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Water Molecule Dipole in the Gas and in the Liquid Phase
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We study withab initio molecular dynamics the change that the electric dipole moment of water
molecules undergoes in passing from the gas to the liquid phase. Our analysis is based on the recently
introduced maximally localized Wannier functions and is devoid of the ambiguities that have affected
previous attempts. We find that in the liquid the dipole moment has an average value of about 3 D, 60%
higher than in the gas phase. This value is much larger than is currently assumed (2.6 D). Furthermore,
a broad distribution around this average value is observed. The relevance of these results for current
modeling of water is discussed. [S0031-9007(99)08956-5]

PACS numbers: 71.15.Pd, 32.10.Dk, 61.25.Em

The value of the water molecule dipole momentin  izable potentials,” try to mimic the polarization effects of
liquid water plays a crucial role in determining the di- the liquid phase by including the dipole moment induced
electric properties of this most important polar solvent andn a single water molecule, due to the presence of the sur-
has clear repercussions on its physical, chemical, and bigeunding molecules. However, these procedures are still
logical behavior. In the gas phase it is well establishedipproximate and simulations using different polarizable
experimentally [1] thaju = 1.86 D. Theoretical calcula- potentials lead to rather different estimatesiof(in the
tions [2,3] of various levels of sophistication are in goodrange 2.5-3.1 D). Itis therefore difficult to assess the re-
agreement with this result. In the condensed phases thHibility of these methods.
self-consistent internal electric field polarizes the water In the lack of experiments, it is important to compute
molecules, leading to a large increaseof The only the value ofu in liquid water in a more satisfactory way.
firm evidence of this phenomenon comes from the reAb initio molecular dynamics calculations offer in prin-
markable study [3] of Gregoret al.about the dipole ciple such a possibility. To this end we have performed
moment of clusters of up to 6 water molecules. By com-a large-scaleab initio simulation. The only previous
bining the results of experiments based on far-IR vibrationab initio estimate [9] wasu ~ 2.7 D. However, in the
rotation-tunneling spectroscopy and very accuadténitio ~ simulation of Ref. [9] a smaller system and a smaller
calculations it has been shown thaincreases, as a func- basis set were used than in the present one; moreover,
tion of the system size, up to a value of 2.7 D for thethere was considerable uncertainty in the precise value
largest cluster. In liquid water this increase has not beeof w. This was determined by integrating the charge
determined experimentally and the most quoted valuedistribution around the water molecules up to a spherical
are obtained by performing semiempirical calculations orcutoff. The value ofyu was therefore dependent on the
models of ice. The most commonly accepted value ihoice of cutoff.

2.6 D, obtained by Coulson and Eisenberg [4] on igce | Here, using a much more rigorous approach for the
and this value is normally assumed to be appropriate foevaluation ofu, and a well-converged calculation, we find
liquid water as well. However, this estimate has been chalthat the average dipole moment of a water molecule in the
lenged by various authors, and most recently the analysiguid is u ~ 3.0 D, with large fluctuations around this
of Coulson and Eisenberg has been repeated [5] using movalue. Crucial to our analysis is the use of the maxi-
modern input information, leading @ = 3.09 D. More- mally localized Wannier function formalism [10]. This
over, other theoretical studies [6] on ice lattices have sugallows the total charge to be partitioned, in a chemi-
gested thaj could be of the order of (or even larger than) cally transparent and unambiguous way, into individual
3.0 D. The dispute is far from being academic. On the onenolecular contributions and provides an extremely use-
hand, it is important to understand how water molecules artul tool to analyze the modification induced in the water
modified when brought into the liquid environment. Onmolecules by the condensed phase. The maximally lo-
the other, most potentials used in computer modeling otalized Wannier functions are a generalization to infinite
water try to reproduce the 2.6 D value and it is believedperiodic systems of the Boys localized orbitals [34)r).

