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Simulations of proton order and disorder in ice |h
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Chemistry Department, Southern University of New Orleans, New Orleans, Louisiana 70126

(Received 9 September 2004; accepted 6 December 2004; published online 25 February 2005

Computer simulations of ice Ih with different proton orientations are presented. Simulations of
proton disordered ice are carried out using a Monte Carlo method which samples over proton degree
of freedom, allowing for the calculation of the dielectric constant and for the examination of the
degree of proton disorder. Simulations are also presented for two proton ordered structures of ice Ih,
the ferroelectricCmc2 structure or ice XI and the antiferroelectriena2 structure. These
simulations indicate that a transition to a proton ordered phase occurs at low tempeizlows80

K). The symmetry of the ordered phase is found to be dependent on the water potential. The stability
of the two proton ordered structures is due to a balance of short-ranged interactions which tend to
stabilize thePna2, structure and longer-range interactions which stabilizeGhe2 structure. ©

2005 American Institute of PhysidDOI: 10.1063/1.1853351

I. INTRODUCTION arctic ice®>™3 In these approaches, there is no agreement
about the transition to a low temperature proton ordered
Inice Ih, as well as in several other ice phases, there arghase®1%12-1%|ce crystals doped with alkali hydroxides do
a number of proton configurations which satisfy the hydro-exhibit proton mobility and such crystals have been observed
gen bonding requirements. The resulting proton disorder 1o yndergo a transition to a proton ordered phase at 71.6
gives ice its high dielectric constant and adds extra stabilityc 15-20The transition is first ordéf** with an observed vol-
to the solid phase, increasing the melting temperature. It hagme changé? although some authors identify a proton or-
long been recognized that the proton arrangements are not @gring transition as second ordéf> The proton ordered
energgtically equivalent and a small gnergetic prefgr_ence fB¥hase, termed ice X, is ferroelectric with@mc2 space
a particular arrangement may give rise to a transition t0 &roup and a net dipole along the ¢ axis. In this structure, all
proton ordered phase. at low temperatu¥éghe energetic the c-axis hydrogen bonds are inverse mirror and all the
difference between different proton structures can be degihers are, interestingly, the presumably higher energy in-
scribed using the geometry of the water dirtféig. 1). Inthe  \grse centef®?® Thus this proton ordered phase is not what
ice Ih lattice, each water molecule forms four hydrogenyoyid be predicted based in optimal dimer geometries. A
bonds, one of which is along the ¢ axis. The geometry can bBroton ordered structure withRna2, space group in which

characterized by a torsional anglg along the oxygen— g hydrogen bonds are inverse mirror and oblique center can
oxygen axis between the C2 axes of the two molecules. FQfe constructed® The Pna2, structure is antiferroelectric

a hydrogen bond along the c axis in ice Ih, the dimtzr 9€0Myjith a zero dipole moment along all lattice directidisee
etry can be either what is termed oblique mirt¢r=60°) or  Eigs. 7a) and Zb)]. The evidence that ice undergoes a tran-

inverse mirror (¢=1809." For the three other hydrogen gjtion to a ferroelectric structure in ttabsenceof dopants is
bonds, along a direction oblique to the ¢ axis, the possibili-

ties are inverse centef¢=0°) and oblique center(¢

=120°. The more stable geometries for the dimer are those ) LT N oo
which place the hydrogens on different molecules away from \’O ra
each other. These are inverse mirror and oblique center. L ! !
Protons rearrange in ice with a mechanism involving low o L~
concentration orientational defedtse Bjerrum D and L de- ’ ) ‘ =
fecty and possibly ionic defects at even lower oblique mirror  inverse mirror
concentration$: The transition to a proton ordered phase is -
frustrated by the extreme rarity of these defects as the tem- \\{’ \\{’
perature decreases. At low temperatures, the protons may
become kinetically trapped in the nonequilibrium proton dis- -~E i )
ordered phase. Proton rearrangement can be enhanced by /jﬁ"‘k\ '19'\\\

adding alkali hydroxides. Ordering may also be studied by
applying electric field$;® growing ice on a surface which

can promote proton ordér® and examining arctic and ant- FIG. 1. The possible hydrogen bonds along the ¢ éxig) and oblique to

the ¢ axis(bottom) in the ice Ih lattice. Filled circles represent oxygen atoms
and open circles represent hydrogen atoms. Hydrogen bonds to neighboring
dElectronic mail: srick@uno.edu molecules are shown by the dashed lines.

