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Quantum, intramolecular flexibility, and polarizability effects
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. Phys.112, 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 quantum D2O
TIP5P water; this leads to a temperature of maximum density that is higher and to a more structured
liquid than results from calculations on quantum H2O TIP5P water. A similar effect is seen with
calculations on a five-site rigid model, TIP5P~PIMC!, which was parameterized using path integral
rather than classical Monte Carlo calculations. ©2001 American Institute of Physics.
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I. INTRODUCTION

Prior to 1983, Monte Carlo~MC! and molecular dynam
ics ~MD! calculations for liquid water generally used th
BNS, MCY, and ST2 potential functions.1 These semina
models were developed with limited computational resour
and do not accurately reproduce thermodynamic and st
tural properties of liquid water, particularly the density,
calculations in the isothermal–isobaric~NPT! ensemble.2 In
1983, the TIP3P model was introduced and demonstra
that the energy and density could be accurately reprodu
within the framework of three-site models, although at t
expense of losing structure beyond the first peak in
oxygen–oxygen~OO! radial distribution function~rdf!.2 At
about the same time, the SPC model3,4 demonstrated that th
structure beyond the first peak of the OO rdf could be be
reproduced, but with a slight sacrifice in the density. T
four-site TIP4P model,2 by moving the site of the negativ
charge 0.15 Å off the oxygen along the hydrogen–oxyge
hydrogen~HOH! bisector and by appropriate choice of p
rameters, is able to reproduce both the structure and the
dynamic properties of liquid water to high accuracy at
single state point. These models, along with the SP
model5 and the ST2 model,6 are currently the most com
10750021-9606/2001/115(23)/10758/11/$18.00
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monly used water models. These models are known
simple potential function models since they represent a w
molecule by a set of sites, either rigid or flexible relative
each other, that interact with a simple, generally classi
Hamiltonian, which has parameters that are empirically
termined. They were developed in conjunction with liqui
state calculations, generally at 25 °C and 1 atm, and h
been used successfully to study a wide variety of proper
of liquid water,7,8 often at conditions far from their origina
parameterization.9–11

Among the most well known of the peculiar properti
of liquid water is the behavior of its density as a function
temperature and pressure,r(T,P).12–17Liquid water at stan-
dard pressure exhibits a temperature of maximum den
~TMD! at 4.0 °C, and this maximum is shifted to lower tem
peratures as the pressure is increased. In addition, the de
is nearly constant between215 °C and125 °C and falls off
more gradually than for other liquids between 25 °C a
100 °C. Although some of the commonly used water mod
have a TMD, none is successful at quantitatively reproduc
r(T) in the temperature region of interest.18–27 More accu-
rate results may be achievable by considering additional
teraction sites, electronic polarization, intramolecular fle
ibility or quantum mechanical effects. Recently, the TIP
8 © 2001 American Institute of Physics
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model was developed and included optimization of the po
tion of the negative charges along the lone-pair direction28

TIP5P water reproduces the structural and thermodyna
properties at 25 °C and 1 atm as well as the best previo
existing models. In addition, the density maximum near 4
at 1 atm is reproduced and the average error in the den
over the 100 °C temperature range from237.5 °C to
62.5 °C is only 0.006 g cm23. At 25 °C and 1 atm, the TIP5P
model is also found to have a dielectric constant28 of 81.5
61.6 and a diffusion constant29 of 2.6260.04
31025 cm2/s, both of which represent an improvement re
tive to three and four-site models that do not include
energy correction.5,28–30For a discussion of the polarizatio
self energy correction, see Refs. 5 and 30 and Sec. III of R
29.

The inclusion of polarizability is thought to be a mech
nism to model water under an even wider range of conditi
than the bulk liquid phase at 25 °C and 1 atm. For exam
the heterogeneities and anisotropies of water near soli
gaseous interfaces, near ions, or near biomolecules are b
described by a water model with rapidly responsive el
tronic degrees of freedom.31–37 Intramolecular flexibility has
been put forth as a mechanism to model certain vibratio
properties of water and the deformations of water n
perturbations.35–47 Although many of these phenomena i
volve water effected by ions, solutes, or surfaces, pure w
is known to undergo significant changes in dipolar, diel
tric, and geometric properties as a function of temperat
and pressure.7,8 In addition to these classical effects, the co
tribution of quantum mechanical effects to the properties
water have been studied.4,6,48–63 Calculations can include
quantum mechanical effects by adding quantum correct
to classical calculations48–50 or by using mixed quantum
classical simulations,52 ab initio molecular dynamics,53 or
path integral techniques.54–62

Although intramolecular flexibility, electronic polariza
tion, and quantum mechanical effects help in the reprod
tion of certain properties relative to classical rigid nonpol
izable models, these effects do not generally lead to mo
with improved thermodynamic, structural and dielect
properties.35,36,38,40,53,59Their influence on the behavior o
water at a range of thermodynamic state points has not to
knowledge been examined in a systematic manner. To b
to elucidate these effects, several models have been e
ined in which the features of the underlying model have b
systematically varied. Classical Monte Carlo calculatio
have been performed on TIP4F, a four-site flexible mod
and classical molecular dynamics calculations have been
formed on Dang97, a four-site dipole polarizable model. T
results of these calculations are compared with the results
the TIPnP models. Quantum mechanical effects have b
examined by performing quantum statistical mechanical p
integral calculations on both rigid and flexible models. T
next section reviews the potential functions, the relev
theory, and computational details. In Sec. III, the results
the classical calculations for the TIP4F and Dang97 mod
are presented. In Secs. IV and V the dependence of the s
tural and thermodynamic properties is given for the TIP
and TIP4F models, respectively, as a function of quant
Downloaded 01 Oct 2003 to 128.36.233.125. Redistribution subject to A
i-

ic
ly

ity

-
n

f.

s
e,
or
tter
-

al
r

er
-

re
-
f

s

c-
-
ls

ur
in
m-
n
s
l,
er-
e
or
en
th

t
f
ls
uc-
P

path discretization. Section VI presents some further p
integral results on two rigid five-site models that examine
isotopic effect and the effect of reparameterizing a mode
quantum rather than classical calculations. Finally, Secs.
and VIII present a discussion and the conclusion.

