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The micro canonical molecular dynamics simulations of liquid water were performed at different
temperatures and densities in order to investigate the anomalies of the transport coefficients. The nonempirical
Carravetta—Clementi potential was used for the system with 216 molecules in a cubic cell. The order of
magnitude of the nonempirically calculated self-diffusion coefficient, shear viscosity, bulk viscosity, and
thermal conductivity were in agreement with experimental results. These transport properties were recognized
as anomalous as in real liquid water. The temperature-dependence of these quantities was in agreement with
the observed values under pressure of 50 MPa. The effects of compression on these transport coefficients were
reproduced qualitatively. The obtained bulk viscosity was larger than the shear viscosity at low temperatures in
accordance with experiments. The contribution of rotational motion to thermal conductivity seems to be
responsible for the anomalous temperature-dependence of thermal conductivity. Several decay constants of the
time correlation functions were obtained. The frequency spectra of the correlation functions were discussed. No
marked molecule number dependence was observed in the calculated transport coefficients of Matsuoka-
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Clementi-Yoshimine water.

We have carried out the molecular dynamics (MD)
simulation to study the effect of density and temper-
ature on the transport properties of liquid water. This
problem was examined in the fourth paper? of this
series by a simplified 2-dimensional water-like mod-
el.2:® Although most of the transport properties were
reproduced qualitatively, the maximum of thermal
conductivity as a function of temperature was not
verified.?

In the preceding paper? we showed that the
anomalous thermodynamic properties observed exper-
imentally are nonempirically reproduced on a semi-
quantitative level with Carravetta-Clementi (CC)
potential.? Our study on the liquid-vapor interface of
CC water gave reasonable thermodynamic properties.®
For these reasons we will report in the present paper
on MD simulations with CC potential to examine the
transport properties of liquid water.

The most interesting characteristics of the transport
properties of liquid water are summarized as follows:?
The initial application of pressure decreases the
viscosity and increases the self-diffusion coefficient
below about 300 K. The thermal conductivity of
liquid water has a maximum as a function of
temperature under a constant pressure. Although the
density dependence of the self-diffusion coefficient was
already studied by MD,8-14 it seems that the viscosity
and the thermal conductivity of liquid water have been
studied only at normal conditions (at room temper-
ature and volume, V=18 cm3 mol-1).19 Therefore, we
are going to perform MD simulations at different
temperatures and densities. Transport coefficients
were calculated by the standard Kubo formula.15-1?

The dynamical properties of liquid water were
studied by Matsuoka-Clementi-Yoshimine (MCY)
potential!® at several state points by Impey et al.?
They showed that the main features of spectroscopic

and transport properties of real water are interpreted
by their MD simulations, although some spectra are
not reproduced. The collective dynamics in MCY and
three body water was studied by Wojcik and Clementi.1?
The calculated shear viscosity is well compared with
the experimental value at room temperature and
normal density. For this reason, MCY potential is one
of the most promising models in the study of transport
properties of liquid water. We will further survey the
fluid state over a wide range of temperature and den-
sity. For such purpose, CC potential is more con-
venient than MCY model, because the equation of
state of CC water has been given by us.9

In the fourth paper of this series,? we used the
constant temperature-pressure MD,19:20 because this
method is more convenient to obtain temperature
dependence or pressure dependence of the system. We
found, however, that the bulk viscosity obtained by the
constant pressure MD is wrong.? The value of the
shear viscosity calculated by constant temperature—
pressure MD seemed to scatter more than that by the
micro canonical MD.? For this reason the micro
canonical MD method is used in this paper.

The molecule number dependence of the transport
coefficients was examined with MCY water.’® The
transport coefficients of the systems with 216 and
1000 molecules were compared with the Wojcik and
Clementi’s result on a 512-molecule system.1®

The contribution of rotational motion to thermal
conductivity is calculated in order to examine the
origin of the anomalous temperature dependence.
The decaying and oscillatory characters of the time
correlation functions related to the transport coef-
ficients are analyzed and compared with those of
simple liquids.21-29
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Molecular Dynamics Calculations

The molecular dynamics method is essentially the
same as the previous one.¥ The program MDMPOL
coded by Smith and Fincham3® is used as the basis of
the present program. The program calculates the time
evolution of the system using a leapfrog algorithm for
the center of mass motion and a leapfrog-quaternion
algorithm for the angular motion. The electrostatic
forces and energy were calculated by the Ewald
method. The short range terms were cut off at half of
the MD cell width for the 216-molecule system. When
the system has 1000 molecules, the cutoff distance is
the same as that of the 216-molecule system of the same
number density. The cpu time was 0.23 and 1.3 s/step
for 216- and 1000-molecule systems respectively by
FACOM VP-400E vector processor at Kyoto University
Data Processing Center, which includes the calcula-
tions of stress tensor components and heat currents.

