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Skyrmions are knot-like topologically-protected objects of use in data storage and low-energy
smart devices. They can be generated by applying a magnetic field to certain chiral ferro-
magnets, with the knotted state involving a curling of the underlying magnetisation to give a
nonzero winding number. Here we explore the possibility that chiral metal-organic frame-
works (MOFs) might in principle host skyrmionic phases—realised not through the winding
of magnetic spins but through that of guest molecule orientations. We propose a simple model
for the interactions governing guest orientational order in chiral MOFs, with uniaxial strain
acting as conjugate field. Using Monte Carlo simulations we show that this model gives a
rich phase behaviour that includes molecular skyrmion crystals. Ab initio molecular dynam-
ics simulations carried out for a candidate chiral MOF of tractable complexity demonstrate
that our simple model effectively captures its underlying energetics. Our results suggest that
skyrmionic states may indeed be realisable in MOF's and related porous media and may even

arise spontaneously in thin-film samples.



' merons,? and hopfions? are natural can-

Topologically-protected objects such as skyrmions,
didates for device applications because the information contained in their topological charge is
preserved indefinitely in the absence of external perturbations.*> An important experimental real-
isation is the skyrmion crystal phase of some chiral ferromagnets,>® of which MnSi is probably
the most famous.” ' Here the local magnetisation generated by Heisenberg ferromagnetism has
essentially uniform magnitude, but the antisymmetric Dzyalonshinskii-Moriya (D-M) interaction
promotes a curling of the magnetisation field. For the right balance of temperature and external
field this curling collapses into a lattice of skyrmion cores whose magnetisation opposes that of the
bulk and of the applied field [Fig. 1(a)]. Similar vortex-like defects feature strongly in the physics
of nematic liquid crystals [Fig. 1(b)],'!'"!* and these are rigorously skyrmionic and thermodynam-
ically stable for model systems with chiral interactions when placed under confinement.'* Yet the
number of different chemical families known experimentally to support skyrmionic textures re-
mains remarkably small, due in no small part to the difficulty of engineering the antisymmetric
interactions at the heart of skyrmion physics.!>'® In the case of MnSi, for example, the nonvanish-
ing D-M interaction relies on the peculiar combination of spin—orbit coupling and chirality of its
B20 lattice type.'” Consequently, there is strong interest in realising new skyrmionic phases and,

more broadly, diversifying the chemical space accessible for topological materials design.

Whereas chirality is rare amongst ferromagnetic metals, it is commonplace amongst metal—
organic frameworks (MOFs).!7"! MOFs are porous coordination-network solids assembled from
inorganic nodes and organic linkers; by varying the chemistry and connectivity of each com-
ponent it is possible to control the topology and dimensions of the resulting three-dimensional

2425 and for sim-

network.?*2* Coordination polymers and hybrid frameworks are related systems,
plicity we use include these families here under the umbrella of the term ‘MOF’. There are
now a number of well-established strategies for synthesising chiral MOFs, including many that
use only achiral reagents,?® or involve only host—guest interactions, such as adsorption of achi-
ral molecules.?”’” Combining Mn?* ions and sodium formate, for example, generates the phase

Na[Mn(HCOOQO)3], the anionic manganese—formate framework of which shares the same chiral

B20 architecture of MnSi [Fig. 1(c)].?® Like many MOFs, this material is weakly antiferromag-
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Figure 1: Skyrmions and their relevance to MOFs. (a) A magnetic skyrmion is a topological object involving winding of the local
magnetisation (shown here as arrows, coloured according to orientation). Note the path coloured black involves a rotation of the
magnetisation by 360°. (b) Nematic liquid crystals show similar states, except that winding by 180° is now possible because nematic
directors are unchanged under inversion. (c) The network of Na sites (coloured orange) in the MOF-like system NaMn(HCOO)3
adopts the same chiral lattice as that of Mn atoms in the magnetic skrymion phase MnSi. (d) In guest-loaded chiral MOFs the inter-
actions between neighbouring guest molecules involve both symmetric and antisymmetric components—which are key in stabilising
skyrmions. For example, if the orientations of two benzene molecules in a chiral pore are interchanged then the average interaction
energy reflects the symmetric component and the difference in energy reflects the antisymmetric component. (e) Our coarse graining
involves mapping the average orientation of guest molecules within a finite volume onto a single nematic degree of freedom (orange
bar on right). Hence any topological textures that emerge in our coarse grained simulations involve lengthscales that are orders of
magnitude greater than the distances between neighbouring guest molecules.



