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Dipole moments and potential energies of the alkaline earth monohalides

from an ionic model
T. Torring, W. E. Ernst, and S. Kindt

Institut fiir Molekiilphysik, Freie Universitit Berlin, D 1000 Berlin 33, West Germany

(Received 9 January 1984; accepted 10 May 1984)

It is shown that the Rittner model is inadequate for the calculation of dipole moments for the
alkaline earth monohalides. A modified model is proposed which takes into account explicitly the
large charge shifts in the metal ions arising from the polarization. The new model is shown to give

results consistent with available experimental data.

. INTRODUCTION

Ionic molecules are useful candidates for testing simple
semiclassical bond models. The dominant part of the attrac-
tive potential in this group of molecules is simply given by
the Coulomb interaction which can be calculated from
known properties of the free ions. Adding an exponential
repulsive term and a small term for the van der Waals attrac-
tion gives a model potential which for diatomics is of the
general form

V(r)=A4-exp{ —r/p} +¢—r—i, (1)

where 7 is the internuclear distance.

The three terms on the right-hand side can be treated in
different ways leading to a large variety of model potentials
which have been discussed in the literature.'-> The general
form of 4 in the repulsive term is a polynomial in r." How-
ever, it turns out that usually this can be approximated sim-
ply by a constant. The constant C in the van der Waals term
can be expressed by properties of the two free ions by using
the London approximation®*

C=3a"-a - (I YI*+17)}, (2)

wherea * and I ¥ are the dipole polarizabilities and ioniza-
tion potentials of the two free ions, respectively. Thus, the
only two constants in Eq. (1) which must be determined from
specific molecular spectroscopic data are 4 and p in the re-
pulsive term; all other terms can be calculated from proper-
ties of the free ions. The predictive power of this simple mod-
el is potentially very high. Not only spectroscopic constants
but also the dissociation energy into free ions D, and the
electric dipole moment £ of the molecule can be calculated.
A comparison with experimental data can serve as a critical
test for the validity of the model.

In a crystal where symmetry is high the electrostatic
part of the potential can be approximated at least roughly by
@ = — ¢*/rleading to the Born-Mayer potential.® In a free
molecule @ needs a more elaborate treatment since mutual
polarization of the two ions has to be taken into account.
This can be seen from the fact that the dipole moments of all
known ionic diatomics are considerably smaller than
p = e . r. Currently, the most widely accepted treatment of
this problem is due to Rittner.® In this model the ions are
assumed to be polarizable spherical charge distributions and
multipole terms higher than dipole terms are neglected in the
calculation of the mutual polarization. As already pointed
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out by Rittner this should be a good approximation only if
*>d4.a".a". (3)

For the alkali halides this condition is well fulfilled in a large
range around r=~r, and the Rittner model—and some slight-
ly modified versions of this model—have been successfully
applied. A complete set of experimental data, including di-
pole moments, exists for these species allowing a detailed
and critical comparison. A list of references may be found in
Ref. 7. More recently a large amount of precise spectroscop-
icinformation has become available for some of the group II
A monohalides.*** From hyperfine structure measure-
ments it has become evident that the chemical bond in these
molecules is also highly ionic.?! However, the polarizabili-
ties of the alkaline earth ions are much larger than those of
the corresponding alkali ions so that the condition for the
applicability of the Rittner model given by Eq. (3) is fulfilled
only poorly. In order to test the validity of the model Klyn-
ning and Martin have studied the potential energy curve of
CaCl** They found that the experimentally determined
RKR potential could be fitted rather well to the Rittner po-
tential and some slightly modified versions when in addition
to A and p at least one other parameter was treated as an
adjustable variable in the fit. However, when in a later
work?® these results were used for a more detailed study of
the polarization effects in CaCl it turned out that the result-
ing ground state dipole moment comes out too small by one
order of magnitude. This is in contradiction to the result of
Dagdigian®® who calculated 4 = 3 D from the so-called
truncated Rittner (T-Rittner) model proposed by Brumer
and Karplus’ in reasonable agreement with his experimental
estimate of the dipole moment from beam deflection mea-
surements. With the precise values for the electric dipole
moments for CaCl, CaBr, and CaF determined most recent-
ly with a molecular beam resonance method®’—3° a more reli-
able comparison with experimental data is now possible. It
will be shown in this paper that the T-Rittner model gives
reasonable dipole moments only for a few of the alkaline
earth monohalides due to a fortuitous cancellation of two
neglected effects. An improved model will be discussed
which takes into account the large charge shifts in the alka-
line earth ions arising from the polarization. This can be
achieved without the introduction of a new adjustable pa-
rameter. Predictions of this model are compared with the
available experimental data.

