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Abstract: In order to settle the issue of equivalence orequivalence of the two lone pairs
of electrons on oxygen atom in water molecule, antum chemical study of the dipole
correlation of the electronic structure of the ncole as a function of conformations
generated following the normal modes of vibratiobetween the two extreme
conformations, &, (OHOH at 90°) and B, (OHOH at 180°), including the equilibrium one,
has been performed. The study invokes quantum meaglapartitioning of molecular
dipoles into bond moment and lone pair moment awcdlization of delocalized canonical
molecular orbitals, CMO'’s into localized molecutabitals, LMO’s. An earlier suggestion,
on the basis of photoelectron spectroscopy, thatl@me pair is in p-type and the other is in
s-type orbital of O atom of water molecule at igiiébrium shape, and also the qualitative
“Squirrel Ears” structure are brought under serigmutiny. A large number of
conformations are generated and the charge densdtlyix, dipole moment of each
conformation is computed in terms of the generai@abnical molecular orbitals, CMO’s
and then Sinargu’s localization method is invoked to localize tl@&MO’s of each
conformation and the quantum mechanical hybridozatiof all the bonds and lone pairs on
O center are evaluated in terms of the localizedeouwtar orbitals. Computed data
demonstrate that the electronic structures i.e. Iwod pairs and two lone pairs and its
hybridization status of all conformations of waieolecule are straightforward in terms of
the LMO’s. It is further revealed that the patteoh orbital hybridization changes
continuously as a function of evolution of molecukhape. The close analysis of the
generated LMO's reveals that one lone pair is acoodated in a pure p orbital and another
lone pair is in a hybrid orbital in almost all conhations. One more important result of the
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present study is that, with the physical processtnfctural evolution from close angular
shape to the linear transition state, the lengthhefo (O—H) decreases and its strength
increases as a monotone function of reaction coates. The bond length is shortest and the
strength is largest at the transition state ofcstmal inversion. Result of structural effect of
the present study during the evolution of molecalamformations is quite consistent with
the result of a very refined calculation that omggically significant feature of force field
that the stretching force constants at the lineamgetry are considerably larger than their
equilibrium counter parts. The variation of bontesgth and the hybridization of s and p
orbitals on O atom center to form tle (O—H) bond as a function of evolution of
conformations is in accordance with Coulson’ddpton. The total dipole moment of all
conformations is partitioned into the contributivom bonds and lone pairs and correlated
in terms of the computed hybridization in lone paifhe analysis of the variation of dipole
moment as a function of angular to linear strudtevalution reveals that the dipole moment
of H,O molecule is not due to the bond moments onlyabsignificant contribution comes
from a lone pair. It is strongly established tha tlipole moment of water molecule at and
around the equilibrium geometry is not due to tbedomoments only and the major part of
the molecular dipole comes from the contributionafe pair electrons. This necessitates
the accommodation of a lone pair of electrons hylarid orbital on O atom. The computed
LMO’s webbed with partitioned molecular dipole rav¢hat one lone pair is in a pure p-
type orbital and the other lone pair is in a hylwids and p, and not in a pure s type orbital
as suggested on the basis of photoelectron spddteapossibility of qualitative “Squirrel
Ears” structure is also ruled out. The problemapfiealence or non-equivalence of the two
lone pairs of the O atom in water seems to haven Bemlly resolved by the present
guantum chemical calculation. An attempt of loagtthe origin of barrier to the physical
process of inversion of water molecule is madesrms of energy partitioning method. It
is found that the dipole can be used as a descifiptdhe elucidation of electronic structure
of molecules.

Key words: Atomic dipole; hybridization; lone pair; localideorbitals; energy partitioning;
barrier to inversion.

1. Introduction

Water, BHO, is one of the most indispensable ingredientgHercreation of life on this planet. The
triatomic molecule has an angularx{Cshape in the equilibrium form and it may, follogi normal
modes of vibration, evolve to linear {f) transition state for inversion. The charge r@agement
during the formation of D molecule from its elements leads to the accunamabf net negative
charge on the oxygen atom and net positive chargehyalrogen atoms, which are not placed
symmetrically. This pattern of charge distributineates a permanent dipole in the molecule although
the charge of the whole molecule is zero [1]. Tla@ewmolecules aggregate in vapour, liquid andisoli
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states through the hydrogen bonding. The mechaofswater aggregation is a notoriously complex
problem. The molecular mechanism of protein foldimg major unsolved problem in biology. The
elucidation of the mechanism of protein foldingtasdecipher the final stage of genetic information
[2]. The mechanism of protein folding or the basdripg in the DNA helix fundamentally depends
upon the mechanism of hydrogen bonding. Many reaidekproperties of liquid water are largely due
to the high density of hydrogen bonds. The hydrogend network in liquid water rearranges and
follows an ultra fast dynamics [3,4,5]. There atterapts of modeling the hydrogen bonding in liquid
water within molecular dynamics [6].

It seems that each and every modeling of the streadf liquid water presupposes a symmetric
environment around oxygen atom [7]. One populadehof water is that of ice-like hydrogen bonded
structure [8,9,10]. The open structure of ice setmnisave been correlated in terms of the hydrogen
bonding through two lone-pairs and two hydrogemston each oxygen atom [11].

This tetrahedral aggregation around oxygen atomahpiecursor electronic structure of the water
molecule that the oxygen atom is®dpybridized with two lone-pairs and bond pairs @éceons
directed along the apices of the tetrahedron. Ehestronic structure of water molecule is deeply
implanted in the minds of chemists and physici&turther simplified picture of the above structure
of water molecule is known a “Rabbit Ears”[12] @&duirrel Ears”[13]. Although Pauling [14] himself
pleaded for the impossibility of $fybridization in O atom, VSEPR model [15-17] wasdked to
correlate the “Rabbit Ear” structure of the molecuut recently it has been pointed out by Lairgj [1
and Sweigart [18], on the basis of photoelectroecspl data, that the two lone pairs on O atom of
water molecule are not equivalent rather one laerpsides in pure p while the other lone painia
s-type orbitals [12,18]. This implies that the twmne pairs of electrons of the O atom of water
molecule are not accommodated in ahapany other type hybrid orbitals. It transpitieat a quantum
theoretical quest for the electronic structure atew molecule is required to settle the issue of
equivalence or non- equivalence and the hybridinatiatus of the lone pairs on O atom

1.1 Dipole moment as a probe of the el ectronic structure of water molecule.

Water molecule is one of the most widely studiedngital systems. Innumerable theoretical and
experimental reports of investigations of the waiggregates have appeared in the scientific luszat
Its dipole moment is quite high. Levine [19] hasnsoarized results of some important theoretical
calculations, and the computed and experimentablelipnoments of water molecule. It can be
predicted easily that the dipoles of hetero-atomaecules are due to the bond moments. Coulson
[20] and Dewar [21] have argued at length thatntiagor part of the dipole moments of molecules with
lone pairs has its origin from lone pair momentsey [20,21] have pointed out that the dipole due to
the charge distribution in a pure s or pure p athiinishes identically to zero because of symmetry
but the hybridization or mixing of s and p orbitalsvarious proportions induces asymmetry in charge
distribution leading to the creation of high dipol®ment. Thus the lone pair moment arises from the
asymmetry of the charge distribution when the ebsxst are accommodated in such hybrid orbitals. In
the above premise, it may be argued that the bomwhents are usually small and can be offset by
symmetry of the shapes of the molecules. Thus i beargued that molecules with lone pairs of
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electrons should have high dipole moments [20,2Z138d the total dipole of hetero-atomic molecules
with lone pairs should have two components —bonchard and lone pair moment-

M = Hehgt Hhyb (1)

The bond moments arise from the charge densityitalision on atomic sites in a molecule and the
lone pair moment arises from the asymmetry of ahdigtribution in hybrid orbitals.