inverse center oblique center
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FIG. 2. The ice crystal structure of ice Ih, showing the proton arrangement
for the antiferroelectric®na2 (a) and ferroelectricCmc2 (b) structures.
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ergy models. At the simplest level, interactions are described
just as being between point charges on each water
molecule®**?* An initial estimate of the energy difference
between the oblique mirror and inverse mirror or inverse
center and oblique center is about 1 kcal/mol, just based on
the dimer If nearest neighbors are included the energy dif-
ferences are much smaller, around 0.2 kcal/frfebr an en-

tire lattice of water molecules interacting only through point
charges, the lowest energy proton arrangement is
antiferroelectrié>*° If quadrupolal interactions are added,
then the lowest energy phase can be either ferroelectric or
antiferroelectric, depending on the strengths of the
quadrupole$:?® Ab initio calculations, at the Hartree—Fock
level, find that theCmc2 and Pna2 structures are equal in
energy’* (However, this study found that adding the dopant
KOH lowers the energy of thEmc2 more than thePna2
structure) Using several water pair potentials, Buch, Sandler,
and Sadlej found that the antiferroelectRoa2; structure is
lower in energy than the ferroelectl@mc? structure but it

is not the lowest energy structure foutfdThe lowest energy
structure from this study has all c-axis hydrogen bonds as
inverse mirror and of the hydrogen bonds oblique to the c
axis, one is inverse center and two are oblique centers. Esti-
mates of the stability differences between the proton ordered
Pna2 and proton disordered structures have been made us-
ing free energy calculatio’8.° The more stable structure
between proton disordered and thea2; structure is depen-
dent on the potential model used and also, as might not be
surprising for systems with both long-range order and elec-
trostatic interactions, on the treatment of long-ranged
interactions’>*** For the SPC/E modéP. the Pna2 and
proton disordered structures have about the same free energy,
with the Pna2 structure being slightly more stable near the
melting point>* For the TIP4P modét near the melting tem-
perature, studies in which long-ranged interactions have been
truncated have found that tHna2 proton ordered is more
stable than the proton disordered structiréwhile a study
using Ewald sums found that the proton disordered structure
is more stablé® The Sanzt al. study reported that the pro-
ton orderedPna? phase becomes more stable at very low
femperature€18 K).>° A similar result is found for the TIPSP

- ) 3 42 - .
The eight molecules iPna2 unit cell are labeled 1-8. The four molecules model;* in which the Pna2 proton ordered structure is

in the Cmc2 unit cell are molecules 1-4.

more stable at the melting point when the potential is
truncated’® but the proton disordered structure is more stable
when Ewald sums are us&dA further complication is the

the anisotropy of the dielectric const&rif??"?8The di-
electric constant along the c directiog, is greater than
along the direction perpendicular to €,, and the tempera-
ture dependence of goes as 1(T-A). The positive value different structures.

of the Curie—Weiss temperatui®, observed in many studies Computer simulations of ice are limited by a lack of

is indicative of ferroelectric ordering along that direction. proton mobility due to the absence of the low concentration
The temperature dependence «f appears to go as 1/T, defects. The arrangement of protons will remain fixed during
indicating no ferroelectric Ol’del’ing along that direction. Onthe duration of the simulation. A recent method has com-
the other hand, one study found no appreciable differencgined strategies for sampling over hydrogen positidfis
betweene; and €,, with the Curie-Weiss temperature for with conventional Monte Carlo or molecular dynamics meth-
both being near 0 K? ods to allow for the simulation of ice with proton mobility.
Computational studies have examined the stabilities offhis method differs from other theoretical approaches to
the three structureisordered, ferroelectric, and antiferro- study proton disorder in ié&2328394446-54 that since it
electric proton ordered i¢ausing a variety of potential en- can be easily combined with molecular dynamics or Monte

fact that the disordered structure is commonly treated as a
single structurgusing, for example, the structures of Hay-
ward and Reimef$) while it is by definition an ensemble of
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Carlo it contains thermal motion of the solid. This study using both theCmc2 and Pna2 structures. In these simu-
found that for the potentials SPC/E, TIP4P, and TIP4P-FQations, no proton moves were attempted and so the hydro-
(Ref. 51) (with Ewald sumg, the protons are disordered ex- gens remain in the original structure for the duration of the
cept at perhaps low temperatur@sound 50 K.*® simulation.

From both the experimental and computational studies, a  Systems of ice Ih were simulated using the five different
clear answer to the question of what is lowest energy strucwater potentials SPC/E, TIP4P* TIP4P-FQ>* TIP5P (Ref.
ture of ice is not apparent. What makes this question particu42) (and the TIP5P-E variath, and NvdE(identified using
larly difficult is both the lack of proton mobility and the the initials of the autho)s® The SPC/E, TIP4P, and TIP5P
small difference in energies among the different structuresare among the most commonly used potentials, the
From the experimental data on the transition in doped iceTIP4P-FQ potential is polarizable, and NvdE is a new poten-
estimates of the energy difference can be determined. Thital developed specifically for ice. The TIP5P-E potential is
enthalpy differenceAH between the disordered and ferro- parametrized to be used with Ewald sums and is a small
electric phases of doped ice is dependent on the concentrerodification of TIP5P All simulations used Ewald sums,
tion and type of dopant, suggesting that only a fraction of theexcept as noted below. For comparisons to previous studies,
proton disordered ice is transform&tThe enthalpy changes a switching function for long-ranged interactions was used
range from—0.01 to —0.04 kcal/mol(Ref. 18 and if all is  for one study. The simulations were done in the isothermal-
transformed AH should be about 0.060 kcal/mdi. isobaric(constant T, P, Nensemble, by coupling to a pres-

