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A five-site model for liquid water and the reproduction of the density
anomaly by rigid, nonpolarizable potential functions
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The ability of simple potential functions to reproduce accurately the density of liquid water from
—37t0100°C at 1 to 10 000 atm has been further explored. The result is the five-site TIP5P model,
which yields significantly improved results; the average error in the density over the 100°
temperature range from37.5 to 62.5°C at 1 atm is only 0.006 g cf Classical Monte Carlo
statistical mechanics calculations have been performed to optimize the parameters, especially the
position of the negative charges along the lone-pair directions. Initial calculations with 216
molecules in theNPT ensemble at 1 atm focused on finding a model that reproduced the shape of
the liquid density curve as a function of temperature. Calculations performed for 512 molecules with
the final TIP5P model demonstrate that the density maximum near 4°C at 1 atm is reproduced,
while high-quality structural and thermodynamic results are maintained. Attainment of high
precision for the low-temperature runs required sampling for more than 1 billion Monte Carlo
configurations. In addition, the dielectric constant was computed from the response to an applied
electric field; the result is 81:51.5 at 25 °C and the experimental curve is mirrored from 0—100 °C

at 1 atm. The TIP5P model is also found to perform well as a function of pressure; the density of
liquid water at 25 °C is reproduced with an average error-2f6 over the range from 1 to 10 000

atm, and the shift of the temperature of maximum density to lower temperature with increasing
pressure is also obtained. @000 American Institute of Physids$$0021-960600)50820-4

I. INTRODUCTION or —23°C!® by demonstrating that it possesses a minimum in
its pressure as a function of temperature along an isochore.

Prior to 1983, Monte CarloMC) and molecular dynam- ) .
ics (MD) calculations for liquid water generally used the More recently, long MC calculations with the TIP4P model

BNS, MCY, and ST2 potential functioridn 1983 the Tipgp N the isothermal—isobaridPT) ensemble located the TMD
and TIP4P modef$ were introduced and, along with the "€&r ~15°C and, in addition, a region of nearly constant
SPC and SPC/E modefsare the most commonly used wa- dens_lty_ls found betweeﬁ35_ and 0 C Thus_, although the
ter models today. These models, along with the ST2 m%dehquaht.atlve feature of a density maximum exists for ;evera! of
were developed in conjunction with liquid-state calculations "€ Simple water models, quantitative agreement is lacking,
generally at 25°C. The models have been used successfulj’d the shape g¥(T) has also not been well reproduced.
to study a wide variety of properties of liquid water, often at ~ Numerous attempts have been made to improve potential
conditions far from their original parameterizatibdmong funfgtlc;‘rss for liquid water. The addition of b07ng ;Jlex'b”'
the most well known of the peculiar properties of liquid wa- ity:'*~* variable electronic degrees of freeddfrt/****and

ter is the behavior of its density as a function of temperaturénoré complex functional forni&****are examples. Given
and pressurep(T,P). Liquid water at standard pressure ex- that most flexible models do not properly describe the depen-
hibits a temperature of maximum densiffMD) at 4.0°C  dence of the change in dipole moment on molecular
and its density is nearly constant betweenl5 and geometry\®?®#~?7and suggestions that geometric flexibility
+25°C8-10 Notably, none of the commonly used water should be included only in polarizable modél$’ we have
models is successful at reproducipgT) well in the tem-  continued to explore rigid models. While much work is cur-
perature region of interest~*® Several models have been rently being done to include electronic polarization, the com-
reported to yield a density maximutt?~1” although ques- putational expense of adding multibody terms, in particular
tions about the convergence of some of the earlier calculagiven the long calculations required to obtain convergence of
tions have been raiséd?®In particular the ST2 model has computed properties at low temperatures, coupled with unre-
been reported to have a density maximum nea? @7 solved questions about the optimal method of including po-
40°C?@ and SPC/E has a TMD near38 °C* The polar- larization and the effects of incomplete iterati§rf®—?led
izable PPC has been reported to have a density maximums to focus efforts on further optimization of fixed-charge
near the correct value in moderate length molecular dynammodels. Additional refinement of three- and four-site models
ics calculations at zero pressufgda infra).1® TIP4P water  was not fruitful, so five-site models were pursued, while still
has been found to have a density maximum ne&g'??-© retaining the computationally efficient Coulomb plus 12-6
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TABLE I. Monomer geometry and parameters for the APRpotential func-

tions.

TIP3P TIP4P TIP5P
gy (e) 0.417 0.520 0.241
ao (A) 3.150 61 3.15365 3.12
£ (kcal/mol) 0.1521 0.1550 0.16
ron(A) 0.9572 0.9572 0.9572
Oon (deg) 104.52 104.52 104.52
ro. (A) 0.15 0.70
0 oL (deg) 109.47

FIG. 1. TIP5P monomer geometry.

Jones potential operates between oxygens witfy af 3.12

A and ang, of 0.16 kcal/mol. The potential energy between

Lennard-Jones form. Departure from the latter would be[W0 water moleculesa andb, is then given by Eq(1), where
problematic for use in conjunction with standard force fields; ’ '

for organic and biomolecular systems. The ST2 model is tht!?sagwcg sgégiihggge:nsgiiaﬁgdb’ respectively, andoo
most successful prior five-site mofiehowever, it uses a

cubic scaling function to dampen the short-range electro- E=S QiQJ92+4 90 12_ 90 °
static interactions and yields an overly structured liquid with ab™ T o oo rool |’
a density error of 8% at 25°C and 1 atm and an overly high

TMD, as noted above. Nevertheless, before resorting to morg coMPUTATIONAL DETAILS

complex charge distributions, we decided to attempt the op-

timization of a five-site model that would simultaneously =~ Monte Carlo statistical mechanical calculations were
eliminate the scaling function, yield improved density resultsPerformed on the TIPSP model in the isothermal-isobaric
including a correct TMD, and not sacrifice performance forensemble at a pressure of 1 atm at temperatures every
other structural or thermodynamic properties in comparisord2-5 °C between-37.5 and 75.0 °C. In addition, calculations

to the TIP4P model. In the process, factors that control thét & range of elevated pressures up to 10000 atm were per-
position of the TMD would emerge, though at considerableformed. As pointed out previously,NPT MC calculations

computational expense owing to the need to obtain the derr€ a good choice for computing liquid densities because
sity profile with alternative parameter sets. there is no uncertainty in the implementation of the en-

