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Charge distribution as a tool to investigate struc-
tural details. 1l. Extension to hydrogen bonds,

distorted and hetero-ligand polyhedra

It is shown that one of the main reasons for most failures of
the methods for calculating distance-dependent bond
strengths is related to the distortion of the coordination
polyhedra. The charge distribution (CD) method which
depends on only one universal empirical parameter (contrac-
tion parameter) is modified to include: (i) an iterative
calculation of the effective coordination number (ECoN), to
deal with structures containing very distorted coordination
polyhedra; (ii) a specific contraction parameter to treat
structures containing any type of hydrogen bond; (iii) scale
factors for coordination subshells, to treat structures with
hetero-ligand polyhedra. The contraction parameter for the
hydrogen bonds was obtained from 119 well refined structures
based on neutron diffraction data. Examples of the application
of the iterative charge distribution (CD-IT) are presented to
show the efficiency of the new method in dealing with
distorted (including hydrogen bonding) and hetero-ligand
polyhedra. In particular, analysis of a series of 74 structures
with pentacoordinated cations shows that deviations from
overall trends are related to structure instability. The possible
failure of the method with polyionic structures and ‘dynamic’
structures is discussed.

1. Introduction

The structure of inorganic crystals is commonly described in
terms of concepts that, like oxidation numbers, coordination
numbers and coordination polyhedra, have their roots in the
XIX century theory of valence. Despite the approximations
they implicitly contain, these concepts still represent today
important tools to describe and elucidate crystal structures,
provided a suitable extension is given. In both ionic and
covalent compounds, we can assign positive and negative
‘charges’ (formal oxidation numbers) to each atom. For purely
ionic bonds, these formal ‘charges’ closely represent the actual
electrostatic charge of the ions. For covalent compounds, the
formal ‘charges’ are rather a simplified way of representing the
displacement of the electron density with respect to the
isolated atoms. In both cases, the formal ‘charges’ are here-
after used to indicate the atoms (formally termed ‘cations’ and
‘anions’ without, however, any specific reference to the ionic
bond) among which a bond may exist. For coordination
polyhedra corresponding to the geometrically regular and
semi-regular polyhedra all the cation—-anion bonds have the
same length and the coordination number is uniquely defined.
In this case all the bonds around a cation have the same
strength, which was defined as the ratio of the charge (formal
oxidation number) of the cation and its coordination number
(Pauling, 1929).
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When the bonds around a cation span a certain range
of lengths, Pauling’s definition does not convey satisfactory
information about the strength of the bonds. Besides, in
those cases in which no net separation appears between a
first and a second coordination sphere, the coordination
number is hardly identified (Chiari, 1990; Bali¢ Zuni¢ &
Makovicky, 1996; Makovicky & Bali¢ Zunié, 1998). Also,
the ionic radius is far from being uniquely defined,
because the interatomic distances are not always describ-
able as the sum of the ionic radii (Hoppe, 1970a, 1979),
the variation depending partly on geometrical constraints on
the crystal structure and especially on the overall connectivity
of the atoms in the structure (Rutherford, 1991). Pauling’s
definition of bond strength has thus been extended by several
authors, who introduced a dependence of the strength of a
bond from its length. The common feature of these methods is
the use of an empirical curve (‘R—s curve’), whose parameters
are obtained by fitting on a large set of structures (see e.g.
Brown & Shannon, 1973; Brown & Wu, 1976; Brown &
Altermatt, 1985). Given the experimental bond lengths and
the paramters for a cation-anion pair, the bond strength is
obtained from one of the R-s curves and is termed ‘bond
valence’ (BV; for a recent review see Urusov, 1995). Several
extensions have been proposed with different goals, such
as:

(i) to treat bonds which occur with a wide range of lengths
(Brown, 1987);

(ii) to introduce the effect of the lone pairs on the geometry
of the coordination polyhedra (Wang & Liebau, 1996a.,b);

(iii) to take into account zero and negative oxidation states
(Naskar et al., 1997);

(iv) to correlate bond strength and electron density distri-
bution (Gibbs et al., 1998);

(v) to treat compounds with hetero-ligand polyhedra

(Mohri, 2000).
All these extensions are based on a more or less complex
power-law relationship between the bond legth and the
bond valence and do not have any internal criterion to
evaluate whether the method itself is applicable or not to a
given structure. Therefore, when a significant deviation from
the expected bond valences occurs, the investigator should
evaluate independently, and before applying the BV analysis,
whether the quality of the refinement of the strucutre model is
reliable and whether the type of structure (type and pattern of
bonding) is suitable for the BV analysis. A ‘blind” application
without critical inspection may otherwise result in a discussion
in terms of bond valences without solid ground.

Extensions in a different direction were proposed in terms
of graph-theoretical approaches. Boisen et al. (1988) consid-
ered all the Lewis structures that can be associated with a
given compound and defined the resonance bond number
(RBN) as the weighted average of the bond order over the
Lewis structures. This method ignores the periodicity of the
crystalline structures and omits any non-nearest-neighbour
interaction: the calculation requires 10’ or 10° Lewis graphs
per atom and the resonance bond numbers obtained in this
way are close or identical to the bond valences, but the method

has the advantage of being applicable to glasses as to crys-
talline solids (Rutherford, 1991, 1998).

A basically different approach is represented by the charge
distribution (CD) method (Hoppe et al., 1989), which analyses
the geometry of the coordination polyhedra through the
effective coordination number, ECoN, uniquely defined in
terms of the experimental bond lengths (Hoppe, 1979).
Besides, the CD method possesses an internal criterion to
evaluate the applicability, which consists of the g/Q ratio for
the cations (Nespolo et al., 1999). g is the formal oxidation
number and Q the corresponding value computed as the
weighted sum of the bond strength (termed ‘bond weight’ in
the CD method) around the cations. When (¢/Q)cations Signif-
icantly diverges from 1, either the refined structural model
should be questioned or the structure in principle falls outside
the limits of applicability of the method itself.

Inorganic compounds can be classified (Parthé, 1996) as
normal valence compounds, where both cations and anions
transfer all their valence electrons, and general valence
compounds, where either the cations do not transfer all their
valence electrons or the anions do not need as many electrons
from the cations to complete their octet shells. General
valence compounds are then subdivided into polycations
(presence of cation—cation bonds or lone pairs) and poly-
anions (presence of anion-anion bonds). The geometrical
definition of ECoN does not depend on the nature of the
chemical bond and relies only on the pattern of bonding
corresponding to the normal valence compound, but does not
exclude compounds with lone pairs. The term polyion is used
hereafter to include both polycations and polyanions, i.e. to
indicate the presence of bonds between cations or between
anions. The CD method (as well as other similar methods) in
general is not applicable to polyions (see, however, the
examples in §5.5), as well as compounds with delocalized
electrons (metallic bond).

Non-polyionic structures which, despite the absence of
errors in the refinement, could not be treated by the CD
method in its original formulation are typically structures with
highly distorted coordination polyhedra, or with peculiar
bonds like the hydrogen bond. In this paper we present an
extension of the CD method which is also able to treat these
types of structures.

2. "ECoN

The kernel of the method consists of a geometrical analysis of
the coordination polyhedra and exploits ECoN, the effective
coordination number (Hoppe, 1979). Hereinafter, the original
equations have been rearranged and in some cases, for the
purpose of generalization, a slightly different notation has
been introduced.

