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Spin-state dependent pressure responsiveness of
Fe(II)-based triazolate metal–organic frameworks†

Silva M. Kronawitter, ‡a Richard Röß-Ohlenroth, ‡b Sebastian A. Hallweger, a

Marcel Hirrle,b Hans-Albrecht Krug von Nidda,c Tobias Luxenhofer,b

Emily Myatt, d Jem Pitcairn, d Matthew J. Cliffe, d Dominik Daisenberger, e

Jakub Wojciechowski,f Dirk Volkmer *b and Gregor Kieslich *a

Fe(II)-containing Metal–Organic Frameworks (MOFs) that exhibit temperature-induced spin-crossover

(SCO) are candidate materials in the field of sensing, barocalorics, and data storage. Their responsive-

ness towards pressure is therefore of practical importance and is related to their longevity and

processibility. The impact of Fe(II) spin-state on the pressure responsiveness of MOFs is yet unexplored.

Here we report the synthesis of two new Fe(II)-based MOFs, i.e. Fe(cta)2 ((cta)� = 1,4,5,6-tetra

hydrocyclopenta[d][1,2,3]triazolate) and Fe(mta)2 ((mta)� = methyl[1,2,3]triazolate), which are both in

high-spin at room temperature. Together with the isostructural MOF Fe(ta)2 ((ta)� = [1,2,3]triazolate),

which is in its low-spin state at room temperature, we apply these as model systems to show how spin-

state controls their mechanical properties. As a proxy, we use their bulk modulus, which was obtained

via high-pressure powder X-ray diffraction experiments. We find that an interplay of spin-state, steric

effects, void fraction, and absence of available distortion modes dictates their pressure-induced

structural distortions. Our results show for the first time the role of spin-state on the pressure-induced

structural deformations in MOFs and bring us a step closer to estimating the effect of pressure as a

stimulus on MOFs a priori.

Introduction

Metal–organic frameworks (MOFs) are built from inorganic metal
nodes and multitopic organic linkers, providing a large chemical
parameter space for synthesising materials with targeted func-
tionalities. On the most fundamental level, designing material
functionality means control over the materials’ responsiveness to
stimuli such as pressure, temperature, electric and magnetic
fields, and chemical triggers via composition and structure.1,2

In this work, we focus on hydrostatic pressure as a stimulus. In
2008, it was proposed that ‘‘[The MOFs’] well documented structural
complexities can be expected to yield unprecedented pressure-
induced phenomena’’.3 High-pressure research on MOFs over the
past 15 years has fulfilled these expectations, revealing a variety of
fascinating phenomena. Examples include pressure-induced struc-
tural flexibility with large volume changes as interesting for damp-
ing, shock absorbers, and mechanical energy storage;4–6 large
negative linear compressibility as a potential starting point for new
actuating technologies,7,8 pressure-induced postsynthetic modifica-
tion reactions of the metal node,9 and defect-dependent material
stabilities10 with implications for material processing parameters.

As MOFs move closer to practical use, their mechanical
properties such as bulk modulus (B), or their compressibility
as the inverse, hardness, Young’s modulus, and stress stability
are attracting increasing attention.11–14 Learning about the
relationships between chemical composition, structure, and
macroscopic mechanical properties, will allow these properties
to be targeted synthetically. In this context, B, and its linear
components, as a measure of the resistance of a MOF to
hydrostatic pressure are important parameters. These para-
meters are tied to interatomic potentials and the inner energy
of a crystal structure.15 Therefore, they are important measures
of how the MOF’s crystal chemistry as a whole, i.e. chemical
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bond strength, nature of chemical bonds, connectivity, avail-
able pore space, and defect chemistry together determine its
pressure responsiveness.

