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ABSTRACT: Constructing functional forms and their corresponding force �eld parameters for
the metal�linker interface of metal�organic frameworks is challenging. We propose �tting these
parameters on the elastic tensor, computed from ab initio density functional theory calculations.
The advantage of this top-down approach is that it becomes evident if functional forms are
missing when components of the elastic tensor are o�. As a proof-of-concept, a new �exible force
�eld for MIL-47(V) is derived. Negative thermal expansion is observed and framework �exibility
has a negligible e�ect on adsorption and transport properties for small guest molecules. We
believe that this force �eld parametrization approach can serve as a useful tool for developing
accurate �exible force �eld models that capture the correct mechanical behavior of the full
periodic structure.

1. INTRODUCTION
Metal�organic frameworks (MOFs)1 are a new class of
emerging materials with promising applications in gas storage,2
adsorptive separation,3,4 sensor devices,5,6 and catalysis.7 These
materials consist of metallic nodes and organic linkers that self-
assemble into crystalline nanoporous materials. Some MOFs
exhibit �exible behavior8,9 upon external stimuli,10 which can
heavily impact adsorption and di�usion properties. Large
structural transformations11 due to this �exibility include
breathing,12 gate-opening,13,14 negative thermal expansion,15

and shear-driven structural destabilization.14 Most of these
transformations are due to the unique connection in MOFs9

between the metal clusters and the organic linkers. Recent work
of Ryder et al.14,16 argues that low-frequency modes, in the
THz regime, are responsible for large-scale �exibility and
structural rearrangement. The large-scale �exibility in MOFs
revolves around the behavior of metal clusters that can be
thought of as “hinges” acting between rigid “struts”.17,18 These
hinges are shown schematically in Figure 1 for MIL-47(V), a
three-dimensional, large-pore structure built up from in�nite
chains of corner-sharing VIVO6 octahedra linked by rigid
terephthalate anions.19 MIL-47(V) is quite rigid at ambient
conditions,19 but the same topology with a di�erent metal (Al,
Cr) leads to the MIL-53 structure that shows large-scale
breathing.20

To study framework �exibility and its related applications,
classical force �elds calculations are commonly used.21�26 To
account for the �exible behavior of the framework, functional
forms of bonding, bending, and torsion potentials with the

corresponding force �eld parameters have to be incorporated
into the force �eld model. The construction and selection of
such functional forms and parameters remains a major
challenge in the development of accurate �exible force �eld
models, which is evident from the scarce availability of �exible
force �elds in the literature.

The most widely used approach to obtain parameters for
�exible force �elds is the building block methodology. Here,
nonperiodic ab initio calculations are performed on cluster
models to extract force constants and references val-
ues.21�23,25,27 As the force �eld parameters are obtained
independently, their collective behavior does not necessarily
capture the overall mechanical motion of the unit cell because
long-range interactions and long-range connectivity are not
present in the cluster model. For example, inaccurate long-
range interactions can lead to smaller bulk moduli as compared
to ab initio calculations.28 Bristow et al.24 argued that a periodic
structure should be used as a reference.

Alternatively, one could obtain parameters that reproduce
the full vibrational spectrum, as was proposed by Gale et al.28

The soft vibrational modes arise, in terms of force �eld
potentials, from a combination of local (two-, three-, and four-
body) bonding potentials and the long-range nonbonding
potentials. Therefore, it is not straightforward to reproduce
these lower-frequency modes, which was also found by Gale et
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