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Elucidating the mechanism responsible for anomalous
thermal expansion in a Metal-Organic Framework

Dewald P. van Heerden," Catharine Esterhuysen®* and Leonard J. Barbour™*

The previously reported anisotropic thermal expansion of a three-dimensional metal-organic
framework (MOF) is examined by means of theoretical calculations. Inspection of the 100,
190, 280 and 370 K single crystal X-ray diffraction (SCD) structures indicated a concerted
change in the coordination sphere of the zinc centre leading to elongation of the coordination
helix in the crystallographic ¢ direction (the Zn-O(H)-Zn angle expands), while the largely
unaltered ligands (the Zn---L---Zn distance remains constant) are pulled closer together in the
ab plane. This study develops and evaluates a mechanistic model at the DFT level of theory
that reproduces the convergent expansion of the coordination helix of the material. The linear
increase in energy calculated for extension of a model consisting of six zinc centres and
truncated ligands compares favourably with results obtained from a periodic DFT evaluation of
the SCD structures. It was also found that the anisotropic thermal expansion trend could be

reproduced qualitatively by Molecular Dynamics (MD) simulations in the NPT ensemble.

Introduction

Most solids expand in all three dimensions with increasing
temperature; that is, they undergo positive thermal expansion
(PTE).! Each atom i vibrates about its mean position and, as the
amplitude of vibration increase with increasing temperature, the
anharmonic nature of interatomic potential wells causes
distances between these mean positions to increase.” The
thermal expansion of a material is its elastic response to the
total thermal stress and this manifests as a change in volume at
the macroscopic level.® The linear and volumetric coefficients
of thermal expansion are defined as a = (OL/OT)p/L and
S = (0VIOT)p!/V, respectively, for an isobaric response in length
L or volume V to an infinitesimal change in temperature T.'
Isotropic solids (i.e. with cubic symmetry) have f = 3a, but the
situation is more complicated in the case of anisotropic solids
where the linear expansion in the three orthogonal directions
can be of different magnitudes and/or signs.’

Mechanisms other than vibrational modes are responsible
for giant (lal > 25 x 10° K™)* and colossal (lal > 100 x 10°®
K™")’ thermal expansion, with the supramolecular structure of a
solid potentially being the determining factor responsible for its
thermal behaviour.>* The majority of structures known to
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exhibit negative thermal expansion (NTE) feature the M-O-M
1ink.':1g¢.=:.3 To exhibit NTE, vibration modes transverse to the
linkage must outweigh those occurring along it, resulting in a
decrease of the effective M---M distance — the so-called “guitar
string” effect.®

Isotropic NTE has been identified in the intensely studied
MOE-57 ([Zn4O(1,4-benzenedicarboxylate);], cubic crystal
system, Fmim, a = 25.6690(3) A).S This three-dimensional
framework is composed of aromatic rings linking tetranuclear
Zn,O(COO0)¢ clusters, wherein each zinc atom is bonded to
three carboxylate oxygen atoms and a central oxygen dianion in
a distorted tedrahedral fashion. Dubbeldam et al. successfully
reproduced the observed NTE behaviour through MD
simulations on one unit cell of MOF-5 in the NPT ensemble.’
Subsequent MD simulations carried out by Han et al.'°
confirmed the findings of Dubbeldam er al. and found
negligible changes in covalent bond lengths, while the average
Zn-O coordination bond length increases by only ¥0.010 A as
temperature is increased from 10 to 600 K. In line with the
simulation results, an analysis of atomic displacement
parameters from variable temperature SCD data led Lock et al.
to conclude that the rigid Zn4O clusters and aromatic linkers are
connected through flexible carboxylate groups, allowing the
aromatic rings to vibrate orthogonally, effectively reducing the
mean distance between metal clusters and thus resulting in the
NTE of MOF-5."!
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Dalton Transactions

ARTICLE

Dalton Transactions

Table 1 Summary of unit cell parameters and selected internal coordinates of full SCD structure determinations of 1 at different temperatures.'?

