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The anomalous behaviors of supercooled water are explained by using a two—solid-like structure mode! in which an egilibrium
is assumed between open structures and closed structures, Besides these structures, small fraction of monomer exists in
liquid water. The anomalies of liquid water are classified into two groups: structural and energetic. The structural anomalies
appear in enlarged fashions in a supercooled state where the free velume is small.

Introduction

Water is an unusual liquid which has the various anomalous
properties, while it is representative as a liquid on earth, Up

10 the present, scientists have continued many experimental
researches on liquid water without ceasing t0 add theoretical
explanations and predictions but they are not satisfactory

* Department of Chemistry, Kangreung National University: San
-1 Jibyungdong Kangreung, Kangwondo 200, Korea

for understanding the structure. Theoretical views for models
of water group are classified into two directions. In 1957,
Pople! suggested a bent bond model in which hydrogen
bonds {H-bonds) connecting adjacent water moleules were
bent to yield a continuous distribution of bond angles and
energies. This model gave a little explanations for the ano-
malous properties of water than reproduced the Morgan
and Warren’s X-ray diffraction pattern.? However, conti-
num theories” have been favored to scientists due, maybe,
to the fact that so is the conventional concept of H-boading



scheme and is, in part, supported by computer simulation
studies.® The beginning of the alternative is due to Bernal
and Fowler,® in 1933, who suggested the simultaneous
existence of two crystal forms in the liquid state. Any *“mixture
models™ are based on the supposed existences of various
crystalline-like domains in water or several species of H-
bonded water molecules. Advantages of these mixture models
are in explaining the properties of water, besides in their
rather easy formulation of models.

The modelings for water structure are 10 be tesied by any
of new experimental measuremenis. The abnormal behaviors
of water are found in many of its properties. Some anomalies
are as follows: A maximum appears in density and the thermal
expansion coefficient is negative at low temperatures (below
4°C). The compressibility is much larger than those of other
simple liquids and shows a minimum. The heat capacity
of water is the largest of all known simple liguids, and so
on 577 ]t is not exaggerating, here, 10 say that all the properties
of liquid water are abnormal compared with the other mo-
lecular liquids in its stable liquid region, and they become
much more unusual at lower temperatures. Supercooled
water shows the anomalous behavior in some properties.
Scientific interests in the properties of supercooled water
are not so recent but have been since £820,2 however, a
broad review article is written by Angell in 1582% The
anomalies of supercooled water are observed in the values
of the thermal expansion coefficient, the compressibility,
and the heat capacity at constant pressure (C,) are shown in
Figure [. Such forms have not found in any other molecular
liquids, even those with otherwise water-like properties such
as H,0, and N,H,, nor in mixtures of water with more than
20 % of these liguids.®

These anomalies of supercooled water exclude less reason-
able models of water. When one thinks, for a little while,
again the approaches to models of water, it is difficult (o
expect any increase in the heat capacity with cooperative
changes of H-bonded network in a uniform distribution of
indistinguishable H-bonds provided that the H-bonds of
water are in a medium state between strong H-bonded
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Figure 1. The anomalous behavior of heat capacity at constant
pressure of supercoold water (from ref. 8).

network of ice and its greately disruplured one, We are only
able to think that H-bonds become stronger and bond angles
become similar to those of ice with supercooling in continum
H-bonded networks, and that, in this case, the results show
a decrease in the heat capacity.

Results obtained from a molecular dynamic simulation of
model water are used to generate a representation of liquid
water which corresponds closely to “V structure” described
by Eisenberg and Kauzmann.!® 1t is hard, at the present
stage, 10 make any conclusion on the structure of water and
to find any singularities of the thermodynamic properties
of water from the simulation results because of the less per-
fectness of model function of H-bond energy. There are two
possible approaches to quantitatively defining of H-bonds:10
“energetic” and “‘geometric.” In the energetic approach,
two molecules with interaction energy below some threshold
arc taken to be H-bonded. The geometric definition of H-
bond is developed in terms of the interna! coordinates of
the dimeric species relevant to the intermolecular interac-
tions. None of these two approaches is unimportant for
precis¢ simulations. When one uses a realistic H-bond
potential that is delicate in these two respects, if possible,
many of peculier results of water will be observed by computer
simulation studies.

In the form of extended version of the early paperi?, Yhon
and Yoon!? have expiained the various properties of water
and heavy water in the normal liquid region above the melting
point by using a three-structure model (a more precise des-
cription is a two-solid-like structure model) which also
considered the differences between solid-like structure of
water and infinite network of ice structure from the viewpoint
of broken H-bonded molecules. They have presented that,
in the two-solid-like structure model, an equilibrium is
established between open structures and clsoed structures,
probably, of which a basic form is a five-membered ring
conmection. The open structures are not suspected as six—
membered ice-1-like clusters. Besides these structures, the
small fraction of monomers exists in liquid water.