The next section presents the potential function, fol-semble, and because the temperature and pressure controls

lowed in Sec. Ill by computational details. In Secs. IV and vVare exact. Periodic boundary conditions were used with a
the temperature dependence of several thermodynamic asgbic sample of 512 water molecules i@ A spherical
dielectric properties, the liquid’s structure, and energy distri-cutoffs based on the OO separatiogo. The starting coor-
butions are presented for the TIP5P model. Section VI covdinates for each calculation came from a box equilibrated at
ers the results of the MC simulations at elevated pressure§ither 25°C and 1 atm or at closer conditions. Volume
properties of the water dimer are noted in Sec. VII, and Secchanges were attempted approximately every 2000 configu-
VIII describes observations and decisions that were made if@tions, and their magnitude as well as the ranges for mo-
the course of optimizing the model and the behavior of relecular translations and rotations were adjusted to yield ac-
lated models as a function of temperature. Sections 1X and %eptance rates of approximately 40% for new configurations.

contain further discussion and the conclusion. Table Ii(a) lists the lengths of the equilibration and av-
eraging periods for the MC simulations at standard pressure,

and Table I{b) does the same for the calculations at elevated

pressures. The radial distribution functions, potential energy,
Details on the optimization procedure and analysis ofand volume are converged to withinl% in runs of a few

some aspects of intermediate models may be found in Semillion MC configurations at 25°C and 1 ath#®33* The

VIIl. The geometry of the TIPSP model is depicted in Fig. 1, present calculations were far longer owing to much slower

and its parameters are presented in Table |, along with thosgonvergence at low temperatures and the need for particu-

for the TIP3P and TIP4AP models. For all TP® models, the larly precise results to locate the temperature of maximum

OH bond lengthroy, and HOH bond anglefyon, have  density in the relatively flat region near whedp/dT=0.

been set to the experimental gas-phase values, i.e., 0.9572 A The density is calculated from the average volume with

and 104.52°. For TIP5P, the negatively charged interactiofq. (2), wherep is the

sites are located symmetrically along the lone-pair directions

with an intervening angle@, o, , of 109.47°. A charge of p=M/(0.602ZV/N) 2

+0.241 e is placed on each hydrogen site, and charges oflensity in g cm?, M is the molecular weight\ is the num-

equal magnitude and opposite sign are placed on the lonéer of molecules in the periodic bo¥, is the calculated

pair interaction sites. The dipole moments are 2.35, 2.18, andolume in A, and 0.6022 is the unit conversion factor. The

2.29 D for TIP3P, TIP4P, and TIP5P, respectively. There isheat of vaporization is well approximated from the calcu-

no charge on oxygen for TIP5P; however, the only Lennardiated energy via Eq3),® whereR

(€

Il. FORM OF THE TIP5P POTENTIAL FUNCTION
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TABLE Il. (a) Lengths of Monte Carlo simulations with 512 molecules for
TIP5P water at(a) 1 atm., (b) elevated pressuresc) Lengths of Monte
Carlo simulations with 216 molecules for TIP5P water at 1 atm, which were

used to compute the dielectric constants.

J. Chem. Phys., Vol. 112, No. 20, 22 May 2000

(@

T(°C) Equil? Averagé
—-37.5 400 1000
—-25.0 300 1000
—-12.5 300 1000
0.0 100 500
12.5 100 400
25.0 50 250
37.5 50 200
50.0 50 150
62.5 50 150
75.0 50 150
(b)
T(°C) P (atm) Equil? Averagé
—-25.0 1000 200 600
—-12.5 1000 200 600
0.0 1000 100 500
12.5 1000 50 300
25.0 1000 50 150
—-37.5 2000 400 600
—-25.0 2000 400 600
—-12.5 2000 300 500
0.0 2000 100 300
12.5 2000 50 250
25.0 2000 50 150
25.0 3000 10 40
25.0 4000 10 40
25.0 5000 10 40
25.0 6000 10 40
25.0 8000 10 40
25.0 10 000 10 40
(©)
T(°C) Equil? Averagé
0.0 200 500
25.0 50 400
50.0 50 250
75.0 50 250
100.0 50 250

aMillions of MC steps.

AHvap~ —E|iq/N+ RT

M. W. Mahoney and W. L. Jorgensen

Calculations were also performed for the dielectric con-
stant at 1 atm every 25.0 °C between 0.0 and 100.0°C. The
calculations involved applying a nonsaturating electric field
across the simulation box and measuring the average system
dipole moment along the direction of the applied field. De-
tails are similar to calculations performed previouSland
involved 216 molecules subjected to NVT MC calculations
with the density set to the experimental value at that tem-
perature, truncation of intermolecular interactions at
roo=8A, and the use of a reaction field to treat the long-
range interactions. The dielectric constantis calculated
from Eq. (4), whereE, is the applied

(477 (P) [e—1|2egetl
? E_O_ 3 28R|:+8

field strength of 1.510°V m™!, the dielectric constant of
the reaction fieldege=0o0, and(P) is the calculated system
dipole moment per unit volume along the direction Ey.
Table ll(c) lists the lengths of the equilibration and averaging
periods for each of the dielectric constant calculations.

All Monte Carlo calculations were performed with the
Boss program, version 3.8 the dielectric constant calcula-
tions required modifications, which were tested by success-
fully reproducing dielectric constants of TIP4P and SPC
water® In our current implementation, which is not fully
optimized for TIP5P, the MC simulations with an 8.5 A
spherical cutoff require-55% more computer time with the
TIP5P model than with the TIP3P or TIP4P models. Error
estimates in the calculated quantities were obtained by the
batch-means proceduté® The batch size was 10 million
configurations in all cases; tests with larger batch sizes con-
firmed the convergence of the error estimates.