CCDC Temperature a, boaxes | c aoxis | Zn---I:---Zn Zn-O(H)-Zn N-Zn-Ocarpy
deposition code (K) (A) (A) (A) ©) ©
863858 100 26.5937(11) 5.1462(2) 12.1969(6) 126.7(1) 111.6(1)
863859 190 26.5112(9) 5.2351(1) 12.2056(6) 128.5(1) 112.0(1)
863860 280 26.4574(9) 5.2854(2) 12.1958(6) 129.6(2) 112.4(1)
863861 370 26.4366(9) 5.3287(2) 12.1926(7) 130.7(2) 113.5(3)

Similarly, it has been shown that the triply-interpenetrated
framework Ag;[Co(CN)g] displays colossal PTE in the basal
plane of the trigonal unit cell with «; = 132 x 10° K and
colossal NTE for the orthogonal ¢ axis with a3 = -130 x 10
K'."* The framework, based on the crystal structure proposed
by Pauling and Pauling," consists of a network of
Co-CN-Ag-NC-Co linkages wherein CoCg octahedra are
connected through linear N-Ag-N bridges. A computational
study by Calleja et al. highlighted the possible importance of an
argentophilic interaction,”” while a structural analysis by
Conterio et al. revealed that the Co---Co chains remain linear,
with little extension over the temperature range considered.'®
However, relatively large changes were identified in the
C-Co-C valence angles. An anisotropic thermal expansion
mechanism whereby rigid Co--Co linkages flex like a garden
trellis therefore seems likely."> The similar magnitudes of the
linear thermal expansion coefficients a; and a; corroborate such
a mechanism whereby any expansion in the basal plane drives a
contraction in the orthogonal ¢ direction.

We have reported'? a variable-temperature SCD analysis of
a desolvated MOF (compound 1: [Zn(L)(OH)],, L = 4-(1H-
naphtho[2,3-d]imidazol-1-yl)benzoic acid under static vacuum,
revealing colossal PTE along the ¢ axis (a = 123 x 10° K™") and
biaxial NTE along the a and b axes (o = -21 % 10 K'Y — see
Fig. 1b. The benzoate moiety is disordered over two positions
of equal occupancy (see Fig.S2¢), with a full-occupancy
oxygen atom coordinating to a Zn>* cation, which is in a

distorted tetrahedral coordination environment. The bridging
hydroxide ion hydrogen bonds to the coordinating carboxylate
oxygen atom to form a hydrogen bond network that interlaces
the coordination helix along the crystallographic ¢ axis, as
depicted in Fig. 1c. Grobler ef al. suggested that the mechanism
responsible for the anisotropic thermal expansion is associated
with the zinc-hydroxide-zinc coordination helix'* since a
flexible coordination geometry allows bond angles involving
zinc atoms to deform to a greater extent than those involving
the covalently bound atoms of the ligand.

In order to validate such a mechanism, we have developed a
molecular model to reproduce the proposed convergent
of the coordination helix. Inspection of the
determined 100, 190, 280 and 370 K SCD

