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Accurate bond-valence parameters for the

Bi**/Br~ ion pair

Using a new calculation scheme, reliable and physically meaningful values of the
bond-valence parameters (7o = 2.567 A and b = 0.421 A) have been deduced for
the Bi**/Br~ ion pair from the molecular geometry and from the crystal

structure of BiBrs;.

The bond-valence model (BVM) has recently found wide use in
mineralogy and structural inorganic chemistry as a valuable tool for
detecting errors in crystal structure determination and for predicting
interatomic distances in crystal structures of known chemical
composition and presupposed topology (Brown, 2002).

Bond valence (BV), s, is defined as the classical valence shared
with each bond. According to the bond-valence sum rule, the
oxidation state V; can be calculated from the sum of the individual
bond valences s;;

V.= Zsijf ®

where i denotes an atom bonded to j. Atom i is usually chosen as an
electropositive atom (cation) and atom j as an electronegative atom
(anion).

Individual bond valences s; (in ‘valence units’, v.u.) can be calcu-
lated from the observed bond lengths r; using the Brown-Altermatt
formula

S = eXP[(”o - ”ij)/b]a 2

where ry and b are empirically determined parameters (Brown &
Altermatt, 1985).

The b parameter is commonly taken to be the ‘universal constant’,
equal to 0.37 A, and the r, parameters have been directly calculated
(Brown & Altermatt, 1985; Brese & O’Keeffe, 1991) or extrapolated
(Brese & O’Keeffe, 1991) for a large number of ion (atom) pairs,
assuming b = 0.37 A.

Current research interests of the author required highly accurate
BV parameters for the Bi**/Br~ ion pair. However, the directly
calculated BV parameters were not reported for these ions, and the
accuracy of the extrapolated BV parameters ry = 2.62 Aand b =
037 A (Brese & O’Keeffe, 1991) has been found to be rather poor.
Taking all the aforementioned facts into account, the author decided
to derive improved BV parameters for the Bi**/Br™ ion pair.

The traditional procedure of determining the empirical BV para-
meters from the structural data (Brown & Altermatt, 1985; Brese &
O’Keeffe, 1991) includes the following steps:

(i) Collecting the structural data of interest from the literature and/
or from the crystal structure databases (molecular structures are not
usually considered).

(ii) Selecting the most reliable dataset of bond lengths for a given
ion pair.

(iii) Solving the equation V; = ) s; using the formula

ry=b 1{1/,./ Zexp(—r,y/b)} ®)

(where b is a constant) for every selected coordination sphere of a
given ion pair.

Acta Cryst. (2006). B62, 949-951

doi:10.1107/50108768106020295

949



short communications

Table 1

Reliability of the BV parameters obtained for the Bi**/Br™ ion pair by different procedures.

(2) only with the assumption that V; = BVS.
Hence, the correct r, value can be obtained

Bond-valence sum (v.u.)}

from (3) only if the b value is set correctly

and if V; = BVS.

Compound Folyhedron BOK St 52 For determining the BV parameters,
BiBr; (molecule) BiBr; 3.46 (+15%) 3.253 (+8%) 3.000 deviation of the BVSs from V; seems to be
K4(BiBry)(H,0),4 [BiBrs 3.17 (+6%) 2.984 (—1%) 3.014 (+0%) L. . .

Cs:Bi,Bry BiBr, 3.49 (+16%) 3261 (+9%) 3253 (+8%) less significant than incorrect setting of the b
Rb;BiBrs BiBrs 3.20 (+7%) 3.016 (+1%) 3.052 (+2%) value because averaging can compensate for

]

]

]
i 3.29 (+10%)
Nay(BiBr5)(BiBryo)(H,0)1 BiBr| 317 (+6%)

]

]

|

]

' 318 (+6%)

