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Abstract

It is demonstrated that the localized orbitals calculated for a water
cluster have small delocalization tails along the hydrogen bonds, that
are crucial in determining the resulting dipole moments of the system.
(By cutting them, one gets much smaller dipole moments for the indi-
vidual monomers—close to the values one obtains by using a Bader-
type analysis.) This means that the individual water monomers can
be delimited only in a quite fuzzy manner, and the electronic charge
density in a given point cannot be assigned completely to that or an-
other molecule. Thus one arrives to the brink of breaking the concept
of a water cluster consisting of individual molecules. The analysis of
the tails of the localized orbitals can also be used to identify the pairs
of water molecules actually forming hydrogen bonds.
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1. Introduction

It is customary to consider liquid (or solid) water as a conglomerate of dis-
tinct water molecules connected with a network of hydrogen bonds. Each
individual water molecule is assumed to carry a considerable dipole moment,
which is significantly larger than that of a free water molecule due to collec-
tive effects: the experimental dipole moment1 of a water molecule in water
medium2-4 is about 2.8–2.95 Debye (D), as compared with the dipole moment
of ca. 1.85 D of a free water monomer5. The increase of the dipole moment
takes place already for small water clusters: the authors of Ref. 6. measured
by using terahertz laser vibration-rotation-tunneling spectroscopy the dipole
moment of the cage structure of the water hexamer cluster and performed
ab initio and iterated induction model calculations for small (up to 8 water
molecules) gas phase clusters. They concluded that the average dipole mo-
ment is increased as a function of number of water molecules in the cluster.
The dipole moment of water monomer in cage like structure of cyclic hex-
amer was found to be about 2.70 D. That result indicates that this collective
effect can be well studied by considering relatively small water clusters; this
facilitates obtaining a deeper insight into its nature by performing different
calculations on model water clusters.

One may be interested in determining the actual value of the dipole mo-
ments of different individual water molecules in different water models. Then
one has to take into account two requirements the fulfillment of which is
highly desirable. First, dipole moment should be calculated for a neutral en-
tity, otherwise—as we know from electrostatics—the dipole moment becomes
ill-defined (depends on the selection of the origin of the coordinate system).
Second: the dipole moments of the constituents should sum to the overall
dipole moment of the cluster. As will be seen further, these requirements
put one on the brink of breaking the concept of a water cluster consisting of
individual molecules.

There are three approaches in the literature for calculating dipole mo-
ments of a monomer within a water model. In the simplest one considers
a single water molecule described quantum mechanically, which is embed-
ded into an environment of point charges and/or multipoles determined by
different assumptions. In some cases this embedded system is considered
also solvated. These schemes7−13 give 2.6–2.8 D for the dipole of a water
monomer, depending on the details of calculations. Even this scheme can
account for the significant increase of the dipole moment as compared with
a single monomer.

The other two schemes utilize the electron density calculated from the
global wave function of a cluster, either of finite size or in a periodic descrip-
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tion. One of them can be accomplished at any level of theory, and requires
performing a 3-dimensional (3D) “topological” Bader analysis14,15, with the
help of which the 3D space is decomposed into atomic domains by studying
the charge distribution, and a domain of an oxygen atom is combined with
those of the respective two hydrogen atoms to form a domain of a water
monomer16. Then the dipole moment of a water molecule is obtained by
integrating the charge density in the domain in the molecule in question,
taking the oxygen nucleus as the origin. Although this approach does not
strictly fulfill the first requirement, that is assumed not to cause a big error,
as the oxygen atom is close to the center of the charge of a water molecule.

Another scheme was applied by some authors in the framework of plane
wave calculations of water clusters: its essence is in turning to a Wannier-
function basis representing linear combinations of plane waves, assigning
the different Wannier functions to the individual monomers and calculating
dipole moments by their use17−20. This scheme fulfills, at less formally, both
requirements mentioned above and, as a rule of thumb, results in some 0.5 D
larger dipole moment for a water monomer in a cluster, than those based on
the Bader-type analysis21,22. The aim of our work to generalize this approach
to the use of atom-centered basis sets and to see what conclusions can be
drawn on the basis of the “Hilbert-space analysis” utilizing the assignment
of the basis functions to the individual atoms (and thus to the individual
monomers). As will be seen, this analysis permits also to propose extremely
simple criteria for identifying individual hydrogen bonds in a cluster, simpler
than used in the literature23−30. In our study we will not pursue numerical
accuracy but rather wish to obtain qualitative understanding, which may be
achieved by performing not too sophisticated calculations.