Over the past years, a few important principles between a
MOF’s crystal chemistry and B have been discovered.12,16,17 For
instance, in a comprehensive study by K. Chapman and O.
Farha on isoreticular MOF series with fcu and scu topology, a
relation between void fraction, linker length, and B has been
established.18 It has been found that within an isoreticular
MOF series, a larger void space (longer linkers) correlates to a
reduction of B. Moreover, it has been pointed out that MOFs
with rotated and out-of-plane bended linker molecules such as
DUT-52 (B = 17(2) GPa) and PCN-57 (B = 4.6(1) GPa) show a
significantly smaller B when compared to their isoreticular
counterparts with linear linkers (B between 21.1(6) and
37.9(6) GPa). This finding suggests that pre-distorted linkers
introduce preferred low-energy pathways for structural distor-
tion as a response to hydrostatic pressure. Furthermore, it has
been shown for NU-901 that post-synthetic incorporation of a
linker between two open metal-sites, a process known as
retrofitting,19 increases B.20 This result agrees with intuition
and with recent results from computation where a positive
correlation between metal-node connectivity and B has been
found.21 Additionally, it has been discovered that the coordina-
tion bond strength between the linker and the metal-node22

and the concentration of point defects influences B.10 Impor-
tantly, both factors also influence the critical pressure where
pressure-induced amorphisation occurs.23 There has been
interest in the pressure-dependent spin-state of MOF-related
Hoffman-type clathrates24–26 and the elastic properties of mole-
cular Fe(II) SCO complexes,27,28 highlighting that changing the
spin-state significantly impacts B. The impact of the spin-state
of metal centres within the metal-node on the mechanical
properties of MOFs has not been explored to our knowledge.
Knowing about the role of coordinative bond strength in
determining B, it can be anticipated that the metal-centre
spin-state, which comes with a change in coordination bond
length and strength, will significantly impact the material
response to hydrostatic pressure.

Fe(ta)2 is a MOF with thermal SCO, (ta)� = 1,2,3-triazolate.29

Fe(ta)2 belongs to a larger family of isostructural MOFs, M(ta)2

(with M2+ = Cu2+, Cd2+, Cr2+/3+, Mn2+, Co2+, Zn2+, and Mg2+),30–34

where the divalent metal centres are octahedrally coordinated
by m3-bridging 1,2,3-triazolate ligands to form a 3D network
with two crystallographically independent Fe(II) sites, see Fig. 1.
Notably, the underlying topology is of type dia, or when treating
both Fe(II) sites independently, parallels to the structure of
b-cristobalite can be drawn. Initially, Fe(ta)2 has high intrinsic
electrical conductivity of 7.7 � 10�5 S cm�1,30 which is sensitive
towards gas pressure35 and can be further increased upon
partial oxidation of metal centres via I2 or thianthrenium
tetrafluorborate.36 More recently, Fe(ta)2 has been shown to
exhibit a large hysteresis SCO in a bistable region between
320 1C (heating) and 185 1C (cooling), associated with a change
of unit cell volume of approximately 22%, while retaining its
structural connectivity and cubic symmetry.37 Notably, the SCO

comes with a significant change in Fe–N bond lengths
(Dd = 0.18–0.21 Å), which accounts for the changes in unit cell
volume. Long-range cooperativity was recently found to be
responsible for the large hysteresis of the SCO in Fe(ta)2.38

Drawing inspiration from the extensive work on Fe(II)-
containing SCO compounds such as Hofmann-type clathrates
and molecular complexes,39 we expect that chemical modification
of the (ta)� backbone impacts the critical temperature of the SCO
transition. For our purpose, i.e. the study of Fe(II) spin-state on the
pressure response, we seek to decrease the SCO temperature
below room temperature while maintaining the overall connectiv-
ity and cubic symmetry of the material. Together with Fe(ta)2,
such a compound would provide a model system for studying the
impact of Fe(II) spin-state on the compressibility.

