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I. Introduction

Salts having the general formula A,MX are formed by both transi-
tion and main-group elements (M) in the formal oxidation state (IV),
where A is an alkali metal, thallium, or ammonium and X is a halogen
Accordingly, a study of such salts, in this chapter confined to those
having the antifluorite (K,PtClg) structure, generates interesting
data embracing a wide section of the periodic table. This chapter
concerns the role lattice energy plays in the thermochemlstry of these
salts.

Since this chapter went to press a similar study of the lattice energies
of salts of general formula A,MX, possessing noncubic structures
has been made and will appear shortly (40a).

This study describes the attention that lattice energies of A,MX,
salts have received to date in the literature, reportssome recent studies
from this laboratory of the lattice energies of such salts as calculated
using a new minimization procedure (38, 39), and, on the basis of these
latter results, also presents estimates of the lattice energies of A,MX,
salts where M = Hf, Nb, Ta, Ru, and Sb to complete the study. All the
salts considered (with the exception of a handful for which we estimate
the lattice energy from thermochemical data) for which we have
carried out an accurate evaluation of the lattice energy possess the
antifluorite (K,PtCls) structure, having a unit cell length a, and an
M—X bond distance d (d = u.a,) as the only variants from structure to
structure.

Lattice energies have been the subject of isolated studies (16, 19, 22,
29, 36, 40, 51, 53, 68-70) for isolated salts over the last decade and a
half. Figure 1 represents the situation prior to the study that is the
main subject of this article.

Figure 1 gives the salts, in periodic order, for which lattice energies
had been reported prior to the commencement of this present study.

Table I gives the detailed results and references associated with
Fig. 1 and indicates the type of calculation used to establish the lattice
of the twenty-two A,MXj salts considered.

A. THERMOCHEMICAL CYCLE
Incorporating the lattice energy into the Born-Fajans—Haber cycle:

2A(c) + M(c) + 3X,(s8)
2AH (A )(g)

+ AH '(MX,")(B)
U,
AMX(c) —=AMED | o p (@) + MK, (g)

AH (A, MX,)(c)
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6 H. D. B. JENKINS AND K. F. PRATT

where (ss) indicates standard state (for A = NH, we must replace
Upor(A,MX) by {UmT[(NH4)2MX6] + 3RT} the following equations
are generated:

UPOT(AVZMXG) = 2AHJO(A+)(E) + AHjc(Mxoz_)(g) - AHfo(AZMXG)(C)

¢h)
for salts where A = K, Rb, Cs, T1, and Ag, and
Upor((NH,),MX;) = 2AH *(NH,*)(g) + AH (MX,>")(g)
((NH),;MX)(c) — 3RT 2)

for the ammonium salts.
We use these equations and the relationships:

AH(MX¢*")(g) = AH,"(MX¢*")(aq) — 2AH,(H*)(g) — 24H},«(H")(g)
— AH},((MXq*")(E) (3)

AHyq, = AH (MX,27)(g) — 2AH X~ )g) — AH(MX,)(ss) (4)
to obtain enthalpies of hydration, AH} «(MX,27)(g), and enthalpies of

formation, AH *(MX,*~)(g), for the gaseous ions as well as halide (X™)
ion affinities for MX, in the state (8s), where (ss) = (g), (1), or (¢).

B. BonND STRENGTH

We can define the metal—halogen bond strength in the MX6 ion in
two ways, First, with reference to the homolytic fission of the bond:

MX2™ - M(g) + 6X(g) + 28
in which case the enthalpy change, — AH,*(MX¢%")(g) of the reaction
above can be employed as a measure of the average (homolytic) bond
energy, EMM — X),om, defined as:
E(M - X)hom = —%AHIG(MX62—)(g) (5)

Second, with reference to the heterolytic fission of the bond:

Xe* (@) » M (@) + 6X7(9)
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~ wecan define an average (heterolytic) bond energy, EM — X),.,, using
the enthalpy change, — AH/(MX,*")(g) of the reaction thus:

EM - X),., = —3AH, MX*")(g) (6)

This latter bond energy has been referred to by Basolo and Pearson
(I) as the coordinate bond energy and is recommended by them as the
more informative for the study of ions of the type MX 2~ on the grounds
(i) that in common substitution reactions it is heterolytic, rather than
homolytic fission, that occurs in the M—-X bonds, (i1) that no process
corresponding to:

