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Abstract

In this study, we systematically performed a series of isothermal—isobaric molecular dynamics simulations over a wide range of
temperatures and pressures to evaluate the pressure—volume-tempek&tupedperties of water with four popular molecular
potential, SPCE, TIP4P, TIP5P and EP. From the overview of the simulated data and their comparisons with experimental data,
we find that SPCE shows overall better predictions than the other three models, slightly better than TIP4P, but far more accurate
than EP and TIP5P. Compared with the most recent published high-pressure experimental data up to 5.0 GPa, the simulation
results with SPCE show remarkable agreement with errors less than 1.0%. Considering this potential was proposed based on
very few experimental data under room temperatures and pressures, the high accuracy of the simulation results indicate a great
predictive power of molecular level study and verify our attempt of using molecular dynamics simulations to generate data as
an important supplement to the database of experimental properties of geological fluids.

Based on our simulated data of SPCE and experimental data, a new equation of state (EOS) was proposed with better accuracy
for the volumetric properties of liquid than previous models from 100.0 MPa and 273.15K up to substantial ionization limit,
which is about 20—30 GPa and 2000 K according to previous studies.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction mal venting, geothermal evolution, petroleum and nat-
ural gas formation and migration, and waste disposal.
Water is known as the important member of many Consequently, knowledge of the thermodynamic prop-
natural fluids and plays important roles in many erties of water is important for the interpretation of
processes, such as mineral deposits, volcanic erup-physicaland chemical processesinthe Earth’s crustand
tions, magmatic activities, metamorphism, hydrother- mantle. Pressure—volume—temperatu?®T) proper-
ties can be used to construct an equation of state (EOS),
mponding author. which, in turn, can yield all kinds of thermodynamic
E-mail addressduanzhenhao@yahoo.com (Z. Duan). properties including fugacity, enthalpy and volumetric
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properties. Therefore, measuring (T properties of MD/MC is specially suitable for the study of the Earth
water has been an endeavor of many experimentalists.and planets.

Over the last century, a large number of experimen-  Because of the lack oPVT data for water at
talPVTdata of water has been accumulated, butthey are high temperatures and pressures and the advantages
generally limited below 1273.15K and 1.0 GRzafo of MD/MC simulation in supplementing experimental
etal., 199]). Newly developed techniques make it pos- data, in this study we try: (1) to evaluate the most fre-
sible to extend experiments to 1873.15K and about quently used potential models of water by extensive
5.0 GPa Abramson and Brown, 2004; Brodholt and simulating the®PVT properties over largéP space and
Wood, 1994; Frost and Wood, 1997; Larrieu and tofind the best potential model for the study of aqueous
Ayers, 1997; Withers etal., 20DBut these experiments  fluids; (2) to demonstrate the predictability of molecu-
were still limited far below the Earth core tempera- lar dynamics simulation as “computer experiment” to
ture (>4000K) and pressure (350 GPa). In the mean produce thermodynamic data; (3) to establish an equa-
time, as the temperature and pressure increased, expertion of state with higher accuracy than previous models
iments become more and more difficult with noticeable up to the high pressure limit where water is substan-
uncertainties l(arrieu and Ayers, 1997 Shock wave tially ionized.
measurements provide a routine to find the properties  As mentioned above, molecular potential is the key
of compressed water under extreme temperatures andn the simulation. Over 40 potentials have been pro-
pressures{ormer, 1968; Lyzengaetal., 1982; Mitchell posed for water but no one can be regarded as “per-
and Nellis, 1982; Walsh and Rice, 195Kevertheless,  fect” to meet the insatiable appetites of different re-
this kind of measurements has an obvious disadvantagesearchersGuillot, 2002. Although polarization and
with imprecise temperature estimation. many-body effect can be important in liquids, signif-

Along with experimental work, various equations icant improvements has not been observed with state
of state for water have been proposed. With elaborate of art techniquesKinney, 200). Therefore, pairwise
calibrations of the parameters in these equations, someadditive potentials are still most frequently used in
well established EOS can be used to accurately repro-MD/MC simulations. Among the many pairwise ad-
duce the experimental dataan et al., 1992a; Kerrick  ditive potentials, SPCEBgrendsen et al., 193and
and Jacobs, 1981; Wagner and Prub, 30B@wever, TIP4P (orgensen et al., 198&re the most widely
their extrapolation beyond experimental data range is used invarious simulations as reviewed Kglinichev,
limited. 2001). However, there is apparent controversy about

Molecular dynamics/Monte Carlo (MD/MC) simu-  which is better than the other. Some studies indicate
lations have become increasingly powerful tools in the that TIP4P is better than SPCE, as indicated by the
predicting of thermodynamic properties of geological more realistic prediction of TIP4P in ice—ice—liquid
fluids for the following reasons besides the increasingly phase diagrams than SPCE at low temperatias®
more powerful computers: (1) MD/MC simulation de- et al., 2004. Other studies show clear advantages of
pends little on experimental data and has far better pre- SPCE over TIP4P. For examples, SPCE predicts more
dictability than such thermodynamic models as EOS. accurate liquid vapor phase equilibria and critical tem-
Molecular interaction potential (IP) is crucial in the perature and dielectric constanié/gsserman et al.,
simulation. The parameters of IP are generally evalu- 1994). It seems to us that SPCE has better predictions
ated from a few data points in a smalP space. Once  than TIP4P in the higi—P range and is more suit-
the potential model is well established, it can be used able for the study of salt-water mixtures. However,
to predict various thermodynamic, transport and liquid comprehensive evaluation of SPCE over a wid®
structure properties. However, it is the simulator’s job range does not exist, while such work was done for the
to find out the validity of various potential models. That TIP4P model Brodholt and Wood, 1993In order to
is also part of work in our study presented in this arti- find the most appropriate potential for the studyP®T
cle. (2) Through MD/MC simulation, we can look into  properties of water and aqueous mixtures, we make
microscopic properties, which are generally difficult isothermal-isobaric molecular dynamics simulations
to observe experimentally. (3) There is no limitation using both TIP4P and SPCE potential. Since EP model
on temperature, pressure and medium conditions, thus(Errington and Panagiotopoulos, 1998 considered
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as most accurate in reproducing liquid—vapor phase wherer;, F; andm; are the position, force and mass of

equilibria and TIP5P Mahoney and Jorgensen,
2000 is possibly superior to TIP4P, we also evaluate
both EP and TIP5P with the isothermal—-isobaric sim-
ulation technique over a largeP space.

