
pendence. For this purpose, equilibrium molecular dynam-
ics (MD) simulations were performed with 1.07 X 10°
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water molecules in cubic simulation boxes for 1 ns using
the SPC/E model, which has proven to be relatively accu-
rate for estimation of water properties [12]. The particle-
mesh Ewald method was used to handle long-range
electrostatic interactions [13], to within a relative precision
of better than 1073, Simulations were performed in the
canonical ensemble (constant volume-constant tempera-
ture, NVT) at 200, 225, and 270 K at densities correspond-
ing to 1 bar pressure, using a light coupling to a
Nosé-Hoover thermostat [14], to allow for the possibility
of observing phase coexistence [15]. As the freezing point
of SPC/E water is ~215 K [16], these temperatures were
chosen so as to allow for a study of supercooled liquid
water, and the liquid state above freezing (by ~10 and
55 K). The DL-POLY3 code was used [17]. The lgox length of
an initial system was slightly in excess of 316 A to conform
to a density of 1.00 g/cm?. Constant pressure MD (NPT)
was employed to relax the system for 1 ns at each tem-
perature using a light coupling to Melchionna’s modified
form of the Hoover barostat with isotropic cell fluctuations
[18], so as to lead to the appropriate system density corre-
sponding to ambient (1 bar) pressure, prior to production
(canonical) simulation. It was found that 1 ns was satis-
factory for convergence of the system densities, which
were found to be 0.998, 1.011, and 1.010 g/cm? at 200,
225, and 270 K, respectively, in good agreement with
results of Harrington et al. [9] and Bryk and Haymet [19].

The motivations of using a large system are twofold.
First, in an MD calculation, the maximum sustainable
wavelength of a thermal fluctuation is double that of the
shortest dimension of the simulation box. This wave can
create compressed and uncompressed regions throughout
the liquid leading to density fluctuations, the distribution of
which is affected by system size. Second, the large simu-
lation box can be divided into smaller subsystems and the
homogeneity of the low- and high-density local structures
can be examined.
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In analyzing the resultant density fluctuations from MD,
a central cubic box of 316 A side-length (within the
slightly larger fixed simulation box length) was divided
inton = 6, 8, 10, 12, 16, 20, and 32 grids for a total of n>
elements, and the number of water molecules in each
element counted throughout the simulation so as to calcu-
late the densities therein, and corresponding probability
distributions were defined across the grid elements. The
typical ranges of number of water molecules in each
element were 27-39, 125-143, 251273, 602—640, 1050—
1100, 2060-2140, and 4930-5030 from the smallest to
largest. Periods of time for which elements had a density
(p) <0.9 or >1.1 g/cm> were designated as instances of
low- and high-density, respectively, and a series of persis-
tence times for these particular states were calculated as
the elements’ densities fluctuated, as well as the overall
proportion of simulation time for which each element was
in a low- (p < 0.9 gm/cm?) or high- (p > 1.1 gm/cm?)
density state. Probability densities were also defined across
all elements for these persistence times and overall pro-
portions of simulation time. In order to corroborate our
findings of density fluctuations (vide infra), we also simu-
lated a much smaller system of 472 molecules at the three
temperatures using identical simulation techniques.

In Fig. 1, the probability distribution of the elements’
densities at 270 K are shown. The results at 200 and 225 K
have been omitted here due to close similarity: they show
similar features with the peaks centered at 0.998 and
1.011 g/cm?, respectively. It can be seen that the elements’
densities are centered closely around the bulk value of
1.010 g/cm?. The isothermal compressibility in each of
the elements containing N molecules, y, was evaluated
from (N)VkgzT x = ((N?) — (N)?)/{N), and their probabil-
ity distributions were centered closely on experimental
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FIG. 1. Normalized probability distributions of density in dif-
ferently sized grids (with number of n grids per overall 316 A
cubic box length indicated in parenthesis) at 270 K and 1 bar
pressure. Results are very similar at 200 and 225 K and for the
small system (see text). The data for the 9.9 A-side elements in
the small system are shown, but omitted for clarity in other
cases.

