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A reoptimization of the five-site water potential (TIP5P) for use
with Ewald sums

Steven W. Rick?
Department of Chemistry, University of New Orleans, New Orleans, Louisiana 70148 and Chemistry
Department, Southern University of New Orleans, New Orleans, Louisiana 70126

(Received 10 November 2003; accepted 9 January)2004

The five-site transferable interaction potenti@lP5P for water [M. W. Mahoney and W. L.
Jorgensen, J. Chem. Phykl2 8910 (2000] is most accurate at reproducing experimental data
when used with a simple spherical cutoff for the long-ranged electrostatic interactions. When used
with other methods for treating long-ranged interactions, the model is considerably less accurate.
With small modifications, a new TIP5P-like potential can be made which is very accurate for liquid
water when used with Ewald sums, a more physical and increasingly more commonly used method
for treating long-ranged electrostatic interactions. The new model demonstrates a density maximum
near 4 °C, like the TIP5P model, and otherwise is similar to the TIP5P model for thermodynamic,
dielectric, and dynamical properties of liquid water over a range of temperatures and densities. An
analysis of this and other commonly used water models reveals how the quadrupole moment of a
model can influence the dielectric response of liquid water.2@4 American Institute of Physics.
[DOI: 10.1063/1.1652434

I. INTRODUCTION water®=% and ionic solutiong®~?° as well as proteins and

eptides’®~34One general problem introduced by the use of

Water potentials are a key component in the slmulat|orPut01Efs is an upward drift in the total energy of the sys&&m.

of molecular systems. Th_e SUCCESS of _the_se models Imloa‘:I(Er?creasingly, the use of Ewald or particle mesh Ewald has
not only the great many simulations which include water butth

can be used to assess the importance of different interactio ecomelthe lstan_darld ta_\pproacl? and 'S nlov(;/_ mclud;d n dcom-
models. A large amount of effort has gone into the develop™°" MO (3—;=7cu ar simuiation packages, INclUCIRgsER™and
HARMM.”" Due to boundary condition effects, the properties

ment of water models, more than for any other molecule an& )
the wealth of experimental information on bulk water can be® the TIPSP model have been shown to be size dependent
used to judge the models. Recent studies have address8@d change noticeably when the size of the system is
many issues concerning the development and accuracy &hanged from 512 to 216 molecules, with a change in the
models for water and aqueous solutions, including the inclucutoff to 8 AZ In addition, the properties also change when
sion of polarizability and the introduction of more interaction Ewald or reaction field methods are usé@he TIP5P model
sites' =2 One recent water model, representing an approach tdPparently shows a more significant dependence on systems
improve potentials by adding off-atom interaction sites, isSize that the TIP4P mod&!.:** Most notably, the density, at a
the TIP5P model of Mahoney and Jorgenéefhe TIP5P  pressure of 1 atm and a temperature of 298 K, changes from
model has been shown to be successful in reproducing marf999(512 molecules wit a 9 Acutoff) to 0.985 g/cm (512
of the properties of liquid water, including the dielectric con- molecules with Ewald and the potential energy changes
stant, the diffusion constant, and the density maximum nedirom —9.867 to—9.682 kcal/mol, meaning that the addition
4°C2%The last feature is especially noteworthy since manyof long-ranged interactions makes the liquid less dense and
water models do not successfully reproduce this importaninore weekly interacting. Using Ewald, the dependence on
property of water, although a small number of potentials desystem size is much small&Other comparisons of Ewald
also have a density maximum near 4*C. The success of and cutoffs with other water potentials also find an increase
the TIP5P model has led to its widespread t&e-’ in the potential and a decrease in the dengityat constant
Computer simulations involving periodic boundary con-volume, an increase in the pressuie?*?>when simulating
ditions and long-ranged interactions require a method fopure water with the TIP5P model, the uska9 A cutoff
treating the interactions beyond the central simulation cellmay be the best method, but for heterogeneous systems, us-
Common methods include simple spherical cutoff, Ewalding potentials which have not necessarily been developed
sums, switching functions, and reaction field methtdehe  ysing cutoffs, the choice is not as clear. For applications in
TIPSP model is parameterized to be used with the longwhich Ewald or reaction field methods are desired, a modi-
ranged interactions truncated at 9 A. Problems associatefbd potential would be useful. A modified potential would
with the use of sharp cutoffs and the importance of usingy|so be useful for studies of the effects of long-ranged inter-
Ewald sums has been demonstrated for the simulation ofitions themselves on other propertigsch on as the stabil-
ity of ice!)). Presented here is a small modification to the
3Electronic mail: srick@uno.edu TIP5P potential, which, when used with Ewald, essentially
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TABLE |. Parameters for the TIP3Rnd the TIP5P-E models. The parameteré andC, unlike € and o, act as nearly inde-
pendent parameters. The valuefyfwhich characterizes the
short-ranged repulsive interactions, is chosen so that the first
TIPSP 0.160 3.120 0.241 peak of thegoo(r) correlation function is in agreement with
TIPSP-E 0.178 3.097 0241 experiment. The value of, which does not influence the
liquid structure strongly, is then adjusted so that the desired
values for the energy and pressuyemnd therefore, the den-
sity) are achieved. This is done at 1 atm and 298 K and with
reproduces the accuracy of the TIP5SP potential for thermoEwald sums. This procedure rapidly found values Acand
dynamic, dielectric, and dynamical properties over a range of which optimized the energy, density, aggo(r). The new
temperatures and pressures. In addition, an analysis of thalues ofe and o are given in Table I. The new model is
dielectric constants of several water models, together withamed TIP5P-E, to indicate use with Ewald sums. The origi-
previous integral equation results for hard sphétesffers nal TIPSP model has values @ and C equal to 5.45
an explanation for the accurate dielectric constant for the< 10° A'2kcal/mol and 590 Akcal/mol, respectively. The
TIP5P model, despite it relatively low dipole moment. TIP5P-E values are 5.5410° A'?kcal/mol and 628
A®kcal/mol, respectively, indicating how small the changes
are between TIP5P and TIP5P-E, when viewed in tern& of

