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Abstract

The crystallography of mechanically soft materials such as hybrid organic-inorganic
compounds often reveals large thermal displacement factors and partially occupied
lattice sites, which can arise from static or dynamic disorder. A combination of ab initio
lattice dynamics and molecular dynamics simulations reveals the origin of the giant
thermal displacements in the biphenyl-4,4’-dicarboxylate (BPDC) linker in the metal-
organic framework UiO-67. The dihedral angle between the two phenyl rings has two
equivalent minima at +31°, which cannot be described by harmonic phonons. Instead,
anharmonic switching between the minima results in the experimentally observed large
thermal ellipsoids. The switching frequency is found to be similar in the topologically
distinct framework IRMOF-10, suggesting that dynamic disorder is a general feature

of MOFs based on BPDC and structurally similar linkers.

Introduction

Metal-organic frameworks (MOFs) are crystalline porous solids formed by the combination
of a metal and an organic linker, and the void space within the pores have made them highly
interesting for applications such as gas storage and catalysis.!™ Furthermore the pores are
tuneable because substitution of structually similar ligands often results in a topologically
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identical crystal, which can however have different pore sizes,*” or differ in macroscopic
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properties such as light adsorption®” or response to pressure.

Being mechanically softer than typical dense inorganic materials, MOFs are prone to
structural disorder.? This can be static in nature, e.g. arising from structural units occupying
one of several equivalent sites with random ordering throughout the crystal, or dynamic, e.g.
arising from the thermally activated switching of units between energetically similar sites.
Techniques that probe the average structure, such as X-ray diffraction, can not distinguish

between these two types of behaviour. Due to the mechanical softness, interesting dynamics

can be observed already at low temperatures, with possible consequences for the material



properties and potential applications. Examples include the ferroelectric ordering in some

organic-inorganic perovskites, which is lost at higher temperatures due to the thermal motion
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of the atoms, and the negative thermal expansion observed for a number of MOFs.

In experimentally determined crystal structures the structural disorder is evidenced by
the existence of partial occupancy and large thermal displacement parameters. As an exam-
ple the biphenyl-4,4’-dicarboxylate (BPDC, see Figure 1a) organic linker in crystal structures
of the metal-organic framework UiO-67% can be represented in a planar conformation with a
dihedral angle (a in Fig. 1la) of 0° between the two phenyl rings and large anisotropic ther-
mal ellipsoids, or in a nonplanar conformation with two partially occupied sites with o # 0.
Structural optimisation of the BPDC linker in IRMOF-10° using density functional theory
(DFT) found an equilibrium dihedral angle of o = 430 — 31°,'® confirming the preference
for a nonplanar geometry in this material. Furthermore this is in agreement with previous
calculations of the isolated carboxylic acid.'®?° However, diffraction data does not reveal if
the split occupancy appears as a result of static disorder, i.e. a disordered distribution of
linker orientations throughout the crystal, or dynamic disorder, i.e. the dynamical switching
of individual linkers between the two equilibrium positions. The dynamic behavior of UiO-67

has previously been simulated, showing large thermal displacements of the ligand atoms, but

the details of the ring torsion and mechanism of disorder was not addressed.®?2

Figure 1: a) Structure of the biphenyl-4,4’-dicarboxylate (BPDC) ligand. The planes indicate
the planes of the phenyl rings and shaded atoms are behind one of these planes. The angle
between the planes, «, is marked is marked. b-c) primitive unit cells of b) IRMOF-10 and
¢) UiO-67. Hydrogen is white, oxygen red, carbon grey, zirconium cyan and zinc purple.



In this study, we use a combination of ab initio molecular dynamics (MD) simulations and
DFT-based phonon calculations to investigate the dynamic behaviour of the BPDC linkers
in UiO-67. The MD simulations show that the linkers rotate between the two equilibrium
positions at room temperature. The vibrational calculations confirm that the average struc-
ture reported experimentally is a saddle point on the potential energy surface. Imaginary
harmonic phonon modes are found that correspond to phenyl ring rotations in an anhar-
monic double well potential. The time constant for the oscillation is found to be ~ 2 ps with

an energy barrier of ~ 40 meV. Similar behaviour is also found for IRMOF-10.

Results and Discussion

The crystal structures of UiO-67 and IRMOF-10 were optimised in the primitive unit cell
shown in Figure 1b-c using the PBEsol?! exchange-correlation functional and the D3 correc-
tion??% to account for dispersion interactions. Initial geometry optimisation is performed
with a plane-wave energy cutoff of 600eV, while the MD simulations are performed with
a cutoff of 400eV to lower the computational overhead. A discussion of the accuracy ex-
pected from this choice of cutoff is given in the Electronic Supplementary Information (ESI)
along with computational details on the setup of the DFT, lattice dynamic, and molecular
dynamics calculations.