In the recent work 31 Torii investigated in a somewhat complicated man-
ner the dynamic and static dipole moments of the water. As will be seen, his
conclusion about the role of charge transfer effects in enhancement of static
dipoles is completely in line with our results obtained in a quite different
formalism.

2. The calculations

When one performs a supermolecule type quantum chemical calculation for
a water cluster, then all the electrons are considered as part of the com-
posite system, without assigning them to the different monomers. If we are
interested in the dipole moments of individual monomers, then the overall
electronic charge should be decomposed into parts in such a manner that
each water molecule is assigned ten electrons. In the general case, when elec-
tron correlation is taken into account, such a decomposition of the electronic
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density may be rather problematic. However, if one uses a closed shell SCF
method (Hartree-Fock or density functional theory, DFT) then this task can
easily be accomplished by assigning five doubly filled localized molecular or-
bitals (LMO-s) to each water monomer. (Canonical orbitals are delocalized,
so are not adequate for the purpose.) Then one has to attribute the electron
density corresponding to these five localized orbitals to the given monomer,
and calculate the dipole moment with these orbitals in the same manner as
one calculates the dipole moment of a single molecule. Of course, one should
take into account that the localized orbitals are not strictly restricted to the
basis orbitals of the given monomer, so the basis set of the whole cluster
should be used.

It is known that localized orbitals are not uniquely determined but de-
pend on the localization criterion used. For that reason, we have used four
quite different localization procedures. Two of them were standard ones:
Boys localization32 and calculation of the “natural localized orbitals” (NLO-
s) of Weinhold group33. The other two represented generalizations of our
approach applied for determining effective atomic orbitals34-37. In one of
them the Magnasco-Perico (Mag.-Per.) localization criterion38 is applied to
the individual monomers; it consists in maximizing the norm of the intra-
monomer part of the LMO-s. (It is Mulliken’s net population generalized
to an individual monomer.) The fourth scheme is the 3-dimensional “fuzzy
atoms” analogue of the previous one: the intramonomer part of the LMO-
s is maximized in the part of the 3-dimensional space that has no sharp
boundaries but is defined by the sum of the three atomic weight functions
of Becke-type39,40, corresponding to one oxygen and two hydrogens of the
monomer in question. Two of these localization criteria—the Boys-type and
the fuzzy one–are based on criteria related to the 3D space, the other two
use methods of the Hilbert space analysis, in which an individual monomer
is identified with its three nuclei and the basis orbitals centered on them.

The Boys-localization and the calculation of NLO-s are standard proce-
dures, we need not to discuss them here in any detail. In our schemes we
are looking for a unitary transformation of the occupied molecular orbitals
(MO-s)

ψi =
occ.∑

j

Ujiϕj , (1)

that permits to make maximal (or at least stationary) the norm of intra-
monomer part of the resulting transformed MO ψi in either of the two
schemes mentioned:

δ
〈ψX

i |ψX
i 〉

〈ψi|ψi〉
= 0 . (2)
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Here superscript “X” denotes the intramonomer part of the orbital ψi.
The basis expansion of the orbital is, according to the transformation (1)

is given by the coefficients C loc.
µi :

ψi =
∑

µ

C loc.
µi χµ =

∑

µ

occ.∑

j

CµjUjiχµ , (3)

where the Cµj-s are the canonical orbital coefficients obtained in the SCF
calculation.

If the Magnasco-Perico localization is used, then the intramonomer func-
tion ψX

i is obtained by conserving only the basis orbitals located on the given
monomer X:

ψX
i =

∑

µ∈X

C loc.
µi χµ =

∑

µ∈X

occ.∑

j

CµjUijχµ . (4)

In the 3-dimensional fuzzy atoms analysis ψX
i becomes

ψX
i (~r ) = wX(~r )ψi(~r ) . (5)

Here wX(~r ) is the weight function assigned to the monomer X; it is calculated
as the sum of the weight functions for the constituting atoms, calculated
according to Ref. 40. (The weight functions of all the monomers sum to one
in every point of the 3-dimensional space.)

As discussed in Refs. 34–37, the variational condition (2) is fulfilled if the
unitary matrix U used in the transformation (1) diagonalizes matrix Q with
the elements

Qij = 〈ψX
i |ψX

j 〉 . (6)

These calculations have been performed by suitably modifying our
programs34,36 devoted for calculating effective AO-s41.