II. REVIEW OF THE MODELS, THEORY, AND
COMPUTATIONAL DETAILS

TIP5P is a rigid nonpolarizable five-site model28 and its
defining parameters are presented in Table I. Also prese
in Table I are parameters defining TIP4F, a flexible nonp
larizable four-site model in which the flexibility is modele
by classical harmonic energy terms,64 Dang97, a rigid four-
site polarizable model in which the flexible electronic d
grees of freedom are modeled by variable dipoles,34 and
TIP5P~PIMC!, a five-site model with the same geometry
the TIP5P model that was parameterized with path integ
rather than classical calculations. Note that for TIP4F wa
the oxygen-interaction site distance is larger than in TIP
water and the HOH angle is increased such that its valu
the liquid phase ends up approximately equal to the value
TIP4P water.2 For Dang97 water, there is a single polarizab
site, which is located on the massless charge site, and
oxygen-interaction site distance is larger than in TIP4P wa
in order to better reproduce the gas phase dipole and q
rupole moments.34

The potential part of the model Hamiltonian is given
Eq. ~1!,33,34,65,66

U5(
a

Ua1 (
aÞb

Uab1UPOL,

Ua5 (
bonds

kr~r 2r eq!
21 (

angles
ku~u2ueq!

2,

Uab5(
i j

qiqje
2

r aib j
1 4«OF S sO

r aObO
D 12

2S sO

r aObO
D 6G ,

UPOL52
1

2 (
a

pW a•EW a
q , ~1!

wherea andb are indices representing the molecules,i and
j are indices representing the atoms, and the remaining v

TABLE I. Monomer geometry and parameters for the water models.

TIP5P TIP4F Dang97 TIP5P~PIMC!

qH(e) 0.241 0.511 0.519 0.251
qO(e) ¯ ¯ ¯ ¯

qL(e) 20.241 21.022 21.038 20.251
sO ~Å! 3.12 3.27 3.234 3.12
«O ~kcal/mol! 0.16 0.10 0.1825 0.16
aL (Å 3) ¯ ¯ 1.444 ¯

r OH ~Å! 0.9572 0.9572 0.9572 0.9572
uHOH ~deg! 104.52 109.5 104.5 104.52
r OL ~Å! 0.70 0.175 0.215 0.70
uLOL ~deg! 109.47 ¯ ¯ 109.47
kOH (kcal mol21 Å 22) ¯ 600.0 ¯ ¯

kHOH (kcal mol21 rad22) ¯ 75.0 ¯ ¯

kOL (kcal mol21 Å 22) ¯ 900.0 ¯ ¯

kHOL (kcal mol21 rad22) ¯ 50.0 ¯ ¯
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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10760 J. Chem. Phys., Vol. 115, No. 23, 15 December 2001 M. W. Mahoney and W. L. Jorgensen
ables represent their standard quantities. The intramolec
energy for the TIP5P, TIP5P~PIMC!, and Dang97 models is
constant, taken to be zero, and the polarization energy for
TIP5P, TIP5P~PIMC!, and TIP4F models is likewise taken t
be zero.

The classical statistical mechanical calculations
scribed in Sec. III for the TIP4F model were performed w
the Metropolis Monte Carlo algorithm67 using theBOSSpro-
gram, version 3.8,68 and the standard protocols including p
riodic boundary conditions.28 At each step a single particl
was randomly chosen, translated and rotated, and had it
tramolecular degrees of freedom modified. Attempted v
ume moves were performed every five passes and inter
lecular interactions were truncated with 9 Å spherical cutoffs
based on the OO separation. The calculations involved
TIP4F water molecules in a periodic box and were run for
to several hundred million configurations at the lowest te
peratures to ensure proper equilibration and averaging.

For polarizable models, technical difficulties lead to e
tremely long calculations for the standard single parti
move Monte Carlo algorithm.69 Thus, the classical statistica
mechanical calculations reported in Sec. III for the Dang
model were performed with a standard molecular dynam
algorithm,70 using POLDYN,71 a modified version of the mo
lecular dynamics programAMBER.72 There were 550 mol-
ecules in a periodic box with 9 Å spherical cutoffs, the time
step was 1.0 fs and the temperature and pressure cou
were 0.1 ps and 0.2 ps, respectively. The molecular dynam
calculations were run for between several hundred ps
'1.5 ns, with the averaging period consisting of up to'1 ns
at the lowest temperatures; convergence diagnostics w
monitored as in the Monte Carlo calculations.

The quantum statistical mechanical calculations
scribed in Secs. IV–VI were performed with the standa
classical Monte Carlo algorithm applied to discretized p
integrals. By taking advantage of the well known isom
phism between a quantum statistical mechanicalN body
problem and a classical statistical mechanicalN* P body
problem,18,54–56,59whereP is the discretization of the quan
tum polymer representing the classical point particle, theN
particle partition function can be written in the discrete,
primitive, representation as

Q5S mP

2pb\2D 3NP/2E )
i 51

N

)
s51

P

dris

3expH 2b(
s51

P F1

2
k(

i 51

N

~r is112r is!
2

1
1

P
V~r 1s¯r Ns!G J . ~2!