Here we report the synthesis of Fe(cta)2 ((cta)� = 1,4,5,6-tetra
hydrocyclopenta[d][1,2,3]triazolate) and Fe(mta)2 ((mta)� = methyl
[1,2,3]triazolate), two new Fe(II)-based MOFs that are in their high-
spin state at room temperature. We apply Fe(cta)2 as model system
for exploring the impact of spin-state on the pressure response of
Fe(II) containing MOFs via high-pressure powder X-ray diffraction
(HPPXRD). It is shown that Fe(ta)2 and Fe(cta)2 exhibit similar B
which is ascribed to the difference in void fraction and Fe–N bond
strengths as counteracting effects. The results advance our under-
standing of the crystal chemical factors that contribute to the
mechanical properties of MOFs, knowledge that is of increasing
importance when considering their potential as working media in
barocalorics40 and mechanical energy storage.41

Results and discussion
Material synthesis and characterisation

Fe(ta)2 was synthesised by following a previously established
route,29,35 and similar procedures were used for the synthesis of

Fig. 1 (a) Schematic of the isostructural dia-type network of Fe(II)-containing
MOFs investigated in this work. The modification in Fe(mta)2 and Fe(cta)2 has a
significant impact on the void fraction which is reduced in Fe(mta)2 and Fe(cta)2
when compared to Fe(ta)2. In (b–d) a visualisation of metal nodes of Fe(ta)2 (b),
Fe(mta)2 (c), and (d) Fe(cta)2 is shown, where the colour-code highlights the
different coordinating triazolate ligands used in this work. For visualisation
purposes, disorder of the –CH3 group of (mta)� is not shown in (c). Likewise,
H atoms were deleted for clarity. Colour-code: brown spheres – carbon, blue
spheres – nitrogen; different colour saturations of polyhedrons indicate the
two crystallographically independent Fe(II) sites.
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Fe(cta)2 and Fe(mta)2, see ESI† for synthetic details (S-2). We
would like to mention that H-ta (1H-1,2,3-triazole) is commer-
cially available, while H-cta (1,4,5,6-tetrahydrocyclopenta-1H-
1,2,3-triazole) and H-mta (4-methyl-1H-1,2,3-triazole) were
synthesised by following adapted synthetic procedures from
the literature, see ESI† for details (S-2).42,43 After synthesis of
the MOFs, IR spectroscopy was performed, where signals from
stretch vibrations of cyclopentyl and methyl hydrogen atoms
between 2800–3000 cm�1 confirm the presence of (chemically
modified)-triazolate linkers in the obtained powders (Fig. S2,
ESI†). To remove potential residual N,N-dimethylformamide
(DMF), Fe(cta)2 and Fe(mta)2 were washed with methanol
(MeOH) and dried in vacuo at room temperature (for Fe(cta)2)
or at 280 1C (for Fe(mta)2). Thermogravimetrical analysis (TGA)
and differential scanning calorimetry (DSC) of Fe(cta)2 and
Fe(mta)2 show that both compounds exhibit a relatively high
thermal stability with a decomposition onset at approximately
670 K (Fig. S4 and S5, ESI†). This is slightly higher than
previously observed for Fe(ta)2, where decomposition processes
start at approximately 613 K.29 Similarly to Fe(ta)2, no evidence
for the release of solvent molecules from potential void space
was observed for both compounds (Fig. S3–S5, ESI†).

Since the applied synthetic route led to crystalline powders
of Fe(ta)2, Fe(cta)2, and Fe(mta)2, powder X-ray diffraction
(PXRD) was used for structure analysis, see ESI† for details
(Fig. S13, S16, and Table S3). In an initial step, the synthesis of
phase pure Fe(ta)2 was confirmed via a Pawley profile fit
analysis, and subsequently, atomic positions were obtained
by Rietveld refinements (Fig. 2(a) and Fig. S22, ESI†). Fe(ta)2

was refined in the previously reported cubic structure, space-
group Fd%3m (a = 16.5969 Å). The obtained Fe–N bond lengths
(Fe1–N1 = 1.9736 Å and Fe2–N2 = 1.99082 Å) are indicative for
Fe(II) centres in their low-spin state, which agree with the
literature.29 Visual comparison of all PXRD pattern suggests
that Fe(ta)2, Fe(cta)2, and Fe(mta)2 are isostructural MOFs,
which was confirmed via Rietveld-based structure refinement,
see ESI† for refinement details (Fig. 2 and Fig. S16, S-19–S-21).

