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The pure water phase equilibrium is calculated over a wide temperature range using the Gibbs ensemble
Monte Carlo method with simple two-body molecular models. The Ewald summation method is used to
account for the long-range Coulombic interactions. Coexisting liquid and vapor densities and vapor pressure
at different temperatures are calculated explicitly. A new expression is developed for the direct calculation
of pressure suitable for systems where the Ewald method is used. To improve agreement with experimental
data, a simple scaling procedure is proposed that allows reparametrization of the molecular models without
the need for additional calculations. Critical constants, second virial coefficient, and heat of vaporization are
calculated from the different models. Finally, water structure is examined at low and high temperature. In
all cases, comparison with experimental data is shown.

Introduction the vapor and liquid densities as well as the vapor pressure at
different temperatures are obtained. An analytical expression
is developed to calculate the equilibrium pressure. Simulation
results are compared with literature values using the same
models.

A simple methodology is proposed for the reevaluation of
the molecular model parameters using a scaling procedure so
that better agreement with experimental saturated densities and
vapor pressure is obtained. The new parameters can be used
for reliable mixture calculations. This methodology is quite
egeneral and can be used for other components and for different
target properties. A similar method was used, for example, for
carbon dioxidé? Finally, second virial coefficient, enthalpy
of vaporization, and radial distribution functions are calculated
éjsing the different molecular models.

Despite the extensive use of water for many technological
applications and its importance for several biological processes,
it is not fully understood yet how molecular structure and
microscopic mechanisms affect macroscopic thermodynamic and
other properties. This information is crucial for a variety of
traditional and novel chemical engineering applications where
water is used at extreme conditions including its critical and
supercritical region, for example for oxidation purposes and as
a reaction mediurh.

Molecular simulation advances over the past decade mad
possible the calculation of macroscopic properties of pure
compounds and mixtures where interactions are far from ideal,
using appropriate molecular modélsTo this extent, thermo-
dynamic properties and phase equilibria of aqueous systems hav
been studied extensively using simple models.Almost all
of the semiempirical molecular models currently available for
water were developed in order to calculate accurately thermo- The focus of this work is to use simple molecular models to
dynamic (liquid density, heat of vaporization, etc.) and structure calculate pure water vapsetiquid equilibrium properties.
(pair distribution functions) properties at ambient conditions Several semiempirical two-body potentials have been proposed
(20—40 °C) which are of most interest for biological and in the literature that are variations of the Bernal and Fowler
chemical applications. As a result, predictions from these model!® According to these approaches, water is modeled as
models at higher temperature are not in good agreement witha Lennard-Jones sphere located on the oxygen atom with two
experimental data. positive partial charges located on the two hydrogens and a

In this work, two simple molecular models, the simple point negative partial charge located either on the oxygen atom (three-
charge (SPG)and the extended SPC (SPC/Ejodels, are used  site model) or on the dichotomy of theHD—H angle (four-
to calculate pure water vapeliquid equilibrium over a wide site model, Figure 1). To evaluate the interactions between two
temperature range (36®10 K). Long-range interactions are water molecules, 9 distances are required for the three-site
taken into account through the Ewald summation technt§ue. models and 10 distances for the four-site models, resulting in
The Gibbs ensemble Monte Carlo methbik utilized that an increase in the computational time. Model parameters are
allows direct simulation of the coexisting phases. In this way, usually evaluated from ab initio calculations and are adjusted
in order to accurately represent thermodynamic properties of
* Author to whom all correspondence should be addressed. E-mail: liquid water at 25°C.3
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c TABLE 1: Parameter Values for the Molecular Models
Examined in This Work

model parameter SPC SPC/E MSPC/E
Ron(A) 1.0 1.0 0.9839
HOH angle (deg) 109.47 109.47 109.47