In the next section, we briefly introduce the al-
gorithm and equation of motion adopted in the
isothermal—isobaric molecular dynamics simulations.
Subsequently, simulation details with potential mod-

theith particle, respectively; andsn the thermostat and
barostat variables, respectively, with two correspond-
ing parameters 0@ andt, to adjust the fluctuation

of temperature and pressuiéithe volume;f the de-

gree of freedom of the simulated system witpar-
ticles; kg the Boltzmann constanBgesire and Tgesire

the desired/external pressure and temperature, respec-
tively; Pinst is the instantaneous pressure, which is cal-

els and program setups are presented. Then, we make @ulated from atomic viriaW = %ZiF,- - r; (Ciccotti
careful discussion of the results and compare them with et al., 200).

the experiments. Finally, some conclusions are drawn.

2. Simulation methodologies and algorithm

A number of algorithms for NPT ensemble have

N
1 . .
Pinst = v E 1 mi(ii — nri)? +
=

> @

Egs.(la)—(1d)and(2) have an apparently different
form fromthat presented Martynaetal. (1994fpr the

been proposed with thermostat and barostat variablesconvenience of our programming but can easily found

added to the equations of motioAr(dersen, 1980;
Hoover, 1986; Martyna et al., 1994; Melchionna and
Ciccotti, 1993; Nose, 1994However, some of these
algorithms were proved not reliable and may yield mis-
leading or even pathological results according to the
rigorous statistical mechanics in the non-Hamiltonian
phase spaceT(ckerman et al., 2001 For example,
according to the analysis dfuckerman et al. (2001)
and our own experience, if the algorithm presented in
Hoover (1986was adopted, an erroneous volume dis-

to be entirely equivalent. The velocity of partialgis
related with the time derivative of positianby:

3)

We did not write this variable explicitly in Egs.
(1a)—(1d)and(2)for the sake of clarity and more impor-
tantly, we found that with the time derivative of position
rather than the velocity it is more straightforward to in-
tegrate the equations of motion (E¢$a)—(1d) with
velocity Verlet algorithm $wope et al., 1982 which

Vi =T — Nl

tribution would be generated and the averaged pressureis described in detail idppendix A

would be systematically larger than the desired value.

As a result, in this study we adopted an improved al-
gorithm suggested hlartyna et al. (1994)which has
the following form:

Fio. . 3y, .
Fi= — i + i — (5 + —n> (ri—nri)  (1&)
mi f

- (Pinst — Pdesird €xp(37)
l}z,kBTdesire

SN amii — iri)? B
ﬂ%kBTdesire

&n (1b)

Z,‘ilmi("’i - 7'7”1')2 + 3flzt;kBTdesire
_(f + 1)kBTdesire

0 (1c)

E=

n=Invyi/3 (1d)

3. Simulation details

As stated in the introduction, over 40 potential mod-
els have been proposed. Evaluations and comparisons
between these potential models can be easily found in
a list of excellent reviews (e.drinney, 2001; Guillot,
2002; Head-Gordon and Hura, 2002; Kalinichev, 2001,
Wallgvist and Mountain, 1998nd references therein).
For the reasons we mentioned in the introduction, we
try to identify the best potential for the study of wa-
ter in the highT—P region from SPCE, EP, TIP4P and
TIPSP.

The geometries and parameters for SPCE, EP,
TIP4P and TIP5P models can be found in their original
publications. We give a brief description here: SPCE
has triangle geometry with OH bond length constrained
to be 1.0A and the angle HO—H fixed as 109.4%, EP
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model has the same HOH angle but slightly enhances Table 1

the bond length of OH to be 1.0688 the HOH ge-
ometries of TIP4P and TIP5P differ from SPCE with
OH bond length constrained to be 0.95¥2nd the
H—O—-H angle fixed as 104.52respectively. In both
models of TIP4P and TIP5P, the oxygen atom is neu- ¢

tral and extra force centers (denoted as M) are designed™ ©)

to carry negative charges. For TIP4P, this center is
located at the bisector of HO—H angle and 0.18
away from the oxygen atom; while for TIP5P the ex-

tra force centers are positioned at the lone-pair sites H—0—H (%)

of oxygen atom with OM bond length to be 040
and the angle MO—M fixed as 109.47. The po-
tential functions for these models can be formulated

as a summation of short-range interaction between

oxygen atoms and Coulombic interaction between
charges:

u(1, 2) = ushorlroo) + tcoul(l, 2)

= ushor{roo) + ) Z q’qJ

ie{l}jef2

(4)

whererpo is the distance of two oxygen atoms and

Parameters and geometries for different potential models

SPCE TIP4P TIPSP EP
solkg (K) 78.073 78021 8052 15978
oo (A) 3.166 3154 312 3195
- - - 120
—0.8476 0 0 07374
o (€) 04238 052 0241 03687
am (e) - —1.04 —0.241 -
O—H (A) 1.0 09572 09572 10668
oM (A) - 0.15 070 -
10947 10452 10452 10947
M—0—M - - 10947 -

conventional periodic boundary conditions and mini-
mum image conventionA{len and Tildesley, 1989
were used in the simulations to calculate inter-atom
distances. Long-range electrostatic forces and ener-
gies were calculated with the Ewald summation. Long-
range corrections to the Lennard—Jones interactions
were made with the formulations presentedimang

and Duan (2002)Velocity Verlet algorithm $wope

rj is the separation between two interaction charges etal., 1982was adopted to propagate the statistical tra-

with partial charges of andgj. For SPCE, TIP4P

jectory, which is described in detail in tAgpendix A

and TIP5P, short-range interactions are calculated with The geometries of the HOH atoms in water were con-

Lennard—Jones function:

12 6
176) 00
hiron = (72) ()

while EP adopts a more complex function of Bucking-
ham exponential-6 potential:

6
eool-52))
'm
()
roo
whereeg is the energy parameters for short-range in-
teractionsgg is the size parameter for Lennard—Jones

potential and,, andx are parameters for exponential-
6 potential. For exponential-6 potential, an equivalent

value ofog can be computed by solvm@hon(roo)

()

e}
short (rOO) 1— 6/a

(6)

strained with the RATTLE methodA\hdersen, 1983
The positions of the extra force centers in TIP4P and
TIP5P models vary with those of primary HOH atoms
with the method suggested iccotti et al. (1982)
Notice that the forces acting on the extra force cen-
ters and the corresponding atomic virials should be
carefully transformed to the primary HOH atoms for
consistence. Parameters@fandty in Egs.(1a)—(1d)
were adjusted to control the fluctuation of temperature
and pressure according to the suggestioMaftyna

et al. (1994)with a typical value of 5.0 kJ ggmol for
Qand 5.0 ps fot,. The time step of all the simulations
was set as 1.0fs. Simulations were initiated from the
configurations “melted” from the face-centered cubic
lattice structure or the previous equilibrated configura-
tions at similar densities. The instantaneous volumes
were recorded and counted into the statistical average
for about 50 ps after a 10—-20 ps pre-equilibrium sim-