4

IV. TEMPERATURE DEPENDENCE OF
THERMODYNAMIC AND DIELECTRIC PROPERTIES

The results for thermodynamic properties of the TIP5P
model at 25°C and 1 atm are presented in Table Ill along
with the experimental datal® and the results for the TIP3P
and TIP4P models, as previously reportd@he density and
heat of vaporization for TIP5P water are within a fraction of
a percent of the experimental values. The runs are suffi-
ciently long that some fluctuation properties are moderately
well converged. Nevertheless, it is still found that better es-

is the gas constant anfl is the absolute temperature. The timates are obtained by numerical differentiation, which was
heat capacity, isothermal compressibility, and coefficient operformed here for the isobaric heat capacly, and the
thermal expansion were calculated from standard fluctuationoefficient of thermal expansion,'® The C,, for TIP5P wa-
formulas, and also by numerical differentiatith.

ter is somewhat larger than both the experimental value and

TABLE Ill. Calculated and experimental properties for liquid water at 25 °C and 1 atm.

TIP3P TIP4P TIP5P Expt.
p (glcn?) 1.002+0.001 1.001-0.001 0.999-0.001 0.997
—E (kcal/mol) 9.82+0.01 10.06-0.01 9.87-0.01 9.92
AH,,, (kcal/mol) 10.41-0.01 10.65-0.01 10.46-0.01 10.51
C,, (cal/mol deg) 20.6:0.6 20.4-0.7 29.1-0.8 18.0
10° k (atm™1) 64+5 60+5 41+2 458
10« (deg t) 92+8 44+8 63+6 25.7

aSee Ref. 13.
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TABLE IV. Thermodynamic properties for TIP5P water at 1 &m.

p(T) for simple water models

1.05

T(°C) -E p C, 10°k 10«

1.04 —37.5 11.6160.003 0.97250.0003

—25.0 11.336:0.007 0.98140.0004 43.6:0.2 17+1 -—125*

—12.5 10.849-0.008 0.99790.0008 39.40.3 24+1 -—105t
0.0 10.4980.008 1.0069-0.0010 33.&0.5 31*+1 —32+
12,5 10.16&0.007 1.004%0.0011 30.20.8 361 33+
25.0 9.867-0.006 0.999%0.0014 29.%0.8 412 63+
375 9.59@:0.006 0.98920.0012 27.60.3 47+1 87t 5
50.0 9.3250.006 0.97750.0015 26.51.0 56+-4 92+11
62.5 9.0770.006 0.966#0.0015 25.90.9 593 110+10
75.0 8.82#0.007 0.95120.0009 25.40.8 65-3 127+ 7

1.03
1.02
1.01

O N O WE

1}

(M)

0.99 +
0.98 |

0.97 } aSee Table Il for units.

0.96 r

0.95 : . ' . 3 . - .
-50 25 0 25 50 75 100 ues increase significantly as the temperature drops into the

T(©) supercooled regime, in accord with experim&tiipugh the
FIG. 2. Density of TIRP water models vs experiment as a function of magn!IUdeS are too high, and the anomalous ConStan.Cy of the
temperature at 1 atm. experimentalC, at 18 cal/mol-deg from 0 to 100 °C is not
reproduced. Consistent with thg€T) curve in Fig. 2,« de-
creases, passes through zero at the TMD, and becomes sig-
nificantly negative as the temperature is decreased, also in

the results for TIP3P and TIP4P, while the isothermal COM- - ord with experimerﬁ“’. The results fork show trends

pressibility « shows improved accord with experiment, and similar to those reported for TIP3P and TIP4P wafebut

is too high for all the models. are not well converged since they were computed from the

The results for the density as a funcpon of temppfr""turefluctuation formula. The trend toward increasirgvith in-
for the TIP5P model are presented in Fig. 2 along with the

) . creasing temperature is reproduced, though the observed
experimental datd and the prior results for the TIP3P and minimum for « at 46 °C (44.& 10~ atm™ )8 is not apparent
TIP4P modelg?® The density maximum for TIPSP water is '

. " in the computed results.
correctly located at the experimental value of 4 °C within the Results for the dielectric constant of TIP5P water over

statistical noise of the calculations. The results at the higifhe temperature range from O to 100 °C at 1 atm pressure are
temperatures are well converged and show that the densi resented in Table V and Fig. 3, accompanied by the experi-
decreases too rapidly as the temperature increases. T

: : N ; ental result§® The computed dielectric constant of 81.5
yields the overestimates of at 25 °C and a displacement of +1.6 at 25°C agrees well with the experimental value of

the critical temperature to too low values. This is a general78 3, and shows improvement over results-&0—70 for the

feature ff the three'dtohﬁ"g'sne_ mOdi!ls? however, the exisspc T1p3p, and TIP4P modéfsThe computed results in
tenlc(:g c; ‘?‘TMD znb t, € en§|ty Erme 'E its fV',C'n'ty are Fig. 3 nicely parallel the experimental data, so the slope
strikingly improved by increasing the number of interaction 51 It has been suggested

. ~~ " de/dT is correct near—0.32 deg
sites. The results at the temperatures below 0 °C also |nd|ca{ﬁat a better description of the quadrupole moment is an

a_somewhat too steep decline in the density of TIPSP Watﬁfnportant factor for improved reproduction of the dielectric
W|th_decre_asmg temperat_ure. Thus, the computed denSIté(onstanﬁl(a)-(@ Table VI presents the values for the dipole
maximum is sharper than in real water, as also found for the guadrupole moments for the TIP5P model in comparison

,12 . .
ST2 T}Odeﬁ . However, the aver?ge error in the oden.?ty with experiment and the TIP3P and TIP4P models. The units
over the 100° temperature range fron87.5 to 62.5°C o and coordinate system are as given in Refid#lnd the