structures'” indicated a concerted change in the coordination

expansion
previously

geometry of the zinc centre that results in elongation of the
coordination helix in the c¢ direction, while largely unaltered
ligands (acting as rigid linkers) are pulled closer together in the
ab plane. Table 1 shows the experimentally determined unit cell
parameters, along with selected internal coordinates. The
Zn---L---Zn distance remains essentially constant, decreasing by
less than 0.02 A in the temperature range considered, indicating
that the coordination bond lengths between zinc centres and the
rigid ligands undergo negligible changes. On the other hand, a
systematic increase in the Zn-O(H)-Zn valence angle is
symptomatic of stretching of the coordination helix with
increasing temperature.
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Fig. 1 (a) Packing of 1 viewed along [001] with only one position of the disordered benzoate moiety shown. (b) Graph of unit cell lengths determined by single crystal
X-ray diffraction on the same crystal of 1 under static vacuum showing variation with 'cemperature.12 (c) Depiction of the hydrogen bond network (red dashed lines)
interlacing the coordination helix viewed along [-110]. Here, only hydroxide hydrogen atoms are shown and ligands coordinating through the imidazole moiety are
shown in yellow.
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Fig. 2 (a) Molecular model consisting of six zinc centres and truncated ligands used to investigate anisotropic thermal expansion in 1, with the labelling of the atoms
in the coordination helix indicated in cyan for zinc atoms and red for the oxygen atoms of hydroxide groups. Hydrogen bonds between the hydroxide groups and
coordinating benzoate oxygen atoms are shown as red dashed lines. Please note that one of the terminal hydroxide groups has been replaced with a coordinated
water molecule to allow for charge neutrality; its oxygen atom (labelled 1) has been placed on the origin. One turn (or five atoms) of the coordination helix in the
model is depicted on the right, with A, B, C, D and E corresponding to atoms O3, Zn,, O3, Zn, and Os, respectively. Oxygen atoms of hydroxide groups are shown as
pink spheres and zinc atoms as larger cyan spheres. The variables controlling the convergent movement in the xy plane are shown in (b), while those of the extension
in the z direction are shown in (c). Note that atoms A and E have the same xy coordinates and do not move in the xy plane during the simulation. The separation 4
represents the effective c unit cell length, ¢’, which is increased by stepping the variable S.

Here we report a computational verification of the
mechanism for the anisotropic thermal expansion of 1 proposed
by Grobler er al.'®
Energies from Density Functional Theory (DFT) evaluations of

with the aid of a simple mechanistic model.

procured models are compared to results from periodic DFT
calculations on SCD structures of 1. Insight is also gained from
variable temperature MD simulations on one unit cell of 1.

Methods

Anisotropic thermal expansion mechanistic model

The geometry-optimized (vide infra) 100 K crystal structure of
1 was used to obtain a molecular representation, depicted in
Fig. 2a, that consists of six zinc centres, with the hydroxide at
one end of the coordination helix converted to a coordinating
water molecule for charge neutrality. To reduce computational
expense, the ligand was truncated to coordinating imidazole

This journal is © The Royal Society of Chemistry 2015

and benzoate moieties. The model was translated to position the
coordinating water onto the origin, and rotated so that all O(H)
x coordinates became zero (x4 = x¢c = 0) and x3 = -xp (Fig. 2b).
To specify their movement, atoms of the coordination helix
(labelled as shown in Fig.2a) are categorised into groups
according to Table2. Five atoms along the central helix
describe a complete turn, with the fifth atom corresponding to
the first atom at a separation of 745, which is initially equal to
the 100 K ¢ unit cell length. The convergent elongation of the
coordination helix can be simulated by increasing this distance
while simultaneously pulling all atoms closer to the z-axis. The
translation variables of the x- and y-dimensions, specified by k
and ¢, respectively, are all defined in terms of a stepping
variable in the z-dimension, designated S. The entire movement
can therefore be controlled by a single parameter. For the
purpose of brevity only key concepts are discussed here and the
interested reader is referred to the ESI« for further details.

Dalton Trans., 2015, 00, 1-3 | 3
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Table 2 Displacement of atoms (see text for details) labelled as shown in
Fig. 2a, according to the parameters defined in Fig. 2b and c. Note from the
last column that atoms of successive turns are translated by an additional S in
the z direction, but by identical translations in the xy plane to corresponding
atoms of previous turns.

