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The evolution of the effective radii of alkali-metals and pseudo-alkali-metals (K, . . .) as a function of
ionicity is discussed. In agreement with the hypothesis of Shannon and Prewitt, these radii are seen to
be practically independent of ionicity for the alkali-metals. Thallium(I) distinguishes itself by an
evolution of the effective radius as a function of ionicity for a given coordination number. The
relatively abundant structural data for the halogen compounds ABX;, A,BX,, A,BX,. . . (X = Cl, Br,
I; A = bulky alkali-metal or pseudo-alkali-metal; B = +2 transition element) have enabled the determi-
nation of the TI! effective radius for a given coordination number and ionicity f_x, and the establish-
ment of an ionicity-effective radius diagram for this cation. This diagram forms a coherent set which
enables the calculation “‘a prioni”’ of Tl-X interatomic distances in different compounds by the applica-
tion of the rule of addition of effective radii stated by Shannon and Prewitt for oxides and fluo-

rides. © 1986 Academic Press, Inc.

Introduction

The notion of effective ionic radii was in-
troduced by Perwitt and Shannon (I, 2).
These radii, which are determined empiri-
cally, form a coherent set and thus allow
the calculation ‘‘a priori”” of interatomic
distances in solid fluorides and oxides.

In order to determine the effective ionic
radii, which may vary according to coordi-
nation (from 0 to 0.3 A) and state of spin
(0.1 A), Prewitt and Shannon assumed the
following:

(1) Ionic radii are additive: dyc = Rs + Rc.

(2) The effect of covalency is similar for all
A-F or A-O bonds.

(3) Radii are independent of structure.

(4) Radii vary with coordination number.

* Permanent address.

(5) The average cation—anion distance in
similar polyhedrons is the same, even
if, for a given polyhedron, these dis-
tances are not all equal.

(6) For the same anion, the unit cell vol-
ume of a compound in a particular iso-
structural series is proportional to its
cationic volume.

Several thousand average distances used
by the authors cited above were obtained
from over 700 structural determinations of
oxygen or fluorine compounds with various
cations.

The substantial number of structural de-
terminations of ternary compounds ABXj,
A,BX,, A4BXs (X = Cl, Br, I; A = bulky
alkali-metal or pseudo-alkali-metal; B = +2
transition metal ion) presently available en-
ables effective ionic radii which allow for
the effects of covalency to be determined.
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Ionicity Effect

The ionicity (or percentage ionic charac-
ter) of an A-X bond is defined by Pauling
3) as

J(A-X) =1 — expl—¥xs — xx)?]

In this equation, x4 and xx are, respec-
tively, the electronegativity of A4 and X ele-
ment. Some A-X bond ionicities are listed
in Table I. Shannon and Prewitt proposed
that the effect of ionicity on the effective
ionic radii is similar for all oxides and fluo-
rides. However, there should be an appar-
ent difference in ionic radius in cases where
the A~-X bond ionicity is lower than that of
the T1-O bond (0.51): that is to say, in TI-
Cl, Tl-Br, and TI-I bonds. The object of
this work is to see whether the experimen-
tal results confirm such an effect. It should
be noted that the effective ionic radii given
by Prewitt and Shannon for TI! are for coor-
dination numbers higher than 6 and thus
correspond to compounds where this ion
acts as a pseudo-alkali-metal. Many studies
carried out on thallium-oxygen compounds
have shown that lower coordination num-
bers correspond to a higher degree of po-
larization of this cation. The halogen
compounds discussed here display high
coordination numbers, namely, 8, 9, and
12.

