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The anisotropic mechanical response of ZIF-8 and ZIF-67 is investigated as a function of pres-
sure and its main features (including shear-destabilization eventually leading to amorphization)
discussed in terms of specific lattice vibrations and structural changes occurring in the framework.
At zero pressure, the two ZIFs are characterized by an elastic anisotropy with directions of maxi-
mum and minimum stiffness along (111) and (100), respectively. At P = 0.2 GPa, the framework
exhibits a perfectly isotropic mechanical response while at P > 0.2 GPa a different (complemen-
tary) anisotropic response is observed with directions of maximum and minimum stiffness along
(100) and (111), respectively. The bulk modulus of the two ZIFs initially slightly increases up to 0.1
GPa of pressure and then decreases at higher pressures. Amorphization in both ZIF-8 and ZIF-67
is confirmed to be due to the pressure-driven mechanical instability of their frameworks to shear
deformations. The directional elastic moduli of the two ZIFs are partitioned into contributions from
specific normal modes of vibration. The elastic constants C11, and C12 (and thus the bulk modulus
K =1/3(C11 + 2C12)) are mostly affected by symmetric “gate-opening” vibrations of the imidazo-
late linkers in the four-membered rings. The Cy4 shear elastic constant (and thus the mechanical
instability and amorphization of the framework) are instead related to asymmetric “gate-opening”

vibrations of the four-membered rings.

I. INTRODUCTION

Over the past few years, metal-organic frame-
works (MOFs) have been recognized for their unique
mechanochemical properties that have made them poten-
tial candidates in a variety of applications ranging from
energy storage to drug delivery.! ¢ The utility of MOFs
mainly arises from their distinct three-dimensional topol-
ogy that can be adjusted by varying either the metal
cations or organic linking molecules. In particular, the
porosity of this class of materials can be readily tuned,”
which significantly affects their catalytic, energy storage,
gas-separation, and dielectric properties. The nature of
their porous three-dimensional framework results in pe-
culiar elastic properties, which often lead to a signifi-
cant mechanical destabilization as a function of minor
external perturbations, such as pressure, temperature,
or adsorption.®'* A detailed atomistic understanding of
the interplay between intrinsic static structural features
and lattice dynamical effects on the induced mechanical
instability of MOFs is key to their effective design and
use,'%15 which is the aim of this study.

Zeolitic imidazolate frameworks (ZIFs) represent a
class of MOFs comprised of tetrahedrally coordinated
metal cations (often zinc or cobalt) with imidazolate-
based organic linkers, which have recently attracted con-
siderable attention.'%17 One of the most widely studied
ZIFs, ZIF-8, has been shown to exhibit a rich mechano-
chemical response as its sorption capacity increases with
increasing pressure.'® 22 The origin of this peculiar fea-
ture is now understood in terms of a “gate-opening” or

“swing-effect” sorption-induced structural change, where
the imidazolate linkers rotate so as to increase the pore
volume accessible to guest molecules.'®2324 When pres-
sure is conveyed with a non-penetrating fluid (i.e. when
no guest molecules are allowed in the pores), pristine ZIF-
8 has been reported to undergo amorphization at 0.34
GPa where the porosity of its framework is retained but
long-range order is disrupted.?®

Little is known on the effect of pressure on the me-
chanical properties of ZIF-8. The anisotropic elastic re-
sponse of ZIF-8 has been investigated at room tempera-
ture and ambient pressure via Brillouin scattering mea-
surements, which provided elastic constants of C;1= 9.5
GPa, Cio= 6.9 GPa, and Cyy= 0.97 GPa.26 The corre-
sponding isotropic adiabatic bulk modulus is Kg = 7.7
GPa. Single-crystal elastic constants have not yet been
measured as a function of pressure, thus the evolution
of the mechanical anisotropy of ZIF-8 as a function of
pressure remains elusive. The only experimental evi-
dence of the pressure dependence of the intrinsic me-
chanical properties of ZIF-8 is due to Chapman et al.
who performed in situ X-ray diffraction measurements
as a function of pressure.?’ When fitted to a third-
order Birch-Murnaghan equation-of-state, the measured
volume-pressure data, in the 0-0.34 GPa pressure range
(i.e. before amorphization), provided a value of 6.5 GPa
for the isothermal bulk modulus K7 (which is consis-
tently lower than its adiabatic counterpart Kg), and a
seemingly anomalous negative value for K’ = 0K/0P
of -4.6, which implies the decrease of the bulk modu-
lus upon increasing pressure (i.e. mechanical softening