netic with no strong spin-orbit coupling, and hence is unlikely to support a magnetic skyrmion

phase.?-3°

But while magnetic interactions in MOFs are notoriously weak, the effective interac-
tions between molecules contained within their pores can be strong indeed—such is the basis,
after all, of the ‘crystalline sponge’ concept®!*3? and the origin of orientational order/disorder tran-
sitions in e.g. hybrid perovskites.***7 Moreover, the pore networks of chiral MOFs are of course

themselves chiral,'”

and so the interactions between guest molecule confined within these pores
automatically include an antisymmetric component [Fig. 1(d)]. So guest-loaded chiral MOFs are
perhaps surprisingly well placed to support topologically nontrivial states, built on collective ori-
entational degrees of freedom—rather than the more usual magnetic order. We therefore pose the

question: might MOFs be capable, in principle, of harbouring orientational skyrmions?

Here we proceed to answer this question in three stages. First, we establish a simple inter-
action model that relates the problem of orientational order in MOFs to that of magnetic order in
systems such as MnSi, on the one hand, and also to that of orientational order in chiral nematic liq-
uid crystals, on the other hand. Second, we perform a series of classical Monte Carlo simulations
in order to establish the phase behaviour to which our model gives rise. In this way we identify a
number of accessible topologically nontrivial phases, including that of a skyrmion crystal. And,
third, we use ab initio molecular dynamics (AIMD) simulations to establish the relevance of our
simple microscopic model to the thermodynamic behaviour of a representative chiral MOF. We
argue on this basis that MOFs are viable hosts for emergent topological objects, and we conclude
by discussing some of the challenges and opportunities associated with realising, characterising,

and exploiting skyrmionic MOFs.

Results

Interaction model. We consider here a model where guest molecules are confined within a MOF
pore network, and the relevant microscopic degrees of freedom are the orientations of individual
molecules whose position is fixed in the host lattice. The most general descriptions of these orien-

tations involve unit quaternions or rotation matrices, but we focus instead on the simpler represen-



tation offered by quadrupoles because of (i) the particular relevance to commonly-encountered rod-
like (e.g. methylammonium) or planar (e.g. guanidinium, imidazolium) molecules, (ii) the straight-
forward mapping to director degrees of freedom in nematic liquid crystals, and (iii) the direct
coupling to uniaxial strain, itself expressible as a rank-2 tensor.>®* Explicitly, we denote the ori-
entation of molecule i parallel (if rodlike) or normal (if planar) to an axis s; = =£(s;y, Siy, Siz) by
the symmeric tensor

2
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Qi = SiySiz S?y SiySiz . (1)
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By analogy to the microscopic Hamiltonian of relevance to e.g. MnSi—which contains
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symmetric exchange, antisymmetric exchange (D-M), and Zeeman terms —we form the

Hamiltonian

ﬂ:—jZQi:Qj—f(Z(Qi*Qj)-rij—i—/lE:ZQi. 2)

Here Q; : Q, = Tr(QZ-QJT) = (s;-s;)? is the (symmetric) scalar product of two tensors, Q; x Q; =

(si - sj)(s; x s;) is the (antisymmetric) vector product, the vector r;; connects neighbouring sites

1,7, and
+5 0 0
E=| 0 +¢ 0 3)
0 0 —e

is the uniaxial volume-conserving strain tensor oriented along an arbitrary crystal axis (here, c).
The underlying lattice will be dictated by the topology of the MOF pore network, which we assume
to be chiral. The coefficients J and K capture the strengths of symmetric and antisymmetric
‘exchange’, and A reflects the coupling of molecular orientations to strain (we will come to show
it behaves as an effective elastic constant). We use the ‘hat’ representation to distinguish these

microscopic parameters from their continuous analogues, given in due course below.