The permanent high dipole moment of water moleaaenot be correlated in terms of bond
moment only because, if the experimental dipole ernfLg) [19] of water molecule is resolved into
bond moments by the formula

g = /2 pp (1+cosh) (2)

where 9 is the valence angles apg is the bond moment anak is the resultant molecular dipole
moment,the bond moment becomes 1.745D and charge deosigach H atom is 0.6208 a.u and that
on O atom is 6.7584 a.u. It is apparent that suchaage distribution is unrealistic as because the
chemical properties abundantly testify that wagenot as acidic as would be predicted by the this
hypothetical charge distribution. It, therefor@nspires that the lone pair(s) of O atom has anidefi
contribution to the dipole moment of water molecWée [22] have recently found that dipole moment
can be a descriptor of electronic structure of muakes containing lone pair electrons. The
hybridization status of lone pair is straightfordian quantum mechanical localized molecular orbital
and the dipole partitioning can ascertain the douation of lone pairs into molecular dipoles. Toaé
pair component of molecular dipole and the hybation status of lone pair are complementary to
each other [22]. Thus we can argue that the dipmment can be used as descriptor of charge density
distribution and the hybridization status in loraerp of electrons in molecules.

However, the electronic structure in terms of tbael pair, bond pair and hybridization is the
contribution of Valence Bond Theory, VBT evolvedtlwtime due to the seminal work of Lewis and
Pauling [14,23]. Pauling’s [14] hybridization isl@cal perturbation under chemical response when
valence orbitals of the responding atoms get blgndst prior to the event of bond formation. In the
Pauling’s scheme of hybridization and structurareation, however, there is one serious drawback
that the model is environment independent and dmestake into account the nature of ligands
attached to a central atom. Bent [24, 25], howesgpplemented the work of Pauling by qualitatively
incorporating the effect of change of environmewouad the atom, the site of hybridization. In may b
further pointed out that Pauling’s hybridizationsadesigned for fixed geometries and if the moleacula
shape evolves during some physical process, there whisper, in this model, to evaluate the change
in hybridization during such continuous evolutidrsbapes of the molecules

The present day theoretical apparatus of studyive rholecular electronic structure is some
formalism either based on the method of HartredeFomothaan and it's numerous variants [26] or the
density functional theory, DFT due to Kohn and aoreers [27,28]. However, it is strongly felt that
DFT is an approximate theory and its final formtalie for application is yet to be developed [29].

The molecular functions generated in terms of learffock-Roothaan’s formalism [26] are called
canonical molecular orbitals, CMO’s or spectroscapbplecular orbitals, SMO’s [13]. The concept of
lone pair and bond pair completely vanishes in ssatbulations. But the lone pair is almost aitgal
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and indispensable in the theory of electronic stmecof molecules. Scientists are recently tryiog t
obtain structures analogous to the valence bonehsetirom the computed MO wave functions. Many
workers, exploiting the freedom of unitary transfiation in Hartree-Fock space, have developed
methods to generate molecular orbitals known aalied molecular orbitals, LMO’s that restores the
concept of lone pair and bond pair in a quantumhaeical way. More recently scientists are engaged
to reproduce reliable electronic structure by tramsig the results of ab initio calculation in the
language of resonance theory [30,31]. The impomagithods of transforming CMO'’s to the LMO’s
are summarized by Pipek et al [32] and Liu et &].[2n alternative view of generating the localized
bond concept in quantum chemistry is natural babdals [34,35].

We [22, 36—38] have found that the hybridizatioh$oae pairs and bond pairs are straightforward
in the LMO'’s generated from CMOQO'’s by unitary tramshation. We have also tested the efficiency of
the method of localization suggested by Sirgund39,40] that the method is fast, efficient and
requires less computer time. Singlwhimself demonstrated that the hybridization cated in terms
of the LMQO’s generated through his method was indyagreement with experimental predictions.
There is one more advantage of the method of Sihano elucidating the electronic structure. We
have found [36, 37] that the unambiguous quanturchaagical hybridization can be evaluated in terms
of the generated LMO’s of molecular conformatiomattevolve during the physical process of
inversion of molecules. Thus we see that the |mie-and bond pair and unambiguous hybridization
in any shape of a molecule can be conveniently coegpquantum mechanically. The CMO’s can be
utilized first to evaluate observables like chadigribution and dipole moment and thereafter these
delocalized orbitals are localized to generateelgmair and bond pairs by suitable unitary
transformation upon the CMQO’s —and the unambiguuoisidizations can be easily evaluated in terms
of the generated LMQO’s. We, therefore, bring thggastion that [12,18] one lone pair resides in pure
p-type and the other lone pair resides in purgs tybital of O atom and also the qualitative “Scpli
Ears” structure of water molecule under seriouststy. To settle the problem whether the lone pairs
of electrons on the oxygen atom of water molectdea@commodated in a pure or a hybrid orbital, we
propose to exploit conveniently the method of dépabrrelation of electronic structure recently
suggested by us [22]. We want to proceed a bitemdhe water molecule occurs in angular shape
(Cyy) in the equilibrium geometry and evolves, follogithe normal modes of vibrations, to linear
form (Dop), the transition state for inversion. It may benped out that the magnitude of barrier to the
linearity of water is quite high [41,42]. It hasdpeopined by many workers that the stretching
frequency of the ‘O—H’ bond of water molecule botlground and excited vibrational levels is worthy
of investigation [3,4,5,6]. We therefore proposeofitimize and evaluate the ‘O—H’ bond strength at
each conformation generated theoretically. The bemergy can be conveniently evaluated invoking
the energy partitioning technique of Fischer andirar [43]. We have already demonstrated that the
energy partitioning approach is a meaningful ventuarlocating the origin of barrier to the physical
process of inversion [36,37] and intra moleculaation [44,45] of molecules. We have, therefore,
taken up a detailed study of the dipole correlatérihe electronic structure of the conformations,
including the equilibrium one, of water moleculdéveeen angular to linear shapes.
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2. Method of Computation

We start with a very closelHOH angle and then the molecule is allowed to exdheoretically
following the normal mode of vibration till the Bar transition state is reached. We adopt the GOT,
the geometry optimization technique in this stutllge approximate SCF—MO method of Pople and
Co-workers [46,47] is invoked to optimize the ldngf O—H bond at each conformation and then the
CMQO'’s are generated at optimized geometry and hlaege density distribution and dipole moment are
calculated. The CMO'’s are then transformed intolthED’s by invoking the Sinanglu’s method of
localization and the unambiguous quantum mechainghiidization on the oxygen atom center is
determined for each conformation.

2.1 Localization and Computation of hybridization

The general scheme of localization may be writteeguation (3) below:
L=TC (3)

Where L is the localized set and C is the canorsealof molecular orbitals, and T is the unitary
matrix which converts a set canonical or delocdlizeolecular orbitals into localized molecular
orbitals. T is suitably chosen by different methaddocalization. We have invoked the algorithm
developed by Sinargu [39,40].