Cation and anion sites are indicated as M(ij) and A(rs),
respectively, where i and r identify the atomic species, N} and
N being the number of sites occupied by cations and anions
of the same species, respectively, whereas j and s refer to the
crystallographic type. For example, the mineral zunyite,
Al»(OH)5(Al104)(Si5046)Cl (Bartl, 1970), space-group type
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F43m, contains two crystallographically independent types of
Al, Si and H, five types of O and one type of Cl. In symbols it is
thus represented as: Nf =2, Nj =2, Ny =2, Ny =5,N; = 1;
M(11)~M(12) = Al, M(21)~M(22) = Si, M(31)~M(32) = H,
A(11)~A(15) = O, A(21) = CI. The formal charges are indi-
cated as q(ij) and ¢(rs). g depends on j or s through the site
occupation factor (s.o.f.). For s.o.f. = 1, all the cations with the
same i and all the anions with the same r have the same g.
Similarly, the multiplicity of the Wyckoff position is indicated
as h(ij) and h(rs). The Lth bond length between M(ij) and
A(rs) is indicated as d(ij — rs),. For computational purposes,
the bond lengths are classified in increasing length with
respect to i, j and r, d(ij — rs), being the shortest and s a sort
of dummy index at this stage.

Pauling (1929) pointed out that for ionic compounds the
distance between two ions with charges of opposite sign,
among which an ionic bond exists, should be nearly identical
to the sum of the ionic radii R({) and R(r). Hoppe (1979)
defined the fictive ionic radii, FIR({j — rs);, as

R()

FIR(U N rs)L: d(l] — VS)L'M'

¢y
Excluding special features such as double bonds, FIR(ij — rs);
should correspond to R(i), whereas FIR(ij — rs); . | increases
with L. If m(ij — rs), is the multiplicity of the bond d(ij —

rs);, the mean fictive ionic radius, "MEFIR, is calculated
through an iterative process

"MEFIR(ij — r) = { > >, FIRG — rs) -m(ij — rs),
FIR(@j — rs),

.exp{1 - [n—lMEFIR(if - r):| }}
(S
ool | _[_FIRG =) T[]
p "~IMEFIR(ij — r)
_ RO
R(i) + R(r)

. { ZX ZL d(ij — rs),m(ij — rs),
d(ij — rs) ¥

~expyl — ["1d(ij . i)il }

X { ZS ZL m(ij — rs),

d(ij — rs); ‘Nt

where 7 is the number of iterations. The following equalities
hold

"MEFIR(ij — r) = FIR(ij — rs),
%d(ij — r) = d(ij — rs),. 3)

The weighted mean distance "d(ij — r) is (cf. Hoppe et al.,
1989)

"d(ij — r) = { ZS ZL d(ij — rs),m(ij — rs),
dGij — rs), 1°

=] “

X { ZS ZL m(ij — rs),

d(ij — rs), ‘N
)= [ }}

_ RO +RO)
R()

" MEFIR(ij — 7). (4)

The definitions introduced in (3) permit the unification into a
single equation, (4), of the two equations (2) and (5) given in
Hoppe (1979).

The ‘strength’ of the d(ij — rs); bond is measured by the
bond weight "BW(ij — rs), as defined by Nespolo et al. (1999)

d(ij — rs)Li|6
"d(ij — r)

_ exp{1 _[ FIR(ij — rs), } } )

"BW(ij — rs), = exp{l — [

"MEFIR(ij — r)

and the effective coordination number "ECoN is defined
both in terms of M(ij) and A(r), "ECoN(ij — r) and of M(i)
alone, "ECoN(ij)

"ECoN(ij — r) = ZS ZL m(ij — rs), - "BW(j — rs),
"ECON(ij) = Y . ECoN(ij — 7). (6)

Mohri (2000) defined ‘homo-ligand polyhedra’ and ‘hetero-
ligand polyhedra’ coordination polyhedra as made by only one
(r=1) or more than one (r > 1) type of anion, respectively. For
homo-ligand polyhedra "ECoN(ij — r) and "ECoN(ij) coin-
cide. Instead, for hetero-ligand polyhedra, "ECoN(ij) defined
simply as the sum of "ECoN(ij — r) treats independently the
coordination shells made by each type of anion, a problem
which is discussed in the next section.

Equations (5) and (6) show that ECoN is equivalently
defined in terms of MEFIR (as in Hoppe, 1979) and of d(ij —
r) (as in Hoppe et al., 1989). MEFIR is the only variable that
depends, through FIR, on the ionic radii. BW, ECoN and the
computed ‘charges’, defined and illustrated in the next section
(which depend on ECoN), do not depend on the ionic radii.

MEFIR(ij — r) and d(ij — r) are computed in an iterative
way: the result of the computation at the (n — 1)th stage is
used as an input value for the nth stage, and the computation
terminates when the difference between " ~ '"MEFIR(ij — r)
and "MEFIR(ij — r), or between” ~ 'd(ij — r) and "d(ij — r),
is negligible (for practical purposes, set to 0.001).

ECoN is in general a non-integer number giving a weighted
measure of the coordination environment of a cation site. For
regular or semi-regular coordination polyhedra the compu-
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tation terminates with '"MEFIR(ij — r) and 'd(ijj — r), and
"ECoN reduces to the classical integer value corresponding to
the number of A(rs) coordinated by M (). Instead, the larger
the distortion of a polyhedron (deviation from its ideal shape),
the larger the number of iterations and the larger the devia-
tion of "ECoN from the classical coordination number.

In the previous version of the CD method (Hoppe et al.,
1989; Nespolo et al., 1999), no iterations were employed, and
the charge distribution was computed in terms of "ECoN: as a
consequence, the method was limited in its applications to
structures with coordination polyhedra of relatively limited
distortion. The use of "ECoN instead permits to treat struc-
tures also containing distorted polyhedra.

3. Iterative charge distribution

The clue of the CD method is actually the distribution of
"ECoN(ij — r) among all the bonds around M(ij)
_ Yo om(ij — rs),"BW(ij — rs),

A"ECON(j — rs) = "ECoN( = 1) . (D

A"ECoN gives the contribution by the A(rs) anion to
"ECoN(ij — r). The fraction of the formal charge q(i) that the
cation M(ij) shares with the anion A(rs) is obtained by simply
multiplying A"ECoN by ¢(ij) and by introducing a scale factor
"F(ij — r) for hetero-ligand polyhedra

A" q(ij — rs) = A"ECoN(ij — rs)q(ij)" F(ij — r).  (8)

The computed ‘charge’ of the anions is then obtained by
summing up each fraction of charge, taking into account,
however, the ratio of the multiplicities of the respective
Wyckoff positions (to avoid counting more than once the
contributions from the same cation)

"/Q(rs) = — Zi Zi A”,q(ij — rs) Z((}l’]s))

(€)

The ‘charge’ of the cation M(ij) is computed as the weighted
sum of g(rs)/" Q(rs) for the anions A(rs) bonded to M(ij),
where the weight is the fraction of shared charge ¢(ij) defined

by (8)

o RN )
i)=Y A'q( ) 0s)

[ 5 avmconti 8 1y ]
x q(if). 10

A structure which is correctly solved and perfectly valence-
balanced has both g(rs)/" Q(rs) and q(ij)/Q(ij) ideally equal to
1. As shown below, structural strains affect g(rs)/" Q(rs), which
deviates from 1: in this case we speak of the over-under-
bonding (OUB) effect.

