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Quasi-harmonic lattice-dynamical calculations are performed to investigate the combined effect
of temperature and pressure on the structural and mechanical properties of a prototypical metal-
organic framework material: MOF-5. The softening upon compression of an A2g phonon mode at
the Γ point in the high-symmetry Fm3m structure is identified, which leads to a symmetry reduction
and a group-subgroup phase transition to a low-symmetry Fm3 phase for compressions larger than
0.8%. The effect of the symmetry reduction on the equation-of-state of MOF-5 is investigated,
which provides a static bulk modulus K reducing from 17 to 14 GPa and a corresponding change
of K′ (pressure derivative of K) from positive to negative. The effect of pressure on the negative
thermal expansion of the framework and on its mechanical response is analyzed. The evolution of
the mechanical anisotropy of MOF-5 as a function of pressure is also determined, which allows us
to identify the occurrence of a shear-induced mechanical instability at 0.45 GPa.

I. INTRODUCTION

In the last two decades, quantum-mechanical simula-
tions based on density functional theory (DFT) have ar-
guably become the method of choice in the computa-
tional screening for advanced material design and crystal
structure prediction of inorganic systems.1 This is pri-
marily due to a favorable balance between the accuracy
and computational cost, and to the availability of sev-
eral robust implementations in solid-state programs.2–6
Owing to the efficient exploitation of high-performance
computing (HPC) and to the development of a number of
approaches to incorporate weak dispersive interactions in
the exchange-correlation functional,7–13 the last decade
has also seen the successful application of DFT for com-
putational screening of organic molecular crystals and
metal-organic framework (MOF) materials.14–19

In this context, one of the main challenges DFT is
currently facing is to reliably and efficiently describe
the lattice dynamics of materials, as most of their en-
ergetic, structural, mechanical and functional properties
are largely affected by thermal effects, even at room
temperature.20–22 Thermal effects are typically included
within a statistical-thermodynamic approach by setting
up a vibrational partition function in terms of harmonic
lattice vibration frequencies. As an example, thermal
effects have been included through the harmonic approx-
imation (HA) to predict the most stable form of 508 poly-
morphic molecular crystals at room temperature; in 10%
of the cases, a different polymorph was predicted with re-
spect to static DFT calculations performed at 0 K.23 By
definition, the HA does not take into account the anhar-
monicity of the lattice dynamics,24,25 which is known to
affect several properties of materials significantly. Within
the HA, thermal expansion is null, the elastic response
of the system is independent of temperature, phonon
lifetimes are infinite, lattice thermal conductivity is in-
finite, and constant-pressure and constant-volume ther-
modynamic properties coincide. Most of these limita-

tions of the HA are due to approximating the volume
to be constant and can be overcome using the so-called
quasi-harmonic approximation (QHA), where the explicit
dependence of the lattice vibrations on volume is taken
into account.26,27 The QHA not only describes the ther-
mal expansion of the system and thus the thermal depen-
dence of its elastic response, but also allows for combining
temperature and pressure on the same thermodynamic
footing.

While quasi-harmonic DFT calculations on the ther-
mal properties of inorganic solids have been performed
for the last 30 years,28–38 the first applications of the
methodology to organic molecular crystals were re-
ported at the beginning of 2016.39–41 In the last cou-
ple of years, dispersion-corrected DFT calculations with
a quasi-harmonic treatment of lattice dynamical effects
have then been successfully applied to study thermal
properties of several molecular crystals,42–46 which are
often characterized by lower symmetry and larger num-
bers of atoms per unit cell with respect to simple in-
organic systems. In this respect, MOFs are typically
characterized by higher symmetry than molecular crys-
tals but with a much larger number of atoms per unit
cell. As a matter of fact, the possibility of successfully
describing thermal features of MOFs by means of quasi-
harmonic DFT lattice-dynamical calculations still rep-
resents an open challenge to state-of-the-art quantum-
mechanical simulations. Indeed, after a pioneering quasi-
harmonic study by Zhou et al. on the prototypical MOF-
5 in 2008,47 only very few studies have been reported on
explicit quasi-harmonic DFT simulations on MOFs.48–51

