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A model for eIectroslatxc interaction that leads to a stable equilibrium or bmdmg at large dtstances
berween a pair of molecules is. presented The approach assumes one of the pair of molecules to be
pere eived by the other, at Iong-range as made up of point-multipoles. An electrostatic potential energy
ot mteracnon between the pair of molecules derived from a single theory has both attractive and (shorter-
'nmge) repulstve energy terms for each multipole momem of the mulnpolar molecule For (HZO) 2 dxmer
[Acc. Chem. Res., 10; 294, (1977)], the model predtctsabmdmg energyof-6 1882 kcal mor' and 2. 7271 :
* equilibrium OO dzstance in good agreement wi:h the experimental values. : S L
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INTRODUCTION o where R, points from the centre of the charge
The electrostatic energy of interaction between the  distribution of molecule a to the centre of charge
undistorted charge distributions of molecules @ and  distribution of molecule b and the r,; and r,; go from

b is given'™ by thr centres to arbitrary points of the respective
9.9 charge distributions i and j. in terms of the
aly (1)  multipole moments of the two charge distributions,

R,-r,+ Y ‘ E,, is expanded either in Taylor series

= UZ’ Z 9.9y expl- (7, - 1) V]( A ) r.idry; (2)

where V operates only on R,,, or in Legendre functions

® 0 m=t+n< 1y +|m|
ZZ 2 ZZ COY o, )t Loy B, (cosd,)

n,=0ny=0m=-n< 1( (n + |m|)'(nb |m|)! n 1+ +1 qalqu

x P (cosf), )e™

S DT, )t 05O

= n,=0n, =0m=—n< (n + Im|)'(nb + ’m|)g Rn iy +1

which leads to the so-called multipole expansion!%°, imgy,
o poleexp D Op = Z %,’"b, P (cos e Y .....(4)
oy Z qu7q Py (cosf,)e™ and respectwely In general, (3) is evaluated by using

experimental values of the permanent multipole
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moments of molecules a and b for various
orientations  and R,,*'*'*%
- permanent

mechanically from first principles®*'%, In
calculating the permanent multipole moments,
Mullken’s population analysis and its extensions,
which includes the distributed multipole analysis
(DMA)Y, multipole-fitted point charge (MFPC)
model'®"" and the multicentre multipole expansion
(MME)*"" etc., are used. Alternatively, E, is
calculated quantum mechanically' from

E;'s =< @ 2¢ 2[”.:1?

where H,, is the Hamiltonian of the a.b complex
that is expressed as a sum of single-molecule (H))
and bi-molecule (H,))contributions. .’ and ®," are
the zeroth order wavefunctions of molecules a and
b.

However, it has been amply demonstrated that
the multipole pair electrostatic energy (3) or (5) is
either attractive or repulsive and cannot give a
potential minimum or electrostatic binding™ '*!3142"-
. As a result. it has always been found necessary
to make further assumptions for some steric
Eindrance (i.e. repulsion) between molecules a and

at short distances so as to maintain their
separation and integrity*' . A total energy of the
form

W= Ees + Erep

wa: assumed’**®, where E,, is the invoked short-
range repuision term and is treated separately and
differently, purely empirically****3*4° and quantum
mechanically? #2330 from E,, in the literature.

- Quantum theoretically, E,, is said to arise from
overlap or electronic exchange repulsion as a
result of inter-penetration of the charge clouds of
molecules @ and b at short-range”’

E,,=<a00i|H,leol0)>-F <ol o> (7)

where a” is an antisymmetrizer. Equation (6) has
been the ‘basis of numerous calculations of the
interaction energy between pairs of undistorted
molecules'*.

or by calculating the
multipole moments quantum

00)>-3, < olHp)>.(5)