To convey the qualitative meaning of this interaction model in the context of a guest-filled

MOF, we consider the pair of scenarios sketched in Fig. 1(d). In a chiral pore network, the inter-
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actions between molecules depend on their mutual orientation. The symmetric ‘exchange’ term
of strength J reflects the general tendency for neighbouring molecules to align with one another,
and clearly is unaffected by interchanging molecular orientations. So this symmetric contribution
would have the same value for both scenarios in Fig. 1(d). But we know that the two scenarios
are chemically different due to the chiral host framework, and this difference is captured by the
antisymmetric term of strength K. If the chirality of a MOF pore network strongly influences
the interactions between guest species then K will be large—perhaps as large as, or larger than,
J—and neighbouring molecules will tend to rotate in a specific direction dictated by the lattice
handedness. This will emerge as a key driving force for skyrmion formation. Finally, the elastic
term captures straightforwardly the alignment of guest orientations in response to an external strain
field: e.g. for planar molecules to align normal to the axis along which a crystal is compressed.
This term captures the symmetry-breaking influence of the strain, and can stabilise skyrmion cores

lying parallel to the strain axis.

Because skyrmions emerge on a lengthscale fundamentally removed from that of the under-
lying microscopic interactions, the convention is to coarse-grain to the corresponding continuum

Hamiltonian: %42

H = _JZ Qr : (QH—X + Qr+y + QH—Z)
_K Z [(Qr * Qr—f—x) -X + (Qr * Qr—i—y) 'y + (Qr * Qr—i—z) : Z]
+AE: ) Qr, )

r
where the quadrupolar degrees of freedom QQ, now represent the average molecular alignment
director for a finite volume element centred at position r, and X, y, z are unit vectors joining neigh-
bouring volume elements along each cartesian axis [Fig. 1(e)]. The values of J, K, A are directly

~

proportional to J, K, A.

We note that our model is closely related to that developed in Ref. 14 to describe a particular

class of chiral nematic liquid crystals, but with two important distinctions. The first is in micro-



scopic detail: the quadrupolar degrees of freedom in our model occupy well-defined sites, and so
we are not integrating out translational degrees of freedom. And, second, the antisymmetric con-
tribution to the liquid crystal Hamiltonian is introduced by a three-body interaction, which may be
difficult to realise and/or control experimentally; in our model this term is pairwise (as for the D-M

interaction) and arises naturally from the chirality of the underlying lattice.

Phase behaviour. We proceeded to determine the phase behaviour captured by our Hamiltonian
(4), using classical Monte Carlo simulations to produce representative configurations as a function
of strain, temperature, and balance of antisymmetric and symmetric exchange terms. On the basis
of the corresponding small-angle scattering patterns (see Methods for details) we identified six
distinct phases, the stability fields for which are shown on the phase diagram in Fig. 2(a). We
obtained equivalent phase diagrams when preparing configurations at fixed J, K, Ae and slowly
varying T', on the one hand, and at fixed J, K, T with slowly varying Ae on the other hand.!'® In
neither case did we observe any significant complexity with temperature, and so the key results can
be explained in terms of the two-dimensional phase map projected into A" = Ae/J, K' = K/J

space [inset to Fig. 2(a)].

At high strains or low K’ the system is ferroquadrupolar (FQ), by which we mean that there
is collective alignment of all molecular orientations along the same direction in which strain is
applied (tensile for rod-like molecules; compressive for planar molecules); all that varies is the
corresponding order parameter. Below a critical line in A, K’-space the phase behaviour is dom-
inated by helical states where the quadrupole orientation lies normal to, and precesses around,
either a single propagation vector k € (100)* (H), (110)* (H') or a pair of propagation vectors
ki, ko € (210)* that alternate along [001] (H*) [Fig. 2(b)]. These helical states are closely related
to those found in a variety of chiral magnets.*>%*

Our key result is that specific combinations of A’ (relatively low strains) and K’ (moderate to
strong antisymmetric exchange) stabilise two topologically nontrivial states containing skyrmions

[Fig. 2(c)]. Both are skyrmion crystals, but they differ in terms of the skyrmion density: the ‘SkX’



Figure 2: Emergent phase diagram from Monte Carlo simulations. (a) Phase stability as a function of relative antisymmetric
interaction strength (K’), applied strain (A’) and simulation temperature (7”); different phases are identified and coloured on the
basis of their small-angle scattering patterns (see Methods). Since the dependence on T” is uninteresting, we summarise the phase
behaviour by projecting onto A’, K’-space (inset). The dominant phase at high strains is the trivial ferroquadrupolar (FQ) state. At
low strains there is a series of helical (H, H’, H*) and skrymionic (SkX, SkX2) phases. (b) Orientational order in the helical phases
involves precession of the nematic alignment axis around one (H, H’) or two (H*) directions; a slice through the latter configuration is
shown in the inset. (C) The two skyrmion crystal phases we observe possess the same basic structure but differ in terms of skyrmion
density. Here we have shown a 2 x 2 x 2 supercell of our simulation cell in order to highlight the emergent square lattice in each case.



phase contains one skyrmion core in our simulation box, and the ‘SkX2’ crystal contains two. We
expect the distinction may be an artefact of the finite simulation box size. Larger simulations may
show a continuous evolution of skyrmion density and accommodate other lattice geometries, such

as the triangular packing observed for magnetic skyrmions.