For each monomer one obtains, in principle, as many transformed MO-s
as is the total number of MO-s in the cluster. Out of them, we conserve
only those five that are almost entirely localized on the given monomer and
repeat the procedure for each monomer. The localized MO-s obtained for
the same monomer are orthonormalized (every matrix U is unitary), but the
MO-s localized on different monomers are not strictly orthogonal34. To fulfill
the requirement that the dipole moments of the monomers should sum to
the dipole moment of the cluster, the localized MO-s obtained are subjected
to a symmetric Löwdin-orthogonalization before the dipole moments of the
individual monomers is calculated.

An interesting property of the LMO-s obtained by these procedures is
that—before the global orthogonalization mentioned is performed—their in-
tramonomer parts also form an orthogonal set34-37. The five of these orbitals
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corresponding to the largest eigenvalues of matrix Q can be called the effec-
tive MO-s of the individual monomers: these are the orbitals by which the
monomer is mainly participating in forming the cluster’s wave function.

When considering the degree of localization/delocalization of a given lo-
calized orbital, we have calculated the quantities corresponding to Mulliken’s
net orbital populations. Actually the degree of the localization of the local-
ized orbital ψi on the “own” monomer A was calculated as

lAi = 〈ψA
i |ψ

A
i 〉 =

∑

µ,ν∈A

C loc.∗
µi SµνC

loc.
νi , (7)

while the delocalization to the given monomer was simply characterized by
the sum of the squares of the coefficients.

We have dealt with relative large water clusters for which geometry op-
timization was affordable only by the not too big 6-311G(d,p) basis set, but
we could apply the refined M05-2X DFT functional43 permitting to account
indirectly for correlation effects. As we are interested in qualitative, rather
than quantitative effects, we have used these geometries also for the “single
point” calculations by using the larger basis sets cc-pVTZ and aug-cc-pVTZ .
The Boys-localized orbitals and the NLO-s were calculated by the Gaussian-
09 program system44, the other two types of LMO-s by suitable modifications
of our programs used in34-37: instead of a single atom a reference unit was a
monomer. The LMO-s were outputted and sorted in each case and then read
back to Gaussian-09. (For technical details we refer to the Supplementary
material.)

Besides monomer and dimer calculations, we have considered all the four
localization schemes for water clusters consisting of 6, 10, 20 and 28 water
molecules. Their structure has been taken from the literature45 and the
geometries were reoptimized with the DFT functional and basis set indicated
above. They are depicted on Figure 1; the actual Cartesian coordinates are
given in the Supplementary material. Additionally, the calculations based on
the Magnaso-Perico localization criterion have been performed for one cluster
with every number of water molecules between 2 and 30. Their geometries
were determined in the same manner as for those for the clusters discussed
in detail. (The Cartesian coordinates are also given in the Supplementary
material.)

3. Results and discussion

The dipole moment of a water monomer calculated with the functional M05-
2X is 2.141 D, 1.996 D and 1.922 D for the basis sets 6-311G(d,p), cc-pVTZ
and aug-cc-pVTZ, respectively; the last one does not differ significantly from
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the experimental value5 of 1.855 D. It is important to stress that this variation
with the basis set does not influence the qualitative conclusions we could
drawn by comparing the results obtained for different water clusters obtained
by using the same basis set.

The dipole moment of a water dimer has been obtained 2.797 D, 2.651 D
and 2.588 D for the three basis sets mentioned. Table 1. shows how it is com-
posed of the dipole moments of the individual monomers according to the four
different localization schemes (columns denoted “Fuzzy” to “Mag.–Per.”).
The dipole moments of the two monomers are not collinear and the resulting
dipole moment is their vectorial sum, so the individual Cartesian components
(but not the absolute values) of the monomer moments sum to the respective
components of the dimer. In the case of all larger clusters studied, the overall
dipole moment has also been always recovered within a reasonable numerical
accuracy for all the localization schemes if a complete set of orthonormal-
ized localized orbitals has been considered. However, when the LMO-s were
truncated to the individual monomers, the vectorial sum of the monomers’
dipole moments ceased to sum to that of the cluster.

Looking at the results, we see that the method of localization is practically
irrelevant. This is the case in all calculations discussed in the present work;
that is very important as to the reliability of the conclusions drawn. The
numerical values indicate that the collective effects that lead to the increase
of the dipole moments of individual water monomers in bulk water—although
to a smaller extent—already manifest in the dimer case, too.