[7] that larger values would lead to incorrect modeling of These are obtained by performing a unitary transformation
the dielectric properties. The change in the dipole momenin the subspace of the occupied molecular orbitals (MO)
in going from the gas to the condensed phase, cannot ts® as to minimize the spread,

reproduced by empirical models unless they explicitly take

electronic polarization into account. To overcome this de- - 2y 2

ficiency some models [8], based on the so-called “polar- S ;«r I = ). @)
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In Eq. (1) (...), indicates the expectation value with
respect to thexth orbitalw,(r). The Boys orbitals bring
out the chemistry of the system rather more clearly thar
the MOs. For instance, in water the valence electrons
can be localized in two covalent orbitals that lie along the
OH bonds, and two lone pair orbitals. For the analysis
of a large system, however, it is essential to contract
the information contained in the Wannier functions to
a manageable level. To this end, if periodic boundary
conditions are used with a cubic supercell of sidewe
define [10] the coordinate, of the nth Wannier-function
center (WFC) as

L .
Xy = —=— Im In{w,|e "CT/Lxyy, ) (2
2

with similar definitions fory, andz,.

The dipole moment. of a water molecule can be calcu-
lated from the total charge density or equivalently, as dis-
cussed in Refs. [10,12], from the ion and WFC positions,
by assuming that the electronic charge is concentrated i
point charges located on the WFCs. We have calculate:
the WFCs for an isolated water molecule by optimizing
the structure in a cubic supercell of sile= 10.6 A. The  FIG. 1(color). Water molecule in the gas phase. The sticks
computations [13] have been performed at fhepoint  represent the OH bonds while the red balls indicate the
only of the Brillouin zone, using norm-conserving pseu-Positions of the WFCs.
dopotentials [14] with a plane-wave cutoff of 70 Ry and
gegnrs?:j'?S:{gggfgte%i?ggkﬁiﬁi\iﬁgg'sp:urgéBl&z I:,zia[llas]gubic supercells will be reported elsewhere [16]]. The
proxirrilation we e.xplicitly consider 8 e‘I)ectrong per Wate‘r)c'a_r-_ParrineIIo eq'uations [L17] were integrated using a
molecule th'e 2 additional oxygen-core electrons being e fictitious electronlp mass parameter of 900 a.u. and a
sentially i,nert from the point of view of the bonding prop-SmOIQ.CUIa.r dyr_1am|cs time step of 0.145fs. After an

. ! quilibration time of 2 ps averages were collected for
erties. Because of spin degeneracy we need therefore Dout 10 ps.

consider 4 doubly occupied Wannier functions and their We show in Fig. 2 the resulting oxygen-oxygen pair

relative WFCs. correlation functiorgoo(r) and compare it to the most re-

In the case of the isolated water molecule the WFC :
are tetrahedrally oriented and their distance from the ent neutron scattering data [18] as well as to the older

oxygen atom is 0.53 and 0.30 A for covalent bond and
lone pair orbitals, respectively (see Fig. 1). Using these
data we compute a molecular dipole moment of 1.87 D,
in excellent agreement with the experimental value [1]
(1.86 D). We then apply the same procedure to analyze
the dipole moments of water clusters. We calculate the
Wannier functions and, using the WFCs, we evaluate the
dipole moments of each water molecule. We find that
the average value g is 2.1 D in the water dimer and
2.4 D in the water trimer. These values are in good
agreement with those reported in Ref. [3] (2.1 and 2.3 D,
respectively). This gives us confidence in the usefulness

g(r)

of the localized orbital analysis of the dipolar structure I

of coordinated water. We then extend the analysis to 0 L j o
bulk water. To this effect we performed a simulation on 1 2 3 4 5 6 7
64 water molecules, using truncated octahedral periodic r(A)

boundary_ C‘.Jm:'tlons’ ?‘b - ]1 g/lcéwf( d?rr;]SIty tgnddalg il FIG. 2. OO pair correlation function obtained from our
average lonic temperature o ' € other detallsy jnitio simulation (solid line), compared to the experimental