Experimental Results

For each structure and for each anion,
the compounds of known crystal structure

TABLE I
Z—-X BOND IONICITIES

fA-X) F 0 Cl Br I
Cs 0.93 0.86 0.73 0.67 0.56
Rb 0.92 0.84 0.70 0.63 0.51
K 0.92 0.84 0.70 0.63 0.51
Tl 0.70 0.51 0.30 0.21 0.11
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TABLE 11

STRUCTURAL DATA FOR ABX; COMPOUNDS WITH
2L, STRUCTURE“

a c |4
Compound A A A Z (AY Ref.
ANiCl; Cs 7.170 5941 2 2645 &)
Rb 6954 5906 2 2473 (4)
NH, 6921 5915 2 2454 @)
TI 6863 5.887 2 2399 )
K 690 1127 4 4646 )
ACoCl; Cs 7202 6032 2 2709 &)
Rb 6999 599 2 2544 (@)
NH, 6967 6.010 2 2526 (4
TI 6907 5981 2 247.1 4)
K 6870 6091 2 2489 ()
AFeCl; Cs 7237 6045 2 2742 &)
Rb  7.060 6.020 2 259.8 &)
NH, 7.019 6.058 2 2585 )
TI 6976 6.008 2 2532 ()
K 700 58 2 261 (5
AVCl, Cs 723 603 2 273.0 (6)
Rb  7.04 600 2 2575 (6)
NH, 7.00 600 2 2546 (7)
T 696 597 2 2504 (&)
K 690 598 2 2466 @)
AVBr; Cs 7.5 632 2 3128 (6)
Rb 7432 6297 2 3011 (9)
TI 7283 6247 2 287.1 (9)
AFeBr; Cs 7.51 6315 2 3085 (10)
Rb 738 628 2 2962 (10)
T 7.8 623 2 2785 (I
AMnBr; Cs 7.618 6519 2 3276 (I2)
Rb 7462 6.543 2 3155 (I2)
AMgBr;, Cs 760 650 2 3251 (I3)
Rb 744 653 2 3131 (3)

7 BX¢ octahedrons form infinite chains along the ¢
axes of the hexagonal lattice by sharing faces. A* co-
ordination number 12.

are given in Tables II-VI. The listings for a
given structure type correspond to decreas-
ing unit cell volume.

In order to give an overall view, the nor-
malized volume as a function of the nature
of the alkali cation is shown in Fig. 1. The
abscissa is arbitrary. In each series, nor-
malization is obtained by allocating a value
of 1 to the largest unit cell volume. The
point representing K,CoBr, is anomalous:
the data available for this compound is ob-
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TABLE III

STRUCTURAL DATA FOR ABX; COMPOUNDS WITH
NH,CdCl; STRUCTURE“

N. JOUINI

TABLE V

STRUCTURAL DATA FOR A;BX, COMPOUNDS WITH
B-K,S0,; STRUCTURE®

a b c v a b c v
Compound A @A) @A @A Z (A) Ref. Compound A (A (A @A Z (&) Ref
AMbBr; TI 9.383 4.039 1527 4 5787 (14) A CoCL Cs 9737 7392 12972 4 9337 (18)
K 9.185 4.026 1548 4 S72.4 (i2) Rb 9272 7.283 12723 4 8592 (I8)
AMgBr; TI 938 398 1530 4 S71.2 (I3) Tl 9131 7.182 12632 4 8284 (I8)
K 929 403 1508 4 S64.4 (I3) K 8933 7240 12421 4 8033 (I8)
AGely NH, 10244 4.510 16.656 4 769.5 (I5) A,CoBr, Cs 10.181 7.723 13.492 4 1060.8 (I8)
K 10129 4499 16443 4 7493 (I5) Rb 9718 7.651 13371 4 9942 (18)
Tl 10.066 4.414 16359 4 7269 (I6) T 9.424 7.52 13.14 4 9312 (18)
AFeBr; K 922 400 149 4 549.5 (I7) K 961 777 13.43 4 10028 (I8)

2 BX¢ octahedrons form infinite double chains by sharing
edges. A* has tricapped coordination in X (coordination num-
ber 9).

viously incorrect because it results in
K>;CoBr, having a unit cell volume larger
than that of Rb,CoBr,.

Whatever the structure or the nature of
the halide ion, when the A* cation is either
an alkali-metal or ammonium the unit cell
volume of the compound varies according
to the sequence

V(K) < V(NHy) < V(Rb) < V(Cs).

The position of thallium in this series de-
pends on the halide ion. When X = Cl (the
only exception being KCoCl;) or X = Br,

V(K) < V(T]) < V(Rb)

or, when V(NH,) is known,

TABLE IV

STRUCTURAL DATA FOR A;BXs COMPOUNDS WITH
Cs;CoCls STRUCTURE®

a Orthorhombic symmetry. BX, tetrahedrons isolated. A*
coordination number 9.