For homo-ligand polyhedra, n’ = 1 (no iterations) and
"F(ij — r) = 'F(ij — 1) = 1: (8) thus reduces to (5a) in Hoppe
et al. (1989), with the only difference that we consider being
the ratio h(ij)/h(rs) in (9), to emphasize the role of

A"q(ij — rs) in both Q(rs) and Q(jj). Instead, for hetero-
ligand polyhedra the scale factors are computed through an
iterative procedure that makes them independent from the
definition of atomic or ionic radius, and is formally reminiscent
of the iterative calculation of bond valences that Brown (1977)
adopted to apply his ‘equal valence rule’. The starting value is
taken as

'F(ij = r) = 1/N(ij — r), (11)

where N(ij — r) is the number of different types of anions
[different r in A(r)] coordinated by M(ij). Equation (11)
assumes that all the anions surrounding M(ij) have the same
radius, which corresponds to degeneration to the case of
homo-ligand polyhedra, when N(ij — r) =1 and 'F(ij — r) = 1.
For the general case of N(ij — r) > 1, (11) overestimates the
contributions from the type of anions with larger radius and
underestimates the contribution from smaller anions. This
results in too negative 'Q(rs) for larger anions and too positive
'O(rs) for smaller anions. This apparent OUB effect is
accounted for by iterating the calculation of " F(ij — r) in the
following way. If " ~ '8Q(r) is the weighted difference between
Q(r) and ¢q(r) at the (n’ — 1)th iteration stage, and ’”'*HSQ(r)’
is the largest value of  ~ '8Q(r) among all the anions, " F(ij —
r) is computed as

S [ 0Ms) — q(rs)]aGs)
P00 = >, h(rs)

"IAF = 0.1 - log;; {int[loglo W] }

{ "180(r) <0 = "F(ij — r) =""'F(ij = r) = ""'AF

! ! . / .. W =1 A g1 ,
80 >0 = "F(ij — 1) =" = 1)+ 5 s

(12)

where the function ‘int’ reports the argument rounded up to
the largest integer and " ~ '5(r) is the number of anions for
which ” = '8Q(r) < 0, which in general varies during the
iteration process. In practice, ” ~ 'AF is a dumping factor
always taken one digit lower than || ~18Q(r)| : the logarithmic
function simply reports 1 in the first non-zero digit of
|"/—18Q(r)} . The iteration in (12) continues until convergence,
hat for practical purposes is set as
3 "80(r) — ""18Q(r)| < 0.001. "F(ij — r) is decreased or
increased by " ~ 'AF for anions whose weighted Q(r) at the
(n" — 1)th iteration stage is too negative [negative values of
" = 8Q(r)] or too positive [positive values of ' ~ '8Q(r)],
respectively. The dependence of " F(ij — r) on ij is inherited
from the definition of 'F(ij — r) = 1/N(ij — r).
In (12) the scale factors for the different anions by defini-
tion always sum up to 1

"F(ij — r) = 1. (13)
ZT

This preserves the total negative charge and thus the elec-
troneutrality of the formula unit, expressed as

Acta Cryst. (2001). B57, 652—-664
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=D, 2 ahir) = D" > alih)

=3 " O(rs)h(rs)
> > Clihlii). (14)

A similar consideration is the basis of the algorithm to
compute the scale factors. Equation (12) implicitly assumes
that a real OUB effect affects mainly the anionic charges of
each single anion, but without grossly modifying the total
charge of each type of anion. A Ilarge deviation of
>, 1O(rs)h(rs) from Y q(rs)h(rs) is thus considered mainly an
apparent OUB effect, due to the different sizes of A(r) to be
accounted for by introducing the scale factor. However,
3. " Q(rs)h(rs) is mnot forced to become identical with
> q(rs)h(rs), because the convergence is monitored by §Q(r).
The iteration on " F(ij — r) in fact terminates when 8Q(r) does
not change in two successive cycles.

Two considerations are important to elucidate the meaning
of (10) [cf. (7D) in Nespolo et al., 1999].

(1) q(ij) does not play any essential role, all the information
being conveyed by the factors within the parentheses, which
sum up to 1 for Q(ij) = ¢q(ij). The introduction of g(ij) is useful
to maintain the same ‘ionic’ terminology in terms of ‘charge’
originally introduced by Pauling (1929).

(i) Q(ij) represents the distribution of ¢(rs)/" Q(rs) among
the cations and (10) without the factor g(rs)/” Q(rs) would be
just an identity Q(ij) = q(ij).

In fact, remembering (6), (7) and (13)

> > A"ECoN(ij — rs)" F(ij > r) =
> " F(ij—> 1)) A"ECoN(ij — rs)
= > " Fij—>r-1=1 (15)

When a real OUB effect is present, some g(rs)/" Q(rs) ratios
deviate from 1, but all the g(rs)/" Q(rs) ratios corresponding to
A(rs) bonded to a given cation enter in the calculation of Q(ij)
in (10) and q(ij)/Q(ij) should not be affected by the OUB
effect. Reasons for q(ij)/Q(ij) significantly deviating from 1
can be:

(i) the refined structure model is inadequate including
overlooked (light) atoms and disorder;

(ii) wrong assignment of oxidation numbers, including the
case of sites with isomorphous substitutions;

(iii) presence of polyions, which are not accounted for by
the M(ij) — A(rs) bonding patterns assumed by the CD
method (see §5.5);

(iv) the coordination of one or more cations is so distorted
that the polyhedral description is too approximate.

When instead ¢(ij)/Q(ij) is reasonably close to 1, " Q(rs),
"ECoN(ij — r) and, with reference to each bond, "BW(ij — r),.
are suitable parameters to investigate structural changes, e.g.
as a function of composition, temperature and pressure
(Nespolo et al., 1999; Nespolo, Sato et al., 2000). The only
trivial exceptions are those of structures containing either only
one independent cation site or only one independent anion
site, for which Q(ij) = q(ij) is always realised. In case of only

one independent cation site, substituting (8) and (9) into (10)
fori=1andj=1

oun=7% > 4 (S)h(ll) g1, (16)

where the last equivalence originates from (14). Instead, in the
case of only one anion site, from (6) and (7) with r =5 = 1 it
turns out that A"ECoN(jj — 11) =1 and F(jj — 11) = 1 by
definition. It follows that:

06 = 10D 4 = IV

o(11) Zi’ Z]_, g (] q(i) = q(ij),

where the first equivalence comes from (10) with A"ECoN(ij
— 11) = 1 and F(§j — 11) = 1, and the second equivalence
comes from (14) with r =1 and s = 1.

The application of the CD method to investigate cases of
inadequate refinement was illustrated for the homologous
series LuFeO3(Zn0),, (Nespolo, Nakamura & Ohashi, 2000),
and for the compounds YbFeMnO, (Nespolo et al., 2000a) and
ErFeMnO, (Nespolo et al., 20005). The deviation of g(ij)/Q(if)
from 1 for the average structure prompted for a further
refinement, which  showed incomplete occupation
(YbFeMnO,) or statistical distribution (ErFeMnO, and
LuFeZnOQ,) of the rare-ecarth cation. These conclusions are
unaffected by the iteration procedure introduced here,
because the convergence on "d(ij — r) in those examples is
almost immediate and "ECoN is practically identical with
'"ECoN.

(17)

4. Charge distribution for structures including
hydrogen bonds

From the viewpoint of the coordination geometry, the
hydrogen bond A1—H---A2 has some features that make it
unique and not treatable by the CD method in its original
form:

(i) the H atom has only two bonds except in the rare cases of
multiple hydrogen bonds;

(ii) very short A1—H distances;

(iii) large relative gap in length between the donor and the

acceptor bonds, 821 = d(ij — rs), — d(ij — rs); (Chiari &
Ferraris, 1982).
These features result in a high ratio d(ij — rs)./d(ij — rs); and
in practice the bond with the acceptor, d(ij — rs),, is over-
looked by (2) and (4). The hydrogen bond is in this respect
unique because other cations may show the same order of gap
821, but the longer bond lengths result in a much lower d(ij —
rs),/d(ij — rs); ratio and d(ij — rs), is thus accounted for by
(2) and (4).