© 1984 American Institute of Physics
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il. THEORY
A. The breakdown of the Rittner model

To understand the problems arising in the application
of the Rittner model to the alkaline earth monohalides it is
useful to go back to Rittner’s original paper.® In the mutual
polarization of the two ions only induced dipole moments
are considered. The electrostatic energy binding the ions to-
gether is then given by charge—charge interaction, charge—
dipole interaction, dipole—dipole interaction, and quasielas-
tic energy stored in the induced dipoles

o= _E _Ble _pe  2ptp
rr 7 =
+12 —\2
+(§a—l+%-)_' @

The induced moments 12+ and 4~ reduce the primary dipole
moment e - 5o that the net dipole moment z of the molecule
is given by

p=e-r—(pt+p7) (5)
p#* and p~ are calculated by
+ . ] E £} 6
M a [rz+ 3 {6)
and
e 2o
“=a S+ Z L 7
#o=a {r2+ ,3] 7

The expressions in braces are the polarizing fields written as
a multipole expansion around the center of the spherical
ions. Here also quadrupole and higher order terms are ne-
glected. Simultaneous solution of Eqgs. (6} and (7) yields

+ _reeat+2r-e.at-a”

E rP—4at.a”
e-at 2e-at-a”
~ , 8
S+ = (8)
- _ re.a +2r-e-at-a"
# r—d4a* .a”
e-a-  2-at-a”
~ 9
>+ = (9)

It is obvious from these expressions that the model will
largely overestimate the polarization effects and that conver-
gency of the power series on the right-hand side is very poor
if 7*>» 4a* @~ is not fulfilled. For the alkali halides
rs/4a™ - a” is usually of the order of 50 and higher. Polari-
zabilities of the alkaline earth ions are approximately one
order of magnitude larger than those of the corresponding
alkali ions and bond lengths of the monohalides are shorter.
For CaCl this leads to 7S /4a*a~ =2 and induced moments
ofu* = 16.9Dandu~ = 11.5 D, quite unreasonable results
when compared to the primary moment of e - 7, = 11.7 D.
Obviously any truncation of the power series on the right-
hand side of Egs. (8) and (9) will reduce this overestimation of
the polarization effects but is hard to justify in view of the
poor convergence of the series. Brumer and Karplus’ have
applied quantum mechanical exchange perturbation theory
to the problem and have shown that in a consistent second-

order perturbation treatment only the first term occurs in
the power series of Eqgs. (8) and (9). This means that the con-
tributions of the induced moments to the polarizing fields
are completely neglected in this so called *“truncated”
Rittner (T-Rittner) model. However, while a restriction to a
second-order treatment is completely justified for the alkali
halides, it is much less convincing for the alkaline earth mon-
ohalides with their high metal ion polarizabilities. In the
results presented in Sec. III B, we have included values of the
molecular constants ¢, ,w,x,, D;, and u calculated from the
T-Rittner model for comparison.

B. An ionic model for the alkaline earth monohalides

Two effects become important for the alkaline earth
monohalides which play only a minor role for the alkali ha-
lides: (i) the contribution of higher order multipole moments
in the mutual polarization and (ii} the inhomogeneity of the
polarizing field. Inclusion of these effects for the alkali ha-
lides*® gave no improvement. In some cases the agreement
with experimental data was even worsened. This may be due
to the fact that these small contributions tend to cancel and
may compete with other effects which have been neglected
or not properly described in the model. The situation is quite
different for alkaline earth compounds. An alkaline earth
ion consists of a closed shell Me™ * kernel with a single s
electron in the valence shell. Polarizability of the doubly
charged kernel may be neglected, so polarization of the ion is
entirely due to s-p-d-hybridization of the single valence elec-
tron. This means that the electron’s center of charge must be
shifted by Ar to give the induced dipole moment (see Fig. 1)

ut=e-A4r. (10)

Ar is of the order of 1 A and thus cannot be considered as
small compared to the internuclear distance. For this reason
a multipole expansion of the Me *-electric field around the
position of the Me™ * kernel will converge only poorly at the
Hal ion. On the other hand the electric field of the Hal-ion
acting on the Me™ valence electron will be significantly
smaller than the field at the position of the Me* * kernel.
For ions with a closed shell configuration this can be neglect-
ed since all valence electrons in degenerate orbitals (usually
six p electrons) contribute to the polarization and polarizabi-
lities are smaller in most cases. Then Ar is small compared to