In order to analyze the bonding and the naturatomic hybrids used by various atoms to form
bonds and lone pairs in a molecule, the LMO belogdio a central atom is extracted from the
generated full LMO neglecting the vanishingly smafil-center contributions i.e., delocalized tails.
Since generated LMO'’s are orthonormal, the trurccaddO’s — the bond and lone pair LMO’s are no
longer normalized. The extracted LMO’s are therefognormalized before the hybridizations on O
center are computed. To ensure normalization of hiyierid orbitals and renormalization of the
truncated LMO'’s, we adopt the following procedure:

@nybriay= a(2s) + b(2p) (4)

Now we ensure that

E+b=1 (5)
and

2p = h(2px) + b (2py) + (2pz) (6)
with

bi? + b+ b =1 (7)

However, detailed calculation shows that the natdirthe s-p atomic hybrids is simply found from
the ratio of the square of the coefficients of Bsital and the sum of the square of the coeffiganit
2p orbitals in the LMO’s.
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2.2 Computation of molecular dipole and its partitioning into bond and lone pair moments

The permanent quantum mechanical electric dipolenemd, u of the molecule whose electronic
state is given by is

Hz.'. qJeI* dop Wel dt (8)

where dp is the quantum mechanical operator of dipole mdaniEme electric dipole moment operator,
dopfor a molecule includes summation over both thetedaic and nuclear charges.

| a

where g is the vector from the origin to the nucleus ofraito number 4 and r is the vector to the
electron i.
Since the second term in egn 9 is independenteoélgctronic coordinates, we have

=l Wer {Z(-€ N} Pardt + % Zg € o[ Wi Perdt (10)

= —d (L|Jel)2'zri dt + & Zgrqg (11)

Because of the indistinguishability of the electomwe can write this expression as

n=—eN We)ridt + € Zyrq (12)

where N is the number of electrons in the moleaned 1 is the position vector of electron .
Introducing the electronic probability densipx,y,z) ,we write

u=-elll p(x, y,z) rdx dy dz + E Zq rq (13)
a

The equation 13 gives the electric dipole momemt &ocontinuous charge distribution. Now
expandingp in terms of the molecular orbitals and then exjpamdhe molecular orbitals, in turn, in
terms of the atomic orbitals according to LCAO-MQ@FS scheme and invoking the necessary
approximations of the Pople’s method [46,47], th@eoular dipole moments are obtained as a sum of
two components as already mentioned above:

M = Hehg* Hhyb (1)

1) Heng, @ contribution from net atomic charge densities
2) Mnyb, @ contribution from atomic polarization or hybgdtion resulting from mixing of the
2s and 2p orbitals.

1) The component oflipole from net atomic charges
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Ho(z) = 2.5416 Qa za (debyes) (14)
A

where Q is the net charge on atom A andig the appropriate Cartesian coordinate. Thar@y be
obtained from the following equation

Qv =2Zan—Paa (15)

where Ra is the gross electronic population on atom A ardsZhe core charge.

2) Mnyb, the contribution from atomic polarization or higlization:

atoms (16)

Hsp (2) = —2 P, ®.2pz(A) [ P25 Z@pzarT

atoms (17)

= —7.38702-0x 2 Pas, 20208

were( is the orbital exponent of the orbital centeredatom A; @s are atomic orbitals and P’s are
elements of corresponding density matrix. The hgdnoatoms are excluded from the summation for
obvious reason.

Thus the two components of the dipole moment statsmve may be labeled as dipole due to
hybridization (1), equations 16 and 17, and dipole due to net ehangatomic sitegutng), eqn 14.
The sum of these two components is the molecuflelu already mentioned in egn. 13 above. Thus
the quantum mechanical theory of molecular dipslgggests that high dipole moment originate from
the lone pair electrons accommodated in hybrid talbi with induced asymmetry of charge
distribution.

The localization technique of Sinaito [39,40] works within the framework of approxirea®CF
formalism of Pople and co-workers [46,47]. The moalar dipole partitioning into bond and
hybridization components can be easily envisageB®aple’s approximate SCF method. It may be
further noted that a large number workers [48-jehverified that dipole moments computed through
above formulation invoking Pople’s approximate S@Ethod is quite consistent with experiment.
Relying upon Pople’s suggestion that the total gnef a molecule can be partitioned into one anal tw
center components, Fischer and Kollmar [43] decaagdhe total energy into meaningful physical
components. The algorithm is laid down below inrsho

The total CNDO energy of a system can be writteistan of one center and two-center terms as
follow:

E=2AEa+2a2s8 E/-(\g (18)

where B are monatomic terms andg=are diatomic terms.
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The monatomic termsEand the diatomic termsak can be further broken down into physically
meaningful components as followihe superscripts characterize the physical natitiee energy terms.

Ea=E + B’ + Ea¢ (19)

where RV , Ex” and B are total monatomic orbital energy, electron-etectrepulsion energy and
non-classical exchange energy respectively.

Eas = Eag” + Eag” + Eag” + Eag™ + Eag" (20)

where Bg" is the contribution of the resonance integraltheenergy of A-B bond and is the principal
feature of covalent bondAE’ signifies the total potential attraction of altetfrons of A in the field of
the nucleus of B plus those of B in the field of thucleus of A, ks’ estimates the total electron-
electron repulsion energy between two centers- dBnwhile Bg" stands for nuclear repulsion and
Exs” defines the total exchange energy arising outusintum mechanical exchange effect between
electrons of A and B and is an important quantitthie physical process of chemical bonding.

In view of the above noted cluster of added adwgegawe have invoked the approximate SCF
method of Pople and Co-workers [46,47] in this gtu&tandard parameters [47] and STO basis sets
are used. The overlap and coulomb integrals arguted through the explicit analytical formulae laid
down by Roothaan [55].

3. Results and Discussion

The computed results are presented in Tables ld-8oarbetter visualization, results are drawn in
Figures 1-7. Analyzing the computed localized malecorbitals for each conformation we see that
the valence bond electronic structure of water mo&e is perfectly reproduced in the present
calculation. The LMQO’s corresponding for each confation consists of two bond pairs corresponding
to two o (O—H) bonds and two lone pairs on O atom. The twondbpairs are perfectly equivalent.
Hence we have reported only one LMO correspondingaicho (O—H) bond and two lone pairs of
each conformation in Table-1. The quantum mechéarmghridizations of bond and lone pairs are
computed invoking eqn. 4 in terms of the LMO’s iable-1 for all the conformations of water
molecule and are presented in Table-2. The vanatif the length and the energy of thve(O-H)
bond and the hybridization on O-atom forming thadas a function oflHOH angles are reported in
Table 3. The gross atomic charge densities on CHasites, the dipole moment of the molecule along
with its dissected components, the percentageabiasacter of the hybrid lone pair are presented in
Table 4. The decomposed energy components arenpedse Tables-5-8. The energy of tnéO—H)
bond and the percentage of s-character of thedhgbi© forming this bond are plotted as a functdn
[OHOH angles, the reaction coordinates, Q in Figuréht charge densities on atomic sites are plotted
as a function of the reaction coordinates in Figew& he variations of the dipole moment with its
dissected components of the water molecule argeplas a function of the reaction coordinates in
Figure 3. The lone-pair moment and percentageabfasacter of the lone-pair hybrid are plotted as a
function of reaction coordinates in Figure 4. Thec@mposed energy components are plotted as a
function of the reaction coordinates in Figuresndl &. The electronic structure of the equilibrium
geometry of the water molecule on the basis optiesent calculation has been depicted in Figure 7.
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3.1 The structural effect