V(K) < V(Tl) < V(NH,).
The sequence for ternary iodides is always
V(TD) < V(K).

This indicates that covalency has an impor-
tant effect on the radius of the thallium ion.
This study aims to quantify this relationship
by expressing the effective radius of thal-
lium in terms of the halide ion and coordi-
nation number. For a given halide ion X,
the effects of covalency shall be assumed to
be similar for all A-X bonds when A is an
alkali-metal. This hypothesis is substanti-
ated by ionicity calculations.

TABLE VI

STRUCTURAL DATA FOR A;BX, COMPOUNDS WITH
Sr,GeS4 STRUCTURE?

a c |4 a b c B 14

Compound A (A) A Z (A Ref. Compound 4 (A (A (A © 2z (A) Ref
A;COCIS Cs 9.219 14.554 4 1236.9 (18) AxColy Rb 10384 8.144 7.657 1098 2 6093 (/8)
NH, 10.166 8.101 7.603 1095 2 5902 (/8)

Rb 8799 14239 4 11024 (8 K 9.677 8.09 7.702 1084 2 S72.1 (i8)

TI 8.431 14497 4 10304 (18) T 9762 7972 7.519 1089 2 553.6 (I8)

A3CoBrs Cs 9.643 15.127 4 1406.6 (18) AZnly  Rb 7.642 8.176 10.371 109.84 2 609.5 (I9)
Rb 9.239 14.875 4 1269.7 (18) NH, 7.745 8.121 9.665 109.24 2 5774 (I9)

K 7.548 7.997 9730 109.00 2 5553 (I9)

T 8747 15232 4 11654 (9 T 7.471 7.967 9.827 10957 2 5511 (19)

2 Quadratic symmetry. BX, tetrahedrons isolated.
A* coordination numbers 8 and 10.

4 Monoclinic symmetry. BX, tetrahedrons isolated. A* coordination
number 6 + 2.
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Determination of the TI! Effective lonic
Radius

Method of Determination

Several different structures, in which
thallium(I) adopts coordination numbers of
8, 9, and 12 have been evaluated. The pro-
cedure is as follows:

(1) For a given structure, the function
VI3 = f(Rs+) is given for each series of
compounds, the series being classed by
halide ion and transition metal ion. The R+
value used is the Prewitt and Shannon ef-
fective ionic radius of the alkali-metal tak-
ing into account its coordination number.
V3 = f(R,+) is not linear, and for each
series only a few experimental points (max-
imum of four) are available (see Tables 11—
VI). The curves given in Fig. 2 are accord-
ingly drawn as curves of best fit.

(2) For each series, the effective radius of
thallium can be determined from the unit
cell volume of the thallium compound and
the curves given in Fig. 2. For each coordi-
nation number, the average of all values ob-
tained is then determined.

The radius of NH{, which is not given by
Prewitt and Shannon, was determined by
the above method using data relative to 2L
type ABX; compounds where the ammo-
nium compound is known. The value ob-
tained (1.70 A) was then used to determine
the effective radius of T1!, the systematic
variation of radius values with coordination
number being taken into account. As in the
case of the alkali-metals, the NH{ radius
was assumed to be independent of cova-
lency.

In certain cases difficulties arose due to
the lack of suitable data. This concerned
the following:

(1) AGel; and A,Znl, phases. Apart from
thallium compounds, only the ammonium
and potassium compounds of the former,
and the rubidium and potassium com-
pounds of the latter, are known. The general
form of the curves given in Fig. 2 shows
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that a good approximation of the effective
radius of thallium can be obtained by a 1%
increase in the value obtained by linear in-
terpolation.

(2) The AMnBr; and AMgBr; series, in-
volves a phase change: the cesium and ru-
bidium compounds are hexagonal (coordi-
nation number 12) whereas the thallium
and potassium compounds have the NH,
CdCl; structure (coordination number 9).
This difficulty was resolved by observing
that when a compound (e.g., KFeCly)
exists as two allotropic forms, each one
having a different structure, the ratio of
the unit cell volumes of the two phases
is 1/2. The volume of the hypothetical
ABBr; phase (A = Cs, Rb; B = Mn, Mg)
of the NH,CdCl; structure is calculated
on this basis.