Metal” Halogen™
-
A r B

r

FIG. 1. Alkaline earth monohalide consisting of two closed shell ions
Me™ * and Hal ~ and a strongly hybridized metal centered electron. r is the
internuclear distance and Ar the displacement of the center of charge of the
s — p ~ d hybrid from the metal nucleus.
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the internuclear distance and the Rittner model is an appro-
priate approximation. In our new model we therefore use
Rittner’s treatment for the polarization of the Hal ion but
write the polarizing field as a superposition of the fields aris-
ing from the Me™* * kernel at a distance » and the valence
electron at a distance (7 + 4r), respectively:

_ _ [2e e

po=a {ﬂ (r+4r)2]‘ (1
Here the Me™ * kernel is treated as a spherical charge distri-
bution since we have neglected its polarizability. The field
from the valence electron is also written as arising from a
spherical charge distribution. This means that some higher
order terms have been neglected even in our model, but the
larger contributions due to the charge shift Ar are included.

In the expression for the polarization of the Me™ ion we
consider the valence electron as elastically bound to the
Me™ * kernel so that the induced moment is proportional to
the polarizing field. In the approximation of a spherically
symmetric charge distribution for the valence electron this
polarizing field has to be calculated at the center of charge,
i.e., at a distance (r + A7) from the negative ion

e u”
+ ] 12
(r+4rn* (r+4r? 12)
Equations (11) and (12) have a correct asymptotic behavior in
the sense that neither # ™ nor 12~ can become infinite for any

finite value of ¥ and a . Inserting Eq. (11) into Eq. (12) we
get

y*:e-Arza*’{

a* 4at.a”  2at-a”
Ar= 2 3 5"
(r+4r?  Ar+4r® (r+4r)
From this expression 4r can be calculated numerically by a
simple iteration program to any useful degree of accuracy.
The electrostatic potential in our model is given by

(13)

e e
¢ = r (r+4r r
p e (utP (uT)
o e e (14)

If in a series expansion all quadratic and higher order terms
in Ar/r are neglected, Eq. (14) is equivalent to the Rittner
potential (4). Using Eq. (11), Eq. (14) may be written more
simply

D= _2_e2+ e {:u+)2 _ (/‘__)2. (15)

r  (r+4r  2a" 2a

With this expression the model potential of Eq. {1} can be
calculated once the two unknown constants 4 and p have
been fitted to the specific molecule under investigation. This
can be done by comparing the first two derivatives of the
potential (1) with experimentally determined values of , and
.:

e

Vi) =0 (16)
and
2 2 o
V'ri==.q,="—-. . 17
(re) g ao 2B, (17)
From the higher derivatives the coefficients a; of the Dun-

ham potential*!

Vi) =ao-§{1+ad +af*+ ]

r—r,

E=
r

e

may then be derived
P2
g == L pin+2)

a-a, w12l versr), (18)
where ¥'"(r,) denotes the nth derivative of ¥ (r) at r=r,.
Relations for the calculation of spectroscopic constants from
the coefficients @; have been given by Dunham*' and
Varshni ef al.’

In the calculation of the V'"(r,) from Eq. (1) simple
analytic expressions can be obtained only for the first and the
last term. Derivatives of @ have to be calculated numerical-
ly. To avoid errors in this calculation, especially for the high-
er derivatives, the accuracy in the iterative calculation of 47
from Eq. (13) must be sufficiently high.

Hl. COMPARISON WITH EXPERIMENTAL DATA
A. Input data

The most important input data for the calculations are
the polarizabilities of the free ions. Unfortunately no experi-
mental data are available for the alkaline earth ions. We
therefore have to use the values calculated by Hildenbrand*?
using the relation®>**

a=2n-e-(R?/3I, (19)

where n is the number of valence electrons and (R 2) the
expectation value of the squared orbital radius of a valence
electron. This may give rise to comparatively large uncer-
tainties in the results but general trends and the comparison
with the Rittner model should be relatively unsensitive to
errors in the a™ which are listed in Table 1. Values for the
polarizabilities of the halogen ions have been given by Paul-
ing.*> However, effective polarizabilities of the negative ion
in an ionic molecule are somewhat smaller due to exchange
forces. De Wijn*® assumed that polarization of the two p,,
orbitals is completely quenched while polarization of the
four p,. orbitals remains unaffected. This would reduce the

TABLE I. Ion polarizabilities used in this paper.

