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The structures of both the yellow room-temperature ((u) and the red high-temperature modification (Is) 
of indium monochloride are interpreted in terms of the stereochemically active (Ss)* lone pair of the 
monovalent indium ion. A local description is given, in which the pseudo-Jahn-Teller effect (A,, + T,,) 
8 (flu + rzs) of the IrKI, octahedron plays the central role. There are three ways in which a free 
octahedron with an (n~)~ ion at the center may deform: tetragonal (a), digonal (b), and trigonal (c) in 
ascending order of stability. a-InCl consists of a rock-salt-like packing of octahedra, roughly of types b 
and c (ratio 3 : 5). /3-InCl has the @TiI structure, which may also be derived from a rock salt structure. 
The coordination polyhedron of the cation shows close relationship to the octahedron of type a. 
Comparison of the InCI, and CIIn,, octahedra in a-InCl and calculation of the polarization energies of 
both a- and p-InCl show that the cation polarization is more important than the anion polarization. 

1. Introduction 

In the class of monohalides of cations 
with an (ns)2 outer shell all members crys- 
tallize in the B2 (CsCl) and/or the B33 (/3- 
TlI) structure, with the exception of tetra- 
gonal a-TlF, orthorhombic /?-TlF, and 
yellow a-InCl. The reported structure of a- 
TlF (I) seems unlikely and therefore a new 
investigation has been undertaken. P-TlF 
(2) has approximately the /3-PbO structure, 
and a-InCl has a unique strucfure, which 
was determined for the first time by Van 
den Berg (3, 4). Both /3-TIF and a-InCl 
adopt modified Bl (rock salt) structures. 
Van der Vorst et al. (5) redetermined the 
structure of a-InCl. They also found that 
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the red high-temperature modification, p- 
InCl, has the B33 structure. 

As mentioned a-InCl has a unique struc- 
ture, which is of extreme complexity. For 
example, Van den Berg noted the short In- 
In distances and tried to explain the struc- 
ture by assuming cation-cation bonding. 
The structure of P-InCl is, however, not 
exceptional in the (ns)* ion halides. The 
stereochemical activity of the (ns)2 ions has 
often been described in the literature, e.g., 
of divalent Pb in p-PbO (6). Therefore it 
seems reasonable to assume that this ste- 
reochemical activity plays also a potential 
role in the structures of /3-TlF (with /3-PbO 
structure), of a-InCl, of /3-InCl, and of the 
other compounds in the same class with the 
B33 structure. In the B2 structure this 
stereochemical activity seems to be sup- 
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pressed as all ions are at a position with an 
inversion center, although’ the high dielec- 
tric constant may indicate a dynamical ef- 
fect of the lone pair (7). 

We first tried to simplify the description 
of cw-InCl by decomposing the deformations 
in independent normal mode contributions 
of a B 1 structure. There appeared to be five 
important normal mode components, which 
was not very elucidating. Probably this is 
due to the substantial symmetry lowering 
from Fm3m to P2,3. A more fruitful ap- 
proach is to study the coordination polyhe- 
dra of the In+ ions in the structures of CY- 
InCl and p-InCl. We can show their 
resemblance with the single octahedra con- 
taining a central ion with a lone pair, which 
have been studied from the viewpoint of 
crystal field theory by Orgel (7) and indi- 
rectly by Gpik and Pryce (8). A more 
recent study of the crystal field type on 
XeF, by Wang and Lohr should be men- 
tioned also (9-/l). A covalent description 
in VSEPR theory is given by Gillespie (12- 
14) and by Gavin and Bartell (15) (Section 
2). 

One is possibly inclined to underestimate 
the polarization of cations compared with 
anions. A reason for this is the generally 
smaller polarizability of cations. The cat- 
ions with an (n~)~ configuration, however, 
are characterized by a larger polarizability, 
compared with cations of the same ionic 
radius with a noble gas configuration. This 
is probably due to the relatively small en- 
ergy separation between the ‘S and ‘P state 
(7) (Section 2). Although the polarizability 
of In+ is not known, we have reason to 
believe that it is much larger than that of 
Cl-. Indeed comparison of anion and cation 
coordination octahedra in a-InCl indicates 
that the In+ is more important than the Cl- 
polarization (Section 3). This is also dem- 
onstrated by the calculated polarization en- 
ergies of both a-InCl and /3-InCl (Section 
4). Section 5 gives the discussion and sum- 
mary. In particular the hypothesis of Van 

den Berg on cation-cation bonding will be 
discussed. 

2. Octahedra with an (n~>~ Ion at the 
Center 

2.1. Free Octahedra in the Ionic Picture 

Orgel (7) considers the possibility of s-p 
mixing of the (n~>~ lone pair of the B 
subgroup metal ions under the influence of 
“ungerade” deformations of their coordi- 
nation octahedron. If the s and p orbitals 
were initially degenerate the octahedron 
would be bound to be distorted, but due to 
the actual energy separation between s and 
p orbitals (5-6 eV) it is a quantitative matter 
to decide whether distortion should occur 
or not. The author uses a point charge 
model for his calculations. Because (ns)* 
ions have a larger polarizability a! compared 
with ions of the same radius with a noble 
gas configuration they will show a greater 
tendency to deform. In order to be dis- 
torted the gain in polarization energy, 
-&E*, where E is the electric field at the 
central ion, should be greater than the 
restoring potential of the octahedron. There 
are many examples of deformed octahedra. 
Orgel uses the coupling scheme: (Al, + T,,) 
@ tfptch. He finds three possible ways for 
an octahedron to distort: 

type a: tetragonal (C,,), 

type b: digonal (C,,), 

type c: trigonal (C,,), 

The deformations have in common that the 
inversion center is lost. 

