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ABSTRACT. The bonded state polarizabilities of ions in the alkali halides are estimated by using the Seitz
and Ruffa (SR) energy level analysis relation. The effective number of electrons N in the Slater-Kirkwood for-
mula are used for all members of an isoelectronic sequence. The effective dispersion coefficients C," are cal-
culated by the use of the empirical formula (J. Chem. Phys. 1991, 95, 1852) estimating N values to reproduce
the experimental C,* for atom-atom (or molecule) interactions. In the framework of the T-Rittner model the
model potential is constructed and used to calculate the values of dissociation energy and dipole moment. The
results obtained in the present study are in good agreement with the experiment one.

INTRODUCTION (@+0) bae
=eR|1-——=+ -
R3 R6

do 2

Various electrostatic interaction models have been @
used extensively to describe the properties and bond-
ing in diatomic ionic compounds’"'s. For highly ion-
ic compounds, such as the alkali halide molecules,
the most commonly known model is the Rittaer
model’ which has been successfully applied to the
ground state of these molecules.

According to this model the potential energy, V(R)

In Eq. (1) the first term is the overlap repulsive
energy, the second is the Coulomb energy, the
third and fourth terms are the polarization energies,
and the last one is the van der Waals (vdW) en-
ergy. In Eq. (2) R is the internuclear distance, and
o, and o are the polarizability of positive ion
and negative ion respectively. In this model the

and dipole moment, J(R) can be expressed as follows: : ) )
ions are assumed to be polarizable spherical

b +_ 2eler o C
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charge and multiple terms higher than dipole-di-
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pole terms are neglected. Brumer and Karplus™(BK)
M have shown that the 2¢’c,o0 /R’ in Eq. (1) and
(0, +0)— da,0 40,00 /R in Eq. (2) be neglected within the secon-
WR)=eR|1- R? d-order perturbation theory. The model without
re_ Hoo these terms is known as T-Rittner model. The T-
R} Rittner model has yield reliable binding(or dis-
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sociation) emergics and dipole moments where
both values of accurate equilibrium bond distance
and polarizabilities of ions in the molecule are a-
vailable.

Shanker”*'>"” and his group published a series
of papers on the propetties such as electronic po-
larizabilities, potential functions, and spectroscopic
constants for alkali halides using T-Rittner model.
They discussed three main limitations in the T-
Rittner model in terms of i) calculation of the elec-
tronic polarizabilities of ions fitting the ex-
perimental values of dipole moments, ii) cal-
culation of overlap repulsive potential parameters
using experimental values of vibrational fre-
quencies, and iii) calculation of effective disp-
ersion coefficients. These shortcomings were rec-
tified by Kumar ef al.” They calculated the elec-
tronic polarizabilities of ions in molecules using
the SR energy level analysis by considering the ef-
fect of Coulomb interaction suggested by Seitz'*
and Ruffa.'® These polarizailities thus calculated
were used to cvaluate the polarization energies and
the vdW energies. For calculating the overap re-
pulsive energy they employed the exchange charge
model"™" to obtain the values of overlap repulsive
potcntial parameters from the overlap integrals.
Kumar and Shanker(KS) have presented an ex-
tensive analysis using various potential functions
for the overlap repulsive energy such as ion-in-
dependent  (molecular dependent) and ion-de-
pendent potential models. The van der Waals
parameters which are effective dispersion coef-
ficients werc determined by the Kirkwood-Miiller
(KM) formula.