The time step in this work was 0.5fs. The root
mean square fluctuation of the total energy was less
than 0.02% in the case of 40000-step run. The initial
data at each state were those of the aged state obtained
by the previous calculations.® The 18000-, 24000-, or
40000-step runs were repeated several times, from
which the molecular dynamics statistical averages
were obtained.

The self-diffusion coefficient D was calculated from
the mean square displacement <Ar2> and the velocity
auto-correlation function given below:3?

<Ar>

D = lim <872 M)
and
D=1, <uyw0)>a. @

The shear viscosity ns and the bulk viscosity 7s were
calculated by the standard Kubo type formula:15-17

]' ® X X
N = —K:T_V_fo<] ()] (0)>dt, (3)

__ 1 ‘f"
N8 = QKBTngo

<L[Jee(t) — <Joo>1-[JPR0) — <JFE>1>dt,  (4)
N N
Jeb = MEUiaviB + Eﬁafin, (5)

where M is the mass of the molecule, v; the velocity of
the i-th molecule, r; means the position of the :-th
molecule, and f;: is the force that the i-th molecule feels.
The suffix @ means the a-component of the vector.
The Boltzmann constant, temperature, volume, and
number of molecules in the basic cell are written as
ks, T,V, and N, respectively.
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The thermal conductivity A was calculated by the
correlation function of the heat current §(¢):15-17

I N S
A= ST f;<s(t) §(0)>dt 6)
and
d ~
S(t) = E EH,‘T;, (7)

where H; is the contribution of the i-th molecule to the
total Hamiltonian of the system 5#:

N
H = EH:‘
and

N
H; = Ktrans(?) + Kror(?) +‘§1‘J§U:’j, (8)

where K(z) is the kinetic energy and Uy is the molecular
interaction energy between molecule i and j.

The representative range of the time integration of
*the correlation function is 0=t=1 ps. The averages of
at least 14000 values were taken for the initial time. An
example of convergence characteristics is shown in
Fig. 1 for shear viscosity. Itis seen that the cumulative
average is stable although the partial average scatters.

Molecule Number Dependence

As the first step, we are going to see whether 216
molecules are enough for the calculation of transport
coefficients. For this purpose, the coefficients of the
216-, 512-, and 1000-molecule system are compared
with each other. Wojcik and Clementi!® gave the
results on the 512-molecule system with MCY poten-
tial'® at normal conditions. The systems with 216 and
1000 MCY molecules are compared with their results
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Fig. 1. Convergence characteristics of the shear visco-
sity.
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Table 1. Molecule Number Dependence of the Properties of MCY
Water, N=512 case is given by Wojcik and Clementi!®
MCY water CC water obs
N 1000 512 216 216 obs
T/K 300+2 296 295+1 298+1 298
V cm3 mol—! 18 18.018 18 18 18.050
P/MPa 82917 843 832112 24818 20
U/k]J mol-! —28.23£0.06 —28.3 —28.4610.05 —31.54:0.05 —33.9
Gk 1.6 1.5 1.9 4.1
D/10-9m2s-! 2.9 +0.1 2.4 0.3 3.9£0.3 2.85
7:/10~8 kg ms™! 0.4 0.2 0.6 0.6 £0.1 0.510.1 0.9
7n8/10~8 kg ms—! 0.8 +0.2 0.8 1.1 +£0.4 0.910.4 1.2
I/W mK-! 1.6 £0.3 1.35 1.3 +0.3 1.1£0.3 0.59
T/K
700 700 500 300
T T T T T T
-7
1070, CCWater 3
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Fig. 2. Map of simulated state points. The G-type
equation of sate? is drawn by solid lines. The symbol
cross means the critical point in the G-type equation
of state.

in Table 1. No marked molecule number dependence
is seen in this table. Hence, the basic cell with
216 molecules has been employed hereafter because of
simplicity.