Label Group assignment Ax Ay Az
1 A 0.0 0.0 0.0
2 B +k +£; -tS
3 C 0.0 +¢, -0.58
4 D -k +€5 -(0.5+0)S
5 A/E 0.0 0.0 -S
6 B +k +£4 -(1+0)S
7 C 00 +4, -1.58
D -k +€5 -(1.5+0)S
A/E 0.0 0.0 -28
10 B +k +£4 -(2+0S
11 C 00 +¢, -2.58
12 D -k +f4 -(2.5+0)8
13 A/E 0.0 0.0 -38

The S; symmetry of 1 (space group /4; asymmetric unit
depicted in Fig. S1¢) simplifies matters significantly since
Tag = Tcps Tee = Tpe and z¢ = zg/2. The latter relationship
allows for the rational z-direction translation shown in Fig. 2¢
where the dimensionless constant ¢ is responsible for scaling the
step size S over the five atoms making up one turn. The O;-Zn,
interatomic separation is given by

Tag =+ (x5 — x0)% + (75 — Ya)? + (25 — 24)?

where the Cartesian coordinates refer to those in the model
derived from the geometry-optimized 100 K crystal structure.
The square of the 7,5 bond length for the incremented ¢ axis
stepped from its 100 K value by a quantity S, ¢’ = ¢ + §, is
expressed as

Thst =125 + k% 4 2k(xg — x4) + €2 + 20, (y5 — ya) + 252
— 2tS(zg — zy)

where k and ¢; are the stepping variables in the x and y
directions, respectively, for B-group atoms. By assuming that
the O;-Zn, coordination bond length remains constant, that is,
Tap = Tag, the preceding expression is simplified to

kZ + Zk(.xB - .xA) +€% + 21?1()/3 _yA) + tZSZ - ZtS(ZB - ZA)
=0

This validated by the theoretical
investigations of anomalous thermal expansion discussed in the
introduction. In MD simulations of MOF-5 Han er al.'® found

negligible change in Zn-O coordination bond lengths, while
13,15,16

assumption  is

Goodwin and co-workers ascribed anisotropic thermal
expansion in Ag3;[Co(CN)g] to the the
Co-CN-Ag-NC-Co linkages.

rigidity of

4 | Dalton Trans., 2015, 00, 1-3

Applying the same reasoning to the bond length for Zn,-Oj,
T5c» the following is found:

k% — 2k(xc — xp) + €3 + 223(y¢c — ¥5)
+ (0.5 =t)S[(0.5—t)S —2(zc —25)] =0

where ¢; is the variable controlling the translation in the
y direction for the D-group atoms. The translation of the
C-group atoms in the y direction is controlled by the variable ¢,
= ¢; + {3. The value of constant ¢ can be obtained by
substituting for the values of the parameters that would render
the coordination helix fully stretched out on the z axis. This is
the case when
¢' = 2ryp + 2rgc (see Table S1¢) and yields r = 0.0995. By
equating the (and
cancellation of terms due to the reorientation of the model) an

two preceding equations inducing
expression in terms of variables in the y and z directions only is

obtained:

a- YZ){}% +281[(yp — ya) — Y (e — yp)] — 2tS(z¢ — 24)
+S(ZC - ZB) - (0.25 - t)SZ =0

where it is recognised that £; = Y{; with constant Y = yp/yp
= 10.085. By solving this expression quadratically, an
expression for £; in terms of S is obtained from which a
quadratic expression for k also as a function of S follows
directly. All the variables and, thereby, the movement of all
atoms in the coordination helix (c¢f. Table 2) are therefore
quantified by the value of variable S alone.

A direct comparison to the experimental thermal expansion
results can be made by considering how the model predicts
variation in the unit cell parameters. Since there are four
---Zn-O(H)-Zn-O(H)--- coordination helices present in a unit cell
of 1 the simultaneous change in unit cell length with Ac = S is
then Aa = Ab = -2k + ¢, (recall from Fig. 2b that k > 0 and
¢, < 0). In Fig. 3a it can be seen that the model underestimates
the decrease in the a (equal to b) unit cell parameter with
respect to the ¢ parameter. This results in an overestimation of
the volumetric PTE (Fig. 3b).