Free ion polarizabilities™® Effective polarizability

Ton a*,a(AY a~(AY
Be* 1

Mg* 3

Cat 7

Srt 9

Ba* 12

F~ 1.05 0.69
Cl- 3.69 2.55
Br~ 4.81 3.50
I~ 7.16 5.35

2Metal* polarizabilities from Ref. 42.

®Halogen ~ polarizabilities from Ref. 45.

° Effective polarizabilities of the halogen ions have been fitted to the alkali
halide dipole moments.

J. Chem. Phys., Vol. 81, No. 10, 15 November 1984
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polarizabilities of the halogen ions by a factor of 2/3. Brumer
and Karplus’ have assumed that the deviation from the free
ion polarizabilities depends exponentially on the internu-
clear distance. Although the additional adjustable param-
eter introduced this way was fitted to reproduce the values of
the dipole moment, errors in the prediction of the other mo-
lecular constants were reduced only slightly. We therefore
preferred to use fixed effective polarizabilities listed in Table
1. These values are slightly larger than those resulting from
De Wijn’s rule. They have been adjusted to reproduce the
experimental dipole moments of the alkali halides to within

4 0.15 D except for the Li halides where the deviations go
upto +0.5D.

Values for the ionization potentials 7 and 7 * and the
electron affinity £ = I ~ listed in Table II were taken from
Landolt-Bérnstein.*” They are necessary to calculate the
constant C of the van der Waals attraction according to Eq.

TABLE III. Comparison with experimental data.*

4617

TABLEI1. Ionization potentials and electron affinities used in this paper.®

Atom I{eV) I*eV) E=1"(eV)

Be 9.32 18.2

Mg 7.64 15.0

Ca 6.11 11.9

Sr 5.69 11.0

Ba 5.21 10.0

F 4.1

Cl 3.78

Br 3.52

1 312
 All values from Ref. 47.
(2) and the dissociation energy into free ions

D, =D+ 1/20, +I1—E, (20)

Molecule Ar/r, (D) Dfem™") a,em™!) o.x,(cm™Y)
MgF This work: 0.3767 3.64 66 400 4.22X1073 4.29
Exp: 67 200 470X 1073 4.94
T-Rittner: 2.62 66900 4.06X107® 4.16
MgCl This work: 0.2672 4.25 53 100 1.60x 1072 2.25
Exp: ) 57 500 1.58x 107 2.10
T-Rittner: 5.05 52 800 1.64X 1073 2.29
CaF This work: 0.4955 3.34 62 200 2.40x1072 3.01
Exp: 3.07 60 700 245X 1073 291
T-Rittner: —0.32 64 000 2.10x107* 2.72
CaCl This work: 0.3603 4.47 49 600 8.36X10~* 1.54
Exp: 4.27 52 500 7.99x10~* 1.37
T-Rittner: 3.98 49 800 828X 107* 1.52
CaBr This work: 0.3268 4.80 46 500 430x107* 0.99
Exp: 4.36 47 500 4.04x107* 0.84
T-Rittner 4.96 46 500 4.33%107* 0.99
Cal This work: 0.2839 5.25 42 600 2.89X107* 7.66Xx10!
Exp: 45 900 264107 6.28%10~*!
T-Rittner: 6.16 42 400 296X 10~* 7.82x10™!
StF This work: 0.5112 3.67 59 000 1.59x 1073 235
Exp: 58 100 1.55x 1073 2.27
T-Rittner: —0.84 61100 1.37%x 1073 207
SrCl This work: 0.3701 5.08 47 300 4.83x107* 1.10
Exp: 49 100 4.52x107* 0.97
T-Rittner: 4.01 47 600 471x107* 1.07
BaF This work: 0.5589 3.4 57 700 1.30x107* 2.09
Exp: 58 000 1.16X1073 1.83
T-Rittner: ~2.70 60 500 1.08x1073 1.77
BaCl This work: 0.4037 5.14 46 200 375X 107 9.67x10~*
Exp: 48 500 3.34x107* 8.17x10~!
T-Rittner: 3.17 46 800 3.60x107* 9.21x10™?
Bal This work: 0.3242 6.14 40 000 7.56X107° 3.41x107!
.Exp": 42 000 6.63X1975 2.90x10~!
T-Rittner: 6.07 40 000 7.56xX 1075 3.40%10~!

*Experimental data and values of 7,, @, and D used in the calculations were taken from Refs. 14-16, 23-25,
48, and 49. For a better comparison with model calculations only three significant digits are given in the table.

*r, and a, from unpublished microwave work.