Each quantum particlei of massm is discretized intoP
beads, withr is being the position of beads on particlei . By
convention, beadN11 is identical to bead 1. The harmon
constantk5mP/b2\2 mediates interactions between su
cessive beads on the same atom. The interatomic pote
V(r 1s¯r Ns) is moderated by a factor ofP and acts only
between correspondingly labeled beads of different atom
Downloaded 01 Oct 2003 to 128.36.233.125. Redistribution subject to A
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Path integral calculations were performed on the TIP
TIP5P~PIMC!, and TIP4F models in the isothermal–isoba
ensemble at a pressure of 1 atm at temperatures every 2
between250 °C and 100.0 °C with several discretizatio
and at elevated pressures every 2000 atm up to 6000 atm
the TIP5P and TIP4F models. Results are reported for
cretizationsP equal to 1, 5, and 10, with the classical lim
corresponding toP51. At selected state points, calculation
for other discretizations were performed to monitor conv
gence as a function of discretization. These indicate that
the bulk phase properties reported here, the highest disc
zations reported are sufficient to capture the essential q
tum mechanical effects. As pointed out previously,28 NPT
MC calculations are a good choice for computing liquid de
sities because there is no uncertainty in the implementa
of the ensemble, and because the temperature and pre
controls are exact. Periodic boundary conditions were u
with a smaller cubic sample of 125 water molecules~unless
otherwise noted! with 7 Å spherical cutoffs owing to the
increased computational demands.

The starting coordinates for each calculation came fr
a box equilibrated at 25 °C and 1 atm or at closer conditio
Volume changes were attempted every'500 configurations,
and their magnitudes as well as the ranges for molec
translations and rotations were adjusted to yield accepta
rates of'40%. For the TIP5P and TIP5P~PIMC! models,
solvent moves consisted of translating and rotating a sin
molecule as well as moving the different beads of that m
ecule with respect to each other while maintaining the c
rect molecular geometry. For the TIP4F model, intramole
lar degrees of freedom were also modified. All path integ
Monte Carlo calculations were performed with a modifi
version of theBOSS program, version 3.8;68 modifications
were tested by reproducing results of previous path inte
calculations on the SPC, ST2, and TIP4P models and re
ducing isotopic shifts in path integral calculations on tho
models.59,60,62Convergence diagnostics were monitored, a
error estimates were obtained by the batch-me
procedure.73 In spite of the small box size, the calculation
required up to several hundred million steps of equilibrat
and averaging due to the slow equilibration of the quant
degrees of freedom.

III. RESULTS FOR CLASSICAL CALCULATIONS

The development of the polarizable Dang97 model
described elsewhere,34 while the development and propertie
of the flexible TIP4F model are briefly reviewed here.64 Re-
sults for both models are then presented.

A. The development of the TIP4F model

The methodology behind the development of the TIP
model of liquid water is similar to that for the developme
of previous models.2,28,74Criticisms of flexible water models
have included that they typically do not properly describe
dependence of the change in dipole moment on molec
geometry37,39,75,76and that geometric flexibility should be in
cluded only in polarizable models.30,40While such criticisms
are valid, the effect of flexibility on the density anomaly is
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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interest, particularly since three-site models that refrain fr
using an energy correction fail to reproduce a reasona
TMD.27

The gas phase geometry of TIP4F water listed in Tab
and Table II differs from that of TIP4P water since th
oxygen-interaction site distance and the HOH angle h
been increased. Intramolecular flexibility is modeled w
classical harmonic energy terms as presented in Table74

The calculated vibrational constants, obtained by setting
massless charge site to have a large mass in order to sep
its motion from those of the other atoms, are 2371, 3837,
3958 cm21, as compared to experimental values of 15
3656, and 3755 cm21. The gas phase dipole moment of 1.
D is approximately equal to the experimental gas ph
value. In the pure liquid at 25 °C, the bond lengths incre
'0.02 Å and the bond angle decreases to approximately
value for TIP4P water. The geometric deformation, the i
portance of which has been described previously,38 causes
the dipole moment to increase to 2.32 D, approximat
equal to the value for the TIPnP models. The global mi
mum for the TIP4F dimer hasr OO52.67 Å and a net inter-
action energy of26.36 kcal/mol.

Table III presents computed thermodynamic proper
from pure liquid calculations at 25 °C and 1 atm. The expe
mental results are well reproduced by TIP4F water, altho
not quite as well as by the TIP4P or TIP5P models. The h
of vaporization is slightly high, and the heat capacity is t
high due to the classical modeling of intramolecular flexib
ity. Figure 1 presents the OO rdf for TIP4F water and co
pares it to results for the TIP4P and TIP5P models and
experiment.77,78 Note that the experimental results are n
those used in the original TIP5P paper.28 Recent
experiments,78 performed after and independent of the dev
opment of the TIP5P model, indicate that the first peak of
OO rdf is sharper and located shorter OO distance than
vious experimental results,28,77 in excellent agreement with
the TIP5P results.78~b! Figure 1 also shows that the seco
peak of the OO rdf for the TIP4F model is shifted inwa
relative to both the new and old experimental values a
values calculated with the rigid TIP4P and TIP5P models

TABLE II. Average geometric properties of TIP4F.

State point m ~D! r OH ~Å! uHOH ~deg!

Gas phase, 0 K 1.85 0.9572 109.5
Gas phase, 25 °C 1.93 0.959 107.3
Liquid, 25 °C 2.32 0.977 104.3
Downloaded 01 Oct 2003 to 128.36.233.125. Redistribution subject to A
le

I

e

.
e

rate
d
,

e
e
he
-

y
-

s
i-
h
at

-
to
t

-
e
e-

d
n

addition, structure is not lost and is slightly more pronounc
than in the TIP4P and TIP5P models. Similar results are s
for the other two rdfs.