g (esu) 0.41 0.4238 0.4108
¢ (kcal/mol) 0.155 0.155 0.148

o (A) 3.166 3.166 3.116

multiplies all terms on the right-hand side of eq 1 except the
Lennard-Jones term, defines an infinite number of different state
points that correspond to the same reduced state point. As a
result, one can use the original SPC/E (or SPC) parameter values
Figure 1. Schematic representation of the molecular model for water in Table 1 to simulate a state point at a given temperaflye,
used in this work. and pressureP (if the simulation is performed in th&lPT
complexity of these models and the considerably higher ensemble), or at a given temperatufeand densityp (if the
computational time required, the improvement concerning phasesimulation is performed in th&lVT ensemble), and then, by
equilibrium predictions is minimal’ keeping theg?/(eo) and Rop/o ratios constant and modifying

In this work, two three-site models are used for phase the individualg, €, o, andRon values, obtain a new state point
equilibrium calculations: the SP@nd the SPC/E. The Ewald without the need for additional simulations. The expressions
summation method is used to account for the long-range that correlate thermodynamic properties between state points 1
intermolecular interactions. For both models, the intermolecular and 2 and the corresponding molecular parameters are slightly

energy can be expressed in reduced form as more complicated than the corresponding expressions for the
Lennard-Jones fluid? They are given by the following
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(Zz S sin(k-TH)] — ——-— zz (SH: + remains unchanged in this transformation. This methodology
@ eoL T % provides an efficient way to reevaluate model parameters to
obtain best agreement with experimental data for some given
271 q o N1 [o)° thermodynamic properties and is used in this work toward the
_‘ + 24 — —[—|] @ optimization of the SPC/E and SPC parameters with respect to
3 el 5 i the pure water phase equilibrium.

whereN is the total number of moleculem is the number of
sites per molecule (3 in this case with site number 3 being the
oxygen site),e and o are the Lennard-Jones energy and size  In order that two phases be in equilibrium at a given

Simulation Details

parametersq is the hydrogen point charge valus; is the temperature, the pressure in the two phases must be equal as
magnitude of the space vector connecting moleculasd j, well as the chemical potential of each component in the two
r,‘*ﬁ is the magnitude of the space vector connecting iia phases. In this work, the phase equilibrium of pure water at

moleculei and sitef in moleculej, L is the simulation box different temperatures is calculated using the Gibbs ensemble
length,A is a dimensionless number (set equal to 5.5 here) that Monte Carlo method! Two different boxes are simulated

controls the width of the Gaussian distribution ake: (2! simultaneously where the following moves are used: particle
L)i are the reciprocal vectors of the lattice for the Ewald displacement, volume fluctuation, and particle interchange.
method!® S*is 1 for a. = hydrogen and-2 for a. = oxygen. These three moves are used according to the ratio: 84.5%

In eq 1, the first term accounts for the interactions in the real particle displacement, 0.5% volume fluctuation and 15% particle
space (original plus screening potential introduced by the Ewald interchange. The total number of water molecules in the two
method), the second term accounts for the fact that for the boxes, the total volume, and the temperature are kept constant
molecular system examined no interactions between differentthroughout a simulation (GEMENVT calculation). In all
sites of the same molecule exist, the third term is a reciprocal cases, 208250 water molecules are used in the simulation. A
space sum (canceling the screening potential), the fourth termtypical run consists of (46) x 10° moves for equilibration in
is a self-term, and the fifth term is a surface term since a finite the temperature range 36@00 K and (+1.5) x 10° moves
system is examined. In Table 1, the SPC and SPC/E parametefor equilibration at higher temperatures. In all cases, the
values are shown. equilibration stage is followed by {34) x 10° moves where
The functional form of eq 1 indicates that the system follows thermodynamic properties are averaged. Initial configurations
the corresponding states principfe The quantityg?/(eo), which are based either on the fcc lattice with densities close to the
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experimental values or on final configurations from previous rate2® In Tables 2 and 3, experimertaklnd simulation data
runs carried out under similar conditions. For most of the state for the vapor pressure, saturated liquid and vapor densities, and
points examined, two simulation runs are performed. liquid and vapor potential energy at saturation are reported using
Two two-body molecular potentials are used in the calcula- the SPC and SPC/E model. For the SPC model, calculations
tions, the SPC and the SPC/E models. To account for the were limited to six different temperatures only, since this model
electrostatic interactions exhibited by water partial charges, the has been studied in detail previouélyin Figures 2 and 3, the
full Ewald summation method is used with= (ny, ny, ny) and water coexistence curve and the vapor pressure curve are
Ny, Ny, N; assume integer values between 0 and 5. During the presented. Experimental data, simulation data from this work,
simulation, the average pressure of each phase is calculatedand literature simulation d&t&® are included for comparison.