on pressure). From a theoretical point of view, classical
molecular dynamics simulations were unable to confirm
this peculiar feature as they described C'1; and C4 elastic
constants almost linearly increasing as a function of pres-
sure in the whole 0-0.4 GPa pressure range thus implying
a linearly increasing bulk modulus K = 1/3(C11 + 2C12)
and a positive K’.12

In this paper, we present the quantum-mechanical de-
scription of the evolution with pressure of the anisotropic
mechanical properties of ZIF-8 and ZIF-67 (the spin-
polarized isostructural analogue of ZIF-8 with Zn sub-
stituted by Co), along with an atomistic understanding
of the corresponding structural changes and lattice vi-
brations. A peculiar non-linear trend of the anisotropic
elastic response and mechanical stability of these ZIFs as
a function of pressure is illustrated. In particular, three
distinct pressure domains are identified according to the
different anisotropic response of these materials (in terms
of elastic moduli - Young’s, bulk, shear — and velocities
of propagation of directional elastic waves). The origin of
the pressure-induced amorphization in ZIF-8 is confirmed
to be related to its shear instability and it is shown to be
due to asymmetric “gate-opening” and asymmetric “ring-
breathing” structural changes; a similar amorphization
in ZIF-67 is predicted. Furthermore, analysis of the lat-
tice dynamics of the two ZIFs enables the partition of the
nuclear-relaxation term of their directional elastic moduli
into contributions from specific normal modes.

Quantum-mechanical calculations are performed with
the CRYSTAL17 program.2”?® The MO06-2X hybrid
exchange-correlation functional of the density functional
theory (DFT) is used, which includes a fraction of exact
non-local exchange of 54%. A split-valence double-¢ ba-
sis set is adopted. Convergence of the self-consistent-field
process for the evaluation of energy and forces is set to
10~? Ha. The fourth-rank elastic stiffness tensor is com-
puted under different hydrostatic pressures by combining
pressure-constrained structural relaxations and the eval-
uation of second energy density derivatives with respect
to pairs of lattice deformations from two-sided numerical
finite differences of analytical lattice forces computed at
strained configurations with a strain amplitude of 1.5%.2°

II. RESULTS AND DISCUSSION

As pressure increases, two main structural changes are
induced in the pristine framework of the two ZIFs: i)
the well-known “gate-opening” rotation of the imidazo-
late linkers, and ii) the rotation of the ZnNy (or CoNy)
tetrahedra. The former structural change has significant
implications on the functionality of these materials and
has been widely discussed.'®21:23:24 The latter has gen-
erally been overlooked until it was recently shown to rep-
resent the intrinsic “order parameter” of the first-order
phase transition occurring in ZIF-8 at high pressure.3’
The computed individual elastic constants of cubic ZIF-8
(C11, C12 and Cyy) are reported in Figure 1 as a function
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FIG. 1. (Upper panel) Elastic constants of ZIF-8 as a func-
tion of pressure (filled symbols, this study; empty symbols
from Ref.'?). Experimental values from Brillouin scattering
at zero pressure are given as black symbols.2® (Lower panel)
Bulk modulus K as a function of pressure as determined from
the computed elastic constants Keiasy (black filled symbols)
and from the pressure-volume equation-of-state Kgos (grey
filled symbols). Data from classical molecular dynamics sim-
ulations are reported as empty symbols*2. From in situ X-ray
diffraction, it is Kp,, = -4.6.°