73 .
only 0.006 g cm™ with the TIPSP model represents a sub- calculation of the quadrupole moments used the center of

stantlaLllmprovement overr] all r?ther \(/jvater modjéls. ies f mass of the molecule as the origin. The observed quadrupole
Table IV prgsents the thermodynamic propemes Ooment is best reproduced by the TIP4P model, which also
TIP5P as a function of temperature. The experimental energy. < the lowest dipole moment of the TilP series. TIP5P has

is well reproduced over the _range25 to 62.5°C, being 3 guadrupole moment with mostly smaller components in
somewhat too large in magnitude at low temperatures an

too low in magnitude at high temperatures. The computed
heats of vaporization decrease from 11.8 kcql/mo+35 °C TABLE V. Computed and experimental dielectric constants at 1 atm.
to 9.7 kcal/mol at 62.5°C, while the experimental values:

decline from 11.0 to 10.1 kcal/mol over this rarié The T(°C) TIP5P Expt:
results forC, and « were computed from the centered dif- 0.0 91.8-1.5 87.74
ference formula for estimating derivatives, except at the low- 25.0 81.5-1.6 78.30
est and highest temperature reported where they were com- 50.0 7419 69.91
puted from the right and left difference formulas, 75.0 68.6-1.8 62.43

100.0 60.31.8 55.72

respectively. Results from the fluctuation formulas were less
well converged and are not presented. The compGigdal-  “Reference 40.
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Dielectric constant for TIP5P water

95 T T T [

M. W. Mahoney and W. L. Jorgensen

OO Radial Distribution Functions for Liquid Water

i G—O Expt.
90 G—=aTIPSP |

TIP4P

55 . . .
0 25 50 75 100 0

T

FIG. 3. Dielectric constant of TIP5P water vs experiment as a function of FIG. 4. OO radial distribution functions for water at 25 °C and 1 atm.

temperature at 1 atm.

magnitude and a larger dipole moment than TIP4P, but it is
superior in reproducing the dielectric constant. The dielectric
properties are undoubtedly affected by both the charge dis-

OH Radial Distribution Functions for Liquid Water

tribution and Lennard-Jones parameters.

V. TEMPERATURE DEPENDENCE OF WATER
STRUCTURE AND ENERGY DISTRIBUTIONS

Figures 4-6 present the oxygen—oxygen, oxygen—  _
hydrogen, and hydrogen—hydrogen radial distribution func- 3
tions at 25 °C and 1 atm along with the experimental data. Yol
Overall, the results for the TIP4P and TIP5P models are
similar and show improved structure over three-site
alternatives? The location of the maximum for the first peak
of the O-0 radial distribution functiofrdf) is shifted inward

TIP3P
/w -

TIPSP

EXP.

~0.03 A from the TIP4P result to 2.230.01 A with TIP5P, 0

-
N
w
H
o b
o
~
[ee]

the shape of the second peak is improved, and the first peak ° rA)
of the H—H rdf is somewhat too high. The latter feature was
noted previously with the five-site ST2 and ST4 moﬁl@)s FIG. 5. OH radial distribution functions for water at 25 °C and 1 atm.

it is likely due to overly stiff angle bending in the potential

energy surface for the dimer, as presented in Sec. VII. The
temperature dependence of the radial distribution functions is
illustrated in Figs. 7-9. The expected reduction in structure

with increasing temperature is observed. The separation of 5

HH Radial Distribution Functions for Liquid Water

nearest and second-nearest neighbors becomes much sharper
in the OO rdf at—25 °C, which is consistent with adoption

of a more ice-I-like structure. This is discussed further below
along with the effects of pressure on the liquid’s structure.

2uln

TABLE VI. Dipole? and quadrupofemoments for the water monomer.

1 Qux ny Qz
Expt® 1.85 2.63 —-2.50 -0.13 L
TIP3P 2.35 1.76 —1.68 —0.08
TIP4P 2.18 2.20 —2.09 -0.11
TIP5P 2.29 1.65 —1.48 -0.17

TIP3P
EXP.

3QUnits are 108 esu-cm.
bUnits are 102 esu-cm.
‘References 41l) and 41e).

FIG. 6. HH radial distribution functions for water at 25 °C and 1 atm.
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e ) o HH Radial Distribution Functions for TIPSP Liquid Water
QO Radial Distribution Functions for TIP5P Liquid Water 5 . . . . . . i

4
r(A)

FIG. 7. Temperature dependence of the OO radial distribution function foﬂ:r:g'sg' T?mpetr?turte dependence of the HH radial distribution function for
TIP5P water at 1 atm. water at 1 atm.

VI. PRESSURE DEPENDENCE OF THERMODYNAMIC
The distributions of total intermolecular interaction en- AND STRUCTURAL PROPERTIES

ergies for monomers in the liquid and the distributions of There has been much investigation of the behavior of
individual water—water interaction energiébe energy pair water as a function of preSSLﬁ(é),Q(b),SQA:%—SOand on the simi-
distributions are presented in Figs. 10 and 11 as a function, jsies and differences in the dependencies on pressure and
of temperature. These distributions exhibit an increase mperaturé?The properties of TIP5P water were examined

pgpulatlon of lower-energy configurations and NAITOWer5¢ 5 range of higher pressures by performing the calculations
widths as the temperature decreases. The energy pair d'StH'etailed in Table llb). A pressure scan was carried out at

butions indicate that as the temperature is decreased there 8°C. and temperature scans were performed at 1000 and

ag_ain a cleaner separation t_)etween hydrogen-bondeq Nearggihy atm. It was found that at a fixed temperature, increasing
neighbors and the more distant molecules. The miniMmung,e bressyre did not lead to the convergence difficulties that
near —2.3 kcal/mol becomes more distinct; integration t0,ere caused by decreasing the temperature at a fixed pres-
this point yields estimates for the average number of hydrog,.e This allowed the high-pressure calculations at 25 °C to
gen bonds per watoer molecule of 3.9, 3.8, 3.7, and 3'6_ e comparatively short. In Tables V&) and VIIi(b), the ther-
_25’,0’ 25, gnd 50°C. Thus, aIthou_gh the hydrogen bond'_ngnodynamic properties for the TIP5P model at a variety of
remains basically tetrahedral, a wider range of geomet”eﬁigh-pressure state points are presented. The energy de-

and energies are explored with increasing temperature. Theeaqes slightly as the pressure is increased, in agreement

present results are very similar to those for TIP4P watery i requits for TIP4P watd? and experimental dafd. The
which have been discussed at length.

