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on the reproduction of the density anomaly of liquid water
by simple potential functions
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The ability of simple potential functions to describe the properties of liquid water at a range of
thermodynamic state points has been explored. These simple potential function models represent a
water molecule by a set of sites, either rigid or flexible relative to each other, that interact with a
simple, generally classical, Hamiltonian, which has parameters that are empirically determined.
Calculations on several models that include intramolecular flexibility, electronic polarization or
quantum mechanical effects have been performed. The consequences of altering these parameters
have been systematically examined to determine factors of importance in reproducing properties of
pure liquid water. It is found that simple four-site models that incorporate classical intramolecular
flexibility or electronic polarization do not improve the description of the density anomaly of liquid
water. Quantum statistical mechanical path integral calculations on the classical rigid nonpolarizable
TIP5P model[J. Chem. Phys112 8910(2000] and the classical flexible nonpolarizable TIP4F
model indicate that although quantum mechanical effects destructure the rigid model, they improve
the radial distribution and energy distribution properties of the flexible model. In addition, although
quantum effects make the density behavior of the rigid model worse, they improve the density
behavior of the flexible model. Path integral calculations have also been performed on qua@tum D
TIP5P water; this leads to a temperature of maximum density that is higher and to a more structured
liquid than results from calculations on quanturaCHTIP5P water. A similar effect is seen with
calculations on a five-site rigid model, TIPB®MC), which was parameterized using path integral
rather than classical Monte Carlo calculations. 2601 American Institute of Physics.

[DOI: 10.1063/1.1418243

I. INTRODUCTION monly used water models. These models are known as
simple potential function models since they represent a water
Prior to 1983, Monte Carl@MC) and molecular dynam- molecule by a set of sites, either rigid or flexible relative to
ics (MD) calculations for liquid water generally used the each other, that interact with a simple, generally classical,
BNS, MCY, and ST2 potential functiodsThese seminal Hamiltonian, which has parameters that are empirically de-
models were developed with limited computational resourcegermined. They were developed in conjunction with liquid-
and do not accurately reproduce thermodynamic and strugtate calculations, generally at 25°C and 1 atm, and have
tural properties of liquid water, particularly the density, in been used successfully to study a wide variety of properties
calculations in the isothermal—isobafiPT) ensemblé.In of liquid water/® often at conditions far from their original
1983, the TIP3P model was introduced and demonstrateparameterizatior.
that the energy and density could be accurately reproduced Among the most well known of the peculiar properties
within the framework of three-site models, although at theof liquid water is the behavior of its density as a function of
expense of losing structure beyond the first peak in theemperature and pressugeT,P).*?~" Liquid water at stan-
oxygen—oxygen(OO) radial distribution function(rdf).? At dard pressure exhibits a temperature of maximum density
about the same time, the SPC mddelemonstrated that the (TMD) at 4.0 °C, and this maximum is shifted to lower tem-
structure beyond the first peak of the OO rdf could be betteperatures as the pressure is increased. In addition, the density
reproduced, but with a slight sacrifice in the density. Theis nearly constant between15 °C and+ 25 °C and falls off
four-site TIP4P modél,by moving the site of the negative more gradually than for other liquids between 25°C and
charge 0.15 A off the oxygen along the hydrogen—oxygen-100 °C. Although some of the commonly used water models
hydrogen(HOH) bisector and by appropriate choice of pa- have a TMD, none is successful at quantitatively reproducing
rameters, is able to reproduce both the structure and thermg{(T) in the temperature region of interé&t?’ More accu-
dynamic properties of liquid water to high accuracy at arate results may be achievable by considering additional in-
single state point. These models, along with the SPC/HEeraction sites, electronic polarization, intramolecular flex-
modef and the ST2 modél,are currently the most com- ibility or quantum mechanical effects. Recently, the TIP5P

0021-9606/2001/115(23)/10758/11/$18.00 10758 © 2001 American Institute of Physics

Downloaded 01 Oct 2003 to 128.36.233.125. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



J. Chem. Phys., Vol. 115, No. 23, 15 December 2001 Reproduction of the density anomaly of liquid water 10759

model was developed and included optimization of the posiTABLE I. Monomer geometry and parameters for the water models.
tion of the negative charges along the lone-pair directf8ns.
TIP5P water reproduces the structural and thermodynamic

TIPSP TIP4F  Dang97 TIPSPIMC)

properties at 25°C and 1 atm as well as the best previousl?mge; 0241 0511 0519 0.251
o . ) ; o do(e

existing models. In addition, the density maximum near 4 C.fg1 ©) _0241 —1022 —1038 —0251

at 1 atm is reproduced and the average error in the densltyO A) 312 3.27 3234 312

over the 100°C temperature range from37.5°C t0 ¢, (kcal/mo) 0.16 0.10 0.1825 0.16

62.5°C is only 0.006 g ci?. At 25°C and 1 atm, the TIP5P « (A%) 1.444

model is also found to have a dielectric constamf 81.5 o (A) 09572 09572 09572  0.9572

+1.6 and a diffusion constaéit of 2.62+0.04 fHOF('A(?eg (1)074652 3013.? ég‘g 3%52

10" °cn/s, both of which represent an improvement rela-g  (deg 10947 .- . 109.47

tive to three and four-site models that do not include arxgy, (kcal mor*A-2) 600.0

energy correction’?®~*°For a discussion of the polarization knon (kcal mol *rad?) - 75.0

self energy correction, see Refs. 5 and 30 and Sec. Il of Refor (kealmol tA™%) .- 900.0