0. All of these parameters and geometries are summa-ulation. At lower temperatures and pressures, longer

rized inTable 1
In all of our molecular dynamics simulations, 256
water molecules were placed in the simulation box. The

simulations (to 80 ps) were performed to ensure the
convergence of the simulation and sufficient statistical
reliability.
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4. Results and discussion Table 2
lllustrative simulations at 5000.0 MPa and 673.15 and 623.15K to
4.1 ReIiabiIity show the finite size effect and adequacy of simulation time
System size  Simulation time (ps)  673.15K 623.15K
Before presenting the simulation results, we briefly 108 50 1249(.03}  12.35(.02)
evaluate the reliability of our simulation results, which gig 28 g‘l;ggg i;ggggg
mvolve; thre.e _aspgcts: uncertainty es_tlmat|ons, chegk 108 80 1248(03) 12.34(02)
of possible f|n!te size effect and consistence analysis 556 80 1247(01)  12.35(.01)
between our simulation results and the prior workers. 512 80 1247(.01) 12.35(.01)
As described in the previous section, the simulation 108 100 1248(.02)  12.34(.02)
algorithm adopted in this study mimics the real ex- gig 188 i;j;(-gi) ig-gg(-gi)
perimental conditions by a kind of bath coupling with 00 12475'01; 12'34?01;
a thermostat and barostat. Consequently, the tempera~256 200 1248(01)  12.35(.01)
tures and pressures will inevitably waggle around the 512 200 1248(.01) 12.35(.01)

desired values with fluctuations. With careful adjust- ,
ment of the thermostat and barostat parameters, the'\ot volumes in crf/mol. o
L . . The numbers in the parentheses are the uncertainties. For exam-

uncertainties involved in these fluctuations can be con- . 15 49(.03) means 12.4%0.03.
trolled in an acceptable tolerance. We estimated these
uncertainties with the statistical standard deviations by
dividing a whole run into 10 blocks discarding the pre- within their uncertainties. Simulations with larger sys-
equilibrium stagesAllen and Tildesley, 1980 When tem size and longer simulation time generally reduce
temperatures and pressures increased, the fluctuationshe uncertainties but this effect seems to be marginal.
would generally be enlarged. Nevertheless, the uncer- A large number of publications exist with the simu-
tainties in the temperatures and pressures can be safelyation results utilizing SPCE, TIP4P and TIP5P. How-
claimed to be less than 2.0K and 10.0 MPa. ever, the reported data are not always consistent with

In order to show the possible finite size effect and each other for the sake of different simulation details.
adequacy of our simulation length, a listed of simula- For example, for some historical reasons, the early
tions with different system sizes and simulation times workers roughly dealt with the long-range forces by
were carried out and the simulated volumes were tabu- simply cutting-off without any corrections and this kind
lated inTable 2 From this table, we find that almost all  of treatment turned out to have possibilities of gen-
of the simulated volumes are consistent with each other erating erroneous resultfable 3lists our simulation

Table 3
Simulation results at 298.15 K and 0.101325 MPa (1.0 atm) in this study and a comparison with those of prior workers
SPCE TIP4P TIP5P
This study Ref. This study Ref. This study Ref.
o (glcn?) 0.997+0.008 0.998 0.990+ 0.004 0.999 0.983+0.004 0.999
0.9986 0.993% 0.983%
0.9826
—E (kcal/mol) 11.170.03 11.13f 9.89+0.03 10.07 9.61+0.03 9.87
11.1310 9.8559 9.66%
9.5918

Note density ) and configuration energy¥j at 300 K.
@ Berendsen et al. (1987)
b Jorgensen et al. (1983)
¢ Mahoney and Jorgensen (2000)
d paschek (2004)
€ Lisal et al. (2002)
f Without self-energy correction.
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B — For pressures above 1.0 GPa, experimental data are
. ] approximately distributed in two regions. The first

] group ranges from 298.15 to 673.15K and was avail-
able early in 1942 with Dr. Bridgman as the original

= 3 contributor Bridgman, 194® Compressions of liquid
@ ] water under temperatures to 448.15 K and pressures up
2 L Drodnol and oot ] to 3.58 GPa could be found in his paper. Another con-
2 Moy e tributor in this area was the group of Browhl{ramson
& e i coan, 20¢ | ] and Brown, 2004; Wiryana et al., 1998vho mea-
e 1957 ] sured the velocities of sound in water and derived the
v Lyzenga etal, 1962 ] PVTpropertiesupto673.15 Kand 5.0 GPa. The second
101k A R T T S group ranges from 983.19 to 1873.15 K with newly de-
500 1000 1500 2000 2500 3000 3500 4000 4500 5000 VelOped tEChniquerOdhon and WOOd, 1994, FrOSt
Temperature (K) and Wood, 1997; Larrieu and Ayers, 1997; Withers

. . ) ) ) et al., 2000. Some noticeable uncertainties exist in
Fig. 1. ExperimentaPVT data available projected in tHeP space. these data and this uraes us to carefully analvze their
The left bottom area enclosed by dashed line denotes the commonly 9 y Yy

measured region with temperature less than 1273.15 K and pressureCONsistence. _ .
less than 1.0 GPa. Two dotted lines determined from first princi- As far as we know, there is no static measurement of

ple simulations are set to separate different phase status of waterthe PVTproperties of water under higher temperatures
(Cavazzeniet al., 1999Experimental melting line was drawn with and pressures than those described above. In the ex-
dashed lineKranck et al., 2004 . .
tremeT-P range, dynamical shock wave experiments
may serve as the only routine to uncover the proper-
results at 298.15K and 0.101325MPa (1.0atm) and jies of water despite that there are doubts on whether
gives a comparison with those of some prior work- (hese measurements describe equilibrium states at all
ers. We notice that our simulation results are in very (Wagner and Prub, 2002Early in the year of 1957,
geod agreement with most of recent references but\y5sh and Rice (195Published the shock wave mea-
slightly deviate from those ajorgensen et al. (1983)  gyrement at relatively lower temperatures and pres-

andMahoney_ and Jorgensen (2000his kind of devi- sures (to 41.9 GPalyzenga et al. (1982)ndMitchell
ation can attribute to our Ewald treatment of long-range 54 Nellis (1982)extended the shock wave data to
forces (isal et al., 2002 83.16 GPa. One difficulty involved in the comparison
between our simulations and shock wave data is the
4.2. A brief review of experimental data uncertainties of temperature estimations. Several pa-
pers devoted to calculate the temperatures with theo-
Fig. 1 shows the experimental data available dis- retical theories but later turned out to be not reliable or
tributed in theTP space. In the bottom left corner ofthe  model dependenRee, 1982; Rice and Walsh, 1957
figure (indicated by shadowed regiof< 1273.15K Independent measurements of temperatures with opti-
andP< 1.0 GPa), abundamVT data have been accu- cal studies includ&ormer (1968)and laterLyzenga
mulated for the widely industrial interests in this region et al. (1982)
(Sato et al., 1991 The International Association for Atextreme high temperatures and pressures, the wa-
the Properties of Water and Steam (IAPWS) has pro- ter molecules tend to significantly dissociate (ionize)
posed a well established and widely accepted equationinto hydrogen (or hydronium) and hydroxidégmann,
of state for water properties in this region (so-called 1981). It's hard to determine when this kind of reaction
IAPWS95) and they claimed this equation could repro- dominates in the bulk water from experiments. With
ducePVT properties in very good agreement with the the aid of ab initio simulationsGavazzoni et al. (1999)
experiments\(vagner and Prub, 2002As a result, in suggested a possible region of ionic and superionic wa-
this region we directly regard the data calculated from ter, the boundary of which is marked ftig. 1 as dot-
IAPWS95 as the experimental data in the following ted lines. As revealed in our following descriptions,
descriptions. this would be important to interpret some deviations
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of simulated data from experiments. For comparison, systematically evaluate thHeVT properties of SPCE,
TIP4P, TIP5P and EP models. For convenience, we