computed variation of the density at 25°C from 1 to 10 000

Water-water energy distribution for TIP5P water

OH Radia! Distribution Functions for TIP5SP Liquid Water 0.2
5 T T . T T T .

o—oT=-25
G—aT=0
—oT=26
A—AT=50

0.15

0.1 r

E (kcal/mol)

4
r(A)

FIG. 10. Distributions of the total intermolecular binding energy for mono-
FIG. 8. Temperature dependence of the OH radial distribution function formers in liquid TIP5P water at 1 atm. Units for the ordinate are mol fraction
TIP5P water at 1 atm. per kcal/mol.
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Water—water energy pair distribution for TIPSP water

p(P) for TIP5P Water-at 25 C

1.3
0—6T=-25¢
B—aT=0C
o—oT=25¢C
A—AT=50C 125 ¢ il
V. /
1 12 TIPSP
RN Exot 1
[N
71 1.1
1.05 i
0 25 5 ! . ‘ ' J
. 0 2000 4000 6000 8000 10000

Dimerization E (kcal/mol) Pressure, atm

FIG. 11. Distributions of individual water—water interaction energies for g|g. 12. Density of TIPSP water vs experiment as a function of pressure at
TIPSP water at 1 atm. Units for the ordinate are number of molecules peps oc.

kcal/mol.

these results, it would be that it is a little too soft at short

) . ~range. However, the electrostatics also undoubtedly influ-
atm (~0.1013 to 1013 MPais compared with the experi- ance dp/dP) .

mental data in Fig. 12. The results for TIPSP water below  The energy distributions at the elevated pressures are not
1000 atm agree well with experiment and confirm that théyresented. Shifts were obtained in agreement with results
model’s isothermal compressibility at 25°C and 1 atm is  previously reported”*° The shifts are much less than those
reasonableTable Ill). At higher pressures, TIPSP is some- o the temperature changes in Figs. 10 and 11. The effect
what more compressible than real water, with the error inuf yressure on the OO rdf at 25 °C is illustrated in Fig. 13. If
creasing to~3% at 9000 atm. If there is an implication for the normalization of the rdf by division by the average den-
the repulsive part of the Lennard-Jones 12-6 potential fronjty js removed, then the scaled plots in Fig. 14 are obtained.
The latter figure shows that, in fact, there is not density loss
in the vicinity of the second peak near 4.5 A, but rather that
the overall density increase at higher pressures particularly
features enhanced density of water molecules at OO separa-
tions near 3.3 and 6 A. Though the second neighbors are at

TABLE VII. (a) Thermodynamic properties for TIP5P water at 25 °C and
elevated pressurés(b) Energy and density for TIP5P water at elevated
pressures and at a range of temperatures.

4.5 Ainice |, it is well known that ices II, lll, and V, which
@ have densities near 1.2 g/@mrhave non-hydrogen-bonded
P (atm) “E P C « @ neighbors at OO separations of 3.2—3.8%8imilar penetra-
1 9.867+0.006 0.999%0.0014 24.90.8 41+2 72+ 6 tion of hydrogen-bonded networks in the liquid at such den-
1000 9.92%0.005 1.05280.0007 25.83.3 323 6718 sities is reasonable.
2000  9.968:0.004 1.09220.0007 22.%#2.2 36:t6 23+30
3000  9.994:0.015 1.12760.0009 21.61.0 21+1 56+11
4000 10.046-0.012  1.159+0.0011 22.81.8 20t1 36+12 OO Radial Distribution Functions for TIPSP Water
5000 10.07&0.001 1.18280.0011 25.21.6 171 67+11 3 : . , .
6000 10.066:0.015 1.205%+0.0009 21.#1.4 192 65+14 — platm
8000 10.1080.013 1.24530.0016 19.80.9 13*1 49+9 A e P=2 Katm
10000 10.156:0.010 1.2836:0.0007 20.31.1 121 50+10 TR
(b) 2t
T(°C) P (atm) —E (kcal/mol) p (glcn?)
-25.0 1000 11.14#0.002 1.03620.0004 s
-125 1000 10.75%0.002 1.0532:0.0005 =3
0.0 1000 10.4620.003 1.0598:0.0005 al
12.5 1000 10.1840.003 1.0553:0.0005
25.0 1000 9.9290.005 1.052&0.0007
-375 2000 11.29#0.002 1.0936:0.0003
-25.0 2000 11.0090.002 1.102%0.0004
-125 2000 10.7250.003 1.10950.0004 .
0.0 2000 10.46:0.003 1.1029:0.0005 %0 2 4 6 8
12,5 2000 10.1950.003 1.100%0.0005 r(A)
25.0 2000 9.96%0.004 1.0922:0.0007

aSee Table Il for units.

FIG. 13. Pressure dependence of OO radial distribution function for TIP5P
water at 25 °C.
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FIG. 14. Pressure dependence of density-weighted OO radial distributio..

function for TIP5P water at 25 °C. _ )
FIG. 16. Computed energy of the water dimer as a function of the flap

angler.

The results for the energy and density from the tempera-
ture scans at 1000 and 2000 atm are presented in Table tem has been studied extensively and the alobal minimum
VIl (b). In addition, the density versus temperature curves fo ystem has been studied extensively a € gioba u

TIP5P water at 1, 1000, and 2000 atm are plotted in Fig. 1 ror t?ﬁ \Il;/r?terr glrgfzr hﬁsbb(negn r?jt\?v?;;iheorl é‘;oé’z‘i‘ég';"v_'th a
along with the experimental da¥¥* The computations cor- 'oudnty finear hydrogen bond a cea ' ¢

. . .. sults of geometry optimizations for the linear water dimer
rectly reflect that the temperature of maximum density shifts . . )
y b ty ing the TIMP models are summarized in Table VIII. Ef-

to lower temperature as the pressure is increased. At high . . . o .
P b 9 ective pair potentials for liquid water feature optimal OO

pressures, the maximum in the experimental profile is lost

although this phenomenon is coupled with the unusual be§eparat|ons for the water dimer that are too short by about

havior of water at very low temperatur@sEurther explora- 0.3 A and dimerization energies that are too high by about 1

1-6 ; o
tion of TIP5P water in the supercooled region at eIevatec!(CaI/mOI' These differences compensate for the primitive

pressurs = desraealhougt very lorg uns wi e v (oo P00 O he gctostace Such madets re ol -
quired to achieve well-converged results. 9 q

ties. Improvement to have a model that works well at both

high and low densities requires a more sophisticated charge
VIl. PROPERTIES OF THE TIPSP WATER DIMER distribution and/or explicit polarization.