The structures of Fe(cta)2 and Fe(mta)2 were refined in the
cubic space-group Fd%3m with lattice parameters of a = 18.2301 Å
(Fe(cta)2) and a = 17.3175 Å (Fe(mta)2) (Fig. 2). Compared to
Fe(ta)2 (Fig. S20, ESI†), where Fe(II) centres are in their low-spin
state at room temperature, the observed Fe–N bond lengths of
Fe(cta)2 and Fe(mta)2 (i.e. Fe(II)–N 4 2.0 Å) indicate that both
compounds are in their high-spin state. This was confirmed by
variable temperature magnetic susceptibility measurements in
the temperature range between 2 and 700 K of all compounds,
see ESI† for detailed data interpretation (Fig. S9 and S-12). To
further verify structure refinement from PXRD data, 3D elec-
tron diffraction (3DED) at variable temperatures between
173 and 373 K was applied for structure solution from small
crystallites, for experimental details and crystallographic out-
comes see ESI† (Tables S8, S9 and Fig. S35–S38). The 3DED
structures at room temperature, including bond distances and
lattice parameters of the high-spin MOFs Fe(cta)2 (Fe1–N1 =
2.223(18) Å, Fe2–N2 = 2.231(15) Å, and a = 18.19(10) Å) and
Fe(mta)2 (Fe1–N1 = 2.198(15) Å, Fe2–N2 = 2.117(14) Å, and
a = 17.26(9) Å), are in close agreement to the results from the
Rietveld analysis.

Therefore, the backbone modification of the triazolate linker
impacts the critical temperature of the SCO effect and its nature.
With increasing bulkiness of the chemical modification, i.e. (ta)�

o (mta)� o (cta)�, the SCO temperature decreases and sup-
presses hysteretic behaviour. By drawing parallels to molecular
SCO complexes,44 this is rationalised by steric effects which
provide an energy penalty for compression of the frameworks
into the low-spin state. Especially in the high-spin Fe(cta)2 frame-
work, opposing hydrogen atoms of the (cta)� ligands are already
in a repulsive range, with distances of H7A–H7A 2.1008(82) Å and
H6A–H6A 2.1763(85) Å when looking at the 3DED data. In
Fe(mta)2, the larger distances between the methyl groups allow
for more flexibility, although their steric demand still results in a
significant shift of the phase transition to lower temperatures, as
well as a two-step transition behaviour. Moreover, residual DMF
trapped in the voids of the as-synthesised Fe(mta)2-as seems to
contribute to the steric crowding, causing a smeared-out transi-
tion at lower temperatures (Fig. S6, S7 and S9, ESI†). In addition,
we calculated the void fraction of all three materials via Platon45

(SOLV option), see Table 1. As expected, chemical modification of
the (ta)� backbone in Fe(cta)2 significantly decreases the existing
void fraction compared to Fe(ta)2, which can be expected to
significantly influence the materials’ pressure responsiveness.

Overall, a series of isostructural triazole-based Fe(II) MOFs is
obtained where Fe(II) centres are in different spin-states at
ambient conditions. These represent a good model series to
study the impact of spin-state on their pressure response. An
overview of structural and magnetic data of Fe(ta)2 and Fe(cta)2

is given in Table 1 and full crystallographic data, including
details of structure refinement is given in the ESI.†

High-pressure structural response

With the isostructural series of Fe(ta)2, Fe(cta)2, and Fe(mta)2

on hand, we used HPPXRD to investigate the impact of varying
spin-state of Fe(II) on the MOF’s response to hydrostatic