The only empirical parameter employed by the CD method
is the so-called contraction parameter (Nespolo et al., 1999),
which consists of the exponent 6 in (2) and (4). This
contraction parameter was chosen because it resulted in
"ECoN, which is identical with the classical coordination
number for simple and regular structures (Hoppe, 1979).
However, the decreasing weight it induces with the increasing
distances d(ij — rs), is too rapid for the case of hydrogen
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bonds. For M(ij) = H a different contraction parameter should
be used, in order not to overlook the bond with the acceptor.
To obtain a parameter specific for the hydrogen bond we have
extracted from the Inorganic Crystal Structure Database
(Bergerhoff et al, 1983) a large number of structures
containing H atoms and refined by single-crystal neutron
diffraction data. Among them we have selected a set of
structures on the basis of the following criteria:

(i) the presence of different types of donors and acceptors;

(ii) more than one site for both cations and anions, other-
wise the equivalence Q(ij) = q(ij) is always verified, see (16)
and (17);

(iii) elimination of identical structures appearing more than
once in the database;

(iv) elimination of the structures with evident anomalies;

(v) elimination of the structures for which the ratio q(ij)/
0(ij) largely deviated from 1 for any contraction parameter we
tried, thus suggesting the reason for the deviation was not in
the treatment of the hydrogen bond.
In this way we have obtained a set of 119 structures, reported
in Table 1, on which we have refined the contraction para-
meter. The overall deviation of Q with respect to g is
measured by the parameter

o= {3 Y tath - oarv -1} as)

which reduces to the classical standard uncertainty for atoms
all with the same ¢g. The contraction parameter for the
hydrogen bond was fixed at the value that minimized the mean
value of o taken on the entire set of structures both for the H
atoms alone, (oy) = Z,N=1 (oy);/N, and for all the cations,
(Ocat) = Zil(ocm)i/N, where N = 119. The contraction para-
meter found in this way is 1.6.

It should be taken into account that the large errors in the
charge distribution of structures containing H atoms deter-
mined by X-ray diffraction may suggest that the positions of
those atoms are too approximate. In these cases, as well as
when the positions of the H atoms are unknown, curves of
bond strength versus O---O (Ferraris & Ivaldi, 1988) can be
used to evaluate the bond strength of O- - -O hydrogen bonds.
The coordinates of the H atoms can also be calculated on the
basis of geometric and force-field considerations (Nardelli,
1999).

In those cases in which one or more hydrogen are present
but do not form hydrogen bonds, being instead bonded to only
one anion, it is not necessary to know their position. These H
atoms can be simply ignored, provided the charge g(rs) of the
anions to which they are bonded is increased by one unit. For
example, the case of an O—H bond can be treated by
assigning g = —1 to the O atom and neglecting the H atom. An
example can be found in Ferraris et al. (2001).

5. Examples

Here we present some examples which demonstrate the
improvements brought by the new approach with respect to
the original, non-iterative CD method (further examples can

be found in Nespolo et al., 2001). All the computations have
been made with the CHARDI-IT program, which can be
obtained on request from the first author or downloaded from
the site http://takechan.kiso.tsukuba.ac.jp/ecasigs/CD.htm.

5.1. Structures with distorted polyhedra

Table 2 shows the results of the CD and CD-IT computation
for Vi osPgy0s, space-group type P4/n (Jordan & Calvo,
1976). The non-iterative CD gives not so satisfactory results, as
shown by the large deviation of ¢(ij) from Q(ij). The trigonal
bipyramids of oxygen anions around the V site are highly
distorted, and results in '"ECoN(i = 1, j = 1) = 2.86. The
iterative CD gives '""ECoN(i = 1, j = 1) = 3.81 and a much
better distribution of the formal charges. The BV calculation
(results according to the three most commonly employed
curves are shown) is unable to treat distorted polyhedra like
these, as shown by the large ¢/Q ratios.

5.2. Structures with hydrogen bonds

The example of NaH,PO,-H,O, space-group type P2,2,2;
(Bartl et al., 1976), is shown in Table 3, where five of the six
crystallographically independent H atoms (H1-H3, H5, H6)
are involved in hydrogen bonds. For H4, the distance from the
acceptor, d(H4- --O4) = 2.25 A, indicates that if still present
the hydrogen bond can be only very weak (Chiari & Ferraris,
1982). In fact, zero contribution to "ECoN is obtained. The
non-iterative CD method, with contraction parameter fixed at
6, gives "ECoN = 1.00 for all the H atoms, completely over-
looking all the hydrogen bonds. The CD-IT method, with
contraction parameter 1.6 for the H atoms, gives "ECoN from
1.43 to 1.85 for the five hydrogen atoms forming hydrogen
bonds and satisfactory charge distribution for CD-IT. The BV
calculation (results according to the same curves used in Table
2, both in their original formulation and modified for H—O
bonds according to Brown, 1987) is also unable to satisfacto-
rily treat the hydrogen bond. A calculation with the program
HYDROGEN (Nardelli, 1999) of the hydrogen coordinates
and of the length of the hydrogen bond on the basis of the
Q(ij) in Table 3 shows systematic better agreement with the
experimental data than using the charges obtained by simple
stoichiometry (M. Nardelli, personal communication).

5.3. Structures with hetero-ligand polyhedra

The example of La,SeSiO,, space-group type Pbcm
(Brennan & Ibers, 1991), is shown in Table 4. The two La
cations coordinate 3Se + 60 and 4Se + 60, respectively,
whereas Si is in a slightly distorted tetrahedron of O atoms.
The coordination polyhedra are described by JECoN(Lal —
Se) = 2.6, ’ECoN(Lal — O) = 5.9, °ECoN(La2 — Se) = 3.1,
*ECoN(La2 — O) = 6.0, >ECoN(Si — O) = 4.0. Owing to the
limited distortion of the polyhedra, "ECoN(ij) is not much
different from 'ECoN(ij) and the CD method gives relatively
satisfactory results, but does not account for the apparent
OUB effect. The CD-IT method, through the iterative calcu-
lation of the scale factors for polyhedra coordinating both Se
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Table 1

List of the structures refined by single-crystal neutron diffraction containing hydrogen bonds and used to refine the contraction parameter (see §4).

‘Code’ is the collection code given in the Inorganic Crystal Structure Database (Bergerhoff er al., 1983).