This paper aims to add to the understanding of the facsure bath(at 1 atm and a Nose—Hoover temperature
tors which stabilize the different proton ordered and disor-bath®>>>°The simulation box is orthorhombic with each side
dered structures of ice Ih. In this paper, the Monte Carloof the box treated as an independent variable for the constant
method for sampling over hydrogen positions of Ref. 45 ispressure dynamic8.A time step of 1 fs was used as well as
used to examine the structure and energetics of ice Ih usingHAKE to enforce bond constraint Simulations were done
five different water potentials and over a range of temperafor systems of 128 and 360 molecules.
tures. The structure and energetics of the proton ordered
Pna2 andCmcZ structures are examined as well. Il RESULTS

A. Hydrogen bond order parameters: Temperature
IIl. METHODS dependence, transitions, and energies

Proton disordered ice is simulated using the algorithm of ~ The distribution of protons in the ice Ih lattice can be
Rick and Haymef® This method involves two steps, a described by hydrogen bond order paramet&fs.For the
“walk” step and a “roll” step. In the first step, a hydrogen four types of hydrogen bonds shown in Fig. 1, the quantities
bonded loop is generated from a random walk on the latticeX;,, Xom, Xic, @ndX,. can be defined as the fraction of hy-
which, since the system is finite, is guaranteed to cross itsetirogen bonds that are inverse mirror, oblique mirror, inverse
at some point, creating the loop. In the second step, newenter, and oblique center. The order parameters will sum to
hydrogen positions are generated in the loop by rotating ofour since there are four hydrogen bonds for each molecule
rolling each molecule in the loop around an axis between thand one has to be either inverse mirror or oblique mirror and
oxygen and hydrogen atoms not in the loop. The moleculethe other three must be inverse center or oblique center. An-
are rotated by an angle equal to the torsion angle defined byther order parameter can be defined as the fraction of higher
the O—H rotation axis and the oxygen positions of the twoenergy hydrogen bond$X,,+X,.)/4. These order param-
neighboring molecules in the loop. This is an angle close taters allow for easily distinguishing between the various lat-
120°, but will show some variation due to lattice vibrations.tice types(see Table )l Table | shows the computed order
The rotations will change the position of the hydrogens inparameters for the NvdERef. 38 potential over a range of
the loop, but will leave the oxygen position and the othertemperatures, the TIP5fRef. 42 and TIP5P-E(Ref. 59
hydrogen position the same. Once the new hydrogen pospotentials at 240 K, and TIP4@Ref. 4] potential at 25 K.
tions are generated, the new configuration is accepted bas&fdlues for these quantities have been previously reported for
on the usual Metropolis algorithm by comparing the energie§PC/E‘,10 TIP4P, and TIP4P-FQ@Ref. 51 in Ref. 45. For all
of the new and old position’?. This method both satisfies these models, the protons are disordered, except perhaps at
detailed balance and is ergodft*>*®The proton moves are low temperatures. At low temperatures, sampling over the
combined with conventional molecular dynamics and a proproton degrees of freedom becomes inefficient and the pro-
ton move is attempted every 100 time steps. The hydrogetons tend to stay in their original positions.
bonded loops can cross over periodic images of the simula- The TIP4P results at 25 K compliment the earlier results,
tion box and, in fact, such loops are critical both for sam-which went down to a temperature of 50°KAll these simu-
pling over fluctuations in the dipole moment of the systemlations find that the ice structure is proton disordered above
(needed to calculate the dielectric constamtd for trans- about 50 K. The simulations presented here as well as in Ref.
forming between structures with different net dipole mo-45 used Ewald sums. To test the effects of the treatment of
ments (for example, the ferroelectric and antiferroelectric long-ranged interactions on the proton positions, an addi-
structures The dielectric constant is calculated from the tional simulation was performed for the TIP5P model. In this
fluctuations in the total dipole moment of the system as desimulation, the switching function used in Ref. 38 was used
scribed in Ref. 45. Proton ordered ice was also examinedather than Ewald sumgThis simulation used 360 mol-
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TABLE |. Hydrogen bond order parameters showing the simulation results at different temperatures and the
values for different structures. Numbers in parentheses represent 95% confidence limits.

T (K) Xim Xom Xic Xoc (Xom+Xic)/4
Fully random lattice 0.333 0.667 1.0 2.0 0.417
AntiferroelectricPna2; 1.0 0.0 0.0 3.0 0
FerroelectricCmc2 1.0 0.0 3.0 0.0 0.75
NvdE 273  0.360@2) 0.63992) 0.97133) 2.02883) 0.40281)
TIPSP 240 0.45@) 0.5492) 0.8241) 2.1741) 0.34347)
TIP5P-E 240 0.44(B) 0.5535) 0.8405) 2.16Q5) 0.3482)
NvdE 240 0.36263) 0.63743) 0.97326) 2.02686) 0.40272)
NvdE 200 0.3628) 0.63723) 0.97173) 2.02833) 0.40222)
NvdE 150 0.364() 0.63577) 0.970Q7) 2.0291) 0.40143)
NvdE 100 0.367@) 0.63262) 0.96888) 2.0321) 0.40042)
NvdE 50 0.385%) 0.61455) 0.9631) 2.03711) 0.39433)
TIP4P 25 0.58) 0.4706) 0.80638) 2.19438) 0.3194)
NvdE 25 0.41%) 0.5854) 0.9554) 2.0454) 0.3842)

