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A gallium analogue of the commercially available Al-fumarate MOF A520 - 

recently identified as isotypic to MIL-53(Al)-BDC - has been synthesized 

for the first time and further characterized in its hydrated and 

dehydrated forms. The structural response under applied mechanical 

pressure of this MIL-53(Ga)-FA solid was investigated using advanced 

experimental techniques coupled with computational tools. Hg porosimetry 

and high-pressure X-Ray Powder Diffraction (XRPD) experiments evidenced 

that the pristine dehydrated large pore form undergoes an irreversible 

structure contraction upon an applied pressure of 85 MPa with an 

associated volume change of ?14% which makes this material promising for 

mechanical energy storage applications, in particular as a shock 

absorber. The breathing behavior was further rationalized by performing a 

series of periodic Density Functional Theory (DFT) calculations with the 

construction of an energy profile as a function of volume for both MIL-

53(Ga)-FA and its aluminium[JW1] analogue. As such we unravelled the 

microscopic origin of the difference in pressure-induced behavior for the 

aluminium and gallium fumarate based materials. 

 

1. Introduction 

Metal-Organic Frameworks (MOFs) are a versatile class of porous 

crystalline hybrid materials consisting of metal ions bridged by organic 

ligands.1,2 This family of porous solids is especially of interest due to 

the wide spectrum of materials that can be prepared. Almost all the 

elements of the periodic table and a large variety of organic linkers 

have been used in one structure or another, leading to materials with a 

huge variety of physical properties. MOFs have hitherto been envisaged 

for a large number of applications such as gas storage and gas/liquid 

separation,3-11 adsorption-based heat-pump12, biomedicine,13,14 

catalysis,15,16,17,18 photoluminescence,19,20 magnetism,21,22 proton 

conductivity23,24 etc. However, the thermo-mechanical properties of MOFs 

and their potential related-applications have been less explored so 

far.25-39 One of the early reports in literature by Chapman et al. 