A question of great impbrtance is whether the

- electrenic interaction between a pair of molecules

could actually lead to a stable equilibrium, that is _
intermolecular binding without the invocation of the
overlap or electronic exchange repulsion energy
term (7). However, we have previously reported a.
model! for electrostatic interaction that leads to a
stable equilibrium or binding at large distances
between two molecules @ and 5*'. The model
assumes the electrons of molecule a to perceive b as
point-dipole at long-range. Although the
electrostatic potential energy of interaction derived
leads to a stable equilibrium between the two
molecules it contains dipole and odd higher
multipole: terms only. In the presemt work, the
interaction is effectively generalized by assuming
the elecgrons of a to perceive b as made of point-
dipole and point-quadrupole. As we shall show in
the following sections, the electrostatic potential
energy of interaction derived also leads to a stable-
equilibrium at large distances and contains all
multipole terms.
i

A MODEL FOR ELECTROSTATIC
INTERACTION BETWEEN A PAIR OF
MOLECULES AT LONG-RANGE DISTANCES

For identical pair of molecules a and b, the
electrons of @ may be taken to perceive b as
consisting of point-multipoles, when molecule a is
very far away from molecule b and vice versa. Then
the coulothbic or electrostatic energy of interaction
between the electrons of a and the point-multipoles
of b is taken as the pair electrostatic energy of
interaction. Also, a body fixed coordinate is chosen
for the derivation of the interaction potential energy
between the electrons of molecule a and the point-
dipole and -quadrupole of molecule b as shown in
Figs. 1 and 2. To avoid the overlap of the charge
distributions of the two molecules, the length of the
ideal multiples and the size of melecule @ are taken
to be very much smaller than the intermolecular
distance in the analysis which implies that

(i) r, << TPJ
(iiy 1<< TP,

in both Figs. 1 and 2.
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Fig. 1. A model for electrostatic interaction between
the electrons of molecule g and a point-dipole of

molecule b,

/
)/

/
//
M~

Fig. 2. A model for electrostatic interaction between
the electrons of molecule g and a point-quadrupole of
molecule b.

A. The dipolar interaction potential energy

The basic expression for the interaction
potential energy U,; between a point-dipole, u,
centred on molecule » and an electron -¢; of
molecule @ may be seen from Fig. 1 to be given by

From the geometry of Fig. 1 equation (9) may be
shown to become

, eﬂ‘ L e o -
U, = TPJ. Sin(f - aj)(sma - sing') ..(10)

where it can be shown that

[TP} sin®(B - a)]"
TP, Sinz(ﬂ'_ a,)+ (112 TP, cos(f - aj))z]z/z

sing =

. (77} sin* (8 - a1
sinf'= (7P, sin? (f - a )+ (I/2+ TP, cos(f - a,_))l]uz

Inserting equations (11) and (12) in (10) we have

\

. te,q 1. 1 o
- N7 N2
TOTR 1+ k)T (14K,
where we put
I? Icos(f—~a.)
K = - p L and
4TPj TPj
2 Icos(ff~a,) ,
K, poa) . . (14)

TP,

= +
ATP} )
From equation (8b) and (14), it follows that
K, K, << 1 so that (13) can be expanded. By
choosing the -ve sign in (13) and summing over all
the electrons of molecule a, the result of the
expansion is given by

U, =2 U,
! €

J
= -y; TP cos(f-a,)

+ terms for odd higher muitipoles
_where y is the dipole moment of molecule & defined

as
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B. The quadrupolar interaction potential energy

Similarly, the basic expression for the
interaction potential energy U, between an electron
-¢, of molecule g and a pon-quadrupole centred on
molecule b may be seen from Fig. 2 to be given by

11
Uy = e"[‘*?ﬁ] -

24

?‘P,

eq 2e q

= m,—)(sina+ sinf') - TP, een(17)

Following the procédure for eliminating sina
and sinf? “from the steps of (11) to (13), using Fig.
2. we obtain

te g 1 l 2e q
U, = —> + ’ i8
2 TPJ (l + K3)1/2 (1+ K4)”2 ( )
where we put
12 lcos(f - a )
K. = T - ﬂ . an
S TP? P
7 7
I 2lcos(f - aj)
e o W T 19
Re=gprt~1p ¢

From (8b) and (19) also, K;.K, << 1 so that
(18) can be expanded. Again by choosing the -ve

sign in (18) and summing over all the electrons of .

molecule g, the result of the expansion is also given
b

Y

- :?