Gpik and Price (8) discuss this problem 
by introducing the Jahn-Teller instability of 
the excited ‘P state. The coupling scheme 
they study is (A,, + T,,) @ (al, + e, + 
ts + t:, + t:,), which is composed of the 
Jahn-Teller effect of the IP state, T,, @ 
(al, + e, + t2,), and the coupling with the 
ground sate ‘S through the two sets of 
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. . 
vibrational modes tl,. Due to the nonde- effect. We are interested in their “station- 
generacy of the ‘P and ‘S states (which ary points of the second kind,” which de- 
transform in Oh as ‘T,, and ‘A,,, respec- scribe deformations with mixed S and P 
tively), this is called a pseudo-Jahn-Teller states. They are of three types: 

type a: tetragonal (C,,); alg, flu, and ep deformations, 

type b: digonal (C,,); ulg, flu, I~, and eg deformations, 

type c: trigonal (Car); ulg, flu, and t2, deformations. 

The two kinds of tlU deformations occur in 
the same ratio, which implies that there is 
effectively only one t,, mode. When we 
neglect the fpg and e, deformations types a, 
b, and c are equivalent to Orgel’s types a, 
b, and c, when I~, is a pure stretching mode. 

Wang and Lohr (9-11) in their study of 
XeF, treat this same problem with crystal 
field theory. Considering only interaction 
with a tl, bending mode they arrive at the 
same types of stationary points, a, b, and c, 
where the energy is c < b < a. 

The relative stability of the three types of 
distortion also seems obvious when one 
considers the exchange repulsion between 
the lone pair and the ligands. In the tetra- 
gonal kind of distortion the lobe of the lone 
pair points directly to one ligand. In the 
digonal kind, b, the lobe points between 
two ligands, which necessarily form a large 
edge. And for trigonal deformations the 
lobe is directed to the center of gravity of a 
triangle of ligands, which necessarily en- 
larges. The type a octahedron can be stabi- 
lized by removing the most distant ligand, 
to which the lobe points, or by replacing it 
with some ligand which leaves more space 
to the lone pair. Indeed this kind of octahe- 
dron usually has no unique sixth group (7). 
If we call the modified version of the type a 
octahedron type a’, we expect the follow- 
ing increase of the exchange repulsion: a’ < 
c < b < a. Indium chloride will give proof 
for this energy criterium. 

2.2. Free Octahedron in a Covalent 
Picture 

When the ionic picture fails, either the 
valence electrons are well localized in re- 
gions between the nuclei, or a delocalized 
model describes the situation. The latter 
has been suggested for PbS (16) and 
CsSnBr, (17, i8) in order to rationalize the 
symmetric environment of the (nsY ion and 
the observed metallic properties. 

We believe InCl can still be described 
fairly well by an ionic picture. From micro- 
wave rotational spectra the ionicity of mo- 
lecular InCl was found to be 77% (19). 
However, we want to show in this section 
that from a more covalent picture the same 
types of distortions should be expected as 
for the ionic or the crystal field model. 

With a covalent model the concept of 
hybrid orbitals is often useful (20). For 
example, in the case of a CA molecule, with 
C a (ns)* cation (in the ionic picture) and A 
an anion with noble gas configuration, hy- 
bridization of (ns) with the (np) orbital, 
used for bonding, leads on one hand to a 
stronger covalent bonding with the anion, 
and on the other hand to a charge distribu- 
tion of the lone pair which is no longer 
centrosymmetrical. The gain in bonding 
energy has to compete with the hybridiza- 
tion energy. 

A second effect also favoring hybridiza- 
tion is the repulsion, both Coulombic and 
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exchange repulsion, between all electron 
pairs, which tends to keep them as far apart 
as possible. This is best accomplished when 
hybrid orbitals are used, as these are off 
centered. The theory which treats this en- 
ergy contribution as the most dominant one 
is the valence shell electron pair repulsion 
(VSEPR) theory, developed by Gillespie 
(12-14). 

Treating the lone pair orbitals and the 
valence orbitals in In+ (Cl-), equivalently 
we have a seven-coordination of electron 
pairs. This is also the case in XeF, with 
Xes+ a (5~)~ ion. The most probable possi- 
bilities for seven-coordination are given by 
Gillespie (13): 

I. Octahedron plus extra pair opposite 
one face. 

II. Trigonal prism plus one extra pair 
opposite the tetragonal face. 

III. Pentagonal bipyramide. 

Possibilities I and III are especially impor- 
tant in our case: if we place in I the lone 
pair in the position opposite one face and 
the bonding pairs in the octahedral posi- 
tions, we find an octahedron of type c. 
When we place in III the lone pair in one of 
the planar positions and the bonding pairs 
with ligands in the other positions, and if 
we deform the polyhedron further because 
of the nonequivalence of lone pair and 
bonding pairs, we arrive at an octahedron 
of type b with a large edge. These two 
possibilities are also suggested for XeFs by 
Gavin and Bar-tell (IS). See also in this 
respect Refs. (21-24). We will show that 
these two octahedra occur in o-InCl. 