What do these phases mean in terms of the orientations of guest molecules within the corre-
sponding MOF pore networks? On a local level—e.g. on the order of perhaps a few unit cells—all
guest molecules are aligned along a common axis, as if in a ferroquadrupolar arrangement. But
on a longer lengthscale (10-100 nm for magnetic skyrmions) this alignment axis curls around the
skyrmion core, creating a topological defect at its centre. That defect can move through thermal
fluctuations in molecular orientations, but is topologically protected and cannot be removed. So
for specific values of A’ and K’, any system whose behaviour is governed by Eq. (4) can in prin-
ciple exhibit a skyrmion phase under appropriate conditions. What remains for us to show is that

Egs. (2) and (4) can apply to suitably-chosen MOF systems.

Molecular dynamics simulations. The typical lengthscale associated with skyrmionic textures
(10-100+nm) is much too large for explicit atomistic simulation using ab initio methods. Thus
the final stage of our approach is to perform AIMD simulations performed across a range of tem-
peratures and uniaxial strains to establish whether the thermodynamic behaviour of a suitable MOF
might be described in terms of guest molecule interactions of the form given in Eq. (2). In the ab-
sence of a MOF known experimentally to support skyrmions, we chose to study a model system
that at once captures the key flavours of our anticipated design rules—namely, quadrupolar hosts
embedded within a chiral framework—whilst also allowing AIMD simulations to be computa-
tionally tractable (small unit cell, high symmetry, closed-shell configuration). For these reasons
we have focussed on the hypothetical, but chemically sensible, analogue of Na[Mn(HCOO)3] in
which the open-shell Mn?" ion is replaced by closed-shell AI>", the formate linker replaced by
the slightly-extended azide anion (N3) to open up the pore network,* and the guest Na™ ions re-
placed by (planar) benzene molecules that now fit in the larger pores. Hence our model system

has formula [Al(N3)3]-C¢Hg and is characterised by the same chiral space-group symmetry (F2;3)



as Na[Mn(HCOO)3] and MnSi. Relaxation of the structure using density function theory (DFT)
calculations showed the system to be energetically and mechanically stable [Fig. 3(a)], including
under application of uniaxial strain along £[001]. Full details of the relaxed structure are given in

the Supporting Information.

Our AIMD simulations were carried out for a range of temperatures 10-300 K and uniaxial
strains 0—7% using a single P2,3 [AI(N3)3]-CsHg unit cell (containing four formula units) with
periodic boundary conditions applied. By inspection we confirm that benzene orientations fluctuate
more strongly at higher temperatures (as expected) and align progressively more strongly along the
strain axis as strain was increased. We analysed post-equilibrium configurations using moment of
inertia tensors to identify quadrupole orientations for each of the four benzene molecules in the
simulation cell. This allowed us to calculate the corresponding > .. Q; = Qj, >_;; Qi x Q; and
E : ), Q; terms, and in due course determine a coarse-grained configurational energy of the
form Ecqg = Ey — JAZ” Qi :Q; — K Zij Q ~Q; + AE : >, Q;. Here the (anti)symmetric
exchange coefficients include not only direct interactions between the C¢Hg molecules (perhaps
relatively unimportant) but also the effective interactions as mediated by the surrounding [AI(N3)3]

framework. Likewise the strain term subsumes within it the usual elastic strain energy since E :

Zi Qz X 62.