[Sr(H;0)s]x(Bi,Bryo) BiBr 324 (+8%)
[Hg,(HgBr),As,](Bi,Br0) BiBrg 3.27 (+9%)
BiBre] 3.07 (+2%)
(NH,)¢(BiBr¢)Br(HF,), [BiBre] 3.14 (+5%)
Te4(Bi,Bry) [BiBrg] 3.30 (+10%)
(Hg,Sb,)(BiBre)Br [BiBrg] 3.14 (+5%)
(Bi,Br,)(AlBry), [BiBr] 3.13 (+4%)
a-BiBr; [BiBrg] 320 (+7%)
(BiBr,)(AuBr,) [BiBrg] 3.17 (+6%)
[BiBrs] 3.00 (—0%)

3.078 (+3%)
2.981 (—1%)
2.998 (—0%)
3.054 (+2%)
3.062 (+2%)
2.884 (—4%)
2.924 (—3%)
3104 (+3%)
2.940 (—2%)
2.927 (—2%)
3.022 (+1%) 3.000
2.966 (—1%)
2.810 (—6%)

3107 (+4%)
3.021 (+1%)
3.016 (+1%)
3.067 (+2%)
3.059 (+2%)
2.932 (—2%)
2.970 (—1%)
3.093 (+3%)
2.984 (—1%)
2.930 (—2%)

deviations of the BVSs in the particular
structures. If, however, the number of crystal
structures reported for a given ion pair is
rather small (as for the Bi**/Br™ ion pair),
poor and biased results caused by this
deviation can be obtained even for the
correct b parameter. In this case the use of
alternate calculation schemes for deter-

3050 (+2%) mining the BV parameters should be

2.946 (—2%)

i BIOK: 7y =2.62 A and b =037 A, extrapolated by Brese & O’Keeffe (1991). S1: r,=2.597 A and b = 037 A, directly calculated
in accordance with the traditional procedure (this work). §2: ry = 2.567 Aand b =0.421 A, deduced from the molecular and crystal
structure of the BiBr; compound (this work). The precision of the interatomic distances used for calculations of the BVSs was
+0.001 A for S1 and S2, and +0.01 A for B/O’K. Calculations of the BVSs were performed using the program VALENCE
(Brown, 1996). % The references for the compounds are: BiBr; (molecule), Schultz et al. (1999); K4(Bi,Br)(H,0),, Lazarini
(1977a); Cs;Bi,Bry, Lazarini (1977b); Rb;BiBrs, Lazarini (1978); Na;(BiBrg)(BiBryo)(H,0)5, Lazarini  (1980);

considered.

The particular problem of determining
reliable and physically meaningful BV para-
meters for the Bi**/Br~ ion pair has been
solved using only two basic assumptions: (i)
the term ‘bond valence’/‘bond order’ is

[Sr(H,0)s]>(BixBry), Lazarini & Leban (1980); [Hg;(HgBr),Ass(Bi,Bryo), Puff er al (1984); (NH,)s(BiBrs)Br(HF,),,

Gerasimenko et al. (1991); Tey(Bi,Brs), Beck et al. (1997); (HgeSb,)(BiBre)Br, Beck et al. (2000); (Bi,Bry)(AlBr,),, Beck er al.

(2005); a-BiBr3, von Benda (1980); (BiBr,)(AuBr,), Beck & Wagner (1997).

(iv) Averaging the r, values calculated for a given ion pair.

In accordance with the above procedure, and taking into account
the limitations of the BVM (Brown, 2002), 12 well determined (R <
10%) crystal structures (with 16 independent [BiBr,]| coordination
spheres) investigated under ambient conditions were selected for the
calculations. The references for all these crystal structures are
collected in Table 1. The crystal structures with disorder, with partial
occupancy, and with strong steric effects caused by the presence of
large complex ‘pseudoatoms’ [such as CH;NH;, C(NH,); efc.] were
not considered. All the [BiBr,] coordination spheres were analyzed
by means of the program PLATON (Spek, 2004).

Taking the ‘universal constant’, b = 0.37 A, an average value of rg =
2.597 A (with o = 0.012 A) has been obtained by the author.
However, analysis of the above traditional procedure of direct
determining the BV parameters revealed at least two serious defi-
ciencies: ignoring the physical meaning of the r, parameter and
considering the V; value in (3) as a constant.