experimental melting line is also drawn lig. 1 as a

dashed lineKranck et al., 2004

4.3. Simulation results

A serial of simulations (over 200 data points for
each potential model ranging from 273.15t04273.15K this region, we present irig. 4the plots of the relative
and from 0.1 MPa to 50 GPa) has been performed to errors distributed in thi$—P range for the four models.

gave our analyses of the simulation results in three

parts.

4.3.1. Inthe region of T<1273.15K, P<1.0GPa
In order to give an overview of the evaluations in

T T T T T T T T T
3 -1.07 -0.84 -0.77 -0.61 -0.59 -0.41 -0.26 0.04 0.36 1.46 1.79 SPCE|
107 . . . . . . . . . . . =
F-0.61 -0.66 -0.6 -0.32 -0.25 0.02 025 029 071 1.06 1.54 1.62 1.69 ]
- .. . ® . . . . . . . . . -
043 034 -0.01 061 074 135 146 1.8 245 2.4 1.74 0.38 0.59 i
- L . L Ll L L . . . . . L] »
5 0.32 -0.33 061 133 204 263 276 3.55 343 377 -1.84 2.89 2.64
— 10° LI ] . . . . . . . . . . . —
D“E E 0.72 -0.33 1.21 156 227 413 452 648 811 -11.53 -9.63 3.82 -0.82 E
s r .. . . . . . . . . . . . ]
g | 052 -0.06 122 211 331 419 677 935 -37.81 -12.27 -8.25 2.9 0.57 i
a - . . . . . . . . . . . . 4
@ | 072016 134 239 317 438 827,-2053 -16 489 -1.86 7.49 3.05
D‘: 10" . . . . . . . . . . . . —
9 0.94 -0.17 122 255 2374 18,05 24.41 58.89 52.79 62.9 69.07 71.58 79.57
107 L . v . L. LI L L L . L L -
200 400 600 800 1200 1400
Temperature (K)
T T T T T T T T T
10° -1.20 091 071 -0.36 -0.10 0.13 050 1.08 1.64 249 327 |:Iﬁﬂp4
E -1.19 -0.91 -0.67 -0.14 045 0.82 130 1.79 242 3.29 4.19 4.71 5.13 E
o .. . . . . . . . . . . . B
[ -0.25 -0.28 068 156 2.67 3.67 471 6.19 68l 9.77 9.56 7.63 5.30 1
- LI L] . . . L . . L - . L] L
2| -0.90 -0.10 133 288 439 504 888 11.54 1531 19.32 13.53 511 3.71
E 10° L ] . . . . . . . . . . . -
% [ -0.32 057 208 4.02 615 8.67 1430 23.06 36.24 14.75 475 1.60 0.08 ]
= r LI . . . . . . . . . . . .
@ L 4
5 035 0.66 251 479 8.09 13.11 30.30235.01 -3.92 2.25 1.66 -0.42 0.51
2 - LI L L] - . L I',' . L] . . L -1
o o 011 017 295 531 800 153884029-704 -2.93 2.68 1.25 424 4.90
a 10 | LI . . . L] .- . . L] . . L] -
o| -0.28 049 282 540 1420 38,65 46.82 52.03 59.19 65.61 65.54 79.02 79.06
107 .o . v . LB > , L . . . I L -
200 400 600 800 1000 1200 1400

Temperature (K)

Fig. 2. Relative errors of the three models distributed inThe range of 273.15-1273.15K and 0-1.0 GPa. Logarithmic axes for pressures
were adopted for clarity. The relative errors were labeled on the top of each dot denoting the corresponding simulation conditions. Dotted curve
indicates the experimental liqguid—vapor coexistence line of water.
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T T T T T T T T T T T
3 -1.60 -1.17 -0.52 0.02 0.64 1.03 156 225 2.88 3.81 4.21 TlPsﬁ
107 . . . . . . . . . . q
E -1.71 -1.49 -036 034 1.39 213 335 430 496 6.18 6.70 6.83 6.06 ]
- .. . . . . . . . . . . . R
[ 049 -0.28 1.37 317 519 727 957 11.27 13.54 15.79 14.37 10.10 6.88 |
- .. . . . . . . . . . . . E
o 2 0.67 0.18 2.89 540 8.86 12.85 17.52 22.00 26.77 29.46 17.56 6.46 3.32
o 10° LI . . . . . . . . . . . -
\E.r 1.84 0.29 3.98 7.53 1277 21.34 30.89 48.00 65.07 21.50 4.90 1.99 1.98 ]
@ LI . . . . . . . . . . . 1
5 i
2 1.05 1.33 461 9.63 16.28 34.44 90.00320.39 4.23 115 0.93 0.84 0.99 |
o] . . . . . . . e . . . . E
s .
o 1 1.51 134 5.08 10.38 18.73 43.87991.00~2.27 -3.17 0.54 -1.18 4.43 331
10 .. . . . . ., . . . . . . -
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200 400 600 800 1000 1200 1400
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T T T T T T T T T T T
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Fig. 2. (Continued.

Relative error was defined as:

Vsim — Vexp

Err% = x 100%

exp

()

whereVsim andVexp are the simulated volume and the
corresponding experimental volume, respectively.
From Fig. 2, SPCE shows overall better repro-
duction of the experimentd?VT data of liquid and
compressed water. TIP5P, which was claimed to be a curve) some prominent errors can be found. This is
better choice in the existing pairwise additive mod- understandable for two reasons: firstly, in this region
els (Mahoney and Jorgensen, 20Q0@vas unfortu-
nately proved to be even inferior to its predeces- simulation itself carries larger uncertainties; secondly,

sor, TIP4P, in this region. EP, which was origi-
nal proposed to reproduce accurate phase equilib-
rium, shows better behavior in the gaseous region
but generally overestimates the volumes of liquid wa-
ter.