of pressure, in the 0-0.4 GPa range. At zero pressure,
the agreement with the experimental values (black sym-
bols) from room temperature Brillouin scattering mea-
surements is rather satisfactory (the computed values be-
ing consistently higher because of neglected thermal ef-
fects). Notably, the agreement is very good for the shear
C44 constant, whose low value of about 1 GPa makes
it particularly critical to be accurately described. This
confirms the high numerical precision of the simulations.
Upon pressure, we find that both Cy; and C1a (the two
elastic moduli involved in the definition of the bulk mod-
ulus K) initially increase slightly up to P = 0.15 GPa and
then decrease for P > 0.2 GPa. As pressure increases,
the Cy4 elastic modulus is found to be almost constant
up to P = 0.1 GPa and then to linearly decrease. Let
us stress that this trend for the elastic constants is qual-
itatively different with respect to that reported in the
only previous investigation on such properties from clas-
sical molecular dynamics simulations, particularly so for
the C1; and C12 moduli (see thin dashed lines in Figure
1)!2. The lower panel of Figure 1 shows the bulk mod-



ulus Kepast = 1/3(C11 + 2C12) as a function of pressure,
as compared to the bulk modulus Kg.,s = —VOP/OV
derived from the pressure-volume equation-of-state. The
two approaches are algorithmically and physically very
different and yet provide a very consistent picture ac-
cording to which the bulk modulus of ZIF-8 is initially
increasing up to about P = 0.15 GPa and then decreases
at P > 0.2 GPa. This means that as pressure increases
ZIF-8 initially stiffens, followed by a mechanical softening
at higher pressures (above 0.2 GPa). In the 0-0.35 GPa
pressure range, this non-linear K (P) trend corresponds
to an average K’ = 0K /9P of -3.8 (to be compared with
the experimentally derived value of -4.6 by Chapman et
al.?%). We stress that with classical molecular dynamics
simulations a positive K’ was reported,'? which confirms
the need of accurate quantum-mechanical simulations for
a reliable description of fine features such as the pressure
dependence of the mechanical properties of ZIFs.

The evolution on pressure of the elastic anisotropy
of ZIF-8 is illustrated in Figure 2 in terms of differ-
ent indicators. The top panel reports 3D plots of the
spatial dependence of the Young’s modulus at pressures
from 0 to 0.4 GPa (the axes are fixed for all pressures
to aid in visualization). Three pressure domains can
be clearly identified with distinct elastic features: i) at
P < 0.2 GPa, ZIF-8 exhibits an anisotropic elastic re-
sponse where the symmetry unique crystallographic di-
rections of maximum mechanical stiffness and softness
are (111) and (100), respectively ii) at P = 0.2 GPa,
the system shows a perfectly isotropic elastic response,
the spatial dependence of the Young’s modulus being a
sphere; iii) at P > 0.2 GPa, the mechanical response of
ZIF-8 is again anisotropic, with a different (complemen-
tary) anisotropy with respect to the low-pressure regime:
the crystallographic directions of maximum and mini-
mum stiffness are now the (100) and (111), respectively.
Overall, above 0.1 GPa of pressure, the Young’s modu-
lus of ZIF-8 shrinks as a function of pressure. Similar
considerations can be made on the evolution on pressure
of the shear modulus, see panel c) of Figure 2, where
the spatial dependence of the maximum and minimum
shear modulus is represented according to the conven-
tions introduced in Ref. 31. The bottom panel of the
figure reports polar plots of directional elastic wave ve-
locities for ZIF-8 (i.e. the phase velocity at which an
elastic wave propagates along different crystallographic
directions with a longitudinal polarization). Directional
elastic wave velocities are computed by solving Christof-
fel’s equation®?32 and further confirm the overall trend
discussed above: at low pressures, elastic waves are prop-
agating with the maximum velocity along the (111) direc-
tions, while at higher pressures the direction of maximum
velocity switches to (100) (and symmetry-related ones).