For IRMOF-10 initial optimisation was performed in the crystallographically determined
spacegroup F'm3m. The resulting structure had imaginary phonon frequencies for modes
corresponding to the rotation of the phenyl rings, as these degrees of freedom could not
be optimised within the chosen spacegroup. Following the eigenvectors of the imaginary
phonons led to a twisting of the rings, and the final structure has no imaginary phonon
modes, indicating that it is a local minimum (See the phonon partial density of states
in Figure S1 in the ESI). This highlights the importance of phonon calculations to verify

that the optimised structure is a true local minimum, in particular when the optimisation



is restricted by symmetry. We note that displacing the structural coordinates along the
phonon eigenvectors leads to a loss of crystal symmetry. The final spacegroup for the static
structure is formally P1 due to small variations in lattice vectors and atomic positions (c.f.
ESI for details).

For UiO-67 we model the structure with the hydroxylated metal cluster ZrgO,(OH)4 as
reported in Ref. 24. The initial structure was created from an experimental structure with
nonplanar ligands and partial occupation of the CH groups in the phenyl rings as well as
the oxygens and hydroxyl groups of the metal cluster. Due to the initial choice of one of the
two partially occupied sites, the optimised structure has a lower symmetry (F23) than the
crystallographic spacegroup (Fm3dm). The calculated phonon spectrum has no imaginary
modes, indicating that the BPDC linker also prefers a nonplanar configuration in this case.

In both optimised structures the dihedral angle between the two phenyl rings is found to
be 31° and the calculated lattice constants are in good agreement with the experimentally
determined values at room temperature (see Table S2 in the ESI).

To identify whether the observed partial occupancy arises from static or dynamic dis-
order we performed constant volume MD simulations (NVT ensemble). To determine the
appropriate unit cell size for these simulations we compare the thermal displacement param-
eters extracted for the 1 x 1 x 1 and 2 x 1 x 1 unit cells, following the procedure in Ref. 11,
with experimental results. Furthermore, we compared the time constants for the switching
process in the two unit cells. From this we decide that a 2 x 1 x 1 supercell (2 metal clusters
and 12 linkers) gives a more realistic description of the dynamics in UiO-67 than a 1 x 1 x 1
unit cell, while for IRMOF-10 a 1 x 1 x 1 unit cell (2 metal clusters and 6 linkers) is suffi-
cient (see ESI for simulation details and comparison of different unit cell sizes). Enlarging
the supercell expansion of UiO-67 may be necessary for full convergence, but is beyond our
computational resources for MD simulations. We expect the increased flexibility of a larger
supercell would lead to a small decrease in the energy barriers and time constants derived

below, and they can thus be considered upper limits to the true behaviour.



We obtain the time constant for the ring rotation from the simulations by extracting
the dihedral angle between the phenyl groups of each of the linkers in the unit cell as a
function of time. An example for one of the linkers in UiO-67 is shown in Figure 2. The plot
shows that the dihedral angle mostly oscillates around the equilibrium value of £31°, with
occasional crossings through the planar configuration with a dihedral angle of 0°. We define
a proper transition between the two minima as an event where the dihedral angle changes
from a positive value above 10° to a negative value below —10° or vice versa. The graph
shown in Figure 2 thus shows three proper crossings during the simulation time. Counting
the number of crossings for all ligands in the unit cell leads to the averaged time between

transitions, 7, which can be converted to the frequency, v, both given in Table 1.
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Figure 2: Dihedral angle between the phenyl rings of one molecule as a function of time,
with a time resolution of 50 fs. The dashed lines are used to identify a proper crossing and
the histogram on the right shows the distribution of angles.

The smaller oscillations around the equilibrium positions most clearly seen in the right
part of Figure 2 indicates the vibrational frequency associated with the torsion of the rings,
vy, which can be considered an attempt frequency for the proper transition. From the
simulations we estimate this frequency as an average from several molecules where periodic
oscillations are clearly seen. Alternatively, we can identify the phonon modes which are
involved in the ring torsion by calculating the change in dihedral angle between the phenyl

rings when following the phonon eigenvectors. This procedure identifies six modes with



frequencies of 2.36-2.39 THz as leading to a significant change in dihedral angle in UiO-67,
while for IRMOF-10 we find nine modes in the range 2.28-2.56 THz (see animations in the
ESI). These ring torsion frequencies are close to those estimated from the MD simulation
(c.f. Table 1). For both materials a number of other phonons with frequencies in the range
12-30 THz change the dihedral angle; however, these modes also involve other distortions of

the molecules (selected examples are given in the ESI).