ecules just as in Ref. 38The results using the switching mined by the Monte Carlo moves, not Newtonian dynamics.
function are only slightly different than the results using A Monte Carlo move is attempted every 0.1)pBor both
Ewald and the protons are disordered, wit,,+X;c)/4  simulations, this order parameter is less than the fully ran-
equal to 0.404+0.007. The present results, and the results dbm value of 0.417, shown by the dashed line, edging to-
Ref. 45, seem clear. When the simulations are started with ward the antiferroelectric value of 0 rather than the ferroelec-
proton ordered configuration, they quickly become disor-tric value of 0.75. For the simulation beginning in the
dered. ferroelectric structure, there is a noticeable, and reproducible,

The rapid transition between different structures is illus-lag in the relaxation of the hydrogen bond order parameters.
trated in Fig. 3. Simulations are started in both the ferroelecit takes over 100 p£1000 Monte Carlo attemptsuntil a
tric Cmc2 and antiferroelectri®®na?, structures and are ran move is finally accepted and the proton configuration
at a temperature of 50 K. Within about 500-1000 ps, botlrchanges. For the simulation beginning in tRea2 struc-
simulations have become completely proton disordered, agire, moves are accepted after just 12 ps or within 120 at-
can be seen by the order paramé¥y,+ Xic)/4, as shownin  tempted moves. Once the first move is accepted from the
Fig. 3@). (The progress of the simulation is given by time, ferroelectric structure, the other moves are accepted more
even though the evolution of the proton positions is deterfrequently. The origin of the difference is due to the differ-

ence in the type of hydrogen bonded loops that can be con-
1 , . structed for ferroelectric lattice. For that structure, all hydro-
(A) gen bonds along the c-axis point in the same direction and all
hydrogen bonds in a single hexagonal layer are along the
same direction as weff"*® So a closed hydrogen bonded
loop in which each molecule contributes one and only one
hydrogen bond to the loop cannot be constructed without
crossing to the next periodic image—hydrogen bond paths
along any direction are parallel one-way streets inGnec2
structure. In thePna2 and proton disordered structure,
smaller loops within the central simulation box can be gen-
erated and the smaller loops have a higher acceptance
probability*

The evolution of the total dipole moment along the ¢
axis, M., starting from the ferroelectric lattice is shown in
Fig. 3(b). The corresponding plot for the simulation starting
| from the antiferroelectric lattice is not shown, since it begins
at M. equals zero and simply fluctuates around that value.
The simulation starting with the ferroelectric structure begins
with a large dipole along the ¢ axis and relaxes to a zero
dipole in about 1500 ps. The change My takes place in
FIG. 3. (a) The evolution of the hydrogen bond order parameter using thediscrete jumps of about 20 D, which is the amount the dipole
TIP4P model, starting with a proton ordered ferroelectsiolid line) and moment Changes when the hydrogens Change position a|ong

antiferroelectric structurédashed ling as well as the value for the random PRI ;
lattice (the dotted line at 0.427(b) The evolution of the total dipole mo- a path that crosses perIOdIC Images. A molecule in a path

ment of the system starting with a ferroelectric lattice. The temperature is 5@/0Ng the ¢ aXi_S will ghange from ha\{ing both hydrogens
K. along the direction oblique to the ¢ afigke molecule 2 in

(Xom+Xic)/4

M. (Debye)
3

-140

0 50 1000
time (ps)

1500
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TABLE II. Density p, lattice constants a and c, and dielectric constaa a function of temperature for various
potential models and from experiment.

T p a c

(K) (g/cn?) A) A) cla €
NvdE 273 0.915 () 4.519 11) 7.378 31) 1.63372)  36(1)
Experiment 273 0.9%7 45232 7.364 6 1.628 2 95°
TIP5P 240 0.976 02) 4.421 85) 7.224 1) 1.63372) 3003
TIP5P-E 240  0.976 64) 4.42q1) 7.2232) 1.6341) 302)
NvdE 240  0.923 () 4.506 382) 7.357 883) 1.632771) 421
Experiment 240  0.922 45159 7.3522 1.628 109
NvdE 200 0.932 () 4.492 2%3) 7.335 141) 1.632841) 522
Experiment 200 0.926 45080 7.3398 1.628 2 130
NvdE 150  0.941 @) 4.4752) 7.3073) 1.6331) 67(1)
Experiment 150  0.931 45008 73277 1.628 1 174
NvdE 100  0.95(1) 4.4621) 7.2851) 1.6331) 101(4)
Experiment 100 0.934 4.496 6 7.3198 1.6277
NvdE 50  0.9601) 4.4481) 7.2631) 1.6331) 184(14)
Experiment 50 0.934 4.4965 7.3205 1.6280
NvdE 25 0.9641) 4.4401) 7.2531) 1.6341) 299(31)
TIP4P 25  0.970® 4.223 @6) 7.259 37) 1.719@3) 216055
Experiment 25  0.933 4.496 7 7.3205 1.628

*Reference 63.
PReference 17.