The truncated ligand moieties are furthermore assumed to
remain rigid (in the geometries found in the 100 K structure
obtained by SCD, although hydrogen atom positions along with
the disordered benzoate of the ligand were optimized using
periodic DFT) and are translated along with the zinc atoms to
which they coordinate. This allows for the imidazole and
benzoate groups to simply be translated as a single B- or
D-group entity (Table 2). A consequence of this assumption is
that the N-Zn-O,,, valence angle is maintained at its value in
the 100 K crystal structure during simulations (Fig. 3¢). This is
in contrast to the SCD structural data (Table 1) where this angle
increases slightly with temperature (by ¥1.5% between 100 and
370 K). A depiction of the coordination helix of the
mechanistic model for an exaggerated value of the stepping
variable in the z-dimension, namely S = 1.0 A, is shown in

This journal is © The Royal Society of Chemistry 2015
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Fig. 3 (a) Comparison of the change in unit cell parameters of 1 as obtained from variable temperature SCD structure determinations®? to those predicted by the
mechanistic model (relative to the 100 K structure, or S = 0.0 A model). A comparison of variation in unit cell volume is made in (b), while (c) shows the invariance of
the N-Zn-Op valence angle of the model in contrast to the SCD structural data (cf. Table 1). (d) Schematic representation of the modelled temperature dependent
convergent expansion mechanism of the coordination helix of 1 showing elongation in the c direction and contraction in the ab plane.

Molecular dynamics (MD) simulations

To investigate the temperature dependence of the unit cell
parameters in 1, MD simulations were carried out in the
isothermal-isobaric, or NPT, ensemble using the program
Forcite accessed via the Materials Studio suite.'” The
Parrinello-Rahman barostat was used since it allows for change
of both unit cell shape and volume during a simulation under
constant external pressure.'® This is essential for attempting to
reproduce the experimentally observed anisotropic thermal
expansion of 1. The Berendsen thermostat'® was found to best
regulate temperature for the system under investigation.

Simulations were carried out in the temperature range O to
400 K in 25 K increments starting with the Molecular
Mechanics geometry-optimized 100 K crystal structure of 1.
The general purpose DREIDING force field?® yielded the best
results if used in conjunction with the charge equilibration
scheme (QEq)21 and Ewald summation for nonbonded
interactions. Simulations were carried out for 200 ps with 1 fs
steps, with average values for internal coordinates involving
zinc and unit cell lengths taken from the last 100 ps.

Density Functional Theory (DFT) calculations

Calculations of the molecular mechanistic model were carried
out in vacuo at 0 K using the Gaussian 09 software package
(Revision D.01).”> The B3LYP,” MO06,** PBEPBE® and
®B97XD?® density functionals were used in conjunction with

This journal is © The Royal Society of Chemistry 2015

the 6—31G,27 cc-PVDZ2® and TZVP? basis sets. The local
nature of standard density functionals prevents their accurate
modelling of dispersion interactions. The B3LYP and MO06
functionals were therefore augmented with the second (GD2)*°
and third (GD3)?' generation of the dispersion correction
scheme of Grimme and co-workers, respectively. In order to
impose a degree of symmetry and to minimize the number of
free variables, all hydrogen atoms were specified in terms of
the unique internal coordinates of the asymmetric unit.
Reported energies refer to electronic energies after addition of
dispersion corrected nuclear repulsion, while zero-point
vibrational and thermal energy corrections were neglected.

Periodic DFT calculations

Theoretical evaluations of periodic structures were carried
out with the DMol® module®* of the Materials Studio program
suite. The positions of atoms in the crystal structures of 1 were
optimized employing PBEPBE augmented by GD2 with the
DNP basis set. (For details see ESI«.) Calculations were carried
out with effective core potential approximations and thermal
smearing was applied to expedite SCF convergence.