Rasmussen and Mackenzie!! suggested that water molecules
tends to, during supercooling, form ice-like clusters in-
corporating six or more monomers. To verify further the
model proposed, we extended to examine to reproduce the
anomalous properties of water in its supercooled state in

this paper.
Model

In addition to the early model concept,’? Jhon and Yoon
have considered that the large heat capacity of water is due
to the breaking of H-bonds with temperature increase, that
gives large fluctuation in H-bond energy incorporating with
H-bonded molecules, i.e., the increase in the internal
energy of liquid water comes out not only from excitations
of intermolecular vibrations but also from H-bond breaking.
From the spectroscopic data of intermolecular vibrations,
the heat capacity is approximately half the actual heat capacity
of water and is close to the value for ice. The additional
quantity other than the vibrational heat capacity described



84 Bulletn of Korean Chemical Society. Vol. 5, No. 2. 13854

by Eisenberg and Kauzmann,? has been given by assuming
the following simple relations.

x=1—exp(Ey/Ey) ¢}

where y is the fraction of melecules with broken H-bonds,
Evis the total intermolecular vibrational energy and Eg is
the H-bond energy. £y is calculated from the vibrational
energy and Ey is the H-bond energy. Ey is calculated from
the vibrationat partition function using the spectroscopic
data of intermolecular vibrational frequencies. One finds
that the distribution of molecules with broken H-bonds is
far from the Boltzmann distribution in their excitation which
is a cooperative phenomenon. If Ey<£Ey, Eq. 1 becomes
1=Ey{Eg, that is a similar form to the cooperative thermal
excitation of Fermi electrons.

The equilibrium constant, K, between open structures and
closed structures is given by,

K=fexp(—~dH+ TAS—~pAV){RT} @

where 4H, AS, and AV are the respective changes of
enthalpy, entropy, and molar volume between the two
structures, R is the gas constant, and T is a absolute tem-
perature. Eq. 2 has been used in early paper.)? The average
number of molecules, g, which change their structures cooper-
tively is assumed to decrease with temperature rise as the
increase of the fraction of broken H-bonded molecules and
is given by '

g=¢*(1—p) (3)
The solid-like volume, V| is expressed in terms of V,; and
V.2, which are the respective molar volumes of open structures
and closed structures as follows,

Vs V:}. T V (4)

K
1+K 1+K
The open structures are considered to have small fractions
of six-membered structure of ice-1.

The thermal expansion coefficient, a, and the com-
pressibility, £, of a liquid are commonly explained by the
cffect of introducing free volume of fluidized vacancies.
However, in the case of liquid water, the contributions
due to the change of solied-like volume are added (o the
values contributed by fluidized vacancies in the following way

(5)

fe

and

B=8s (6)
where V is the molar volume of water, and the subscript,
/. denotes the contribution of fluidized vacancies, a, and
8y have been calculated from the partition function while
a, and 8, are calculated from Eq. 4. Here, «, has a negative
value as the equilibrium is shifted, with increasing tem-
perature, to closed structures which have the smaller molar
volume than open structures. The calculated resuits of a,
and B, gave good agreements with those estimated by
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Eucken’® and by Smith and Lawson,1¢ respectively.

Rasmussen and Mackenzie'¢ suggested that the increase
in the heat capacity at constant pressure, C,, in a supercooled
state, is an additional or structural specific heat. We also think
that this anomaly is a structural one rather than an energetic
anomaly found in a normal liquid range. C, is expressed in
two terms as follows

Cy=Cy+ T;f“’ @)
Although the heat capacity at constant volume, Cy, follows
a behavior in the extrapolated fashion from above the melting
point, the second term in Eq. 7, in our model, gives the ex-
ponential increase with temperature decrease according to
the change of equilibrium from closed structures to open
structures.

Calculation and Discussion

The changes observed in the density of water supercooles
indicate a tendency toward the more open packing of mo-
lecules possibly increased ice-likeness.’* The thermal expan-
sion coefficient and the compressibility of V, due to the change
in equilibrivm are expressed by the following eguations

_ 1 gK _AH+p4V -
“=y ek R1z 4V ®
and
¢k (4V)?
b=y (1+K)’LE- ©)

where 4V=V,—-V, and p=1 atm. The increases in ma-
gnitudes of @, and B8, with temperature decrease are easily
shown in a two-solid-like structure model. The extended
calculation is shown in Figure 2 for the thermal expansion
coefficient with the parametric values!® that are used to ca-
lculate the thermodynamic properties in a normal liquid
range and are shown in Table 1. According to the results'?
the remarkable decreasing tendency of free volume has been
obtained near the melting point (about 1 %) with cooling

-ol-
-40r
TO
g
° -80]-
o-
=4
x
o 120
-160 - 0O
-200- 0O
| O
1 1 1 1
-30 -20 -0 o]

Figure 2. The thermal expansion ceefficient of supercooled
water.
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TABLE 1: The Parametric Values used in the Calcutation

