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aBstraCt

The bond-valence model (BVM) posits an inverse relationship between bond valence (essentially bond 
order) and bond length, typically described by either exponential or power-law equations. To assess the 
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that the bond critical point density (Ub, reported in e�/Å3) is at least roughly proportional to bond valence. 
We then calculate Ub-distance curves for several diatomic pairs using electronic structure calculations 
(CCSD/aug-cc-pVQZ) and Atoms-In-Molecules (AIM) analysis. The shapes of these curves cannot be 
completely described by the standard exponential and power-law forms, but are well described by a three-
parameter hybrid of the exponential and power-law forms. The Ub-distance curves for covalent bonds tend 
to exhibit exponential behavior, while metallic bonds exhibit power-law behavior, and ionic bonds tend 
to exhibit a combination of the two. We next use a suite of both experimental and calculated (B3LYP/
Def2-TZVP) molecular structures of oxo-molecules, for which we could infer X-O bond valences of 
a1 or a2 v.u., combined with some crystal structure data, to estimate the curvature of the bond valence-
length relationship in the high-valence region. Consistent with the results for the Ub-distance curves, the 
standard forms of the bond valence-length equation become inadequate to describe high-valence bonds 
as they become more ionic. However, some of these systems demonstrate even higher curvature changes 
than our three-parameter hybrid form can manage. Therefore, we introduce a four-parameter hybrid form, 
and discuss possible reasons for the severe curvature. Although the addition of more parameters to the 
bond valence-length equation comes at a cost in terms of model simplicity and ease of optimization, they 
will be necessary to make the BVM useful for molecular systems and transition states.
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introduCtion

The bond-valence model (BVM) is a simple empirical bonding 
model, notable for its ability to predict favorable combinations of 
bond lengths in complex condensed-phase structures, including 
both solids and liquids (Brown 2002, 2009; Bickmore et al. 2009). 
It has, for the most part, been developed within the framework 
of the ionic (Madelung) bonding model, using electric flux lines 
between ions as the physical basis for bond valence. Non-ionic 
effects on bond length are largely incorporated through empiri-
cal calibration of separate bond-valence parameters for different 
cation-anion pairs (Brown 1981, 2002, 2013; Preiser et al. 1999).

The fact that the BVM is, at least in some respects, conceptually 
unrealistic could be seen as a point in its favor, because such mod-
els are often the most useful, at least within their limited domains 
of applicability (Cotton 1964). If we plan to expand the domain of 
applicability, however, it should be done with reference to more 
fundamental theory, i.e., quantum mechanics. Taken by itself, the 
BVM does not have any fundamental basis in quantum mechanics. 
However, some have developed links to quantum mechanics on 
the basis of similar predictions of chemical behavior. Burdett and 
Hawthorne (1993), for instance, related key aspects of the BVM to 
molecular orbital theory. Gibbs has long argued for using Bader’s 

Atoms in Molecules (AIM) theory as a basis for rationalizing the 
BVM (Gibbs et al. 2001, 2014).

One possible area for expansion of the BVM is to incorporate 
bond-valence terms into molecular mechanics potential energy 
models. This has already been done (Adams and Swenson 2002; 
Grinberg et al. 2002; Cooper et al. 2003; Shin et al. 2005; Adams 
and Rao 2009; Grinberg et al. 2009; Liu et al. 2013a, 2013b), us-
ing bond-valence parameters calibrated on crystal structures. The 
range of bond lengths for a given cation-anion pair, however, is 
limited in crystals, so it is questionable whether bond-valence-
bond-length curves calibrated on crystals accurately cover the 
wide range of bond lengths one might expect to encounter in a 
molecular dynamics simulation, or even in gas-phase molecules 
(Brown 2002, 2009).

Two main types of bond valence-length relationships have 
been proposed: exponential and power-law forms. But it is unclear 
whether one would outperform the other over a broader range of 
bond lengths. As noted above, one approach to addressing issues 
such as this is to draw inspiration from demonstrated links between 
the BVM and quantum mechanics. One promising avenue is the 
Quantum Theory of Atoms in Molecules (QTAIM or AIM) of 
Bader (Bader 1991; Popelier 2000), which provides an intriguing 
method for reducing the complex electron density distributions 
in molecules and crystals to a manageable set of descriptors that 
have been shown to be quite useful for rationalizing chemical 
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