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Diffusion constant of the TIP5P model of liquid water
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The diffusion constant of TIP5P@J. Chem. Phys.112, 8910~2000!#, the recently developed five-site
rigid nonpolarizable model of liquid water that significantly improves the description of water’s
density anomaly, has been calculated at a range of temperatures between225 °C and 75 °C and
pressures between 1 atm and 3000 atm. The diffusion constant, in units of 1025 cm2/s, for TIP5P
water at 25 °C and 1 atm is 2.6260.04 as compared with the experimental value of 2.30. This is a
significant improvement over most commonly used water models, e.g., for TIP4P and TIP3P@J.
Chem. Phys.79, 926 ~1983!# the diffusion constants are 3.2960.05 and 5.0660.09, respectively,
and for SPC it is 3.8560.09. The diffusion constant of TIP5P decreases dramatically with
decreasing temperature, as is observed experimentally, and the change in the diffusion constant as
pressure is increased is also consistent with experimental results. ©2001 American Institute of
Physics. @DOI: 10.1063/1.1329346#
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I. INTRODUCTION

The TIP5P model was developed to reproduce well
experimental properties of liquid water, especially the d
sity as a function of temperature.1 Initial calculations were
performed to optimize the parameters defining the mo
especially the position of the negative charges along
lone-pair directions. Additional calculations demonstra
that the density maximum near 4 °C at 1 atm is reprodu
by the TIP5P model, while high-quality structural and the
modynamic results are maintained. All the calculations w
performed with a standard Monte Carlo statistical mechan
algorithm to sample the isothermal–isobaric ensemble.1 As
such, dynamical information about the model was not
tained and was thus not used in the determination of
model’s parameters. A key dynamical quantity of interes
the diffusion constant. The experimental value for the dif
sion constant of pure liquid water at 25 °C and 1 atm
2.3031025 cm2/s.2 The diffusion constant has been calc
lated for many models of liquid water, and for most of t
commonly used models it is too large. For example,
TIP4P model of water has been reported to have a diffus
constant of'3.331025 cm2/s at approximately standar
temperature and pressure.3 The three-site SPC model ha
been reported to have a diffusion constant of'3.631025

cm2/s and was reparameterized to yield the SPC/E mo
that gives an improved value of'2.531025 cm2/s.3,4 Both
of these latter calculations were at'307 K and a pressure o
1 bar, leading to densities of 0.970 g/cm3 and 0.998 g/cm3

for SPC and SPC/E, respectively.4 Diffusion constants for
flexible and polarizable models have also been reported.5 For
example, the TIP4P-FQ model has a diffusion constan
1.931025 cm2/s and the Dang97 model has a diffusion co
stant of 2.131025 cm2/s.5 These polarizable models hav
3630021-9606/2001/114(1)/363/4/$18.00
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dipole moments that are larger than those of common n
polarizable models and this is reflected in their decrea
diffusion constant.

Results are reported here for the diffusion constant
TIP5P water and of other commonly used water models
standard temperature and pressure. The effects of var
temperature and pressure on the structural properties of
eral models of water, including TIP5P, have been presen
in detail elsewhere.1,6 The characterization of TIP5P water
further extended here by computation of its diffusion co
stant at a range of temperatures between225 °C and 75 °C
and pressures between 1 atm and 3000 atm. These re
are, to our knowledge, the first presentation of such a co
prehensive data set for the diffusivity of a water model.

II. METHODS AND RESULTS

In order to calculate the diffusion constant of the wa
models, classical molecular dynamics~MD! calculations
were performed in the canonical~NVT! or isothermal–
isobaric ~NPT! ensemble. Code was added to theBOSS

Monte Carlo program7 to perform these molecular dynamic
simulations for a variety of simple molecular liquids. Th
velocity Verlet algorithm was used for the numeric
integration,8 and temperature and pressure coupling w
performed with the standard Berendsen method.9 The dy-
namics part of the code was tested by reproducing ther
dynamic properties of liquid argon and TIP3P and TIP
water in the NVT and NPT ensembles, as compared w
molecular dynamics results using a modified version of
TINKER program.10 In addition, the MD results were als
consistent with Monte Carlo results from theBOSS ~Ref. 7!
program for TIP3P, TIP4P, and TIP5P water.

The diffusion constant is a transport coefficient and c
be expressed within linear response theory as the infi
© 2001 American Institute of Physics
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time integral of an equilibrium time correlation function. I
three dimensions it is given by

D5
1

3E0

`

dt^vi~ t !•vi~0!&, ~1!

where the variables represent their standard quantitie
may also be calculated from the corresponding Einstein
lation,

2tD5 1
3 ^ur i~ t !2r i~0!u2& ~2!

which is valid in the limit thatt→`.5,11 The latter expres-
sion relates the macroscopic diffusion constant to the me
square distance that the labeled particles travel in a timt
and was used to calculate the diffusion constants in
present case. The corresponding code was tested by re
ducing previously computed diffusion constants for SP
SPC/E, and TIP4P water.3,4 For the NVT ensemble calcula
tions reported here, including those on the TIP5P model,
reference temperature was set to the temperature of int
and the density was set to the average value of the densit
the model, as calculated with NPT MC calculations at
temperature and pressure of interest.1 The molecular dynam-
ics time step was 1 fs, and the temperature coupling was
ps. For the NPT calculations, the pressure coupling was
ps. In all cases periodic boundary conditions were used w
a box of 267 molecules and intermolecular interactions w
truncated at 9 Å.