We have already mentioned that the informationtirejato the variation of ‘O—H’ stretching
frequency with molecular vibrations in ground angtited state is an important input in correlating
many physical data relating to water [3,4,5,6]orfRrthe results of this calculation it can be distin
noticed that the length of the ‘O—H’ bond is desrieg and its strength is increasing as the molecule
evolves in space from a close angular structurehéo linear form. The increasing of stretching
frequency and increase in the magnitude of enefghe ‘O—H’ bond measure the same physical
effect. It is transparent from the results that thagnitude of ‘O—H’ bond energy is a monotone
increasing function of the evolution of conformatoof water molecule with the gradual opening of
OHOH angle. This may be equivalently stated that shretching frequency of ‘O—H’ bond is a
monotone increasing function of the evolution ohfoomations of water molecule with the gradual
opening of JHOH bond angle It may be cited that a similar startg of bond length and increasing
of stretching frequency ‘O—H’ bond during the plegdiprocess of gradual opening of thElOH angle
was observed in a much more refined calculatiorSohaefer 1l et al [42]. Evaluated quantum
mechanical environment dependent hybridization d@snation of structural evolution demonstrates
that, at each stage of evolution of conformatidre molecule rehybridizes. Or in other words, the
hybridization status of bond pair forming the ‘O-4btnd and the lone pair is a continuous function of
the physical process of evolution of the conforomaiof the molecule following the normal modes of
vibration. It is further revealed from an analysid=igure 1 that the profiles of magnitude of eryenf
the ‘O—H’ bond and the percentage of s-characténehybrid forming the bond increase hand in hand
with the reorganization of the molecular structdrging the physical process of dynamic structural
evolution from G, to Dy,

Hence, the pattern of induced rehybridization orcédter and the variation of the length and
strength of the ‘O—H’ bond with the dynamic contimis change of conformation of the water molecule
is in accordance with the prediction of Coulson][20e may further point out that the hybrid of O
forming theo (O—H) bond is sp°’ for linear shape and not sp as may be envisageduting’s model
of hybridization for linear shape. Foster and Weidh[56], by an NBO analysis, obtained a similar
result on the pattern of hybridization in the linedructure of HO molecule. Thus the computed
structural effect following the dynamic evolutiohamnformation of water molecule is consistent with
experimental [3,4,5,6] and theoretical [42] obsg&ores relating to such process.
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Table 1. Localized Molecular Orbitals, LMO'’s of # molecule at differerifiHOH angles ).

(LMOQO'’s are shown horizontally and the AO’s are showertically)

LMO's 8=90 8 =100 6 =104 0=104.F
AO's o(O-H) 1p.3 1p.C o(O-H) 1p.3 1p.C o(0O-H) 1p.3 1p.C o(0O-H) 1p.3 1.p.C
Ozs 0.2664 -0.0599 0.8540 -0.2898 0.8353 0.0000  -0.2995 0.8262 0.0000 -0.2996 -0.8261 0.0000
Oapx -0.5465 -0.0000 - 0.0000 -0.5363 -0.0000 0.0000 -0.5328 0.0000 0.0000 0.5329 -0.0000 0.0000
Ozpy -0.0000 0.9975 0.0700 0.0000 0.0000 1.0000 0.0000 0.0000 1.0000 0.0000 0.0000 1.0000
Ozpz -0.4414 -0.0362 0.5155 0.4403 0.5497 0.0000 0.4392 05634 0.0000 0.4391 -0.5636 0.0000
Had 0.0249 -0.0000 -0.0000 -0.6591 -0.0000 0.0000  -0.6584 -0.0000 0.0000 -0.6584 0.0000 0.0000
Hid 0.6595 0.0000 0.0000 -0.0074 0.0000 0.0000  -0.0011 -0.0000 0.0000 -0.0009 -0.0000 0.0000
LMO's 6=10% 8=110 f=115 0=120

AO's o(O-H) 1p.3 1p.C o(O-H) 1p.3 1p.C o(0O-H) 1p.3 1p.C o(0O-H) 1p.3 1p.C
Ozs -0.3018 -0.8240 0.0000 -0.3145 -0.8111 0.0000 -0.3286 -0.7962 0.0000 -0.3431 -0.7802 0.0000
Oapx 0.5321 0.0000 0.0000 0.5285 0.0000 0.0000 0.5249 0.0000 0.0000 0.5218 -0.0000 0.0000
Ozpy 0.0000 0.0000 1.0000 0.0000 0.0000 1.0000 0.0000 0.0000 1.0000 0.0000 0.0000 1.0000
O2pz 0.4388 -0.5666 0.0000 0.4362 -0.5849 0.0000  0.4326 -0.6050 0.0000 0.4279 -0.6256 0.0000
Had -0.6582 0.0000 0.0000 -0.6569 0.0000 0.0000  -0.6551 0.0000 0.0000 -0.6530 0.0000 0.0000
Hid 0.0005 0.0000 0.0000 0.0078 0.0000 0.0000 0.0150 0.0000 0.0000 0.0219 -0.0000 0.0000
LMO's 8=12% 8=130 6=135 0 =140

AO's o(O-H) 1p.3 1p.C o(O-H) 1p.3 1p.C o(0O-H) 1p.3 1p.C o(0O-H) 1p.3 1p.C
Ozs -0.3594 -0.7611 0.0000 -0.3773 -0.7387 0.0000 -0.3974 -0.7115 0.0000 -0.4190 -0.6803 0.0000
Oapx 0.5189 -0.0000 0.0000 0.5161 -0.0000 0.0000 05136 -0.0000 0.0000 0.5112 -0.0000 0.0000
Ozpy 0.0000 0.0000 1.0000 0.0000 0.0000 1.0000  0.0000 0.0000 1.0000 0.0000 0.0000 1.0000
Oapz 0.4216 -0.6487 0.0000 0.4134 -0.6741 0.0000  0.4024 -0.7026 0.0000 0.3889 -0.7329 0.0000
Had -0.6504 0.0000 0.0000 -0.6473 0.0000 0.0000  -0.6437 0.0000 0.0000 -0.6398 0.0000 0.0000
Hid 0.0290 -0.0000 0.0000 0.0362 -0.0000 0.0000  0.0436 -0.0000 0.0000 0.0512 0.0000 0.0000
LMO's  0=145 8 =150 6 =155 0 =160

AO's o(0O-H) 1p.3 1p.C o(0O-H) 1p.3 1.p.C o(0O-H) 1p.3 1.p.C o(0O-H) 1p.3 1p.C
Ozs -0.4431 -0.6423 0.0000 -0.4706 -0.5934 0.0000 -0.4997 0.0000 -0.5345 -0.5307 0.0000 -0.4596
Oapx 0.5086 -0.0000 0.0000 0.5065 -0.0000 0.0000 0.5042 0.0000 0.0000 0.5023 0.0000 0.0000
Ozpy 0.0000 0.0000 1.0000 0.0000 0.0000 1.0000 0.0000 1.0000 0.0000 0.0000 1.0000 0.0000
Oapz 0.3712 -0.7664 0.0000 0.3468 -0.8049 0.0000 0.3160 0.0000 -0.8452 0.2747 0.0000 -0.8881
Had -0.6353 0.0000 0.0000 -0.6302 0.0001 0.0000 -0.6248 0.0000 -0.0000 -0.6192 0.0000 -0.0000
Hid 0.0594 -0.0000 0.0000 0.0676 0.0000 0.0000 0.0763 0.0000 0.0000 0.0846 0.0000 0.0000
LMO's  6=165 8=170 8=175 0 =180