The purpose of this paper has two parts. The
first part is to see whether the use of effective disp-
ersion coefficicnts (Cs™) through the Slater-Kirk-
wood (SK) formula is also valid in estimating the
vdW energy and the binding cnergy for the alkali
halide molecule. The rm C¢™ coefficient is an ef-
fective long-range interaction term including dipole-
dipole, dipole-multipole, and multipole-multipole
interactions. Tt describes the overall attraction in a
distance range in the neighborhood of the potcntial
well depth. The well-known Slater-Kirkwood for-

%

mula(in atomic unit) for the two chemical species
A and B can be written as follows:

.0

Cef (AB)= 2 ey (3)

PR
(R

where N, and Ng are the effective numbers of elec-
trons in A with polarizability o, and B with ag
respectively. In general the number of electrons of
the outer shells has been used for Ny and Ng.
However Pitzer' had already shown that the N
values should be expected to exceed substantially
the actual number of electrons in the outer shell.
Koutselos and Mason” demonstrated that the
value of N depends on the electronic structure of
the atoms(or ions). They have shown that the trans-
ferability of the same value N within an isoelec-
tronic sequence (eg. Cl~, Ar, and K%} is possible.
To take into account correctly the effective number
of electrons estimating the effective dispersion
coefficient C¢™¥, the combined role played by both
the outer shell and the inner-shell electrons should
be considerd. Morte recently Combi et al*' de-
veloped the empirical formula to estimate the N
values only in terms of inner and outer orbital elec-
tron numbers and showed that the Cs™ values cal-
culated from the SK formula with the Ny value
are in satisfactory agreement with the experimen-
tally available C¢™ coefficients:

Neo =t+(1 _M)(h

2 4
ch! N'.m Nlul ) ( )

where N;, and N, are the numbers of total inner
and total outer clectrons and Ny =Niy+Ne The
second part is to see whether the use of best free
ion polarizability values through the SK formula is
also valid in estimating the vdW energy and the
binding energy for the alkali halide molecule.
Shanker et al”® calculated the vdW energics
through the SK formula using the bonded state po-
larizability values to estimate the binding energy
and the dipole moment for the alkali halides. The
Kitkwood-Miller formula is the other formula
which is similar to the Slater-Kirkwood formula
but does not involve N explicitly. The Kirkwood-
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Muller formula is expressed as follows:

mc:

6 N 0,0
CsfABy=————— )
Xy " Oy
[ Xal | sl

where m is the electron mass, ¢ is the speed of
light, Ny is the Avogadro’s number, ya(or xg) is
the diamagnetic suscepibility.

Throughout this paper the following units are
used, where lau. (atomic unit) energy=lhartree=27.
21139 £V=4.359748 X 10"*122.194746 X 10° em™:
la.u. distance=1a,=0.5291772 A. The conversion fac-
tor for the dispersion coefficient C is 1efag=
0.5975360 eV A®. The conversion factor for the force

= 1-'“%’3 = 6423038 107

.1 10°dyne
constant & is 1 =

hartree

The conversions factor for the dipole mo-

= .

as
ment e A=4.803243 Debye. The conversion factors for
the diamagnetic susceptibility expression are: 10° cm’/
mol=1.120589% 10°a)’ and  672€~1.126732 10

0
hartree where zt is the electron mass, ¢ is the speed of
light, and N, is Avogadro's number.

In the present study we employ

i) the SR cnergy level analysis method proposed
by Seitz and Ruffa

i) the Born-Mayer repulsive potential form to
obtain overlap repulsive parameters and

iii) the SK formula to calculate the C¢™ values
using N4 values proposed by Combi ef af and
best values of free ion polarizability.

The paper is organized as follows. In Sec. Il we
present the model and the method of analysis, and
numerical calculations. Results are discussed and
compared with available data in Sec. I

MODEL AND METHOD OF ANALYSIS

The model. The gencral form of a semiclassical
potential function for ionic compound is

e? C
V(R):Vmp_"‘”‘—vpﬁl—ﬁ

3 ©)
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In Eq. (6), the first term is the overlap repulsive en-
ergy, the second term is the Coulomb energy
{electrostatic interaction energy), the thicd term is
the polarization, and the last term is the van der
Waals dipole-dipole energy. The overlap repulsive
encrgy arises from the overlap of charge from the
interacting species. Different forms of overlap re-
pulsive potential V,,, have been proposed and test-
ed in estimating the dissociation energy and the
spectroscopic constants of alkali monohalides” .
The polarization energy comes from the mutual po-
larization of the two ions. This model has various
different forms which differ mainly in the forms of
both polanization potential and overlap repulsive
potential. Rittner' viewed alkali halides as con-
sisting two mutually pofarizable spheres of charge
41 in units of e separated by an internuctear dis-
tance R. Using the classical electrodynamics he
proposed that Vo has the form of