Results and Discussion

The effective radii calculated for thal-
lium(I) in chlorides, bromides, and iodides
are given in Table VII and can be compared
with those obtained by Prewitt and Shan-
non for thallium in oxides and fluorides.
The values in brackets correspond to coor-
dination numbers of thallium(I) with the
corresponding ligand in phases which are
as yet unknown. These values are calcu-
lated from the assumption of Prewitt and
Shannon, and which has since been experi-
mentally verified, that ionic radius varies
regularly with coordination number. As
well as showing the relationship between
effective radius and coordination number,

TABLE VII
EFFECTIVE RaDIUs oF TI! (A)

Coordination number: 8 9 12
Ton

0, F- 1.59 1.63 1.70

Cl- [1.55] 1.59 1.67

Br- [1.51] 1.55 1.65

1- 1.46 1.50 [1.63]
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for a given ionicity, this classification al-
lows the ionicity-effective radius diagram
of TI! for a given coordination number to be
established (Fig. 3). When the covalency of
the Tl-X bond increases (decreasing ionic-
ity), the TI! effective radius decreases. This
behavior constitutes an essential differ-
ence between thallium(I) and the alkali-
metals and could be due to the high polariz-
ability of TI (5.11 A3).

This difference can show itself in two
ways.
—The thallium compound has the same
structure as that of the alkali-metals: its rel-
ative unit cell volume is a function of the
TI-X bond ionicity. When the latter in-
creases so does the former.
—The thallium compound can adopt a
structure which is different to that of the
corresponding alkali-metal compounds.
For example, in ABX; compounds: in the
case of alkali-metal compounds the particu-
lar structure which they adopt depends es-
sentially on the ratio R,+/Rx- and is mini-
mally affected by the A—X bond ionicity.
For thallium, the determination of the ef-

18+

16}

Ry (A)
g
T

1 Jl | I A
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fective radius shows that the particular
structure adopted is directly related to the
Tl-X bond ionicity.

Conclusions

The determination of the effective radius
of TI! constitutes a means of quantification
of covalency. The radii thus determined are
consistent with the rule of additivity of ra-
dii, whatever the degree of covalency, in
the calculation of interatomic distances.
The anionic radii of Prewitt and Shannon
used in these calculations are practically
independent of the coordination number
(Ro- = 1.81 A, Rg- = 1.96 A, and Ry~ =
2.2 A).

The Tl-X distances (D) calculated by this
method are in good agreement with those
established by structural determination (d)
(Table VIII). The average d/D is of the or-
der of 1 (0.95) and the corresponding devia-
tion is 7 x 1073,

In conclusion, the effective radii of Tl
form a coherent set for the calculation of
Tl-X bond distances (X = Cl, Br, I) in high

(o] F
Y T | 1 ——

Q2 04

0s os8

fri-x

Fic. 3. TI' ionicity-effective radius diagram.
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TABLE VIII
TI-X INTERATOMIC DISTANCES (A)

Coordination

Compounds drix D =Rm+ + Ry~ number diD
TICI 3.32 3.36 8 0.988
TIBr 3.4 3.47 8 0.991
Tl 3.64 3.66 8 0.995
TIPbl, 3.67 3.66 8 1.002
T1Pblg 3.66 3.66 8 1.000
Tl Hgl 3.63 3.66 8 0.992
T4 HgBrg 3.46 3.51 8 0.986
TLCrlsax 3.62 3.66 8 0.989
TIMnl; 372 3.70 9 1.005
TIFeBr;8 3.47 3.51 9 0.989
TICdI, 372 3.70 9 1.005
TIGel, 371 3.70 9 1.003
TIFely 3.69 3.70 9 0.996
TIFeCly 3.49 3.48 12 1.003
TICoCl; 3.45 348 12 0.991
TINiCl3 3.43 3.48 12 0.986

coordination number T1! compounds while
overcoming the problem of covalency.
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