AO's o(0O-H) 1p.3 1.p.C o(0O-H) 1p.3 1p.C o(0O-H) 1p.3 1.p.C o(0O-H) 1p.3 1p.C
Ozs -0.5608 0.0000 -0.3692 -0.5876 0.0000 -0.2588 -0.6060 0.1328 0.0000  0.6126 0.0000 0.0000
Oapx 0.5004 0.0000 0.0000 0.4989 0.0000 0.0000 0.4981 -0.0000 0.0000 0.4977 0.0000 0.0000
Ozpy 0.0000 1.0000 0.0000 0.0000 1.0000 0.0000 0.0000 0.0000 1.0000 0.0000 1.0000 0.0000
Oapz 0.2229 0.0000 -0.9293 0.1575 0.0000 -0.9659 0.0811 -0.9911 0.0000 0.0000 0.0000 1.0000
Had -0.6138 0.0000 -0.0000 -0.6092 0.0000 0.0000 -0.6060 0.0000 0.0000 -0.1054 0.0000 0.0000
Hid 0.0926 0.0000 0.0000 0.0994 0.0000 0.0000 0.1038 0.0000 0.0000 0.6049 0.0000 0.0000

81
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Table 2. The hybridization of the bond pair and lone paittloe O-center as a function @HOH
angles (in degrees).

OHOH Hybridization  Hybridization of OHOH Hybridization Hybridization
angle of bond pair lone pair angle of bond pair  of lone pair
90 sp” sp 135 sp’ sp?’
100 sp sp’ 140 sp* sp-?
104 sp° sp’4° 145 sp sp*
104.1 sp? sp’4° 150 sp”’ sp-®
105 sp” sp*® 155 sp* sp°
110 sp’ sp’*2 160 sp”? sp*’
115 sp? sp’*? 165 sp sp>?
120 sp? sp’©2 170 sp’’ sp>?
125 sp® sp’t 175 sp’t sp>°
130 sp’ sp-® 180 sp®’ p

Table 3. The optimized length (, energy (a.u.) &+, of thea—(O-H) and the percentage of s-
character of the hybrid of O-atom forming the O-¢thth as a function aflHOH angles (in degrees).

OHOH O-H bond Eo_n % of s-character of
length bond pair of O
90 1.035 -0.7361 12.66
100 1.030 -0.7487 14.86
104 1.029 -0.7526 15.85
104.1 1.029 -0.7526 15.9
105 1.029 -0.7534 16.1
110 1.027 -0.7574 17.5
115 1.026 -0.7610 18.9
120 1.025 -0.7638 20.41
125 1.024 -0.7665 22.2
130 1.023 -0.7691 24.4
135 1.021 -0.7720 27.03
140 1.020 -0.7746 29.4
145 1.020 -0.7774 33.3
150 1.017 -0.7813 37.04
155 1.016 -0.7852 41.7
160 1.013 -0.7898 45,5
165 1.012 -0.7940 51.2
170 1.011 -0.7979 56.5
175 1.010 -0.8007 58.3

180 1.010 -0.8015 60.0
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Table 4. The charge densities on O atom, q(O) and H atohh), ¢ite dipole moment and its
decomposed components into lone pair and bondhpainents, and the percentage of s-character of
the hybrid orbital accommodating the lone pair cdigOa function ofIHOH angles (in degrees).

OHOH g (O) g (H) Dipole Bond Lone pair % of s-character
Moment (D) Moment (D) Moment (D) of lone pair of O
90 6.2578 0.8711 2.2429 0.9063 1.3366 73.26
100 6.2623  0.8688 2.1497 0.8342 1.3155 69.79
104 6.2661  0.8669 2.1154 0.8097 1.3057 68.3
104.1 6.2662  0.8669 2.1147 0.8092 1.3055 68.3
105 6.2671  0.8664 2.1069 0.8039 1.3030 67.74
110 6.2739  0.8631 2.0646 0.7751 1.2895 65.8
115 6.2825  0.8587 2.0213 0.7483 1.2730 63.0
120 6.2926  0.8537 1.9740 0.7205 1.2535 61.5
125 6.3047 0.8476 1.9216 0.6922 1.2294 58.3
130 6.3186  0.8407 1.8613 0.6619 1.1994 54.5
135 6.3347 0.8326 1.7899 0.6284 1.1615 50.7
140 6.3522  0.8239 1.7046 0.5904 1.1142 45.5
145 6.3715 0.8142 1.6008 0.5474 1.0534 41.7
150 6.3929  0.8035 1.4722 0.4969 0.9753 35.7
155 6.4150 0.7925 1.3153 0.4385 0.8768 28.6
160 6.4376  0.7812 1.1224 0.3698 0.7526 21.3
165 6.4584  0.7708 0.8922 0.2909 0.6013 13.7
170 6.4761 0.7619 0.6207 0.2015 0.4192 6.7
175 6.4879  0.7561 0.3176 0.1033 0.2143 1.8
180 6.4920 0.7540 0.0000 0.0000 0.0000 0.00

3.2 Hybridization

The generated localized molecular orbitals at sageal that two lone pairs on oxygen atom are not
equivalent —one lone pair is in a pure p-type atbit all conformations while the other lone pairin
an s-p hybrid in almost conformations. But the bgadts are always s-p hybrids. But the computed
data reveal one amazing pattern of change ofidigation of lone pair and bond pair on O atom
center as a function of the physical process Hft€ D, structural evolution of the molecule that the
extents of contributions of s orbital into the twgbrids have mutually opposite trend of variatibn.
the lone pair hybrid, the percentage of s in tharidyis more when thelHOH angle is smaller, and the
contribution of the s-orbital to the hybrid is legsen theeJHOH angle is larger and is minimum at the
Don form when the when the hybrid orbital accommodatone pair becomes a pure p- type orbital.
On the other hand, in case of bond pair, just opptend is observed. The contribution of s ofbita
the hybrid of O atom forming the ‘O—H’ bond increassteadily with the opening 6afHOH bond
angle and becomes maximum at the transition stéte contribution of s into the hybrid
accommodating lone pair decreases while that irridhyflorming the ‘O—H’ bond increases as the
molecular structure evolves continuously from aseldHOH angles towards the transition state for
inversion. Thus, as the molecule evolves in spgasohtinuation of the normal modes of vibration by
opening theCJHOH angle to reach the structure of transitionesfat inversion, the percentage of s-
character in the hybrid orbital accommodating |qmer electrons decreases steadily until the
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hybridization vanishes completely into a pure petgpbital in the transition state. Thus the symynetr
of the charge distributions in two lone pairs oc&fom is equivalent only in the linear form and libree
pairs are now accommodated in pure p type orbitdsv let us consider the hybridizations of all bond
pair and lone pair of the molecule at the equilibrigeometry. A closer look at the Tables land 2
reveals that one lone pair is in a pure p-typetatfind the other lone pair is in an s-p hybrid{§p
Theo-(O-H) bonds are formed by %phybrid orbitals of oxygen atom. Thus, the quantaethanical
hybridization in O atom at the equilibrium geometfyH,O molecule is far from the 3pype and the
“squirrel ear” or “rabbit ear” is a myth and thevennment around O atom is far from being symmetric
as contemplated earlier. It may also be statedtttefpresent quantum chemical calculation proves
unequivocally that the lone pairs of O atom of watwlecule are not accommodated in pure p and s
type orbitals as suggested by Laing [12] and Sweid®]. We have noted that the percentage of s
character of the hybrid lone pair is 73 when fBEOH angle 98, It is further noted that the
contribution of s into this hybrid increases witkcdeasingHOH angle. But the chance of one of the