Model € (kcal/mo)) o (R) aqy ()

II. METHODS andC. The long-ranged attractive contributié@) is slightly
o (6%) larger, to lower the potential energy, and the short-
A. Optimization procedure ranged repulsive contribution is slightfless than 2%larger

The TIP5P potential is a rigid, five-site model for water, t0 keep the same position in first peak of thes(r) and to
with charges on the two hydrogen sites, as well as two interdive the correct density.
action sitegdenoted as M-sitgsn lone-pair type positions.
The oxygen site interacts only with other oxygen sites
through the Lennard-Jones interaction. The potential energy  simulation details
between two water moleculeg,and 3, is then

12 6

The simulations were done in the isothermal—isobaric
+ 2 aiq; 1) (constant T,P,Nensemble, by coupling to a pressure b@h
7o 1 atm and a NoSeHoover temperature batf~*’ Simula-
tions were done for systems sizes of 256 and 512 molecules.
She Ewald method was implemented using a screening pa-
Fameter equal to 6/L, wherk is the simulation box side

o

Moo

E.z=4¢€

P loo i
wherer o0 is the distance between the two oxygen atoms, th
sum is over the charge sites on the two molecules. The p

tential is characterized by the charges on the sies.and | : :
ength, and a maximum Fourier space vect§f,f,) equal to
the Lennard-Jones parametarsand o (see Table )l By 275/L and conducting boundary conditiofsThe Lennard-

ch_arge conservation, the charge on the M-site is equal t90nes interactions were truncated at half the box length and
minus the charge on the hydrogen sites. The geometry of thﬁ:

) . I . o tail corrections were addé@l.Each temperaturel, was
molecule, including the positions of the M-sites, represent%imulated for at least 2 nanoseconds. At the temperatures 0
further parameters of the model which are optimized. '

o i . 12.5, and 25.0°C, the simulations were for 3 nanoseconds.
The potential is reoptimized to be used with Ewald sum

= SThe smaller size system was simulated for longer times
by modlfy|_ng th? Lennard-Jones parameters. All other Pafrom 3 to 8 nanosecon@iin order to get better estimates of
rameters, including the charge parameter and the geometr,

are kept the same. in order to keep the modified version clos e dielectric constant. The simulations for the dynamical
ptine | P med version ropertiegthe diffusion constant and the rotational time con-
to the original TIP5P model. The charge parameter is no