_ o +al)  2fa0
pid = 2R4 R'I

A%

The model with this form of polarization function
is called as the Rittner model. From a quantum
mechanical treatment Brumer & Kz\rplusS present-
ed the fundamental ground for this model and also
have demonstrated that the 2¢’o,ct. /R’ term in Eq.
(1) should be negleced within the second-order per-
turbations theory. The model without this term is
known as truncated Rittner model or simply the T-
Rittner model.

For the overlap repulsive potential the Bomn-
Mayer potential form®* has proven very success-
fully for describing a variety of atom-atom™ %,
ion-atom>’, and atom-molecule™ systems. The C
constant in the van der Waals dipole-dipole energy
form is in fact the dispersion cocfficient for dipole-
dipole interaction. As mentioned in Introduction
the effective dispersion coefficient Co™ is an ef-
fective long range interaction term to describe the
overall attraction in the well depth range. It might
be therefore expected that the value of C& would
be larger in value than the original C; value. This
is in fact the case. The modcl potential function
for the alkali halide then takes the form (in atomic
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unit):

VR)=Ae-or~ L _ &ra) G
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)

Rittner proposed that for the alkali halide molec-
ules the dipole moment p is related to a distance R
by the equation as in Eq. (2). For large R we can
expand the form of the second part in Eq. (2) in a
Tayler series expansion. The T-Rittner mode! is Eq.
(8) without the third term in the form of a Tayler
series expansion in Eq.(2).

e{o, + )
-

(o +a.)
RZ
in atomic unit (8)

#R) = eR or f(R)=R—

In fact the first term in Eq. (8) is a point dipole
moment and the second term is a correction term
to the point dipole model due to the overall in-
teraction between ions.

Method of analysis, Ruffa'® derived the sim-
ple relation for calculating free ion polarizabilities
using the Thomas-Kuhn sum rule in the frame of
second-order perturbation theory. He also showed
that the polarizabilities of ions in rolecules differ
from the cotresponding free ion polarizability
values due to the presence of the electrostatic po-
tential. The effect of the potential on the atomic en-
ergy levels can be estimated by a classical pro-
cedure which has been used by Seitz'’. The po-
tential which comes mainly from the Coulombic in-
teraction is negative at the cation site and positive
at the anion site. Consequently the mean excitation
encrgy of the cation in the molecule is diminished
by this potential(ed) while the energy of the anion
is expected to be increased by e®. Ruffa's simple
relation for the free ion or atom can be written as
follows:

oy = e2h’n or @, = = in atomic unit 9
47°mE}} T E?

where e and m are the charge and mass of an clec-

tron respectively, 2 is the Plank's constant, and »

is the total number of electrons in the ion. Kumar

and Shanker' used the free ion polarizabilities of

Pauling™ to calculate o, and o._. For the values of

Table 1. Free ion polarizabilities ¢, and charactenistic
energy parameters E, for ions in atomic unit

lon e E,

Li' 0.192 3.2275
Na'’ 1.000 3.1623
K’ 5.470 1.8140
Rb* 9.110 1.9879
Cs* 15.720 1.8534
F~ 9.310 1.0364
clr 26.590 0.8228
Br’ - 35230 1.010%9
I 52.710 1.0122

“See Ref.34 for alkali ions and see Ref.31 for halidc ions.

oy for the alkali ions Pauling's polarizabilities are
bigger in values than Coker's™ one except oy for
K" ion. Coker arbitrarily set sodium ion to have oy
=0.158 A® instead of the best value of ¢=0.148 A’
and determined the other values from this as-
sumption. The best free ion polarizability values
for the alkali ions are lower than Coker's values®,
In the present paper we make use of the best free
ion polarizability values for the alkali ions and the
Coker's values for the halide ions. The best values
of o and the calculated values of E, from Eq. (9)
for various ions are reported in Table 1.

