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Fluctuation of Local Order and Connectivity of Water Molecules
in Two Phases of Supercooled Water
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We investigate the fluctuations of coordination numbers and the spatial correlations of imperfectly
coordinated water molecules in two phases of supercooled water. It is found, although the average
coordination numbers are 4 in local energy minimum structures of both phases, that the magnitude
of the fluctuation differs significantly between two phases. Connectivity of water molecules whose
first and second neighbors are also perfectly (four-) coordinated is examined. It is revealed that
such locally ordered water molecules spread over the entire system in the low density liquid phase
whereas those molecules form only small size clusters in the high density liquid water phase.
[S0031-9007(97)04925-9]

PACS numbers: 64.70.Ja, 61.20.Ja

Water occupies a unigue position among various liquidsietwork patterns are, however, far from clear. Here, struc-
because of many anomalous properties such as the appeturral difference between two liquid states will be accounted
ance of temperature of maximum density [1]. Above all,for in terms of the fluctuation of local order and the net-
the divergence of heat capacity and other thermodynamiwork pattern among the ordered water molecules. The lo-
response functions on approaching the temperature 228 &al order is well characterized by hydrogen bonds. The
in supercooled state is the most notable one [2,3]. Reaumber of water molecules hydrogen bonded with four
cently, the anomalies have been accounted for by existeneeighbors increases drastically upon the transition from the
of a second critical point from which a phase boundary otigh to the low density liquid for any reasonable choice of
the low and high density liquid (LDL and HDL) phases hydrogen bond criterion [7]. The local order of LDL is
appear [4,5] or by LDL-HDL phase transition [6,7]. LDL much enhanced compared with HDL. However, the hydro-
is a lower energy phase than HDL, which is similar to thegen bond number itself depends seriously on the criterion
fact that an ordered ice phase has a lower density (and al$d]. Therefore, the coordination number is more prefer-
energy) than liquid water. Two amorphous ices have beeable rather than the hydrogen bond number in discussing
indeed observed experimentally at high pressure [8,9]. Althe connectivity of the network structure since we have a
though it is still controversial where the critical point lo- more definite criterion to define it than the hydrogen bond;
cates in phase diagram, we can understand in the broake coordination number can be defined quite reasonably
sense the origin of the unique properties of water in term®y the number of other molecules (oxygen atoms) within
of the critical behavior and/or the associated spinodathe first minimum distance of the corresponding radial dis-
instability [10,11]. tribution function,g(r). The running coordination num-

We have shown that various properties of TIP4P wateber,n(r), is given as
[12] below the temperature 213 K at atmospheric pressure _ f’* Ny 1
are significantly different from those above that tempera- n(r) =p 0 grdr’, (1)
ture [6,7]. It may, however, not be generally accepted thatvherer is the molecular separation apdstands for the
there is a first order phase transition at atmospheric prestumber density.
sure among many computational studies. The location of The experimental coordination number at room tempera-
the second critical point seems to depend seriously on irture is 4.4 according to the above definition with a molecu-
termolecular interaction, boundary condition, treatment ofar separatiom,, at whichg(r) takes the first minimum [1].
long range intermolecular interaction, simulation time, en-This value is not expected to change significantly upon
semble, and so on. In this Letter, we will not discuss theéemperature decrease: at most it approaches the limiting
relation between the simulated and experimental pressureglue 4 (in ice). Instead, a difference appears in its fluctu-
from which the exact location of the second critical point isation and species-4 decreases with increasing temperature
deduced, but will investigate structural difference betweer{species;f is a water molecule to which othg¢rmolecules
two phases in order to obtain an insight into the origin ofare coordinated). We will examine a difference in coor-
the transition in network forming substances such as watedination number fluctuation and its spatial correlation to
silica, silicon, etc. [13]. show that the phase transition is associated with the perco-