focused on the study of the effect of the size and penetrability of guest 

molecules on the compressibility of CuBTC or HKUST-1.26 Later, the 

pressure-induced structure behaviour of ZIFs was investigated.27-29 More 

recently, MIL-53(Al) and its amino-functionalized form were explored 

under applied pressure by Serra-Crespo et al., and this study revealed a 

negative linear compressibility in these solids.[JW2]30 Other studies 

focused on the pressure-induced amorphization of a series of MOFs in a 

wide range of applied pressures, from 6.5 GPa for ZIF-433 to 3.5 MPa for 

MOF-5,31 and 1.8 GPa for UiO-6632,40,41. Most of these experiments have 

been performed by in situ high-pressure X-ray or neutron powder 

diffraction based on the use of diamond anvil cells and a non-penetrating 

inert fluid to ensure hydrostatic compression of the solids. With regard 

to potential applications, several members of the highly flexible MIL-53 

series have been shown to possess structural features that render them 

attractive for use in energy absorption/storage related-applications such 

as dampers and shock absorbers.34-38 In this context, some of us recently 

reported the optimized synthesis and structural characterization of the 

commercially available aluminium fumarate A520.42 We showed that this 

solid exhibits a structure strongly related to the MIL-53 topology and 



thus was labelled as MIL-53(Al)-FA. This material undergoes a reversible 

structural contraction which can be controlled by the application of an 

external pressure, resulting in unprecedented values for work and heat 

energies, thereby showing great promises for mechanical storage 

applications.37 MIL-53(Al)-FA was also found to exhibit interesting heat 

transfer reallocation properties that could have potential interests for 

thermally-driven adsorption chillers or heat-pumps. 43 In this latter 

application, one point of attention is the material’s mechanical 

stability under the influence of capillary forces during successive 

adsorption/desorption cycles, which needs to be ensured.43 

In light of the diverse range of technologically relevant properties 

exhibited by this aluminium-fumarate MOF, we decided to expand our 

investigations into the series of MIL-53-fumarate with various metal 

cations. Previous studies on the related highly flexible MIL-53-BDC (Al, 

Cr, Fe, Ga, Sc, BDC=1, 4-benzene dicarboxylate) frameworks have 

demonstrated that the metal center plays a very crucial role in tuning 

the magnitude of the flexibility of this family of materials, not only 

upon adsorption, but also under thermal and mechanical stimuli, leading 

to strong differences in terms of energy storage as well as reversible or 

irreversible structural switching behaviours.34-36,44-50 Herein we report 

our results on the gallium fumarate, denoted MIL-53(Ga)-FA, whose 

characterizations are strongly in favour of an isoreticular character 

between this solid and the MIL-53(Al)-FA MOF. Hg-porosimetry and in-situ 

high-pressure synchrotron X-ray diffraction were combined with advanced 

periodic Density Functional Theory (DFT) calculations to study the 

structural changes of this flexible solid under applied moderate 

pressures up to 2 GPa. This joint experimental-computational approach 

allowed the determination of the transition pressure and the magnitude of 

the volume change related to the structural switching of MIL-53(Ga)-FA 

towards a more contracted phase. Finally, the reversibility of the 

structural transition was explored for potential applications of this 

solid to the field of mechanical energy storage. As anticipated by 

similar studies performed on the MIL-53-BDC frameworks, the nature of the 

metal center impacts the pressure-induced behaviour of the fumarate-based 

materials and the origin has been revealed by the DFT calculations. 

 

2. Material and methods 

2.1. Synthesis and characterisations 

MIL-53(Ga)-FA was prepared from a reaction mixture of composition Ga(III) 

nitrate (GaIII(NO3)3(H2O)x): fumaric acid: water: NaOH=1:0.5:275:1, which 

was heated at 403 K in a Teflon-lined autoclave for 10 hours with a 

ramped heating rate of 7 K.min-1. The solid was recovered by filtration 

and washed with water and ethanol. In the Infra-Red (IR) spectrum of MIL-

53(Ga)-FAas (as for as-synthesized), a band at about 1710 cm-1, 

characteristic of the ?(C=O) mode of the carboxyl groups of residual 

traces of the free fumaric acid was observed (Figure S1, Supporting 

Information). This band subsequently disappears with successive washings, 

indicating the full departure of the entrapped or recrystallized fumaric 

acid. The thermogravimetric analysis (Figure S2) shows two different 

weight losses at 360 and 460 K corresponding to the loss of water and 

linker respectively. This is consistent with the proposed formula, 

Ga(OH)(fum) (fum for fumarate), the difference possibly arising from an 

excess of metal oxide or linker defects (experimental: 54 % vs. 

theoretical: 47 %), similar to that observed previously in the synthesis 

of the aluminium fumarate solid.37 MIL-53(Ga)-FA reveals at first sight a 

I-type N2 adsorption isotherm characteristic for microporous solids 

(Figure S3). The corresponding BET area is 750(20) m2.g-1 slightly lower 

than the value previously reported for the Al-fumarate phase, partially 



due to the higher crystal density of this solid.42 The X-ray powder 

diffraction pattern of MIL-53(Ga)-FA is very close to the one of MIL-

53(Al)-FA, associated with a slight shift of the main diffraction Bragg 

peaks to low angle in agreement with a larger ionic radius of Ga3+ 

compared to Al3+ (Figure 1). Further experimental details are provided in 

the Supporting Information. 

 

2.2. Mercury Intrusion 

Mercury intrusion experiments were carried out to characterize the 

pressure-induced structural response of the dehydrated solid with a 

Micromeritics Autopore 9240 porosimeter. Prior to intrusion, the sample 

was first activated at 383 K under secondary vacuum for 8 hours. Two 

intrusion–extrusion (compression–decompression) cycles were applied to 

the samples in the pressure range 10-4 to 420 MPa (see Supporting 

Information). 

 

2.3. X-ray powder diffraction 

The hydrated and dehydrated forms of MIL-53(Ga)-FA were studied using a 

laboratory PANalytical X’PERT II powder diffractometer using a 

monochromatic Cu-K?1 source (?=1.5406 Å) with an operating voltage of 40 

kV and a beam current of 40 mA. For the dehydrated phase, the sample was 

heated under secondary vacuum at 383 K for 8 hours and subsequently 

sealed in a glass capillary of diameter 0.5 mm. The patterns were 

collected for 2?=5?100°. Full profile analysis (Le Bail intensity fitting 

together with refinement of lattice parameters) of individual X-ray 

powder diffraction (XRPD) patterns was performed using Jana 2006 

software.51 

 

2.4. High Pressure X-ray powder Diffraction 

Angle-dispersive high-pressure XRPD data were collected at PSICHE beam 

line of the Synchrotron Soleil (Saint-Aubin, France) using a 

monochromatic beam (50×50 ?m2) with a wavelength of ?=0.37380 Å. The 

pressure was generated with a membrane diamond anvil cell (MDAC) using 

silicon oil AP100 (Aldrich) as the pressure-transmitting medium. The 

kinetic diameter of this silicon oil largely exceeds the window size of 

the MOF that ensures that this fluid does not enter the pores. The 

applied pressure was determined from the shift of the ruby R1 

fluorescence line. XRPD measurements were also performed in-house 

(filtered Cu-K?1, ?=1.5406Å) on the MOF powder samples that were pressed 

under a 13 mm IR-die at 6 tons corresponding to a mechanical pressure of 

440 MPa. This experiment was performed in order to improve the resolution 

of the XRPD patterns of the contracted phase. Full profile analysis of 

this pressure-induced phase was performed with the same Jana 2006 

software51 that was used for indexing the hydrated and dehydrated phases. 