Fig. 2b)] to having one hydrogen pointing straight down Xic
along c axiglike molecule 2 in Fig. 2a)]. The change in the v
dipole moment for such a move can easily be found, assum-
ing a perfectly tetrahedral lattice. The dipole moment alongvhere the prefactor of 1/2 is due to there being twice as
the ¢ axis,u,, is dependent on the angle between the dipolénany oblique as inverse hydrogen bonds dBg) is the
moment vector and the ¢ axis. For the initial position, thisaverage energy of typa hydrogen bonds. Values dE,,)
angle is equal to 109.47/2, pointing upward, and so the ¢(E;,,) and (Ei.)—(E,o have been determined using this
component of dipole moment of that molecule is equal tomethod for the TIP4P and TIP4P-FQ mod&l&or the NvdE
nc09109.47/2, where v is the magnitude of the dipole model, (Ey)—(Ein) is 0.01 kcal/mol and(E;.)—(E,o is
moment of the molecule. After the hydrogen switches posi0.002 kcal/mol. The values from Ref. 45 fd, ) — (E;,,) are
tion, the dipole moment vector now makes an angle0.03 (TIP4P and 0.08 kcal/molTIP4P-FQ and for (E.)
109.47/2 with the c axis in the downward direction and so-(E ) are 0.008TIP4P and 0.04 kcal/mo(TIP4P-FQ, all

Mc equals  wcog109.47/2. The change is then of which indicate how small the energy differences are be-
24 09109.47/2. Other molecules in the same path will tween the different hydrogen bond typ@sAll models find
make an opposite kind of switch from one hydrogen pointedhat the inverse mirror and oblique center hydrogen bonds
upward along the c axis to both pointing obliquélixke mol-  are lower in energy.

ecule 4. This switch will have the same change in the dipole

moment. For the 128 molecule unit cell, it takes 8 molecules

to cross to the next periodic cell in the ¢ axis, so the chang8- Properties of the ice Ih lattice: Energy, dielectric

in M, will be 16u cog109.47/3, which is equal to 20 D for ~constant, and lattice constants

= L Eo-EomT 2

ocC

the TIP4P model in which is equal to 2.177 B! (The path Other properties as given by the different potential mod-
could takes turns Oblique to the ¢ axis, but this will not aﬂ:eCte|S are listed on Table Il. The data are Compared to the ex-
Me.) perimental data, which for some temperatures are interpola-

From Table |, it can be seen that the proton configurations between interpolated data points. The experimental
tions are not completely random and that there is a prefefgajue for the dielectric constant is found using the formula
ence for inverse mirror and oblique center hydrogen bondsrom Johari and Whalleye=e,. +24620(T~-6.2), wheree.,
consistent with other studié$:*>*° This preference gets is the infinite frequency dielectric constant taken to be'3.2,
stronger at lower temperatures and from the temperature d¢=or the density and lattice constants, the NvdE model gives
pendence of the order parameters, estimates of the energyod values at higher temperatures. The NvdE model is one
difference between the different types of hydrogen bonds capf the few potentials that was parametrized for ice and so the
be madeA.S The ratio of the order parameters can be Writtenagreement is by des|dﬁAt lower temperatures the agree-

as ment is not as good and a negative thermal expansivity is not
Xim _ 1 e e kT _reproduced. Other models developed for liquid wgter, incIL_Jd-
XT = Ee im?om (1) ing the TIP5P(and TIP5P-E data reported here, give densi-
m ties which are too high. This has been shown for SPC/E
and model?"%4% TIP4P*® TIP4P-FQ®® as well as other
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TABLE IIl. Properties at a temperature of 25 K for ice Ih as predicted from different potential models and as given by experiment for different proton

