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ABSTRACT

Transition metal ions in coordination compounds can adopt different oxidation
states. The Bond Valence Sum (BVS) model, based solely on structural information,
relates the bond lengths around a metal center to its oxidation state. This model can
provide details on the oxidation states of the metal ions and serves as an additional
support for the accuracy of crystal structure determination. Herein, we introduce the
fundamental concept of the BVS method and summarize the empirical BVS parameters
for selective metal ions that have more than one oxidation state. Applications of the

method to mononuclear and polynuclear complexes will be discussed.
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INTRODUCTION

The Bond Valence Sum (BVS) method has been used by several research groups to
estimate the oxidation states of metal ions in coordination compounds. The original
concept of BVS was developed from Pauling’s rules,! which allow for predicting and
rationalizing the crystal structures of ionic compounds. Pauling’s second rule defines
the valence (s) of the bond M-X in compound MX, as the ratio between the charge and
coordination number of the central atom M. The local electroneutrality in a stable ionic
structure must be preserved, i.e. the sum of the bond valences around each atom
should equal its oxidation state. Later, Pauling realized that a cation and its
neighboring anion shorten their relative ionic radii when electronic density between the
two species is increased.? This represents the first attempt to relate the length of a bond
to its strength. In 1970, the direct correlation between valence and bond length was
deduced by Donnay and Allmann? and confirmed by Brown and Shannon in 1973 when
they studied a large number of metal-oxide inorganic compounds.4 Many attempts to
establish a function for the prediction of the valence through the sum of all the bond
lengths were reported, but it was not until 1985 when Brown and Altermatt proposed a
general expression shown in equation 1,5

Vi= X sj = 2 exp|(Ro- 1)/ b] (1)

where Vi is the oxidation state of atom i; s; and r; are the valence and the length of the
bond between atoms i and j, respectively; Ro is the empirically determined distance for a
given cation-anion pair; b is the "universal parameter"® and is set equal to 0.37.7 Vis
the sum of all valences s; of a coordination sphere around the metal ion, and its value
is the approximation of the formal oxidation state. For instance, by applying the BVS to
a metal ion in the +3 oxidation state, the sum of all its bond valences will lead to a

value close to the integer three. The same calculation applied with Ry parameters for
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other oxidation states will also provide a V value close to the integer three, but with a

larger discrepancy. This model can be applied to any coordination environment

Table 1. Bond valence parameters Ro for 3d transition metal ions.

Ox. 0 F cl N Br I S
No
Ti 2 2.15 2.31 2.49
3 1.791 1.723 217 2.52 2.11
4 1.815 1.76 2.19 2.36 2.29
v 2 1.70 2.16 2.44 2.11
3 1.743 1.702 2.19 1.813 2.33 2.185
4 1.784 1.70 2.16 1.875 2.226
5 1.803 1.71 2.16 2.25
Cr 2 1.73 1.67 2.09 2.26 2.48
3 1.724 1.657 2.08 1.81 2.28 2.162
4 1.81 1.56
5 1.76
6 1.794 1.74 212
Mn 2 1.765 1.698 2.133 1.849 2.34 2.52 2.22
3 1.732 1.66 2.14 1.837
4 1.75 1.71 213 1.822
Fe 2 1.734 1.65 2.06 1.769 221 2.47 2.125
3 1.759 1.679 2.09 1.815 2.22 2.149
Co 2 1.685 1.64 2.033 1.65 1.94
3 1.637 1.62 2.05 1.75 2.02
Ni 2 1.675 1.596 2.02 1.647 2.20 2.40 1.937
3 1.75 1.58 1.731 2.040
Cu 1 1.504 1.60 1.858 1.61 2.03 2.155 1.811
2 1.655 1.594 2.00 1.713 2.134 2.36 2.024

Table 2. Bond valence parameters Ro for selective 4d transition metal ions.

Ox. 0 F cl N Br I S
No
Zr 2 2.34 2.24 2.58
4 1.937 1.854 2.33 2.11 2.48 2.69 2.41
Nb 3 1.71 2.20 2.35
4 1.88 1.90 2.236 2.004 2.62
5 1.911 1.87 2.27 2.77
Mo 3 1.834 2.22 1.96 2.34
4 1.856 1.80 2.043 2.235
5 1.878 2.26 2.009 2.288
6 1.907 1.81 2.28 2.009 2.331
Tc 4 1.841 2.21
5 1.859
Ru 3 1.77 2.12 2.25
4 1.834 1.74 2.21 2.21
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regardless of the coordination number. In fact, a metal ion with the same oxidation
state will generally display longer bonds with an increase in coordination number. The
empirical values of Ry have been calculated and reported for many metal-ligand
combinations and different oxidation states.8910 Table 1 and 2 summarize the
recommended Ry values for selective 3d and 4d metal ions that can have more than one
oxidation state and are in combination with common ligand atoms O, F, Cl, N,Br, I, and
S. A full table of Ry values can be found in reference 10.