Vo= U,
)

- 4de, e.
= C) —=- / P-a)-1]
7, QZI:;;,];{ROS (B-a)-1

+ terms for even higher multipoles . ...(20)
where C and O are the monopole (i.e. net charge)
and guadrupole moments centred on molecule b
* defined as

C=qg and Q=ql’

C. Thetotal pair electrostatic interaction potentici
energy

The total pair electrostatic potential energy, U,

{21)

of interaction is a sumi over the individual
interaction energies between the electrons of
molecule a and the monopole, dipole, quadrupole,
......... , Nth multipole moments centred on molecule
h. L ucklly, this is given by the sum of equa‘nons
(15) and (20), viz

U=U,+U,

de,
C.., 7;;- /!Z

TP2 cos(ﬂ a;)

- QZ — [cos (B-a, )—Ej

+ terms for higher multipoles  ............(22)
where C, p, (J, etc. are permaneni wmultipole
moments centred on molecule b.

It is no doubt better to have the angular
dependence on the right hand side of (22) @
of 8 only, the orientation of the poir
with respect to the intermolecular axis, i
1 and 2 (which can be fizxed classicall
allows the elimination of a, which is the i
of the vectorial distance between electron
molecule ¢ and the centre of the charge
of molecule b with respect 1o the int
axis (which is difficult to handle).
ATOP; of both Figs. 1 and 2

g sm;v ;

TP

SlIlClj =

s0 that

cos(f - a,) = cos ﬁ[ 1

By equation {/
but the right
leads to very rx:mmph ,,mﬁm i
multipole terms. However,
can he sesn ‘mm digs. 1 oang 2,




by metal ions fall into this category, for instance.
For such a special case (i.e. # = 0°), the potential
energy U in (22) reduces to

risin’y j] v

U’"CZ TP, '”Z TP’ [ TP

) 3r} sin’ yj]

2
TP,

e,
- QZ 13

7 TP,

+ terms for higher multipoles
Employing the large intermolecular distance
approximation of equation (8a) allows us to
 expand (1 ~r}sin’y, / TPJZ) to obtain an infinite

series but which converges immediately since, for
large distances, r; << TP, Hence from (8a), all

terms in (rj siny ; /TP, ) higher than quadratic

may be neglected. The Expression for U resulting
from this is thus

e, 1e;r’sin’y,
“llz Y 2
w4 \Tr 2 1R

2 2.2
_ QZ { 2ej3 ) 3e,r; s1;1 7j]
7P TP,
-+ terms for higher multipoles

Except for the monopole, each multipole has two
terms: the first, as can be seen from (26), is
attractive while the second is repulsive (of shorter-
range than the attractive term) so that each
multipole term leads to a stable equilibrium or
binding. Neutral molecules, iowever, have zero
monopole, i.e. no net charges, hence the monopole
term vanishes for them. Lastly, we have seen that
the elimination of the angle g, in (22) leads to the
extraction of attractive and repulsive components
for each multipole term for neutral molecules.

Up till now, we have not arrived at the final
form for the electrostatic potential energy U

because the  7P" factors in equation (26) above

may be expanded in terms of Gegenbauer
“polynomials. From both Figs. 1 and 2, we see that

-5 Nigenan Joumal of Chevmcal Researc :

-2

TP = (rj2 + R} -2rR, cosyj) ;

-n/2
Ti j—n = (rf + ij - 2rjRab cosy j) .27

The expansion of TP " is written as

k
1 O %
23 [——R’ ] C{" (cosy ;) 28)
ab . .

ab k=0

Tj""=

where cosy, can be shown to be given by

cosy ; = cosf,, cosé, + sing, sind, cos(¢, - ¢)

where also the subscript N stands for 4 or Q as can
be seen from the Figs. 1 and 2.