The combination form of Ruffa's simple relation"
with Seitz's concepts is called the Seitz and Ruffa
(SR) encrgy level analysis. The resulting formula is
expressed as follows:

_ e*hin or
At (E, —e DY

o, =—" in atomic unit (10)
(Ep - @)

>

and
_ ehin or
T 4mm(E, +ed)?
n

o_=——— in atomic unit (11)
(E, + Py

where ¢=% or d):% in atomic unit.

The values of bonded state polarizabilities o,
and a calculated from Eq. (10) and (11) at R=R,,,
the experimental cquilibrium bond distance, are
given in Table 2 and campared with other values™
. The calculated polarizabilitics are used to es-
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Table 2. Calculated bonded-state polarizabilities, o, and @ _ in atomic unit
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o o
Molecule " " p ™
A B A B
LiF 0.2396 0.2429 5.2910 5.0007
LiCl 0.2274 0.2294 15.2993 14.86403
LiBr 0.2247 0.2227 22.8672 22.6076
Lil 0.2213 0.2227 35.4943 35.2544
NaF 1.1994 1.2822 5.8168 5.5406
NaCl 1.1584 1.2417 16.4218 16.0076
NaBr 1.1485 1.2282 24,0921 23.8494
Nal 1.1359 1.2147 37.0437 36.8133
KF 7.2997 7.7136 6.1026 5.8375
KCl 6.8965 7.2749 172598 16.8579
KBr 6.8048 7.1737 25.0626 24.8347
K1 6.6894 70522 38.4020 38.1900
RbF 11.6907 12.1811 6.2050 5.9455
RbCl 11.1358 11.5940 17.5516 17.1616
RbBr 11.0106 11.4590 25.3961 25.1788
RbI 10.8524 11.2903 38.8628 38.6557
CsF 20.3801 21.2849 6.2786 6.0264
CsCl 19.3319 20.1714 17.8256 17.4382
CsBr 19.1064 19.9217 25.7174 25.5028
Csl 18.8226 19.6248 39.3252 39.6815

“Present study. "See Ref.9.

timate dipole moments [ at R=Kk,,. Values of 1 ob-
tained from Eq.(8) are listed in 7able 3 and com-

Table 3. Dipole moments in Debye

. . 4 .
pared with experimental values as well as with
3 .
others™". The van der Waals energies, C,ffﬁ;’R(j can

Molecule A’ B o D’
LiF 6.284 5902 5.993 6.20
LiCl 7.085 7.000 7.084 7.13
LiBr 7.226 6.936 7.055 717
Lil 7.428 7.047 7.113 7.38
NaF 8.123 7.904 7,949 8.06
NaCl 8972 9.094 9.146 9,17
NaBr 9,092 9,148 9.175 9.31
Nal 9210 9.327 9.348 957
KF 8.558 8.407 8.391 8.57
KCQ 10.238 10.391 10.400 10.46
KBr 10.603 10.699 10.693 10.84
K 11.050 11.184 11.184 11.40
RbF 8.513 8.434 8.391 8.53
RbCI 10.483 10756 10.751 10.80
RbBr 10.86° 11.156 11.140 11.27
RbI 11.48° 11.753 11,741 1193
CsF 7.849 7.816 7.733 7.86
CsCl 10.358 10.828 10.794 10.84
CsBr 10.82° 11377 11.337 1145
Csl 12.100 12.158 12.126 12.30