Code Formula Code Formula Code Formula
66 NaH,PO,-(H,0), 28425 CaB;0,(OH);-H,O 67109 Ba(OH),-(H,0);
133 Ca(H,PO,),-H,O 28426 CaB;04(OH);-H,0 253 K 67139 Fe;(PO,),-(H,0)5
140 BaS,0;-H,O 29009 NiSO,4-(H,0)s 68500 NaCa, ggSr¢ 15Al5S150,9-H,Op
917 CaHPO, 29505 CaAlSigO16H7.9104.038 68514 Sr(10;),:(H,0)
1080 NaH;(SeO3), 29516 BaAlLSi;044-(H,0)3 46 68586 Li; g6ALSi3.8001,-(H,0),
1295 NaHC,0,4-H,O 29517 BaAlLSi;O010:(H20)3.52 68587 Li; 86ALSi39501,-(H,0),
1428 RbH;(Se03), 30452 Ba(Cl0s),-(H,0) 69126 Ni(D,0)S04
2714 CaHAsO,4-H,O 30506 Na,B,05(OH),-(H,0)s 69435 CsFe(SO,),-(H,0),
2809 Ca(H,As0,), 30560 D;BO; 69436 CsFe(Se0,),-(H,0),,
2924 Rb,Cu(H,0)4(SO,), 30804 CaAl,Si;04-(H,0)3 69437 CsRu(H,0)6(S0,),-(H,0)6
2925 K,Cu(H,0)4(S0,), 30948 (Feo.67Alp27Tig.03Z10.01)4 69447 Ca,FeFeSisO4(OH)
(Aly.12Mgo24)s
(Feo.11Mng 03)>
(Si.97F€0.03)8044.56(OH)3.44
2926 Cs,Cu(H,0)6(S0,), 30967 CaAlSi;04-(H,0)3 71198 RbHSeO,
2930 NaAlSi,O6-H,O 31281 MgHPO,-(H,0); 72415 NiSO,4-(H,0)¢
4284 NaH,As04-H,O 31301 Nd,(SO,);-(H,0)s 72533 RbHSeO, 383 K
4305 CuSO,4-(H,0)s 31929 H,SeO; 72534 RbHSeO,
4307 K,Cu(H,0)4(Se0y), 34209 Ca,AlLFeSi,0,510,0(0OH) 72553 CoSO4(D,0)6
4308 K,Ni(H,0)6(SO4), 35155 LiOH-(H,0) 73265 NaCu,(SO,),(OH)-(H,0)
4309 K>Zn(H,0)6(SO,), 35191 Na;HCO5(CO;)-(H,0), 73266 RbCu,(SO,4),(OH)-(H,0)
8243 LiH;(SeOs3), 35196 Na;H(SO,), 74003 CsRh(SOy),:(H,0):,
9063 Na,HAsO,-(H,0), 35664 MgS,05(H,0), 74573 BeSO,-(H,0), 30 K
9171 Na,SiO5-(H,0)¢ 37194 AI(NO;)3(D,0)y 74575 BeSO,-(H,0), 100 K
9270 Alj>(OH);5(A10,4)SisO46Cl 38408 Ba,Al,Si50,0:(H,0), 74577 BeSO,-(H,0), 300 K
10386 LiH;(SeOs3), 48139 Na,AlSiz040-(H,0), 74813 Mg(10;),-(H,0),
10504 CaHPO, 49558 Na,D,Si04(D,0)s 74960 CsNa,(OD);-(D,0)s
15062 KH;(SeOs3), 49810 D,0 (Ice IX) 81068 TIH,PO,
15063 KD;(SeOs3), 59142 CaCl,(H,0), 81069 TID,PO,
15075 InO(OH) 59143 SrCl,-(H,0)s 83330 Be(10;),-(H,0),
16111 MgSO,-(H,0), 60943 H,SeO, 84569 NiSO,4-(H,0),;
16132 CaHPO,4-(H,0), 61166 NaCa,AlsSisO,g-(H,0)s 100230 Mg sAl; sFeo 6Sis30Al 6302024(OH) 572
16579 Mg(S0,)-(H,0)4 62288 NaHSeO; 100336 NazSbS,-(D,0)y
16768 AIO(OH) 62289 NaDSeO; 200018 RbH;(Se03),
20862 KHSeO; 62397 Ca,Al;(SiO4);(OH) 200413 Al(OD);
21097 Mg(S0,)-(H,0) 62636 MgSO;-(H,0)4 200525 Zn(HSeO03),-(H,0),
22071 AICI;(H,0)s 62765 Na,SiO,(0D),-(D,0), 200885 NaH,PO,
23097 KH;5(PO,), 63661 Ca,ALFeSi;O3H 201064 Na,S-(D,0),
23219 KH;s(PO,), 65784 Cu,K(OH)(S0,),(H,0) 201530 Li,SO,-(H,0) 283 K
23704 D,0 (Ice IX) 65809 RbH(SeO,) 201531 Li,SO,-(H,0) 80 K
27179 LiD5(SeO3), 66642 D(I0;) 20 K 201532 Li,SO,-(H,0) 20 K
27221 Ca(S0O,)-(H,0), 66643 H(I103) 295 K 202645 Mg ssFes 05Tl 15H3.64Al17.6517.68048
28247 FeO(OD) 66644 H(03) 30K

and O (namely the two La-centred polyhedra), results in a
better charge distribution.

5.4. Analysis of oxides of pentacoordinated cations

We have chosen oxides containing pentacoordinated
cations as a suitable test for the iterative CD (CD-IT) method,
because the fivefold coordination polyhedra have often a
rather irregular shape. To investigate similarities and dissim-
ilarities related to the cation occupation, we have selected well
refined structures in which the fivefold coordination polyhedra
are relatively close in shape to either a square pyramid or a
trigonal bipyramid, namely the two polyhedra of highest
symmetry. Structures in which o, as defined in (18), was larger
than 10%, or in which the published coordinates did not agree
with the bond distances, were excluded. Structures investi-

gated by X-ray diffraction and including H atoms were also
excluded, because of the uncertainty that is often associated
with their positions, especially when heavy atoms are present.
Table 5 lists 74 structures selected on the basis of these criteria.

Fig. 1 (square pyramids) and Fig. 2 (trigonal bipyramids)
show the plot 3, - O(1s) versus Zs(apmn QO(1s) (r =1 because
oxygen is the only anion in these compounds). The moderate
scatter of point around the fitting straight line shows that the
whole valence balance tends to be kept around the penta-
coordinated cation. The two most evident deviations are
explained as follows.

(i) Triclinic a-CaSi,Os, space-group type P1, is obtained by
synthesis at high pressure and high temperature and shows
pentacoordinated Si, interpreted both as a distorted trigonal
bipyramid (Angel er al., 1996) and as a distorted square
pyramid (Kudoh & Kanzaki, 1998). The deviation of this
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Table 2
CD, CD-IT and BV calculation for V; ¢sPy 9,05 (Jordan & Calvo, 1976).

BS: Brown & Shannon (1973); BW: Brown & Wu (1976); BA: Brown & Altermatt (1985). 0 measures the deviation of Q with respect to ¢ and is defined as
o = [Ziq; — O)*(N — 1)]"2 For atoms all with the same ¢, o reduces to the classical standard uncertainty.

CD CD-IT BS BW BA
Cation q() 'ECoN Q@) qG)/OG) n  "ECoN(j) OG) qG)/QG) 0G) q@)0G) QG) qG)Ow)  OG)  qi)OG)
Vv 5.00 2.86 4.71 1.06 10 3.81 4.94 1.01 4.89 1.02 4.89 1.02 4.94 1.01
0.92V + 0.8P  5.00 4.00 5.29 0.945 1 4.00 5.06 0.99 5.55 0.90 5.70 0.88 5.56 0.90
o[ M(ij)] 0.41 0.095 0.57 0.71 0.57
Anion q(rs) O(rs)  q(rs)/Q(rs) O(rs) q(rs)/Q(rs)  Q(rs)  q(rs)/Q(rs)  Q(rs)  q(rs)/Q(rs)  O(rs) q(rs)/Q(rs)
o1 —2.00 —2.44 0.82 —2.10 0.95 —1.90 1.05 —1.91 1.05 —1.84 1.09
02 —2.00 —1.89 1.06 —1.97; 1.01 —-2.13 0.93 —2-7 0.92 —2-17 0.92
o[ X(rs)] 0.455 0.10 0.165 0.20 0.235
Table 3

CD, CD-IT and BV calculation for hydrogen-bond containing NaH,PO,-H,O (Bartl et al. 1976).