By definition, the ry parameter is equal to the length of a bond of
unit valence. The exact (actually, close to exact) r, values can be
directly observed in high-symmetry simple covalent molecules, or can
be deduced from the correctly determined ‘bond length versus bond
valence’ curves. In all cases, however, the ry value is an absolutely
independent parameter for a given ion pair: if r;; = ry, then s; = 1 for
any non-zero value of the b parameter. Nevertheless, critical
dependence of the r, value on the preset b value is clear from (3) and
was indirectly confirmed in the article of Brown & Altermatt (1985).
Hence, if the b parameter is set incorrectly for a given ion pair, the
obtained ry parameter loses its physical meaning and becomes purely
artificial.

Furthermore, most crystal structures are influenced by steric and/
or electronic constraints so that the bond-valence sums (BVSs)
calculated from the observed interatomic distances are not exactly
equal to the oxidation state of the central ions. For a given coordi-
nation sphere, however, (3) can be derived from a series of equations

strictly considered as the exact fraction/
number of Lewis electron pair(s) contri-
buting to the bond; and (ii) for BiBr; the
bond-valence sum rule (Brown, 2002) is
fulfilled exactly (V; = BVS = 3).

Based on the chemistry of halogens, it can easily be assumed that in
the BiBr; molecule the exact number of Lewis electron pairs asso-
ciated with each Bi—Br bond is 1; and, therefore, the Bi—Br bond
length of 2.567 A reported for this molecule by Schultz et al. (1999) is
equal to the correct (actually, to the best available) value of the r,
parameter for the Bi**/Br™ ion pair. The same assumption can also be
made from the Gillespie-Nyholm theory (Gillespie & Nyholm, 1957):
the pyramidal shape of the BiBr; molecule clearly indicates that the
65> lone pair of the Bi atom is located separately and not involved in
the chemical bonding.

On the other hand, in the crystal structure of ¢-BiBr; (Benda,
1980) all the valence electrons are shared exclusively between the
Bi** and Br~ ions and are not influenced by the additional (‘third
party’) ions. Since o-BiBrj; is stoichiometric, it can be concluded that
the exact number of Lewis electron pairs used by the Bi** ion for
bonding in this structure (in other words, BVS) is 3. The crystal
structure of B-BiBr; was determined poorly (Benda, 1980) and
cannot be regarded as the reference structure.

Taking ry = 2.567 A, the b parameter has been adjusted to give
BVS =3 for the Bi** ions in the crystal structure of a-BiBr3. The value
of the b parameter determined in this way for the Bi**/Br™ ion pair is
0.421 A.

The reliability of the BV parameters obtained for the Bi**/Br~
ion pair by different procedures is illustrated in Table 1. The
BV parameters deduced from the molecular and crystal structure
of BiBr; (S2) demonstrate the highest reliability: the BVSs
calculated for the BiBr; molecule and for the crystal structures
are equal or close to 3. The BV parameters calculated in this
work by using the traditional procedure (S1) show reasonable
performance for the crystal structures, but erroneously indicate
significant ‘overbonding’ for the BiBr; molecule. Use of
the BV parameters extrapolated by Brese & O’Keeffe (1991)
for the Bi**/Br~ ion pair (B/O’K) should definitely be
avoided.
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Both sets of BV parameters determined in this work (S1 and S2)
can be recommended for routine BVS calculations. However, in
theoretical BVM studies, use of the S$2 parameters should be
preferred because these parameters are based on the physically
measured r, value.

It is important to note that the S2 parameters show good results for
the whole range of the coordination numbers observed for the Bi**/
Br ™ ion pair (see Table 1) and, therefore, give the best approximation
of the real ‘bond length versus bond valence’ curve for these ions.
Nevertheless, the author believes that the S2 parameters can still be
improved using structural data of better accuracy.

The calculation scheme as well as assumptions used in the present
work for determining the BV parameters for the Bi**/Br™ ion pair
cannot be regarded as universal, but use of this scheme in BVM
studies should always be attempted if the traditional BV parameters
supposedly fail.
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