Table 1 also includes the coefficients of CC water.
They are not so different from those of MCY water. As
we have obtained the equation of state (EOS)? for CC
model, we use CC potential® hereafter.

The values of Kirkwood orientational correlation
factor Gk are also given, although they are prelim-
inary; it is known that very long MD run is needed to
evaluate this quantity.32-3 These are obtained as
follows:

N
Gk = <(Zp)*>/N, )
where p; is the unit vector along the dipole direction of

molecule i. The obtained values of Gk for MCY and
CC water were small compared with the experimental

Fig. 3. The self-diffusion coefficient D is plotted
against 500 K/ T, where pressure P is about 50 MPa.
The experimental results at P=50 MPa are shown by
the solid line.35—39

values.3? A similar result on MCY water was given by
Neumann.3?

Temperature and Volume Dependence

In this section, the calculated transport coefficients
are compared with the experimental results. We
carried out many MD simulations of the 216-molecule
system with CC potential® in order to examine the
temperature and density dependence of the transport
coefficients as shown in Fig. 2. Some state points
correspond to the states with pressure P of about
50 MPa. The others were selected around the normal
density (V=18 cm? mol-?).

The calculated self-diffusion coefficient D is plotted
against the inverse of temperature T in Fig. 3 by circles
where pressure P is about 50 MPa. The experimental
results at P=50 MPa are shown by the solid line.35-39
The calculated D is in agreement with the observed
one with respect to the temperature dependence. The
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Fig. 4. The self-diffusion coefficient D is plotted
against 500 K/ T at several volumes.
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Fig. 5. The self-diffusion coefficient D is plotted
against volume V atseveral temperatures. The exper-
imental results are shown by the solid lines.35-39

calculations were repeated at different densities as seen
in Fig. 4, where the setting temperatures were 260, 273,
298, 398, 500, and 700 K. As each average temperature
was different from set temperature, the self-diffusion
coefficients were obtained by interpolation as a
function of temperature at each volume. The volume
dependence of D obtained is shown in Fig. 5. The
anomaly of the self-diffusion coefficient is semi-
quantitatively reproduced as shown in Fig. 5. Atlower
temperatures, D has a maximum around volume V of
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Fig. 6. The equation of state in the T-V plane.
Above 300K the G-type EOS is used and below 300K
the L-type EOS is shown.? The stability limit of
the liquid phase is drawn by the dashed line.# The
temperature where D is equal to zero at each volume
is shown by circle.

18 cm3 mol-! at a given temperature. Because the
volume of the low density ice with CC potential is 11%
larger than the observed one,? the volume with the
maximum D at a given temperature varies correspond-
ingly.

In this paper, the nonempirical calculation of the
transport coefficients is intended; scaling of volume or
adjusting have never been tried. The pressure effect on
the self-diffusion coefficient of liquid water has been
examined by a simple water-like model? and also by
TIP4P model.1»

When temperature is decreased, the self-diffusion
coefficient D tends to approach to zero at a finite
temperature under constant pressure as seen exper-
imentally.4® This temperature was discussed with the
anomaly of the thermodynamic and transport proper-
ties of supercooled liquid water.4-42 In the previous
paper this temperature was assigned to the stability
limit of liquid phase.?

Now we are going to see the relation between the
stability limit of the liquid phase and the temperature
of zero diffusion coefficient in this calculation.4® We
can get the temperature of zero D in the condition of
fixed density as shown in Fig. 4. We used linear
extrapolation for the D vs. T plot. The result is shown
in Fig. 6. The circle means the temperature where D is
equal to zero and the dotted line is the stability limit of
the liquid phase obtained by the L-type equation of
state.¥ We see that the zero D points are almost on the
stability limit within the error bar. This means that
the present calculations on the self-diffusion coef-
ficient are consistent with the static properties
obtained before.?
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Fig. 7. The shear viscosity 7, is plotted against
500 K/T, where pressure is about 50 MPa. The
experimental results at P=50 MPa are shown by
the solid line.#4-50 An arrow indicates the critical

temperature.
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Fig. 8. The shear viscosity 7 is plotted against
500 K/ T, where volume is 18 cm® mol~!. The experi-
mental results at =18 cm? mol~! are shown by the
solid line.44-50