The most important issue at present is to address whhation transition of a kind of locally ordered clusters [14].
two phases exist in one component liquid state and what is Molecular dynamics simulations for 1728 TIP4P wa-
the most noticeable difference in structure between thenier molecules [12] are performed with a fixed pressure of
Structures of two liquid phases and their hydrogen bond®.1 MPa at several temperatures using Nosé-Andersen’s
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constant temperature-pressure method [15,16]. Since a 12 : T - T : T —7
large gap in thermodynamic properties at atmospheric /
pressure has been found around 213 K, the temperatures, | @) iy
T cover the higher and lower states than that temperature, s
setting to 233 and 193 K together with the room tempera-
ture, 298 K. The simulation time ranges from 0.2 (298 K)
to 5 ns (233 and 193 K). We examine the coordination
number, its fluctuation, and the connectivity of species-
4 from the present configurations. The minimum energy
structures called quenched structures [17] are obtained,
which provide information on fundamental structure with-
out thermal excitation [18].

As plotted in Fig. 1(a), no significant difference is seen !
in running coordination number for structures generated
by molecular dynamics simulations. The coordination
numbers lie in the range from 4.1 (193 K) to 4.8 (298 K) 9 é — 35 4 45
at the corresponding inflection points (the minimum in the
radial distribution function) due to a partial collapse of
ice structure and a thermal excitation in water. Quenched 12 - . - T - T —7
structures are, however, preferable rather than structures
generated by molecular dynamics simulation in calculat-
ing the coordination numbers because we are interested

Coordination number

r/0.1 nm

in purely structural properties. The coordination numbers o)

at three temperatures are all reduced to approximately ‘g 8r

4.0 as shown in Fig. 1(b). The local structure (within Z

rm = 3 A) after removing thermal energy remains un- s

changedn averagdn liquid water. b=
This does not mean all the water molecules participate %

in icelike structure. The percentages of various species § 4r

are given in Table I. The species-4 is the most dominant O

one in HDL at 298 and 233 K. In water, its population in-
creases drastically upon transition from the high to the low
density liquid, which is reconfirmation of what we found
in the analysis of hydrogen bond number distributions [7]. 95 =3 35 = 4
Although the number of each species is sensitive to tem- ' {0 1 am
perature, their mean values, approximately 4, at all three )
temperatures are rather insensitive. FIG. 1. Running coordination number as a function of dis-
A new quantity, fluctuation of the coordination number, {2nce from a central molecule. (a) Instantaneous (generated by
. . molecular dynamics simulation) structure; (b) quenched struc-
is defined by ture. Solid line, water at 193 K (LDL); dotted line, water at
233 K (HDL); and dash-dotted line, water at 298 K (HDL).
An(r) = (IN(r) = n(n) )2, )

45

whereN(r) is the coordination number for a given mole-  Although species-5 has lower energy than species-4,
cule at a given instant and..) stands for average taken its mobility (as well as that of species-3) is higher than
over all generated configurations. The fluctuations of cothat of species-4 [19]. Thus, species-3 and -5 can be
ordination number are shown in Fig. 2. The fluctuation inregarded as defects. The number of defects (molecules
An(r) becomes the smallest around the minimum of theother than species-4) are greatly reduced in real water
radial distribution function. This fact justifies the choice at ambient temperature compared with a randomly occu-
of r,, to define a coordination number. To visualize howpied case and the transition gives rise to further reduc-
small the fluctuation is, we consider a body-centered cution of defects. A question is raised as to how those
bic lattice model. The half of the sites are regularly occu-defects are spatially correlated with each other. We de-
pied in cubic ice where the coordination number is 4 andine a probability distributiorg;; for a molecule next to

its fluctuation is 0. If molecules are randomly distributeda central one having neighbor molecules on the con-
and half of the sites are occupied, its fluctuation is verydition that the central molecule hasneighbors. The
large [An(r,,) = 2'/2]. In water, its magnitude is 0.45 probability is also given in Table I. Clearly, defects are
for HDL while 0.25 for LDL. correlated such that species-3 molecules repel each other
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TABLE I.  Coordination number distributiop; (%) having colation threshold for those systems is as low as that of
neighbors and probability distributiop;; (%) for a molecule  diamond structure, 0.4 (see below [20]), which should be
next to a central one havingneighbor molecules on the con- compared with 0.74 for water. This suggests that a larger