The last columns in the Tables contain the dipole moments calculated in
the following manner. As have mentioned above, the intramonomer parts
of the localized orbitals obtained by using the Magnasco-Perico localiza-
tion criterion (i.e., maximizing the norm of the intramonomer parts of the
LMO-s) form an orthogonal set of effective monomer orbitals, characterizing
their internal electronic structure.34,35,37 One can renormalize these effective
monomer orbitals, fill them by two electron each, and calculate the dipole
moment of the individual monomers; this means omitting completely the
delocalization tails of the LMO-s. We shall call this type of technique as
Magnasco-Perico truncated (Mag.-Per.-trunc.) scheme. These values give a
sort of “internal” or “intrinsic” dipole moments of the individual monomers
in the given environment, as orbitals centered on the other monomers do not
contribute to them. These “intrinsic” dipole moments in all cases, except the
dimer, are significantly lower than those calculated by using the full localized
orbitals. (We shall return to that point.)

In order to check that these results are not due to the specific localization
scheme applied, we have performed the following alternative procedure, also
giving internal dipole moments of monomers, although they are a little less
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well-cut conceptually. We have cut the LMO-s obtained by using the Boys
procedure for a given monomer to the basis of that monomer, performed a
Löwdin-orthonormalization of the orbitals obtained for each monomer sep-
arately, and calculated the dipole moments. The results obtained are very
close to those in the last columns of Tables, the maximal difference being
0.03 D.46. (The actual values are listed in the Supplementary material.)

In the case of the water dimer the second monomer represents the hydro-
gen donor; its dipole moment does not practically change if the delocalization
tails are omitted; the increase of its dipole moment should be attributed to
the polarization due to the partner molecule. (The change of the geometry of
this monomer in the dimer does not explain the effect, as it leads to a change
in dipole moment only in the second decimal digit—cf Ref. 13.) However,
cutting the delocalization tails for the hydrogen acceptor molecule reduces
the dipole moment to a value close to that of the free monomer.47 We can
conclude, therefore, that the dipole moment increase in the water clusters
is due to two different mechanisms: the polarization and the delocalization
effects—though their distinction may be difficult in the Hilbert space analysis
if large basis sets with diffuse functions are used. Then turning to “3D analy-
sis” may be desirable. (For the larger clusters studied below every monomer
acts both as hydrogen acceptor and donor, so the behaviour of the proton
acceptors and proton donors cannot be considered for them separately.)

Tables 2 to 5 contain the dipole moments of the individual water
monomers calculated by the four localization schemes for the water clusters
consisting of 6, 10, 20 and 28 water molecules, respectively. For the smallest
cluster the data obtained with the three different basis sets are displayed,
for the larger ones those for 6-311G(d,p) basis set. (Some data for other
basis sets are included in the “Supplementary material”.) The results are
quite insensitive to the method of localization in all cases without exception.
Also, it can be seen that the average monomer’s dipole moments exhibits
a gradual increase with the increasing cluster size. Furthermore, the dipole
moments of the monomers are significantly reduced if the delocalization tails
of the MO-s are cut, and become close to the values usually given by the
Bader-type analysis. However, the dipole moments obtained by cutting the
delocalization tails of the MO-s do not sum to that of the overall cluster.
This means that the dipole moment of a water cluster cannot be fully recov-
ered in any calculation in which the individual water monomers are treated
as spatially separated entities consisting of the three nuclei and ten electrons.
As the delocalization between the monomers is essential for recovering the
overall dipole moment of the whole system, we must accept that the indi-
vidual water monomers can be delimited only in a quite fuzzy manner, and
the electronic charge density in a given point cannot be assigned completely
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to that or another molecule. (The situation becomes even more involved if
electron correlation is explicitly taken into account.) That means that the
concept of a molecule in a water cluster—or water medium—is necessarily a
fuzzy one, except if we restrict ourselves to considerations based merely on
the position of the nuclei.

This is further illustrated by Figure 2, on which the average dipole mo-
ments of the water monomers and their mean square deviations are depicted
as functions of the number of water monomers changing from 2 to 30. The
upper curve is the dipole moment obtained with the “full” Magnasco-Perico
localized orbitals containing the delocalization “tails”, while one of the lower
ones shows those obtained after cutting the “outside” parts of the LMO-s.
One can see that both curves approach saturation around n = 15 (Mag.-Per.
≈ 3.15 D, Mag.-Per.-trunc. ≈ 2.7 D), so the resulting effect of the tails is ca.
0.45 D. (The limiting value of ≈ 3.15 D is roughly as much larger than the ex-
perimental value ≈ 2.8− 2.95 D as the difference seen for the free monomer,
so our results seem not conflict with the experimental ones48. There is a
third, independent, curve on this figure, too, showing the dipole moments
calculated by using the Bader-type analysis. The closeness of the two lower
curves is striking.