In practice, BVS calculations can be used to determine the oxidation states of metal
ions in a complex before finalizing its X-ray crystal structure or to check the accuracy of
a completed structure. Applications of the BVS model to mononuclear and polynuclear

complexes will be discussed as follows.

BVS CALCULATIONS FOR MONONUCLEAR COMPLEXES

For mononuclear complexes, the oxidation state can be deduced from the physical
properties of the metal ions such as magnetic moment, chemical shift, or isomeric shift.
Measurements of these properties might require sophisticated instrumentation that
might not be easily accessed by students. In the two examples below, we present a

simple method using the BVS model to obtain the oxidation state of the metal ions.

Example 1: A vanadium complex

In 2013, Szymczak and coworkers reported the X-ray crystal structure of a
vanadium complex [V(TerpyMey)Cls] (1), which is shown in Figure 1. No counter anion
was found, thus the V atom has the oxidation state 3+. The authors did not perform the
BVS calculation. Instead, they confirmed the oxidation state of the V ion by measuring
the magnetic moment of the complex, which gave a value of 2.63 g, supporting a d2 VI
electron configuration.!!

To provide additional support for this finding and eliminate the possibility of the

presence of a more common VIV ion, the BVS calculation was performed with the V-N
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and V-Cl bond lengths obtained from the X-ray crystal structure, Ry values extracted
from Table 1 for VI and VIV, and b is set equal to 0.37. An example of the calculation of
the valence for the bond V1-Cl1 (bond length ryi.cii = 2.3196 A) is as follows:
For the case of VI, Ry = 2.19, s = exp[(Ro-rvi-c11)/b] = 0.70
For the case of VIV, Ry = 2.16, s = exp[(Ro-tvi-cu1)/ b] = 0.65

Similar calculations can be done for other vanadium-ligand bonds. The sum of the
valences of the bonds around the V ion will provide an estimation of its oxidation state.
The result of the BVS calculations is summarized in Table 3. The sum of bond valences
is 3.16 for VI and 3.23 for VIV; these values are closest to the integer three. Thus, we

agree with the authors that the vanadium ion in complex 1 has a +3 oxidation state.

®
\ D CI3

N1
\\ Gif X

Figure 1. X-ray crystal structure of [V(Terpy™e,)Cls] complex, reproduced from ref 11. Color code: V, yellow; N, blue; Cl,
green; C, gray. Hydrogen atoms have been omitted for clarity.

/
A\

Table 3. Bond valence sum for the V ion in complex 1.

Bond Bond length (&) Valence
vii Vv
V1-Cl1 2.3196 0.70 0.65
V1-Cl2 2.3274 0.69 0.64
V1-CI3 2.3956 0.57 0.53
V1-N1 2.1936 0.36 0.42
V1-N2 2.0720 0.50 0.59
V1-N3 2.2117 0.34 0.40
Sum 3.16 3.23

Example 2: Two molybdenum complexes
Sugimoto and co-workers presented two molybdenum mononuclear complexes as

the synthetic model for molybdenum cofactors.!? The complexes are assigned as 2 and
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3 shown in Figure 2 and they possess Mo ions with oxidation state +5 and +6,
respectively. The authors did not perform BVS calculations on 2 and 3.

95 To validate the accuracy of the structure determination, BVS calculations with R
values for MoV and MoV! were performed and summarized in Table 4. If the calculated
and postulated values differ markedly, the crystal structure assignment is likely
incorrect. As shown in Table 4, the obtained BVS values for complexes 2 and 3 are 4.98
and 5.76, which match pretty well to the oxidation states of +5 and +6 of the Mo ions. It

100  is worth noting that the presence of disorders is one of the reasons for increasing the

discrepancy between the BVS value and the postulated oxidation state.

S2 01 S

Ak ¢

Figure 2. X-ray crystal structures of a MoV (left) (2) and a Mo"' (right) (3) complex, reproduced from ref 12. Color code:
MoV, violet; Mo, brown; S: gold; O, red, Cl, green; C, gray. Hydrogen atoms have been omitted for clarity. The prime
105 presents the crystallographic symmetry.

Table 4. Bond valence sum for the Mo ions in complexes 2 (left) and 3 (right).