. . S . ) tany were done in thd,V,N ensemble at the density given
likely to be a good choice for reoptimization, since, in order

to decrease the energy and increase the density as is nee the T,P,N simulations. The results were averaged from
(see the Introductidr?%he charge would haveyto be in- d|f.ferent. 10 ps 5|mu|at|ons.- . —

d. This would,lead o a larger dielectric condfnt S|mulat|or_13 were also carried out using the reactl_on field
creased. ger ) . method®?34° in which the long-ranged electrostatic are
_and t_he TIP5P mo_del already has a dielectric const_ant Wh'cgcaled o0 go to zero at the cut-off distance,, by
is slightly too high. The procedure for modifying the
Lennard-Jones parameters can be explained by rewriting the

: : 1 € 1 rg
Lennard-Jones interactiok, ;, as Ecoutomd Iij) = did; G+ 2;”+1 r%
EL )4(”)12(")6 s |
r =4a€ | — e = 5T Tz, _ 2
e Foo Foo 6o oo (L, et Tew (5)
r 2es+1 3 ||
where cut rf I cut
A=4eo'? C=4eo®, (3)  wheree is the reaction field dielectric constant, which was
and equivalentl set equal toe. ConstantT,P,N simulations using this ap-
q y proach were done at a single temperature and pre&3bfe€
o=(AIC)Y6,  e=C?/4A. (4 and 1 atmfor 1 ns.
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The various thermodynamic and dynamical properties 3 ' w ' T . '
are found from standard formuld&The heat of vaporization
is found from

AH o= — (E(liquid))/N+RT, (6) .l

whereE(liquid) is the energy of the liquid wittN molecules
andR is the ideal gas constarft.The isothermal compress-
ibility is be calculated from

1<av

gool(r)

K=—,

V T(<V2>N,P,T_<V>ﬁ|,p¢), I

ap) N,T: kT<V>N,Pq
(7 0 .

whereV is the volume and is Boltzmann's constarif The
isothermal compressibility can be found from

FIG. 1. The oxygen—oxygen radial correlation functigpe(r), comparing
the TIP5P-E potential simulation results with the x-ray experimental data
(VH)np,T (Ref. 52.

ﬂT)N,p_kTZ<V>N,p,T

—(VInpr(H)np, 1), (8
and the heat capacity is found from

a= -

1/9V
Y,
parameters. Thggg for the TIP5P and TIP5P-E models are
virtually the samgthe comparison between the two models

oH ) 5 is not shown. The x-ray data agrees very well with recent
Co=| 77 :NkT2(<H )—(H)*)+3R, (9 neutron diffraction daf4 (see Ref. 58

N.P The dependence of the density with temperature for the

whereH is E(liquid) + PV andP is pressure. The dielectric TIP5P model is shown in Fig.(2), which compares the

constant is found from results using te 9 A cutoff with 216 and 512 molecules as
. well as with Ewald sums. Figure(B) shows the results of
=€+ 5= ((MPH—(M)?), (100  the TIP5P-E mode(using Ewald for 512 molecules, com-
3kT(V) pared to the TIP5P model. The densities for the TIP5P and

whereM is the total dipole of the central simulation box and
€, is the infinite frequency, or optical, dielectric constant,

which for nonpolarizable models is equal td®The diffu- 102— ' A ' '
sion constant is found from the Einstein relation "
100+
1
= lim—(|rM(t) — r¢m0) |2 o I
D= lim & () ~r{ 0], g
£ i
wherer{™(t) is the position of the center-of-mass of mol- S 096t
eculei at timet. Rotational time constants are found from L
Cl'(H)=(PL&"(t)-&"(0)]), (12) 0947
where P, is a Legendre polynomial angf is a unit vector
along the principle axis of rotation of moleclildf the y axis 1.02
is defined as connecting the hydrogen atoms, then the long- r
time exponential decay of)(t) gives the rotational time 100F
constant,ryyr .t o I
NMR 8 oss}
&8 L
S
IIl. RESULTS 0.96 N
+ (o 4
The results labeled TIP5P are for the original TIP5P pa- 004l |
rameterization using th 9 A cutoff and those labeled ‘ , , , , . . ,
TIP5P-E are for the new parameterization using Ewald sums 40 -20 0 20 40 60 80 100
and both use 512 molecules, except as indicated. The T (°C)