Fig. 2 Rietveld refinements against high-resolution PXRD pattern at
ambient pressure of Fe(ta)2 (a) in green and Fe(cta)2 (b) in purple. Experi-
mental data is shown as dark line, the calculated data from Rietveld
refinement as light line, and the difference curve (fit – data) as grey line.
Reflection positions are shown as black vertical tick marks. Rietveld fit of
Fe(mta)2 is given in the ESI† (Fig. S20).
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pressure as a stimulus. HPPXRD was performed at beamline
I15 at the Diamond Light Source (DLS, UK). For obtaining an
excellent pressure resolution of our V(p) datasets, which is
critical for obtaining accurate Bs, we have applied the ‘‘high-
pressure jump cell’’.46 This is a custom-made high-pressure cell
that enables HPPXRD measurements up to pmax = 0.4 GPa with
defined pressure increments of Dp = 0.02 GPa (Fig. 3), see ESI†
for the measurement of a standard material (S-32). Silicone oil
AP-100 was used as a pressure transmitting medium (PTM),
which has previously been applied for HPPXRD experiments of
Zr-based MOFs47 and molecular perovskites.48 To the best of
our knowledge, silicone oil AP-100 acts as hydrostatic, non-
penetrating PTM, enabling to study the mechanical response of
the MOFs without any additional effects such as penetration of
the PTM into the pores of the MOF.3,49

From visual inspection of HPPXRD data (Fig. 3), none of the
studied MOFs exhibits pressure-induced amorphisation up to
0.4 GPa.50 The analysis of the full-width at half maximum (fwhm)
of the applied peak profile function of Fe(ta)2 and Fe(cta)2

confirms this observation (Fig. S26, ESI†). For Fe(mta)2, a
pressure-induced phase transition complicates such an analysis,
see below. This is expected since only a few MOFs, such as UiO-66
with a large concentration of point defects,10 and DMOF-1
with non-functionalized benzendicarboxylate linkers,51 have been
reported to irreversibly amorphise at hydrostatic pressures below
p o 0.4 GPa. Please note, that amorphisation under non-
hydrostatic compression is known to occur significantly earlier,
as reported for ZIF-8 and MOF-5.50,52 Upon increasing pressure, a
peak shift is observed for Fe(ta)2, Fe(cta)2, and Fe(mta)2, showing
structural compression (Fig. 3). For Fe(ta)2 and Fe(cta)2 no evi-
dence for a phase transition is observed, while Fe(mta)2 under-
goes a pressure-driven phase transition at approximately pcrit =
0.04 GPa. This can be expected due to the temperature dependent
SCO just below room temperature. Therefore, Fe(ta)2 and Fe(cta)2

were selected as model systems to learn about the impact of spin-
sate on the pressure responsiveness. Fe(mta)2 with its pressure-
induced phase transition and open questions related to its
ambient crystal structure, see S-43 (ESI†), displays a more complex
case and will be addressed independently in a follow-up study.
HPPXRD data of Fe(ta)2 and Fe(cta)2 have been analysed via
Pawley profile fits and Rietveld-based structural refinements for
extracting lattice parameters (a), volumes (V) and atomic positions
as well as Fe–N bond length as a function of pressure, providing
complete V(p) data sets up to pmax for both samples, see ESI† for a
full list of Pawley profile fit results, i.e. lattice parameters, Rwp

values, and fwhm (Tables S4, S5 and Fig. S21, S26).
For describing the mechanical resistance of Fe(ta)2 and

Fe(cta)2 against pressure as a stimulus, we focus on B as the
inverse of the material’s compressibility. Bs were calculated by
fitting a Birch–Murnaghan (B–M) equation of state to the V(p)
data up to pmax = 0.4 GPa by using both second and third order
B–M equation of state fits via EoSFit7-Gui (Table 1), see ESI† for
details (Fig. S27 and S28).53 Similar results were obtained by
using PASCal54 (Table S8, ESI†). We would like to note that for
both methods, i.e. EOSFit and PASCal, only 2nd order B–M fits
show standard errors (sB) in the range of the measured
reference material (S-32, ESI†) and are used for further
discussion.