A type a distortion, with six bonded 
ligands, is not possible for seven-coordina- 
tion in the scheme of the VSEPR theory. 
However, if we do not consider the most 
distant ligand in an octahedron of type Q to 
be bonded, that is, we do not consider it at 
all (see remark at the end of Section 2.1), 
then the number of electron pairs in the 
valence shell is 6. For six-coordination, 

e.g., in In+(Cl-),, the VSEPR theory pre- 
dicts an octahedral configuration, which 
will distort into a type a’ octahedron be- 
cause of the nonequivalence of lone pair 
and valence pair orbitals. This is, e.g., the 
case in IF, (17), with Is+ an (Ss)* ion. We 
will show that it also occurs in /3-InCl. 

We conclude therefore that although the 
driving forces for deformation are different 
in the ionic and the covalent picture, both 
pictures lead roughly to the same types of 
deformed octahedra: a’ (with missing sixth 
ligand), b, and c, with the lone pair pointing 
along a fourfold, a twofold, and a threefold 
axis, respectively. The detailed form of the 
octahedra depends on the details of the 
model used. We expect that the energy as a 
function of all degrees of freedom (t:“, rfU, 
t2g, and ep coordinates) will have a flat well, 
so that the octahedra of type a’, b, and c 
are rather flexible. If the single octahedron 
energy wells are deep enough, the general 
form of the octahedron may be preserved. 
This proves to be the case in InCl. 

2.3. The Coordination of In+ and Cl- in 
a-ZnCl 

The structure of a-InCl, as determined 
by Van den Berg (2, 3) and by Van der 
Vorst et ~1. (5), is a complicated distortion 
of the Bl structure. The unit cell, which is 
primitive cubic, has a doubled cell axis 
( 12.373 A at room temperature) and con- 
tains 32 formula units. The space group is 
P2,3, which is a subgroup of index 128 of 
the space group Fm3m of Bl. 

There are four different indium species 
In(l), . . . , In(4) and four different chlo- 
rine species Cl(l), . . . , Cl(4). A list of the 
relative atomic coordinates, together with 
their deviations from the idealized B I posi- 
tions, is given in Table I. 

By making models of the coordination 
octahedra of all four indium ions and all 
four chlorine ions, we found that there are 
essentially only two different coordination 
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TABLE I 

RELATIVE ATOMIC POSITIONS AND THEIR DEVIATIONS FROM THE IDEAL POSITIONS IN A Bl STRUCTURE 

Ion Position X Y z X0 Yo fo 6, 6, 6, 

In(l) 126 
InG9 12b 

In@) 4a 

IW 4a 
Cl(l) 126 
Cl(2) 12b 
Cl(3) 4a 

Cl(4) 4a 

0.2487 0.2198 -0.0288 114 l/4 0 -0.0013 -0.0302 - 0.0288 
0.7527 0.7781 0.0295 314 314 0 0.0027 0.0281 0.0295 
0.0302 0.0302 0.0302 0 0 0 0.0302 0.0302 0.0302 
0.4673 0.4673 0.4673 l/2 112 l/2 -0.0327 -0.0327 -0.0321 
0.3005 -0.0504 0.0005 l/4 0 0 0.0505 - 0.0504 0.0005 
0.7998 0.0549 -0.0110 3/4 0 0 0.0498 0.0549 -0.0110 
0.2061 0.2061 0.2061 l/4 l/4 114 -0.0439 -0.0439 -0.0439 
0.7986 0.7986 0.7986 314 314 314 0.0486 0.0486 0.0486 

Note: Unit of length is a0 = 12.373 A. 

octahedra of indium, and the same number 
for chlorine: 

In( l)Ci, is an octahedron roughly of type 
b. We will call it b(cation). It has nearly 
C, point symmetry and has a “large” and 
a “small” edge perpendicular to a 
pseudo-twofold axis. In(2)C&, In(3)CL, 
and In(4)CI, are almost equal and are of 
type c. We will call them c(cation). They 
have approximately C,, point symmetry 
and have “large” and “small” triangles 
perpendicular to the axis. 

For the chlorine coordination octahedra an 
analogous situation is true: 

Cl( l)I% is a type b octahedron, which we 
will call b(anion). Its point group is al- 
most C, and it has also “large” and 
“small” edges perpendicular to its local 
C, axis. Cl(2)In,, CI(3)In,, and C1(4)In, 
are nearly of identical shape and are of 
type c. We will call this type c(anion). 
There are again “large” and “small” 
triangles normal to the threefold axis. 