29. KyoL (kcalmol “rad™@)  --- 50.0

The inclusion of polarizability is thought to be a mecha-
nism to model water under an even wider range of conditions
than the bulk liquid phase at 25°C and 1 atm. For examplepath discretization. Section VI presents some further path
the heterogeneities and anisotropies of water near solid dntegral results on two rigid five-site models that examine the
gaseous interfaces, near ions, or near biomolecules are betigptopic effect and the effect of reparameterizing a model to
described by a water model with rapidly responsive elecquantum rather than classical calculations. Finally, Secs. VII
tronic degrees of freedoM=’ Intramolecular flexibility has ~and VIII present a discussion and the conclusion.
been put forth as a mechanism to model certain vibrational
properties of water and the deformations of water neatl. REVIEW OF THE MODELS, THEORY, AND
perturbations$>~#’ Although many of these phenomena in- COMPUTATIONAL DETAILS

volve water effected by ions, solutes, or surfaces, pure water T/psp is a rigid nonpolarizable five-site moffend its

is known to undergo significant changes in dipolar, dielec-yefining parameters are presented in Table I. Also presented
tric, and geogwetnc properties as a function of temperaturg, Taple | are parameters defining TIP4F, a flexible nonpo-
and pressuré’In addition to these classical effects, the con-arizaple four-site model in which the flexibility is modeled
tribution of quantum m(_echanical effects _to the properties ofoy classical harmonic energy terfifsDang97, a rigid four-
water have been studiéd:**~* Calculations can include gjte polarizable model in which the flexible electronic de-
quantum mechanical effects by adding quantum correctiongrees of freedom are modeled by variable dipdfeand
to classical calculatiot®° or by using mixed quantum/ TIPSRPIMC), a five-site model with the same geometry as
classical simulation¥, ab iniio molecular dynamic&} or  the TIPSP model that was parameterized with path integral
path integral technique—®* rather than classical calculations. Note that for TIP4F water,
Although intramolecular flexibility, electronic polariza- the oxygen-interaction site distance is larger than in TIP4P
tion, and quantum mechanical effects help in the reproducpater and the HOH angle is increased such that its value in
tion of certain properties relative to classical rigid nonpolar-the Jiquid phase ends up approximately equal to the value for
izable models, these effects do not generally lead to modefg|p4p watef. For Dang97 water, there is a single polarizable
with improved thermodynamic, structural and dielectricsjte, which is located on the massless charge site, and the
properties’>®%%40:53%Their influence on the behavior of oxygen-interaction site distance is larger than in TIP4P water

water at a range of thermodynamic state points has not to o4k order to better reproduce the gas phase dipole and quad-
knowledge been examined in a systematic manner. To begifypole moments?

to elucidate these effects, several models have been exam- The potential part of the model Hamiltonian is given in
ined in which the features of the underlying model have beergq, (1),33:34:6566

systematically varied. Classical Monte Carlo calculations

have been performed on TIP4F, a four-site flexible model, y=> uU,+> U, +Upoy,

and classical molecular dynamics calculations have been per- a a#b

formed on Dang97, a four-site dipole polarizable model. The

results of these calculations are compared with the results for  U_= >, k(r — (PSS > k(60— Oeq) .

the TIPnP models. Quantum mechanical effects have been bonds angles

examined by performing quantum statistical mechanical path q.q:€? 12 o |6

integral calculations on both rigid and flexible models. The — Ugp= >, ———+ 4eq ( o ° ) ,

next section reviews the potential functions, the relevant T Taibj Faovo Faobo

theory, and computational details. In Sec. lll, the results of 1 .

the classical calculations for the TIP4F and Dang97 models Upg =— Eé Pa-EQ, 1)

are presented. In Secs. IV and V the dependence of the struc-
tural and thermodynamic properties is given for the TIP5Rwvherea andb are indices representing the moleculieand
and TIP4F models, respectively, as a function of quantunj are indices representing the atoms, and the remaining vari-
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ables represent their standard quantities. The intramolecular Path integral calculations were performed on the TIP5P,
energy for the TIP5P, TIPFPIMC), and Dang97 modelsis a TIP5RPIMC), and TIP4F models in the isothermal—isobaric
constant, taken to be zero, and the polarization energy for thensemble at a pressure of 1 atm at temperatures every 25°C
TIP5P, TIP5PPIMC), and TIP4F models is likewise taken to between—50°C and 100.0 °C with several discretizations
be zero. and at elevated pressures every 2000 atm up to 6000 atm for

The classical statistical mechanical calculations dethe TIP5P and TIP4F models. Results are reported for dis-
scribed in Sec. Ill for the TIP4F model were performed with cretizationsP equal to 1, 5, and 10, with the classical limit
the Metropolis Monte Carlo algorithfhusing thesosspro-  corresponding td®= 1. At selected state points, calculations
gram, version 3.8% and the standard protocols including pe- for other discretizations were performed to monitor conver-
riodic boundary condition€ At each step a single particle gence as a function of discretization. These indicate that for
was randomly chosen, translated and rotated, and had its ithe bulk phase properties reported here, the highest discreti-
tramolecular degrees of freedom modified. Attempted volzations reported are sufficient to capture the essential quan-
ume moves were performed every five passes and intermasm mechanical effects. As pointed out previodf&\WPT
lecular interactions were truncated Wi A spherical cutoffs  MC calculations are a good choice for computing liquid den-
based on the OO separation. The calculations involved 263ities because there is no uncertainty in the implementation
TIP4F water molecules in a periodic box and were run for upof the ensemble, and because the temperature and pressure
to several hundred million configurations at the lowest tem-controls are exact. Periodic boundary conditions were used
peratures to ensure proper equilibration and averaging.  with a smaller cubic sample of 125 water moleculesless

For polarizable models, technical difficulties lead to ex-otherwise notedwith 7 A spherical cutoffs owing to the
tremely long calculations for the standard single particleincreased computational demands.
move Monte Carlo algorithi?® Thus, the classical statistical The starting coordinates for each calculation came from
mechanical calculations reported in Sec. Il for the Dang97a box equilibrated at 25 °C and 1 atm or at closer conditions.
model were performed with a standard molecular dynamic&olume changes were attempted ever$00 configurations,
algorithm/® using PoLDYN,”* a modified version of the mo- and their magnitudes as well as the ranges for molecular
lecular dynamics programMmseR.’? There were 550 mol- translations and rotations were adjusted to yield acceptance
ecules in a periodic box wWit9 A spherical cutoffs, the time rates of~40%. For the TIP5P and TIPHPIMC) models,
step was 1.0 fs and the temperature and pressure couplimglvent moves consisted of translating and rotating a single
were 0.1 ps and 0.2 ps, respectively. The molecular dynamiamnolecule as well as moving the different beads of that mol-
calculations were run for between several hundred ps andcule with respect to each other while maintaining the cor-
~1.5ns, with the averaging period consisting of upth ns  rect molecular geometry. For the TIP4F model, intramolecu-
at the lowest temperatures; convergence diagnostics wetar degrees of freedom were also modified. All path integral
monitored as in the Monte Carlo calculations. Monte Carlo calculations were performed with a modified