configurations.
Property Proton symmetry SPC/E TIP4P TIP4P-FC TIP5P-E NvdE Experiment
p g/cn? Disordered 0.9752) 0.97014) 1.02152) 1.037@2) 0.96561) 0.933
Pna2 0.97924) 0.972Q4) 1.02549) 1.03872) 0.96612)
Cmc2y 0.9821) 0.971@8) 1.02118) 1.04512) 0.967Q1) 0.934
a(A) Disordered 4.420) 4.42Q1) 4.34614) 4.37893) 4.4411) 4.4967
Pna2 4.6331) 4.4171) 4.371) 4.45202) 4.3955%3)
Cmc2 4.21622) 4.35483) 4.3032) 4.0681) 4.5141) 4.467
c(A) Disordered 7.223) 7.27Q2) 7.12495) 7.08076) 7.2481) 7.320%
Pna2 7.1831) 7.2643) 7.1046) 7.07497) 7.25033)
Cmc3 7.1285) 7.311@6) 7.1448) 7.07452) 7.24596) 7.292
cl/a Disordered 1.6318) 1.64484) 1.63942) 1.617Q2) 1.63214) 1.6280
Pna2 1.55044) 1.64488) 1.6255) 1.58922) 1.6497%1)
Cmc2 1.6911) 1.6791) 1.6602) 1.73917) 1.60544) 1.632
E (kcal/mol) Disordered —14.5411) —13.4791) —14.0241) —14.1231) —14.0691) —14.09
Pna2 —14.57681) —13.4851) —14.0Q01) —14.1871) —14.07581)
Cmc2 —14.5634) —13.4791) —13.9696) —14.1641) —14.0831) —14.18
Xim Disordered 0.532) 0.4435) 0.6692) 0.7365) 0.462)
Xom Disordered 0.46@) 0.5585) 0.3312) 0.2646) 0.54(2)
Xic Disordered 0.7@) 0.7515) 0.77Q1) 0.6183) 0.902)
Xoc Disordered 2.2@) 2.2495) 2.2302) 2.3823) 2.102)
(Kom+Xic) 14 Disordered 0.30@) 0.32711) 0.2751) 0.2202) 0.36Q7)

“Reference 63.
PReference 22.
‘Reference 72.
dReference 52.

models®® The differences between the TIPSP and TIP5P-Rions were run at a temperature of 25(Kable IIl). As men-
models are small, unlike in the liquid phase for which den-tioned previously for the higher temperatures, all models
sity is different by over 1098+ give densities which are too large. The models do not give a
The calculated dielectric constant for the NvdE andclear trend for the changes in the lattice constants. The
TIPSP models are much lower than the experimental valuesi|P5P-E model gives a very large differencedrbetween
This is consistent with the results for the other nonpolariz-Cmc2 and the other two structures. The values for the ratio
able potentials TIP4P and SPCfEThe NvdE model results ¢/a also vary considerably, with values both well above and
for ice are also consistent with the model’s predicted valugelow the value for an ideal tetrahedral lattice, 1.632 99.
for the liquid, 33+7%° The small dielectric constant may be ~ The hydrogen bond order parameters for the various
due to an underestimation of the water molecule’s dipolenqgels at 25 K are given in Table I1I. All the values demon-
moment.”™ “The polarizable TIP4P-FQ model, which has gt ate a shift away from a completely random lattice with a
a larger dipole moment, has a dielectric constant close to thgreater preference for inverse mirror and oblique center hy-
experimental value for ic€ as well as the Ilquuﬁ_. Thelow — 4rogen bonds. The TIPSP-E model has values which are the
value ofe for TIPSP and the TIPSP-E models is not Consis-¢, thest from the random models studied. The NvdE model is
tent \.N'th the predicted values for the liquid, a_round 80 the closest to random. A greater deviation from the random
For liquid, the TIPSP and TIPSP-E models give a larger values indicates a bigger energy difference between the vari-

than other models with similar dipole moments because theg .
. : us types of hydrogen bond geometiias indicated by Egs.
have a relatively small quadrupdiéin ice, the TIPSP model (1) and(2)]. The values for the order parameters are consis-

has a smallek than other models with similar dipole mo- . . . .

. . X . . tent with those from previous studies which used Monte
ments. The difference in the predicted dielectric constant for , )
. O . . . Carlo methods to sample proton configuratibh¥’ These
ice and liquid water illustrates that the dielectric respons(?/alues are different from the structure identified by Buch
follows different mechanisms in the two phases. y ’

All the results presented above are for the 128 moleculéarl‘dler' and Saqlell a'sl'ha minimum energ_ylst;(uct_uge ;‘(or sev-
system, with the exception of the one TIP5P simulation with€ral water potentials. That structure ha%=1, Xom=0, Xic

the switching function. The smaller system size makes th& L Xoc=2, and(Xom+Xic)/4=1/4. o
The energies of the different structures are given in Table

calculation of the dielectric constant much quicf(%ﬁhe

data presented below are generated using a 360 moleculd @s well. The experimental value quoted for the disordered
system. structure is the lattice energy estimate from WhaTI?ey,nd

the value for theCmc2 structure is that value minus the
enthalpy change between the two structuré3.060
kcal/mo).*®%252For the TIP4P-FQ model, the proton disor-
To examine the low temperature properties of the vari-dered structure is lowest in energy, slightly lower in energy
ous water models with different proton structures, simulathan thePnaZ2 structure. For this model and three others, the

C. Low temperature properties of the different ice
structures
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Pna2 structure is lower in energy than tkmc2 structure,
consistent with previous simulatiofisIn contrast, the NvdE or
model predicts thaCmc2 is the lowest energy structure.
This is surprising because no previous study with empirical
water potentials found the ferroelectancs structure to be
more stable. In addition, the results are an apparent contra-
diction to the results presented above. A significant differ-
ence between themc2 andPna2; structures is the fraction

of hydrogen bonds that are inverse cerise Table)l The
results presented for the NvdE model find that in the disor-
dered lattice, the energy of the inverse center is above the
energy of the oblique center hydrogen bond, making it puz- rys i
zling why a structure with all inverse center hydrogen bonds &
(Cmc2) should be lower in energy than a structure with all h

oblique center hydrogen bondBna2,). 0 1 2 3 4 5 6 7 8 9 10
Coordination Shell

a2l (A) NvdE

4F J

6} 4

Energy (kcal/mol)