2 (g) > M(g) + 6X(g) + 22

really exists, and (ii1) that the ionic nature of the metal halogen bonds
makes it natural to think of complexes dissociating into ions. However,
at high temperature the homolytic fission occurs, and thus for con-
sideration of reactions at high temperature and in certain redox re-
" actions involving atom-transfer mechanisms, the former E(M — X),,,
definition may be more appropriate. Consequently we have chosen to
cite both bond energies in what follows, although coordinate (hetero-
lytic) bond energies, E(M ~ X),,, for the most part feature in our
discussion.

The “total coordinate bond energy” (c.b.e.) defined by Pearson and
Mawby (58) is defined as 6E(M — X),,, = c.b.e. for MX4%~ ions.

Figure 2 gives the energy diagram related to the above definitions.

C. Scope oF REVIEW

Figure 1 presented details of the calculations of the lattice energies
of A,MX, salts prior to the main studies reported here. Figure 3 shows
the compounds that have received attention as a result of our recent
minimization method in addition to values that have been estimated
from these studies. Deriving from these lattice energies, using ancillary
thermochemical data where available, we have computed halide ion
affinitions as defined in Eq. (4), and these have been obtained for the
compounds MX,(ss) as indicated in Fig. 4.

The bond strengths of the metal-halogen bonds indicated in Fig. 5
have been obtained using the approach described in Section I,B above.
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M4 (q) + 6X(g)

6Ay

f1, | W Ge(y)

/=1

Mlgle6Xlg)
|30,
Mgl +3X, (g}
858, (M(c) 3
&xo
——— e e x
Mlc) +3X; [g) W = -:g
¥
= o
Wy E
I 4
z
Y
«¥
=
MX¢ (g)

Fic. 2. Energy-thermodynamic correlation for bond-energy definitions.

We proceed now to a discussion of the method which is the main
source of the lattice energies referred to in this chapter. The results are
discussed in Section VIII and classified by ion type in periodic order in
Section V. The lattice energies fall into three categories: (1) those
derived from our new approach; (ii) those estimated on the basis of the
results in (1); (iii) those obtgined by other workers.

The study on the whole adds up to the generation of a systematic
scheme for the examination of bond energies and other thermochemical
properties across the periodic table to an extent not previously

achieved.
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IVB VB viB
KSF,
Rb,F,
Ca,81F,
(NH) ST,
IVA YA viA viiA e YT}
K, TiCly K,MnCl, Br,
K, TiBr, Rb,MnF, ci,
Rb, TN, |RuMncy, ICs,8eC1,
Rb,Tigr, Ca,C1F, |CoMn?, Rb,CoFy | KNIF, o GeCly KNH,) SeCL, |
Ca,TiCl, Ca,MnCl, Cs,CoF, | RbyNiF, (NH,), SeBr,|
Cs,TiBr, . [nE)MnC 1
{NH,), TiCL, i
Cly [Ky TeCl,
i RbySnCl [Rby TeCly
K,ZrCl, KMoCl, | Na,MoCl, | K, TeCl, | KRuCl, Pacl,  [Rb,SeBr, ICs,TeCly
Rb,2:Cl, RbNbCl, | K,MoCl,™ | Rb,TeCl P4Cl, 1] Co, Totsr,
Cs,ZxCly Ca,NbCl, | RbyMoCl, 5, PACY,  |Ca,SnCl, Rby8bCl, (Cs,Tel,
Ca MoCl, NH,),PdCl|Cs,8nBr, kNHL), Te
Ca,Sn], ,T#.
(m(_\.n..ﬂ‘
(NH,),Sn Br,
KHIC), K, TaCl, | KWC, Cl, |K,0sCi, K, P, [a
Rb,TaCly | K,WBr, Br, [K;08Br, X,PtBr, [RuPOCY,
Cs,TaCl, [ RB,WC], [RbReCl, [Cs,08Ci, Rb,PIC, |8, PDC), Cs,PoBr,
Rb,WBr, [Cs,ReCl, [(NH,),0aCl, Cs,PrCl,  f(NH), PuCY] fNHL), PoC]
Ca,WCl, [(NH)ReC (NH),Ir Cly ((NH,),PtCl, KNH,), PoBr
Cs,WBrg

Frc. 3. Calculated and estimated lattice energies for A,MXj salts: 1977.