The quantum statistical mechanical calculations dewversion of theBoss program, version 3.8 modifications
scribed in Secs. IV-VI were performed with the standardwere tested by reproducing results of previous path integral
classical Monte Carlo algorithm applied to discretized pathcalculations on the SPC, ST2, and TIP4P models and repro-
integrals. By taking advantage of the well known isomor-ducing isotopic shifts in path integral calculations on those
phism between a quantum statistical mechaniabody  models>®®%®2Convergence diagnostics were monitored, and
problem and a classical statistical mechanisdlP body error estimates were obtained by the batch-means
problem?®°4-565%yhereP is the discretization of the quan- procedure€? In spite of the small box size, the calculations
tum polymer representing the classical point particle,Xhe required up to several hundred million steps of equilibration
particle partition function can be written in the discrete, orand averaging due to the slow equilibration of the quantum

primitive, representation as degrees of freedom.
mp \3NP2. NP
Q:(W) f [T 11 dric lll. RESULTS FOR CLASSICAL CALCULATIONS
=1 s

Py N The development of the polarizable Dang97 model is
X exp — - Feo—1)2 described elsewheré while the development and properties
p[ '8521 {2 Kizl (Tis+2= i) of the flexible TIP4F model are briefly reviewed héfee-

sults for both models are then presented.

1
+ EV(rls"'rNS) } (20 A. The development of the TIP4F model

The methodology behind the development of the TIP4F
Each quantum particlé of massm is discretized intoP ~ model of liquid water is similar to that for the development
beads, withr ;s being the position of beaslon particlei. By  of previous modelé2®7“Criticisms of flexible water models
convention, bead+ 1 is identical to bead 1. The harmonic have included that they typically do not properly describe the
constantk=mP/ 8?4 mediates interactions between suc-dependence of the change in dipole moment on molecular
cessive beads on the same atom. The interatomic potentigeometry’=%">"and that geometric flexibility should be in-
V(rys - *Tye) is moderated by a factor d® and acts only cluded only in polarizable modef&*°While such criticisms
between correspondingly labeled beads of different atoms. are valid, the effect of flexibility on the density anomaly is of
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TABLE Il. Average geometric properties of TIP4F. OO Radial Distribution Functions for Liquid Water

6
State point (D) ron (A) Onon (deg

Gas phase, 0 K 1.85 0.9572 109.5 51

Gas phase, 25°C 1.93 0.959 107.3

Liquid, 25°C 2.32 0.977 104.3 4

| _ . . . 5]

interest, particularly since three-site models that refrain from
2 s

using an energy correction fail to reproduce a reasonable
TMD.?’

The gas phase geometry of TIP4F water listed in Table | 1 1
and Table Il differs from that of TIP4P water since the
oxygen-interaction site distance and the HOH angle have 0
been increased. Intramolecular flexibility is modeled with
classical harmonic energy terms as presented in Tafle I.

The calculated vibrational constants, obtained by setting theFIG. 1. OO radial distribution functions for water at 25° C and 1 atm.
massless charge site to have a large mass in order to separate

its motion from those of the other atoms, are 2371, 3837, and

3958cm?, as compared to experimental values of 1594 addition, structure is not lost and is slightly more pronounced
3656, and 3755 cit. The gas phase dipole moment of 1.85 than in the TIP4P and TIP5P models. Similar results are seen
D is approximately equal to the experimental gas phaséor the other two rdfs.

value. In the pure liquid at 25 °C, the bond lengths increase

~0.02 A and the bond angle decreases to approximately t .

value for TIP4P water. Thge geometric deforr%gtion, the >|/mr-1§ The density results for TIPAF and Dang97
portance of which has been described previotfiyauses The energies and densities for both the flexible TIP4F
the dipole moment to increase to 2.32 D, approximatelymodel and the polarizable Dang97 model at a range of tem-
equal to the value for the TIPnP models. The global mini-peratures are presented in Table IV and the density profile for
mum for the TIP4F dimer hasoo=2.67 A and a net inter- both models is presented in Fig. 2. For these four-site mod-
action energy of-6.36 kcal/mol. els, both classical flexibility and electronic polarizability

Table Ill presents computed thermodynamic propertiesnake the density profile worse over the entire temperature
from pure liquid calculations at 25 °C and 1 atm. The experi-range, relative to the TIP4P model. At low temperatures, the
mental results are well reproduced by TIP4F water, althougldensity maximum for both TIP4F water and Dang97 water
not quite as well as by the TIP4P or TIP5P models. The heathifts to a much lower temperature and may not exist above
of vaporization is slightly high, and the heat capacity is too—50 °C. For both models, the difference in the density be-
high due to the classical modeling of intramolecular flexibil- tween the lowest temperature calculations may not statisti-
ity. Figure 1 presents the OO rdf for TIP4F water and com-cally significant due to slow equilibration. At high tempera-
pares it to results for the TIP4P and TIP5P models and tdures, the density decreases slightly more rapidly with
experiment.””’® Note that the experimental results are notincreasing temperature for both models than does the density
those used in the original TIP5P paper.Recent of TIP4P water. The present results agree with previous
experiments8 performed after and independent of the devel-analyses that the addition of electronic polarization does not
opment of the TIP5P model, indicate that the first peak of thentroduce abnormalities into the temperature dependence of
OO rdf is sharper and located shorter OO distance than prehe properties of liquid water and does not properly describe
vious experimental result8;”” in excellent agreement with the temperature dependence of its thermodynamic
the TIP5P result&® Figure 1 also shows that the second properties?®”®
peak of the OO rdf for the TIP4AF model is shifted inward The pressure dependence of the thermodynamic proper-
relative to both the new and old experimental values andies has also been examined for the TIP4F and Dang97 mod-
values calculated with the rigid TIP4P and TIP5P models. Irels and the data are also presented in Table IV. For models

r(A)