All eight-coordination octahedra are given 
in Figs. 1 and 2, together with the In-Cl, 
In-In, and Cl-Cl distances. A group theo- 
retical reduction of the deformation of the 
InCI, octahedra into their irreducible com- 
ponents of the point group Oh revealed that 
the deformations consist, apart from trans- 
lations and rotations, almost entirely of tl, 
and fPg components. The two sets of tl, 
vibrations, which are orthogonal to the 

translation t,, mode, occur each time in 
almost the same ratio, which is in agree- 
ment with the theory of ijpik and Pryce (8). 
The type &cation) has no appreciable ep 
components, but instead has a nonnegligi- 
ble fzU component. Possibly this is a pack- 
ing effect. 

2.4. The Coordination of In+ in @InCl 

Van der Vorst et al. (5) found that the red 
modification of InCl (the p phase), which is 
stable above 390 K, has the B33 structure. 
This structure is not uncommon in the class 
of compounds under study and it is adopted 

FIG. 1. (a) The In( l)CI, octahedron, which is of type 
&cation). (b) The Cl(I)In, octahedron of type 
&anion). The b-type octahedra have point group C,, 
but “almost” C,. The In-Cl distances can be divided 
into three groups: two long, two intermediate, and two 
short distances. The octahedra have perpendicular to 
the local pseudo-C, axis a “large” edge and a “small” 
edge. In-In, In-Cl, and Cl-Cl distances are given in 
the figures. Standard e.s.d’s are 0.001, 0.002, and 
0.004 A. The numbers of the crystallographic species 
are also given. 
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FIG. 2. (a, b, and c) InCI, octahedra of resp. In(2), 
In(3), and In(4). They are of type c(cation). (d, e, t) 
CIIn, octahedra of resp. C1(2), C1(3), and Cl(4). They 
are of type c(anion). The point group of crystallo- 
graphic species 2 is C,, and that of 3 and 4 is C,, but all 
three have almost the same coordination octahedron 
with pseudosymmetry C,,. The InCl distances can be 
divided into two groups: three long and three short 
distances. The octahedra have perpendicular to the C, 
(or pseudo-C,) axis a “large” triangle and a “small” 
triangle. 

by P-T11 (25), In1 (26), InBr (27), and in 
thin films of TlBr and TIC1 (28). The B33 
structure can be derived from the B 1 struc- 
ture as follows: 

(1) First move anion layers, which are 
perpendicular to a fourfold axis (z axis), 
alternately along this axis. This leads to a 
double-layer structure, which we will call 
“Bla,” since all cation coordination octa- 
hedra are of type a. The space group is 
P4/nmm. As marked in Section 2 the type a 

octahedron can be stabilized by removing 
or replacing the most distant ligand, in 
order to decrease the exchange repulsion 
between the lone pair and this ligand. This 
is done in the second step. 

(2) Shear double layers of anions and 
cations, which are normal to the z axis, 
over a vector [+, +, 0] relative to each other. 
We then arrive at the B33 structure with 
space group Cmcm. The lone pair now 
points toward the middle of a square of two 
anions and two cations in the neighboring 
double layer. 
In the B33 structure the cation is sur- 
rounded by a monocapped trigonal prism of 
anions, plus the lone pair pointing between 
two anions of the trigonal prism. This coor- 
dination polyhedron is not only found in the 
B33 structure but also in some coordination 
complexes of Tl+ (29, 30). If we do not 
count the two last-mentioned anions, be- 
cause they are at the longest distance from 
the cation, then the coordination polyhe- 
dron is an octahedron of type a’, with five 
anions plus a lone pair. 

3. Comparison between InCls and CIIn, 
Octahedra in a-InCI 

In Section 2.3 we found that there are 
essentially two types of In+ coordination 
octahedra in tw-InCI: &cation) and 
c(cation). With the theories of Sections 2.1 
and 2.2 in mind, this is not very surprising, 
since In+ is a (5~)~ cation. However, we 
also found that the coordination octahedra 
of Cl-, which has a noble gas configuration, 
are of types b and c too. We called them 
types b(anion) and c(anion). 

There exist differences between the cat- 
ion octahedra and the anion octahedra of 
type c: 

(1) In both c(cation) and c(anion) there is 
a “large” and a “small” triangle perpendic- 
ular to the main axis. In c(cation) the differ- 
ence in size between “large” and “small” 
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triangles is more pronounced than in 
c(anion). 

(2) In both c(cation) and c(anion) the 
central particle is closer to the plane of the 
“large” triangle than to the plane of the 
“small” triangle. This difference is more 
pronounced in c(anion) than in c(cation). In 
c(cation) the central particle is closer to the 
ligands which form the “small” triangle, 
while in c(anion) it is closer to the ligands 
which form the “large” triangle. 

(3) The distance between “large” and 
“small” triangles is shorter in c(cation) 
than in c(anion). 

(4) The electric field at the central parti- 
cle, due to the monopoles of its coordina- 
tion octahedron, consists of a contribution 
from the “large” and a contribution from 
the “small” triangle. Both in c(cation) and 
in c(anion) the contribution of the “small” 
triangle dominates. Especially in c(cation) 
the contribution of the “large” triangle is 
small, due to the larger opening angle with 
respect to the threefold axis and the rela- 
tively long distances between cations and 
anions. In c(anion) the difference between 
the contributions of “large” and “small” 
triangles is less pronounced, so that these 
contributions almost compensate each 
other. Therefore this electric field at the 
cation is stronger than the field at the anion 
by a factor of about 3. 