Avg. emor 0.211 0.196 0.238
Max. eror 0.557 0.517 0.630
% eror 2.349 2144 2.180

“Experimental values from Ref5. "Present study. ‘See Ref.9. “See Ref.13. “See Ref37.
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Table 4. Free jon polarizability values, o4 and diamagnetic susceptibility values ¥4 and effective number of electrons Neg

lons o, (a0} [xal (10 ° cm’/mole)® Ny N

Li. 0.192 0.6 1.3285 2.0000
Na* 1.00 5 17.7130 7.0400
K 5.47 13 21.8903 8.4938
Rb 9.11 20 31.1096 11.4568
Cs* 15.72 31 43.3135 12.7956
F 9.31 11 9.2085 7.0400
ar 26.59 26 18.0128 8.4938
Br’ 35.23 36 26.0642 11.4568
1 52.71 52 36.3468 12.7956

“aia value used in present study. "From Ref.9

XZ

. 2 R
“Values obtained from rm N = (4%)2 A where Ny is the Avogadro's number.

U} A

N N
d. off el
Values calculated from —=1+(1-——
‘ Nex ( N,

int A0t

be estimated from the various types of formulas
such as Slater-Kirkwood type'®, Kirkwood-Miiller
type’*#, London type™, and Salem's type™. Am-
ong the four types of formulas the Slater-Kirk-
wood formula involves N.g but the Kirkwood-Mii
ller formula does not involve Nz These two for-
mulas can be written as follows:
3 'A0p
11
_—
2, K
From Eq.(3) Q4 in the Slater-Kirkwood formula, is
given by

(12)

.QA=<§:*—)M a3
A

In the Kirkwood-Miiller formula (Eq.{3)), Q, is
given by

Amcly,
~ Nyay

(14)

These different expressions for Qa(or Qp) can
bc used to get the relation between N, and ¥a.
From Eq.(13) and (14) the following relation is ob-
tained.

4me?
N[l
29

( WA

N, (15)

N
)(N—““)Z: present stady.

Combi er ai*' proposed the empirical formula to
estimate the N, values in order to reproduce the
experimental C¢™ in the SK formula. The em-
pirical formula (Eq.(4)) to calculate the N, values
is emploved in our study. The N, values cal-
culated by Eq. (4) are reported in Table 4 and com-
pared with the corresponding values’ obtained
from Eg. (15). The ratios of the N values of the
same ions to that of a reference one, K™ ion are
compared and the results are given in Table 5. The
effective dispersion coefficients Cf,‘“ are calculated
using Eq. (3) with the free ion polarizability values
and the calculated values of N, in our present
study. The van der Waals energies CeR® are also
reported in Table 6 and compared with other
values.”

The last term which we need to estimate the dis-
sociation (binding) energy is the overlap repulsive

Table 5. The ratios of effective electron number of ions
to those of K™ {or C1 ) ions

Ratio

Tons - .

A B
Li* 0.2355 0.2429
Na" (or F ) 08288 (.7539
K (or C1) 1.0000 1. 0000
Rb” {or Br ) 1.3488 1.1358
Cs" (or 1) 1.5065 1.3161

“Peesent study. "Sce Ref. 20,

Journal of the Korean Chemical Society



Table 6. Effective dispersion coefficients, rm C:™ and van der Waals interdction energies in atomic unit

ezA% dadel B el delelua) R ) FIA LA Al

455

e (o)

vdW cnergy (10 hartree)