To speed up calculations, full geometry optimizations (with
fixed unit cell parameters) were carried out on the primitive
cell, that is, for the tetragonal crystal system, half the
conventional unit cell. Single-point energy calculations were
subsequently carried out with the same quality settings after the
conventional unit cell (space group /4) was redefined to

Dalton Trans., 2015, 00, 1-3 | 5
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Fig. 4 Unit cell (a) dimensions and (b) volumes of 1 calculated in the NPT ensemble employing the DREIDING force field and the QEq charge scheme. The abscissas of
each plot shows variation in temperature (in Kelvin). In (b) the experimental volume change is plotted from SCD data of Fig. 1b while in (c) a comparison is made
between experimental (filled symbols) and simulated (open symbols) valence angles involving zinc atoms. Nonbonded Zn---Zn distances across hydroxide groups in
the coordination helix and across bridging ligands are compared in (d) and (e), respectively.

Results and discussion

Molecular dynamics (MD) simulations of 1

Results obtained for simulations on one unit cell of 1 are shown
in Fig. 4. The observed anisotropic thermal expansion trend
(cf. Fig. 1b for variable temperature SCD unit cell parameters)
is reproduced, but with the simulated change in unit cell
volume, AV, =~ 24 A3, a factor 4 times smaller than the
experimental change in the 100 to 370 K temperature range,
AV, = 88 A3. This is reflected in similarly reduced simulated
unit cell length changes (Fig. 4a). It is likely that the origin of
the failure of MD to adequately model the magnitude of the
volumetric PTE is due to the fact that DREIDING is a generic
force field, which may not describe the coordination geometry
around the Zn centres with sufficient accuracy. From Fig. 4c it
can be seen that the N-Zn-O,,, valence angle is underestimated
in the simulations, while the OH)-Zn-O(H) angle is
overestimated. DREIDING furthermore utilises a harmonic
potential for angle bending with a force constant of
100 kcal mol rad’z, irrespective of the atoms involved. This is
highlighted in Fig. 4c, which shows that the computed average
Zn-O(H)-Zn angle is underestimated and remains constant over
the temperature range considered, as opposed to a steady
increase observed for the experimental values. Another
consequence of the large angle-bend force constant is that the
Zn---O(H)---Zn separation is underestimated and predicted to
remain rigid in contrast to the experimentally observed

6 | Dalton Trans., 2015, 00, 1-3

increasing trend, as shown in Fig. 4d. This is expected to be a
major contributor to the large deviation in the predicted unit
cell volume change in that the length of the crystallographic ¢
axis (along which the coordination helix propagates) is not
increasing to a large enough extent with increasing temperature.
The Zn---L---Zn separation is, however, accurately estimated to
within 0.08 A and remains nearly constant over the temperature
range of the simulations (Fig. 4e). This is in line with the SCD
structural results reported in Table 1.

Mechanistic model for anisotropic thermal expansion in 1

A rigid-bond model that can be stretched out by varying a
single variable to reproduce the expansion of the coordination
helix of 1 was introduced in the methods section. DFT results
obtained for this mechanistic model are compared here to
periodic DFT calculations on the 100, 190, 280 and 370 K SCD
structures of 1. The increased thermal motion of the benzoate
moiety decreased the quality of the X-ray data at higher
temperatures, with hydrogen atoms poorly positioned or even
absent. It was therefore decided to generate the higher
temperature structures by imposing their unit cell parameters on
the 100 K structure with the same fractional coordinates
(including hydrogen atom and benzoate ligand positions that
had been previously optimized), and optimizing using periodic
DFT. Potential energies relative to the 100 K structure are
shown in Fig. 5 indicating a nearly linear rise in the energy as
the temperature is increased.

This journal is © The Royal Society of Chemistry 2015
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A model of the representation shown in Fig.2a was
obtained from the optimized 100 K structure and the variable S
was stepped between 0.00 and 0.20 A in 0.05 A increments to
yield a ¢’ range of 5.146 to 5.346 A, which corresponds to the
experimental c-axis length variation in the temperature range
100 to 370 K (cf. Table 1)."* Hydroxide (and water) hydrogen
atom positions of procured models were optimized for each
value of S at different levels of theory. Energies of the models,
scaled by a factor 4/3 to allow comparison to the unit cell
single-point energy values (8 zinc atoms per unit cell of 1 vs. 6
in the mechanistic model), are shown in Fig. 5 relative to the
energy of the S = 0.0 A model.