B. The density results for TIP4F and Dang97

The energies and densities for both the flexible TIP
model and the polarizable Dang97 model at a range of t
peratures are presented in Table IV and the density profile
both models is presented in Fig. 2. For these four-site m
els, both classical flexibility and electronic polarizabili
make the density profile worse over the entire tempera
range, relative to the TIP4P model. At low temperatures,
density maximum for both TIP4F water and Dang97 wa
shifts to a much lower temperature and may not exist ab
250 °C. For both models, the difference in the density b
tween the lowest temperature calculations may not stat
cally significant due to slow equilibration. At high temper
tures, the density decreases slightly more rapidly w
increasing temperature for both models than does the den
of TIP4P water. The present results agree with previo
analyses that the addition of electronic polarization does
introduce abnormalities into the temperature dependenc
the properties of liquid water and does not properly descr
the temperature dependence of its thermodyna
properties.20,79

The pressure dependence of the thermodynamic pro
ties has also been examined for the TIP4F and Dang97 m
els and the data are also presented in Table IV. For mo

FIG. 1. OO radial distribution functions for water at 25 ° C and 1 atm
TABLE III. Calculated and experimental properties for liquid water at 25 °C and 1 atm.

TIP4F TIP4P TIP5Pa TIP5P~PIMC! Expt.a

r (g/cm3) 0.99860.001 1.00160.001 0.99960.001 0.99760.002 0.997
2Einter ~kcal/mol! 12.1660.01 10.0660.01 9.8760.01 9.9460.01 9.92
DHvap ~kcal/mol! 10.7860.01 10.6560.01 10.4660.01 10.5360.03 10.51
Cp ~cal/mol deg! 32.460.6 20.460.7 29.160.8 19.060.5 18.0
106k(atm21) 4163 6065 4162 5765 45.8
105a(deg21) 82610 4468 6366 4265 25.7

aSee Ref. 28.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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Downloaded 01 O
TABLE IV. Intermolecular energy~kcal/mol! and density (g/cm3) for TIP4F and Dang97 water.

T(°C) P ~atm! 2Einter , TIP4F r, TIP4F 2Einter , Dang97 r, Dang97

250.0 1 14.23960.007 1.047560.0004 11.2696 0.005 1.035860.0009
225.0 1 13.58560.008 1.036960.0006 10.8046 0.007 1.025160.0007
0.0 1 12.84460.009 1.015960.0007 10.3226 0.006 1.014860.0009
25.0 1 12.16560.017 0.994260.0012 9.8016 0.007 0.996260.0014
50.0 1 11.47060.016 0.972660.0013 9.3306 0.008 0.974260.0012
75.0 1 10.81660.013 0.944760.0010 8.8716 0.005 0.948060.0011
100.0 1 10.15660.018 0.907160.0014 8.4026 0.008 0.915660.0010
25.0 2000 12.42960.013 1.068160.0012 9.9856 0.011 1.061160.0013
25.0 4000 12.65860.018 1.123460.0015 10.0556 0.010 1.109460.0020
25.0 6000 12.75860.018 1.173760.0007 10.1656 0.013 1.151860.0014
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such as TIP4P and TIP5P, application of pressure at 25
leads the intermolecular energy to decrease slightly and
density to increase too rapidly.28,80~a! Similar effects for the
energy are seen with the flexible and polarizable models.
rate of increase of the density with increasing pressure, h
ever, is in slightly better agreement with experimental res
for both the TIP4F and Dang97 models than for the TIP4P
TIP5P models.28

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

The path integral calculations on the rigid TIP5P mod
show that the liquid-phase thermodynamic and structu
quantities converge fairly rapidly as a function of increas
discretization. For example, results at 25 °C and 1 atm
well as results at other state points except perhaps those
the lowest temperatures indicate that a discretization oP
55 is sufficient to reproduce properties computed with mu
largerP.

Table V presents the energy and density for the class
and quantum calculations on TIP5P water at a range of t
modynamic state points. As has been noticed previously,58–62

the energies for the quantum calculations are smaller in m
nitude than those for the corresponding classical calc
tions. Thus, since quantum molecules bind to each other
well than do the corresponding classical molecules, the d

FIG. 2. Density of water models vs experiment as a function of tempera
at 1 atm.
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C
he

e
-

ts
r

l
al

s
ith

h

al
r-

g-
a-
ss
n-

sity tends to be lower, as is seen at the higher temperatu
The energy difference between the quantum and class
results is larger at lower temperatures. The energy for c
sical TIP5P water decreases too rapidly as the temperatu
decreased, and this is moderated and in better agree
with the experiment for the quantum mechanic
calculations.27,28 The results for the density are also plotte
in Fig. 3 and indicate that the density profile for the quantu
calculations on the rigid model is noticeably worse. T
TMD near the experimental value for classical TIP5P wa
presented here for 125 molecules and previously for lar
boxes,28 is shifted to a much lower temperature. ForP55,
there is a maximum at ca.225 °C while forP510 the maxi-
mum is lost, although the results at the lowest two tempe
tures forP510 are not significantly different and may not b
completely converged.

As a function of increasing pressure, the density
TIP5P water increases somewhat too rapidly, as can be
in Table V for 125 molecules and as was reported previou

re

TABLE V. ~a! Intermolecular energy~kcal/mol! for classical and quantum
calculations on TIP5P water.~b! Density (g/cm3) for classical and quantum
calculations on TIP5P water.