For both MOFs, we obtain similar Bs, B(Fe(ta)2) = 28.2 � 0.2 GPa
and B(Fe(cta)2) = 29.5 � 0.5GPa. Compared to other prototypical
MOFs such as UiO-66(Zr) (B = 37.9(6) GPa),18 HKUST-1 (B = 30 GPa)3,
ZIF-4(Zn) (B = 2–4.4 GPa),55 and ZIF-8 (B = 6.5 GPa),50 Fe(ta)2 and
Fe(cta)2 can be considered relatively rigid or rather ‘hard MOFs’.56 To
rationalise these values, we anticipate that the absence of a clear
pressure-induced low-energy distortion pathway in the structures of
Fe(ta)2 and Fe(cta)2 is key. Example for such pathways are pressure-
induced wine-rack type network motions as observed in MOFs
such as MIL-53(Al) (Al[O2C–C6H4–CO2]OH)57 and Cu2(DB-bdc)2

dabco (DB-bdc = 2,5-dibutoxy-1,4-benzendicarboxylate, dabco = 1,4-
diazabicyclo[2.2.2]octane)51 and MOFs with predistorted linkers such
as DUT-52 and PCN-57.18 The structures of Fe(ta)2 and Fe(cta)2 are

Table 1 Overview of structural and magnetic data for Fe(ta)2 and Fe(cta)2.
Bs were calculated by using the 2nd B–M equation of states fits via EOSFit.
Because of the pressure-induced phase transition in Fe(mta)2, no B was
calculated. Void fractions were calculated in PLATON (using SOLV option)
based on the Rietveld refined structures in this work. The Fe(II)–N bond
distances were derived from Rietveld refinement. The calculated void
fraction of Fe(ta)2 including bond distances is in good agreement with
previous structural reports (*26.2% – CCDC 837468 and 27.6% – CCDC
1963573)

MOF Fe(ta)2 Fe(cta)2

Spin-state Low-spin High-spin
Void fraction/%* 25.8 5.9
Fe(II)–N/Å 1.9736(Fe1–N1) 2.15631(Fe1–N1)

1.99082(Fe2–N2) 2.09172(Fe2–N2)
B/GPa 28.2 � 0.2 29.5 � 0.5

Fig. 3 Stacked HPPXRD pattern (l = 0.4246 Å) of (a) Fe(ta)2 in green, (b)
Fe(mta)2 in blue, and (c) Fe(cta)2 in purple. The HPPXRD pattern were
collected between ambient pressure (bottom) and 0.4 GPa (top) with the
step size of Dp = 0.02 GPa. For visualisation purposes, the data was
normalised to the (111) reflection. The bottom panel focus on the peak
of the reflection of the (111) plane, showing a gradual shift for Fe(ta)2 and
Fe(cta)2. For Fe(mta)2 an additional peak is observed starting from approxi-
mately pcrit = 0.04 GPa which is ascribe to a pressure-induced phase
transition that is incomplete at pmax.
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related to the structure of b-cristobalite, where temperature and
pressure are known to activate tilts of polyhedra,58,59 however,
the m3-connectivity of 1,2,3-triazolate ligands makes similar
distortions in Fe(ta)2 and Fe(cta)2 energetically unfavourable.
Therefore, any pressure-induced structural deformation is
coupled to bond-length compression and linker bending,
where the latter becomes energetically favoured by void space,
which reduces steric hindrance. The same argumentation
applies to UiO-66(Zr) and HKUST-1, where presumably the
metal-node coordination number is the dominating structural
feature in defining B. This train of thought agrees with the
observation that increasing the length of the linker leads to a
reduction of B as previously shown for UiO-66(Zr) (B = 37.9(6) GPa)
and UiO-67(Zr) (B = 21.1(6) GPa).18