of the calculations were as in the isolated moleculeneutron scattering [18] (dashed line) and x-ray diffraction [19]
calculation [the generalization of Eq. (2) to nonsimple(long-dashed line) curves.
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x-ray estimate [19]. Note that, in the earlier neutron2.4 X 107 cn?/sec. Having established that our level
scattering analysis [20], the firgibo(r) peak turned out of theory is satisfactory in comparison with experiments
to be substantially higher and that most empirical wa-we turn to the analysis of the dipole moment. For us a wa-
ter potentials have been fitted to this higher value. Ader molecule in bulk water is composed of the@ionic

can be seen both the positions and the intensities of theores and its 4 Wannier orbitals. The validity of this par-
first three maxima are very close to the experimental valtition can be judged by the amount of overlap between the
ues. Also the less controversighy (r) andgyy(r) pair  charge distribution of Wannier functions associated with
correlation functions are in good agreement with the exdifferent molecules. This turns out to be rather small. In
perimental curves. We have also evaluated the diffusioffiact, the spread of the Wannier functions is found to be
coefficient, which isD = 2.8 = 0.5 X 107 cn?/sec, in ({(r2),(r)?)"/2 ~ 0.7 A, much smaller than the intermo-
good agreement with the experimental value [ZL]=  lecular distances; moreover, we measure the charge over-
lap O,,, between two Wannier functions as

_ [ dr lw,, (0) Plw, (1) [?
(f dr |wy (0) 2wy (0)12)172(f dr [wy (0) 2w, (r)]2)1/2

and we find thato,,, is about 0.2 for different Wanniet in favor of the oxygens. As a consequence of the
functions of the same water molecule, while it is smallerpolarization effects of the surrounding molecules, the
than 0.01 for Wannier functions located on differentvalues of the molecular dipole moments are characterized
molecules. (see Fig. 4) by a broad distribution whose average value
The distribution of the intramolecular O-WFC distancesis 2.95 D, considerably larger than the current estimate.
in the liquid can be analyzed by looking at the O-WFCNote that the probability distribution is not symmetric and
pair correlation function. This is shown in Fig. 3, where that some water molecules have a dipole moment as large
it can be seen that, with respect to the case of the isolatess 4 D. In rigid ion models for water it is assumed that
molecule, in the bulk the lone pair orbitals are pulledall water molecules are equal. This is clearly contradicted
out due to the formation of the hydrogen bonds, whileby the very broad distribution of Fig. 4.
the covalent bond orbitals are pulled in (the average We are aware of the limitations of the present simu-
O-WFC distances are 0.33 and 0.50 A, respectively)lation in terms of both size and time scale. However, it
This indicates that, in the condensed phase, the electrongeems to us that it is time to revisit critically the cur-
charge is more spherically distributed around the oxygement water models. Most of them are obtained by fitting
atoms than in the gas phase. Since, in addition, ouempirical data. Two important quantities play a major
structural analysis shows that in the liquid phase theole in the fitting procedure: theoo(r) pair correlation
average OH intramolecular bond length is about 2% largefunction of the older neutron scattering analysis, which is
than in the isolated molecule, this behavior can alsaather more structured than more recent analysis and x-ray
be viewed as a charge-transfer process in which, upodiffraction suggest, and the dipole moment which is taken
hydrogen bonding, the hydrogen atoms lose electron® be x ~ 2.6 D. Either set of data could be inaccurate.
In view of the relevance of water we would like to call
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FIG. 3. O-WFC pair correlation function in liquid water. The

arrows denote the O-WFC distances in the isolated wateFIG. 4. Distribution of the modulus of the water molecule
molecule. Data for the liquid phase were obtained by averaginglipole moment in liquid water, by considering 12 molecular
over 12 configurations of the molecular dynamics simulation. dynamics configurations.
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on the experimental community to redouble its efforts to Brodholt, M. Sampoli, and R. Vallauri, Mol. Phy86, 149
determinegoo(r) in a definitive way. It would also be (1995).
extremely useful to have a direct experimental measure ofi9] K. Laasonen, M. Sprik, and M. Parrinello, J. Chem. Phys.
w in liquid water. 99, 9080 (1993). _
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