OXygen_OXyger radial dlstr|but|?n fuﬂctlpgoﬁ(r), for .the EIG. 2. Density as a function of temperature ) the TIP5P model with
TIPSP-E model agrees extremely well with the experimenta 12 molecules usima 9 Acut-off (diamonds$ (Ref. 2, 216 molecules using

data from x-ray scatterifig (Fig. 1). The TIP5P model has a 9 A cutoff (crosses (Ref. 2, and 512 molecules using Ewaldircles
been previously demonstrated to give perhaps the most a¢Ref. 38 and(B) the TIPSP model with 512 molecules ugia 9 A cutoff

- _ (diamonds (Ref. 2, the TIP5P-E model with 512 molecules using Ewald
CurategOO(r) of any emplrlcal water mOdéF' The new pa (circles, and the TIP5P-E model with 256 molecules using Ewatdsses

rameteriz_ation maintains this level _Of accuracy il’_l part beqy poth (A) and(B) the solid line without symbols is the experimental data.
cause this was one of the properties used to fit the newref. 55.
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TABLE Il. Properties of the TIP5P-E model at various temperatures at a pressure of 1 atm, showing the results
with two different system size®56 and 512 moleculgss well as the TIP5P resulteith 512 moleculesfrom
Ref. 2 and the experimental data.

T p AHyap Cp 10° & 10°
(°C) (glen?)  (kcal/mo)  (cal/mol/deg ) (atm™) €
—37.5 TIP5P-E 512 0.973) 12.033) 19(2) 12(21) 18(3)
TIP5P 512 0.9728) 12.0843)
-25.0 TIPSP-E 512 0.988) 11.673) 22(1) 11(14) 29(3)
TIP5P 0.98144) 11.8237) 43.02) —1251) 17(1)
experiment 0.9896 —95.5¢ 71.88
—12.5 TIP5P-E 512 0.998) 11.272) 32(3) —50(30) 48(4)
TIPSP-E 256 0.99@)  11.263) 42(4) —107(48) 55(9)
TIP5P 0.99788) 11.3678) 39.43) —1053) 24(1)
experiment 0.9973 —36.62 58.27F
0.0 TIPSP-E 512 1.003)  10.9247) 31(2) —-18(22) 52(4) 95(14)
TIPSP-E 256 1.0008) 10.9116) 33(1) —31(9) 57(3) 99(8)
TIP5P 512 1.00@)  11.0418) 33.95) —32(5) 31(1) 92(2)
experiment 0.9998 10.76 18.16 —6.8C° 51.56 87.74
12.5 TIPSP-E 512 1.0036) 10.6334) 29(1) 18(9) 53(3) 90(9)
TIP5P-E 256 1.002)  10.6236) 30.1(4) 21(4) 57(2) 92(7)
TIP5P 512 1.008) 10.73%7) 30.98) 33(7) 36(1)
experiment  0.999%4  10.64 18.04 12.04 47.86 83.02
25.0 TIPSP-E 512 1.0008) 10.3774) 27.26) 49(6) 52(3) 92(14)
TIPSP-E 256 0.99@)  10.3592) 28.35) 60(4) 61(4) 86(6)
TIP5P 512 0.994) 10.441) 29.1(8) 63(6) 41(2) 82(2)
experiment  0.9970 10.5P 18.0¢ 25.7 45.88 78.3
375 TIP5P-E 512 0.9926) 10.1333) 26.65) 69(10) 58(3) 80(2)
TIPSP-E 256 0.991)  10.1163) 27.44) 87(9) 66(3) 85(3)
TIPSP 0.98¢1)  10.2076) 27.603) 87(5) 47(2)
experiment  0.9931  10.38 17.99 36.58 44 9F 7417
50.0 TIPSP-E 512 0.9828)  9.9103) 25.59) 91(13) 60(3) 77(9)
TIP5P-E 256  0.9797)  9.8896) 26.91) 120(13) 75(4) 83(3)
TIP5P 512 0.97@) 9.9676) 27(1) 92(11) 56(4) 75(2)
experiment  0.9880  10.2% 18.00 45.7¢ 44.76¢ 69.97
62.5 TIPSP-E 512 0.9718)  9.6973) 24.95) 106(9) 64(4) 80(2)
TIP5P 512 0.96@) 9.7446) 25.99) 110(10) 59(3)
experiment  0.981%9  10.12 18.02 53.86 4527 66.17
75.0 TIPSP-E 512 0.9588)  9.4935) 24(1) 11814) 67(4) 72(1)
TIP5P 512 0.951® 9.5197) 25.98) 127(7) 65(3) 69(2)
experiment  0.9748 9.997 18.0% 61.27 46.22 62.43

aReference 55.
PReference 57.
‘Reference 56.
YReference 58.