Averages and estimated errors were computed using
values calculated for the diffusion constant from 10 or
consecutive runs of 100 ps each. The runs followed
equilibration phase at the state point of interest and con
gence diagnostics were monitored as usual.1 Error estimates
were obtained by the batch-means procedure and are
ported at the one sigma level of significance.1,11 For each
run, the value calculated for the diffusion constant was
tained by calculating, every 10 or 100 fs, the average ove
of the molecules of the mean-square distance that each
ecule traveled since the beginning of the run, and perform
a best fit of the resultant data set to a line.

The calculated and experimental2 diffusion constants for
several models at 25 °C and 1 atm are presented in Tab
Both the three-site SPC and TIP3P models yielded diffus
constants that are significantly too large. For the SPC

TABLE I. Computed diffusion constants for water models.

Ensemble T ~°C! P ~atm! Densitya Db

SPC NPT 25 1 3.8560.09
SPC/E NPT 25 1 2.4960.05
TIP3P NPT 25 1 5.1960.08
TIP4P NPT 25 1 3.3160.08
TIP3P NVT 25 ~1! 0.993c 5.0660.09
TIP4P NVT 25 ~1! 0.990c 3.2960.05
TIP5P NVT 25 ~1! 0.999c 2.6260.04
Expt.d 25 1 0.997 2.30

aUnits are g/cm3.
bUnits are 1025 cm2/s.
cDensity fixed at the value that yields a pressure of 1 atm for the mode
dSee Ref. 2.
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model, the diffusion constant and the intermolecular ene
are lowered relative to the values for the SPC model
increasing the magnitudes of the partial charges.4 This cor-
rection is discussed in Sec. III. The TIP4P model has a
fusion constant that shows improvement over the three-
SPC and TIP3P models, but is still too large. Note that
both the TIP3P and TIP4P models, the values computed
the diffusion constant are approximately ensemble indep
dent. For TIP5P water, the computed diffusion constan
standard temperature and pressure of (2.6260.04)31025

cm2/s represents a significant improvement over the res
for the popular SPC, TIP3P, and TIP4P alternatives.3,4 The
seminal five-site ST2 model of water12 yields a diffusion
constant of'0.3031025 cm2/s at 0 °C and 1 atm,13 which
is lower than the experimental value of 1.0531025 cm2/s,
although in NVT calculations at 0 °C and 1.00 g/cm3 the
diffusion constant is'1.0031025 cm2/s.13 Concern that the
underestimate of the diffusion constant might be intrinsic
five-site models has been allayed by the present results
TIP5P water.

The diffusion constant for TIP5P water over a range
thermodynamic state points is presented in Table II. A
function of decreasing temperature, the dramatic decreas
the diffusion constant observed experimentally is well rep
duced, as shown in Fig. 1.2 In particular, the diffusion con-
stant decreases from'6.7831025 cm2/s at 75 °C to
'0.1431025 cm2/s at225 °C.

Pressure scans at two temperatures, 25 °C and 75
were also performed. The observed behavior of the diffus
constant of liquid water is unusual in that below 25 °C init
application of pressure leads to an increase in the diffus
constant.2,14 Further application of pressure causes the dif
sion constant to decrease, as is typical of liquid syste
when subjected to high pressure. At higher temperatures,
anomalous behavior ceases to exist and the diffusion c

TABLE II. The diffusion constant for TIP5P water at state points in t
NVT ensemble.

T ~°C! Pressurea Densityb Dc

225.0 1 0.981 0.1460.02
212.5 1 0.998 0.4360.03

0.0 1 1.007 1.0160.02
12.5 1 1.005 1.8760.08
25.0 1 0.999 2.6260.04
37.5 1 0.989 3.7060.09
50.0 1 0.978 4.7460.08
62.5 1 0.967 6.3360.07
75.0 1 0.951 6.7860.10
25.0 500 1.026 2.6560.05
25.0 1000 1.053 2.6660.05
25.0 1500 1.072 2.6060.04
25.0 2000 1.092 2.6360.05
25.0 3000 1.128 2.6760.05
75.0 500 0.985 6.9760.14
75.0 1000 1.011 6.7160.09
75.0 1500 1.034 6.3860.09
75.0 2000 1.055 6.3360.12
75.0 3000 1.091 5.8960.10

aApproximate pressure in atm. See text for explanation.
bUnits are g/cm3.
cUnits are 1025 cm2/s.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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stant monotonically decreases as a function of increa
pressure. For liquid water at 25 °C, the maximum is sub
the diffusion constant near the maximum is 2.393105 cm2/s,
which is only slightly higher than the value of 2.3031025

cm2/s at 1 atm.2 This qualitative difference is at the nois
level of the present calculations. Thus, reports based
much shorter calculations than the present 1 ns runs, w
indicate that the diffusion constant for TIP4P passes thro
a maximum at25 °C but not at 25 °C, may not be statist
cally significant.15