It is well-known that MOF-5, as well as many other
MOFs, exhibits negative thermal expansion (NTE), and
the atomistic origin has been investigated both exper-
imentally52,53 and theoretically.47,48,54,55 The NTE of
MOF-5 is understood to arise from the presence of flex-
ible carboxylate-based linkers bridging rigid ZnO4 tetra-
hedra. However, little is known on the response of MOF-
5 to pressure and in general on its mechanical proper-
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ties.56 Indeed, while the effect of pressure on the struc-
ture (pore size and negative thermal expansion) has been
investigated by using penetrating pressure-transmitting
media,57,58 it has never been analyzed on the pristine
framework (without adsorption of guest molecules in
the pores). Therefore, the equation-of-state (EOS) and
bulk modulus of pristine MOF-5 have never been quan-
tified experimentally. Also, the directional elastic con-
stants have never been measured experimentally. In-
stead, they have been computed with static DFT sim-
ulations at 0 K,59 which provided values of C11 = 21.5
GPa, C12 = 14.8 GPa, and C44 = 7.5 GPa (with a cor-
responding static bulk modulus of K = 17.0 GPa). The
value for the static bulk modulus of MOF-5 is in agree-
ment with our present results, as we will discuss. On
the contrary, the high reported value of 34 GPa for the
bulk modulus of MOF-5 as well as its unphysical ther-
mal dependence (with K increasing with temperature)
make the quasi-harmonic methodology used by Wang et
al. questionable.48

In this paper, we perform a quasi-harmonic lattice-
dynamical investigation of the prototypical zinc-based
MOF-5 and study the combined effect of temperature
and pressure on its structure and mechanical response.
First-principles DFT simulations are performed, where
use is made of hybrid exchange-correlation functionals
and where the effect of weak London-type dispersive in-
teractions is explicitly investigated. Through the use
of the Helmholtz free energies and the volumetric de-
pendence of the phonon modes, we are able to compute
the effect of temperature and pressure on the lattice dy-
namics and anisotropic mechanical properties. The re-
sults confirm the NTE of the crystalline lattice and ad-
ditionally reveal a compression-induced phase transition,
driven by the softening of a phonon mode at the Γ point,
from the Fm3m to the Fm3 space group.

II. COMPUTATIONAL DETAILS

All quantum-mechanical solid state calculations re-
ported in this paper were performed with the Crystal17
code.6,60,61 The B3LYP hybrid exchange-correlation
functional was used, augmented with a semi-empirical
correction for dispersive interactions (B3LYP-D3), as
suggested by Grimme and co-workers.8 An all-electron
basis set of triple-zeta quality was used for O, C and
H,62 as well as for Zn,63 where the most diffuse s-type
function was removed and a f -type polarization added.
Reciprocal space was sampled in a Monkhorst-Pack net
with a shrinking factor of 2, which corresponds to 3 points
in the symmetry-irreducible Brillouin zone. All calcula-
tions (including geometry optimizations, vibration fre-
quencies, and elastic constants) were performed with an
energy threshold of 10−10 Ha for the self-consistent field
(SCF) process.

FIG. 1. Equation-of-state (EOS) of MOF-5. (a) the energy-
volume EOS of the high-symmetry Fm3m phase of MOF-5 as
computed with (B3LYP-D3, red line) and without (B3LYP,
blue line) the inclusion of dispersive interactions. (b) compar-
ison between the energy-volume EOS of MOF-5 in its high-
symmetry (Fm3m, continuous line) and low-symmetry phase
(Fm3, dashed line).