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

TIP4F TIP4P TIP5P TIP5RPIMC) Expt?
p (glen?) 0.998+0.001 1.001+0.001 0.999-0.001 0.99%0.002 0.997
— Einter (kcal/mo) 12.16+0.01 10.06+0.01 9.87-0.01 9.94-0.01 9.92
AH 4, (kcal/mo) 10.78-0.01 10.65+0.01 10.46-0.01 10.53-0.03 10.51
C, (cal/mol deg 32.4+0.6 20.4-0.7 29.1-0.8 19.0-0.5 18.0
1Pk (atm %) 41+3 60+5 41+2 57+5 45.8
10°a(deg ) 82+10 44+8 63+6 42+5 25.7

aSee Ref. 28.
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TABLE V. Intermolecular energykcal/mo) and density (g/cR) for TIP4F and Dang97 water.

T(°C) P (atm) —Einter, TIP4F p, TIPAF — Ejner, Dang97 p, Dang97

-50.0 1 14.2390.007 1.04750.0004 11.269+ 0.005 1.03580.0009
—-25.0 1 13.585:0.008 1.0369:0.0006 10.804%= 0.007 1.025%0.0007
0.0 1 12.844:0.009 1.01590.0007 10.322+ 0.006 1.01480.0009
25.0 1 12.165:0.017 0.9942-0.0012 9.801+ 0.007 0.9962-0.0014
50.0 1 11.476:0.016 0.9726:0.0013 9.330+ 0.008 0.97420.0012
75.0 1 10.816:0.013 0.944%0.0010 8.871+ 0.005 0.9486:0.0011
100.0 1 10.156:0.018 0.907%+0.0014 8.402+ 0.008 0.9156:0.0010
25.0 2000 12.4290.013 1.068%0.0012 9.985+ 0.011 1.061*¥0.0013
25.0 4000 12.6580.018 1.12340.0015 10.055+ 0.010 1.1094:0.0020
25.0 6000 12.7580.018 1.173%0.0007 10.165+ 0.013 1.15180.0014

M. W. Mahoney and W. L. Jorgensen

such as TIP4P and TIP5P, application of pressure at 25 ° @ity tends to be lower, as is seen at the higher temperatures.
leads the intermolecular energy to decrease slightly and th&he energy difference between the quantum and classical
density to increase too rapidi§®®® Similar effects for the results is larger at lower temperatures. The energy for clas-
energy are seen with the flexible and polarizable models. Theical TIPSP water decreases too rapidly as the temperature is
rate of increase of the density with increasing pressure, howdecreased, and this is moderated and in better agreement
ever, is in slightly better agreement with experimental resultgvith  the experiment for the quantum mechanical
for both the TIP4F and Dang97 models than for the TIP4P ofalculations:”?® The results for the density are also plotted
TIP5P model8 in Fig. 3 and indicate that the density profile for the quantum
calculations on the rigid model is noticeably worse. The
TMD near the experimental value for classical TIP5P water,
presented here for 125 molecules and previously for larger

. . . boxes?® is shifted to a much lower temperature. A= 5,
The path integral calculations on the rigid TIP5P modelEhere s & maximum at ca 25 °C while forP = 10 the maxi-

show that the liquid-phase thermodynamic and structuramum is lost, although the results at the lowest two tempera-

quantities converge fairly rapidly as a funct!on of INCTeasiNgy,res forP = 10 are not significantly different and may not be
discretization. For example, results at 25°C and 1 atm as
mpletely converged.

. .CO
well as results at other state points except perhaps those Wlﬁ1 As a function of increasing oressure. the density of
the lowest temperatures indicate that a discretizatior® of . 9P ! y
. - : . TIP5P water increases somewhat too rapidly, as can be seen
=5 is sufficient to reproduce properties computed with much .
larger P in Table V for 125 molecules and as was reported previously
Table V presents the energy and density for the classical
and quantum calculations on TIP5P water at a range of theABLE V. (a) Intermolecular energykcal/mo) for classical and quantum
modynamic state points. As has been noticed previcﬁﬁéfﬁ calculations on TIP5P watefb) Density (g/cnd) for classical and quantum
the energies for the quantum calculations are smaller in mag culations on TIPSP water.
nitude than those for the corresponding classical calcula-

IV. RESULTS OF PATH INTEGRAL MC CALCULATIONS
ON THE TIP5P MODEL

Pressure Classical, Quantum, Quantum,
tions. Thus, since quantum molecules bind to each other lesg°C) (atm) P=1 P=5 P=10
well than do the corresponding classical molecules, the deqé)

-50.0 1 —9.824-0.010 —9.494-0.011

(T} for simple water models -250 1 —11.718-0.002 —9.236-0.009 —9.032+0.008

1.0 , : , 000 1 —10.704-0.019 —8.778-0.006 —8.733:0.018

) 250 1 —9.924+0.012 —8.399-0.018 —8.324+0.015

104 | 50.0 1 —9.308:0.009 —8.012-0.010 —7.972+0.013

1.03 | 750 1 —8.824+0.023 —7.649-0.026 —7.615-0.026

1000 1 —8.300:0.020 —7.319-0.032 —7.288+0.020

1.02 1 250 2000 —9.918+0.023 —8.597-0.010 —8.524+0.009

1.01 25.0 4000 —9.955-0.017 —8.692-0.012 —8.631+0.007

e 250 6000 —9.991+0.018 —8.732-0.011 —8.631+0.011
- 0.99 (b)

: -50.0 1 0.9766:0.0011 0.985Z0.0012
0.98 -250 1 0.95020.0002  0.98430.0010 0.984%0.0013
097 | 000 1 0.969%0.0008  0.97080.0007 0.9704 0.0016