explicitly using an equation derived from the molecular virial
expressiord? According to this equation,
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The average pressure is calculated during the simulation in both

SPC predictions are in better agreement with experimental data
than SPC/E predictions for the vapor pressure. This observation
is in agreement with recent calculations by otHérsOn the
other hand, SPC/E is more accurate for saturated liquid density,
at least for the temperature range where calculations using both
models are performed, and for saturated vapor density at
elevated temperatures.

An attempt was made to improve agreement of molecular
simulation with experimental data by reevaluating the molecular
model parameters. Starting from the SPC/E parameters and
maintaining the dimensionless rati®/co at the constant value
of 121.4 andRon/o at 0.3159(, €, o, andRon parameter values
were reevaluated and macroscopic properties were scaled
according to eq 2. Different sets of parameters can accurately
describe one of the macroscopic properties examined (vapor
pressure, saturated liquid, and vapor density). However, none
of these sets of parameters provide accurate predictions for all
three properties simultaneously. Preliminary calculations with
the SPC-based sets of molecular parameters showed similar
behavior. In this caseg¥ec = 113.7 andRop/c = 0.3159.

The accuracy of a molecular model for mixture predictions
is very crucial for practical applications. A prerequisite for a
model to be accurate for mixture vapdiquid equilibria is that
it provides accurate vapor pressure and reasonably good liquid
density predictions for the pure components. In this respect, a
set of SPC/E parameters (modified SPEMSCP/E) is pro-
posed that predicts vapor pressure and saturated liquid density
values in fairly good agreement with experimental data. As
shown in Table 4 and in Figures 2 and 3, the MSPC/E model
predictions are superior to those from the SPC/E for vapor
pressure for the temperature range examined. The average
deviation between experimental and simulation data is 10% for
the MSPC/E and 40% for the SPC/E model. On the other hand,
average deviations for the saturated densities remain unchanged
(5% for the liquid density and approximately 35% for the vapor
density).

A thermodynamic property that strongly affects the vapor
phase composition in mixture phase equilibria is the second
virial coefficient of pure components. Estimation of the second
virial coefficient is a relatively fast calculation based on the
expression

B(T) = — % Df [exp(—EKT) — 1]dF .l o, (5)

phases. However, in the liquid phase, large fluctuations occur where the average is taken over all the relative orientations of

so the vapor phase pressure is reported in all cases below.

Results and Discussion

the two molecules denoted §;Q2>.
In Figure 4, experimental d&fand Monte Carlo results are
presented for the pure water second virial coefficient over an

Simulation data obtained in this work are reported in Tables extensive temperature range. Simulation results are only in
2—4. The simulation of water phase equilibria at relatively low qualitative agreement with the experimental data. SPC and
temperature requires bias techniques to overcome problemsVISPC/E predictions are significantly better than SPC/E,
related to low acceptance rates of insertion ma¥&s. In this especially at low temperature.
work, the excluded volume map sampling technique was used The enthalpy of vaporization is calculated directly from the
at low temperature in order to increase the successful insertionsimulation results through the expression
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TABLE 2: Vapor Pressure, Saturated Liquid and Vapor Densities, and Potential Energies Calculated by Gibbs Ensemble
Monte Carlo Simulation Using the SPC Model and from Experimental Dat&?