Symbols as in Table 2 BS-H, BW-H and BA-H indicate calculations in which the R-s curves specific for H—O and Na—O bonds have been employed (Brown,

1987).
CD CD-IT BS BS-H BW BW-H BA BA-H
q(ij)/ q(ij)/ q(ij)/ q(ij)/ q(if)/ q(ij)/ q(ij)/ q(ij)/
Cation  q(i) 'ECoN Q(@j) 0G) "ECoNG) QG) QG) 0G) 0G) 0G) 0G) QG) QG) 0G) 0G) 0G) 0G) OG) Q)
P1 5.00 3915 568 0.88 3.92 505 099 492 1.02 492 1.02 498 100 498 1.00 491 1.02 491 1.02
Nal 1.00 5.79 095 105 582 1.00 099 104 096 110 091 1.06 094 110 091 1.10 091 110 091
Hi1 1.00 1.00 090 1.115 1.83 1.03s 097 096 1.06 1.07 094 097 1.03 107 094 084 120 1.07 094
H2 1.00 1.00 091 1.095 1.85 1.03 097 098 1.02 1.09 091 099 1.01 109 091 08 116 1.09 091
H3 1.00 1.00 092 108 1.59 095 105 096 104 111 090 097 103 111 091 08 117 1.11 0.90
H4 1.00 1.00 092 1.08 1.00 095 105 0.83 120 105 096 084 118 1.05 096 086 117 1.05 096
H5 1.00 1.00 0.85 117 153 0.98 1.02 096 1.04 111 090 097 1.03 1.11 090 0.86 1.17 1.11 0.90
H6 1.00 1.00 085 1.17 143 099 101 080 125 099 101 081 123 099 1.01 08 122 099 1.01
o[M(if)] 0.28 0.04 0.11 0.09 0.10 0.08 0.15 0.09
q(rs)/ q(rs)/ q(rs)/ q(rs)/ q(rs)/ q(rs)/ q(rs)/ q(rs)!
Anion  q(rs) O(rs)  Q(rs) O(rs) Q(rs) Q(rs) Q(rs) Q(rs) Q(rs) Q(rs) Q(rs) QO(rs)  QO(rs) Q(rs) Q(rs) Q(rs)  Q(rs)
(@)1 —2.00 —1.66s 1.20 -199 1.00 -183 109 -—-184 108 —-188 106 —190 1.05 —-1.77 113 —-1.87 1.07
02 —2.00 —1.40 1.42 —2.14 0935 —-198 1.01 —1.94 1.03 —-203 099 —-198 1.01 —-1.66 121 —1.96 1.02
03 —2.00 —223 090 —-191 1.05 —1.98 1.01 —2.10 0.95 —-1.98 1.01 —2.09 096 —195 1.03 —-2.07 097
04 —2.00 —-2.19 091 —-186 1.04 —-196 1.02 —-2.08 096 —196 1.02 —2.06 097 -192 1.04 —-2.05 098
05 —2.00 —2.165 0.92 —-2.10 0.95 —-1.77 113 -2.16 0.93 -1.79 1.11 —2.16 0.93 —-1.81 110 -2.16 093
06 —2.00 —-235 085 —-201 099 —-193 104 -232 08 —196 102 —-232 08 —199 1.01 —-2.32 0.86
o[ X(rs)] 0.375 0.11 0.13 0.18 0.11 0.17 0.21 0.17

structure from the general trend (white star symbol in both
Figs. 1 and 2) supports the instability of the phase as already
noted by the quoted authors on the basis of bond strength
imbalance around Ca. In fact, the synthesis product always
contains some monoclinic 8-CaSi,Os (titanite-type structure)
to which it converts at ambient pressure.

(i) B-NaVSiOs;, space-group type Pnma (black star in
Fig. 2), is the low-temperature phase of the sodium metavan-
adate with pentacoordinated V. Metavanadates, also known as
‘catena-vanadates’ because they are built on infinite chains of
corner-sharing tetrahedra as in pyroxenes, are known with a
wide range of substitutions in the metal site: Li, Na, K, Rb, Cs,
Ca, Ba, Tl, Np. In their hydrated forms they contain V in
fivefold coordination, either as a square pyramid (more

common) or as a trigonal bipyramid (see e.g. Evans, 1960;
Bjornberg & Hedman, 1977). Instead, anhydrous metavana-
dates are usually isostructural with diopside and have V in
tetrahedral coordination. Besides 8-NaVSiOj;, we are aware of
only one other anhydrous metavanadate with pentacoordi-
nated V, CaV,Oq (Perez et al., 1970), which however has one O
atom unrealistically underbonded and a q(i)/Q(ij) largely
deviating from 1; for these reasons it is not considered in our
survey. The high-temperature phase of NaVSiO;, the « poly-
morph, with a ferroparaelectric transition at about 653 K
(Ramani et al., 1975), is instead isostructural with diopside.
The B polymorph has been obtained only through topotactic
dehydration of NaVO;-2H,O, from which the chains of
trigonal bipyramids are inherited (Kato & Takayama, 1984),
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Table 4

CD versus CD-IT calculation for La,SeSiO,4 (Brennan & Ibers, 1991).

Symbols as in Table 2.

—z around the centre of the
cuboctahedron of fluorine and
forms only one very long bond with
M’, with almost negligible (0.06)

CD CD-IT

Cation  qG) 'ECON  QG)  qG)QU) ECONG) Q)  qyQ) Sealefacor  Dond weight. Table 6 gives the
results of the CD-IT calculation. In

Lal 300 846 300 1.00 8.54 299 1.00 Lal—Se: 033 the first column, the calculation of

La2 3.00 8.96 3.05 0.985 9.09 3.01 1.00 Lal—0: 0.67 . .

Si 4.00 395 101 4.00 400 1.00 La2—se:033  the entire structure is shown. The

o[M(i)] 0.05 0.01 La2—O0: 0.67 large deviation ¢q(F6)/Q(F6) is
expected, because F6 practically

Anion q(rs) Q(rs) q(rs)/Q(rs) O(rs) q(rs)/Q(rs) Si—Se: 0.00 does not receive bond weights from
any cation. Despite this fact, the

Se —2.00 —1.89 1.06 —2.00 1.00 Si—0: 1.00 Lo . .

o1 200 007 0.97 503 0.98 distribution on the cations shows

02 —2.00 —1.985 1.01 -1.97 1.02 that the structure is correct. The

ol X(rs)] 0.09 0.03 second column of Table 6 gives the

and irreversibly transforms to the o polymorph upon heating
at 676-678 K (Lukacs & Strusievici, 1962; Marumo et al.,
1974). B-NaVSiO; thus represents an unstable phase and, as
for a-CaSi,0Os, that is reflected by its divergence from the
regression line in Fig. 2.

5.5. Polyionic structures and ‘dynamic’ structures

As stated above, polyions are not accounted for by the M(if)
— A(rs) bonding patterns assumed by the CD method, which
is thus in principle not applicable to polyionic structures. Here
we briefly analyse the case of structures containing anions
which are bonded to none of the cations but to complex
cations of the type [MX,,]”". One typical example is that of the
compounds M7M/6F31, such as Na;Zr¢F5; (Burns et al., 1968)
and K,;ThgF3; (Brunton, 1971). The crystallographically inde-
pendent atoms in these structures are one M, one M’ and six F.
F(6) is statistically distributed between two positions at +z and

—7.8 ‘
*7.9% @ v Cu C V5+
>§g§< + X Co A Zr
s * CuZn W Sn
% ﬁ v + Zn A Nb
< Yy A VF T
S g .O b ¢ A\ Ti A Mo
A 23 si
V& @ ®
—82 — Pl
; bk @
-83 ‘J— \ \ T \
—-22 —-21 -2 -19 -18 -1.7
Q (apical)

Figure 1

ZS(IM] Q(1s) versus Q(l,apical) for the polyhedra close to square
pyramids from sample 1-35 in Table 5. With the clear exception of «-
CaSi,Os (white star), the data can be roughly interpolated by a regression
line.