The results for the calculations on TIP5P water a
range of pressures are presented in Table II and Fig. 2.
results indicate that, in agreement with experiment, at 25
the diffusion constant is nearly constant up to 3000 a
Interestingly, although a maximum is not clearly observed
25 °C, an anomalous increase in the diffusion constan
seen at 75 °C upon application of pressure. However,
magnitude of this effect is near the level of the estima
error. Application of high pressure at 75 °C ultimately lea
to a decreasing diffusion constant that is clearly observa

FIG. 1. The diffusion constant of TIP5P water as a function of temperat
Experimental results are from Ref. 2.

FIG. 2. The diffusion constant of TIP5P water as a function of pressur
two temperatures. Experimental results are from Ref. 2.
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on the scale of Fig. 2 for both TIP5P water and experime
This contrasts with the results at 25 °C, where both real
TIP5P water have curves that are almost flat.

III. DISCUSSION

It is notable that at both 25 °C and 75 °C the change
the diffusion constant with increasing pressure is relativ
mild when compared with its dramatic decrease with d
creasing temperature. This is no doubt related to the su
changes in the radial distribution functions as pressure
increased as opposed to the clearly increased ordering
served with decreasing temperature.1 The modifications of
the radial distribution functions of TIP5P water and oth
water models as the pressure is increased are consistent
the view that the system tends to behave structurally
dynamically more like a monatomic liquid.1,16–18 On the
other hand, the changes in the radial distribution functions
the temperature is decreased are consistent with a more
idly tetrahedral arrangement in which water molecules
come trapped next to one another. They also agree with
perimental results that indicate that in the supercoo
regime, the diffusion constant conforms to an equation t
implies that the diffusion constant goes to zero as the te
perature tends to245 °C.2~d!,19

In the SPC/E model, the magnitudes of the part
charges are increased relative to those of the SPC mo
This change, which leads to improved results for some pr
erties such as the diffusion constant, has been justified
correction to account for the polarization self-energy
quired to increase the dipole moment from the gas-ph
value to the solution-phase value.4 Although the principle of

including a polarization correction of̂EPOL&5 1
2 ( i^m i

2&/a i

to an interaction site model that has an average induced
pole moment of̂ m i& is no doubt correct,3,4,20 its application
to water models has an element of arbitrariness to it.
example, as applied to SPC/E,^m i

2& is replaced bŷ m i&
2

since the induced dipole moment on SPC/E does not var
magnitude,4 while others have pointed out that real wat
contains contributions of the form̂dm i

2& and thus it is not
permissible to set̂dm i

2&50 in ^m i
2&5^m i&

21^dm i
2&.3 In ad-

dition, the inclusion of, e.g., anr 23 or r 24 term in the
Hamiltonian would lead to lower charge magnitudes sin
that term would absorb some of the Coulomb attraction21

This artifact of the interaction site nature of the mode
would lead to a smaller polarization correction since only
energy associated with ther 21 term would be corrected fo
in the standard self-polarization treatment. Further, altho
the correction is generally considered only for nonpolar
able models, analogous reasoning implies that it is a
needed for polarizable models that have permanent dip
greater than'1.85 D, although it has not always been i
cluded in such models.22 A final example of the arbitrarines
associated with the application of the correction has to
with the classical calculations which are used for the de
mination of the model’s parameters. The use of class
rather than quantum statistical mechanics calculations m
be viewed as a convenience with which is associated an
plicit parameter renormalization.24 Reparameterization of an

e.
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interaction site water model using path integral rather th
classical statistical mechanics calculations leads to a m
with a larger dipole moment in order to overcome the d
creased attractiveness associated with quantum effects23,24

This would lead to an even larger polarization correct
than is included in classical calculations but has not, to
knowledge, been considered.

IV. CONCLUSION

The recently developed TIP5P model of liquid water h
a diffusion constant of'2.6231025 cm2/s at 25 °C and 1
atm, which compares well with the experimental value
2.3031025 cm2/s. This represents a significant improv
ment over several commonly used alternatives. As a func
of temperature and pressure, the behavior of the diffus
constant for TIP5P water is also consistent with experime
data. Coupled with the excellent results for thermodynam
in particular the density profile,1 the dielectric constant,1 and
liquid structure,1,25 the present results support the notion th
the TIP5P model provides a notably realistic representa
of liquid water for temperatures below'50 °C. This is aus-
picious for its use as a basis for more accurate modelin
aqueous systems via Monte Carlo and molecular dynam
simulations.
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