The comparison of the truncated and “full” Magnasco-Perico results are
in agreement with the difference of ca. 0.5 D between the Bader and Wan-
nier results for bulk water mentioned above, in complete agreement with
the fact that the Wannier orbitals obtained in the plane wave calculations
are essentially a generalization of the Boys-localized orbitals including the
delocalization tails. These data show that the effect of the intermolecular
delocalizations in the water clusters contributes ca. 0.45–0.5 D per molecule
to the resulting dipole moment.

The delocalization effects discussed are not some random ones. Signifi-
cant delocalization is always observed within a hydrogen bond—the lone pair
of the proton-acceptor molecule exhibits a delocalization to the molecule by
which it forms a hydrogen bond. The importance of charge transfer effects in
forming hydrogen bonds is well established in the literature49−59. The delo-
calization is mainly expected60−61 onto the σ∗ orbital of the latter molecule.
Therefore, by studying the tails of the LMO-s, one can identify the pairs of
hydrogen bonded molecules. Figure 3 displays the measures of delocaliza-
tion for a pair of water molecules (the Mulliken net population on a given
molecule, originating from the tails of those two localized orbitals centered
on the partner molecule that are most delocalized) as the function of the
O...O distance, for the cluster of 28 water molecules, and for all the four
localization schemes considered. It can be seen that significant values occur
only for the molecules with the O...O distances around 2.6–2.8 Å, character-
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istic for the hydrogen bonded pairs. As only the proton-acceptor molecule of
a given pair exhibits a significant delocalization, every H-bonded pair does
also contribute a point near the zero level on this figure, showing the lack of
the delocalization from the proton donor to the proton acceptor. The signif-
icant gap observed on this figure is in agreement with the fact that all the
delocalization tails exceeding 0.03 correspond to hydrogen bonds also on the
basis of their geometries62. That means that the existence or absence of the
hydrogen bond between a pair of water molecules in a water cluster can be
discriminated using the delocalization.

It is interesting to note that the Magnasco-Perico delocalization param-
eter displayed on Figure 3 is 0.048 at the equilibrium geometry of a single
water dimer, which is less than the value for most of hydrogen bonded pairs
in the actual cluster. This means that in this respect we have again met a
typical collective effect—similar to those discussed in our recent paper Ref.
13. The same is observed for the dipole moments, too. This indicates again
that the study of a hydrogen bonded dimer system may be not sufficiently
relevant for discussing the properties of a bigger cluster.

The investigation of the localization patterns permits also to distinguish
between classes of water molecules differing by the number of hydrogen bonds
in which they are proton donors and proton acceptors. Figure 4 displays
the Mulliken net populations on the “own” molecule for each of the five
localized orbitals corresponding to the individual water monomers in the
(H2O)28 cluster. (The case of using the NLO localized orbitals is shown, the
other three are quite analogous.) One orbital—corresponding to the oxygen
1s one—is always perfectly localized on the given molecule; two orbitals
show a Mulliken net population slightly exceeding one (for them the overlap
populations with the other molecules give some negative contributions), while
there are two orbitals with net populations lower than one. It can be seen
that the number of orbitals with localization lower than ∼ 0.98 equals the
number of hydrogen bonds in which the given molecule is a proton acceptor.
As a consequence, especially those water molecules show a characteristic
localization pattern, that have one hydrogen bond in which they are proton
acceptors and two ones in which they are proton donors (molecules of 1A:2D
type).

The differences in the delocalization patterns manifest also in the values
of dipole moments of water molecules in different hydrogen bonded environ-
ment. Table 6 compares the average dipole moments calculated for the com-
plexes with 26–30 water molecules for Magnasco-Perico localization criterion
without and with truncation. It can be seen that the average dipole moments
are the largest for waters of type “two acceptors–two donors” (2A:2D). Simi-
lar conclusion has been obtained by Akase and Aida63 who used the TRM2-R
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polarisable model64 for small water clusters, as well as in our recent work13

by using the Bader-type dipole moments. It is interesting that the order of
dipole moments for 1A:2D and 2A:1D type waters is reversed if the tails of
the LMO-s is cut. That indicates how large is the importance of different
fine quantum mechanical effects in determining collective effects in water
medium.