The differences between the cation octa- 
hedra and the anion octahedra of type b are 
similar, except that now the emphasis must 
lie on the “large” and “small” edges per- 
pendicular to the main axis, which is now a 
pseudo-twofold axis. 

In our opinion the agreement between 
the I&I, octahedra in cr-InCl and the free 
octahedra, discussed theoretically in Sec- 
tions 2.1 and 2.2, means that the regular 
shape of the InC1, octahedra is due to the 
properties of the single octahedra. Al- 
though the ClIn, octahedra also have a 
regular shape, @anion) and c(anion), we do 
not believe that this is caused by the single- 

octahedron properties in ClIn+ The octahe- 
dra in a-InCl are not single octahedra, but 
they are heavily interconnected. Therefore 
an interpretation in terms of single octahe- 
dra only has validity if the single-octahe- 
dron properties are strong enough and are 
not overwhelmed by packing effects. We 
think that this is the case with the InCl, 
octahedra, but not with the ClIn, octahe- 
dra. 

First of all, the electric field, due to the 
monopoles of the coordination octahedron, 
is larger on In+ than on Cl- (point 4). In 
case of type c octahedra, the electric field 
direction is due to the “small” triangle. 
Therefore the direction of this field (e:, in 
Table II) is toward the “small” triangle 
of the InCI, octahedra and toward the 
“large” triangle of the ClIn, octahedra. If 
we take also the monopole contributions 
of the higher coordination spheres into 
account, the approximate field direction 

TABLE II 

APPROXIMATE DIRECTIONS OF THE IONIC SHIFTS 

AND ELECTRIC FIELDS 

Ion Shift e:, 

In1 oii 011 011 011 
In2 011 iii Iii Iii ___ ___ 
In3 111 111 111 Ill --_ 
In4 111 111 III 111 

Cl1 Ii0 I io 1 io il0 
Cl2 1 IO Iii oii iTI 
a3 iii 

___ 
111 111 Ill 

Cl4 III 111 Ill Ill 

Note. The first column gives the ionic species, the 
position of which is given in Table 1. The second 

column Shift gives the approximate direction, of the 
ionic shift from the ideal B 1 position. See also Table I. 
The last three columns give the approximate directions 
of the electric fields on the ions: in the third column is 
the direction e$ of the monopole field of the first 
coordination sphere (nearest neighbors); in the fourth 
column is the direction e, of the monopole field of the 
whole crystal; and in the last column is the direction e, 
of the total electric field, which is the self-consistent 
monopole and dipole field of the crystal. The latter two 
fields are calculated in Section 4. 
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(see next section) e, remains the same on 
In+, but on Cl(2) and Cl(3) the direction 
changes considerably. Further the interac- 
tion between the dipoles is of importance, 
especially the influence of the large in- 
dium dipoles on the monopole-induced 
chlorine dipoles. If we take the contribu- 
tion from the dipoles to the field at an ion 
into account the field direction (e,) on In+ 
again remains unchanged, while the direc- 
tion on Cl(l), Cl(2), and Cl(4) changes. 
Comparison of eh, e,, and e, shows that 
both the packing effects and the influence 
of the dipolar fields have changed the di- 
rection of the electric field on chlorine. 
The total self-consistent field is even di- 
rected opposite to the single-octahedron- 
monopole field. On the other hand, we 
may notice that the field directions on in- 
dium are equal in all cases. The single- 
octahedron-monopole field was strong 
enough and has not changed its direction 
due to packing effects and dipole-dipole 
interaction. For the octahedra of type b 
an analogous situation is true. 

We do not expect therefore that the 
regular shape of the ClIn, octahedra is a 
“single-octahedron property,” but that it 
is due to other causes. The coherent be- 
havior of the field direction on In+ and 
the magnitudes of the field (next section) 
suggest that the regular shape of the InCI, 
octahedra is really a “single-octahedron 
property.” 

If we now suppose that the lone pair of 
indium is pointing into a direction opposite 
to the electric field t-e,), this means that it 
points in a type c octahedron through the 
“large” triangle, and in a type b octahedron 
through the “large” edge. This is what we 
would have expected considering the single 
coordination octahedra, both on electro- 
static grounds (e& = ec) and because of the 
minimal exchange repulsion between 
the lone pair and the ligands. 

In Table II we can see that the positive 
indium ion has not shifted from its ideal 

position (SHIFT) into the direction of the 
total field (e,), which we would have ex- 
pected at first, but that it has shifted nearly 
into the direction into which its lone pair 
fits best (direction -e,; toward the “large” 
triangle or edge). The negative chlorine ion 
has shifted into a direction opposite to the 
electric field, which we would have ex- 
pected of a negative ion. 

4. Calculation of Electric Fields, Madelung 
Energies, and Polarization Energies 

By means of a model in which ions are 
represented by point charges and coincid- 
ing induced point dipole moments or. = aE 
((Y = polarizability; E = total electric field 
at ion of all other charges and induced 
dipoles), the potentials and electric fields at 
the ions were calculated self-consistently. 
The computer program EWALD (31) was 
used for this purpose. A non-self-consistent 
calculation, without the inclusion of dipolar 
fields, was done separately, in order to 
investigate the influence of dipole-dipole 
interaction. The calculations were done for 
both modifications of InCl. 