T(°C)
Pressure

~atm!
Classical,

P51
Quantum,

P55
Quantum,

P510

~a!
250.0 1 29.82460.010 29.49460.011
225.0 1 211.71860.002 29.23660.009 29.03260.008
0.00 1 210.70460.019 28.77860.006 28.73360.018
25.0 1 29.92460.012 28.39960.018 28.32460.015
50.0 1 29.30860.009 28.01260.010 27.97260.013
75.0 1 28.82460.023 27.64960.026 27.61560.026
100.0 1 28.30060.020 27.31960.032 27.28860.020
25.0 2000 29.91860.023 28.59760.010 28.52460.009
25.0 4000 29.95560.017 28.69260.012 28.63160.007
25.0 6000 29.99160.018 28.73960.011 28.63160.011

~b!
250.0 1 0.976660.0011 0.985760.0012
225.0 1 0.950260.0002 0.984360.0010 0.984560.0013
00.0 1 0.969560.0008 0.970860.0007 0.970460.0016
25.0 1 0.971660.0015 0.949760.0010 0.952760.0031
50.0 1 0.957460.0012 0.923160.0021 0.922160.0020
75.0 1 0.937360.0016 0.896260.0020 0.893960.0031
100.0 1 0.905560.0049 0.860060.0053 0.862160.0033
25.0 2000 1.059660.0034 1.049760.0022 1.046460.0014
25.0 4000 1.121460.0027 1.113160.0023 1.111860.0012
25.0 6000 1.186460.0025 1.168460.0014 1.165560.0012
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



-
nt
en
tu
su

n
m

e
h
sti
ru
ri-
ar

F
is

if-
er-
ures

f
ath

te

oth
n
e
the

is

ch
ing
nd

cu-
are

l a

the

or
the

he

10763J. Chem. Phys., Vol. 115, No. 23, 15 December 2001 Reproduction of the density anomaly of liquid water
for 512 molecules.28 Although the inclusion of quantum ef
fects decreases the density, its effect is nearly independe
pressure. Similarly, although quantum effects modify the
ergy, the energy decreases only slightly more in the quan
calculations than in the classical calculations as the pres
is increased.

The OO rdfs for the classical and quantum calculatio
at 25 °C and 1 atm are presented in Fig. 4. Quantum
chanical effects tend to destructure the liquid,58–60as is seen
with the TIP5P OO rdf. Similar effects are seen in the oth
rdfs and also in the energy pair distribution functions, t
latter of which are presented in Fig. 5. The characteri
hydrogen bonding peak is shifted to higher energy and st
ture in the profile is partially lost. For both the radial dist
bution and energy distribution functions, qualitatively simil
effects are seen at other temperatures and pressures.

V. RESULTS OF PATH INTEGRAL MC CALCULATIONS
ON THE TIP4F MODEL

The path integral calculations on the flexible TIP4
model converge more slowly as a function of increasing d

FIG. 3. Density of quantum calculations on the rigid TIP5P water mode
a function of temperature at 1 atm.

FIG. 4. OO radial distribution functions for quantum calculations on
rigid TIP5P water model at 25 °C and 1 atm.
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cretization than those for the rigid model, and thus it is d
ficult to establish an appropriate discretization level. Nev
theless, results at a range of temperatures and press
indicate that a discretization ofP55 captures the majority o
the quantum contribution of the idealized continuous p
integral calculation. Results forP510 are near those forP
55, while calculations of several hundred million Mon
Carlo steps withP520 failed to converge.

Although quantum mechanical effects destructure b
the radial distribution and energy pair distribution functio
for the rigid model, the results are very different for th
flexible model, as seen in Figs. 6 and 7. Figure 6 presents
OO rdf for the TIP4F model. Structure is not lost but
modified. This is in agreement with previous results61,62 for
path integral calculations of flexible water models in whi
structure in the rdfs was not lost as much as in correspond
calculations on rigid models. The heights of the peaks a
valleys are very similar for the classical and quantum cal
lations. It is noteworthy that the positions of the peaks

s
FIG. 5. Distributions of individual water-water interaction energies f
quantum calculations on rigid TIP5P water at 25 °C and 1 atm. Units for
ordinate are number of molecules per kcal/mol.

FIG. 6. OO radial distribution functions for quantum calculations on t
flexible TIP4F water model at 25 °C and 1 atm.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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shifted outward in the quantum calculation relative to t
classical calculation. Comparison with Fig. 1 indicates t
this partially corrects an error introduced with the classi
TIP4F model, in which the position of the second peak
shifted too much inward. Similar effects are seen in the O
and HH rdfs. Figure 7 presents the energy pair distribut
functions. As with the rigid model, the hydrogen-bondi
band is shifted to slightly higher energy. However, the ba
remains distinct in agreement with previous results that in
cate that although the hydrogen bonding in quantum wate
less energetically favorable, quantum effects can lead
more structured hydrogen bonding with flexible molecules61

Thus, quantum phenomena have a very different effec
flexible models than rigid models; problems with the clas
cal flexible model associated with its being too flexible a
improved.

Table VI presents the energy and density for the class
and quantum calculations on TIP4F water. For the flexi
model, as with the rigid model, the energy difference b
tween the classical and quantum calculations is large
lower temperatures. In a manner similar to the results
TIP5P, the rate of decrease of the energy is moderated at
temperatures upon the inclusion of quantum effects. The
ference between the densities for the quantum and clas
results is qualitatively different from that for the rigid mode
as illustrated in Fig. 8. The shape of the density profile
calculations on a box of 125 molecules agrees with the
sults for a box with 267 molecules, as seen by compari
with Fig. 2. In Fig. 8, forP55 there is a maximum at ca
225 °C, while for P510 there is none. Although it is no
clear by examining the underlying data which result is m
reliable ~low temperatures require a higher discretizatio
which takes longer to equilibrate!, it is clear thatu]r/]Tu is
significantly smaller for the path integral calculations in t
low temperature region. In contrast to the improvement
the density profile at low temperature, the trend for the fl
ible model at higher temperatures is the same for both
quantum and the classical models. As a function of incre
ing pressure, the TIP4F model behaves in a manner sim

FIG. 7. Distributions of individual water–water interaction energies
quantum calculations on flexible TIP4F water at 25 °C and 1 atm. Units
the ordinate are number of molecules per kcal/mol.
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to the TIP5P model, i.e., although the magnitude of the
ergy and density are modified, their behavior as a function
pressure is not.