H0

4H ; —223 cal/mot
45 ; —0.9304 u
Vi 19.58 cm8/mol
Ve ;: 17.36 cm®/mol
q*; 224

D,O
4H ; —256 cal/mol
A8 ; —1.016 eu

Vo 19.58 cmd/mol
Vg 3 17.37 cm3/mot
g*; 224

70}
O, expl.
- R
0 . expl.
- 60+ --=-, calc.
o
0
k)
- Sor
('8
\\Q\
. O~
401
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T, °C
Figure 3. The compressibility vs. temperature. Experimentat
points were selected from ref. 9, and me experiments were
performed at 1 bar, while the calculations at 1 atm.
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Figure 4, Calculaled heat capacities at constant pressure
are compared with experiments, The thin line is the vibrational
heat capacity.

temperature, and thus the contribution of fluidized vacancies
is expected very small in a supercooled state, Therefore,
ay is neglected in this calculation. The calculated values give
good results to —~20°C where the experiment was performed
in bulk water®® and show discrepancies far below —20°C
where the experiment was in capillaries’® or with emulsion
of water.? The experiment of D,0 in Figure 2 was done in
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capillaries.”?

The - compressibility of supercooled water is calculated
from Eq. 9 adding the extrapolated ones of By from the
values of normal liquid range. 8, is small but not so much
as ay at the melting point. The results are in Figure 3 which
gives a good agreement to —20°C compared with experi-
ment.?® The lower—temperature experiments in capillaries
would be estimated with a boundary effect or small-volume
effect,

The larger magnitudes in case of D,O than of H.O is due
to the larger value of K. The interaction energy of DO
is larger than that of H,0 and gives greater value in an equi-
librium constant,

The overall values of C, are in Figure 4. Qur two-solid—
like structure model predicts the supercooled anomalies well.
The sharper increase in C, at lower temperature seems to
form the more larger clusters than this calculation. However,
recent improved data® show that the low-temperature in-
creases are a litile less sharp than shown in Figure 1. The
structural effect of heat capacity, C,,, is given by

- gK (dH+pAV)* |
Comipr BRI o)

Eq. 10 gives similar valuecs measured by Rasmussen and
MacKenzie who suggested the structural specific heat of
supercooled water. The contribution of C,, is negligible in
a normal liquid range with very small values of X, Such
increase in C, appears in several experiments which change
their structures at melting, The greater value of Dzd is
natural from the fact that DO has larger vaiues in g, X,
and 4H than H,O. It is not inconsistent that, although the
clustering takes place to form stable H-bonds, the specific
heat increases, ie., the system changes to higher energy
Jevels, because clusters of closed structures are more stable
than ice-like open structures, Thus the structures of closed
clusters which exist mainly above the melting point in the
calcutation’ must be encrgetically stable at high temperatures
and at atmospheric pressure and be instable when the clusters
grow to a certain size at low temperature.

Conclusion

It has been difficult to find any theories and models which
account for all the properties of water including supercooled
anomalies. The supercooled state is a very good test for models
of water because the unusual behaviors above the melting
point appear in their distinguished forms. This is probably
due to the fact that, in a supercooled state, the occupancy
of free volume of liquid water is very small compared with
in other temperature range, while most properties of common
liquids are determined by the effects of free volume. Con-
sidering the little free volume and the great H-bond energy,
it is interesting that water supercooles even (0 a relatively
low temperature range.

In this sence of small free volume, the phase transition of
ice to water is different from those of other solids which
introduce fluidized vcacancies about 20 % at melting. There-
fore, the fluidity of water is due to small clusters with short
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life times showing cooperative phenomenon.

For a general conclusion of liquid water, the anomalous
behaviors in any of its states depend, of course, on the fact
that water molecules themselves are able to form various
H-bonded structures whether they are distinguishable or
not in a sufficient relaxation time. The authors classify the
apomalies of water into two groups: “structural” and “en-
ergetic” anomalies. This is a similar idea to the two methods
of defining H-bond! in the introduction. The concept of
cooperative H-bond breaking with temperature rise has
been introduced for the anomalies concerning the energetic
properties such as the internal energy, the eatropy, and the
heat capacities, which are larger values than are calculated
from the intermolecular vibrational energy. The more rigorous
description for the distribution of broken H-bonded mo-
Jecules is of interest. And the idea of two solid-like structure
model enables to provide the qualitative and more or less
quantitative calculations for, what we call here, the structurai
anomalies concerning the volumetric properties such as the
molar volume, the thermal expansion coefficient, and the
compressibility. The structural anomalies appear in their
enlarged fashions in a supercooled state where the free volume
is smalk. It was not unfortunate that in the previous paper,i?
the calculation of free volume was very small near the melting
point.

The characteristic properties of the two kinds of anomalies
are tho heat capacity and the compressibility which are in
relation to the fluctuations in energy and in volume, respecti-
vely. Both values are large. Therefore, water is an interesting
substance which shows the cooperative phenomena in a
normal liquid region, while the phenomena are casily seen
near at the critical point in common liquids. Thus the mixture
maodel, here we have, is in two respects: heterogeneous dis-
tributions of H-bond ¢energy by H-bond breaking and aiso
heterogeneous distributions of local structures in equilibrium
between closed structures and open structures. The closed
structures which are stable in high temperature seem to have
five-membered ring connections. Five membered ring con-
nections are stable in energetically2 when the sizes are smalt
but are hard to make infinte networks.
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