We notice some general features implied in the
four plots of Fig. 2 First of all, in the vicinity of
liquid—vapor coexistence curve (indicated as dotted

and especially when approaching the critical point, the
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the coexistence lines of the models may differ from tive interactions. By contrast, some simple spherical

those of real water. models are found to show their advantages of remark-
The second common feature in the four profiles of able accuraciedBglonoshko and Saxena, 1991; Duan

Fig. 2is the quite large deviations the simulated vapor et al., 1998.

density from experimental data at low pressures (below

10 MPa), which indicates a complete failure of these 4.3.2. In the higher pressure region

models for vapor. The significant overestimation may SimulatedPVT properties under higher tempera-

attribute to the enhanced dipole moment used in thesetures and pressures are tabulatedable 4 Also pre-

models and also the imprecise modeling of the attrac- sented are the uncertainties of simulated volumes in

Table 4
SimulatedPVT properties for different models
T (K) P (MPa) SPCE TIP4P TIP5P EP Exp. Ref.
120315 950 2238(.14% 22.74(.17) 2291(.16) 2290(.15) 2256(.36) Brodholt and Wood (1994)
129315 1750 1839(.07) 1902(.07) 1912(.07) 1936(.05) 1915(.19) Brodholt and Wood (1994)
139315 1750 1945(.06) 1961(.06) 1971(.13) 1993(.07) 1954(.33) Brodholt and Wood (1994)
149115 950 2536(.20) 2578(.18) 2610(.23) 2582(.10) 2586(.61) Brodholt and Wood (1994)
149315 1750 2013(.10) 2023(.11) 2029(.12) 2044(.08) 2049(.24) Brodholt and Wood (1994)
159315 1750 2068(.09) 2082(.10) 2086(.06) 2101(.07) 2147(.29) Brodholt and Wood (1994)
169315 1750 2129(.13) 2138(.17) 2145(.09) 2155(.10) 2179(.30) Brodholt and Wood (1994)
172315 2200 19%68(.09) 1978(.07) 1974(.10) 1994(.05) 2015(.37) Brodholt and Wood (1994)
187315 2500 195(.10) 1949(.09) 1953(.04) 1961(.09) 1961(.31) Brodholt and Wood (1994)
127315 1450 191(.05) 201(.05) 2019(.07) 2043(.08) 2003(.26) Frost and Wood (1997)
137315 1450 2062(.05) 2080(.05) 2089(.05) 2107(.08) 2083(.25) Frost and Wood (1997)
147315 1450 2131(.07) 2154(.06) 2163(.04) 2173(.09) 216(.28) Frost and Wood (1997)
157315 1450 2206(.05) 2226(.07) 2235(.08) 2239(.13) 223(.33) Frost and Wood (1997)
167315 1450 2279(.07) 2301(.09) 2301(.08) 2309(.10) 2315(.32) Frost and Wood (1997)
98315 1850 1684(.06) 1688(.04) 1692(.07) 1738(.04) 1698 Withers et al. (2000)
98315 1400 1806(.07) 1817(.05) 1832(.08) 1866(.03) 1818 Withers et al. (2000)
98315 2500 1561(.02) 1562(.04) 1564(.03) 1611(.02) 1579 Withers et al. (2000)
117315 3000 1555(.04) 1565(.03) 1565(.04) 1605(.03) 1579 Withers et al. (2000)
117315 3500 1503(.03) 1502(.05) 1502(.04) 1540(.01) 1538 Withers et al. (2000)
127315 3000 1604(.03) 1605(.04) 1602(.03) 1640(.03) 1622 Withers et al. (2000)
127315 2950 1610(.05) 1610(.07) 1610(.04) 1648(.03) 1627(.18) Withers et al. (2000)
127315 2450 1897(.07) 1706(.04) 1702(.06) 1738(.05) 1669(.13) Withers et al. (2000)
137315 3000 1640(.04) 1639(.05) 1636(.03) 1673(.02) 1651 Withers et al. (2000)
137315 4000 1510(.04) 1509(.03) 1508(.04) 1540(.03) 1525 Withers et al. (2000)
137315 2500 1729(.08) 1734(.06) 1733(.05) 1766(.04) 1731 Withers et al. (2000)
137315 3500 1559(.03) 1567(.05) 1568(.03) 1601(.02) 1565 Withers et al. (2000)
107315 850 2184(.14) 2212(.15) 2235(.15) 2243(.11) 2163(1.21) Larrieu and Ayers (1997)
107315 2000 1694(.05) 1706(.06) 1707(.03) 1748(.03) 1719(.31) Larrieu and Ayers (1997)
107315 1500 1830(.08) 1851(.08) 1856(.08) 1889(.04) 1852(.09) Larrieu and Ayers (1997)
117315 2000 1749(.07) 1755(.05) 1761(.06) 1797(.05) 1765(.29) Larrieu and Ayers (1997)
117315 850 2289(.21) 2329(.15) 2354(.18) 2344(.12) 2354(.25) Larrieu and Ayers (1997)
62315 2000 1466(.02) 1465(.02) 1465(.02) 1531(.01) 1474 Rice and Walsh (1957)
Abramson and Brown (2004)
62315 5000 1235(.01) 1229(.01) 1220(.01) 1277(.01) 1235 Rice and Walsh (1957)
Abramson and Brown (2004)
67315 2000 1490(.02) 1491(.02) 1493(.03) 1554(.02) 1497 Rice and Walsh (1957)
Abramson and Brown (2004)
67315 5000 1248(.01) 1243(.01) 1234(.01) 1289(.02) 1247 Rice and Walsh (1957)

Abramson and Brown (2004)

Note volumes in crd/mol.
2 The numbers in the parentheses are the uncertainties. For example, 22.38(.14) meah$22138
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Fig. 3. Simulated volumes at high pressures from 0.5 to 5.0 GPa and comparisons with the expefibmants¢n and Brown, 2004; Wiryana
et al., 1998. The numbers labeled in the vicinities of the simulated data points were the errors relative to corresponding experimental data.