calculation for the [M;MF,]* part

of the structure, namely for the

structure from which F(6) has been
removed. The g/Q on both the cations and the anions is very
close to 1 and the slight increase in o[ M(#)] is an artefact from
having used a non-neutral structure, for which (14) is not
satisfied. Notice that the sign of the charge unbalance is
necessarily inverted when CD is applied to a non-neutral
structure:  in  other  words, — ), > q(rs)h(rs) <
Y Y qGph(i)  tesults  in o — Y0, 3" Q(rsh(rs) >
> i 2_; O(ip)h(ij) and vice versa. This sign inversion derives
from the fact that g(ij) is used to compute Q(rs), (9), and g(rs)
is used to compute Q(ij), (10). When an anion is instead
completely isolated from the framework of cations the struc-
ture cannot be analysed in terms of the CD method, at least in
its present form. For example, the structure of PBrs (Gabes &
Olie, 1970) consists of tetrahedral PBr4+ ions and Br™ ions, and
is more correctly written as [PBry]"Br™. It contains one crys-
tallographically independent type of P and four crystal-
lographically independent types of Br; Br(4) is not bonded to
P, but is surrounded by four Br atoms each belonging to a
different PBr unit, with distances much smaller than the van

—54 -
\Y
=56 " sz
. St V Fe O GaZn
_ss t A Ga @ FeZn
- . vy v + Zn O Fesi
. @@ o LM e
< %‘F n X Co 1% Si
S x4®
| v VYCu XV
WL
—6.4 V
—6.6 T T T T T T T T
—43 —42 —41 —4 -39 —38 —37 =36 —35 —-34
O (apical)
Figure 2

D sy QUs) versus 3 O(ls) for the polyhedra close to trigonal
bipyramids from sample 36-74 in Table 5. With only two clear exceptions
[-CaSi,Os (white star) and B-NaVO; (black star)], the data can be
roughly interpolated by a regression line.
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Table 5

Structures used to draw the plots in Figs. 1 and 2.

Samples 1-35 have pentacoordinated cations in polyhedra close to square pyramids, samples 36-74 in polyhedra close to trigonal bipyramids. Multiple occurrences
of the same sample indicate the presence of more than one pentacoordinated cation. For YbFeMnO,, the Q(O1) has been scaled to s.o.f. = 1.

No. Formula BIm Ref. No. Formula BIm Ref. No. Formula BV Ref.

1 CuzMo0,09 Cu2 (a) 26 Li,VO(Si,Ge)O, A%t (r) 51 Zn3;Mo,04 Zn2 (mm)
2 CaCuP,0, Cul (b) 27 VOSO, Vi (s) 52 Zn3(POy), Zn2 (nn)
3 a-Cu,P,0, Cul (c) 28 B-VPOs V1 (1) 53 Mg;(PO,), Mgl (00)
4 Y,BaCuOs Cul (d) 29 V1.08P0.9205 V1 (u) 54 Co;3(PO,), Co2 (pp)
5 Yb,BaCuOs Cul (e) 30 VOMoO, V1 v) 55 a-Cu,V,0, Cul (qq)
6 SrCoP,0O, Col )] 31 K,ZrO; Zrl (w) 56 a-Cu,V,0, Cul (rr)

7 Dy,BaCoOs Col (g) 32 K,SnO3 Snl (w) 57 Cuz(AsOy), Cul (ss)
8 Er,BaCoOs Col (8) 33 BaNb,O¢ Nb2 (x) 58 Cuz(AsOy), Cu3 (ss)

9 Tm,BaCoOs Col (8) 34 Ba;SisTagOys Tal ») 59 Cuz;WOq Cul (1)
10 Lu,BaCoOs Col (g) 35 MoPO, Mol (2) 60 ScMnO; Mnl (uu)
11 Cuy 53Zn0.47V,04 (Cu+Zn)1 (h) 36 BaCo,Fe 60,7 Fel (aa) 61 LiBO, Lil (vv)
12 CuZnV,0, (Cu+Zn)1 (h) 37 BaZn,Fe 604, Fe6 (bb) 62 InGaZnO, (Ga+Zn)1 (ww)
13 Cug 56Zn; 44V,05 (Cu+Zn)1 (h) 38 BaMg,Fe 0,7 Fel (cc) 63 YbFeMnO, (Fe+Mn)1 (xx)
14 «-Zn,P,0, Znl (h) 39 SrFe ;019 Fe2 (dd) 64 LuFeZn, O, (Fe+Zn)1 (vy)
15 a-Zn,P,0, Zn3 @) 40 SrFe;,049 Fe2 (ee) 65 LuFeZn, O, (Fe+Zn)2 (vy)
16 ZnCoP,0;, Znl ) 41 BaFe ;049 Fe2 h 66 LuFeZnsOg (Fe+Zn)1 (yy)
17 SrFeP,0, Fel (k) 42 BaFe ;09 Fe2 (g9) 67 LuFeZngOq (Fe+Zn)1 (vy)
18 Sr3Fe; 04 Fel () 43 InFeO; Fel (hh) 68 LuFeZngOy (Fe+Zn)2 (vy)
19 Na,TiOSiO4 Til (m) 44 Yb,Fe;0, Fel (i0) 69 In(Fe,Si)O, (Fe+Si)1 (zz)
20 Na,TiOGeO, Til (n) 45 Yb,Fe;0; Fe2 (it) 70 Na,SiOs Nal (aaa)
21 Ba,TiOSiO, Til (o) 46 SrGa;,09 Ga2 (dd) 71 -Na,Si,05 Nal (bbb)
22 a-CaSi,Os Si3 ») 47 Ga;PO;, Gal ) 72 CaSi,Os Si3 (ccc)
23 K,V;04 \% ! (q) 48 InGaO; Gal (kk) 73 a-Hg,V,0, V2 (ddd)
24 Li,VOGeO, Vi (r) 49 a-Zn,V,0- Znl 1) 74 B-NaVOs, V1 (eee)
25 Li,VOSiO, \%! (r) 50 Zn;Mo,04 Znl (mm) 75

(a) Steiner & Reichelt (1997); (b) Riou & Goreaud (1990); (c) Robertson & Calvo (1967); (d) Michael & Raveau (1982); (e) Norrestam et al. (1988); (f) Riou & Raveau (1991); (g)
Herndndez-Velasco et al. (1994); (h) Schindler & Hawthorne (1999); (i) Robertson & Calvo (1970); (j) Bettach et al. (1998); (k) Le Meins & Courbion (1999); (/) Dann et al. (1992);
(m) Nyman et al. (1978); (n) Verkhovskii et al. (1970); (o) Shimokawa & Kasai (1967); (p) Kudoh & Kanzaki (1998); (¢) Galy & Carpy (1975); (r) Millett & Satto (1998); (s) Longo &
Arnott (1970); () Gopal & Calvo (1972); («) Jordan & Calvo (1976); (v) Eick & Kihlborg (1966); (w) Gatehouse & Lloyd (1970); (x) Svensson et al. (1991); (y) Shannon & Katz (1970);
(z) Kierkegaard & Westerlund (1964); (aa) Collomb, Lambert-Andron et al. (1986); (bb) Deschizeaux-Cheruy et al. (1985); (cc) Collomb, Abdelkader et al. (1986); (dd) Kimura et al.
(1990); (ee) Obradors et al. (1988); (ff) Townes et al. (1967); (gg) Obradors et al. (1985); (hh) Giaquinta et al. (1990); (if) Malaman et al. (1976); (jj) Boudin & Lii (1998); (kk) Shannon &
Prewitt (1968); (/) Gopal & Calvo (1973); (mm) Sohnel et al. (1996); (nn) Calvo (1963); (00) Nord & Kierkegaard (1968); (pp) Anderson et al. (1975); (qq) Mercurio-Lavaud & Frit
(1973); (rr) Calvo & Faggiani (1975); (ss) Poulsen & Calvo (1968); (1) Gebert & Kihlborg (1969); (uu) Greedan et al. (1995); (vv) Kirfel et al. (1983); (ww) Nespolo, Sato et al. (2000); (xx)
Nespolo et al. (2000a); (yy) Nespolo, Nakamura & Ohashi (2000); (zz) Gérardin et al. (1980); (aaa) McDonald & Cruickshank (1967); (bbb) Pant & Cruickshank (1968); (ccc) Angel et al.