Bond Bond length (&) Valence Bond Bond length (&) Valence
Mo1-01 1.6560 1.82 Mo1-01 1.7396 1.57
Mo1-S1 2.4075 0.72 Mo1-01 1.7396 1.57
Mo1-S2 2.3202 0.92 Mo1-02 2.0705 0.64
Mo1-S3 2.3533 0.84 Mo1-02’ 2.0705 0.64
Mo1-S4 2.4330 0.68 Mo1-S1 2.4807 0.67
Mo1-S1’ 2.4807 0.67

Sum 4.98 Sum 5.76

BVS CALCULATIONS FOR POLYNUCLEAR COMPLEXES
X-ray crystal structures of polynuclear complexes are more complicated than those

of mononuclear ones since the metal ions can adopt different oxidation states and
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finding the counter ions to balance the charge of the molecule is often a challenging
task for crystallographers. For molecules that have mixed-valence ions, the physical
properties are contributed from all ions; thus, physical measurements are not always as
helpful as for mononuclear complexes. BVS calculations on each metal ion will greatly

help to improve the X-ray structure refinement.

Example 3: A tetranuclear manganese complex

Clérac, Miyasaka, and coworkers reported a manganese complex containing four Mn
ions in an attempt to synthesize new single-molecule magnets.!3 The structure of the
complex [Mn4(hmp)s(CH3CN)2(H20)4](ClO4)4 (4) is shown in Figure 3. Mnl and Mn2 were
assigned as Mn!'and Mn!l, respectively. The authors were able to fit the magnetic
susceptibility data to the model of a Mn!lbMnll, butterfly core. No BVS calculation was
reported for complex 4.

To estimate the oxidation state of Mnl and Mn2 using the BVS model, the sum of
valences were calculated using the Ry values for Mnll, Mnl, and Mn!V that can be
obtained in Table 1. The integer number that is closest to the BVS values is the
oxidation state of the ion. As shown in Table 5, Mn1 and Mn2 with BVS values of ~2

and ~3 have the expected +2 and +3 oxidation states, respectively.

Figure 3. X-ray crystal structures of the core of complex 4, reproduced from ref 13. Color code: Mn"', green; Mn'", aqua; O,
red; N, blue. Hydrogen atoms have been omitted for clarity. The prime presents the crystallographic symmetry.
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Table 5. Bond valence sum for the Mn ions in complex 4.

Bond Bond length (A) Valence
Mn!! Mn!l! Mn!v
Mn1l Mn1-01 2.1931 0.31 0.29 0.30
Mn1-02 2.3712 0.19 0.18 0.19
Mn1-03 2.1761 0.33 0.30 0.32
Mn1-04 2.2389 0.28 0.25 0.27
Mn1-05 2.2472 0.27 0.25 0.26
Mn1-N1 2.3361 0.27 0.26 0.25
Mn1-N4 2.3692 0.25 0.24 0.23
Sum 1.90 1.77 1.82
Mn2 Mn2-02 1.9581 0.59 0.54 0.57
Mn2-02' 2.2435 0.27 0.25 0.26
Mn2-03 1.8748 0.74 0.68 0.71
Mn2-05 1.8601 0.77 0.71 0.74
Mn2-N2 2.1902 0.40 0.38 0.37
Mn2-N3 2.0450 0.59 0.57 0.55
Sum 3.36 3.13 3.20

Example 4: A ZrsCos complex

Kogerler and coworkers reported a bimetallic complex (5) containing six Co and six

Zr ions.!* As shown in Figure 4, the core of complex 5§ has a C6 axis, thus all the Co

and Zr ions are equivalent upon applying a 6-fold rotation. Without performing BVS

calculations, the authors assigned the Co and Zr ions to their most common oxidation

states, which are +2 for Co and +4 for Zr. We can confirm this by applying BVS

calculations for both ions as displayed in Table 6.

Figure 4. X-ray crystal structures of the core of complex 5, reproduced from ref 14. Color code: Co, orange; Zr, light

green; O, red; N, blue. Hydrogen atoms have been omitted for clarity.
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Table 6. Bond valence sum for the Zr and Co ions in complex 5.

Bond Bond length (A)  Valence  Bond Bond length (A)  Valence
Zr1-01 2.1090 0.63 Col-01 2.1891 0.26
Zr1-01 2.1514 0.56 Co1-05 2.0223 0.40
7r1-01” 2.1930 0.50 Co1-06 2.1073 0.32
Zr1-02 2.1047 0.64 Co1-07 2.0810 0.34
Zr1-03 2.1671 0.54 Co1-08 2.0779 0.35
7r1-04 2.2284 0.45 Col-N1 2.1886 0.23
7r1-05 2.1270 0.60

Sum 3.92 Sum 1.90
CONCLUSION

The BVS is a relatively simple calculation that can be carried out for many
coordination complexes by using equation 1. Its powerful ability for the determination of
oxidation states of metal ions has been demonstrated for both mononuclear and
polynuclear complexes. Although BVS has not been applied routinely, we hope this
work will encourage students to begin the habit of using this tool to obtain a better

understanding of their interested coordination complexes.
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