III. RESULTS AND DISCUSSION

We started by investigating the static equation-of-state
(EOS) of MOF-5 in its high-symmetry phase (Fm3m
space group) to discuss the structural and mechanical
behavior upon compression and expansion. The atomic
positions were fully relaxed at several volumes. The com-
puted energy-volume curve is reported in Figure 1a and
was fitted to the cubic Birch-Murnaghan EOS, which pro-
vided values for the bulk modulus K = 16.6 GPa and
its pressure derivative K ′ = ∂K/∂P = 3.6. A positive
value of K ′ is found, which implies that the bulk mod-
ulus of the framework would increase with pressure for
the high-symmetry phase. We also investigated the ef-
fect of taking into account weak dispersive interactions
on the compressibility of the framework. The red line
in Figure 1a is the energy-volume curve computed with
the B3LYP-D3 method, compared to the blue line ob-
tained with the B3LYP method. Overall, the inclusion
of dispersive interactions results in a slight compression
of the structure (by 0.4%) whereas all other features of
the EOS are basically unchanged: the two curves are es-
sentially parallel and are characterized by similar values
of K and K ′.

The lattice dynamics of the periodic framework and its
localized vibrational modes were then calculated at a va-
riety of specific volumetric compressions and expansions.
Using the data obtained, we discovered the softening of
the low-energy A2g phonon mode on compression, which
eventually becomes imaginary and leads to a structural
(and mechanical) instability of the framework. By dis-
torting the framework and reducing its symmetry accord-
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FIG. 2. Softening of the A2g phonon mode using B3LYP in
the high-symmetry Fm3m structure leading to structural in-
stability and a phase transition. (a) Energy profiles of MOF-5
as distorted along the A2g normal coordinate Q at different
levels of structural compression; (b) the nature of the A2g

normal mode and (c) the atomic structure of MOF-5 at the
equilibrium volume and at a 3% compression in the high-
symmetry and low-symmetry space groups.

ing to the A2g normal mode, we could find a symmetry-
reduced lattice configuration (space group Fm3) and re-
solve the structural instability on compression. This is
shown in Figure 2 where the middle panel is a graphi-
cal representation of the A2g normal mode, that can be

described as a simultaneous deformation of the ZnO poly-
hedra (similar to that previously reported to be linked to
the mechanical64,65 and thermal66 instability of other Zn-
based MOF materials) and rotation of the organic link-
ers. This mode is also clearly linked to the mechanism
underlying the NTE of the framework.47,48,52–55 Figure
2a shows energy profiles of MOF-5 distorted along the
A2g normal coordinate Q at different levels of structural
compression. The black line is the potential obtained by
scanning the A2g mode at the equilibrium volume, where
the curvature is positive and corresponds to a positive
harmonic frequency of 25 cm−1 (3.1 meV). At a com-
pression of 0.5%, the computed harmonic frequency of
the mode is still positive but has dropped to 8 cm−1 (1.0
meV). At further compressions (1%, 2% and 3% com-
pressions are shown in the figure), the curvature becomes
negative, the frequency imaginary, and two new symmet-
ric minima are found along the A2g normal coordinate,
which correspond to a symmetry-broken nuclear config-
uration of Fm3 symmetry. The data reported in Figure
2 are obtained with the B3LYP method. The effect of
dispersive interactions on the phonon softening was also
studied by comparing the energetic differences when us-
ing the B3LYP and B3LYP-D3 functionals. The results
confirmed the presence of a compression-induced phase
transition and symmetry lowering both with and without
the correction for dispersive interactions, the only differ-
ence being the occurrence of the imaginary frequency at
slightly lower levels of compression for B3LYP-D3. Fig-
ure 2c shows the atomic structure of MOF-5 at the equi-
librium volume and at a 3% compression in both the
high-symmetry and low-symmetry space groups. It is
seen that the lack of a mirror plane m in the Fm3 space
group (dashed versus continuous grey vertical line) allows
for the rotation of the linkers upon compression.