When discussing delocalization effects, one should stress—as we do it for
decades (e.g.65−67)—the distinction between the “mathematical” and “phys-
ical” delocalizations. The former lead to the “orthogonalization tails” which
are solely due to the fact that it is more convenient to work with orthonormal-
ized MO-s than with non-orthogonal ones, while the latter reflect the actual
physical interactions in the system. In order to show that the delocalizations
discussed in the present work do represent true physical effects characteris-
tic for the hydrogen bonds, we have performed the following procedure. The
monomer MO-s, obtained by using the Magnasco-Perico localization criterion
and truncated in order to calculate the “intrinsic” monomer dipole moments
shown in the last columns of Tables, represent orthogonal sets for the given
monomer, but the orbitals of the different monomers are not orthogonal to
each other. Performing the Löwdin orthonormalization of these truncated
orbitals, and calculating dipole moments of each monomer by using its five
globally orthogonalized orbitals, we can account for the effects of the “math-
ematical” delocalizations. We have found (the actual numbers are listed in
the Supplementary material) that the dipole moments in all but one cases
give somewhat larger dipole moments than those obtained for the strictly
intramonomer orbitals, but the effect is rather small—it does not exceed
0.08 D—so the results remained significantly smaller than those in the first
four columns. (The single exception was the proton acceptor monomer in
the dimer case, for which the mathematical delocalization lead to a slight
decrease of the dipole moment.) This comparison indicates that the effects
of delocalizations along the hydrogen bonds reflect essential physical aspects
of the water structure.

The whole situation can be concisely characterized by the following three
figures, showing some distributions obtained by using the Magnasco-Perico
localization criterion.

Figure 5 shows the distribution of the measure of the delocalization tails
from the proton acceptor to the proton donor molecules for the (H2O)30

cluster, It can be seen, that for most hydrogen bonded pairs it exceeds the
value characteristic for a water dimer, indicated by a vertical bar. That is
a pronounced manifestation of the collective effects characteristic for water
clusters. This figure is quite analogous to the distribution of the intermolecu-
lar bond orders obtained most recently13, which is in agreement with the close
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connection between these quantities. Figure 6 shows the distribution of the
dipole moments calculated for the individual water monomers in all clusters
with 25 to 30 water molecules. All the dipole moments are significantly larger
that in the monomers or dimers, which is due to the larger delocalizations
and the mutual polarizations – the latter is also a collective effect. Figure
7 shows the analogous distribution for the “intrinsic” dipole moments, ob-
tained by cutting the delocalized tails of the MO-s and renormalizing them.
It can be seen that the dipole moments are significantly reduced as compared
with the previous figure, but they are still much larger than the monomer
and dimer values. It may be of interest to note that the last distribution is
pretty similar to the analogous one recently obtained13 for the Bader-type
analysis, indicating that the low dipole values given by the latter are indeed
due to the inability of that scheme to account for delocalization effects.

We may conclude that there are two physical effects influencing the dipole
moments of the water monomers in clusters (or bulk water): mutual polariza-
tion and delocalization, which may have an important message for developing
new force fields. Although both of them trend to increase the dipole moments
of the individual monomers, their effect is not strictly additive; for instance,
the truncation of the localized MO-s for the proton acceptor monomer in the
water dimer does increase—and not decrease—its dipole moment if basis sets
without diffuse functions are used.

4. Summary

We have computed the dipole moments of the individual water molecules in
different water clusters by calculating localized molecular orbitals and as-
signing five localized orbitals to each water monomer unit. Using four quite
different localization schemes, all the localized orbitals were found to be
indeed almost completely situated on the respective molecules, so their delo-
calization tails were small. Nonetheless, these small delocalization tails are of
decisive importance for reproducing the collective effects observed in water
and determining the dipole moments of the individual monomers: cutting
them one gets significantly lower dipole moments, comparable to those one
obtains in the framework of Bader analysis. This shows that the notion that
fluid or solid water consists of well-distinguishable water molecules has some
limitations: the individual molecules can be delimited only in a quite fuzzy
manner. The analysis of the tails of the localized orbitals can also be used
to identify the pairs of water molecules actually forming hydrogen bonds.
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Supporting information

The Supporting Informations contain
1. the coordinates and figures of the optimized structures of all the complexes
studied;
2. the Gaussian-09 control cards used for calculating the dipole moments
corresponding to the monomers with the respective localized orbitals;
3. the dipole moments of the individual water monomers in the clusters
of 2, 6, 10, 20 and 28 water molecules, calculated by using seven different
localization schemes at the M052X/6-311G(d.p level.
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TABLE 1
Dipole moments of the individual water monomers in a water dimer, cal-
culated by using the M05-2X DFT functional, four different localization
schemes and three different basis sets A: 6-311G(d,p), B: cc-pVTZ, and C:
aug-cc-pVTZ.