Also depicted as a solid line in Fig. 5 is the potential energy
profile for the model determined using DMol® with the same
settings as for the periodic single-point energy calculations. The
magnitude of the results for the TZVP Gaussian-type orbital
(GTO) basis set matches the numerical DNP basis set results,
with the ®B97XD (dashed lines) potential energy profile
closely resembling that obtained with the PBEPBE functional
implemented in DMol®. Additional comparisons for different
basis sets are made in Figs. S8-S10 of the ESI«~ The DFT
energy of the model increases steadily as the coordination helix
lengthens, although the effect is underestimated in comparison
to the periodic DFT results. This corresponds to improper

This journal is © The Royal Society of Chemistry 2015

modelling of the distortion of the coordination geometry of
zinc, as was highlighted in Fig. 3. In addition, truncation of the
ligand for computational simplification leads to a mistreatment
of the steric repulsion between neighbouring turns on the
coordination helix, while replacement of a hydroxide ion by a
water molecule produces incorrect stereo-electronic effects.
Nevertheless, despite the gross assumptions made in developing
the model, notwithstanding the absence of cooperative crystal
field effects, the correlation between the crystallographic and
the scaled model energies is remarkable. These results confirm
that a concerted change in the coordination sphere of the zinc
centre so as to elongate the coordination helix in the ¢ direction
(Zn-O(H)-Zn angles
unaltered rigid ligands closer together in the ab plane

enlarge), while pulling the largely

factor for the observed anisotropic thermal expansion of 1.

Conclusions

Anomalous thermal expansion of a three-dimensional MOF
was investigated by theoretical means. Initially, it was found
that Molecular Dynamic simulations in the NPT ensemble
employing the DREIDING force field and QEq charges could
successfully reproduce the observed trends in the unit cell
parameters of 1. Computed values were, however, found to be
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generally underestimated owing to shortcomings of the
DREIDING force field. A rigid-bond mechanistic model was
developed that is capable of reproducing the observed
convergent elongation of the zinc-hydroxide-zinc coordination
helix along the crystallographic c-axis. The model comprises
six zinc centres with ligands truncated to imidazole and
benzoate moieties, while a terminating hydroxide was
converted into a coordinating water molecule for charge
neutrality. The three-dimensional movement of all atoms of the
coordination helix of the mechanistic model is controlled by a
single variable, namely S, while truncated ligand moieties are
moved as the zinc atoms they are coordinated to become
displaced upon changing the value of S. The stepping variable S
is defined to elongate the coordination helix from its 100 K
SCD value to a new value ¢’ = ¢ + S. In order to correspond to
the experimental 100 to 370 K c-axis length range of
5.146-5.3287 A, S was stepped from 0.00 to 0.20 A in 0.05 A
increments.

Previously obtained 100, 190, 280 and 370 K crystal
structures of 1 were evaluated by periodic DFT. The nearly
linear rise in potential

energy determined for higher

temperature structures is successfully reproduced by the
mechanistic model as stepping variable S is incremented. From
this favourable comparison it can be concluded that a concerted
change in the coordination geometry of the zinc centre so as to
elongate the coordination helix in the c¢ direction, while
simultaneously pulling the linking ligands closer together in the
ab plane, is the dominating causative factor contributing to the
anomalous thermal expansion of MOF 1. Development and
application of similar mechanistic models to reproduce energy
changes observed for other compounds that exhibit anomalous
physical properties will be undertaken in the future.
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A mechanistic model is developed to reproduce concerted changes in the internal coordinates of the
coordination helix of a MOF and evaluated using DFT.

hydroxide
oxygen =¥

zinc =

increase in
temperature

—c-axis length