lone pairs being s-type is completely ruled outdose, although s character of this lone pair isaga
with decreasinglC]HOH angle, the barrier height is quite high and yafon of HO at this
conformation is nearly 0.2% at 300K. The physicalcess of decreasing biHOH angle may increase
the percentage of s-character but there can bepolation because of high energy of reorganization
of structure. Hence such electronic structure diewenolecule in which second lone pair is in pure s
type orbital in addition to the one in a pure petyphbital is highly improbable or unrealistic.

Table5. The partitioning of the one-center energy (a.u.Deatom into its physical components.

OHOH angle E’ E’ = Eo

90 -31.58767 16.18246 -2.18136 -17.58657
100 -31.59862 16.20565 -2.18183 -17.57480
104 -31.61243 16.22516 -2.18344 -17.57071
104.1 -31.61266 16.22546 -2.18347 -17.57067
105 -31.61634 16.23043 -2.18391 -17.56982
110 -31.64297 16.26535 -2.18724 -17.56486
115 -31.67830 16.31029 -2.19179 -17.55980
120 -31.72037 16.36259 -2.19726 -17.55504
125 -31.77149 16.42557 -2.20401 -17.54993
130 -31.83098 16.49839 -2.21196 -17.54455
135 -31.89983 16.58259 -2.22127 -17.53851
140 -31.97510 16.67408 -2.23160 -17.53262
145 -32.05862 16.77533 -2.24331 -17.52660
150 -32.15127 16.88867 -2.25649 -17.51909
155 -32.24723 17.00558 -2.27048 -17.51213
160 -32.34468 17.12527 -2.28491 -17.50432
165 -32.43543 17.23637 -2.29869 -17.49775
170 -32.51231 17.33083 -2.31056 -17.49204
175 -32.56366 17.39420 -2.31853 -17.48799
180 -32.58154 17.41610 -2.32135 -17.48679
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Table 6. The partitioning of the one-center energy (a.u.Heatom into its physical components

[JHOH angle EY E EX =
90 -0.55637 0.28454 -0.14227 -0.41410
100 -0.55495 0.28307 -0.14154 -0.41342
104 -0.55374 0.28185 -0.14092 -0.41281
104.1 -0.55372 0.28183 -0.14092 -0.41281
105 -0.55342 0.28152 -0.14076 -0.41266
110 -0.55127 0.27933 -0.13967 -0.41161
115 -0.54850 0.27654 -0.13827 -0.41023
120 -0.54528 0.27331 -0.13665 -0.40862
125 -0.54142 0.26945 -0.13472 -0.40669
130 -0.53696 0.26503 -0.13251 -0.40444
135 -0.53182 0.25998 -0.12999 -0.40183
140 -0.52625 0.25455 -0.12728 -0.39898
145 -0.52010 0.24864 -0.12432 -0.39578
150 -0.51323 0.24212 -0.12106 -0.39217
155 -0.50618 0.23551 -0.11776 -0.38843
160 -0.49898 0.22886 -0.11443 -0.38455
165 -0.49233 0.22279 -0.11140 -0.38094
170 -0.48668 0.21772 -0.10886 -0.37782
175 -0.48290 0.21435 -0.10718 -0.37573
180 -0.48160 0.21319 -0.10660 -0.37501

Table 7. The partitioning of the two-center bond energy(E (a.u.) into its physical component.

OHOH angle E'oH Eo-H E'on E'on E on Eo-n
90 2.58453 3.06787 -5.44511 -0.23210 -0.71133 €143
100 2.58869 3.08253 -5.45976  -0.23371 -0.72650 48¥3
104 2.58656 3.08570 -5.46024 -0.23385 -0.73074 5Zn7

104.1 2.58639 3.08552 -5.45996 -0.23384 -0.73074.752B3
105 2.58535 3.08552 -5.45904 -0.23381 -0.73140 533F
110 2.58170 3.09153 -5.46031 -0.23383 -0.73649 5700
115 257411 3.09454 -5.45600 -0.23343 -0.74027 6103
120 2.56493 3.09756 -5.45013 -0.23284 -0.74333 638Y
125 2.55345 3.10059 -5.44241 -0.23199 -0.74617 66h3
130 2.53982 3.10362 -5.43289 -0.23089 -0.74879 6913
135 2.52546 3.10969 -5.42514  -0.22968 -0.75234 7Z2DY
140 2.50764 3.11275 -5.41224  -0.22803 -0.75475 74B3
145 2.48586 3.11275 -5.39379 -0.22586 -0.75636 770Ql7
150 2.46654 3.12193 -5.38457 -0.22384 -0.76139 8iR3
155 2.44276 3.12500 -5.36714 -0.22117 -0.76461 8516
160 2.42161 3.13426 -5.35680 -0.21866 -0.77024 8983
165 2.39873 3.13735 -5.34049 -0.21580 -0.77381 9407
170 2.37940 3.14046 -5.32722 -0.21329 -0.77723 9188
175 2.36691 3.14357 -5.31956 -0.21164 -0.77996 0d®8
180 2.36200 3.14357 -5.31562 -0.21098 -0.78052 0i%:B
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Table 8. The patrtitioning of the two-center H----H non-boddeergy (a.u.).
into its physical components

OHOH angle  Enw ENnn E'hn En Evn Ern

90 0.26717 0.36155 -0.61344 -0.00076 -0.01257 9501
100 0.24857 0.33534 -0.57219 -0.00000 -0.00318 8B40
104 0.24142 0.32632 -0.55695 -0.00000 -0.00044 0391
104.1 0.24129 0.32614 -0.55665 -0.00000 -0.0003901039
105 0.23968 0.32417 -0.55325 -0.00000 0.00016 U®10
110 0.23131 0.31456 -0.53601 -0.00006 0.00285 6D12
115 0.22305 0.30581 -0.51947 -0.00023 0.00516 3214
120 0.21521 0.29810 -0.50418 -0.00048 0.00705 (PJ)NES)
125 0.20761 0.29132 -0.48984 -0.00082 0.00875 017
130 0.20024 0.28539 -0.47638 -0.00125 0.01028 2818
135 0.19321 0.28051 -0.46410 -0.00176 0.01172 6819
140 0.18630 0.27606 -0.45223 -0.00235 0.01306 8020
145 0.17939 0.27199 -0.44061 -0.00308 0.01441 am22
150 0.17304 0.26935 -0.43071 -0.00389 0.01581 6023
155 0.16675 0.26674 -0.42082 -0.00483 0.01718 0225
160 0.16114 0.26522 -0.41254 -0.00580 0.01856 6826
165 0.15600 0.26370 -0.40478 -0.00679 0.01979 0D27
170 0.15188 0.26271 -0.39867 -0.00768 0.02083 0D29
175 0.14926 0.26221 -0.39485 -0.00826 0.02151 8029
180 0.14832 0.26196 -0.39342 -0.00848 0.02174 a®»30