dition that the central molecule haseighbors at temperature . . . . .
T (K) and 0.1 MPa. The cutoff length for coordination number correlation unit of species-4 should be considered in or-

is 3 A, der to distinguish LDL from HDL. Next, we impose a
further condition; a central species-4 has four neighbor-
™ 2 3 pi 4 5 6 ing species-4. This procedure is repeated up to the third
neighbors and ratios of the perfectly coordinated water
298 1 18 74 7 0 molecules are given in Table Il. We found a large differ-
233 1 11 83 > O ence between two liquid phases when a spatial correlation
193 0 s 95 2 0 up to the second neighbors is taken into account. Since
8ij we are considering site percolation, the percolation thresh-
i\Jj 3 4 > old p;, is related empirically to the packing fraction,as
T = 298
3 10 75 14 psm = 0.16 (3)
4 14 77 8 . . . .
5 22 73 4 for three dimensional system [21]. The packing fraction
is calculated by
T =233
3 4 80 15 — 3
y 7 a6 > n = mpr,/6. 4)
5 15 82 3 Hence, the threshold valuge; is approximately 0.34
T = 193 (similar to the diamond structure), which implies that
3 1 87 11 water at 193 K is percolated while water at 233 K or
4 2 96 2 higher is not.
5 11 89 0 Water molecules whose first and second neighbors are

all species-4 form various sizes of clusters, which are
called hard core patch [14]. We obtain a hard core patch
(so do species-5 molecules) while a species-3 molecule asize distribution which is plotted in Fig. 3. It is evident
tracts a species-5. that the largest hard core patch size is about 1000 and

It has been recognized that water in ambient temperathe patch spreads over the entire system at 193 K while
ture is a transient gel that hydrogen bonds form an infi-the maximum size of hard core patch is limited to 100
nite size of cluster [14]. Even when we consider a siteat 233 K. This indicates that a correlation length of
percolation of only species-4 water at room temperaturethe hard core patch becomes infinite upon the transition
water is percolated as is clear from Table I. The site perfrom the high to the low density liquid. To examine
whether there exists a special correlation of species-4,
let us assume random distribution of species-4. The
probability that the first neighbors are all species-4 is
given by( p4)*. For the perfect first and second neighbors,
it is (p4)'®. (For the third neighbors, it is impossible
to apply a simple enumeration because of formation of
pentagonal and hexagonal rings, the latter of which is only
a constituent of low pressure ice.) Those probabilities are
given in parentheses. The observed ratio is only slightly
larger than that of the random distribution. No special
correlation seems to exist.

We may consider a further local order of species-4 and
the corresponding percolation transition. However, this is

TABLE Il. Probability (%) of water molecules which have
only species-4 up téth neighbors. The probability of random
distribution of species-4 is given in parentheses.

85 3 35 4 45 ;
T 0 1 2 3
r/0.1 nm \i
) ) o 298 74 26 (30) 1) 0
FIG. 2. Fluctuation of the running coordination number. 233 83 44 (47) 8 (5) 0
Solid line, water at 193 K (LDL); dotted line, water at 233 K 193 95 80 (81) 50 (44) 20

(HDL); and dash-dotted line, water at 298 K (HDL).
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number is 8. Even if the occupation ratio is less than
1/2, the average coordination number of 4 is realized
by a spatial fluctuation of various specigsanalogous
to the critical fluctuation. That is, it is conceivable that
the density may change by changing magnitude of the
fluctuation on the condition that a water molecule has
four neighbor molecules on average. The occupation ratio
of the lattice sites in high density liquid is expected to
increase with increasing pressure (it cannot exce& 1
in order for the average coordination number to be kept
a constant value, 4), while the fluctuation is gradually
suppressed. The degree of the spatial correlation for
unlike defect pairs may depend heavily on pressure. This
will be examined in detail in future work.
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