Let us stress that a very high numerical precision is
needed in order to be able to perform such an analysis on
a MOF and get such regular trends with compression. In-
deed, the energy differences between the high-symmetry
and low-symmetry phases while doing the scan of the
A2g mode are rather small, of the order of 0.01 eV, as
documented in Figure 2. At this point, one might ques-
tion the actual physical implications of such a symmetry
breaking. However, Figure 1b shows that the equation-
of-state of MOF-5 significantly changes on compression
when the transition to the lower symmetry phase is al-
lowed. In particular, the energy of MOF-5 lowers upon
compression in the low-symmetry phase, which results
in the change of the equilibrium bulk modulus from 17
to 14 GPa and, even more crucially, in the change of
K ′ from positive to negative (3.7 in the high-symmetry
structure and -6.7 in the low-symmetry structure). This
latter change has important implications on the mechan-
ical response of MOF-5 on pressure, which, if artificially
constrained in the high-symmetry phase would stiffen
upon compression, while, when given enough structural
freedom, is found to soften upon compression.

Then, we studied the lattice dynamics of MOF-5
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FIG. 3. Effect of temperature and pressure on the volume and
bulk modulus of MOF-5 (in its low-symmetry Fm3 phase).
(a) Thermal contraction of the lattice parameter of MOF-5
at zero pressure, as computed from quasi-harmonic lattice-
dynamical calculations with B3LYP (dashed black line) and
B3LYP-D3 (continuous black line), and as compared to ex-
perimental data from Ref. 47 (empty circles) and Ref. 52
(filled circles). (b) Lattice parameter of MOF-5 as a func-
tion of both temperature and pressure, as computed from
quasi-harmonic B3LYP-D3 calculations. (c) Bulk modulus of
MOF-5 as a function of both temperature and pressure, as
computed from quasi-harmonic B3LYP-D3 calculations.

in the low-symmetry phase by using a quasi-harmonic
methodology.31,32 Phonon frequencies were computed at
seven different volumes from a -5% compression to a 5%
expansion (all computed frequencies were now positive
in the whole explored volumetric range). The Helmholtz
free energy F (T, V ) was computed, which, by minimiza-
tion with respect to volume at different temperatures,
leads to the determination of the thermal expansion of
the system. The contraction of the lattice parameter with
temperature is given in Figure 3a as computed with both
the B3LYP and B3LYP-D3 methods, and compared to
the experimental values reported in the literature show-

ing NTE.47,52 The agreement between the current the-
oretical results and the two experimental data sets in
the literature is very satisfactory, both as regards the
thermal dependence and the absolute value, particularly
so with B3LYP-D3. In this respect, we collect in Ta-
ble I all previous determinations of the linear thermal
expansion coefficient of MOF-5 at room temperature:
αl = 1/a(∂a/∂T ). Experimental values measured with
powder X-ray diffraction and neutron diffraction span the
range from -12 10−6 K−1 to -14.5 10−6 K−1. Theoreti-
cal predictions from classical molecular dynamics (MD)
to first-principles lattice-dynamical calculations span a
larger range: from -8 10−6 K−1 to -18.3 10−6 K−1, with
our present result at -10.6 10−6 K−1, which only slightly
underestimates the experimental values.

Because of the NTE, both temperature and pressure
produce a structural compression. The combined ef-
fect of temperature and pressure on the structure and
average mechanical response (isothermal bulk modulus,
K = V (T )∂2F (T, V )/∂V 2) of MOF-5 is reported in Fig-
ure 3b-c. The results show that the NTE is amplified
with increasing pressure and that the bulk modulus of
MOF-5 is characterized by a significant decrease as a
function of combined thermal and mechanical stimuli.