the TIP5P-E models are almost identical and the densitported properties. This is useful especially for the dielectric
maximum for both is near the same temperature. The coeffieonstant, which requires long simulation times to get ad-
cient of thermal expansiory, changes from being negative equately sampled values.

at 0 °C to positive at 12.5 °C, indicating that the temperature  The TIP5P results are for a system size of 512 mol-
of maximum density(TMD) is between these two tempera- ecules, except for the dielectric constant which used 216
tures. There are some differences at higher temperaturesiolecules with a 8 A cutoff (and the density set the experi-
with the TIP5P-E model in closer agreement with experi-mental density, not the density given by the model at 1)atm
ment. The average error in the density over the temperaturand the diffusion constant which used 267 molecules and a 9
range of —37.5 to 62.5°C is 0.006 g/cinfor the TIP5P A cutoff (and a density as given by the model with 512
model? while for the TIP5P-E model it is 0.004 g/énOther  molecule$.? Comparisons between the TIP5P-E and TIP5P
thermodynamic properties over a range of temperature fomodel are further complicated by small differences between
the TIP5P-E model are shown on Table Il. A comparison isthe methods used to calculate the various properties. The
made with the TIP5P model resifitsas well as experimental heat capacity Cp), isothermal compressibilityx), and co-
data®~¢°(which for some temperatures are interpolations beefficient of thermal expansiofw) are all calculated here us-
tween reported data pointResults using two different sys- ing fluctuation formulas® In Ref. 2,Cp,, and @ were com-
tem sizes are reportd@56 and 512 moleculgst some tem- puted using finite difference approximations to the
peratures. The dependence on system size when used witmperature derivatives. The dielectric constant was calcu-
Ewald is not that significant, in agreement with Ref. 38, butlated by applying a small electric field and calculating the
the two results do provide independent estimates of the raesponse of the total dipole mome(M!) of the system in
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' ' ' ' ' TIP4P-FQ and POL5/TZ models and these models also over-
estimate the heat capacit§? For the TIP5P, TIP4P-FQ, and
POL5/TZ models, the enthalpy then changes too strongly
with temperature and this may be necessary to have a good
density dependenc@nd an accurate TMD These models
are fixed geometry models and therefore do not have contri-
butions to the heat capacity coming from the bond angle and
bond stretch degrees-of-freedom. For the thermodynamic
properties, the isothermal compressibiliky,and the coeffi-
cient of thermal expansiomy, the TIP5P-E and TIP5P mod-
els give very similar results.

The results found using the reaction field methé&d).
(5)] are in close agreement with the Ewald results. The den-
sity is 0.998-0.001 g/cni and theAH,,, is 10.354-0.003
FIG. 3. Heat of vaporization for the TIP5P-E modgdiangles and dot—  kcal/mol. The close agreement between the Ewald and reac-
dashed ling the TIPSP mode{diamonds and dashed lingRef. 2 and the  tjon field methods for TIP5P-E has also been demonstrated
experimental valuéRef. 53. for TIP5P® and other water modefs.

Values for the dynamical properties of the diffusion con-
Ref. 2 (and at the experimental rather than calculated den§tam’D’ and the nuclear magnetic resonaiititAR) relax-

sity). Our results calculate the dielectric through fluctuations2ion ime, 7uyg , are given in Table lil. The diffusion con-

in M (and at the model’'s density at the given temperature. ;:an_lt_fpfg;the T:ESP'E IS S]l'?htly h|gther than th_e rgsglts for ‘
The enthalpy of vaporization for the TIP5P-E model is € overthe range ot temperatures examined. Some o

slightly higher than the TIP5P result, which means the aver'-[he differences between the TIPSP and TIPSP-E results are

age potential energy of the liquid(liquid), is underesti- due to diﬁerencgs in the implementation of the constant tem-
mated(Table Il and Fig. 3 At 25°, E(liquid) is —9.78 kcall perature dynamics. Thg TIP5P values were calculatqd using
mol for the TIP5P-E model and-9.87 kcal/mol for the Berendsen methdt, while the pre§ent results used Nese
TIPSP model. The TIPSP-E value fé(liquid), and there- Hoover thermostatin:®’ The Nose-Hoover method is a
fore, AH,qp, is always less in magnitude than that of TIP5P.9entler method for modifying the velocities and is a pre-
The TIP5P value agrees better with the experimental value 48"éd method for performing constaiitP,N simulations