IvB VB VIB
8tF,
IVA VA viA VIIA ~—— VIl ——™

TiCl, NiF, ,GeF,

TiBr, GeCl,

zZrcl, NuCl, MoCl, pacl, anc1, TeCl,
TeBr,

HCl, TacCl, wCl, ReCl, ;uCl, IrCl, nCl, PoCL,

wBr, ReBr, PtBr,

Fic. 4. Calculated halide ion affinities for MX, compounds.
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14%:) vB vIB
8i-F
IVA VA VIA viiA - VIII ———— ]
T-C1 Ni-F Ge-F
Ti-Br Ge.Cl
Zr-Cl Nb-Cl Mo-Cl Pd-Cl Sn-C1 Te-Cl
Te-Br
HL-C1 Ta=Cl WaCl Re-Cl O8-Cl r-Cl Pt-Cl Po-Ci
W-Br Re-Br Pt-Br

Fic. 5. Calculated metal-halogen bond strengths.

. Rigorous Lattice-Energy Calculation for
A ,MX, Salts

A. THEORY

In the present study we have assigned a charge distribution (see
Section ILB) in all cases to the MX¢?~ ion, based where possible on
experimental data already available. Within a given ion MX >~ we
have six atoms X bearing a charge ¢y surrounding a central metal
atom M bearing a charge g, where:

qu t 6gx = -2 )

The lattice potential energy of a salt A,MX;, Upor(A,MX,) is given
by the sum of the electrostatic (U gc), dipole—~dipole dispersion (Uy,),
dipole—quadrupole dispersion (U,,), and repulsion (Uy) energies:

UPOT(AZMXG) = UELEC + L’dd + qu - UR (8)
and the condition that:

(aUm<AzMx6))

da =0 ®)

=aqg
5
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is used, and hence:

U\ _ (0Ugiec U,y 80U
(W)a=ﬂo B ( 00 )a=do ¥ ( aa a=daqg * aa a=ao (10)

If, for a salt A,MX,, we regard it as consisting of two A* ions and an
approximately spherical MX¢%~ complex ion, the approach of Huggins
and Mayer (33) renders a parametric form for the repulsion energy:

B 1 2? + . —‘R + +
Ug = EbCJr + exp( F’: ) [2 m;m exp (———; At ):I
At
+ bC, _exp (——-—?m +er°z')|:2 ) exp (——— RA*MX%'—):I
P all ions P
MXz; .
T X 2- —Ruxe2-mxz-
+Ype exp (2——-——er° ) Y exp (——w-—Mx‘ M3, ) A1)
2 P o P

applicable for this salt, where C,, =1.25,C, _ =0875, and C__ =
0.50. All the distances involved in the summations are expressible as
functions of a, the unit cell parameter, thus:

Rij = a[(h + xi - xJ)z + (k + yi - yj)l + (l ‘i' 2,- - zj)2]1/2 = aku (12)

and hence Uy is differentiable and takes the form:

54& 1 2Fa+ kata +) —Ryin+
= —-bC, ., ex ATV 2 " lexp| ———=—
(aa ) 2 p( ’ )[ Z( b xp( p )
- bC, _ exp(_r———A+ h er“z-) [2 ) (—kMMX%‘_)
p all icns P )
MX3Z~

exp (_ RA+ MXE; )
P

1 2 pix.2-
Lo e [ 2TMNe
2" e'xp( b )

{ ) (k_MX‘Z_M’gi) exp (————_ Ruuxe2-sexgc J (13)
all ions P p

MX3;
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Herzig et al. (32) have expanded Ug gc, the electrostatic energy for
these salts, as a function of the cell length a, and an internal distance, d
(corresponding to the M—X distance in the salt), and the charge dis-
tribution g on the terminal halogen atoms of the complex ion.