vapor pressure

saturated liquid density

saturated vapor density

saturated liquid saturated vapor
potential energy potential energy

(bar) (g/crrd) (g/cre) (kcal/mol) (kcal/mol)
T(K) simulation expt % ADB simulation expt % AD simulation expt % AD simulation simulation
373.13 1.2+0.2 1.0 22 0.904: 0.014 0.958 6 0.000774@ 0.000139 0.000597 29 —8.90+0.08 —0.14+0.07
423.00 59-06 47 24 0.85:0.007 0.917 7 0.0035% 0.00033 0.00253 40 —8.26+0.09 —0.484+0.15
473.13 17912 156 15 0.765-0.019 0.865 12 0.0114 0.0008  0.00782 46 —-7.474+0.10 -0.90+0.12
523.13 42.0-3.0 39.8 6 0.663:0.019 0.799 17 0.027% 0.0085 0.0199 39 —-6.704+0.12 —-1.334£0.32
550.15 83.4-10.1 61.4 36 0.563-0.048 0.756 26 0.063%9 0.0143  0.0316 102 -6.004+0.18 —2.13+0.40
573.15 1184110 859 38 0.446-0.037 0.712 37 0.13%0.013 0.0461 185 —5.2840.19 —3.1440.20

a0p AD = percent absolute deviation.

TABLE 3: Vapor Pressure, Saturated Liquid and Vapor Densities, and Potential Energies Calculated by Gibbs Ensemble
Monte Carlo Simulation Using the SPC/E Model and from Experimental Dat&?

saturated liquid saturated vapor

vapor pressure saturated liquid density saturated vapor density potential energy potential energy
(bar) (glcm®) (g/crrg) (kcal/mol) (kcal/mol)

T (K) simulation expt %ADB  simulation expt % AD simulation expt % AD simulation simulation
314.14 0.022£0.003 0.08 72 0.98#0.020 0.992 0.5 0.00001480.0000014 0.000100 85 —10.87+0.06 —0.01+0.01
348.85 0.14+ 0.01 0.40 64 0.949-0.008 0.974 3 0.0000899 0.0000073 0.000241 61 —10.40+0.03 —0.06+0.03
388.70 0.8:0.1 17 53 0.9320.011 0.946 2 0.000466 0.000080 0.000981 53 —9.81+0.10 —0.15+0.09
416.67 1.8£0.1 4.0 55 0.9030.013 0.923 2 0.0010& 0.00011  0.00215 54 —9.50+0.06 —0.224+0.08
450.00 6.2£ 0.4 9.3 34 0.874£ 0.016 0.890 2 0.0033% 0.00020 0.00479 29 —-9.04+0.09 -0.42+0.07
476.76 9.6 0.9 16.8 43  0.8340.003 0.860 3 0.00504 0.00055  0.00841 40 —8.70+0.07 —0.54+0.13
503.19  18.3t3.3 28.0 35 0.79& 0.012 0.827 5 0.0104 0.0011 0.0140 25 —-8.30+0.07 —1.26+0.26
522.98 27.6:6.1 39.7 30 0.77x0.013 0.799 3 0.015& 0.0008 0.0199 21 —-8.08+£0.05 -1.21+0.23
556.52 47.%4 5.4 67.5 29 0.70% 0.033 0.745 6 0.034& 0.0010 0.0351 1 —7.49+£0.15 -1.92+0.52
579.71  66.0: 8.9 94.2 30 0.6120.029 0.698 12 0.047& 0.0064 0.0512 8 —6.81+0.14 -1.64+0.27
609.71 110.74 12.0 140.0 21  0.52#0.030 0.621 15 0.0952 0.0178 0.0824 16 —6.20+£0.15 —2.79+0.29

a0 AD = percent absolute deviation.
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Figure 2. Pure water phase equilibria: experimental &atend simulation data calculated in this work and from the literature.