A similar analysis has been performed for ZIF-67. At
variance with ZIF-8, ZIF-67 is a spin-polarized system
where each Co center hosts three unpaired electrons in its
partially occupied d orbitals, and thus requires some spe-
cial care in order to be accurately described.?* Three dis-

0.10 GPa 0.15 GPa 0.20 GPa

0.40 GPa

<100>

0.40 GPa

L

0.3 GPa 0.4 GPa

0.2 GPa

00GPa  01GPa

FIG. 2. Anisotropic mechanical properties of ZIF-8 as a
function of pressure: (a) 3D representation of the Young’s
modulus (in GPa); (b) 2D representation in the zy plane of
the Young’s modulus (left), of the maximum shear modulus
(right) and of the atomic structure of ZIF-8 (center); (¢) 3D
representation of the shear modulus - maximum and minimum
values are shown as blue and green surfaces - (in GPa); (d)
2D polar representation of the longitudinal directional elastic
wave velocities (in m/s).

tinct magnetic ordering configurations have been investi-
gated: i) a symmetry-preserving ferromagnetic configu-
ration where the unpaired electrons on all the Co centers
in the primitive cell have spin-up; ii) a broken-symmetry
half-antiferromagnetic configuration where the different
Co centers in the primitive cell have spin-up and spin-
down electrons; iii) a broken symmetry fully antiferro-
magnetic configuration where all adjacent Co centers ex-
hibit alternating spin-up and spin-down couplings (this
configuration required the use of the larger conventional
cell to be modeled). The top panel of Figure 3 reports
the spin density (i.e. difference between majority and
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FIG. 3. (a) 3D spin density, p* — p®, maps of ZIF-67 in
different magnetic configurations; (b) 3D representation of
the Young modulus (in GPa) as a function of pressure; (c) 3D
representation of the shear modulus as a function of pressure
- maximum and minimum values are shown as blue and green
surfaces - (in GPa).

minority electron densities) of the three magnetic config-
urations. The broken-symmetry fully antiferromagnetic
configuration is the most stable one (relative stabilities
of different magnetic configurations are given in Figure
3). The overall mechanical behavior on compression of
ZIF-67 is found to be very similar to that of ZIF-8, as
can be seen from panels b) and c) of Figure 3, where
the 3D representation of the Young’s and shear elastic
moduli is reported as a function of pressure. Also ZIF-67
has an initial anisotropy that progressively disappears up
to P = 0.2 GPa, where it exhibits a perfectly isotropic
mechanical response. As pressure is further increased,
a different anisotropy is produced, which matches that
observed in ZIF-8.

Pressure-induced amorphization is a common phe-
nomenon in zeolites,3?3¢ where the explicit link between
mechanical destabilization and specific nuclear vibrations
has been investigated and established.?” Many ZIFs are
also known to undergo a crystal-to-amorphous transition
at relatively low pressures.?340 In particular, the mecha-
nism of amorphization of ZIF-8 has already been unveiled
by Ortiz et al., who traced it back to the softening of the
C14 shear elastic modulus as a function of pressure.'? In-
deed, from Figure 1, Cy4 is seen to linearly decrease with
pressure, and to eventually violate the following Born
condition for mechanical stability of cubic lattices under
hydrostatic pressure:

Cy>P.

At a pressure of 0.35 GPa the condition above is no longer
satisfied and the system becomes mechanically unstable
to shear deformations. Amorphization of pristine ZIF-
8 was experimentally reported to occur at 0.34 GPa,?®

again in remarkable agreement with our data. Anal-
ogously, we observe that ZIF-67 becomes mechanically
unstable to shear deformations at a slightly higher pres-
sure of 0.4 GPa, which would again most likely lead to
amorphization.

In this study, we want to further analyze the amor-
phization mechanism of ZIFs by determining what kind
of atomic structural changes are responsible for the shear
softening of their framework. We start by recalling that
elastic stiffness constants can always be decomposed into
a purely electronic “clamped-nuclei” term and into a nu-
clear “internal-strain” term due to nuclear dynamics upon
strain: Ot = Cele 4 Cnuc 41,42 The nuclear term is by far
the most computatlonally expensive and can be evaluated
by relaxing atomic positions at strained lattice configu-
rations or by computing the internal-strain and atomic
Hessian tensors.*35 In Table S1 of the ESL* we de-
couple electronic and nuclear contributions to the total
elastic stiffness constants of ZIF-8 as a function of pres-
sure. The following considerations can be made: i) the
electronic contribution to the elastic constants is always
large and positive; ii) the nuclear contribution is always
large and negative so that the small total values of the
elastic stiffness constants of ZIF-8 are due to the balance
of the two contributions; iii) the electronic term is in-
creasing upon pressure while the nuclear term is decreas-
ing upon pressure. This means that the shear softening
of ZIF-8 (as well as the decrease of its bulk modulus) as
a function of pressure, eventually leading to amorphiza-
tion, are due to internal-strain nuclear effects.