D. Stabilization of the Cmc2; relative to the Pna2;
structure

To illustrate how the different models can predict differ-
ent structures to be the most stable, despite the fact that all
models predict that inverse center hydrogen bonds are higher
in energy, it is helpful to consider the interaction energies as
a function of the distance on the lattice. For a perfectly tet-
rahedral lattice, coordination shells around a water molecule
can be constructetf.For example, there are 4 nearest neigh-
bors (the first coordination shelland 12 next nearest neigh-
bors (the second coordination shellUsing Ewald sums, the
Coulombic interaction is split into a real space part and a 8
Fourier space part. The Fourier space part is small for both i

h
1

-2 (B) TIPSP-E

rys

Energy (kcal/mol)

structures(less than 0.31 cal/mplThe average energy be-

tween a molecule and those molecules imits coordination 10, T s 4 5 6 7 5 5 10
shell is shown in Fig. @) for the NvdE model and Fig.(8) Coordination Shell

for the TIP5P-E model. This energy is the sum of the

Lennard-Jones and the real space Ewald interactions, 4&4G. 4. The interaction energy as a function of coordination shell fofahe
NvdE model(Ref. 38 and the TIP5P-E modd€Refs. 42 and 54models.

given by This is the sum of the Lennard-Jones plus the real space part of the Ewald
Tab 12 Tap 6 interactions for water molecules in the ice Ih lattice. For the first two coor-
E. = E e,y - — dination shells, the interactions are separated into neighbors in the same
ab la,jb la,ib hexagonal layeth) and those up or down along the c aki$. Energies are
shown for the antiferroelectrina2; (squares and solid linend ferroelec-
+ QaQperfoNr i jp)/Mia jb (3)  tric Cmc2 lattices.

where the sum is over the atoraandb on molecules and

J» iajb is the distance between the atorag, ande,, are the  neighbors in the same hexagonal laybeled 2h, for ex-
Lennard-Jones parametegg,andq, are the charges, erfc is ample, molecules 1 and 5 or 2 and 6 in Fig.a2e different

the complimentary error function, andis the screening pa- for the two structures, but they average to about the same
rameter set equal to 5/L, where L is the simulation box sidevalue. There are six molecules among the second nearest
length. The contributions to the energy will depend on theneighbors involving molecules in different hexagonal layers
value of A used, but the total energy will not. For the first (labeled 2c in Fig. # Of the six, two of the interactions are
two coordination shells, the contributions from molecules inhigher in energy for th€mc2 structure(like those between
different hexagonal layers, involving displacement along themolecules 4 and 5 or 2 and,some are lowefmolecules 1

¢ axis (denoted ¢ and those in the same hexagonal layerand 4 or 2 and B and some are about the safieand 4a, 1
(denoted h, are shown separately. For both lattices, the hyand 4b, or 3 and 2bOn average, the interactions are slightly
drogen bond along the c axi$or example, between mol- lower for theCmc2 structure. This difference in energy only
ecules 2 and 4 in Fig.)ds inverse mirror and has about the partially compensates for the higher energy of the nearest
same energy. The hydrogen bonds oblique to the c(@es neighbors for theCmc2 structure. Just from a consideration
tween molecules 1 and 2, for exampéee inverse center for of nearest and second nearest neighbors both the NvdE and
the Cmc2 lattice and oblique center for thena2 lattice.  TIP5P-E models predict that tf@&mc2 structure is higher in

For both models, the oblique center is lower in energy, alenergy.