J. Chem. Phys., Vol. 81, No. 10, 15 November 1984
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where D § is the experimentally determined dissociation en-
ergy into atoms relative to the lowest existing level of the
molecule. All molecular constants were taken from Huber
and Herzberg*® or Rosen*® unless more recent and more pre-
cise values were available from the microwave or laser spec-
troscopic work cited in the references.

B. Resuits and discussion

Calculations have been carried out for all alkaline earth
monohalides provided that a reliable rotational analysis was
available. Calculated values of the dipole moment g, disso-
ciation energy into ions D;, and the spectroscopic constants
a, and @ x, are listed in Table III. Experimental data and
values calculated with the T-Rittner model are listed for
comparison. The parameter 4r/r, gives the charge shift in
the metal ion due to the polarization in units of the internu-
clear distance. It is a measure for the importance of the in-
homogeneity of the polarizing field.

The electric dipole moment is of particular interest
since this quantity is most sensitive to changes in the model.
Experimental data are presently available only for the cal-
cium monohalides CaCl,>’ CaBr,*® and CaF.* In Fig. 2
these data are compared with the different model calcula-
tions. The Rittner model largely overestimates polarization
effects so that negative dipole moments result for all alkaline
earth monohalides. The model is therefore not applicable to
this group of molecules. All experimental data are repro-
duced very well by the new model. Agreement can even be
improved by a slight adjustment of a* without worsening
the results for the other constants given in Table II1. Predic-
tions from the T-Rittner model reflect the approximations
made in this model. This can be seen by comparing the in-
duced moments 1 and 2~ listed in Table IV for the two
models. Neglecting the charge shift and the inhomogeneity
of the polarizing fields leads to an overestimation of 4 by
the T-Rittner model. Neglecting the contribution of the in-
duced moments of the polarizing fields has the opposite ef-
fect. This can be seen from the values of £ ~. As a result the
total induced moment (u™* + ) is highly overestimated
for the fluorides since for these molecules Ar/r, is large
while the polarizability of F~ is small. For the heavier ha-
lides the parameter Ar/r, goes down while the polarizability
of the halogen ion increases rapidly. It thus may happen that
both effects nearly cancel as in the case of CaCl and CaBr so
that the T-Rittner model accidentally reproduces the experi-
mental dipole moment well. However, even in this case the
values of u* and u~ differ significantly from the results

TABLE IV. Induced moments #* and ¢~ in the Ca monohalides.®
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FIG. 2. Electric dipole moment of calcium monohalides from measure-
ments (&), our new model (X ), T-Rittner model (@), and Rittner model (W).
A plot of the primary moment e - r, is shown for comparison.

given by the new model. Despite different results for the
charge distribution the two models describe the quantities
D;, a., and w,x, equally well for all molecules listed in Table
III. Obviously the T-Rittner model is capable of reproducing
the potential energy reasonably well even in the cases where
the sign of the dipole moment is wrong. This may seem sur-
prising since polarization of the ions makes an essential con-
tribution to the attractive potential, amounting to roughly
50% of the charge-charge interaction energy. However, the
total potential energy is strongly influenced by fitting the
harmonic part of the potential to the experimentally deter-
mined value of w, . Errors in the polarization terms are thus
partly compensated. As a result the values of D; given in
Table III are changed by only about 15% when polarization
effects are completely neglected. A second order treatment
of the electrostatic interaction is therefore sufficient in the

T-Rittner model This model
ur u L +p7) ut 7 W +u)
CaF 8.82 0.87 9.69 4.68 1.35 6.03
CaCl 5.66 2.06 7.72 4.21 3.02 7.23
CaBr 5.00 2.50 7.50 4.08 3.58 7.66
Cal 4.20 3.21 7.42 3.86 4.47 8.33

* All values in D.

J. Chem. Phys., Vol. 81, No. 10, 15 November 1984
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ionic model of the potential energy even if the polarizabilities
of the ions are high. The electric dipole moment is much
more sensitive to details of the charge distribution in the
molecule. For the alkaline earth monohalides the simple
model presented here is expected to predict this quantity
with about the same accuracy as the Rittner model does for
the alkali halides.

When this work was nearly completed the first ab initio
calculations on CaCl were published by Honjou e al.>° Their
study confirms the ionic character of the bonding and agrees
well with the results of Bernath et al.>* concerning the strong
s-p hybridization of the Ca™ ion. The ab initio calculations
yielded a rather large equilibrium internuclear distance 7,
for the X 23 * state whereas the resulting ground state dipole
moment of 4.29 D {(at #,} agrees with our measurements
strikingly well. Of course these calculations require a large
computational effort and will become even more difficult
when heavier alkaline earth monohalides are to be treated.
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