A K/a{o:0 ! [)f a,<d/a>"] a+ [Z ﬁ..(d/a)"]qx 2} ()

n=2
whereupon
OUpec\ _K[(0Mpec\  Meiec (15)
da Jo-u Go 08 Ja=ay 8o
K P d ” x d\"
= - E;E‘ [ao + ”22 (n + l)an ('a_o) QX + n;z (n + l)ﬂ,, (_q—‘;) qXZJ

(16)

where Mg, ¢ is the electrostatic Madelung constant based on ag.
The derivatives (¢Uy/0a), - ., and (0U 4/0a), - ., are evaluated using the
polarizabilities of Pirenne and Kartheuser (59), treating the ions
MX,2~ as though they could be regarded as being comprised of six
halide ions. The electron numbers were taken as 8, apart from the case -
where M = T], in which case the Herzfeld and Woolf formula (31) was
employed. The summations necessary for the evaluation of the above
derivatives took the form:

[ AA
St A =2 Y (Raea)™t a7
Lnl'l‘io*ns ]
iel [ AX . 7 .
8% =2| ¥ Rkt (18)
all i

.(il'ls —J

XX
SEX =6 Y (Ry-x,-)"—4(Ry-xz )" - (Rx-x.:.n-)_t] (19)

all ions
X~

where Ry.x- and Ry-y. . are the halogen-halogen nearest and
next-nearest neighbor distances in the same ion, MX¢*™, and

Uy =4lc, +Se*t +¢._8Sg™ 1+ ¢s_8*" (20)

Upja=4d,.Se** +d__Sg"71+d. 8"~ 21
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where ,
c;; = (2e*Q,Q)/3(¢; + €)) (22)
di;= %cij[Qi/pi + Q;/pj] (23)
Q; = (Bue))/ 2e¢? (24)

o;, €;, and p; are the polarizability, characteristic energy, and electron
number of the ion i and e is the electronic charge and, since

aS." = _ —Lt) _ -LSY
( e )u:ao = gl: k;LR;; = T (25)
j-
we have
(a Udd) - _ 6U,q (26)
aa a=ag a’O
and
(6 qu) o 8U,, @
00 g ag

Substitution ot Egs. (13), (16), (26), and (27) into Eq. (10) gives us an
equation of the form:

2P ux,2- Far + Praxez- 2T, +
8, exp (ﬁ‘:—) + 0, exp(ﬁ%) + 0, exp( 'p“ ) -9, (28)

~ where
_ I kmxsz -Mx3; Ran -MX2; '
01 . { EbC_ - ’nll%ns( P P\ p (29)
MXE~ )

i

[ : 3
0, =|-2bC, _ Z (fk_ﬁ-_“;‘ ") exp (—— RM_J_A*;X ')} (30)
! M
i kava Ryip:
8,=|-bC,, T (Lg)exp (_ L)J 31
alllki.c:ns P P

1
6, = [— (UmEC + 68U q + 8U 4 — K(a——MELEC) )] (32)
ao aa a=do o
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In a particular salt, A,MX,, since we know the “‘basic’’ radius for the
cation, A* 7,, (A = K,Rb, Cs, T, NH,), Eq. (28) becomes

0, exp(2Pyx,2-/p) + N exp(Fux,2-[p) + 13 =0 (33)

where
N2 = 02 exp(Ta+/p)] (34)
N3y = [0; exp(2Ta./p) — 0,] (35)

and hence we can solve Eq. (33) for Fyx,.-:

Tmxe2 - -yt -4 12
exp ("Mx(, ) _ |: My T (’1220 0113) :| (36)
P 1

for a range of charge distributions on the MX,2~ ion as represented by
gx, 0, being itself a function of gy by virtue of Eq. (21).

2
b, = L AiQxi @37)
i=0
and hence
3 ) 12
Tmxe:- = pIn [450 + (Z ¢'ng_ l)) ] (38)
j=1
where
¢3 = 491A2 (39)
¢, = 40,A, | (40)
¢, = ’722 — 46,0, [exp(274- [p) — Ao] (41)
and
$o = (—n,/28,) (42)

In the present work, admitting a variable p parameter would intro-
duce complications and, in the absence of compressibility data, makes
the calculation of Uy difficult. Assumption that p is constant (taking
the value to be 0.345 A) within the framework of the present method is
made prior to the solution of Eq. (38) and hence errors introduced by
such an assumption will be minimized since Fyx,: , which is deter-
mined in the study, has a close parametric relationship with p. From