: 250 1 0.97160.0015  0.94970.0010 0.952%0.0031
0.96 50.0 1 0.95740.0012  0.92310.0021 0.922%0.0020
0.95 ) ) ) 750 1 0.93730.0016  0.89620.0020 0.89320.0031

) -25 25 50 75 100 1000 1 0.905%0.0049  0.8608:0.0053 0.862%0.0033

T(C) 25.0 2000 1.05960.0034  1.049Z0.0022 1.04640.0014
25.0 4000 1.121£0.0027  1.113%0.0023 1.1118&0.0012
FIG. 2. Density of water models vs experiment as a function of temperatur@5.0 6000 1.186# 0.0025 1.16840.0014 1.165%0.0012

at 1 atm.
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p(T) for 125 molecules of TIP5P water Water-water energy pair distribution for TIPSP water

1.05 3 T T i T
G—OTIPSP, P=1 o—-oTIP5P, P=1
B—BTIP5P, P=5 e—o TIP5P, P=5
O—OTIPSP, P=10 o—— TIP5P, P=10
1 4
2L
=
= 095
1t J
09
0.85 - 9 0 Bokl L : 1
-50 0 50 100 -10 -7.5 -5 -2.5 0 2.5 5
T(C) Dimerization E (kcal/mol)

FIG. 3. Density of quantum calculations on the rigid TIP5P water model as o o . . )
a function of temperature at 1 atm. FIG. 5. Distributions of individual water-water interaction energies for

guantum calculations on rigid TIP5P water at 25 °C and 1 atm. Units for the
ordinate are number of molecules per kcal/mol.
for 512 molecule$® Although the inclusion of quantum ef-
fects decreases the density, its effect is nearly independent of = | . o
pressure. Similarly, although quantum effects modify the enCretization than those for the rigid model, and thus it is dif-
ergy, the energy decreases only slightly more in the quanturﬁcun to establish an appropriate discretization level. Never-
calculations than in the classical calculations as the pressuf8€less: results at a range of temperatures and pressures
is increased. indicate that a discretization &f=5 captures the majority of
The OO rdfs for the classical and quantum calculationdn€ duantum contribution of the idealized continuous path
at 25°C and 1 atm are presented in Fig. 4. Quantum mdntegral calculation. Results fd?=10 are near those fd?
chanical effects tend to destructure the ligtid®®as is seen =5, while calculations of several hundred million Monte
with the TIP5P OO rdf. Similar effects are seen in the othelCarl0 Steps witlP=20 failed to converge.
rdfs and also in the energy pair distribution functions, the ~ Although quantum mechanical effects destructure both
latter of which are presented in Fig. 5. The characteristid"® radial distribution and energy pair distribution function
hydrogen bonding peak is shifted to higher energy and strud®f the rigid model, the results are very different for the
ture in the profile is partially lost. For both the radial distri- flexible model, as seen in Figs. 6 and 7. Figure 6 presents the

bution and energy distribution functions, qualitatively similar 00 _r‘,jf for t.he. T_IP4F model. St_ructure.|s not lost but is
effects are seen at other temperatures and pressures. modified. This is in agreement with previous res‘a}fg for
path integral calculations of flexible water models in which
V. RESULTS OF PATH INTEGRAL MC CALCULATIONS structure in the rdfs was not lost as much as in corresponding
ON THE TIP4F MODEL calculations on rigid models. The heights of the peaks and
valleys are very similar for the classical and quantum calcu-

The path integral calculations on the flexible TIPAF 4qns |t is noteworthy that the positions of the peaks are
model converge more slowly as a function of increasing dis-

OO Radial Distribution Functions for TIP4F Water

OO Radial Distribution Functions for TIPSP Water 5 ’ '
5 T T v j
4+ ]
4 L
TIP4F, P=10
TIPSP, P=10 3l
3 i _—
= 73 TIP4F, P=5
[ TIPSP, P=5 &0
on 2 L
2t
TIP4F, P=1
TIPSP, P=1 1t
1 -
0 . . .
0 0 4 6 0 2 4 6
r (A) r(A)

FIG. 4. OO radial distribution functions for quantum calculations on the FIG. 6. OO radial distribution functions for quantum calculations on the
rigid TIP5P water model at 25 °C and 1 atm. flexible TIP4F water model at 25 °C and 1 atm.
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Water-water energy pair distribution for TIP4F water TABLE VI. (a) Intermolecular energykcal/mo) for classical and quantum

3 calculations on TIP4F watetb) Density (g/crd) for classical and quantum
GO TIP4F, P=1 calculations on TIP4F water.
=—a TIP4F, P=5
— TIP4F, P=10
Pressure Classical, Quantum, Quantum,
T(°C) (atm) P=1 P=5 P=10
21 ]
@
-500 1 —14.505-0.007 —11.504-0.008 —10.980+0.007
—-250 1 —13.839-0.008 —10.819-0.011 —10.716+=0.008
00.0 1 —13.144+0.010 —10.365-0.009 —10.152+0.007
1t J 25.0 1 —12.365-0.020 —9.852£0.015 —9.747/~0.010
50.0 1 —11.528-0.019 —9.359+0.015 —9.3690.012
75.0 1 —10.972-0.022 —8.885-0.012 —8.875-0.009
1000 1 —10.223:0.020 —8.441+0.012 —8.430+0.017
25.0 2000 —12.592-0.016 —10.046-0.011 -10.060-0.011
0 Be . . . h 25.0 4000 —12.760-0.020 —10.163-0.009 —10.200+0.011
-10 -7.5 -5 -2.5 0 2.5 5 25.0 6000 —12.863-0.021 —10.221-0.012 —10.190-0.013
Dimerization E (kcal/mol)
(b)
FIG. 7. Distributions of individual water—water interaction energies for —50.0 1 1.0566:0.0005 0.954&0.0007 0.9536:0.0006
quantum calculations on flexible TIP4F water at 25 °C and 1 atm. Units for—25.0 1 1.0326:0.0006 0.96040.0009 0.9463 0.0006
the ordinate are number of molecules per kcal/mol. 00.0 1 1.0196:0.0007 0.944%10.0008 0.9396 0.0005
25.0 1 0.99480.0013 0.93010.0010 0.9236:0.0006
50.0 1 0.9666:0.0016 0.907%0.0011 0.905% 0.0009
: : : : 75.0 1 0.9444:0.0016 0.87940.0010 0.87830.0006
shlfte.d outward in the quantgm cal'culat'lon rglat.lve to the 00 1 0.90740.0017 0.84940.0011 0.84760.0013
classical calculation. Comparison with Fig. 1 indicates thats ;g0 1.06520.0012 1.01180.0007 1.012%0.0007
this partially corrects an error introduced with the classicabs.o 4000 1.12090.0012 1.0786:0.0005 1.0746 0.0005
TIP4F model, in which the position of the second peak is25.0 6000 1.165830.0010 1.12740.0006 1.125%0.0007