Putting the values of the 7P " from equation
(28)in (26) U becomes
Y Z 4e rfCi'® (cosy )

k+1
J k=0 : Rab

5 i [9 rrC® (cosyj) 1e,rfsin’y CP (cosyj)]
- H 3
7 Ry? 2 Ry
x 2ejrj*C§3’”(cosy/) 3e, r"+2 sin? 7J.C§5’2’ (cosy )
- Q Z R¥k+3 RS
J k=0 ab ab

R
+ terms for higher multipoles

wherethe ’Es ) polynomials are expressed in terms

of spherical harmonics as -

g E2mek-2t o5~ 1/2)k - )1+ 2k~ 1)
C )(COS}’,) Z Z = 3/2)!

=0 m=—k+2t
4z

WYM- B> 8 Y72, (6,58,) .(31)

Thus from (31), the total electrostatic potential
energy, U of (30), is a function of both

(R, .0y ’¢N) point-dipole and quadrupole“

coordmates whlch can be fixed classncally and




(r;.0,.¢ j). the coordinates of the electrons. of

molecule a - which must be dealt with quantum
mechanically. In other words the potential energy,
U, must be averaged over the ground electronic

0 .
state of molecule a, P o Say, using first order

perturbation theory in order to obtain the
electrostatic potential energy surface, viz .
-

AU =< ® U@ >

all multipole

= A Ualtracumon(v)p. + Z [A Uatfrac,N
N=yu
+ AU,y ] ............................... (32)
where AU .. y and AU, \ are the quantum

mechanically averaged attractive and repulsive
interaction energy components of the dipole,
quadrupole, etc. terms in (30) and the

(R0 o0, Jand (R, 59 ) coordinates
are to be fixed classically. Also, A U

attrac ,monop

is the quantum mechanically averaged monopole
(attractive) term in (30) which vanishes for neutral
molecules. ‘

D. The calculation of electrostatic binding energy
of water dimer - (H,0),

The hydrogen bond was extensively studied by
Morckuma and his colleagues*>* using the energy
decomposition

E=E, + Erep + Epp+ Egy_py

and charge distribution analysis. On the right hand
side of (33) are electrostatic energy (E), overlap or
electronic-exchange repulsive energy (E,,),
polarization and exchange-polarization energy (Ey;
and Egy p;, respectively) contributions to the total
energy E of the hydrogen bond. The hydrogen
bonded bimolecular complexes they considered
include (H,0),, (NH,), etc. and the results of
their study showed that, at equilibrium geometry,
the repulsion energy term is nearly
compensated by the Ep and Egy 5 attractive terms.

Thus Morokuma described the hydrogen bonds in
these dimers as strongly electrostatic in nature and
appears to justify the assumption that the stability
of hydrogen bonded complexes is essentially
governed by electrostatic interaction.

As a test of our model, the electrostatic binding
energy of the water dimer (H,0), is calculated. A

linear acceptor-donor (H,0), geometry (Fig. 3)
was assumed. The donor water molecule is

R

Fig. 3. A linear acceptor-donor geometry for the
(H,0), dimer: the z-axis is chosen to coincide with
the O-+++Q direction.

perceived by the acceptor water molecule as made
up of point-multipoles - specifically dipole and
quadrupole since these are experimentally known
for this molecule. The intermolecular axis was
taken to coincide with the z-axis and the
perturbation matrix element (32) was computed
over a (2,1/1) minimal basis** of the acceptor water
molecule that yields -75.655a.u. H,O binding

energy at 105° H-O-H angle. A potential energy
curve with a single minimum was obtained from the
calculations. )

RESULTS AND DISCUSSIONS
The calculated electrostatic binding energy and
the O--~O distance, together with some
experimental and theoretical results of other authors
for this dimer, are presented in Table 1. An

Table 1. Summary of (H,0), results

This model _Experimental Others
Binding energy -6.1886 -6.2+1.5% -3.71%
(kcal mol™) -5.27°
~4,73%
-4.84%
-3.67%
-2.0%
Equilibrium :
Ro....q distance 2.7271 2974 3.0%%2
A) 31
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electrostatic binding energy of -6.1886 keal mol”!
and 2.727A Q-0 equilibrium distance were
obtained. The electrostatic energy, according to the
study of Morokuma and his colicagues™™, is the
net hydrogen bond energy and,