Basis Monomer Fuzzy Boys NLO Mag.–Per. Mag.–Per. trunc.

A 1 2.386 2.382 2.385 2.388 2.199
2 2.348 2.349 2.345 2.341 2.334

B 1 2.230 2.226 2.231 2.230 2.015
2 2.204 2.206 2.201 2.194 2.198

C 1 2.171 2.167 2.173 2.175 2.237
2 2.157 2.159 2.153 2.146 2.075

The total dipole moment of the overall cluster by using basis A is 2.797D, after the

truncation of the “tails” of the LMO-s the vectorial sum of the monomer dipoles

is 2.482D.
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TABLE 2
Dipole moments of the individual water monomers in a cluster of six water
molecules, calculated by using the M05-2X DFT functional, four different lo-
calization schemes and three different basis sets A: 6-311G(d,p), B: cc-pVTZ,
and C: aug-cc-pVTZ.

Basis Monomer Fuzzy Boys NLO Mag.–Per. Mag.–Per. trunc.

A 1 2.928 2.926 2.919 2.923 2.488
2 3.016 3.013 3.010 3.005 2.654
3 3.163 3.164 3.152 3.150 2.659
4 2.738 2.742 2.733 2.725 2.623
5 2.790 2.791 2.784 2.781 2.505
6 2.714 2.717 2.708 2.704 2.420

B 1 2.774 2.771 2.766 2.767 2.389
2 2.905 2.902 2.898 2.898 2.544
3 3.033 3.033 3.021 3.019 2.571
4 2.611 2.614 2.606 2.601 2.496
5 2.666 2.667 2.662 2.660 2.394
6 2.580 2.582 2.572 2.572 2.306

C 1 2.720 2.717 2.708 2.725 2.608
2 2.874 2.871 2.868 2.870 2.743
3 2.989 2.990 2.978 2.962 2.815
4 2.591 2.594 2.582 2.550 2.609
5 2.635 2.635 2.630 2.621 2.619
6 2.530 2.532 2.522 2.523 2.495

The total dipole moment of the overall cluster by using basis A is 1.861D, after the

truncation of the “tails” of the LMO-s the vectorial sum of the monomer dipoles

is 1.721D.
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TABLE 3
Dipole moments of the individual water monomers in a cluster of ten water
molecules, calculated by using the M05-2X DFT functional, four different
localization schemes and 6-311G(d,p) basis set.

Monomer Fuzzy Boys NLO Mag.–Per. Mag.-Per. trunc.

1 2.985 2.979 2.976 2.979 2.521
2 3.119 3.107 3.113 3.108 2.712
3 3.295 3.291 3.281 3.283 2.746
4 3.167 3.165 3.154 3.153 2.653
5 3.155 3.153 3.143 3.142 2.647
6 3.111 3.099 3.104 3.100 2.717
7 3.226 3.211 3.218 3.215 2.798
8 3.239 3.238 3.226 3.223 2.705
9 3.209 3.193 3.201 3.198 2.755
10 2.899 2.897 2.892 2.883 2.613

The total dipole moment of the overall cluster is 2.793D, after the truncation of

the “tails” of the LMO-s the vectorial sum of the monomer dipoles is 2.597D.
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TABLE 4
Dipole moments of the individual water monomers in a cluster of twenty wa-
ter molecules, calculated by using the M05-2X DFT functional, four different
localization schemes and 6-311G(d,p) basis set.

Monomer Fuzzy Boys NLO Mag.–Per. Mag.–Per. trunc.