The shear viscosity 7s is plotted against the inverse
of temperature in Fig. 7, where pressure P is about
50 MPa, and in Fig. 8 with the condition of the normal
density (=18 cm3 mol-!). The experimental results at
P of 50 MPa are shown by solid line.40-50 As regards
the temperature dependence in Fig. 7, the obtained
shear viscosity is in agreement with the observed one.
Under the condition of normal density (Fig. 8), the
calculated shear viscosity is a little smaller than the
experimental results below room temperature. This
can be understood qualitatively by the facts that the

Transport Properties of Liquid Water
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Fig. 9. The shear viscosity 7 is plotted against
volume at several temperatures. The experimental
reults are shown by the solid lines.44—50

shear viscosity of real liquid water at low temperatures
has a minimum around P of 2X102 MPa as a function
of pressure? and that the pressure is 2X102 MPa at
room temperature by the present model.9

The volume dependence of 7, at several temperatures
is shown in Fig. 9. This was obtained by interpolation
as in the case of D. We see that the calculated shear
viscosity has a peculiar volume dependence at low
temperatures as observed in real water.40-50 This
property is shown much more clearly by the present
simulation than in real water because our calculation
includes the supercooled and/or minus pressure
region. At a given temperature below room temper-
ature, the volume of minimum viscosity is 18.5+0.5
cm3 mol-1, which is different a little from the observed
one (around 17 cm3mol-!). This comes from the
reason that the length of hydrogen bond of the CC
potential is larger than the observed one (see Table IV
of Ref. 4). :

The bulk viscosity ns at normal density is plotted
against the inverse of temperature in Fig. 10. The
order of magnitude of the calculated values around
room temperature is in agreement with the observed
one.51-59  As the bulk viscosity 7 is usually discussed
by the ratio ns/7s, this quantity is plotted as a function
of temperature in Fig. 11, where pressure is about
50 MPa for the calculation and the experimental
results were obtained under normal pressure. Because
of the large fluctuation of the virial term, the bulk
viscosity at low temperatures was difficult to calculate
in our case. The ratio ns/7ns was larger than 1 below
500K in accordance with the observed results.5!-59
The present calculation predicts that this quantity is
less than 1 at higher temperatures, around or above the
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Fig. 10. The bulk viscosity 7s is plotted against
500 K/ T, where volume is 18 cm?® mol-1. The experi-
mental results are shown by the triangles.51-59
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Fig. 11. The ratio ns/%; is plotted against temper-
ature, where pressure is about 50 MPa for the cal-
culation. The triangles show the experimental
results51-59 under normal pressure.

critical temperature (603 K for CC water).

The calculated thermal conductivity 4 is shown as a
function of temperature by open circle in Fig. 12,
where pressure is about 50 MPa. We see that the
present result is in agreement with the observed one at
P of 50 MPa shown by the solid curve.50.54,59 The
thermal conductivity decreases as temperature incre-
ases above 500K, because the density decreases
abruptly around the critical temperature. So the
essential point of anomaly in the thermal conductivity
of liquid water is its increasing property with
temperature at constant density. For this reason the
thermal conductivity is plotted against temperature
under the condition of normal density (V=18 cm3

1 1 1
300 500 700
T/IK
Fig. 12. The thermal conductivity 4 is plotted against

temperature, where pressure P is about 50 MPa. The

experimental results at P=50 MPa are shown by the
solid line.50.54.55

CC Wwater
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adba a s a
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Fig. 13. The thermal conductivity A is plotted against
temperature, where volume is 18 cm3mol-1. The
cross means the total conductivity. The contribution
from rotation and translation are plotted by circle
and triangle respectively. The experimental results
at =18 cm3 mol-! are shown by the solid line.59

mol-1) in Fig. 13. The cross indicates the calculated
thermal conductivity at normal density, which is to be
compared with the observed result shown by the solid
curve at the same density.5? The order of magnitude
and the temperature dependence of the present values
are in agreement with experiments.