In Figure 5, experimental d&and simulation results are
presented for the entire temperature range.
intermediate temperature, the MSPC/E model is in best agree-

1 1

AH,_,=U,,— U, +Psa(———)
= vap i pvap pliq

At low and

6 experimental data. The deviation is due to the fact that both
) SPC and MSPC/E models predict a critical temperature value
that is considerably lower than the experimental value (Table

5).

ment with experimental data compared to the other two models.
As temperature increases abavB30 K, significant deviations
between SPC and MSPC/E models and experimental data are
observed whereas SPC/E is in very good agreement with theand the law of rectilinear diameters

P~ Py

Simulation data at subcritical conditions are used to estimate
the critical properties by invoking the following scaling law

=AT-TY (7)
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Figure 3. Pure water vapor pressure: experimental #aad simulation data calculated in this work.

TABLE 4: Vapor Pressure, Saturated Liquid and Vapor Densities, and Potential Energies Calculated by Gibbs Ensemble
Monte Carlo Simulation Using the Modified-SPC/E (MSPC/E) Model and from Experimental Date?

saturated liquid saturated vapor

vapor pressure saturated liquid density saturated v[s#)or density potential energy potential energy
(bar) (g/crd) (g/cmd) (kcal/mol) (kcal/mol)
T (K) simulation expt % ADB  simulation expt % AD simulation expt % AD simulation simulation
300.15 0.022:0.003 0.035 38 1.03%0.021 0.997 4 0.0000156 0.0000015 0.000196 92 —10.38+0.06 —0.01+0.01
333.15 0.14:0.01 0.20 29 0.998:0.009 0.983 1 0.000094# 0.0000076 0.000125 21 —9.93+0.03 —0.0640.03
371.21 0.8:0.1 0.9 14  0.97%0.012 0959 2  0.000482 0.000084 0.000559 13 —9.374+0.10 —0.14+0.08
398.05 1.8+ 0.1 2.3 22 0.9480.014 0939 1 0.0010% 0.00012  0.00129 19 —9.07+0.06 —0.21+0.07
429.75 6.2+ 0.4 5.7 10 0918 0.017 0911 1 0.0035& 0.00020  0.00299 19 —8.63+0.08 —0.40+0.07
455.30 9.6:09 105 9 0.8730.004 0885 1 0.0053% 0.00058  0.00538 1 -831+007 -0.51+0.12
480.55 18.3+3.3 18.1 1 0.8290.013 0.856 3 0.010% 0.0011 0.00907 20 —7.92+0.07 —1.214+0.24
499.44 274 6.2 26.1 6 0.81%0.013 0832 2 0.0164 0.0008 0.0130 26 —7.724+0.05 -1.15+0.22
531.48 48.0:54 457 5 0.738:0.034 0787 6 0.036% 0.0010 0.0231 58 —7.16+0.14 —1.8440.50
553.62 66.2:8.9 64.7 2 0.642:0.031 0.750 14 0.049& 0.0067 0.0335 48 —6.50+0.13 -1.57+0.26
582.28 111.0+12.0 97.6 14 0553 0.032 0.692 20 0.10& 0.019 0.0534 87 —5.92+0.14 -2.67+0.28
TABLE 5: Critical Properties for Water is much closer than the SPC prediction to the experimental
critical  critical critical  critical value, whereas both models predict similarly good critical
temperature pressure density compressi- density. Finally, the critical pressure from both models deviates
model (K) (bar) (g/cn®)  bility considerably from the experimental value. Although the
experimenta&f 647.3 2212 0.314 0.236 MSPC/E model is in good agreement with experimental data
SPC for the vapor pressure away from the critical point, the MSPC/E
:jhuspwglrk o 5,376 126 00.22789 0.158 critical temperature, and consequently the critical pressure, is
E?ringto(r)weet al 503.8 02625 much lower than the experimental value. At the same time,
SPC/E ' ' the simulated critical density is in better agreement with
this work 630 148 0.295 0.172 experimental data than the SPC/E value. Both SPC and SPC/E
Guissani and Gglll”ét 640 160  0.29 0.187 models predict critical compressibilitZ{ = P¢/(TocR)) values
Alejandre et af 630 0.308 that are way off the experimental value. The reevaluation of
Errington et af 639.0 0.2622 ..
MSPC/E 602 148  0.310 0.172 the SPC/E parameters has no effecZgn This is an expected
result since SPC/E and MSPC/E correspond to a molecular two-
(ot p)2=p,+B(T—T) (8) parameter corresponding states model (the variation of the three