3.3 Dipole moment

86

The fact that the dipole moment of water molecslejuite high and has two components at all
conformations excepting the linear form only is Memonstrated by the computed results (Table 4).
It is also evident from the results of dipole c#dtion that as the molecule evolves in shape from a
close[JHOH angles towards the TS for inversion, the dipoteament and its dissected components, the
bond moment and the lone pair moment, all decresisadily and becomes zero at the linear
conformation of the molecule. The gradual decréagbe lone pair moment with structural evolution
and its vanishing at the linear form may be justiffrom the gradual destruction of asymmetry of
charge distribution of the hybrid orbital accommitta such lone pair. We have already noted above
that, with the evolution of structure with gradoglening oftIHOH angle, the contribution of s-orbital
in the s-p hybrid accommodating the lone pair dese sharply. The nature of hybrid is changing very
fast with the evolution of conformations and itobecoming predominantly p-character by elimination
of the contribution of s-orbital from the s-p hydrivhich is evident from the percentage of s chiarac
of the lone pair in Table 2. We have seen aboveithtoe linear form of the molecule, the lone pair
are all accommodated in pure p type orbitals anttééhe contribution of lone pair to the dipole
vanishes because of symmetry. The bond moment hemiby the geometrical symmetry of the
transition state where two bond moments cancel edlolr. Evaluated data reveal that the bond
moment component decreases as a function of theigathyprocess of structural evolution of the
molecule from close bond angle to linear transigtate. Now let us attempt a rationale of variabdbn
bond moment component with structural evolutioniththe increase in valence angle abov& €te
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resultant of bond momentgr should decrease because the resultant of the &wd moments is
given by

g = /2 pp (1+c0sh) (2)

wheref is the valence angles apglis the bond moment.

Table 4 demonstrates that, with the evolution efdgbometry and shape o$® molecule in space
towards the transition state, the charge densit® @om increases and that on H-atom decreases. Thi
pattern of charge rearrangement on the atomic withsthe physical process of structural evolutisn
more transparent in Figure 2. This computed pattércharge rearrangement goes to increase the
charge disbalance between O and H atoms, and lleaasharge rearrangement goes to increase the
bond moment. Table 3 demonstrates that the ‘O-Hidbtength decreases with the structural
evolution. Thus the structural effect associateth whe transition of the molecule from angularhe t
linear shape goes to decrease the bond moment cemipof the water dipole. It transpires that the
increase iINJHOH angles during the physical process of struttewalution from angular shape has
diverse effect on the factors contributing to tlwed moment. To sum up, we see that the physical
process of opening oflIHOH angles has the effect on bond moment as follqWysthe charge
imbalance on O and H atoms tends to increase, whardds to increase the bond moment; (ii) the ‘O—
H’ bond length shortens, which tends to decreasédtmd moment; (iii) the effect of increasing bond
angle tends to decrease the dipole moment accotrdiagn.2 above. Thus the resultant effect of these
three components tends to decrease bond momenstuitttural evolution of the molecule following
the normal modes of vibrations and in the lineamfothe bond moment becomes zero by cancellation
because of structural symmetry. The lone pair maralso vanishes at the linear form because of the
symmetry of atomic orbital functions. The Figurai8ely reveals the correlation of the variation of
the total dipole moment and its components of th® Hholecule with the physical process of @

Do structural evolution. From Figure 3 and Table & ievident that, in making the molecular dipole,
the contribution of the bond moment is smaller th@ame pair moments in all conformations of the
molecule. This implies that the major fraction loé tdipole moment of ¥0 molecule comes from the
lone pair moment. From the Figure 3 it transpirest, with the gradual evolution of the molecular
shape, the total and the lone pair component deeratan accelerated rate but the bond moment
decreases very slowly. It is further demonstrateérigure 3 that the pace of variation of total maine
and the lone pair component are very close to edwdr while that of bond moment is slow. The lone
pair moment is controlled by its asymmetry in cleadistribution. This asymmetry sharply declines
with structural evolution whereas the bond momeas lat least three contributing but mutually
opposing components. Thus, the magnitude of dipwenent of the KD molecule and its variation
with the physical process ohto Do, structural evolution cannot be justified unlessocsasider that

at least one lone pair on O atom is housed in adhygobital because, if the two lone pairs are umeps
and pure p type orbitals, the dipole due to lonespaould vanish identically to zero [20, 21]. The
variation of lone pair moment with the change ignasietry of the orbital accommodating such lone
pair is more transparent in Figure 4. An intergptiasult transpires from the present study. For the
generation of dipole, it is absolutely necessant the orbital accommodating electrons must have
asymmetry. To induce the required asymmetry, th&ingi of different orbitals is a condition
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precedent. The larger the induced asymmetry, tlgeedas the magnitude of dipole. The variation of
the magnitude of lone pair moment and the role e percentage of s-character of hybrid
accommodating this lone pair electron is distimont Figure 4. It is also transparent from Figure 4
that the rate of reduction in magnitude of lone pabment and the percentage of s- character of the
hybrid accommodating the lone pair become acceléras the molecular conformations reach nearer
and nearer the transition state for inversion. Timgspresent analysis of the dipole moment gD H
molecule in terms of computed results proves unexaily that the two lone pairs of O atom are non-
equivalent and it can not be fact that one lone isain a pure p type and the other is not in ®typ
orbital at equilibrium or at conformation nearinigetequilibrium conformation. It is once again
transparent that the dipole moment and the hylaidin status of an orbital accommodating lone pair
electrons are webbed with each other. One is therigtor of the other.

Figure 1. Plot of 'O-H' bond energy (a.u) and percentage afaracte
of the O hybrid forming the bond as afunction bandles during the
physical process of angular to linear evolutiomofecular shape.
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Figure 2. Plot of gross atomic charge densities on O, ga@)H, q (H)
atoms as a function of bond angles during the palprocess of angular
linear evolution of molecular shape.
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Figure 3. Plot of the total dipole moment and its dissec@chponents
as a function bond angles during the physicalggsof angular to line
evolution of molecular shape of water molecule.
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Figure 4. Plot of lone pair moment and percentage of s-charaf O-
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3. 4 Energy partitioning analysis and the origin of barrier

We have already pointed out that the inversioniéaaf water molecule is quite high [41,42]. This
implies that the major population of water struetwrill be at the equilibrium shape. We have studied
the electronic structure and the variation of ttrerggth of ‘O—H’ bond of the conformations of the
molecule. The high magnitude of linearization ke&rrhas a deep bearing on the shape and the
magnitude of dipole moment of the molecule. Hergtempses of the origin of the barrier and the
reason of its high magnitude are highly relevarddtile the electronic structure of water molec\We.
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attempt to rationalize conformational behaviourwatter molecule in terms of decomposed energy
components. The type and number of one- and twtecdronded and non-bonded interactions are
transparent from the shape of the molecule. Theremly three one-center energetic effects on @ato
and two H atoms, only two bonded ‘O-H’ interacti@ml only one ‘H----H’ honbonded interaction.