Molecule

A" B A B"
LiF 1.8367 1.7845 2757 2678
LiCl 3.6832 45118 -1.188 -1.455
LiBr 49172 6.3622 -1.033 -1.337
Lil 6.4889 9.4486 -0.7609 -1.108
NaF 9.1462 11.8003 -3.936 5078
NaCl 18.5839 29.046) 2.357 -3.684
NaBr 24.8044 40,7257 -2.220 -3.645
Nal 32.8546 59.3761 -1.816 -3.284
KF 39.1240 50.5791 -8.194 -10.578
KCl 84.8313 128.1844 -5.181 .7.822
KBr 113.0884 181.1596 -4.930 -7.893
Ki 152.7072 266.3083 4.183 7.293
RbF 62.3116 79.5449 9993 -12.766
RbCl 136.5450 202.6377 -6.402 9.495
RbBr 181.9903 286.3115 6.129 9637
RbI 246.5584 421.3218 5267 -8.997
CsF 97.2070 131.1953 -12.824 -17.325
CsCl 217.8777 336.1042 -7.939 -12.255
CsBr 290.2623 474.8007 -7.580 -12.405
Csl 396.0777 704.2459 -6.551 -11.653

“Present study. "See Ref.9.

potential in the framework of the T-Rittner model.
Various types of overlap repulsive potentials are
proposcd and tested for the alkali halide system”.
The Born-Mayer repulsive potential® is employed
in the present study. Because of the difficulty in
determining a priori A and b values we shall use
Eq. (7) in conjunction with the equilibrium con-
dition and the experimental values of vibrational
frequency,

EHR) —0 at R=R,

dV(R) .
dR (16)

and
d2V(R)

=k =47 1 ¢*we at R=
dR? # Reo

(17)

where k is the force constant, ﬂ the reduced mass
of ion pair, and We the vibrational frequency. The
data on R, and & used in calculations are listed in
Tahble 7. The resulting relations obtained from both
Egs. (16) and (17) can be used to calculate the
overlap repulsive parameters A and b. The cal-
culated overlap repulsive parameters A and b are

1997, Vol 41. No. 9

shown in Table 8 and compared with other values.’

The analytical potential in the T-Rittner model is
in fact formed and used to estimate the dis-
sociation energies for the 20 alkali halides. The dis-
sociation energies thus calculated from Eq. (7} are

tabulated in Table 9 and compared with others.™"

RESULT AND DISCUSSION

We have employed the SK energy level analysis
1415 (o estimate the bonded state polarizabilities of
ions in the alkali halide molecules. The bonded
state polarizabilitics thus calculated differ in values
than those of free ion polarizabilities.

Table 2 shows the calculated bonded state po-
larizabilities based on the SR energy level analysis
along with the other values.” The values obtained
here differ sligthly from those reported by Kumar
et al’ since those authors used the Coker's free ion
polarizabilities®’ rather than the best values of the
free ion polarizabilities used in this study. This can
be explained by the fact that the positive free ion
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Table 7. xperimental equilibrium, bond distance R.,, vibrational frequency we and force constant &

Molecule” R., (ao) w, {cm™) & (10°dyne/cm)’
LiF 2.9553 910.25 2.5013
LiCl 38186 643.31 1.4248
LiBr 4.1015 563.16 1.2040
Lil 4.5200 498.16 09729
NaF 36394 536.1 1.7614
NaCl 4.4613 364.60 1.0864
NaBr 4.7281 298.49 0.9357
Nal 5.1238 259.20 0.7704
KF 4.1035 426.04 1.3658
KCl1 5.0392 279.80 0.8501
KBr 53305 219.17 0.7382
KI 57596 186.53 a.6111
RbF 42902 373.27 1.2744
RbCl 5.2661 233.34 0.7946
RbBr 5.5647 169.46 0.6920
Rbl . 6.0034 138.51 0.5750
CsF 44321 352.56 1.2173
CsCl 5.4921 21417 0.7482
CsBr 5.8057 149.66 0.6534
Csl 6.2648 119.178 (.5432

“Based on: "Li, ”Na. 3‘)K, ngb, mCs. 'QF, 35Cl, “Br, 17} *alyes calculated from k=4n’c® E“wf where ; is a reduced mass.

polarizability values used by Kumar er af are
shigthly larger than ours. Coker’ arbitrarily set
sodium ion to have the polarizability values of «=0.
158 A® instead of the accurate value of 0=0.148 A’
and determined the values of other alkali ion from
this assumption. We have adopted the values of
frec ion polarizability for alkali ions suggested by
Mahan. ™