Taking our ensemble of AIMD configurations we then used a linear least squares minimisa-
tion to identify the values of Ej, J , K , A corresponding to the [AI(N3)3]-CsHg system, that opti-

mised the goodness-of-fit

=3 [(EAIMD>(T> €) = (Eca)(T)€) 5)

- o(Te) ’
where the averages are taken over all equilibrium configurations at constant 7', ¢, and the uncer-
tainty o is given by the corresponding standard deviation in energy. The match between Eamvip
and Ecg values, as shown in Fig. 3(b), is remarkable given that our coarse graining maps the

3N — 3 = 261 positional degrees of freedom of the AIMD simulations onto just eight (the orienta-

tions of each of four quadrupoles). The implication is that the low-energy phonons are dominated
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Figure 3: Ab initio molecular dynamics simulations of a MOF skyrmion candidate. (a) Representation of the relaxed structure of
Al(N3)3-CeHg determined using DFT. Al coordination polyhedra shown in blue, azide links in green, and benzene molecules in grey,
white and orange. The centres of the guest molecules occupy the same network of positions shown in Fig. 1(c). (b) Match between
coarse-grained and AIMD configurational energies as a function of simulation temperature (symbol colour) and applied strain (symbol
size). The solid line shows the relation Ecg = Eamvp- That our data cluster around this line reflects the ability of the coarse grained
Hamiltonian Eq. (2) to capture the key thermodynamics of this representative phase at low temperatures and small applied strains.
Our key result is that this same Hamiltonian is capable of stabilising skyrmion crystal phases, as shown in Fig. 2(c).
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by benzene rotations and modes that couple strongly to these rotations. Hence we conclude that
the Hamiltonian (2)—which we have shown can support skyrmionic phases—is a good first-order
representation of thermodynamic behaviour of this model MOF system. Moreover, that K is finite
implies that the chirality of the host framework does impose a nontrivial antisymmetric coupling

between neighbouring guests, as envisaged in Fig. 1(d).

Discussion

From the above models, both microscopic and coarse-grained, we show that MOF skyrmion phases
may indeed be possible. Where should we look to find one experimentally? Sadly our proof-of-
concept model system [Al(N3)3]-CgHg is likely not the right place, were it ever to be made: our
AIMD simulations show J to be positive in this case, which stabilises antiferroquadrupolar order
and locates the phase outside of the various stability fields shown in Fig. 2(b). But the balance
between ferro- and antiferro-quadrupolar order in some MOFs can be switched by as simple a
means as varying ionic radius—e.g. as in [C(NH)3][M(HCOO)3] (M = Cd vs Mn)*6—so variants
on the theme may well be worthwhile avenues for exploration. There is certainly vast scope for
exploiting the chemical and topological versatility of the family (and indeed that of other classes
of porous materials, including COFs*’ and zeolites*®*°). But we anticipate systematics will be
crucial. For example, in some achiral MOFs, such as the imidazolium cyanoelpasolites, framework
size can vary smoothly the magnitude of symmetric quadrupolar exchange;* one anticipates that
similar strategies may allow optimisation of K’ = K/J in chiral systems. And, since uniaxial
strain can be applied and controlled directly to single-crystal samples,* it may not be too difficult
to navigate much of K’, A’ space using a handful of judiciously chosen MOF compositions. It may

even prove possible to access appropriate strains epitaxially in thin-film samples.>!

Just as for the characterisation of magnetic skyrmions, small-angle scattering (now either
X-ray or neutron) will be sensitive to the formation of ordered orientational skyrmion phases, and
we expect this to be the most straightforward method for evidencing their existence. Direct obser-

vation may also be possible by exploiting e.g. spatially resolved X-ray birefringence imaging.>>>?
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If MOF skyrmion crystals with emergent periodicities commensurate with those of visible light
prove accessible, one should observe optical Bragg scattering from the lattice—as in many liquid
crystalline phases.> In such cases a colour change is direct experimental evidence of skyrmion
crystal formation and may form the basis for efficient chemical, temperature, or pressure sensors.
Any application to data storage will require solving the (very) tricky problem of direct manip-
ulation of individual skyrmions—a challenge also faced historically in the case of the magnetic
systems.> From a theory perspective, the phenomenological model at the heart of our study may
prove too simplistic for many systems: we have not taken into account any single-site anisotropy,
for example (cf the importance of induced anisotropy in MnSi/Si(111) thin films>-3¢); nor have
we included any long-range terms, such as dipolar interactions. There is plenty of scope for further
refinement in this regard. Nevertheless the primary aim of our study has simply been to motivate
the search for mesoscopic topological textures in a broad class of materials not normally associated

with emergent phenomena.
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Methods