It has been noted that the common failure of potential  The results of energy scans versufor the linear dimer

functions in reproducing the TMD may be related to inad-USing rigid monomers are presented in Fig. 16. The force-
equacies in their description of the energy of the dimer as #€ld calculations were performed with thEoss ngran_"of
function of the tilt angler in Fig. 161351 The water dimer and the quantum mechanical calculations were carried out

with GAUsSIAN 95°° The latter calculations involved a geom-
etry optimization for the six intermolecular variables at the

p(T,P) for TIP5P water MP2/6-31H-G(d,p) level, followed by an energy scan fer

1.15 T T T ) . . .
o e 1am at the same level with the OO distance fixed at the optimal

18 G—gexpt 1000 tm 1 value. Analogous calculations were performed with the
1141t e Tamaatm ] TIPnP models. Theab initio calculations yielded a minimum
o6 /\\e\ groTmsRaenn | for the dimer withr oo=2.92 A, 7=42° and a dimerization
' energy,AE, of —5.96 kcal/mol. The energy curve is signifi-
1.07

cantly narrower with the TIP3P model, which also has the

105 B/B/B\E'\E 1 minimum shifted tor=27°. The profile is better reproduced
103 %
1.01 3

TABLE VIII. Optimized geometry and dimerization energy for the linear

p(T)

0.99 + 1 water dimer.
0.97 ) TIP3P TIP4P TIP5P Expt.
0955 T12s 5 75 25 r(00), A 2.74 2.75 2.68 2.980.02
T(C) 7, deg 27 46 51 5%10
—AE, kcal/mol 6.50 6.24 6.78 540.5

FIG. 15. Temperature dependence of the density of TIP5P water vs experi
ment at three pressures. ®Reference 58 for (BD),.
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TABLE IX. Five-point models examined to reprodug&T) for liquid TABLE X. Lengths of equilibration/averaging periods for Monte Carlo
water? simulations with 216 molecules for five-point models of water at 1 atm.

TIP5R0.4875 TIPSR0.60 TIP5R0.65 TIP5R0.70  T(°C)  TIPS5R0.4875 TIP5R0.60 TIPSR0.65 TIPSR0.70

oo (A) 3.140 3.145 3.133 3.120 —-50.0 100/600

&0 (kcal/mol) 0.16 0.16 0.16 0.16 -375 100/450 100/450

roL (A) 0.4875 0.60 0.65 0.70 —25.0 100/300 100/300 100/300

q.(e) —-0.290 —0.266 —0.254 —0.241 —-12.5 75/225 75/225 75/225 100/300

0.0 75/175 75/175 75/175 100/300

4n all casesyo=0.9572 A, f04=104.52°, andd o, =109.47°. 125 50/150 50/150 50/175 50/250
25.0 25/125 25/125 50/100 50/150
375 25/75 25/75 25/75 25/75

with TIP4P, which has its minimum neas=46°. Both theab 50.0 25175 2575 25175 2575

initio results and the TIP4P model have a broad regionrfor ayjjions of MC steps.
between+60° in which the energy remains less than 1 kcal/
mol above the minimum. Using the TIP5P model the energy
profile is overly structured, with a deeper well in the moreside this range. For TIP§8.4875, the negative charges
favorable tetrahedral position neas+50° and a less deep Were moved toward the oxygen by 0.1125 A and the charge
well near the other tetrahedral position7at—40°. The fa- was modified to reproduce the energy and density. Based on
voring of tetrahedral orientations for five-site water modelsthe shift in the p(T) curves for these two models,
has been noticed previoushand is related to the placement TIP5R0.65 was developed by increasing the distance be-
of the partial negative charges in the lone-pair positionsfween the lone-pair interaction site and the oxygen atom and
Clearly, as the lone-pair sites are contracted toward the oxypy modifying the Lennard-Jonesparameter and the charge,
gen, the TIP5P curve would collapse toward the TIP3P oneagain to reproduce the liquid’'s energy and density at 25 °C.
Figure 16 demonstrates that the dimer surface as a fund=urther refinement yielded TIPER70, which is TIP5P,
tion of 7 is closer to theab initio results with the TIP4P through increasing they, distance to 0.70 A and modifying
model than with TIP5P; however, it is also clear that TIP5Pthe other parameters. Scans for the dimerization energy as a
is overall the better model for liquid water and certainly function of 7 were performed and showed the expected
yields the better density profilig. 2). This is not inconsis-  strengthening of the double well form in Fig. 16 with in-
tent, if polarization in the condensed phase leads on averaggeasingr o -
to an effective two-body potential that more sharply favors ~ Monte Carlo simulations for the liquid with each of
the tetrahedral disposition of hydrogen bonds. these models were executed to establish the effect of varying
therg, distance on the calculated properties. The lengths of
the equilibration and averaging stages for these calculations
are listed in Table X. The calculations were similar to those
already described except that the box size was 216 molecules
As stated above, the goal was to develop the simplesind the intermolecular nonbonded cutoff distance was 8.0 A.
potential function, which reproduces well the density The results for the density and energy are recorded in Tables
anomaly of liquid water, while simultaneously yielding good XI and Table XlI. The small dependence of the energy and
thermodynamic and structural properties near 25°C and tlensity on the number of molecules for fixed-charge models
atm. Additional studies of three- and four-site models, in-has been noted befo?&€® The same is found for TIP%@.70
cluding the introduction of internal flexibility and replace- water; runs with 216(Tables XI and Xl), 267, and 512
ment of the 12-6 Lennard-Jones form, did not yield improve-Table 1V) molecules and cutoffs of 8.0, 8.5, and 9.0 A,
ment for the density profiles over TIP4P. Five-site modelsrespectively, show an increase of 1% for both the energy and
were then explored witl- and e near the TIP3P and TIP4P the density at 25°C and 1 atm. Calculations have also been
values and with the L1-O-L2 angle constrained to beperformed for 267 molecules with a cutoff of 8.5 A and use
109.47°. A primary focus became establishing the influencef a reaction field for long-range interactiofi®; the same
of the distance between the oxygen and the negativelyrend is found with~1% increases in the energy and density.
charged sitesro., on the density profiles. Once this was What has not been noted before is the dependence of the
optimized, adjustments could be made to fine-tune the chargemperature of maximum density on the system size. The
and Lennard-Jones parameters. results in Tables IV and Xl indicate that upon decreasing the
Series of calculations were performed over a range ohumber of molecules, the density maximum of TIF&PO
temperatures for four alternative models using a more comis increased by 5—-10 °C. Results not presented indicate that a
putationally tractable box size of 216 molecules. The paramsimilar shift exists for TIP5®.65, which has a temperature
eters for the models are listed in Table IX. TIR6B0 has  of maximum density close to the experimental value for a
ro.,=0.60A and was developtby varying thero, dis- box of 216 molecules, but whose maximum decreases
tance and charges to get a dipole moment of approximately-10 °C upon increasing the number of molecules to 512.
2.2 D for the monomer, a dimerization energy of between It was found that for a giveng, distance, the energy and
—6.0 and—6.5 kcal/mol, and correct values for the energydensity at 25°C could be reproduced by simultaneously
and density of the liquid at 25°C and 1 atm. Note that thevarying the partial charges and the Lennard-JaneResults
model ultimately developed has a dimerization energy outnot presented indicate that the shapes of the curves, i.e., the