Tue calculated dipole moments in the frame of
the T-Rittner model’ are given in Table 3 along
with the others™ and the experimental values®.
Electric dipole moments provide a very critical test
for ionic models. All the calculated dipole mo-
ments are in good agreement with experimental
ones. The dipole moment within the framework of
the Rittner model are also calculated but are not re-
ported here. The dipole moments in the Rittner
model are always smaller than the comresponding
the T-Rittner values which give better agreement
with experiment as pointed out by Brumer and
Karplus®. This is due to the existence of the dipole-
dipole interaction considerd in the Rittner model
but not in the T-Rittner medel. In Eq. (8) the di-
pole moment expression shows that the first term

in Eq. {(8) is from the point ion model and the
second term in Eq. (8) is a correction term to the
point ion model. The dipole moments calculated
from the point ion model are expected to be larger
than the experimental values.

The calculations of van der Waals encrgies bas-
ed on the Kirkwood-Milller formula need the
knowledge of both the polarizability o, and the di-
amagnetic susceptibility x, which can all be cal-
culated if the wave function for atorm (or ion) A is
available. There is a significant vanation in the
values of Y. obtained by the different approaches.
Experimental values for alkali ions and halide ions
are not known. The Slater-Kirkwood formula on
the other hand require the knowledge of both the
polarizability o4 and the effective number of elec-
trons N, which can be estimated in a various way.
Salem® claimed that the SK formula underes-
timates the dispersion energy. However the SK for-
mula can yield satisfactory result particularly if
one uses N4 (or Np) as adjustable parameters.™
The method employed in estimating N, values in
this work is the relation of Eq. (4) proposed by
Combi ef al’'. The values of the effective number

Journat of the Korean Chemical Society
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Table 8. Qverlap repulsive potential parameters b and A in atomic unit

b (ay") A (hartree)
Molecule
: This work Ref.9 This work Ref.9
LiF 1.9769 20999 29.4866 41.2869
Lic 1.6647 1.7698 37.6364 53.2142
LiBr 1.5624 1.7015 39.1247 63.9946
Lil 1.4523 1.5796 42.9019 70.8758
NaF 1.8978 2.0045 54.7277 79.5919
NaCl 1.6311 1.7350 65.0093 101.3822
NaBr 1.5348 1.6746 63.5905 118.3557
Nal 1.4289 1.5564 65.4384 120.8788
KF 1.7497 1.7698 70.8230 85.5556
KC! 1.5525 1.5891 97.2376 127.9893
KBr 1.4725 1.5383 96.7185 148.6327
K1 1.3824 1.4498 101.1918 161.2481
RbF 1.7076 1.6853 82.6743 86.7024
RbC) 1.5277 1.5294 117.4230 135.3292
RbBr 1.4583 1.4823 120.5130 156.8901
Rbl 1.3753 1.4036 128.1998 172.9461
CsF 1.6467 1.5749 89.2372 80.7388
CsCl 1.4943 1.4538 139.8183 136.2467
CsBr 1.4354 1.4149 148.1480 158.0369
Csl 1.3619 1.3431 163.2052 179.5979

of electrons N, with the polarizability o, are listed
in Table 4 and compared with N, values obtained
from Eq. (15) with the diamagnetic susceptibility
¥a used in Ref. 9. The results show that N, values
caiculated from the use of both ¥, and o, are sig-
nificantly larger than the corresponding values ob-
tained from the empirical formula (Eq.(4)). Kou-
tselos and Mason” have demonstrated that the
same value of effective electron numbers N, ap-
peared in the SK formula can be used for all
members of an isoclectronic sequence. The Ny
value for atom A estimated from the empirical for-
mula is definitely different from that for the same
atom A in the scheme of Koutselos and Mason®™
because of the different approaches chosen. There-
fote we compared the ratios of the N, value of the
same ions to that of a reference one. Table 5
shows that the results are in satisfactory agreement
with those of Koutselos and Mason.”*%!