VI. ISOTOPIC SUBSTITUTION FOR TIP5P AND THE
TIP5P„PIMC… MODEL

The effect of isotopic substitution in quantum calcul
tions of liquid water has been examined,58–60 and a model
has been developed by fitting parameters to the result
quantum calculations.62 The present section reports the r
sults of calculations to determine the effect on the den

r

TABLE VI. ~a! Intermolecular energy~kcal/mol! for classical and quantum
calculations on TIP4F water.~b! Density (g/cm3) for classical and quantum
calculations on TIP4F water.

T(°C)
Pressure

~atm!
Classical,

P51
Quantum,

P55
Quantum,

P510

~a!
250.0 1 214.50560.007 211.50460.008 210.98060.007
225.0 1 213.83960.008 210.81960.011 210.71660.008
00.0 1 213.14460.010 210.36560.009 210.15260.007
25.0 1 212.36560.020 29.85260.015 29.74760.010
50.0 1 211.52860.019 29.35960.015 29.36960.012
75.0 1 210.97260.022 28.88560.012 28.87560.009
100.0 1 210.22360.020 28.44160.012 28.43060.017
25.0 2000 212.59260.016 210.04660.011 210.06060.011
25.0 4000 212.76060.020 210.16360.009 210.20060.011
25.0 6000 212.86360.021 210.22160.012 210.19060.013

~b!
250.0 1 1.056060.0005 0.954860.0007 0.953660.0006
225.0 1 1.032660.0006 0.960460.0009 0.946360.0006
00.0 1 1.019060.0007 0.944160.0008 0.939660.0005
25.0 1 0.994860.0013 0.930160.0010 0.923660.0006
50.0 1 0.966060.0016 0.907160.0011 0.905160.0009
75.0 1 0.944460.0016 0.879460.0010 0.878360.0006
100.0 1 0.907460.0017 0.849460.0011 0.847660.0013
25.0 2000 1.065260.0012 1.011860.0007 1.012760.0007
25.0 4000 1.120960.0012 1.078060.0005 1.074660.0005
25.0 6000 1.165360.0010 1.127460.0006 1.125560.0007

FIG. 8. Density of quantum calculations on the flexible TIP4F water mo
as a function of temperature at 1 atm.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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Downloaded 01 O
TABLE VII. Intermolecular energy~kcal/mol! and density (g/cm3) for quantum calculations on D2O TIP5P
water and TIP5P~PIMC! water.

T(°C) P ~atm!
E,

D2O TIP5P
r,

D2O TIP5P
E,

TIP5P~PIMC!
r,

TIP5P~PIMC!

250.0 1 210.778 6 0.004 0.946860.0005
225.0 1 29.999 6 0.008 0.975860.0011 211.32560.014 0.965960.0020
0.0 1 29.441 6 0.010 0.979760.0015 210.47060.009 0.988960.0009
25.0 1 28.930 6 0.012 0.960760.0019 29.97860.009 0.978560.0010
50.0 1 28.513 6 0.011 0.937660.0026 29.51860.012 0.967760.0016
75.0 1 28.130 6 0.010 0.912560.0024 29.06960.010 0.941960.0015
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profile of isotopic substitution and of the development o
quantum version of the TIP5P model that is parameteri
with path integral calculations.

A. The effect of isotopic substitution on the density
profile of TIP5P

Differences between liquid H2O and liquid D2O have
been examined experimentally and theoretically.6,18,60,63Sev-
eral lines of evidence, e.g., relative melting points, boili
points and TMDs as well as leading quantum corrections
theoretical treatments, concur that D2O is the more structured
liquid.60 Calculations on quantum D2O TIP5P water have
been performed by modifying the mass in the harmonic c
stantk5mP/b2\2; the results for the energy and density a
presented in Table VII. A comparison with Table V show
that, in agreement with results previously reported,60 calcu-
lations on quantum D2O lead to intermolecular energies an
densities that generally have a larger magnitude. Altho
not presented, the radial and energy distribution functions
more structured for quantum D2O than quantum H2O. In
addition, Fig. 9 indicates that, in agreement w
experiment,14 the TMD for quantum D2O TIP5P water is
higher than that for quantum H2O TIP5P water. The ratio o
Tmax(D2O)/Tmax(H2O) appears to be larger than the expe
mental value of 1.026,18 although statistical noise near th
maxima make the precise determination of this ratio difficu
It also appears that, in agreement with experiment,14 the en-

FIG. 9. Density profile of D2O quantum calculations on TIP5P water and
H2O quantum calculations on TIP5P~PIMC! water compared with classica
and H2O quantum calculations on TIP5P water at 1 atm.
ct 2003 to 128.36.233.125. Redistribution subject to A
d

n

-

h
re

-

.

velope of the density profile is sharper for quantum D2O
TIP5P water than for quantum H2O TIP5P water, although
the low temperature at which quantum H2O TIP5P water has
its maximum makes quantitative comparison difficult.