observed binding energy of the

The experimental binding energ) ,
distance of water dimer are -6.2:1.5 keal/mol™ and
2.97TAY% respectively. The corresponding values
obtained from our model for these guantities agree
very well with the experimental values. Several
quantum theoretical calculations exist on the
binding energy and OO distance of water dimer.
The most widely employed quantum mechanical
method is the ab initic SCF MO approach and
these quantities are either calculated by the
supermolecule or Morokuma’s energy
decomposition schemes. In spite of iis

sophistication and the enormous computational

effort involved in the calculations, the ab initio
SCF MO method predicts hydrogen bond energy in
the range of 2- to -5 kcal/mol® for the
(H,0), dimer. These values are worse than the

one obtained by our simple electrostatic model. The
Q-0 distance predicted by the ab initio SCF MO
are also worse, these being in the range of 3 - 3.1A
for some calculations®®*>**, The consistency of this
electrostatic model with experiment supports its
validity and the work has shown that electrostatic
interaction between a pair of molecules actually
leads to a stable equilibrium or binding without
contribution from overlap or electronic-exchange
interactions which was previously thought to be
necessary for intermolecular binding.

CONCLUSION

A model for electrostatic interaction between a
pair of molecules that leads to a stable equilibrium
or binding at large intermolecular distances without
overlap or electronic-exchange repulsion invocation
has been presented in this article. The model has
worked very well for the water dimer and showed
that the binding in the (H,0), complex is due
primarily to attractive and repulsive physical forces
emanating from electrostatic interaction but not
chemical forces resulting from the overlap of their
wavefunctions.

ACKNOWLEDGEMENT

This work was financially supported by Ahmadu
Bello University, Zaria, Nigeria.

REFERENCES

1. Dahler, J. 8. and Hirschielder, J. O., J. Chem.
Phys., 1956, 25, 986.

2. Karlstrom, G., Proceedings from the §®
Seminar on Computational Methods in
Quanium Chemistry, Groningen, 1981.

3. Buckinghara, A. I3, In Pullman, B., ed.,
Intermolecular Interactions: From Diatomics to
Biopolymers, Wiley, New York, 1978.

4. Hirschfelder, J. O., Curtiss, C. F. and Bird, R.
B., Molecular Theory of Gases and Liquids,
Wiley, New York, 1967,

5. Gray, AC. G. and Gubbins, K. E., Theory of
Molecular Fluids, Oxford University Press,
London, 1983.

6. Bossis, G. and Brot, C., Mol. Phys., 1981, 43,
1095.

7. Joslin, C. G. and Gray,v C. G., Mol. Phys.,
1983, 50, 329.

8. Isbister, D. J. and Freasier, B. C., Chem. Phys.
Lett., 1981, 79, 193.

9. Bossis, G., Quentrec, B. and Brot, C., Mol.
Phys., 1980, 39, 1233.

10. Herzig, P. and Neckel, A., J. Chem. Phys.,
1979, 71, 2131.

11. Carlson, C. and Rushbrooke, G. S., Proc.
Cambridge Phil. Soc., 1950, 46, 626.

12. Fontana, F. R., Phys. Rev,, 1961, 123, 1871.
13. Karlstrém, G., Linse, P., Wallquist, A. and

Jénssom, B.,J. Am. Chem. Soc., 1983, 10§,
3771.

7 Nigerian Journal of Chemical Research, Vol. S, 2004 -



14.

15.

16.

17.

18.

19.

t9
[£9]

t9
(98}

26.

27.

28.

29.

30.

Astrand. P. O.. Wallquist. A. and Karlstrom,
G.. J. Chem. Phys.. 1994, 100, 1262.

Astrand. P. O., Wallquist, A., Karlstrém, G.
and Linse, P.. J. Chem. Phys., 1991, 95, 8419.

Brobjer. J. T. and Murrell, J. N., Chem. Phys.
Lett.. 1981, 77, 601.

Brobjer, J. T. and Murrell, J. N., J. Chem. Soc.
Faraday trans. 11, 1982, 78, 1853.

Stone, A. ., Chem. Phys. Lett., 1981, 83, 233.

Fowler, P. W. and Buckingham, A D, Mol
Phys., 1983, 50, 1349.