One-center effect

It is distinct from the evaluated one-center engcgeffects on ‘H’ and ‘O’ atoms that all the one-
center effects act in same direction when the stracof the molecule evolves through opening the
OHOH angles and effects strongly resist the openingHOH angle. The nature of variation of the
one-center energies on ‘H and ‘O’ atoms are moegealing from Figure 5. Figure which
demonstrates that the one-center energetic effectd and O atoms increase sharply with increasing
[JHOH angles. A close look at the Tables 5-6 andyufé 5 reveals that the rate of rise in the
magnitudes of the one-center energetic effects thighopening of IHOH angle is so accelerated that
these energetic interactions make the inversiondsaf water molecule quite high.

Figure5. Plot of one-center energies on O and H atoms é&. &) functio
of bond angles during the physical process of amgol linear evolution ¢
molecular shape.
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Two-center effect

From the computed data of the two center bondedH'Dinteraction it is evident the bond energy
decreases sharply with the openingl®fOH bond angles and strongly accelerates the

Physical process of evolution of conformations fr@ to Dy, form and this bonded interaction
goes to reduce the height of the barrier to ineersiThe evaluated two-center ‘H---H’ nonbonded
interaction demonstrates that is repulsive in alhformations and the interaction decreases with
increasingJHOH angles. The two energetic effects are plotged &unction of reaction coordinates in
Figure 6. The nature of variation of these two-eemdffects is transparent from the profiles of the
respective energetic effects. The steady variatiotheses energetic effects with reaction coorémat
shows that these effects tend to accelerate thsigathyprocess evolution of conformations following
the normal modes of vibration by opening thlOH angles. The two-center energetic effects, bande
and non-bonded, together reduces the height ofbtrger to inversion. The energy partitioning
analysis reveals that one-center effects retarglhlysical process of linearization of structure vehas
the two-center effects accelerates the processfr8ut Tables 5-8 it is evident that the magnitudle o
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one-center energetic effect at each stage of stalatvolution is considerably higher than thatved-
center effects and as a result, the barrier hésggtiite high. It may be argued in terms of theliekp
algorithm of energetic effects that the of accetataate of variation of the one-center energdfaces
occur following the pattern of charge rearrangemasta function of evolution of molecular
conformations.

4. Conclusion

A detailed quantum chemical computation of the iybations at O atomic center, and the dipole
moments of large number of conformations betweeloge angular shape to linear transition state for
inversion of HO molecule have been performed. The purpose optasent study is to settle the
problem of the electronic structure of the moleowlth regard to the hybridization status of the two
lone pairs of electrons on the O atom. Impetufefdresent study comes from the fact that it iplyee
implanted in the minds of chemists and physiciktt the electronic structure of water molecule is
such that the two lone pairs of O atom are equitgbepularly known as “squirrel ear” structure for
quite a long time. Recently there is another suggesegarding the electronic structure of watethoan
basis of photoelectron spectroscopy that one laireipin p type orbital and the other lone paimis
type orbital [12,18]. We have recently observed] [@&t dipole is a good descriptor of the status of
hybridization of lone pair electrons. Our approashtwo fold: Direct evaluation of quantum
mechanical hybridization of all bond pairs and Igaérs and the analysis of molecular dipole in &erm
of its origin. The evaluated dipole is partitionedo its contributing components and then the
component dipoles are correlated in terms of quantoechanical hybridization of lone pairs and
charge distribution in the molecule. We have thecaily generated a large number of molecular
conformations below and above the equilibrium getoynend the method of geometry optimization,
GOT, has been adopted. The electronic structurgstarmybridization status of all conformations are
straightforward in terms of the localized molecuwabitals, LMO’s. Although the two bond pairs and
lone pairs are distinct in all conformations, thelecule rehybridizes continuously as a function of
evolution of shape. The computed hybridization shtwat one lone pair is accommodated in a pure p
orbital and another longair is in a hybrid orbital in almost all confornmats. The asymmetry of the
hybrid orbital accommodating a lone pair electrassappreciable in conformations around the
equilibrium conformations but such asymmetry fastidishes with the physical process of attaining
the transition state of inversion through the ndrmades of vibration. The molecule has symmetric
electronic structure at the linear form where alnponents of dipole vanisin the above we have
seen that the dipole moment and nature of hybkderamodating lone pair electrons may be used as
their mutual descriptor. When the hybridizationtistaof a lone pair electron is known, the lone pair
dipole can be predicted and when the lone pair corapt of the molecular dipole is known, the nature
of hybrids accommodating lone pair electrons ineunoles can be guessed. The obvious correlation
comes from the fact that if lone pair electrons areommodated in pure atomic orbitals, its dipole
vanishes identically to zero because of symmetnt iBa lone pair is accommodated in a hybrid
orbital, asymmetry is induced resulting in the gatien of high dipole moment. Thus a dipole
correlation of the electronic structure of waterl@sale is a quite meaningful attempt of depictity) i
true representative electronic structure. The tesaflcalculation of hybridization status and Iqaer
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component of molecular dipole seem to demonstratzjuivocally that the two lone pairs are not
equivalent. The analysis of the variation of dipgiement as a function of angular to linear strwdtur
evolution reveals that the dipole moment gfOHmolecule is not due to the bond moments onlyabut
significant contribution comes from a lone pairusthit is strongly established that the dipole momen
of water molecule at and around the equilibriumngety is not due to the bond moments only and the
major part of the molecular dipole comes from tbetdbution of lone pair electrons. This necessgat
the accommodation of a lone pair of electrons hylarid orbital. The computed data reveals that one
lone pair is in a pure p-type orbital and the otbee pair is in a hybrid of s and p, and not ipuae s
type orbital as suggested on the basis of photwelespectra. The problem of equivalence or non-
equivalence of the two lone pairs of the O atomvater seems to have been finally resolved by the
present quantum chemical dipole correlation oftebedc structure. Present detailed quantitativelstu
completely rules out the possibility of accommodgtone of the two lone pairs in pure s orbital at
equilibrium or near equilibrium shape of water noolle. We may refer to one qualitative and another
quantitative suggestion regarding the electromicttire of water molecule which support the finging
of the present analysis. Hall [57], and FosterAfainhold [56] suggested that, of the two lone pafrs
water molecule, one should be in a pure p-typetalrbind the other in a hybrid. One more important
result of the present study is that with the phaisprocess of structural evolution from close aagul
shape to the linear transition state the lengttheto (O—H) decreases and its strength increases as a
monotone function of reaction coordinates. The blemgth is shortest and strength is largest at the
transition state of structural inversion. We maferdo the results of a very refined calculatior2][4
that one physically significant feature of forceldi that the stretching force constants at thealine
geometry are considerably larger than their equuiih counter parts. The energy partitioning asialy
has been invoked to rationalize the high barridgtteof the inversion of structure of the water
molecule. The electronic structure of the equilibr geometry of the water molecule, on the basis of
the present calculation, has been depicted in Eigur

Figure 6. Plot of 'O-H' bonded and 'H---H' non-bonded int&icn
energy (a.u) as a function of bond angles duriegpthysical process
angular to linear evolution of molecular shape.
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H H

Figure 7. The electronic structure of water molecule at iopiiim geometry.
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