B. The development of the TIP5P „PIMC… model

In view of the derivation of TIP5P to reproduce expe
mental properties of water, addition of quantum effects
duces the agreement with experiment. Thus, we have de
oped a modified model, TIP5P~PIMC!, that is suitable for
use in path integral calculations and that largely restores
quality of the results. The approach for creation of t
TIP5P~PIMC! model is similar to that for previous
models,2,28 with the exception that path integral calculatio
rather than classical statistical mechanics calculations w
used. The defining parameters are given in Table I; only
magnitude of the partial charge was altered, otherwise
parameters are identical to those for TIP5P water. This
stores the density and intermolecular energy to the des
higher magnitudes. A previous model developed with the
of quantum calculations also demonstrates the need to
crease the dipole moment relative to the corresponding c
sical model, although in that case the dipole moment w
increased by modifying the geometry.62

For development of TIP5P~PIMC! water, calculations
were performed with a discretization ofP55 and 216 mol-
ecules in a periodic box with intermolecular interactio
truncated at 9 Å. Using a set of partial charges with mag
tude 0.251 rather than 0.241e, a density of 0.997
60.002 g/cm3 and an intermolecular energy of29.94
60.01 kcal/mol were obtained at 25 °C and 1 atm, as lis
in Table III. Also presented in Table III are the fluctuation
properties, calculated either from finite difference appro
mations to the derivatives or from the fluctuational formu
as discussed previously.28 Note that the results for the energ
and density are better than for the classical TIPnP mod
and the heat capacity is better than for the classical TIP
model. These differences in the energy and density are
the noise level in the present calculations and are at the l
of imprecision defined by varying such parameters as
number of molecules and method of dealing with bound
conditions. For example, the computed bulk phase prope
change by only a few percent and computed diffusion c
stants increase by only'0.2 cm2/s when reaction field or
Ewald techniques are used to model the bound
conditions.80~b!
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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In addition to the ability of TIP5P~PIMC! to reproduce
the thermodynamic properties, it is able to reproduce w
the radial distribution functions~rdfs!. One example of the
rdfs is presented in Fig. 10; as is seen, the rdfs are m
structured than those obtained by quantum calculations
TIP5P water and are slightly less structured than those f
classical calculations on TIP5P water. The distance to
first peak, shifted out slightly upon the introduction of qua
tum effects, is shifted back inward toward the value for cl
sical calculations on TIP5P. Recent experimental results
dicate that the position and magnitude of this first peak
remarkably well reproduced by TIP5P water;78 these are also
well reproduced by TIP5P~PIMC! water in path integral cal-
culations. Thus, TIP5P~PIMC! water reproduces the struc
tural and thermodynamic properties in quantum calculati
with a quality comparable to that of TIP5P water in classi
calculations.

C. The effect of developing a model with path integral
calculations

Path integral calculations similar to those presented
Sec. IV for the TIP5P model were performed for th
TIP5P~PIMC! model. In particular, a temperature scan w
performed for a periodic cube of 125 molecules. The ene
and density for TIP5P~PIMC! water from those calculation
are presented in Table VII, and the density profile
TIP5P~PIMC! water is presented in Fig. 9 along with that f
TIP5P water. As noted previously,28 there is size-dependenc
for the TMD such that for classical TIP5P water it increas
from '4 to 12 to 20 °C for periodic cubes with 512, 21
and 125 molecules and cutoffs of 9, 8, and 7 Å. The TMD
increased for TIP5P~PIMC! relative to discretized TIP5P in
view of the larger partial charges; however, it is'20 °C
below the value for classical TIP5P water for the cube w
125 molecules. In a further refinement one could push
TMD for the PIMC model to higher temperature by increa
ing the oxygen to lone-pair site distance.28

FIG. 10. OO radial distribution functions for TIP5P water an
TIP5P~PIMC! water at 25 °C and 1 atm.
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VII. DISCUSSION

Liquid water is anomalous not only in the existence
its TMD but also in the relatively gradual change of its e
ergy and density as a function of increasing temperature
pressure. Many water models fail to describe these chan
adequately. There are two regimes for liquid water, cons
ering both the anomalous properties and the ability of sim
potential functions to reproduce these properties. One reg
is at moderate temperatures and pressures where the T
occurs; the other is at more extreme conditions of tempe
ture and pressure.81–83Although there are several methods
improve the behavior in the first regime, i.e., by increas
the complexity of the charge distribution28 or increasing the
magnitudes of the partial charges,5 there is no simple solu-
tion to improve the behavior at a wider range of state poin
The reproduction of thermodynamic properties far from t
state points of original parameterization is sensitive to
fluctuational behavior of the model, and a general feature
simple water models is that the fluctuational properties
not modeled as well as the underlying thermodynam
quantities.5,27,28

It should be noted that, with the exception of TIP5
water, the parameterization of the other models discus
here did not include reproduction of the density maximu
Although modifying the parameters of the TIP4F or Dang
models may lead to some improvement in the low tempe
ture results, that neither model improves upon the descrip
of water at a wide range of state points is not surprising. T
changes in water structure as the state point is varied
subtle.7,8 The fact that both models yield poorer density b
havior than the best rigid nonpolarizable models is evide
that their relatively simple modeling of intramolecular fle
ibility or electronic polarization is not adequate.

It has been suggested that in order to improve the
scription of liquid water at a range of state points, mo
sophisticated potential functions are needed.22,83The present
work supports that conclusion. Furthermore, the needed
phistication is not achieved by including polarization, i
tramolecular flexibility or quantum mechanical effectsper
se, but instead requires full consideration of the underlyi
physical phenomena with an emphasis on accurate mode
of the electronic degrees of freedom. Within the framewo
of nonpolarizable potentials, the success for the density p
file of increasing the potential function complexity is seen
one proceeds through the TIPnP series. Another exampl
improvement through increased complexity involves t
modeling of the vapor–liquid coexistence curve. Although
is often suggested that a polarizable potential will in pr
ciple describe both the gas phase and the liquid phase s
its parameterization uses data from both phases,84 it has been
shown that several simple polarizable models that have b
parameterized to both gas and liquid data are not accept
at modeling the intermediate region.83 On the other hand, by
modeling the quantum mechanical charge-magnitude de
dence on the overlap integrals with a coupling between
Lennard-Jones terms and the electronic degrees of freed
better description of the intermediate region can
achieved.83 In general, the intermediate region is sensitive
fluctuations, and if the parameter fitting is to orthogonal s
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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of data in two different regions, the intermediate region w
not be well described.