[20] and previous SPC/E-model [21] results; these were
0.45, 0.50, and 0.56 X 10~° Pa~! at 200, 225, and 270 K,
respectively. For the larger cells (n = 8, 10 and 12, and
corresponding to cell sizes of 39.5, 31.2, and 26.3 A), the
average deviation from the mean distribution is almost
constant at *=0.025 gm/cm® and increases slightly to
+0.04 gm/cm? for the 15.8 A cell. A clear exception to
this trend is the 9.9 A-side length case (for a 32° grid)
where there is some evidence that there could potentially
be regions of low or high density, notwithstanding the
possibility of an artifact of fluctuations in counting statis-
tics for such small grid cells which contain only 27-39
molecules. This observation indicates the temporal density
variation is only observed in small regions of bulk water
and both the LDL and HDL regions should be less than
around 1 nm. This was confirmed directly by clustering
adjacent high- and low-density elements of half this
dimension (i.e., 4.94 A with 3-5 molecules therein, and
3 or less as low, and 5 or more as high density), and then
defining radii of gyration for the molecules in these clusters
of high- and low-density mini-elements for rotation about
their overall centers of mass. It was found that the resulting
probability distribution of these radii of gyration was cen-
tered at 4-5 A and had no radii beyond 10-12 A, consistent
with no observation of LDL or HDL in 15.8 A-side ele-
ments (cf. Figure 1). However, aside from the temporal
existence of clusters of high and low density and the
estimation of their size range, whether by grid dimension
or radius of gyration, is the matter of the definition of a
density correlation length. We estimated this by defining a
spatial grid-based density-density correlation function,
(p(r) - p(r'))/{p(r) - p(r)) and analyzing its decay with
distance between the centers of elements, r-r/. Here, p(r)
denotes the density of an element in terms of its geometric
center as the position, and this correlation function is
averaged over all element pairs and over time; it is illus-
trated in Fig. 2 at 270 K for 9.9 and 4.94 A-side elements;
these elements were chosen as larger ones did not exhibit
high or low density. There is clear decay with increasing
separation from unity for self-correlation (i.e., elements’
own densities at zero separation from themselves) towards
essentially zero density correlation beyond around 7 A.In
the case of the 9.9 A-side elements, the minimum distance
between direct neighbors is 9.9 A, so the 4.94 A-side mini-
elements are necessary to capture the density decay length
scale. This lack of density correlation beyond around 7 A is
clearly evident for all temperatures studied. The observa-
tion that the density correlation length is around 7 A or
less, coupled with typical radii of gyration of 4-5 A for
HDL-LDL clusters, is consistent with estimates of around
8 and 4 A for the density correlation length estimated by
Bosio et al. [22] and Clark et al. [23], notwithstanding that
the radii of gyration are not a strict measure of density
correlation. We conjecture that this length scale arises from
the stability of the O-O distance when a hydrogen bond is
formed, as this is of the order of the first or second neighbor
distance.
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FIG. 2. Normalized grid-based spatial density-density correla-
tion function at 270 K in terms of distance between the centers of
the elements in 323 and 64° grids for the 1.07 X 10°-molecule
system. The lack of correlation is evident between elements
whose centers are more than around 8 A distant. This varies
little with temperature.

To investigate the time scales of the density fluctuations
within these LDL and HDL regions, the probability dis-
tributions for the persistence times in the elements of high-
densities are shown in Fig. 3 for the 9.9 A-side grid (the
only grid for which low- and high-density regions are
found); the distributions of low-density residence times
are essentially identical, and are omitted for clarity. It
can be seen clearly that the low- and high- element den-
sities are transient, lasting only about 4 ps or less at all
temperatures studied. This characteristic time is remark-
ably close to the residence time of a water molecule in the
bulk liquid at ambient conditions [24], and simply repre-
sents the time required for a water to diffuse out of its local
environment. It was found that over 99% of all elements
possessed these transient periods of both low- and high-
density throughout the simulations at all temperatures, and
the probability distributions of the overall proportions of
simulation time are shown in Fig. 4. The 9.9 A-side ele-
ments are in the low- and high-density state up to some
15%-20% of the time for each case. It was also observed
that the transient instances of low- and high-density states
were distributed evenly throughout the simulations. It is
significant to note that neither an appreciable increase in
persistence times for “low-"" and ‘“high-"" density regions
nor for the overall proportion of simulation time are ob-
served in the supercooled state. This suggests strongly that
both liquid and supercooled water is a single-phase liquid
at ambient pressure.