25° and at higher temperatures. At lower temperatures, thfr use in calculating dynamical properti€sas a compari-
TIPSP-E results are closer to experiment. g, for the ~ SOn, constank,V,N simulations at 25°C gave the same re-
TIP5P and TIP5P-E as a function of temperature are almogtults as those presented on Table Ill. We also calculated the
parallel, which means that they have the about same heéffusion constant for TIPSP at37.5, 25, and 75°C using
capacity,Cp. Both have a heat capacity which is too large Nose-Hoover thermostating. The value at 25 °C is282
compared to experiment. Other models, including TIP3P an& 10~ ° m?/s, within error bars of both the previous value for
TIP4P3*%1 have smaller heat capacities in closer agreementIP5P and the value for TIPSP-E. At the higher temperature
with experiment, but have a much less accurate temperatua 75 °C, the NoseHoover method gives a value of 7.6
dependence of the density. Other models which have a near0.2x 10 °m?/s, slightly higher than the value reported by
correct temperature of maximum density, TMD, are theMahoney and Jorgensen. The diffusion constants are rela-

AH,gp (keal/mol)

TABLE IIl. Dynamical properties for TIP5P-E and TIP5P models and the experimental values at 1 atm.

D TNMR
. (107°%/m?/s) (ps
(°C) TIP5P-E TIP5P Expt. TIP5P-E TIP5P Expt.
-375 0.092) 0.0708) 63(10) 69(7)
—-25.0 0.172) 0.144) 28(2)
-125 0.485) 0.436)? 0.66 10.39)
0.0 1.21) 1.068)2 1.1C¢ 4.1(3)
12.5 1.91) 1.92)? 1.64 2.3(1) 3.44
25.0 2.81) 2.628)2 2.30 1.554) 1.585) 2.46'
375 3.886) 3.7(1)2 3.07 1.033) 1.92
50.0 5.22) 4.7(1)2 3.95 0.741) 1.66'
62.5 6.42) 6.3(1)2 4.96 0.591) 141
75.0 8.42) 6.8(2)2 6.08 0.442) 0.472) 1.12

aReference 4.

PReference 59.
‘Reference 60.
‘Reference 66.
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TABLE IV. Thermodynamic properties for the TIP5P-E model as a function of pressure at a temperature of

25 °C.
P p AHyap Cp 10° a 106 &
(atm) (g/cn?) (kcal/mo)) (cal/mol/deg (deg'h (atm™?)
1 1.00005) 10.3774) 27.26) 49(6) 52(3)
1000 1.04909) 10.4255) 26(1) 4912 393)
2000 1.08965) 10.451) 25(1) 43(9) 32(2)
3000 1.1281) 10.4816) 23.28) 55(2) 27.48)
4000 1.15309) 10.5027) 23(1) 53(10) 24.94)
5000 1.180%4) 10.5234) 23.06) 5910 22(2)
6000 1.2041) 10.5435) 22.97) 55(4) 19(1)
8000 1.2481) 10.5753) 23.04) 597) 15(1)
10000 1.281) 10.60G2) 23(1) 67(8) 14.1(5)

tively close to the experimental values and are closer thaperimental values, as been reported previotidijle agree-
the values for SPC, TIP3P, and TIP4P:%° The quantity —ment with experiment is surprising given the dipole moment
mnvr gives the time scale for rotations about the axis conof the models, which is only 2.29 DebyB). An analysis of
necting the hydrogen atonfthey axis) and can be measured g water models by Sprik demonstrated a correlation between

using nuclear magnetic resonan@¢MR). The TIP5P and
TIP5P-E results for the quantity are again close for the threer“nodels"'
temperatures examined for TIP5P. The TIP5P-E results mag
be slightly smaller, indicating faster rotational dynamics. Our

result for TIPSP at 25° agrees fairly well with the result o

the dipole momentu, and the dielectric constarg, of the

*2 Models with a dipole moment around 2.5—2.6 De-
ye tend to have a dielectric constant around 80. This analy-
fsis resulted in 2.6 D being a target value for water potentials.