shifted too much inward. Similar effects are seen in the OH
and HH rdfs. Figure 7 presents the energy pair distribution
functions. As with the rigid model, the hydrogen-bonding

band is shifted to slightly higher energy. However, the band© the TIPSP model, i.e., although the magnitude of the en-
remains distinct in agreement with previous results that indi€rgy and density are modified, their behavior as a function of

cate that although the hydrogen bonding in quantum water jgressure is not.

less energetically favorable, quantum effects can lead to
more structured hydrogen bonding with flexible molecdfes.
Thus, quantum phenomena have a very different effect i
flexible models than rigid models; problems with the classi-
cal flexible model associated with its being too flexible are
improved.

I. ISOTOPIC SUBSTITUTION FOR TIP5P AND THE
IP5P(PIMC) MODEL

The effect of isotopic substitution in quantum calcula-
tions of liquid water has been examin&d®® and a model

Table VI presents the energy and density for the classicatas been developed by fitting parameters to the results of
and quantum calculations on TIP4F water. For the flexiblequantum calculation¥ The present section reports the re-
model, as with the rigid model, the energy difference be-sults of calculations to determine the effect on the density
tween the classical and quantum calculations is larger at
lower temperatures. In a manner similar to the results for
TIP5P, the rate of decrease of the energy is moderated at low
temperatures upon the inclusion of quantum effects. The dif-
ference between the densities for the quantum and classical
results is qualitatively different from that for the rigid model,
as illustrated in Fig. 8. The shape of the density profile for 1r
calculations on a box of 125 molecules agrees with the re-
sults for a box with 267 molecules, as seen by comparison
with Fig. 2. In Fig. 8, forP=5 there is a maximum at ca.
—25°C, while forP=10 there is none. Although it is not
clear by examining the underlying data which result is more
reliable (low temperatures require a higher discretization,
which takes longer to equilibrateit is clear that| dp/dT| is
significantly smaller for the path integral calculations in the
low temperature region. In contrast to the improvement for
the density profile at low temperature, the trend for the flex-
ible model at higher temperatures is the same for both the
quantum and the classical models. As a function of increasgg. g. pensity of quantum calculations on the flexible TIP4F water model
ing pressure, the TIP4F model behaves in a manner similass a function of temperature at 1 atm.

p(T) for 125 molecules of TIP4F water
1.05 T .

O—OTIPAF, Pxt
G—ETIPAF, P=5
O—O TIP4F, Px10

E 095

09 |

0.85 ' :
-50 0 50
T(©

100

Downloaded 01 Oct 2003 to 128.36.233.125. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



J. Chem. Phys., Vol. 115, No. 23, 15 December 2001 Reproduction of the density anomaly of liquid water 10765

TABLE VII. Intermolecular energy(kcal/mo) and density (g/ci) for quantum calculations on £ TIP5P
water and TIP5PIMC) water.

E, P, E, P,

T(°C) P (atm) D,0 TIP5P D,0 TIP5P TIPSRPIMC) TIPSRPIMC)
—-50.0 1 —10.778 = 0.004 0.9468 0.0005

—-25.0 1 —9.999 = 0.008 0.9758 0.0011 —11.325+-0.014 0.9659 0.0020
0.0 1 —-9.441 = 0.010 0.979%0.0015 —10.470+0.009 0.9889 0.0009
25.0 1 —8.930 = 0.012 0.960%0.0019 —9.978+0.009 0.97850.0010
50.0 1 —-8.513 = 0.011 0.9376:0.0026 —9.518+0.012 0.967%0.0016
75.0 1 —8.130 = 0.010 0.91250.0024 —9.069+-0.010 0.94190.0015

profile of isotopic substitution and of the development of avelope of the density profile is sharper for quantursOD
quantum yersion of the TIPSP model that is parameterized|P5P water than for quantum,B TIP5P water, although
with path integral calculations. the low temperature at which quantum®TIP5P water has

A. The effect of isotopic substitution on the density its maximum makes quantitative comparison difficult.

profile of TIP5P

Differences between liquid 40 and liquid DO have B. The development of the TIP5P (PIMC) model

been examined experimentally and theoretical™*Sev- In view of the derivation of TIP5P to reproduce experi-
eral lines of evidence, e.g., relative melting points, boilingyental properties of water, addition of quantum effects re-
points and TMDs as well as leading quantum corrections iy, ces the agreement with experiment. Thus, we have devel-
theoretical treatments, concur thaiis the more structured oped a modified model, TIPSPIMC), that is suitable for
liquid.** Calculations on quantum JO TIPSP water have e iy path integral calculations and that largely restores the
been performed by modifying the mass in the harmonic cong5iity of the results. The approach for creation of the
stantK=mE/62ﬁ2; the results for the energy and density areTipspIMC) model is similar to that for previous
presented in Table VII. A comparison with Table V shows ,q4e|s228 ith the exception that path integral calculations
that, in agreement with results previously repofédalcu-  ather than classical statistical mechanics calculations were
lations on quantum D lead to intermolecular energies and ;e The defining parameters are given in Table I; only the
densities that generally have a larger magnitude. Although,agnitude of the partial charge was altered, otherwise the
not presented, the radial and energy distribution functions Barameters are identical to those for TIPSP water. This re-
more structured for quantum;D than quantum bD. I gigres the density and intermolecular energy to the desired

addition, tll:"'ig. 9 indicates that, in agreement With higher magnitudes. A previous model developed with the aid
experiment,” the TMD for quantum RO TIPSP water is  of quantum calculations also demonstrates the need to in-

higher than that for quantum_® TIPSP water. The ratio of rease the dipole moment relative to the corresponding clas-