To understand in more detail the extent of mechanical
instability upon compression, we went beyond the analy-
sis of the isotropic bulk modulus and investigated the ef-
fect of pressure on the anisotropic mechanical properties
of MOF-5. We note that a full quasi-harmonic descrip-
tion of thermo-elasticity, as recently outlined in Ref. 68,
is still rather challenging for MOFs. The single-crystal
elastic constants of MOF-5 were computed, both with
B3LYP and B3LYP-D3, at six different pressures (0.0,
0.1, 0.2, 0.3, 0.4 and 0.5 GPa),69,70 which allowed us to
determine the pressure dependence of a variety of me-
chanical properties. Figure 4a reports the bulk moduli of
the Fm3m and Fm3 phases, and shows the softening of
the structure upon compression of the latter.

TABLE I. Coefficient of linear thermal expansion, αl, at 300 K
of MOF-5 as determined experimentally from powder X-ray
diffraction (PXRD) and powder neutron diffraction (PND),
and theoretically from molecular dynamics (MD) and lattice
dynamics (LD) simulations.

Technique αl (10−6K−1) Ref.

PXRD -14.5 53
PXRD -13.1 52
PND -12.0 53
PND -14.5 47
MD -18.3 54
MD -8.0 67
LD (QHA; PBE) -17.6 47
LD (QHA; B3LYP-D3) -10.6 This Study
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The mechanical instability of MOF-5 upon compres-
sion is due to the softening of the shear elastic constant
C44, whose low value of about 1 GPa at the equilibrium
volume almost linearly decreases with pressure so as to
eventually fail the following Born condition for shear me-
chanical stability of cubic lattices under hydrostatic pres-
sure:

C44 > P (1)

Figure 4b shows the evolution with pressure of the quan-
tity (C44 − P ), as computed with both the B3LYP and
B3LYP-D3 methods. The inclusion of dispersive inter-
actions produces slightly lower values for C44. The sta-
bility condition is no longer satisfied for pressures above

about 0.45 GPa, which corresponds to a compression of
the structure of about 0.8%. We note that this type
of shear mechanical instability is common to many ze-
olites and MOFs.64,65,71–79 We followed the methodol-
ogy outlined in Refs. 80 and 81 and recently applied
to ZIF-875 to factorize the nuclear-relaxation contribu-
tion of the C44 elastic constant into contributions from
specific phonon modes. In the low-frequency region of
the vibrational spectrum, the largest contribution to the
nuclear-relaxation softening of C44 is due to a phonon
mode vibrating at 86 cm−1 (10.7 meV). The atomic mo-
tion of this phonon mode is reported in the inset of Figure
4b. Figure 4c shows the change in the directional shear
moduli of MOF-5 with pressure, with the minimum shear
modulus (in green) approaching zero above 0.45 GPa.

FIG. 4. Elastic moduli of MOF-5 as a function of pressure. (a) bulk modulus K as computed at B3LYP-D3 level for the
high-symmetry (Fm3m, red continuous line) and low-symmetry (Fm3, red dashed line) structures. (b) shear instability of
the Fm3m phase with pressure (the inset is a graphical representation of the phonon mode that mostly contributes to the
nuclear-relaxation of the shear C44 elastic constant). Values are computed with the B3LYP (blue lines) and B3LYP-D3 (red
lines) methods. (c) 3D plots of the spatial distribution of the shear modulus from 0.0 to 0.4 GPa.

IV. CONCLUSIONS

In conclusion, we have shown that quasi-harmonic
lattice-dynamics calculations are an effective method to
study the combined effect of temperature and pressure
on the structural and mechanical properties of porous
framework materials. In addition, we show that the soft-
ening upon compression of low-energy phonon modes at
the Γ point can revel symmetry-reducing group-subgroup
phase transitions. For MOF-5, the transition is from
Fm3m to Fm3 for compressions larger than 0.8%. The
results also highlight that a subtle structural transition
can have a significant effect on the nature of the mechan-

ical response, with the pressure derivative of the bulk
modulus switching from positive to negative upon the
reduction in symmetry.
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