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ABSTRACT
The theoretical cohesive energies of the fluorides CaFe, SrFg, and
Bal': are calculated using relationships based on the Born and Mayer
model of an ionic erystal. The computed values of the theoretical
cohesive energies are compared with the experimental values of the
cohesive energies based on the Born-Haber cycle and thermochemical
data.

INTRODUCTION

Using a theoretical approach, proposed by Born and
Mayer (2), the cohesive energy of ionic crystals can
be determined by summing the electrostatic energy,
the first and second van der Waals energies, the re-
pulsive energy and the zero-point energy. The theo-
retical cohesive energy, obtained using the Born and
Mayer model, can be compared to an experimental value

based on the Born-Haber cycle (4) and thermochemical
data.

The idealized model of an ionic crystal consists of
positive and negative ions having charges that are
multiples of the electronic charge. The interaction be-
tween ions is assumed to be primarily electrostatic
interaction between spherical charge distributions, The
ions attract or repel one another by coulomb inter-
action of their charges. Attraction also occurs from
the van der Waals interactions between the ions re-
sulting from the polarization of each ion in the field
of the other. As the ijons are brought closer together
their outer electron shells begin to overlap and a
characteristic repulsive force resists the overlapping
of the electron distributions with the neighboring ion
cores. The repulsive force opposes the electrostatic at-
tractive force and causes the ions to come to equilibrium
at a finite value of the internuclear distance. The ions
form a stable crystal because the electrostatic attrac-
tion between unlike ions is larger than the repulsion
between like ions. An additional energy term, referred
to as the zero-point energy, can be obtained from the
Debye limiting frequency.

THEORETICAL COHESIVE ENERGCY EQUATIONS
The energy, U, for the formation of one mole of an
ionie erystal may be expressed as

Uzr="TUs+ Ups 4 Uns + Uz 4+ Uz (1)

where Ug is the electrostatic energy term, Up, and Ups
are the first and second van der Waals energy terms,
Ur is the repulsive energy term and U is the zero.
point energy term.

The electrostatic contribution to the cohesive energy is

Up=—Z%NAr? (2)

where Z is the largest common factor of the positive
and negative ions, e is the charge on the electron, N is
Avogadro’s number, A is the Madelung constant for the
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structure and r is the separation between nearest neigh-
bor ions in the structure.

.The first and second van der Waals energy terms are
given by the equations

Ups = —NDyr"° (3)

and Ups = —NDyr-# (4)
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The values of “c* 5¢* and 5S¢y Sgh S¢"s for the fluorite

structure, have been computed by Benson and Demp-
sey (1) and their values are given in Table I. The for-
mulae for the constants C,,° and C.* are given by
Mayer (10) as
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where «; is the polarizability of the jon i, e; is an
energy characteristic of the ion i and p, is the effective
number of electrons in the outermost shell and was
taken as 5.5 after Huggins and Sakamoto (8).

TABLE I
= 6.02472 X 1023 A = 5,03878 ¢ = 4,50288 X 10°10 ¢,s5,u,
v,= 1.0 V.= 2.0 Z=1.0
A f,_= 1,125 f..= 0,75
nse= 12,0 n,.= 8.0 n__# 6.0
nt_= 12,0 hp= 1.63299 k2 = 1,15470
S = 8.708300 Spl= 7.089124 ::'(;'h: 0,762218
5! = 8157501 Sy 4.395594 sé"= 0.253163

The repulsive term can be expressed as
Up=U4+ U4+ U + U (9)

where Uy

]

N b vy by b f,0n,_exp (-1/p)
Uy = 0,550 v_b? £__n__cxp (-kox/p)
Ug = 0.5 N b v b2 £ n! exp (-kjr/p)
Uy =wb v+bz foahpacxp (-k11/p)

In these expressions b, = exp (r./p) and b- = exp (r-/p),
ny; are the numbers of nearest neighbors of the positive
and negative ions and n’__ is the number of next nearest
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neighbors of the negative ion, v. and v- are the (I:)hitlli!l%'r?;
on the positive and negative ions, f,; are the ba Cure
factors and k, and k. are constants for the struclu'vé
Born and Mayer (2) have shown that the re.pu Stlhe
parameters, b and p, can be determined by solving

equations

Ty (dUp/dr)rg = 3 T Vy ofB (10)
and
: 12 (@Pup/dP)r, = 9 Vy/B (11)

where g is the compressibility, a is the volume coeﬁi&
cient of expansion, V. is the volume per molequle an
¥, is the separation of nearest neighbors at room tem-
perature. A computer program was written to solve 'the
set of equations (10) and (11), using a numerical
method of iteration until the values of b and p were
determined correct to four decimal places.

The zero-point energy is the energy of the lattice
vibrations at absolute zero and is given by

Uz — 9 N (V+ +V—) h anxla (12)

where v, and v- are the numbers of positive and nega-
tive ions per molecule and yu.x is the Debye limiting
frequency.