VIIl. REPRODUCING THE DENSITY MAXIMUM AND
SIZE DEPENDENCE OF THE RESULTS
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TABLE XI. Density (g/cn?) for five-point models of water with 216 molecules at 1 atm.

T(°C) TIP5R0.4875 TIP5R0.60 TIP5R0.65 TIP5R0.70

-50.0 1.0246:0.0006

-37.5 1.0256:0.0007 0.97240.0006

—25.0 1.0242-0.0008 0.9896:0.0008 0.9722:0.0007

-12.5 1.0206:0.0007 0.99710.0008 0.9896:0.0009 0.97490.0005

0.0 1.0139-0.0008 0.9956:0.0010 0.99730.0011 0.9852:0.0010

12.5 1.0056:0.0010 0.9899:0.0008 0.9902:0.0008 0.99250.0009
25.0 0.9969-0.0008 0.9806:0.0010 0.988€:0.0010 0.9886:0.0011
37.5 0.9869-0.0013 0.97280.0011 0.97720.0011 0.9846:0.0012
50.0 0.97230.0012 0.96020.0012 0.9702:0.0011 0.9756:0.0011

temperature at which the maximum occurs and the differenc@EMD occurs at significantly higher temperature, 30—40 °C,
between, e.g., the density at the maximum and the density #tan for the five-site models examined here. Besides moving
25 °C, are similar for models with identica}, distances and the TMD to higher temperature, increasing is also found
minor changes in the other parameters. Thus, in Fig. 17, thes move the density at the TMD to lower values, given that
density is plotted as a function of temperature for four mod-the value of the density at some state point, e.g., 25°C, is
els with varyingro, . Note that the curves in Fig. 17 have fixed. It appears that the charge distribution is the primary
each been offset along the ordinate in order to have eachdeterminant of the shape of théT) curve. Further improve-
common density at 25°C. The effect of varying, is then  ment in the computed results, e.g., at high temperature and
seen more clearly. pressure, would likely necessitate the use of a larger number
All four models yield a density maximum, although its of charged sites or explicit polarization as well as much ef-
position and the density at the TMD vary widely. The tetra-fort at optimization of the model.
hedral charge distribution captures an important aspect of the
intermolecular energetics required to model well the density
variations as a function of temperature. While the qualitativy FURTHER DISCUSSION
feature of a density maximum is clearly obtained for models
with ro, greater than~0.5 A, the exact positioning of the The TIP5P model appears to yield improved results for
lone-pair sites is important for its quantitative reproduction.p(T) and the TMD by forcing tetrahedral arrangements for
With anr g, of 0.6 A, the density maximum occurs between hydrogen-bonded pairs to be more attractive than with real
—15 and—25°C, while moving the lone-pair sites toward water. Though the computed radial distribution functions are
the oxygen by only 0.1125 A to an,, of 0.4875 A signifi-  in generally good accord with experiment, the enforced tet-
cantly degrades the density profile. Diminution 1§, to  rahedrality is undoubtedly responsible for the first peak in
zero, while modifying the charge to reproduce the energythe HH rdf being too highFig. 6). The overly tetrahedral
and density and while keeping the Lennard-Jones parametedescription of the hydrogen bonding promotes the existence
approximately fixed, produces the TIP3P model. g{8) of a TMD at low temperature; however, the description of
curve in Fig. 2 monotonically increases as the temperature ithe interactions between less well-bound neighbors, which
decreased. are more important at higher temperatures and pressures,
Thus, the anisotropy introduced in the potential functionmay be adversely affected. Such less accurate treatment of
with the lone-pair sites is rapidly lost fai,, below 0.6 A.  non-hydrogen-bonded neighbors for all of the common
On the other hand, increasing, much beyond this point fixed-charge models may be responsible for the density al-
pushes the TMD to too high a temperature. The pattern conways rising too rapidly with increasing pressure or with de-
tinues with the ST2 mod&f? though the scaling of the elec- creasing temperature above the TMD. Another general prob-
trostatics at short range complicates the analysis, it has tHem is that the first peak in the OO rdf is always at too short
lone-pair sites at a still greater distaneg,(=0.8 A) and its  a distance with the simple fixed-charge models. This discrep-

TABLE XII. Potential energy(kcal/mo) for five-point models of water with 216 molecules at 1 atm.