Looking more specifically at the comparison of Fe(ta)2 and
Fe(cta)2, the difference in the void fraction of Fe(ta)2 (0.26) and
Fe(cta)2 (0.06) should first be emphasised. Therefore, based on
previous HPPXRD studies,18 a significant smaller B for Fe(ta)2 is
expected. In contrast, the similar B of Fe(ta)2 and Fe(cta)2 imply
that other factors contribute to the structural response. Look-
ing at the evolution of Fe–N bond length in both compounds
between p = ambient � 0.4 GPa, very similar relative changes of
approximately 0.008% for Fe(ta)2 and 0.009% for Fe(cta)2 are
observed despite the difference in spin-state which makes
bond-compression for Fe(ta)2 energetically more demanding,
see ESI† for a full list of Rietveld refinement results, i.e. bond
lengths and Rwp values (Tables S1 and S2). Therefore, we
hypothesise that in Fe(ta)2, the larger bond strength is the
dominating factor, which limits the effect of the relatively low
packing density. In Fe(cta)2, the cyclopentyl backbone of the
(cta)� linker is crowding the network, and instead of bond
compression, the steric hindrance of the cyclopentyl molecules
is sought to be the dominating structural feature. Notably,
increased steric hindrance was recently found to lower B,60

which we do not observe for Fe(cta)2 in comparison to Fe(ta)2.
Therefore, we identify the spin-state as determining factor over
steric hindrance and void fraction for the mechanical proper-
ties of Fe(II) MOFs with different Fe(II) spin-states.

Conclusion

In conclusion, we report the synthesis of two new Fe(II)-
containing MOFs based on modified triazolate linkers, i.e.
(cta)� and (mta)�, which are in their high-spin states at
ambient conditions. We thus show that design principles for
Fe(II)-based MOFs rely on backbone modification of the linker,
very much akin to what is known for SCO complexes; however,
cooperative effects make property-by-design such as critical
temperature of SCO and hysteresis effects very challenging.
We then apply Fe(ta)2 and Fe(cta)2 as model systems to inves-
tigate their structural response to hydrostatic pressure, obtain-
ing similar Bs despite a large difference in their void fraction
which was previously identified as important factor in deter-
mining the high-pressure responsiveness of MOFs. Instead, we
rationalise their similar behaviours based on the interplay of

several counteracting factors such as spin-state and resulting
differences in Fe–N bond-strength, steric effects due to linker-
backbone modification and void fraction, overall demonstrat-
ing the complexity of comprehending MOFs’ response to pres-
sure as a stimulus.

In the bigger context, as MOFs move closer to application, the
interest in learning about their responsiveness to pressure will
further increase. High-pressure diffraction experiments return
important application-oriented properties, such as mechanical
stability related to processibility concerns and material longevity.
Additionally, high-pressure diffraction experiments can reveal
counterintuitive effects such as negative compressibility and
pressure-induced phase transitions in flexible MOFs which might
initiate new actuation, energy storage, and energy dissipation
technologies in the future. In all these areas, material optimisa-
tion is coupled to an in-depth knowledge of factors that con-
tribute to the pressure-responsive properties of MOFs, a gap that
is in the process of being closed since a few years – with surely
many exciting discoveries to follow.
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39 Y. Garcia, V. Niel, M. C. Muñoz and J. A. Real, Spin crossover in
transition metal compounds, Springer, Berlin, 2004, pp. 229–257.

40 D. Boldrin, Appl. Phys. Lett., 2021, 118, 170502.
41 J. Wieme, S. M. J. Rogge, P. G. Yot, L. Vanduyfhuys,

S.-K. Lee, J.-S. Chang, M. Waroquier, G. Maurin and V. van
Speybroeck, J. Mater. Chem. A, 2019, 7, 22663–22674.