The choice of the values of (Y is always a 
problem. The polarizability of Cl- was 
taken as 2.96 A3 (32); the polarizability of 
In+ is not known, but is estimated by us at 
approximately 8 A3. This estimation is 
based upon the known values of ty (32,33) 
of some ions and atoms with an (ns)* 
configuration (Table III). In this table one 
may see that, for n = 6, LY varies only 
slightly with the particle charge, as has 
been discussed by Jorgenson (34). We may 

TABLE III 

POLARIZABILITIES OF SOME IONS AND ATOMS WITH 

AN (ns)* CONFIGURATION 

n = 4 Zn: 6(33) Ga+: - Ge*+: - 
n = 5 Cd: 8433) In+: - &p+: - 
n = 6 Hg: 5.1(33) Tl+: 5.2(32) PW+: 4.9(32) 

Note. In .&; references in parentheses. 
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expect the same behavior for n = 5 and n = 
4. Thus we have estimates of (Y which are 
only dependent on n: for n = 4 (Zn, Ga+, 
Ge*+) a = -6 A3; for n = 5 (Cd, In+, Sn2+) a 
= -8 A3; and for n = 6 (Hg, Tl+, Pb2’) we 
see in Table III that Q = -5 A3. The 
maximum (Y for IZ = 5, which is found 
actually for zero particle charge (Zn, Cd, 
Hg), is probably due to a minimum in the 
energy gap between the ground state (nsY 
- ‘So and the excited state (ns)(np) - ‘P,. 
This minimum is found for particle charges 
0, + 1, and + 2 (35), and can be seen in 
Table IV. For charges 0 and + 1 a minimum 
for n = 5 is also found in the energy of the 
second important excited state (ns)((n + 
1)~) - ‘P, (Table IV). 

The results of our calculations of the 
potentials and electric fields in a-InCl can 
be found in Table V. From this table we can 
infer that the mean electric monopole field 
strength on indium (the root mean square or 
rms value of all In+ in the cell) is 5.15 times 
the field strength on chlorine. This factor 
was about 3 when only the contribution of 
the coordination octahedron was taken into 
account (Section 3). Inclusion of the dipolar 
field has the effect of decreasing the field on 
indium by 7.8%, and increasing the field on 
chlorine by 3 15%) thus reducing the field 
ratio from 5.15 to 1.14. The changes in the 
direction of the electric field at chlorine 
have already been discussed in the previous 
section. The madelung energy Emad, the 

TABLE IV 

ENERGY GAP (ns)’ - ‘S, + (ns)(np) - ‘P, (IN cm-‘) 

n = 4 Zn: 46145.37 Ga+: 70700 Ge*+: 91873 
n = 5 Cd: 43692.474 In+: 63033.81 Sd+: 79911.3 
n = 6 Hg: 54068.781 Tl+: 75660 Pb*+: 95340. I 

ENERGY GAP (vs)~ - ‘S, + (ns)((n + I)p) - ‘P, (IN 

cm-‘) 

n = 4 Zn: 62910.0 Ga+: 120540 Gel+: 184308.8 
n = 5 Cd: 59905.6 In+: 109775.39 Sn*+: 162725. I 
n = 6 Hg: 71295.15 Tl+: 122379 Pb*+: 177181.4 

part of the polarization energy caused by 
the monopole fields and dipolar fields, E$ 
and 1%,1, and the total polarization energy 
EPO, can be derived from the values of Table 
V, using the following formulas: 

We find for a-InCl: 

E mad = - 173.19 kcal/mole, 

E& = -25.42 kcal/mole, 

Ed,,, = +3.52 kcal/mole, 

Ep,,, = -21.90 = -22 kcal/mole. 

The total electrostatic energy, which is the 
sum of the madelung and the polarization 
energy, is: 

E$,;:;Ci) = - 195 kcal/mole. 

This is some 8 kcal/mole lower than the 
electrostatic energy (madelung energy) of 
an “ideal InCl structure” of the Bl type 
with a cell axis of 6.1865 A, which is 
- 187.46 kcal/mole. 

The same calculations have been done 
for P-InCl. The potentials are given in Ta- 
ble Vi. Inclusion of dipolar fields has the 
effect of increasing the field at In+ by 18.4% 
and at Cl- by 379%, thus reducing the field 
ratio In : Cl from 3.30 to 0.82. The field at 
chlorine has changed its direction. With the 
values of Table VI we find the following 
energies: 

E mad = - 174.08 kcal/mole, 

G, = -20.05 kcal/mole, 

J%ol = +0.24 kcal/mole, 

E PO1 = -19.81 = - 20 kcal/mole, 
fp-‘“C” = 

el St. - 194 kcal/mole. 
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TABLE V 

POTENTIALS AND ELECTRIC FIELDS IN a-InCl 
Monopole Calculations with Program EWALD 