T(°C) TIP5R0.4875 TIP5R0.60 TIP5R0.65 TIP5R0.70

—50.0 —11.398+0.003

-37.5 —11.160+0.003 —11.407:0.004

—25.0 —10.885+0.005 —11.0470.005 —11.356+0.003

-12.5 —10.660+0.005 —10.680+0.005 —10.911-0.007 —11.134+0.006
0.0 —10.4170.005 —10.418+0.006 —10.590+0.008 —10.730+0.009
125 —10.186+0.005 —10.152+0.006 —10.312+0.006 —10.311+0.008
25.0 —9.965+0.005 —9.900+0.006 —10.010+0.007 —10.003+0.009
37.5 —9.771+0.006 —9.671+0.008 —9.751+0.008 —9.688+0.010
50.0 —9.552+0.005 —9.423+0.007 —9.511+0.007 —9.410+0.009
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p(T) for TIPSP—like models the TIP5P model the magnitudes of the peaks and valleys,
oo TIPSP(0.4875) but not their positions, depend on the temperature difference,
G—a TIP5P(0.60) ] with isobestic points occurring at2.9, 3.9, 5.0, and 6.3 A.
o— TIP5P(0.65) . . .
#*—% TIP5P(0.70) ] These locations agree well with the experimental values.
There is reduced density in the first and second peaks of the
OO rdf and filling-in on both sides of the second peak upon
raising the temperature at constant density. It may also be
noted that the magnitudes of the oscillations in the isochoric
temperature differentials for TIP5P and real water are
roughly linear in the temperature difference. These facts, and
the correspondence of the extrema in Fig. 18 with oxygen—
oxygen distances that are featured in ices | ancbillll),
0.96 | . suggest two-state mixture models for the liqfad® In addi-

. . . . » tion, nonisochoric pressure differentials can be computed
50 - 0 Tz(é) %0 7 100 from the results in Fig. 13. The results are quite similar to

those calculated in Ref. 63 from the experimental data in

FIG. 17. Density of five-site water models as a function of temperature at IRef, 43c), and which were used to further support a two-
atm from MC simulations with 216 molecules. See Table Xl for the exactState mode?3

numerical densities. In order to emphasize the effect that varying the oxygen . .
to lone-pair interaction site distance has on the shape of the density profile, ~Supercooled water has received much attention, often

the results here have each curve offset along the ordinate to make the deeentering around the possible existence of a line of liquid—
sity at 25 °C equal to 1.0 g/cin liquid phase transitions terminating at a second critical
point2©12:4964-68The improved performance at low tem-
peratures with the TIP5P model should aid such studies.
ancy can probably not be rectified without replacing thenowever, it should be kept in mind that the TIP5P model has
Lennard-Jones potential, introducing a scaling function, oheen optimized for use with 512 molecules, a spherical cut-
adding explicit polarization or quantum effects. off of 9.0 A, and cubic periodic boundary conditions. If fur-
Though structural changes were discussed above basggkr calculations employ a different system size, the density
on the radial distribution functions, some additional insightsmaximum will be shifted somewhat, as noted above. In ad-
are notable from the isochoric temperature differentials foigjtion, while models such as TIP4P have often been used to
the oxygen—oxygen radial distribution function, as presenteg|culate properties at state points far from their original
in Fig. 18. These have been meas(itethd effort has been reqim of parameterization, caution is needed under such cir-
directed at their interpretatidi:®® SinceNPT MC calcula- ¢ ymstances. The hydrogen bonding near optimal geometries
tions were performed here, the pressures rather than the degsems to be reasonably well described, but less favorable
sities were fixed. Nevertheless, the densities at 12.5 angyieractions between near neighbors are more problematic
0.0 °C were computed to be approximately identical at 1 atmyith models in this class.
The same s true for the densities at 25 antl2.5°C and Related to the question of calculations on liquid water at

also at 50 and-25 °C. Therefore, these pairs of temperaturesg, temperatures is the issue of the lengths of the averaging
were chosen to examine the rdf differences. It is seen that fag 4 equilibration periods needed to obtain converged

1.05

1.04

1.03 ¢

1.02

1.01

resultst®'* The requisite lengths for both periods increase
significantly with decreasing temperature, while the depen-
Isochoric Temperature Differential for g, of TIPSP dencg on increasing pressure was less severe. Thus, thg cal-
1 ; : : . . culations below 0°C at 1 atm needed to be more than five

00 goo(T=12.5)-(T=00.0), AT =12.5 times longer that the ones above 25°C to achieve compa-
—8 g,(T=25.0)-go(T=—12.5), AT=37.5 X R
00 g05{T=50.0)-go0(T=-25.0), AT=75.0 rable convergence of the energy and density. Calculations of

the present length and breadth would currently be very dif-
ficult to perform with a polarizable model. For example, the
polarizable PPC model has been reported to have a density
maximum near the experimental value based on molecular
dynamics calculations, which consisted of 100 ps of equili-
bration and 300-500 ps of averagitfgA comparison be-
tween Monte Carlo and molecular dynamics for liquid hex-
ane yielded an approximate equivalence between 10 ps of
MD and 2000 MC passes. For a system with 500 molecules,
this corresponds to a rough equivalence betweehMID

5 5 - 3 steps and 100 ps of M. Assuming a similar situation for
r(A) water, the calculations for the PPC model correspond to
FIG. 18. Isochoric temperature differentials of the oxygen—oxygen radial,_ 10'mMC gteps for equilibration and 3._>5107 MC steps
distribution function for TIPSP water. Results are presented for three tem{OF @veraging. For the present calculations below 0°C and
perature differences at 1 atm. starting with a box equilibrated at a nearby temperature, the

Agoo(rAT)
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equilibration stage took more that®l€onfigurations, and the ACKNOWLEDGMENTS

averaging phase took substantially longer. At the low tem- . . . .

peratures, there were occasional fluctuations along the Ma{.- (?ratltude 'f’ (?)iﬁressetld( tghthe I\iﬁtlonal Sc:ence Iio}yrr?a—
kov chain of ~1% in the energy and density that lasted Iljon Jo:'sup_lp_).ordo R'IS wc;r .h IefalIJ dors are aiso grda;a UDO
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