(1996); (ddd) Quarton et al. (1973); (eee) Kato & Takayama (1984).

der Waals separations. Aq(P — Br4) = 0 and thus Q(Br4) = 0.
Equation (14) is no longer satisfied and thus (16) is also
violated, namely Q(P) # q(P), despite the structure containing
only one type of crystallographically independent cation.
When dealing with polyionic structures, the limits of the
approximation of attributing point charges to the atoms may
become critical. The distribution of electron density due to the
valence electrons is actually represented by wavefunctions
defined in the whole crystal space and the description in terms
of point charges is obviously an approximation. However, the
Madelung Part of the Lattice Energy, MAPLE (Hoppe,
1970b), which is also based on a point-charge description of
the structure, also takes into account interactions between
neighbours bearing ‘charges’ of the same sign: as a matter of
fact, MAPLE for all these halide compounds shows complete
agreement with the MAPLE sum of the binary constituents,
confirming the correctness of the structures (R. Hoppe,
unpublished results).

The CD method is also not directly applicable to ‘dynamic’
structures, ie. structures containing disordered (e.g. rotating)
ionic groups. A typical example is that of NF; BF,~ (Christe et
al., 1988). The crystal structure determined by X-ray diffrac-
tion represents simply a static model, whereas in the real

structure the BF, group rotates around its centre of gravity
and averages the F-F repulsion effects, as shown by vibra-
tional spectra. The atomic positions in the static model do not
represent energy minima, but rather a time-average. The CD
calculation gives Q(N) = Q(B) = 4.0, whereas g(N) = 5.0 and
q(B) = 3.0. The large disagreement shows and confirms that
the static model is inadequate to describe the structure of this
compound.

Dynamic structures may be treated by substituting the
complex ion(s) with fictive ion(s), bringing the charge of the
complex ion(s) and location at the immobile centre(s). Clearly,
the crystal chemical criteria used in normal structures to
evaluate the soundness of the structure (first of all bond
lengths and bond angles) do not apply and these structures
have to be treated case by case.

6. Discussion

The concept of ‘bond strength’ and its development in the
form of ‘bond valence’ derives from the XIX century theory of
valence and is based on the idea that the total valence of an
atom can be distributed among the bonds in which that atom is
involved, so that the ‘Valence Sum Rule’ is obeyed: the total

Acta Cryst. (2001). B57, 652—-664

Nespolo et al. - Charge distribution. Il 661



research papers

Table 6

CD-IT calculation for NagZr,F3; (Burns et al., 1968), with and without taking into account F6.

Symbols as in Table 2.

isomorphous structures (see the
example of pyroxenes in Nespolo et
al.,, 1999) and even among similar
polyhedra in otherwise different

With F6 Without F6
. . . - . i m . " Ay structures, as shown b the
Cation q(@)  h(j)  sof@) "ECON  O@j) q@)/Q@) "ECoN(j)  QG)  q(i)/Q3) y
example of pentacoordinated
Nal 100 18 1.00 7.35 095  1.05 7.35 095  1.06 cations in the previous section.
Na2 1.00 3 1.00 7.69 0935 1.07 7.69 0.93 1.075 Wh h h di .
Zr 400 18 1.00 796 406 099 7.81 390 1.03 When, however, - the distortion
a[M(ij)] 0.07 0.095 increases and/or the range of bond
%, q(i)h(i) 93 90 lengths around a given site widens,
cation-anion specific curves, and
Anion q(rs)  h(rs)  sof(rs) O@rs)  q(rs)IQ(rs) Q(rs) q(rs)/Q(rs)  not only cation-anion specific
Fl 100 18 1.00 —1.03 097 103 097 parameters, are required (Brown,
F2 —1.00 18 1.00 —1.07 093 —1.08 093 1987). The CD method, instead, in
F3 —L00 18 1.00 —L05 095 —L055 095 its iterative extension presented
F4 —1.00 18 1.00 —0.95 1.06 —0.95 1.05 h d t . difi
F5 —-100 18 1.00 —1.04 096 -105 096 ere, does not require any moditi-
F6 -100 18 0.50 -0.10 525 - - cation, with the only exception of a
a[X(rs)] 0.19 0.06 different contraction parameter for
2, % q(rs)h(rs) -93 -93

bond valence received by each atom is equal to its atomic
valence. The atomic valence is computed as the sum of bond
valences obtained using each bond length as the independent
variable in the empirical R-s curves, whose parameters
specifically depend on the cation—anion pair (Brown, 1977,
1992). The bond valence is interpreted as the number of
electrons pairs associated with a bond, which practically
indicates the electron density along that bond. Obviously, only
a rather rough measure of electron density can be expected by
using the bond distances in an empirical curve, especially in
the presence of electronic or steric distortions.

The CD method fundamentally differs from other methods
that investigate the connectivity of a crystal structure in being
essentially a geometric analysis of the coordination polyhedra
centred on each cation site, which exploits the observed
distances only instead of comparing them with subjective
‘standard values’. The bond weight, (5), is a purely geometric
concept which quantitatively tells how much the anion A(rs) at
one extreme of the bond d(ij — rs) is attracted by the cation
M(ij), in terms of the contribution of that bond to ECoN. The
bond weight is not directly related to the electron density of
the bond. In fact, the charge — corresponding to the atomic
valence in the BV language — is distributed and not computed
among each bond, see (8). The equivalent of the Valence Sum
Rule strictly applies to Q(ij), but not to Q(rs). This is reflected
on the different roles played by the two charges: the measure
of the OUB effects by Q(rs) and evaluation of the applic-
ability, including structure reliability, by Q(Fj).

Structures with coordination polyhedra of limited distortion
and with bonds restricted to within a small range of lengths
can be analysed satisfactorily in terms of bond valences,
resonance bond numbers or bond weights, but the kind of
information conveyed by these methods is basically different.
The advantages of the CD method reside in its independence
from the chemical composition, temperature, pressure and in
its suitability to reveal similarities and dissimilarities among

the case of hydrogen bonds.

One aspect that the CD method
inherits from the old valence
theory is in assuming the cations as the centre of the coordi-
nation polyhedra. Although this description is suitable for
most compounds, examples have been reported of complexes
having anion-centred groups which are condensed in a more
complicated manner than the cation-centred groups (e.g.
Krivovichev et al, 1997, 1998). The CD equations can be
rewritten in terms of anion-centred polyhedra. In cases where
one or more anions belong only to the external shell of
coordination of any cations, an anion-centre description may
give better results (R. Hoppe, unpublished results).

Mackay & Finney (1973) have pointed out that the valence-
sum rule is equivalent to Kirchhoff’s current law and
Rutherford (1990) has analysed the bond-valence network in
terms of graph theory. These insights in the valence-sum rule
opened new frontiers in predicting bond lengths by using
theoretical values of the bond valences. Rutherford (1998) has
demonstrated that the RBN method is a better predictor than
the BV method in most cases, but the BV method has the
advantage of a much simpler computation. Since the CD
method 1is practically independent from the chemical
compound, it is less directly applicable to the prediction of
bond lengths. However, its capability of analysing the relia-
bility of a structure can be exploited to evaluate the results of
the prediction according to BV or RBN, and eventually indi-
cate in which direction the results of that prediction need to be
modified.
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