In order to see the origin of this anomaly,
partitioning of the thermal conductivity is tried as
follows. The heat current $(¢) was divided into three
parts, which are tentatively called translational,
rotational, and molecular Hamiltonian part;

S(t) = Strans(t) + Srotr(t) + Smu(t), (10)
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N .
Strans(t) = E{_u:;m D 4

1&  aU; dx,- + 1o dyj Uy de ) (11)

22 ox; dt ay;, dt 8z dt

Sror(t) =?§{i':i°t—@— +

lN U;; dwyy oU;; dws; aU; dws; ]
2is dwy;  dt dwz;  dt dwsj  dt N, (12)
and
_ N dr;
Smu(t) = EH. dt (13)

where w is the Euler angle. The total heat current was
calculated by means of numerical differentiation as
Eq. 7. The first and third terms of Eq. 10 were
obtained at each MD step by Egs. 11 and 13,? and the
second term was indirectly calculated from other
terms.

It was found that the contribution from molecular
Hamiltonian part is negligible. The contributions
from Strans(t) and Srot(t) are shown as a function of
temperature at normal density in Fig. 13. Although
the contribution from the cross term of Strans(t) and
Srot(t) is not shown, we can estimate it graphically
from the rest in Fig. 13. The main part is the
contribution from the rotational one shown by circles.
This part increases as temperature increases. On the
other hand, the contribution from the translation part
Strans(t) is almost constant as a function of temper-
ature and the magnitude is much less than that of the
rotational one. The strong anisotropic interaction
seems to be responsible to the rotational part.

Here we are going to understand the temperature
dependence of the thermal conductivity in terms of the
time correlation functions. For this purpose, we
define the time correlation function as follows:

fa(t) = < S8(t)-§(0)>. (14)

The time correlation functions (translational and
rotational parts) are shown in Figs. 14 and 15,
respectively. The normal temperature case and the
high temperature one are compared at normal density.
As temperature increases, the correlation function of
the rotational part changes more than that of the
translational one at normal density as seen in Figs. 14
and 15.

For quantitative discussion on the temperature
dependence, the time integral of the normalized
correlation function is shown in Table 2. It is found
that the time integral changes only a little with
temperature under the condition of normal density
(V=18 cm3 mol-1). However, not only the time
integral but also the normalization constant <§(0)z>

Transport Properties of Liquid Water
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Fig. 14. The time correlation function related to the
thermal conductivity, translational part.
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Fig. 15. The time correlation function related to the

thermal conductivity, rotational part.

depends on temperature. These are summarized in
Table 2 (cf. Eq. 6). From this table, it is seen that the
increase of the factor <$(0)2>/T? of the rotational
part as a function of temperature is the main cause for
the anomaly in the temperature dependence of the
thermal conductivity of liquid water. The excitation
of rotational motion is responsible to the increase of
this factor. .

In this paragraph we will try to compare liquid
water with a simple liquid by the correlation function
related to thermal conductivity. The heat current
autocorrelation function in Lennard-Jones liquid
does not have any clear oscillatory character.2? On the
other hand, the translational part of the correlation
function of liquid water oscillates clearly as shown in
Fig. 14. The Fourier transform has a maximum
around 70 ps—! although the figure is not shown. The
above difference between simple liquid and liquid
water comes from rotational motion and anisotropic
interaction. The anisotropic potential energy has
high frequency component because of the rotational
motion in liquid water. This effect will be discussed
in the next section.



1428

Yosuke KaTaoka

[Vol. 62, No. 5

Table 2. Rotational and Translational Parts of Thermal Conductivity, V=18 cm3 mol-!