The effective dispersion coefficients c.ct (Table
6) in the present study are in general smaller than
those’ calculated from the KM formula. The van
der Waals energy values are assumed to be in the
same trend. We calculate the Cﬁ'““ values under the
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column B in Table 6 by using the bonded
state polarizability values under the column B in
Table 2.

The C® values under the column A in Table 6
are obtained by using the free ion polarizability
values listed in Table 1. The C¢™ values are small-
er than those reported under the column A in
Table 6 if the bonded state polarizability values
under the column A in Table 2 are employed. As
an example, the Cf,‘ﬁ value of Csl calculated by
the use of the bonded state polarizability values
(0, =18.8226a0°, o =39.3252a,") is 374.3501¢’
a, instead of Cg=396.0777¢’a,’ under the
column A in Table 6. Most striking is the ac-
curacy of the SK formula, especially for the
heavior atoms in which the assumed distinction
between inner and outer electrons is more valid
than in the lighter ones®. This is the case. As an
example in the use of data in Table 4, the C&™
value of 17-17 pair is 1026.7e’a,” through the SK
formula while the corresponding Cg™ value is
1730.3¢%a, through the KM formula.

The overlap repulsive potential parameters are
listed in Table 8. Table 8 shows that the repulsive
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Table 9. Dissociation energics to ions in eV

Molecule A’ B’ lod D¢
LiF 7.983 7.946 7914 7.814
LiCl 6.648 6.375 6.366 6.314
LiBr 6.409 6.018 6.019 6.002
Lil 6.015 5.560 5.577 5.542
NaF 6.674 6.637 6.601 6.535
NaCl 5.750 5.544 5.542 5.546
NaBr 5.538 5.282 5.277 5.277
Nal 5.217 4.936 4.935 4931
KF 6.036 6.029 6.010 5.889
KCl1 5.117 4992 4952 5000
KBr 4.926 4,749 4735 4.757
XI 4.601 4.437 4.427 4.440
RbF 5.793 5.852 5.785 5.594
RbCl 4918 4.824 4,813 4.753
RbBr 4.727 4.593 4.579 4,549
RbI 4419 4.291 4.280 4215
CsF 5.659 5.785 5.763 5.854
CsCl 4.870 4.6094 4.679 4718
CsBr 4.709 4462 4.445 4701
Csl 4.384 4.160 4.146 4,180

Avg. error 0.168 0.185 0.206

Max. error 0.455 0.438 0473

% €101 3.101 3.453 3544

*Experimental values from Ref.5. "Present study. ‘See Ref.9. “See Ref 13.

hardness parameter b are in fairly good agreement
with those’ calculated from the exchange charge
model which are listed in the column. The dis-
sociation energies relative to the scperarated ions list-
ed in Table 9 are in good agreement with the ex-
perimentai ones’. The calculated values of malecular
spectroscopic constants are not reported in this work.

The important point to be emphasized in this
work are

i} the calculation of the cffective dispersion coef-
ficients C¢™" through the empirical formula es-
timating N values which are elaborately devised to
reproduce the experimental Ce™ and

ii) the use of the best free ion polarizability
values instead of using the bonded state po-
larizability values through the SK formula.

Our approach to those purposes are seemed to
be justified in the calculations of the binding
(dissociation) energies and dipole moments within
the framework of the T-Rittmer model. In con-

clusion the T-Rittner model has a singularity at R=
4o, ) and is therefore clearly not valid for
values of R in the neighborhood of this point. The
Rittner model is therefore expected to be a good
approximation only when the condition, R*>4a,0 -
is satisfied. This is not the case™ for the alkaline-
earth monohalides due to the larger polarizabilities
of the alkaline-earth ions. For alkali halides this
condition is satisfied very well.
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