In order to gain further insight on the amorphization
mechanism, the nuclear relaxation term can be parti-
tioned into vibrational normal mode contributions. For-
mally, the total elastic constants of a crystal can be ex-
pressed as:*34°

tot __ 1

vy 6771)87711) .

Z Aaz va w (1)

where the two terms on the right hand side are the elec-
tronic and nuclear contributions, respectively. Here, V'
is the cell volume, n is the pure strain tensor, and A
and I' are the force-response and displacement-response
internal-strain tensors, respectively:

0’E
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where u,; are Cartesian components of the displacement
vector u, of atom a (i=z,y, z), and where H is the in-
teratomic force-constant Hessian matrix of energy second
derivatives with respect to pairs of atomic displacements.
When mass-weighted and diagonalized, H provides Bril-
louin zone-center phonon modes and corresponding vi-
bration frequencies w, (being p =1,...,3N —3 a phonon
mode label, with N number of atoms per cell). This pro-
cedure allows for a physically meaningful partition of the
nuclear relaxation contribution of Eq. (1) in terms of



phonon normal modes:
1 Apolpw
O = -2 3 2 (3)
P

where A is the mass-weighted internal-strain tensor:

Aai,v = Aai,v/\/ Ma~

TABLE I. Harmonic normal mode contributions to the elastic moduli of ZIF-8. The lattice vibrations with the largest contri-
butions to the elastic moduli of ZIF-8 are listed with their computed harmonic frequency w, a label to identify them in the
infrared and Raman spectra reported in Figure S1 of the ESI, the information on whether they are infrared and Raman active,
and a brief description of the vibration mode. Their contribution C,, to the elastic moduli is given in %.

Frequency w Label IR  Raman Cy

Description

011 and 012

40 cm ™! R1 no yes 24%
66 cm~? R2 no yes 31%
94 cm~? R3 no yes 10%

52 cm ™! 11 yes yes 16%
63 cm™* 12 yes yes 9%
127 em™! 13 yes yes 20%

Symmetric “gate-opening”
Symmetric “gate-opening” (+ methyl rotation)
Symmetric “gate-opening” (+ N-Zn—N bending)

Asymmetric breathing of the squared ring
Asymmetric “gate-opening”
Asymmetric “gate-opening” (+ methyl rotation)

We have computed the harmonic lattice dynamics of
ZIF-8 (animations of all vibrational normal modes are
available on-line through a link given in the ESI), ap-
plied the approach described above and observed that:
i) all major contributions to the elastic moduli of ZIF-8
come from low-frequency (in the THz domain) collective
vibrations, mostly involving motion of the imidazolate
linkers; ii) the C1; and Cpo elastic constants (and thus
the bulk modulus) are predominantly affected by lattice
vibrations involving the symmetric “gate-opening” mo-
tion (as such or as hybridized by the methyl rotation
and N-Zn—-N bending), where the four imidazolate link-
ers of the same squared channel swing perfectly in-phase
(these vibrations are Raman active but infrared inac-
tive); iii) the Cy4 elastic constant (and thus the pressure-
induced shear instability) is related to the asymmetric
“gate-opening” motion, where the two pairs of imidazo-
late linkers on the same squared channel swing out-of-
phase and to the asymmetric “ring-breathing” motion of
the four-membered ring (these vibrations are both in-
frared and Raman active). The lattice vibrations show-
ing the largest contributions to the elastic constants of

(

ZIF-8 are listed and described in Table I. Furthermore,
it can be noted that most of the vibration modes related
to the mechanical response of the system correspond to
intense spectral features in either its Raman or infrared
spectrum. Computed spectra of ZIF-8 are reported in
the ESI where they are compared to the experimentally
measured ones.
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