the parentheses, which were estimated with the samevarying with the corresponding pressures and volumes.
method of temperature and pressure uncertainties esti-From Fig. 4a, an obvious trend of being more accu-
mation mentioned above, and the experimental uncer- rate towards higher pressures could be found for SPCE,
tainties. Inthis region, the water molecules rotate faster TIP4P and TIP5P. Thisis an encouraging feature for the
and the boring hydrogen bonding and many body ef- molecular level study of geological fluids if we keep in
fects are gradually smoothed. The interactions becomemind that these models were originally calibrated from
simpler and consequently the simulated results of four data at normal pressures. This feature is further veri-
models are found to be comparative and are generally fied in Fig. 4b, which shows better accuracy at com-
within the experimental uncertainties. pressed state for SPCE, TIP4P and TIP5P. On the other
Fig. 3 shows comparisons between the simulated hand, EP generally shows overestimations at high pres-
volumes and a set of most recent experimental high- sures and condensed states. From this figuré&ana,
pressure data from 0.5 to 5.0 GRBriflgman, 1942; we can conclude: (1) molecular dynamics simulations
Wiryana et al., 1998 EP model again shows signif- can generate quite accurate data if we carefully select
icant overestimation of volume in this region while an appropriate interaction potential and this kind of
SPCE gives remarkable predictions with relative errors predictability can be extended far beyond the thermo-
within 1.0%. TIP4P and TIP5P also generate data with dynamic conditions under which the potential model
good accuracies but deviate more from experiments was calibrated; (2) the SPCE model is very suitable
than SPCE. for the prediction properties under geological thermo-
Fig. 4reveals a general trend by projecting all the dynamic conditions by noticing its generally increased
simulated data into a plot showing the relative errors accuracies towards higher pressures and compressed
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Fig. 4. Projections of all the simulated data into a plot with their relative errors for different pressures (a) and volumes (b).
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densities, although TIP4P can also serve as such a pur- The final simulated Hugonid®-V andT-P curves
pose with slightly less accuracy; (3) simple modifica- are shown irFig. 5. From this figure, we find that the
tions on the potential models of SPCE and TIP4P seem Hugoniot curves for the three models of SPCE, TIP4P
to be discouraging from the overall inaccuracy of EP, and TIP5P show similar behaviors. At lower tempera-
which shows truly improved phase behaviors but actu- ture and pressure, our simulated data point can be well
ally sacrifices the accuracy of volumetric properties.  merged into the shock wave datyfenga et al., 1982;
Mitchell and Nellis, 1982; Walsh and Rice, 195But
when temperature increased to about 2000 K and pres-
sure up to 20.0 GPa, the simulated Hugoniot curves
gradually deviate from the experimental curves. Sim-
ilar deviations were observed I&uillot and Guissani
(2001)in their simulations. One possible interpretation

ical pairwise additive potentials? It is hard to give an | . . - .
. ; is related to the dominant water dissociation effect in
accurate answer for the scarcity of experimental data. ;. : o ) .
this region, which is confirmed by some experimental

Nevertheless, we may seek some implications from the implications Hamann, 198Jland the most recent first
shock wave measurements.

A detailed description of the shock wave measure- principle simulations ¢avazzoni et al., 1999; Schwe-

ments can be found in a list of publications dealing gler etal., 200}
with high-pressure experiments (eMcQueen et al.,
1970. This kind of measurements involves a sudden
traverse of the shock frontto amass elementandresults  Equations of state formulate the relationship be-
in an almost discontinuous Change of the thermOdy- tween the pressureﬁx temperatures'ro, Vo|ume5v)
namic states. Meanwhile, the thermOdynamiC proper- gnd Compositionsxa of ComponentS’ offering a theo-
ties should obey a number of conservation laws, which retically strict way to calculate various thermodynamic

is called Rankine—Hugoniot relations. One of these re- properties, such as phase equilibrium &\ATxprop-
lations is useful for our evaluation and haSthefO”OWing ertieS, which are important in a wide range of geo-

4.3.3. Comparison with the shock wave
measurements

How far beyond the data of 5.0 GPa and 1873 K can
we explore thé>VT profiles of water with these empir-

4.4, Equation of state

form (McQueen et al., 1970 chemical applications. The parameters of an EOS are
1 generally evaluated from experimental data. With the
E1— Eg = E(Pl + Po)(Vo — V1) (8) advent of MD/MC simulations, thBVT data of com-

puter simulation, together with experimental data, are

wherePy, Vo, Eg andP1, V1, E1 denote pressure, spe- also used forimproving EO8€lonoshko and Saxena,
cific volume and specific internal energy ahead of and 1991; Brodholt and Wood, 1993; Duan et al., 1992b
behind the shock front, respectively. The EOS ofBrodholt and Wood (1993)as based
An obvious difficulty in our comparison with shock " the experimental data _avallable then and th_e simu-
wave measurements is the imprecise estimation of the lations of TIP4P model. Since then, new experimental
shock temperatures. As a result, we performed “com- data &bramson and Brown, 2004; Brodholt and Wood,
puter shock wave experiments” and found several data 1994; Frostand Wood, 1997; Larrieu and Ayers, 1997;
points with thermodynamic properties obeying ). Withers et_al., 200pabove 2.5 Gpa up to 5.0 Gpa have
In order to accomplish this target, we first selected the 0€€n published. In order to develop an EOS represent-
initial state withPo = 0.101325 MPa anip = 295.8 K, ing new expenmental data and the S|mulatgd results of
which corresponds to that of the shock wave measure- SPCE of this study, we propose the following EOS on
ments Ree, 1989 In order to get a target pressure, we (e basis oDuan et al. (1992a)
started our exploration of the corresponding volume e formulate the EOS based buan etal. (1992a)

with a temperature theoretically calculatedrige and PV B C D E

Walsh (1957 pr experimentally measured lhyzenga z= RT — 1+ v, + V_r2 + V_r4 + V_r5

et al. (1982) By slowing calibrations of the tempera-

tures and with the help of some reliable interpolations, + (i + g) exp (_l> (9)
we found the final points on the Hugoniot curve. vz oov V2
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Fig. 5. Simulated data points obeying the Hugoniot relation and a comparison with experimental data determined from the shock wave mea-
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Table 5 Table 6
Parameters for Eq$9) and (10a)—(10f) Simulated volumes of SPCE to high temperatures and pressures
a 3.49824207B-01 T(K) P (MPa) V (cm?/mol) AV (cmP/mol)
& _g'gég‘l‘igggigg 52315 5000 1208 001
& 128190640, 01 77315 1500 1637 004
& 7 48997714D-01 77315 2000 1538 003
& 6 73907040001 77315 2500 1472 004
% - 1 706095050.02 77315 3000 1414 003
& 1 463558790 02 77315 3500 1371 003
% _5'79768283902 77315 4000 1333 002
8 S 41946372004 77315 4500 1302 002
f10 T 95186474003 77315 5000 1273 001
an 91624853803 77315 5500 15 0.02
a2 100358159001 77315 6000 127 002
a3 182674744003 77315 6500 1207 002
a4 105999998002 77315 7000 1188 002
Y i 87315 1500 1703 007
87315 2000 191 003
87315 2500 1511 004
V. — 4 (12) 87315 3000 1451 001
VA 87315 3500 1404 003
87315 4000 133 002
whereT, = 647.25 K and/. = 55.9480373 ciimol are 87315 4500 129 003
the critical temperature and volume of water, respec- 27215 5033 137 5 ché
tively, R=83.14467 cribar/(K mol) is the universal 7315 55 1
, . 87315 6000 151 001
gas constant. Parameters for this EOS were tabulated in g7315 6500 128 002
Table 5 The parametersy—ay 4, in the above equation, 87315 7000 12 0.01
are evaluated from our simulated dafalfle § and 87315 7500 1191 003
experimental data of liquid above 273.15K and pres- 87215 8888 1;;2 ggé
sures above 100 MPa. Shock wave data were excluded 9;312 1500 1767 008
fo_r their Igrge uncertainties a_md possible inconsistence g7315 2000 164 004
with static measured experimental davagner and 97315 2500 1%5 005
Prub, 2002 Compared with the simulated data listed 97315 3000 1489 004
in Table 6 the calculated volumes from our EOS show g;gig iggg gi 88‘2‘
remarkable accuracy with an average relative error of 97315 4500 156 001
0.27% and maximum error of 1.?5%. Atthe same timg, 97315 5000 125 003
the calculated volumes are also in good agreement with 97315 5500 1297 002
experimental data from 100.0 MPa up to 5.0 GPa with 97315 6000 1271 002
an average relative error less than 0.5% and maximum 37215 Gggg 133 83;
error less than 4.0%ig. 6 gives the errors of the 9;312 ;500 1211 Q01
EOS proppsed bErodtht and Wood (1993)nd the 97315 8000 1193 001
EOS in this paper relative to the most recently pub- 97315 8500 1178 002
lished PVT data @bramson and Brown, 2004; Brod- 107315 2500 1508 004
holt and Wood, 1994; Frost and Wood, 1997; Lar- 18;212 gggg 1%8 ggi
rieu and Ayers, 1997; Withers et al., 2Q0B8rom this 107315 4000 L4 003
figure_, our EOS shows overall better agreement with ;57315 4500 183 003
experiments. 107315 5000 1349 002
From previous studies, either from experiments 107315 5500 12 0.03
(Hamann, 198} or from ab initio calculations 107315 6000 1293 001
107315 6500 1z 0.02