TrnaD20)/TmafH20) appears to be larger than the experi-gjca| model, although in that case the dipole moment was

mental value of 1.028° although statistical noise near the increased by modifying the geomef?/.

maxima make the precise determination of this ratio difficult. o, development of TIPSPIMC) water, calculations

It also appears that, in agreement with experintétie en- were performed with a discretization =5 and 216 mol-
ecules in a periodic box with intermolecular interactions

o(T) for 125 molecules of TIPSP water truncated at 9 A. Using a set of partial charges with magni-

1.05 tude 0.251 rather than 0.24%, a density of 0.997
o—ameseest +0.002g/cri and an intermolecular energy of 9.94
S ouaoTRER et +0.01 kcal/mol were obtained at 25°C and 1 atm, as listed
1t | in Table llI. Also presented in Table Il are the fluctuational

properties, calculated either from finite difference approxi-
mations to the derivatives or from the fluctuational formula,
0.95 L ] as discussed previousiyNote that the results for the energy
and density are better than for the classical TIPnP models
and the heat capacity is better than for the classical TIP5P
model. These differences in the energy and density are near

p(T)

09 the noise level in the present calculations and are at the level
of imprecision defined by varying such parameters as the

0.85 ) , number of molecules and method of dealing with boundary
-50 0 50 100 conditions. For example, the computed bulk phase properties

T change by only a few percent and computed diffusion con-

FIG. 9. Density profile of DO quantum calculations on TIP5P water and of stants Increase by On|750.2 cnf/s when reaction field or

H,O quantum calculations on TIPBPMC) water compared with classical EW3|_d_ teChbniqueS are used to model the boundary
and HO quantum calculations on TIP5P water at 1 atm. Condltlonsf.jo( )
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OO Radial Distribution Functions for TIP5P Water VII. DISCUSSION

Liquid water is anomalous not only in the existence of
its TMD but also in the relatively gradual change of its en-
ergy and density as a function of increasing temperature and
pressure. Many water models fail to describe these changes
adequately. There are two regimes for liquid water, consid-
ering both the anomalous properties and the ability of simple
potential functions to reproduce these properties. One regime
is at moderate temperatures and pressures where the TMD
occurs; the other is at more extreme conditions of tempera-
ture and pressuf@83Although there are several methods to
improve the behavior in the first regime, i.e., by increasing
the complexity of the charge distributihor increasing the
magnitudes of the partial chargeshere is no simple solu-
tion to improve the behavior at a wider range of state points.
FIG. 10. OO radial distribution functions for TIP5P water and The reproduction of thermodynamic properties far from the
TIPSRPIMC) water at 25 °C and 1 atm. state points of original parameterization is sensitive to the
fluctuational behavior of the model, and a general feature of
simple water models is that the fluctuational properties are

. - not modeled as well as the underlying thermodynamic
In addition to the ability of TIPSAHPIMC) to reproduce quantities'?m'zs

the thermodynamic properties, it is able to reproduce well" |1 should be noted that, with the exception of TIPSP
the radial distribution functiongrdfs). One example of the \yater, the parameterization of the other models discussed
rdfs is presented in Fig. 10; as is seen, the rdfs are mOrGere did not include reproduction of the density maximum.
structured than those obtained by quantum calculations ORjthough modifying the parameters of the TIP4F or Dang97
TIPSP water and are slightly less structured than those from,qqels may lead to some improvement in the low tempera-

classical calculations on TIPSP water. The distance t0 thg,re resuits, that neither model improves upon the description
first peak, shifted out slightly upon the introduction of quan-of \ater at a wide range of state points is not surprising. The
tum effects, is shifted back inward toward the value for Clas'changes in water structure as the state point is varied are

sical calculations on TIP5P. Recent experimental results ing pile”8 The fact that both models yield poorer density be-

dicate that the position and magnitude of this first peak argyayior than the best rigid nonpolarizable models is evidence
remarkably well reproduced by TIPSP watéthese are also it their relatively simple modeling of intramolecular flex-

well reproduced by TIPSIPIMC) water in path integral cal- jpjjity or electronic polarization is not adequate.

culations. Thus, TIPSIPIMC) water reproduces the struc- It has been suggested that in order to improve the de-
tural and thermodynamic properties in quantum calculationgcription of liquid water at a range of state points, more
with a quality comparable to that of TIP5P water in ClaSSicalsophisticated potential functions are neetfetf The present

calculations. work supports that conclusion. Furthermore, the needed so-
phistication is not achieved by including polarization, in-
tramolecular flexibility or quantum mechanical effeger
se but instead requires full consideration of the underlying
physical phenomena with an emphasis on accurate modeling
of the electronic degrees of freedom. Within the framework
Path integral calculations similar to those presented irof nonpolarizable potentials, the success for the density pro-
Sec. IV for the TIP5P model were performed for the file of increasing the potential function complexity is seen as
TIPSRPIMC) model. In particular, a temperature scan wasone proceeds through the TIPnP series. Another example of
performed for a periodic cube of 125 molecules. The energymprovement through increased complexity involves the
and density for TIP5@PIMC) water from those calculations modeling of the vapor-liquid coexistence curve. Although it
are presented in Table VII, and the density profile foris often suggested that a polarizable potential will in prin-
TIPSRPIMC) water is presented in Fig. 9 along with that for ciple describe both the gas phase and the liquid phase since
TIP5P water. As noted previousiythere is size-dependence its parameterization uses data from both ph&$esas been
for the TMD such that for classical TIP5P water it increasesshown that several simple polarizable models that have been
from ~4 to 12 to 20°C for periodic cubes with 512, 216, parameterized to both gas and liquid data are not acceptable
and 125 molecules and cutoffs of 9, 8, and 7 A. The TMD isat modeling the intermediate regi8hOn the other hand, by
increased for TIPS@IMC) relative to discretized TIP5P in  modeling the quantum mechanical charge-magnitude depen-
view of the larger partial charges; however, it4s20°C  dence on the overlap integrals with a coupling between the
below the value for classical TIP5P water for the cube withLennard-Jones terms and the electronic degrees of freedom a
125 molecules. In a further refinement one could push théetter description of the intermediate region can be
TMD for the PIMC model to higher temperature by increas-achieved® In general, the intermediate region is sensitive to
ing the oxygen to lone-pair site distarCe. fluctuations, and if the parameter fitting is to orthogonal sets