Ion vm EF E,” E,” E” RI, 

In1 -7.42382 -0.05535 0.93768 1.19972 1.52369 
In2 -7.55387 1.71549 - 1.00769 - 1.14333 2.29468 I .97876 
In3 -7.78951 -0.98131 -0.98131 -0.98131 1.69967 
In4 -7.54152 1.37519 I .37519 1.37519 2.38189 

Cl1 7.41576 0.23426 -0.12646 -0.08000 0.27798 
Cl2 7.49193 -0.05790 -0.20203 -0.41923 0.468% 
Cl3 7.75918 0.16887 0.16887 0.16887 0.29249 0.38439 

Cl4 7.49051 0.26134 0.26134 0.26134 0.45266 

Self-Consistent Field Calculations with Program EWALD (a(In+) = 8A3; @(Cl-) = 2.96 Aa) 

Ion V E, &I E2 E E mls 

In1 -7.96119 
In2 -8.43713 
In3 -8.03221 
In4 -8.64221 

Cl1 
Cl2 
Cl3 
Cl4 

8.37725 - 1.02135 0.91428 
9.03225 - 1.08729 -0.90182 
8.86129 0.76577 0.76577 
8.48205 - 1.09404 - 1.09404 

0.14034 0.99724 
1.40494 -0.65801 

- 1.31534 - 1.31534 
1.06279 1.06279 

1.33723 1.67402 
-0.90037 1.79373 
- 1.31534 2.27824 

1.82477 

1.06279 1.84080 

0.07992 1.37312 
1.06498 1.76908 
0.76577 1.32636 I. 59669 

- 1.09404 1.89494 

Note. The potential V is given in Volts; the electric field E in V/A; the accuracy of computation is 0.005%. 

This is only 1 kcal/mole higher than the 
electrostatic energy of a-InCI. In our calcu- 
lation the exchange repulsion has not been 
included so far. In a structure without po- 
larization the exchange repulsion between 
two ions is often represented by the spheri- 
cal symmetric Born-Mayer-Huggins ex- 
pression, which is proportional to exp[-(r 
- r,J/p], while the madelung energy is 
proportional to -l/r (36). Minimizing the 
lattice sum with respect to r shows that the 
exchange repulsion is a fraction --p/r,,, 
which is normally of the order of (10 _t l)% 
of the madelung energy. When such a struc- 
ture, like Bl, becomes polarized, the ex- 
change repulsion changes in two ways: 

TABLE VI 

POTENTIALS AND ELECTRIC FIELDS IN P-InCl 
Monopole Calculations with Program EWALD 

In -7.60331 0.00000 -1.74042 0.00800 1.74042 
Cl 7.50419 0.00000 0.52727 0.00000 0.52727 

Self-Consistent Field Calculations with Program 
EWALD (cu(In+) = 8 AZ: a(Cl-) = 2.% AS) 

Ion V -% E, EZ E 

In -8.18952 O.OOC@O -2.06101 0.00000 2.06101 
Cl 8.63721 0.00000 -2.52778 0.00000 2.52778 

First, the polarized ions are no longer Note. The potential V is given in volts; the electric 
spherical, which makes the spherical sym- field E in V/A; the accuracy of computation is 0.001%. 
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metric exchange potential used a rather 
crude approximation. In fact the exchange 
potential should be nonspherical symmetric 
and dependent upon the polarization state 
of the ions. In Iattice dynamics the shell 
model is often used for this purpose 
(37, 38). Second, polarization gives an ex- 
tra attractive potential between the ions. 
The main part of this is the interaction 
between the monopoles and the dipoles, 
which are induced by the monopoles. This 
energy term is proportional to - l/r4. In the 
new stationary state this polarization term 
is compensated for by extra repulsion en- 

ergy, of a fraction 4p/r,, (in the Born- 
Mayer-Huggins model). This is some 40% 
of J%% * 

The rest of the polarization energy, ,!$,], 
is mainly an r-’ contribution, which leads to 
an extra exchange interaction of a fraction 
7p/r0 (some 70%). 

If we take for p the value of 0.345 A 
(value for alkali halides (38)), and for r,, the 
mean distance between nearest neighbors 
in a-InCl (3.1 A), then p/r0 = 11%. With 
these crude figures we can correct the ob- 
tained madelung and polarization energies. 

Lu-InCl: Emad . (1 - p/r,) = - 154 kcal/mole 
f-%31 . (1 - 4p/r,,) = - 14 kcal/mole 
Ed,,, . (1 - 7p/r,) = + 1 kcal/mole 

Sum = - 167 kcal/mole 

@InCl: Emad . (1 - p/r,) = - I55 kcal/mole 
Jf%% . (1 - 4p/r0) = - 11 kcal/mole 
Ed,,, . (1 - 7p/r,) = +0 kcallmole 

Sum = - 166 kcal/mole 

“Ideal InCl”: Emad (I - p/r,) = - 167 kcal/mole. 

It can be seen that the energies of a-InCl, 
P-InCl, and “ideal InCl” are equal within 
the error of the approximation, which 
amounts to some 2 kcal/mole, because of 
the inaccuracy in p/r,. Although we did not 
find that the energies of a-InCl and P-InCl 
are lower than that of “ideal InCl,” owing 
to the crudeness of the model, we did 
succeed in showing that the polarization of 
the indium ion is capable of compensating 
roughly the difference in madelung energy 
of the hypothetical “ideal InCl structure” 
and the two deformed structures, thus 
showing that the indium polarization is the 
main source of distortion. 