Paper Journal of Materials Chemistry C

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Fe

br
ua

ry
 2

02
4.

 D
ow

nl
oa

de
d 

on
 4

/2
/2

02
6 

6:
36

:5
6 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4tc00360h


4960 |  J. Mater. Chem. C, 2024, 12, 4954–4960 This journal is © The Royal Society of Chemistry 2024

42 J. Thomas, S. Jana, S. Liekens and W. Dehaen, Chem.
Commun., 2016, 52, 9236–9239.

43 P. R. Clark, G. D. Williams, J. F. Hayes and N. C. O. Tomkinson,
Angew. Chem., Int. Ed., 2020, 59, 6740–6744.

44 M. A. Hoselton, L. J. Wilson and R. S. Drago, J. Am. Chem.
Soc., 1975, 97, 1722–1729.

45 A. L. Spek, J. Appl. Crystallogr., 2003, 36, 7–13.
46 N. J. Brooks, B. L. L. E. Gauthe, N. J. Terrill, S. E. Rogers,

R. H. Templer, O. Ces and J. M. Seddon, Rev. Sci. Instrum.,
2010, 81, 64103.

47 G. P. Robertson, S. Mosca, C. Castillo-Blas, F. A. Son,
O. K. Farha, D. A. Keen, S. Anzellini and T. D. Bennett,
Inorg. Chem., 2023, 62, 10092–10099.

48 S. Grover, S. Burger, K. T. Butler, K. Hemmer, P. Vervoorts,
G. Kieslich and R. Grau-Crespo, CrystEngComm, 2023, 25,
3439–3444.

49 A. J. Graham, D. R. Allan, A. Muszkiewicz, C. A. Morrison and
S. A. Moggach, Angew. Chem., Int. Ed., 2011, 50, 11138–11141.

50 K. W. Chapman, G. J. Halder and P. J. Chupas, J. Am. Chem.
Soc., 2009, 131, 17546–17547.

51 P. Vervoorts, J. Keupp, A. Schneemann, C. L. Hobday,
D. Daisenberger, R. A. Fischer, R. Schmid and G. Kieslich,
Angew. Chem., Int. Ed., 2021, 60, 787–793.

52 Y. H. Hu and L. Zhang, Phys. Rev. B: Condens. Matter Mater.
Phys., 2010, 81, 174103.

53 J. Gonzalez-Platas, M. Alvaro, F. Nestola and R. Angel,
J. Appl. Crystallogr., 2016, 49, 1377–1382.

54 M. J. Cliffe and A. L. Goodwin, J. Appl. Crystallogr., 2012, 45,
1321–1329.

55 P. Vervoorts, C. L. Hobday, M. G. Ehrenreich,
D. Daisenberger and G. Kieslich, Z. Anorg. Allg. Chem.,
2019, 645, 970–974.

56 M. T. Wharmby, F. Niekiel, J. Benecke, S. Waitschat,
H. Reinsch, D. Daisenberger, N. Stock and P. G. Yot, Nano-
materials, 2020, 10, 1698.

57 A. U. Ortiz, A. Boutin, A. H. Fuchs and F.-X. Coudert,
J. Chem. Phys., 2013, 138, 174703.

58 W. W. Schmahl, I. P. Swainson, T. Dove and A.
Graeme-Barber, Z. Kristallogr. – Cryst. Mater., 1992, 201,
125–146.

59 K. D. Hammonds, M. T. Dove, A. P. Giddy, V.
Heine and B. Winkler, Am. Mineral., 1996, 81,
1057–1079.

60 F. A. Son, K. M. Fahy, M. A. Gaidimas, C. S. Smoljan,
M. C. Wasson and O. K. Farha, Commun. Chem., 2023, 6,
185.

Journal of Materials Chemistry C Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Fe

br
ua

ry
 2

02
4.

 D
ow

nl
oa

de
d 

on
 4

/2
/2

02
6 

6:
36

:5
6 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4tc00360h