CALCULATION OF THE THEORETICAL COHESIVE ENERGY

The theoretical cohesive energy at absolute zero can
be determined by summing the electrostatic energy
term, the two van der Waals energy terms, the repul-
sive energy term and the zero-point energy term. The
values of b and p, determined from equations (10) and
(11) were used to find the separation of nearest neigh-
bors at absolute zero, r,,, using the equation

Too (dUz/dr) 1o = 0 (13)
This separation of nearest neighbors at absolute zero
was used in the calculation of the individual energy
terms. The equations for the energy terms were pro-
grammed in the fortran language and the energies were
computed using an IBM 1620 computer. All of the con-
stants used in the calculations are shown in Table I,
The Madelung constant for the fluorite structure was
taken from Johnson and Templeton (9). Values of the

CTALLE 1L
t3) S
C:ilf2 SrFZ Bal’,
Yo (0 2,505 2.509 2,683
Ty [R) 1.17 1,31 1.40
r. (R) 1.05 1.05 1.05
v, &% 1074 48.63 59,47
105a(deg1) 5,69 560 5,69
10128 (ayneten?) 1,23 1.61 1.97
1013y, 5 71 0,99 0,74 0.59

parameters for CaF, SrF., and BaF., used in the caleu-
lations, are given in Table II. The values of r, are from

nnessee Academy of Science
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Donnay and Nowack (5) and the values of r,
due to Pauling (11). The mcl)le:c.u!ar volume
lated from ., the compreSS{blhhes are due
man (3), the volume coefficient of expangion for
calcium salt has been measured by Sharma (12) 5 e
was assumed to have the same value for the othep t:d
salts. The values of rmax were taken from Benson , 0
Dempsey (1). The polarizabilities and energy chal'act:d
isties of the crystals are shown in Table It with tl:‘;

and y_ are
Was caley,.
to Brigg_

TABLE III

Ca¥, 51T, sar,
a+ (0 0,979 1.499 2.428
) 0,759 0,759 0.759
10124 L) 01,54 51,67 42,66
1012¢. (erg) 22,0 22.0 22,0
1060g, .6 erg cnd) 44,23 87,077 188,616
1060¢4..6 (exg cud) 18,063 20,333 40.123
1060¢. 6 (erg en®) 9,505 9,505 9,505
1076448 (erg cnb) 94,530 259.216 629,940
1076¢, _8(ers cn®) 24,649 43,969 5,533
1076c_.8(erg cn®) 5,630 5,630 5,630

calculated values of Ci® and Cis%. The polarizabilitieg
are due to Tessman, Kahn and Shockley (14), e, wag
taken as 0.75 of the third ionization potential of the pos.
itive ion after Mayer (10) and e- is due to Tousey (15).
The values of each of the energy terms and the tota]
theoretical cohesive energy, calculated in this work, for
CaF., SrF., and BaF. are summarized in Table IV and

JABLE TV
(CaFy) (STF2) (Fafy)
) [ () QL) (P (i)
(e}
T, (n) 2.3065 2,360 2.509 2,505  2.683 2,679
() 1.17 1.17 1.31 1,51 1.46 1.46
. 1.05 1.08 1.05 1.05 .05 1.08
Too () 2,355 * 2.499 * 2,672 *
(o}
p(A) 0.2962  0.3335  0.3218  0,3333  0,3292  0.335
1012h (exg role~ly 1.1295 1,21 1,121 1,15 1,0967  1.10
i - -1 '
U (keal siole™l) -T10.35  708.7  -669.42 -667,9 -626.08 -21.4
Upe (keal mole-1y -17.54  -21,5  -17.50 -10.3 -17,99 -I8.8
Upg (keal molely ~3,43 *k ~3.50 *k -4.42 L
Up (keal mole~l) 105,03 116.8  100.75 1032 9552 9Ll
Uz (keal molc™ly 3,19 3.1 2,58 2.4 1.90 2.3
Ur (keal wole-l) <650 -6l0.0  -567.6 -552.0 -533.3 =550-0

hot calculated by iarries and ilorris

** Included in Uy, by varrics and verris

designated (F). Values of the energy terms calculated
}?Y Harries and Morris (7), designated (H.M.) are shown
in Table IV for comparison.
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CALCULATION OF THE EXPERIMENTAL COHESIVE ENERGY

The experimental cohesive energy can be obtained
from thermochemical data by means of the Born-
Haber (4) relationship

Uxm=—AH+L4+D+1—-2E (14)

where AH is the heat of formation of the solid fluoride,
L is the heat of atomization of the metal, D is the dis-
sociation energy of the fluorine, I is the sum of the first
two ionization potentials of the metal and E is the elec-
tron affinity of fluorine, The experimental cohesive ener-
gies of CaF., SrF., and BaF. have been calculated by
Sherman (13), designated (S), and Harries and Mor-
ris (7), designated (H.M.). The results of their work
are shown in Table V together with the theoretical
cohesive energies calculated by Frounfelker (F) (6) and
Harries and Morris (H.M.) for comparison,

SUMMARY AND DISCUSSION

Using a method based on the Born and Mayer model
(2) the theoretical cohesive energies, U, of CaF,, SrF,,
and BaF. were determined as —625.0, —587.6 and
—563.3 keal per mole, respectively. The theoretical co-
hesive energies, calculated in this work, can be com-
pared with the theoretical energies determined by
Harries and Morris (7). For all three materials, the
energies calculated by Harries and Morris are smaller
than the energies computed in this work. The smaller
energies obtained by Harries and Morris are due, in
part, to holding p fixed at 0.8333 and using the separa-
tion of nearest neighbors at room temperature instead
of at absolute zero. It may be noted from Table V

that the experimental cohesive energies for CaF., Srf.,
and BaF. calculated by Harries and Morris, using the
Born-Haber cycle, are —617, —584, and —549 keal per
mole, respectively, For all three materials the theoret-
ical cohesive energy is greater than the experimental

cohesive energy. This is generally attributed to a
departure from the ideal ionic bonding assumed in the
Born and Mayer model. Deviation between the theoret-

TADLE V

(Values in keal per nole)

Ca¥y Sxfy DaFy
vp () «625,0 -587.6 ~553.3
Up (Heite) =610,0 -532,0 -550.0
Ugyy (ifte) -617,0 -584,0 -549,0
Uiy (5 =617.2 -580,2 =547.0

ical and experimental energies is an indication that the
structure is not composed purely of spherically sym-
metrical ions, but that the bonds may have the character
of electron-bond pairs.
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