5. Discussion and Summary 

In order to interpret the structure of LY- 
InCl, Van den Berg (3, 4), focused atten- 
tion on the rather short cation-cation dis- 
tances, which occur in this structure. The 
shortest distances are 3.591, 3.649, 3.654, 
and 3.667 A (5). The short In-In distances 
were ascribed by Van den Berg to covalent 
bonding between the cations. In our opin- 
ion the polarization of the (5~)~ lone pair of 
the monovalent indium ion is the main 
source of the deviation of the Bl structure 
and may explain the short cation-cation 
distances as well. We summarize the ac- 
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quired evidence: 
(1) In the preceding sections we have 

shown the resemblance between the 
cation’s coordination octahedra in o-InCl 
and the free octahedra, studied by Orgei 
(7), by 6pik and Pryce (a), and by Gillespie 
(9-/l), which are deformed due to the 
stereochemically active central ion: the oc- 
tahedra of types b and c occur in o-InCl. 
Moreover the octahedron of type a’, with- 
out the sixth ligand, occurs in @-InCI. 

(2) The polarization of the indium ion is 
also reflected through a change in the ex- 
change repulsion between the cation’s de- 
formed electron cloud and its ligands. In 
Section 2 we mentioned the expected in- 
crease of the exchange repulsion between 
the (ns)2 lone pair and the ligands: a’ < c < 
b < a. Because of the increase in volume 
occupied by the lone pair, we also expect 
an increase of the exchange repulsion if n is 
increased: (Ss)* - In+ < (6~)~ - Tl+. If the 
ionic radius of the ligand increases, the 
exchange repulsion will increase too: F- < 
Cl- < Br- < I-. 

Finally, a temperature increase will, be- 
cause of the increased vibration ampli- 
tudes, also lead to an increase of the ex- 
change repulsion. With this in mind, it is 
plausible that a compact Bl-like structure 
with type b and c octahedra occurs only in 
the low-temperature modification of InCl, 
and not, e.g., in TlCl or InBr. If the temper- 
ature of o-I&l increases, or if the ligand is 
replaced by a larger one, the a-InCl struc- 
ture becomes less favorable, and type a’ 
has to be used. A B l-like structure with this 
polyhedron is not possible, but it is found in 
the less compact B33 double-layer struc- 
ture, which is a Bl derivative. When In+ is 
replaced by Tl+, the B33 structure is also 
adopted, but only when at the same time 
the anion Cl- is replaced by a sufficiently 
larger one (I-): TlCl, TlBr, and high-tem- 
perature TII have the regular B2 structure, 
in which the stereochemical effect of the 
lone pair is possibly a dynamical one (7). If 

in InCl the cation In+ is replaced by the 
larger Tl+ and at the same time the anion 
Cl- is replaced by a smaller one (F-) a Bl- 
like structure is again possible: /3-TlF or /3- 
PbO. This structure, which also has double 
layers, contains octahedra which are inter- 
mediate between type a and type b. The 
derivation of this structure from Bl goes 
through the hypothetical structure “Bla,” 
mentioned in Section 2.4: In “Bla” anion 
layers normal to the [loo] direction are 
sheared alternately over a small distance in 
the [OlO] direction. This diminishes the 
exchange repulsion as the lone pair is now 
not pointing toward the ligand along the z 
axis, but slightly off it. 

(3) In the previous section we showed 
that the polarization energy of both 
modifications in InCl is capable of compen- 
sating the difference in madelung energy of 
the deformed structures and of the unde- 
formed “ideal InCl” structure. Since the 
polarization energy is mainly due to in- 
dium, the chlorine dipole being induced for 
the larger part by the indium dipole, we can 
state that the distortion from a regular Bl 
structure is due to the tendency of In+ 
toward polarization. 

(4) Short indium-indium distances arise 
in c+InCl as a packing effect. If deformed 
octahedra of types b and c are stacked in a 
rock-salt-like way, as in a-InCl, some in- 
dium ions may approach each other. As an 
example, we may mention the building 
blocks in a-InCl consisting of four edge- 
coupled octahedra of type c. These octahe- 
dra share the edges of their “large” trian- 
gles in such a way that these triangles form 
the faces of a large Cl, tetrahedron. The 
lone pair of the indium ion in a c octahedron 
points toward the “large” triangle, and the 
indium ion itself has shifted in the same 
direction. Therefore the indium ions point 
toward the center of the large Cl, tetrahe- 
dron. They have approached each other 
and form a small In, tetrahedron. 

(5) The short In-In distances are at least 
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8% larger than the shortest distance in In- 
metal, which is 3.34 8, (2). 

In conclusion, with regard to the above- 
mentioned evidence, there is no need to 
refer to cation-cation bonding at our level 
of approximation for explaining the struc- 
tures of indium chloride. We have shown 
that many features of the structures of LY- 
InCl and P-InCl can be understood by ex- 
amining the lone pair of the indium ion, 
which reflects itself through the cation po- 
larization and the exchange repulsion. 
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