though the difference is greater for the TIP5P-E model. For  The next coordination shell only contains one molecule,
the second nearest neighbors, the contribution for individuatlirectly above or below along the ¢ aximolecules 5 and 7
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or 2 and 4a The geometry of this pair is the same for both stability between th&na2, andCmc2 structures? Particu-
structures and the energies are the same. A significant diffefar stability is added to th€mc2 structure from the combi-
ence appears for the fourth coordination shell, which conhnation of the third and fourth nearest neighbors. These coor-
tains nine molecules, three in the same hexagonal layel  dination shells of the cubic lattice occur at the same distance
ecules 1 and 6 or 2 and bhnd six in different layeré4 and  as the fourth and fifth shells of the hexagonal latfiteln-
6 or 2 and 8 Of the interactions in the same hexagonallike the cubic structure, for the hexagonal lattice these shells
layer, one-third of them are slightly more stakfier ex-  do not stabilize th&Cmc2 structure and, in fact, the fourth
ample, between molecule 1 and #or the Cmc2 structure  shell stabilizes théPna2 structure(Fig. 4). Therefore, the
(this is an attractive interactipnwhile two of them(as be-  stabilization of theCmcZ structure comes from different
tween 2 and 5b or 5 and Rlare slightly more stable for the coordination shells in the cubic and hexagonal lattices.
Pna2 structure(this is a repulsive interactionFor the six
interactions in different hexagonal layers, two are about
equal in energy for the different structuréepulsive inter- IV. CONCLUSIONS
actions between molecules 2 and 4b or 4 andezhl four are The results of the preceding section, as well as those of
lower in energy for thé>na2 structure(between 1 and 7a or Ref. 45, indicate those of the five potential models studied
5 and 3b, which are slightly attractive in tfena2 and  (SpC/E, TIP4P, TIPSP, TIP4P-FQ, and Nydife proton dis-
slightly repulsive in theCmc32 structure. ordered down to a very low temperature. This is consistent
The interactions that appear to play a key role in stabiyith the experimental structure of ice Ih and with free energy
lizing the Cmc3 structure are between molecules in the sev-calculations which find the proton disordered structure is
enth coordination shell. There are nine molecules in thi%tab|e down to 18 }ég Other free energy calculations, for
shell, six in the same hexagonal layenolecules 2 and 3d  SpC/E®’ TIP4P*>8and TIP5P® have found that the proton
and three in differentmolecules 4 and 7a or 4 and)3®f  ordered phase is more stable than the disordered phase. This
the six in the same hexagonal layer, two are more stable fahay be due to the use of cutoffs rather than EwARY al-
Pna2 structure (for example, between molecule 1 and athough our simulation using cutoffs predicts that the proton
molecule shifted one unit cell forward or backward along thedisordered structure is more stable. The free energy calcula-
a or[100] direction from the position of molecule).2The  tions are for one particular proton disordered configuration,
other seven interactions are all lower in energy for thewhich may not be the most stable disordered form. In addi-
Cmc3 structure. That these interactions are lower in energyion, small differences in stabilities may be hard to resolve
for the Cmc3 structure is apparent from considering the in-with the free energy calculations. At all but the lowest tem-
teractions between molecules 2 and 1d, molecules 4 and 3peratures, a proton disordered structure will spontaneously
and molecules 8 and 7a in FiggaRand 2b). In Fig. 2a),  form from an initial ordered phassee Fig. 3.
the molecules are arranged with a single hydrogen atom be- The calculated dielectric constants agree with previously
tween the oxygen atoms, while in Fig(?, there are either calculated valués and indicate that for the nonpolarizable
no hydrogengpairs 2 and 1d, 4 and Bar two hydrogens8 models SPC/E, TIP4P, TIP5P, and NvdE the dielectric con-
and 7a between the two molecules. The interactions of thisstants are all considerably underestimated, by about a factor
coordination shell are what brings the energies of the twmf 3. The polarizable TIP4P-FQ model accurately predicts
structures close together. In the case of the NvdE model, thiae dielectric constant of icE. Some of the nonpolarizable
difference in the dimer energy between the inverse centamodels do give fairly accurate dielectric constants for the
hydrogen bondgpresent in th&€mc2 structure and oblique  liquid, most notably the TIP5P model. Properties of the water
center hydrogen bond@resent in thePna2 structurg is  models which influence the dielectric constéfiar example,
small enough so that the gain in energy due to seventh coothe dipolé>"®and the quadrupole momemt<y apparently
dination shell is enough to make ti&mc2 structure lower do so in different ways for the liquid and solid. The sharp
in energy. For TIP5P-E, and the other models, the energyifference between the predicted values with the same model
difference between inverse and oblique center is too great tior the two phases$for example, the TIP5P model gives a
be compensated for by the longer-range interactions. Coord#ielectric constant near 80 for the liquid at 298(Ref. 42
nation shells larger than seven do not contribute as signifiand about 30 for ice at 240]Ks due to the different mecha-
cantly to the energy due to the greater separations betweersm of the dielectric response for the liquid and the solid.
molecules and the damping of the interactions by the At a temperature of 25 K, an ordered phase has a lower
complementary error functiofsee Eq(3)]. energy than the proton disordered phase for four of the po-
The balance between short- and long-range interactiontential models(Table 1ll). One of the models, the NvdE
explains the puzzle mentioned above, that for the proton dismodel, predicts that th€mcZ is the minimum energy struc-
ordered lattice switching one hydrogen bond from obliqueture, while the other three predict that minimum energy
center to inverse center increases the energy, but if all hydrcstructure isPna2. No other model has been shown to give
gen bonds are inverse center, then the energy is decreasedtie Cmc2 as the lowest energy structure. For the TIP4P-FQ
is only stable if the lattice is structured so that the favorablenodel, the proton disordered is slightly more stable than ei-
interactions with the seventh coordination shell are presenther of the ordered phases. All of the energy differences be-
The study of Buch, Sandler, and Sadlej for cubic ice alsdween the different structures are small, comparable to the
showed that while the nearest neighbor interactions favor thexperimental estimate of the energy difference between the
Pna2, the longer-range interactions decrease the relativeisordered andCmc2 structure of 0.06 kcal/mdf3252
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