The importance of quantum mechanical effects on
properties of liquid water has led to a variety of methods
their incorporation.4,48–50,59,60,62Attempts to include quantum
mechanical effects that consider differing vibrational con
butions between the liquid and gas phase4,49 or perturbative
semiclassical corrections48,50 should be distinguished from
path integral methods,59,60,62since the latter typically involve
a quantum calculation on a potential that was developed
classical calculations. This leads to modification of prop
ties such as the energy, density and vibrational spectra
characteristic way relative to the corresponding classical
culations on the same model.62 The parameterization of a
water model with quantum statistical mechanical calcu
tions requires that the molecules be made more attractive
e.g., increasing the dipole moment, either by modifying
geometry62 or by increasing the magnitudes of the charges
with TIP5P~PIMC! water.

Increasing the magnitudes of the partial charges st
tures the liquid, as was described in Sec. VI and as is see
comparing results for SPC and SPC/E.5 Thus, considering
that SPC/E has a TMD while SPC does not,21,27 and that the
PPC model23 employs a polarization correction and has be
reported to have a TMD, it is not surprising th
TIP5P~PIMC! model has an improved density behavior
the low temperature region relative to path integral calcu
tions on the TIP5P model. The reparameterized model
properties more similar to classical calculations on the or
nal model than do quantum calculations on the origi
model. Comparisons58–61 between classical calculations an
quantum calculations on a given water model are not as
evant as comparisons between two related models, on
which is classically parameterized and the other of which
quantum mechanically parameterized. The issue of fair c
parison has been raised before in the context of class
flexible models.38 The TIP5P~PIMC! model is not a replace
ment for the TIP5P model. The increased computational
pense of path integral calculations would render biomole
lar and low temperature applications often impractical, an
is unnecessary in situations where no new insight is
tained. Classical calculations may be viewed as being a
ciated with an implicit parameter renormalization to acco
for their approximate nature. It is well known that the simp
nonpolarizable models have dipole moments lower than
most conservative estimates for the liquid pha
value.5,7,8,28,85Viewing classical calculations as involving
parameter renormalization implies that the liquid-phase
pole moments for the quantum mechanically parameter
model should be closer to the experimental value. Thus,
increase in dipole moment to 2.39 D for TIP5P~PIMC! water
from 2.29 D for the TIP5P model is in the right direction.

The importance of incrementally modifying existin
models should also be emphasized. Incorporating many
effects into a single model35,36 leads to difficulties in deter-
mining what features of the model are responsible for w
observed properties of the model. The TIP5P model rep
sents incremental improvement over the prior TIP3P a
TIP4P models and yields an improved density profile fo
Downloaded 01 Oct 2003 to 128.36.233.125. Redistribution subject to A
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well understood reason.28 Incremental improvements allow
one to isolate those variables responsible for the improve
worsened reproduction of the properties of interest. This
particularly important when the consequence of a poten
modification is not readily discernable.

It should be noted that after this work was complete
we learned of success with another more electronically co
plex model, TIP4P-FQ,32 which is a four-site polarizable
model with variable charges. It yields an average liquid st
dipole moment of 2.62 D and has now been shown to hav
density maximum near the experimental value.86

VIII. CONCLUSION

The consequences of including intramolecular flexibili
electronic polarization, and quantum mechanical effects
simple models of liquid water for the reproduction of th
thermodynamic and structural properties at a range of th
modynamic state points has been examined. Particular a
tion has been focused upon the reproduction of the den
anomaly. Both the four-site classically flexible TIP4F mod
and the dipole-polarizable Dang97 model do not improve
description of either the density maximum or thermodynam
properties at high temperatures in comparison with the rig
nonpolarizable TIP4P model. Path integral calculations
TIP4F water and TIP5P water indicate that the high tempe
ture behavior of the density is not improved by the inclusi
of quantum mechanical effects. For quantum calculations
flexible TIP4F water, the density maximum is shifted to
higher temperature relative to classical calculations and
radial distribution and energy distribution functions are im
proved. Thus, the introduction of quantum mechanical
fects alleviates some of the problems created by adding c
sical flexibility to simple water models, reinforcing the ide
that real water is more like rigid water models than classi
flexible water models. Improvements are not seen for p
integral calculations on the rigid TIP5P model. As expect
for this model, the radial distribution and energy distributi
functions are destructured relative to classical calculati
and the density profile is worse. Path integral calculations
quantum D2O TIP5P and TIP5P~PIMC!, a modification of
the TIP5P model in which the results of quantum calcu
tions were fit to experimental data, indicate that in both ca
the liquids are more structured than from calculations
quantum H2O TIP5P and that in both cases the density p
file is improved.

Thus, the inclusion of intramolecular flexibility, elec
tronic polarization or quantum effects does not immediat
lead to better reproduction of the thermodynamic proper
of bulk water at a range of thermodynamic state points.
state points not far from 25 °C and 1 atm, improvement
the relatively crude modeling of the electrostatics, in goin
for example, from TIP3P to TIP4P to TIP5P, is more bene
cial than the simple inclusion of classical flexibility, polariz
ability, or quantum effects. Further improvement for wa
models is expected to require more sophisticated descrip
of the electronic degrees of freedom with balanced treatm
of any partial charge model and polarizability and with a
tention paid to their effect on the fluctuational properties.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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