T/K
298 702
[SS0S0> 10-15 0.36 0.2
0 <5(02>
Rotational _ <S> " -
otationa SxaT2V 1015 W mK-!s 3.9 5.6
A,ROT W mK-—1 1.4 1.8
w dt 10—15 3 50 55
<§(0)2>
T lational _—<S(0—)2>— 1013 W mK-1s—1?
ranslationa 3xaT2V m ) 4.0 3.7
ATRANS W mK-! 0.20 0.20

Time Correlation Functions

As the CC model® is not so different from MCY
potential,!® the kinetic properties of CC water are
similar to those of MCY water.? Qualitatively these
properties are not so different from those of BNS
water.? The frequency spectrum of the velocity
autocorrelation function has peaks at 8 and 30 ps—1.
The frequency spectra of angular velocity autocorrela-
tions have peaks at 76, 120, and 100 ps—! for a=1, 2,
and 3 components in the Rahman and Stillinger’s
notation.®

The normalized correlation function related to shear
viscosity is drawn in Fig. 16 at normal conditions (at
room temperature and ¥ of 18 cm? mol-1). Its Fourier
transform is compared with that at a higher temper-
ature (T=702 K) in Fig. 17. We see two characteristic
frequencies 40 and 160 ps~! in Fig. 17 at room
temperature. At high temperature (T=702 K), these
peaks shift to lower frequencies. The oscillation of the
time correlation function related to shear viscosity is
not intrinsic in Lennard-Jones liquid.2® However
oscillation is clear in liquid water. Since there is
strong anisotropic interaction in liquid water, the
rotation-translation coupling can cause such an
oscillatory behavior as discussed below in the para-
graph on the thermal conductivity.

The bulk viscosity was obtained by the time
integration of time correlation functions as shown in
Fig. 18. In this case, an exponential decay is clear in
short term. It is also possible to analyze the second
part as another exponential decay as shown by the
dotted line. The Fourier transform is given in Fig. 19,
where the abscissa is in logarithmic scale. The zero-
frequency is the main component at room temperature
and a peak is seen around 6 ps—! at T of 702K in Fig.
19.
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Fig. 16. The normalized time correlation function
related to the shear viscosity. A decay character of the
envelope is analyzed as shown by the dotted line.
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Fig. 17. The Fourier spectrum of the normalized
time correlation function related to the shear
viscosity.
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Fig. 18. The normalized time correlation function
related to the bulk viscosity.
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Fig. 20. The Fourier spectrum of the normalized
time correlation function related to the thermal
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Fig. 19. The Fourier spectrum of the normalized
time correlation function related to the bulk
viscosity.

The decay character of the time correlation function
related to bulk viscosity shown in Fig. 18 is qual-
itatively similar to that of Lennard-Jones liquid?® in
contrast with the case of shear viscosity.

Because the rotational part is main, the time
correlation function related to thermal conductivity is
not so different from that given in Fig. 15. The
Fourier transform of the total correlation function
related to thermal conductivity is plotted in Fig. 20.
An oscillatory character is very clear. It is interesting
to see that the characteristic frequency at about
140 ps~! in thermal conductivity is close to the
frequency seen in shear viscosity. The translational
motion coupled with rotational one may have this
frequency.

The long tails of the normalized time correlation
functions are analyzed by the time averaged correlation

conductivity.
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Fig. 21. The decay constant 7; in Eq. 15, shear visco-
sity.

functions which are averaged over a period of 0.144 ps,
because the time correlation function oscillates with
high frequency. The decay character of the time
averaged correlation function was obtained by its
envelope at long term. The short term was, however,
analyzed by the original time correlation function.
The following function was assumed (see Fig. 18):

f(t) = Ciexp(—t/71) t<0.1 ps(ns), t<0.2 ps(ns),
f(t) = C2exp(—t/t2) 0.1 ps<t<0.5 ps(ns), 0.2 ps<t(ns),
and

f(t) = Czexp(—t/t3) 0.5 ps<t< 4 ps(ns). (15)
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Fig. 22. The decay constant 7; in Eq. 15, bulk visco-
sity.

The results on the decay constants 7; are summarized
in Figs. 21 and 22 for shear and bulk viscosity. It was
difficult to perform such analysis on the time
correlation function related to thermal conductivity,
because of too high frequency components. These
figures show that there are several decay constants and
that the order of magnitude of them are 0.01, 0.1, and
1 ps. Wide distribution of decay constants means that
there are so many time constants in the molecular
motion in liquid water.

It is shown in this paper that anomalous behavior of
the transport coefficients of liquid water can be
reproduced nonempirically on a qualitative level.
Some microscopic characteristics were revealed by the
time correlation function related to the transport
coefficients. The dynamical structure of liquid water
will be studied in the next step.
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