An important finding is that the “concentration” of LDL
and HDL and their persistence times are dependent on the
system size. To illustrate this, results from canonical simu-
lations with a much smaller 472-molecule system, more
typical of the size range of neat water systems studied by
MD historically, are compared. The smaller system was
chosen so that it can also be subdivided into cells of

Persistence time (ps)

FIG. 3. Normalized probability distributions of persistence
times of high-densities in 9.9 A-side grid elements in the 1.07 X
10%-molecule and small systems; these are defined as periods of
time of density greater than 1.1 g/cm?®. The distributions for
low-density residence times are essentially identical.

identical dimension to the smaller elements in the large
system (i.e., 9.9, 15.8, and 19.8 A).In general, the widths of
the density distribution are somewhat larger than the cells
of identical size for the large system. This is most pro-
nounced for the 9.9 A grid cell for which the half-width
extends from 0.93 to 1.1 gm/cm? (cf. Figure 1). This
finding for the small system is largely in accord with the
very recent grid-based density distributions of Clark et al.
[23], who used a system intermediate in size (approxi-
mately 30 000 molecules), but still some 35 times smaller
in volume than the large system studied here. In the 9.9 A-
side grids, the persistence times (cf. Figure 3) are around
half of those in the large system. It was found that the
proportion of overall simulation time for which the low-
and high-density states were present in the 472-molecule
system varied in the ranges of 4%-12%, 5%-9%, and
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FIG. 4. Normalized probability distributions of overall propor-
tion of simulation time for which low- and high-densities are
present in 9.9 A-side grid elements in the 1.07 X 10%-molecule
system.
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5%—-8% for LDL and 12%-30%, 11%-20%, and 14%—
18% for HDL, at 200, 225, and 270 K, respectively, which
is approximately one-third larger than the corresponding
quantities in the large system (cf. Figure 4). Given that the
wavelength of density fluctuations is equivalent to double
the side-length of the simulation box, the frequency of
thermal fluctuations in the 9.9 A-side cells would be higher
in the small system, which is consistent with the observed
shorter persistence times and the slightly larger proportion
of overall simulation time for which such low- and high-
grid-density states are present.

The self-diffusion coefficients were calculated to be
0.034, 0.18, and 1.25 X 107° m?/s at 200, 225, and
270 K, respectively, from the Einstein relation [25]. The
probability distributions of the potential energy per mole-
cule, in addition to those for the average of the potential
self-energies for molecules present in each 9.9 A-side
element, were also computed. They were distributed in a
normal manner around approximately —11.5, —12, and
—12.5 kecal/mol at 200, 225, and 270 K, and were some-
what narrower in width for the small system. The markedly
slower diffusion at 200 K is consistent with a supercooled
state, while the unimodal potential energy distribution
throughout the molecules and grids confirms the single-
phase nature of the liquid.

Through large-scale and long-time MD simulations, it is
found that bulk liquid water at ambient pressure is a
homogenous system. The occurrence of LDL and HDL is
observed only in very short lengths scales less than 1 nm,
and are transient events due to thermal density fluctuations.
There is no appreciable temperature dependence down to
the supercooled regime of the density distribution even for
the small 9.9 A cells. The present results reinforce the
conclusion of a recent reinvestigation of the SAXS experi-
ment that there are no inhomogeneities in ambient-pressure
water structure, both above freezing and in the mildly
supercooled state [23], and agree with findings for the
SPC/E model in this respect of Scala et al. [26] and
Brovchenko et al. [27], while providing details of the
temporal existence and spatial extent of local-density re-
gions. However, given that the objective of this study was
to clarify density distributions and fluctuations in liquid
water at ambient pressure, the simulations were necessarily
not at the temperature and pressure conditions of the
hypothesized liquid-liquid critical point; therefore, no con-
clusions can be drawn from this study to either challenge or
support the two-liquid hypothesis [5-8]. It would appear
that rationalizing the complexities of water’s behavioral
anomalies will remain a key scientific challenge for some
time to come.
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