(Cavazzoni et al., 1999the ionization effect becomes

N, 107315 7000 1248 002
significant to about 20—30 GPa and 2000 K. Accord-
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Table 6 Continued Table 6 Continued

T(K) P (MPa) V (cm®/mol) AV (cm®/mol) T(K) P (MPa) V (cmi/mol) AV (cm3/mol)
107315 7500 1227 001 137315 9000 126 002
107315 8000 1211 001 137315 9500 121 0.01
107315 8500 1195 002 137315 10000 1195 001
107315 9000 1178 002 137315 11000 1168 002
107315 9500 1165 002 137315 12000 1145 001
107315 10000 1152 001 137315 13000 121 001
117315 1000 2165 014 177315 100 153%9 352
117315 1500 1897 008 177315 200 8157 Q72
117315 2500 1641 007 177315 500 4108 023
117315 4000 1453 004 177315 1000 2785 016
117315 4500 1412 002 177315 2000 2065 005
117315 5000 1374 002 177315 5000 1518 002
117315 5500 1343 002 177315 10000 1219 001
117315 6000 1315 002 187315 1000 283 015
117315 6500 1289 002 187315 1500 2335 014
117315 7000 1266 002 187315 2000 212 0.07
117315 7500 1247 002 187315 3000 182 007
117315 8000 128 002 187315 3500 1729 006
117315 8500 121 0.01 187315 4000 1663 005
117315 9000 1195 002 187315 4500 154 003
117315 9500 118 0.02 187315 5000 142 003
117315 10000 1166 001 187315 5500 1497 004
117315 11000 141 002 187315 6000 1458 005
127315 1500 197 01 187315 6500 1424 003
127315 2000 1™7 003 187315 7000 1396 003
127315 2500 1689 005 187315 7500 1367 002
127315 3500 1534 003 187315 8000 1343 003
127315 4000 1482 004 187315 8500 1319 002
127315 4500 1437 003 187315 9000 1299 003
127315 5000 1398 001 187315 9500 1279 002
127315 5500 1367 002 187315 10000 1562 002
127315 6000 1336 003 187315 11000 1231 001
127315 6500 131 0.02 187315 12000 1202 001
127315 7000 1287 003 187315 13000 1177 002
127315 7500 1264 002 187315 14000 1154 001
127315 8000 1246 002 187315 15000 1134 002
127315 8500 1227 002 187315 16000 115 001
127315 9000 1211 002 187315 17000 1Mm9 001
127315 9500 1195 002 187315 18000 1382 001
127315 10000 18 0.01 187315 19000 1069 001
127315 11000 1554 001 227315 100 20045 429
127315 12000 1131 001 227315 200 10717 225
137315 1000 2371 016 227315 500 5105 068
137315 1500 2043 01 227315 1000 32 0.27
137315 2000 1866 008 227315 2000 238 012
137315 4500 1464 004 227315 5000 1632 003
137315 5000 1423 003 227315 10000 1313 002
137315 5500 137 002 227315 20000 185 001
137315 6000 1367 002 237315 1000 335 033
137315 6500 1229 002 237315 1500 2736 016
137315 7000 1305 001 237315 2000 2372 016
137315 7500 1282 002 237315 2500 215 0.09
137315 8000 1262 002 237315 3000 2002 014

137315 8500 1242 002 237315 3500 184 006
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Table 6 Continued Table 6 Continued

T(K) P (MPa) V (cm3/mol) AV (cm3/mol) T (K) P (MPa) V (cm®/mol) AV (cm3/mol)
237315 4000 1M™1 006 327315 1000 4223 032

237315 4500 1718 005 327315 2000 2808 017

237315 5000 1662 005 327315 5000 1846 004

237315 5500 198 006 327315 10000 148 0.02

237315 6000 1%7 006 327315 20000 1152 001

237315 6500 1516 004 337315 1000 4331 042

237315 7000 1477 003 337315 1500 33%2 02

237315 7500 147 003 337315 2000 288 023

237315 8000 1419 003 337315 2500 25%4 018

237315 8500 10 0.03 337315 3000 221 012

237315 9000 138 002 337315 3500 2174 02

237315 9500 1346 003 337315 4000 2046 015

237315 10000 126 002 337315 4500 18 004

237315 11000 10 0.02 337315 5000 1871 011

237315 12000 157 002 337315 5500 175 01

237315 13000 129 001 337315 6000 1738 006

237315 14000 1203 002 337315 6500 168 0.08

237315 15000 1181 001 337315 7000 1637 006

237315 16000 116 0.02 337315 7500 196 004

237315 17000 1141 001 337315 8000 1%61 003

237315 18000 1122 001 337315 8500 128 003

237315 19000 1107 001 337315 9000 1499 003

237315 20000 102 001 337315 9500 1469 003

287315 1000 3%8 044 337315 10000 143 004

287315 1500 346 021 337315 11000 139 004

287315 2000 2622 019 337315 12000 1%H7 004

287315 2500 2% 0.21 337315 13000 123 002

287315 3000 2169 013 337315 14000 1203 002

287315 3500 203 0.11 337315 15000 165 002

287315 4000 1919 008 337315 16000 121 002

287315 4500 185 Q005 337315 17000 1218 002

287315 5000 1766 005 337315 18000 1196 002

287315 5500 1702 Q07 337315 19000 1179 002

287315 6000 1646 005 337315 20000 116 0.01

287315 6500 16 m4 427315 100 37284 659

287315 7000 1%2 004 427315 200 19409 279

287315 7500 123 005 427315 500 8655 137

287315 8000 1499 0.05 427315 1000 5114 054

287315 8500 1462 004 427315 2000 356 022

287315 9000 1435 004 427315 5000 2041 006

287315 9500 1409 004 427315 10000 1539 002

287315 10000 187 003 427315 20000 125 001

287315 11000 1345 003 427315 50000 P28 001

287315 12000 13 0.02

287315 13000 1778 003 ThesePVT data were used to propose a new EOS in this study as a
287315 14000 15 001 supplement to the available experimental date.is the uncertainty
287315 15000 123 001 of corresponding volume.