. ‘Margenau. H. and Kestner, N. R., Theory of

Intermolecular Forces, Pergamon Press, New
York. 1969.

. Morokuma, K., J. Chem. Phys., 1971, 58,

1236.

. Dunker, A. M. and Gordon, R. G., J. Chem.

Phys., 1974, 64, 354.

. Morokuma, K. and Kitaura, K., In Ratajczak,

H. and Orville-Thomas, W. J., ed., Variational
Approach (SCF ab initio Calculations) to the
Study of Molecular Interactions, Wiley, New
York, 1974.

. Hafemeister, D. W. and Flygare, H., J. Chem.

Phys., 1965, 43. 795.

. Kumar, M., Kaur, A. J. and Shanker, J., J.

Chem. Phys., 1986, 84, 3735.
Orlando, D. R., J. Chem. Phys., 1965, 43, 779.

Mason, E. A. and Vanderslice, J. T., J. Chem.
Phys., 1958, 28, 432,

Kumar, M. and Shanker, J., J. Chem. Phys.,
1992, 96, 5289.

Lowdin, P. O., Adv. Phys., 1956, §, 1.

Szalewicz, K. and Jeziorski, B., Mol. Phys.,

31

32.

33.

34.

3s.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

1979, 38, 191.

Jankowski, P., Jeziorski, B., Rybak, S. and
Szalewicz, K., J. Chem. Phys., 1990, 92,
7441.

Moszynski, R., Jeziorski, B. and  Szalewicz,
K., J. Chem. Phys., 1994, 100, 1312.

Zemke, W. T. and Stwalley, C. W., J. Chem.

Phys., 1994, 100, 2661.

Bora, M. and Mayer J.E, Z. Physnk, 1932,
75, 1.

Andzelm, J. and Piela, L., Phys. J., 1977 C10,
2269.

Andzelm, J. and Piela, L., Phys 1., 1977, 11,
2695.

Eigenhoffer, R., Murthy, C. S. N. and Fumi, F.
G., J. Chem. Phys. Solids, 1982, 43, 583.

Shanker, J. and Singh, K., Phys StatusSoIld,
1982, B103 151.

_Shanker, J. and Singh, K., Phys. Statu/s Solid,
1982, 112, 615.

Shanker, J. and Singh, K., Phys. Statys Solid,
1983, B115, 381, |

Uzairu, A. and Harrison, G. F. S., Nig. J.
Chem. Res., 1998, 3, 17.

Morokuma, K., Acc. Chem. Res., 197\7, 16,
294,

Morokuma, K., Iwata, S. and Lathan, W. A,
In Daudel, R. and Pullman, B., ed., The World
of Quantum Chemistry, Reidel, Boston, 1974.

Umeyama, H. and Morokuma, K., J. Am.
Chem. Soc., 1977, 99, 1316.

Pitzer, R. M. and Merrifield, D. P., J. Chem.
Phys., 1970, 52, 4782.

Loesten, M. O. and Schaad, L. J., Hydrogen

8 Nigerian Jowrnai of Chemical Research, Vel 5, 2000



Bonding, Marcel Dekkar, Inc., New York,
1974, :

47. Odutola, J. A. and Dyke, T. R,, J. Chem.
Phys., 1980, 72, 5062.

48. Dyke, T. R. and Muenter, J. S., J. Chem..
Phys., 1974, 60, 2929.

49. Xantheas, S. S., J. Chem. Phys., 1994, 100,

7523.

50. Kollman, P. A. and Allen, L. C., J. Chem.
Phys., 1969, 51, 3286.

51. Hankins, D., Moskowitz, J. W. and Stillinger,
F. H., J. Chem. Phys., 1971, 53, 4544,

52. Diercksen, G. H. F., Theor. Chim. Acta, 1971,
21, 335

53. Popkie, H., Kistenmacher, H, and Cleme & §,
J. Chem. Phys., 1973, &%, 1328

Ly

54. Minton, A. P., Trans. Faraday Soc., 1%
1226.

accepted 02/10/2000
received 14/09/2660

9 Nigerian Journal of Chemical Research, Vo, §, 2000