TIPSP(PIMC), P=5

TIP5P, P=5

TIPSP, P=1

r (A)

C. The effect of developing a model with path integral
calculations
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of data in two different regions, the intermediate region will well understood reasdf.Incremental improvements allow

not be well described. one to isolate those variables responsible for the improved or
The importance of quantum mechanical effects on thevorsened reproduction of the properties of interest. This is

properties of liquid water has led to a variety of methods forparticularly important when the consequence of a potential

their incorporatiorf:#8-°0-5%606Attempits to include quantum modification is not readily discernable.

mechanical effects that consider differing vibrational contri- It should be noted that after this work was completed,

butions between the liquid and gas pH#Seor perturbative we learned of success with another more electronically com-

semiclassical correctioffs® should be distinguished from plex model, TIP4P-FG? which is a four-site polarizable

path integral method¥:%%%since the latter typically involve model with variable charges. It yields an average liquid state

a quantum calculation on a potential that was developed fodipole moment of 2.62 D and has now been shown to have a

classical calculations. This leads to modification of proper-density maximum near the experimental vafitie.

ties such as the energy, density and vibrational spectra in a

characteristic way relative to the corresponding classical cal-

culations on the same mod®.The parameterization of a Viil. CONCLUSION

water model with quantum statistical mechanical calcula- e consequences of including intramolecular flexibility,
tions requires that the molecules be made more attractive byjectronic polarization, and quantum mechanical effects in
€.g., increasing the dipole moment, either by modifying thesimple models of liquid water for the reproduction of the
geometry” or by increasing the magnitudes of the charges aghermodynamic and structural properties at a range of ther-
with TIPSRPIMC) water. modynamic state points has been examined. Particular atten-
Increasing the magnitudes of the partial charges strucion has been focused upon the reproduction of the density
tures the liquid, as was described in Sec. VI and as is seen iyhomaly. Both the four-site classically flexible TIP4F model
comparing results for SPC and SPC/Ehus, considering and the dipole-polarizable Dang97 model do not improve the
that SPC/E has a TMD while SPC does fiot/ and that the  gescription of either the density maximum or thermodynamic
PPC modéf employs a polarization correction and has beenyroperties at high temperatures in comparison with the rigid,
reported to have a TMD, it is not surprising the nonpolarizable TIP4P model. Path integral calculations on
TIPSRPIMC) model has an improved density behavior in T|p4F water and TIP5P water indicate that the high tempera-
the low temperature region relative to path integral calculatyre behavior of the density is not improved by the inclusion
tions on the TIPSP model. The reparameterized model hagf quantum mechanical effects. For quantum calculations on
properties more similar to classical calculations on the origiflexible TIP4F water, the density maximum is shifted to a
nal model than do quantum calculations on the originahigher temperature relative to classical calculations and the
model. Comparisori§~** between classical calculations and radial distribution and energy distribution functions are im-
guantum calculations on a given water model are not as rebroved. Thus, the introduction of quantum mechanical ef-
evant as comparisons between two related models, one @cts alleviates some of the problems created by adding clas-
which is classically parameterized and the other of which issical flexibility to simple water models, reinforcing the idea
quantum mechanically parameterized. The issue of fair comtat real water is more like rigid water models than classical
parison has been raised before in the context of classicdllexible water models. Improvements are not seen for path
flexible models® The TIPSRPIMC) model is not a replace- integral calculations on the rigid TIP5P model. As expected,
ment for the TIPSP model. The increased computational exfor this model, the radial distribution and energy distribution
pense of path integral calculations would render biomolecufunctions are destructured relative to classical calculations
lar and low temperature applications often impractical, and itand the density profile is worse. Path integral calculations on
is unnecessary in situations where no new insight is obguantum DO TIP5P and TIP5@PIMC), a modification of
tained. Classical calculations may be viewed as being assehe TIP5P model in which the results of quantum calcula-
ciated with an implicit parameter renormalization to accounttions were fit to experimental data, indicate that in both cases
for their approximate nature. It is well known that the simplethe liquids are more structured than from calculations on
nonpolarizable models have dipole moments lower than thgquantum HO TIP5P and that in both cases the density pro-
most conservative estimates for the liquid phaséfile is improved.
value>’8288\jewing classical calculations as involving a Thus, the inclusion of intramolecular flexibility, elec-
parameter renormalization implies that the liquid-phase ditronic polarization or quantum effects does not immediately
pole moments for the quantum mechanically parameterizetbad to better reproduction of the thermodynamic properties
model should be closer to the experimental value. Thus, thef bulk water at a range of thermodynamic state points. At
increase in dipole moment to 2.39 D for TIRPAMC) water  state points not far from 25°C and 1 atm, improvement of
from 2.29 D for the TIP5P model is in the right direction. the relatively crude modeling of the electrostatics, in going,
The importance of incrementally modifying existing for example, from TIP3P to TIP4P to TIP5P, is more benefi-
models should also be emphasized. Incorporating many newial than the simple inclusion of classical flexibility, polariz-
effects into a single mod&*® leads to difficulties in deter- ability, or quantum effects. Further improvement for water
mining what features of the model are responsible for whamodels is expected to require more sophisticated description
observed properties of the model. The TIP5P model represf the electronic degrees of freedom with balanced treatment
sents incremental improvement over the prior TIP3P anaf any partial charge model and polarizability and with at-
TIP4P models and yields an improved density profile for atention paid to their effect on the fluctuational properties.
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