287315 16000 1202 001

287315 17000 1181 001

287315 18000 116 0.03 ing to our calculation of Hugoniot curveEif. 5, we
287315 19000 1143 002 can get similar implications. So, we believe that this
287315 20000 127 001 EOS can be used to predict volumes of liquid and com-
327315 200 157 209

pressed water from 273.15K and 100 MPa to 2000 K

327315 500 7002 08
and 20 GPa.
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respectively. Unfortunately, these two models were

: : : . : :
e -?L?:ZEL:M Wood, 1993 ‘ ] proved to be even inferior to their predecessors in pre-

. dicting thePVTproperties. Besides some historical rea-
sons of erroneous details of early simulations, the sim-
ple adjustments of pairwise additive potentials seem
to be hard or even impossible to improve overall simu-
lated properties. EP, with original purpose to reproduce
accurate phase behavior of water, turned out to signifi-
cantly overestimate the volumetric properties of liquid
and compressed water. SPCE, on the other hand, was
proven to be very successful at least in the region of
condensed water. Considering its remarkable accuracy
of dielectric constants over wide range of temperatures

Err%

" " 1 " 1 " 1
0 50 100 150 200

Bt Pt and pressuresWasserman et al., 1994nd reason-
able phase behavior§&gissani and Guillot, 1993it
Fig. 6. The relative errors of the EOS proposedBrpdholt and 1S t_herefore suitable for our further study of geological
Wood (1993)and the EOS in this paper comparing with all the re-  fluids.
cent publishe®VTdata Abramson and Brown, 2004; Brodholt and Based on our simulated data of SPCE and experi-

Wgod, 1994; Frost and Wood, 1997; Larrieu and Ayers, 1997; mental data, a new EOS was proposed with better ac-
Withers et al., 2000 . . L
curacy for the volumetric properties of liquid than pre-
vious models from 273.15K and 100.0 MPa up to the
5. Conclusion substantial ionization limit, which is about 20-30 GPa
and 2000 K according to previous studi€xagyazzoni
In order to study theéPVT properties of water at et al., 1999; Hamann, 1981; Schwegler et al., 2001
high temperatures and pressures and demonstrate the
validity of MD/MC simulation, we systematically per-
formed a series of isothermal—-isobaric molecular dy- Acknowledgements
namics simulations to comprehensively evaluate the
PVT properties of water with four popular pairwise We'd like to thank Dr. Jiawen Hu for his help on the
additive models, SPCE, TIP4P, TIP5P and EP. From equation of state in this paper. This work is supported
the overview of the simulated data and their compar- by Zhenhao Duan’s ‘Hundred Scientists Project’ funds
isons with experimental data, we find that SPCE shows awarded by the Chinese Academy of Sciences and
overall better predictions than the other three models, his Outstanding Young Scientist Funds (#40225008)
slightly more accurate than TIP4Pig. 6), but far more awarded by National Science Foundation of China.
accurate than EP and TIP5P. Compared with the most
recent published high-pressure experimental data, sim-
ulation results with SPCE show remarkable agreement Appendix A. Velocity Verlet integration of
with errors less than 1.0%-(g. 3). Considering that  equations of motion
SPCE was developed based on very few experimen-
tal data under normal temperatures and pressures, the The velocity Verlet integrator for the equations of
high accuracy of the simulation results indicate a great motion, Eqs(1a)—(1d) can be written in two steps:
predictive power of molecular level study and demon-  |n the first step, positions and barostat variable
strated the validity of molecular dynamics simulations  are propagated frorhto t+ At (abbreviated in the
to generate data as an important supplement to thefollowing ast for convenience), while;, & and are
database of thermodynamic properties of geological temporarily renewed frorhto t+ At/2 (zo) in the fol-
fluids. lowing sequence:
Among the four models, TIP5P and EP can be re-
garded as descendent models of TIP4P and SPCE,V(r) = exp[3(r)] (A.la)
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> miliit) — n()ri())?

Tis) = = (A1b)
..~ [Pins(t) — Pdesird x V(1)
i) = flz,kBTdesire
Tinst(t) :
g i) (A10
0 = T4 0P + ()
S CCRE [COREORORCED
= 2
i) = ) + A+ O (A1¢)
SN A2
0@ = () + ey ae + 1O (A1)
filro) = 1) + O (19)

[ fke Tinst(t) + Sh(t)zf,%kB Tdesire
_(f + 1)kB Tdesird At
20

&(r0) = &(1) +
(A.1h)

n(r) At
2

whereTinsi(t) is the instantaneous temperaturetane.
Then, volume is renewed with:

V(z) = exp[3(7)]

In the second step;, ¢ andy are propagated from
TotoT:

(A.1i)

n(to) = (1) +

(A.2)

7t = T ion) - [0+ 17
O WO ) o)
Fi(n)A
N (. (A.3a)

> imilii(r) — n(D)ri(0)]?At
20
3f}2,kBTdesiré7(T)2At
+
20
. (f + DkpTgesireAt
20

&(r) =

+ &(70)

(A.3b)

> imilri(r) — n(x)ri(D)]?(1 + 3/f) At
Gt}zjkB Tesire

EION

[W(T) — Pdesirex V(7)] At
2f§kB Tesire

n(r) =

(A.3c)

We notice that the variables to be solvedx), £(z)
andrn(t)) appear in both sides of Eg&\.3a)—(A.3c)
which suggests that an iterative algorithm should be
adopted. A possible solution can be achieved with the
Newton—Raphson metho&rankel and Smit, 1996

When the molecules in the simulation are rigid or
partially rigid, the constraints on the particle degrees of
freedom can be handled using the RATTLE algorithm
(Andersen, 19883 As the time derivative of position
rather than the velocity was used in our proposed al-
gorithm, the original description of RATTLE can be
directly used without any further modifications. How-
ever, attention should be paid that RATTLE should be
part of the iterative procedure since the constraint virial
would affect the calculated(z) (Eq. (A.3c)) and the
other variablesr{(r) and&(z)) as a result.
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