Sternet al, who report 1.4:0.1 ps® That study used Ewald, A similar correlation betweep and € is seen in subsequent
which may be the reason for any small difference with ouranalyses of 14 water models by Wallqvist and Mouritaind
result of 1.58-0.5 ps. The TIP5P and TIP5P-E values arel6 models by Soeteret al®® The TIP5P value fok, in light

smaller than the experimental resifftsindicating, along

of the model’s relatively small dipole moment, is one of the

with the diffusion constant, faster dynamics. However, thelargest deviations from thge correlation. Another apparent
value is closer to experiment than many models. Among th%momaly is TIP3P, which hag=2.35 D ande=9579 The
commonly used nonpolarizable models, only the SPC/Er|p3p and TIP5P results are more recent than the analyses

model gives values of D andyyr closer to experimentl§

=2.4+0.4x10"°m?/s andryyr=1.9+0.1 at 25°Q.%’
The thermodynamic properties as a function of pressure
at 25°C are given in Table IV. The density as a function of

presented in Refs. 1, 42, and 69 and are, therefore, not pre-
sented in those plots.
The large dielectric constant of TIP3P and TIP5P can be

pressure is shown in Fig. 4, which also shows the results fofXPlained from the resuits of Carnie and Péﬁewhich ex-
TIP5P and the experimental resuf§The two models give amined a waterlike model of hard spheres with embedded
very close results and the agreement with experiment iglipoles and quadrupoles. This study showed that the quadru-

good.

pole interactions strongly quench the dipolar correlations

The dielectric constants for the TIP5P and TIP5P-Eand, as a consequence, the dielectric constant of the liquid
models are equivalent within the bars and close to the exdecreases considerably as the quadrupole interactions are in-

1.30 T

pad
P
125 - —
s
120t g |
o
& pd
g o
5] | e
g L5 P
4

LS ‘///

1.10F ///

/
7
= 7
1.0 4
5T
V4
100 1 Il L L
0 2000 4000 6000 8000 10000
P (atm)

FIG. 4. Density as a function of pressure for the TIP5P-E mddet—
dashed ling TIP5P modeldashed ling(Ref. 2, and the experimental value

(Ref. 68.

creased. For the various water potentials, the effects of the
guadrupole interactions oeican be examined by comparing
models which have similar dipole moments but different
guadrupolegTable V). Water models can have similar values
of u but different quadrupoles by having a different charge
site geometry or by having polarizable point dipoles. There
are several models with dipole moments from 2.2 to 2.3
Debye and several with dipole moments, by design, around
2.6 Debye. For the polarizable models, this dipole moment is
an average, including the induced dipole moment, at 25°C
and 1 atm. The quadrupoles are relative to the center of mass
and thez axis is in the dipole moment direction, tlyeaxis
connects the two hydrogen atoms, andxis is out of the
plane of the molecule. For the fluctuating charge model
(TIP4P-FQ, the quadrupole moments also include an in-
duced part. For a water molecule, the quadrupole tensor can
be approximated By
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TABLE V. Dipole and quadrupole moments and the dielectric constant for liquid water at 25 °C and 1 atm.