with § = 0.325% In Table 5, experimental data and simulation Parameters;, o, andg, is under the constrainf/eo = constant)
predictions for the critical properties are shown. Literature that has a constarf value. An analogy can be found in
values for the same molecular models are included for com- Macroscopic models, as for example in the two-parameter van
parison. The critical parameters estimated in this work from der Waals equation of state that has a consfant 0.375 for
both SPC and SPC/E models are in reasonable agreement wit@ll fluids.

the reported literature values, considering the relative deviation  Finally, the structure of pure water is examined by calculating
in the simulations. The SPC/E-predicted critical temperature the oxygenr-oxygen ¢lo-o(r)), oxygen-hydrogen ¢o-n(r)), and
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hydroger-hydrogen ¢.—n(r)) radial distribution functions (rdf). recently revised experimental data at 573 K and 95 atm (not
In Figure 6, Monte Carlo simulation results are shown at 298 shown in Figure 6%°

K and 1 atm and 523 K and 60 atm for the three rdf from the

SPC/E and MSPC/E models. The emphasis here is to showConclusions

the effect of parameter change on the fluid structure, so SPC

calculations are omitted and can be found elsewhdreFigure Gibbs ensemble Monte Carlo simulation over a wide temper-

6, experimental data are shown only for the 298 #ince there ature range using simple molecular models that account

is a debate concerning the correctness of h|gh-_tempe_ratureexpnciﬂy for two-body interactions only. Vapor pressure and
experimental dat#=3° In general, both models predict similar

’ X ) saturated liquid and vapor densities calculated in this work were
structures at both temperatures, in agreement with expenmentalcompared with experimental data and literature simulation

data. A difference between the two models is the position of regylts. A new expression was derived for the calculation of
the first peak in thego—o(r) rdf which is shifted to a lower  pressure in systems where the Ewald method is used. To
position for the MSPC/E model (2.73 A for the SPC/E, 2.71 A improve agreement of simulation with experimental data, a
for the MSPC/E, and 2.88 A for the experimental data) due to methodology was presented for the reevaluation of molecular
the lowero value for the new model (3.116 A vs 3.166 A for  model parameters. The new parameters result in improved
the SPC/E). Theo-o(r) rdf peak position calculated with the  prediction of the vapor pressure curve without any significant
SPC/E model at 298 K is in excellent agreement with molecular changes for the saturated densities. For the models examined,
dynamics calculations using the same model (2.72'A)n there is no unique set of parameters that can provide simulta-
addition, calculations at 523 K are in good agreement with neous good descriptions of the experimental vapor pressure and

The phase equilibrium of pure water was calculated with
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Figure 6. Pure water oxygenoxygen €o-o(r)), oxygen-hydrogen
(go-n(r)) and hydrogerrhydrogen ¢n-n(r)) radial distribution func-
tions: experimental datdand simulation data calculated in this work.

saturated densities. Second virial coefficient, enthalpy of
vaporization, and radial distribution functions were calculated

from the different models and compared to experimental data.
Critical properties were estimated from subcritical simulation

data using critical scaling laws, and it was found that the SPC/E
model results in good prediction for the critical temperature and
critical density and that all models predict critical pressure values
that are way off the experimental one.
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