1 3.161 3.143 3.154 3.150 2.675
2 3.325 3.303 3.316 3.316 2.782
3 3.579 3.581 3.560 3.557 2.962
4 3.257 3.255 3.243 3.242 2.733
5 3.184 3.166 3.177 3.175 2.716
6 3.521 3.489 3.510 3.514 2.856
7 3.016 3.008 3.009 3.000 2.615
8 3.012 3.006 3.003 3.007 2.543
9 3.221 3.201 3.212 3.211 2.707
10 3.377 3.375 3.362 3.363 2.812
11 3.019 3.011 3.012 3.004 2.634
12 3.506 3.475 3.496 3.499 2.847
13 3.579 3.581 3.561 3.559 2.962
14 2.986 2.979 2.979 2.970 2.621
15 3.322 3.322 3.307 3.305 2.777
16 3.289 3.266 3.279 3.278 2.734
17 3.198 3.196 3.185 3.185 2.691
18 3.217 3.214 3.202 3.203 2.695
19 3.054 3.050 3.045 3.048 2.580
20 3.040 3.035 3.031 3.034 2.567

The total dipole moment of the overall cluster is 1.736D, after the truncation of

the “tails” of the LMO-s the vectorial sum of the monomer dipoles is 1.647D.
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TABLE 5
Dipole moments of the individual water monomers in a cluster of twenty
eight water molecules, calculated by using the M05-2X DFT functional, four
different localization schemes and 6-311G(d,p) basis set.

Monomer Fuzzy Boys NLO Mag.–Per. Mag.–Per. trunc.

1 3.461 3.462 3.445 3.454 2.993
2 3.569 3.554 3.555 3.567 2.979
3 3.281 3.273 3.272 3.270 2.749
4 3.327 3.320 3.316 3.316 2.830
5 3.325 3.316 3.316 3.311 2.842
6 3.262 3.254 3.252 3.263 2.771
7 3.312 3.305 3.302 3.301 2.801
8 3.310 3.298 3.299 3.306 2.816
9 3.307 3.300 3.297 3.294 2.817
10 3.414 3.407 3.404 3.403 2.921
11 3.239 3.231 3.230 3.227 2.776
12 3.036 3.043 3.026 3.014 2.665
13 3.246 3.241 3.237 3.231 2.835
14 3.253 3.250 3.240 3.238 2.719
15 3.325 3.315 3.310 3.316 2.770
16 3.194 3.189 3.184 3.185 2.676
17 3.238 3.234 3.225 3.224 2.709
18 3.226 3.224 3.211 3.209 2.675
19 3.178 3.173 3.167 3.166 2.679
20 3.183 3.168 3.179 3.174 2.766
21 3.150 3.148 3.140 3.138 2.657
22 3.188 3.175 3.182 3.174 2.792
23 3.194 3.179 3.188 3.182 2.776
24 3.242 3.221 3.236 3.230 2.810
25 3.147 3.132 3.141 3.135 2.729
26 3.106 3.093 3.099 3.095 2.708
27 3.018 3.004 3.013 3.008 2.651
28 2.901 2.899 2.895 2.884 2.606

The total dipole moment of the overall cluster is 3.745D, after the truncation of

the “tails” of the LMO-s the vectorial sum of the monomer dippers is 3.651D.



TABLE 6
Average Dipole moments of the water monomers in different hydrogen
bonded environment calculated for the clusters with 26 to 30 water molecules
and the Magnasco-Perico (Mag.-Per.) localization scheme without and with
truncation of the delocalization“tails”. (6-311G** basis, M05-2X functional).

Type Mag.-Per. Mag.-Per.-trunc.

1A:2D 3.11 2.71
2A:1D 3.18 2.66
2A:2D 3.30 2.83
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FIGURE CAPTIONS

Figure 1

The water clusters with 6, 10, 20 and 28 water molecules, considered.

Figure 2

Average dipole moments and their main square deviation of the water
molecules as the function of the number of water molecules in the clusters
studied, using the Magnasco-Perico localization criterion, without and with
truncation of the “tails” of the LMO’s, and the Bader method.

Figure 3

The measures of delocalization for a pair of water molecules (the Mulliken
net population on a given molecule, originating from the tail of a localized
orbital centered on the partner molecule) as function of the O...O distance.
The curves are shown for four different orbital localization methods.

Figure 4

Mulliken net populations on the “own” molecule for each of the five NLO
localized orbitals corresponding to the individual water monomers in the
(H2O)28 cluster.

Figure 5

Distribution of the measure of the delocalization tails from the proton accep-
tor to the proton donor molecules calculated by using the Magnasco-Perico
localization for the (H2O)30 cluster.

Figure 6

Distribution of the dipole moments of water molecules calculated by using
the Magnasco-Perico localization for the individual water monomers in all
clusters with 25 to 30 water molecules.

Figure 7

Distribution of the dipole moments of water molecules calculated by using
the Magnasco-Perico localization and cutting the delocalization tails for the
individual water monomers in all clusters with 25 to 30 water molecules.
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