123 Qux Qy Qy, Qr
D) ©4  ©A  ©A DA e
TIP4P 2.177 —2.089 2.204 -0.114 2.147 5(32)[’
MCY¢ 2.193 —2.765 3.154 —0.389 2.960 3a)¢
SPC 2.274 -1.823 2.115 —-0.292 1.969 6a)f
TIP5P 2.29 —1.48 1.65 -0.170 1.57 8R)9
TIP3F 2.35 —-1.68 1.76 —-0.088 1.72 95
SPC/E 2.351 -1.885 2.186 —-0.302 2036  7M)¢
WK' 2.596 —2.493 2.626 -0.134 2560  8(®)
cos/B?" 2.62 —1.658 1.925 —-0.267 1.792 122
RPOL" 2.62 —1.622 1.884 —0.262 1.753 10@.8)°
SRWK-PoP 2.63 —-2.323 2.630 —-0.307 2.477 8@L0)°
TIP4P-FQ 2.641 —-2.51 2.64 -0.13 2.58 798)°
Experiment, gas phase 1.855 —250 2.63 -0.13 2.57
ab initio, liquid" 2.95 -3.16 3.38 -0.22 3.27
ab initio, liquid” 2.43 —2.67 2.77 -0.10 2.72
Experiment, liquid 78.36
aReference 61. "Reference 71.
PReference 80. "Reference 72.
‘Reference 81. °Reference 67.
‘Reference 82. PReference 42.
®Reference 83. 9Reference 73.
'Reference 84. 'Reference 7.
9Reference 2. *Reference 85.
"Reference 39. 'Reference 86.
iReference 70. “Reference 77.
IReference 64. VReference 76.
kReference 87. “Reference 58.
'Reference 65.
-Qr 0 O The size of the dielectric response is a combination of
o- 0 Q: 0. (13 the size of the dipole moment and the size of the fluctuations,

as is indicated by Eq.10). A water model can have a large
0 0 0 dielectric response by having a large dipole moment or by
having a smaller dipole moment which undergoes large fluc-
uations. The models on the left side of Fig. 5 witlabove
n80 andQ;=1.6to 1.7 D A(TIP3P and TIP5pPcan be termed
gmall dipole, large fluctuation models. The models on the
right side with e around 80 andQ; around 2.5 Q A(WK,
Qr=13(|Qu + |ny|): (— Quut Qyy)- (14) SWRK-Pol, TIP4P-FQare then large dipole, small fluctua-

_ tion models.(As far as we are aware, there are no models
The value ofe for the various water models versus the

strength of the quadrupole is shown on Fig. 5. Two sets of
values are shown, for six models wighfrom 2.2 to 2.3 D 140
(the average ofu among these models is 2.273 Bnd for

five with « near 2.6 D(the average among these models is

2.621 D. Straight line fits through the two sets are also
shown. It is apparent that, like the Carnie—Patey study,
decreases as the quadrupole increases. There appears to be a
similar dependence oawith Q- for the two data sets with w
different dipoles. This dependence explains why the TIP5P
model (and the TIP5P-E modglhas a dielectric constant

about 80, despite having a relatively small dipole moment,

since it also has a smal);. This analysis includes both
polarizable models (COS/B2’* RPOL/? SRWK-Pol#?

This approximation is reasonable for the water models liste
on Table V, in whichQ,,~—Qy, andQ,,~0. The quadru-
poles for each model can, therefore, be approximated usi
the single quantity

TIP4P-FQ@® and nonpolarizable models. The valueeafor- ®716 18 2 22 24 26 28 3

relates with theQ,, and Q,, as well asQr, but does not Qr (D A)
correlate well withQ,,, in part becaus®),, is an order a

magnitude _Sma”er _and also since the sizeQgf does not  \yater models with a dipole moment near 2.2(@amonds and with a
correlate with the size ao,, or ny. dipole moment near 2.6 Qriangles. The dash line is a¢=78.3.

FIG. 5. Dielectric constant as a function of quadrupole momést, for
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with a dipole smaller than 2.29 D or larger than 2.64 D thatreaction field methods give very similar results and so the
havee near 80-%9) It is difficult to assess which limitis more TIP5P-E parameters would be preferable to use with reaction
physical, since the dipole moment, or the quadrupoles, of field methods as well. It would be beneficial if the simulation
water molecule in the liquid cannot be unambiguouslycommunity, including the developers of potentials, chose a
assigned:”*~"" This can be seen in Table V, which also method, or a set of compatible methods, for treating long-
shows the results fou andQ from ab initio calculations’®’”  ranged electrostatics, in order to avoid problems like those
The two studies give very different moments depending orillustrated in Fig. 2A). The use of spherical cutoffs is among
the way the electronic density is partitioned to individualthe least desirable methods and Ewald, which has both its
molecules. However, it does appear that magnitudes of theritics’® and its defender® is perhaps the best choice.
guadrupole moments are larger in the liquid than in the gas
phase. The TIP3P and TIP5P models have quadrupole macKkNOWLEDGMENT
ments which are lower than the gas-phase values. ) ) )
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