Table 1: Average time for the transition between the two local minima, 7, the
corresponding frequency, v, as well as the attempt frequency estimated from the
molecular dynamics (MD) simulation and from lattice dynamics (LD), 1, and
the corresponding energy barriers, E,.

Uio-67 IRMOF-10
7 |ps] 1.9 24
v [THz] 0.5 0.4
vy (MD) [THz| 1.9 2.2
vy (LD) [THg| 24 2.3
E, (MD)[meV] 38 36
E, (LD)[meV] 14 38

Taking the ring-torsion vibrational mode v as an attempt frequency we can estimate the

barrier for the transition (E,) with the formula:

E, = RT log(vy/v) (1)

Where R is the gas constant, T is the temperature and v is the frequency of the proper
crossings. The results are given in Table 1, using the two different attempt frequencies
obtained directly from the MD simulations and from the phonon calculations, respectively.
The switching barrier is similar in the two materials in spite of their different topologies. Our
simulation accuracy is not sufficient to distinguish between them, but difference could be
expected due to changes in connectivity, stiffness, or the interaction between neighbouring
linkers. The low barrier for switching combined with the high attempt frequency indicates
that it will occur at all technologically relevant temperatures, with possible implications

for the material properties. Structural dynamics has been shown to affect the interaction

7



between adsorbed molecules and the linkers?® and we will show in the following that it can
also affect the electronic structure.

To further investigate the energy landscape for the process we calculate the energy for
different dihedral angles for an isolated BPDC linker (cf. ESI for computational details).
Calculations for the neutral carboxylic acid and the negatively charged dianion versions of
the BPDC linker reveal very similar curves (cf. ESI) and we therefore show the results
for the protonated molecule only (Figure 3), with the carboxylic acid groups left free to
rotate (full line) or fixed in a plane (dashed line). The latter situation mimicks a strongly
directional bond between the carboxylic acid group and the metal cluster in the MOF; the real
system probably provides a less rigid constraint on the orientation. A polynomial fit to the
calculated energies shows that the minimum energy is found at an angle of approximately 30°
in reasonable agreement with the 45° previously obtained with the Hartree-Fock method !
and the 30° obtained with hybrid DFT.?° The difference in energy between the minima of
the double well and the transition state at 0° is calculated to be 52meV and 30 meV for the
free and constrained carboxylic acid groups, respectively, corresponding well with the values
calculated from the MD simulations and previous calculations of the rotational barrier in
biphenyl.?6 As hybrid functionals are known to provide a better description of molecular
geometries the present calculations were also performed with the PBEO functional,?” which
showed qualitatively similar results but slightly larger values for the energy barrier (39-
77meV) and the optimal torsion angle (28°-38°, c.f. ESI).

Looking at the electronic structure, the DFT one-electron eigenvalues either increase,
decrease or remain constant when going from 0° to 60°, depending on whether the interaction
across the bond connecting the phenyl rings is bonding, anti-bonding or non-bonding. The
highest occupied molecular orbital (HOMO, see Figure S3) increases in energy when the
angle goes towards 0°, while the lowest unoccupied molecular orbital (LUMO, see Figure
S3) decreases in energy, and the HOMO-LUMO gap at 0° is thus 0.17 eV smaller than at the

optimum angle for the neutral molecule (0.30eV with PBEQ). Since the highest occupied



and lowest unoccupied crystalline orbitals in UiO-67 primarily consist of the HOMO and
LUMO of the isolated linkers (c.f. Figure S3 in the ESI), this particular motion would be
expected to lead to large thermal fluctuations and a decrease in the average band gap of
UiO-67, however calculations of the total effect of electron-phonon coupling in UiO-67 based

on time-dependent DFT show a much smaller change in the excitation energy of 24 meV.%°
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Figure 3: Potential energy as a function of the dihedral angles for the isolated BPDC linker
capped by hydrogen with the carboxylic acid group fixed in a plane (dashed line) or free to
rotate (full line). The saddle point at 0° corresponds to the average structure of the ligand
that is seen from X-ray diffraction experiments.

Conclusion

In conclusion we have investigated the origin of the large thermal displacements of the
organic BPDC linker in the MOFs UiO-67 and IRMOF-10. We identify the equilibrium local-
minumum structure of the two materials as having a dihedral angle of +31°. We calculate
the underlying double-well potential and show that switching between the two wells happens
on the picosecond time scale at room temperature. The calculated energy barrier for this
process is similar in the two materials, suggesting that switching is largely independent of
the nature and connectivity of the metal clusters, and thus would be found in other MOFs

containing this particular ligand, or ligands of the same family. This should be considered



in the crystallographic refinement procedures and computational structure optimisation as

the properties of the static average structure are different from the true dynamic system.
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