Monte Carlo simulations A custom Monte Carlo (MC) code was used to generate a statisti-
cal sampling of quadrupole orientations of a coarse grained chiral MOF with quadrupolar guests.
Simulations were performed using a 10 x 10 x 10 supercell of the simple cubic lattice with one
quadrupole per lattice point (i.e. 1000 quadrupoles per configuration) and with periodic boundary
conditions applied. The Monte Carlo energy was calculated according to Eq. (4), modified to in-
clude second-nearest neighbour terms to give a better approximation of the continuum field theory
as discussed in Ref. 42:

Hyve = H + Ho, (6)

where

HQ == J2 Z Qr : (Qr+2x + Qr+2y + Qr+2z)
+K2 Z [(Qr * Qr+2x) "X+ (Qr * Qr+2y) "y + (Qr * Qr+2z) . Z] ) (7)

with Jo = J/16, Ky = K/8. Simulations were started at high temperatures and cooled slowly
(T;11 = T; — 0.02J) for constant K’ and A’ sampled from a suitably-chosen grid. Each MC
move involved a random reorientation of a randomly-chosen quadrupole, and was accepted or
rejected according to the standard Metropolis criterion.’” The number of MC steps required to
reach equilibration was determined by the autocorrelation function. At each temperature point the
simulation proceeded for ten times as many steps again, and results were taken as the average over
five independent post-equilibrium configurations. At very low temperatures and very high strains
equilibration became difficult, and configurations were collected after a suitably large number of
accepted moves. By analogy to the test performed in Ref. 42 we also carried out MC simulations

at constant K', T’ with varying A’ but equilibration was substantially more difficult in this case.

Phase diagram determination Phase identification was automated by analysing small-angle scat-
tering patterns generated from the MC simulations. Atomistic representations of the MC config-
urations were prepared by replacing each quadrupole by a set of five identical scattering objects

equally displaced from the quadrupole position along both directions of the quadrupole axis. The
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small-angle scattering function /(q) was generated by Fourier transform of the resulting scattering
density. This function was then reduced to three two-dimensional scattering cuts perpendicular
to each of the crystal axes that were subsequently averaged over the first Brillouin zone (BZ) and

normalised: for example,

L(k)=a) I(G+k), (8)
G

where G is a reciprocal lattice vector (€ {(0,—1,—1)*,...,(0,1,1)*}) lying in the relevant plane
of reciprocal space, « is a scaling factor chosen such that max(/,) = 1, and k L a is a scattering
vector contained within the first BZ. The functions I},(k) and I.(k) were defined analogously.
Note that BZ averaging removes the quadrupole scattering-object form factor,’® and hence these
scattering functions are invariant with respect to the displacement magnitude used to generate
the real-space configurations. The scattering in each cut was interpreted in terms of its on-axis
(k L a,b or c) and off-axis components. The strengths and anisotropy of these components
were used to derive the numeric RGB values that then colour the corresponding voxel in the phase

diagram of Fig. 2(a). The explicit formulae involved are given as SI.

Quantum mechanical calculations. Quantum chemical calculations were performed to confirm
the stability and monitor the behaviour of [Al(N3)3]-CsHg under strain. Density Functional Theory
(DFT) calculations were used first to optimise the materials geometry, and then calculate its elastic
properties at zero temperature. All calculations were performed using the CRYSTAL14 software.>
We used the Perdew, Burke, and Ernzerhof (PBE) exchange—correlation functional®® with double-
¢ plus polarization basis sets for all atoms. The shrinking factor of the reciprocal space net was
set to 3. A representative input file that includes all relevant control parameters, together with the

crystallographic details of the relaxed structure are provided as SI.

Ab initio molecular dynamics (AIMD) simulations The behaviour of the [Al1(N3)3]-CgHg frame-
work as a function of temperature and strain was studied by means of density functional theory
(DFT) based molecular dynamics (MD) simulations with the CP2K software package.®' Starting
from the geometry-optimised structure, we carried out AIMD simulations by employing the hybrid

Gaussian and plan-wave method GPW as implemented in the Quickstep module in CP2K. Again,
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the PBE exchange—correlation functional® was used, along with DZVP-GTH-PADE basis sets.
The simulations were performed in the constant-volume (N, V,T') ensemble with fixed size and
shape of the unit cell, and with periodic boundary conditions. A timestep of 0.5 fs was used, and
the AIMD simulations consisted of an equilibration period of 10 ps to determine the energy as a
function of temperature and strain. We chose the plane-wave cut-off for the electronic density to be
750 Ry and a relative cut-off of 60 Ry for high accuracy, after checking that the energy converged

at these values. A representative input file is provided as SI.
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