 

 

2.5. Molecular Simulations 

2.5.1. DFT structure optimization of MIL-53-FA frameworks. 

The crystal structure of the dehydrated MIL-53(Ga)-FA was constructed 

starting from the framework model of the Al form we previously 

proposed.42 This initial structure was further optimized at the DFT level 

with the Vienna Ab initio Simulation Package (VASP).52-56 The PBE 

functional57 was used and the van der Waals interactions were taken into 

account via semi-empirical dispersion corrections (DFT-D3 with Becke-

Johnson damping).58,59 A plane wave energy cut-off of 500 eV is employed 

together with a Gaussian smearing scheme with a smearing factor of 0.05 

eV. The electronic (ionic) energy convergence is set to 10-8 eV (10-7 

eV). A 6x2x2 k-point mesh is used with 6 k-points along the direction of 



the metal-oxide chain. These settings were found to be accurate for the 

analogue MIL-47(VIV) material by Vanpoucke et al.60 The MIL-53(Al)-FA was 

treated similarly in this work.  

 

First, the positions of the hydrated and dehydrated MIL-53(Ga)-FA were 

relaxed at the experimental unit cell vectors. Subsequently, the 

structures were optimized by constructing a local energy versus volume 

profile. As such the computational recipe of Vanpoucke et al.60 was 

followed for the optimization of these structures with the construction 

of an equation-of-state (EOS) avoiding strong Pulay effects in flexible 

materials.60 The cell shape and positions at each volume were fully 

relaxed. Finally, the profiles were fitted with a Vinet EOS60,61 (see 

Supporting Information). The hessian of the large pore minimum for both 

materials was calculated with two displacements of 0.01 Å for every 

Cartesian degree of freedom. Afterward, the elastic constant tensor was 

calculated with the extended hessian approach.60  

 

2.5.2. DFT Energy Profile as a Function of Volume 

The ab initio energy profile as a function of volume at 0 K was computed 

for both empty aluminium and gallium fumarate based materials by means of 

a set of constrained geometry optimizations, in which the unit cell 

volume was kept fixed but the cell shape as well as the atomic positions 

are fully relaxed. Starting from the large pore phase, the volume was 

decreased until a metastable contracted phase was obtained. Subsequently, 

the structures around the metastable structure were optimized with a 

denser k-point mesh (6x2x6) and the Vinet EOS was used to obtain the 

minimum (see Supporting Information). The hessian was then calculated 

together with the elastic constant tensor. 

 

3. Results and discussion 

The hydrated form of MIL-53(Ga)-FA was considered initially, and its 

experimental XRPD pattern (see Figure 1) was indexed in a monoclinic 

space group P21/c, with a unit cell volume of ?1068.0(2) Å3, slightly 

larger than the unit cell of the Al analogue (990 Å3) (see Table 1). A 

plausible structural model of this hydrated structure was built using DFT 

calculations at fixed experimental unit cell parameters. This proposed 

structural model (Figure S11) is similar to the Al-analogue with however 

a more pronounced tilting of the organic linker which suggests a higher 

degree of flexibility of the Ga phase. Extensive hydrogen bonding 

interactions are observed between the water oxygens (Ow) and the ?2-

hydroxyl groups of the framework, and between the water protons and 

carboxylate oxygens (Figure S12). The Ow-H(?2-OH) distances are about 1.6 

Å, indicating that the adsorbed water forms strong hydrogen bond with the 

MOF framework. Additionally, the water molecules form a 3D-hydrogen bond 

network with Ow-Hw distances ranging from 1.75 to 1.87 Å. 

 

 

Fig. 1 [JW3](a) Structure-independent refinement of the unit cell 

parameters for the hydrated phase of MIL-53(Ga)-FA, space group P21/c. 

a=7.159(1) Å, b=12.283(1) Å, c=14.461(2) Å, ?=122.87(1)°, V=1068.0(2) Å3. 

GoF=5.37 Rp=9.22 wRp=13.79. (b) Structure-independent refinement of the 

unit cell parameters for the hydrated phase of MIL-53(Al)-FA (see Table 

1). 

 

Referring to our previous report on the mechanical behaviour of MIL-

53(Al)-FA, the water molecules in the pores resist to the external 

pressure, and hence the solid does not undergo any structural change 

under applied pressure.37 Since the hydrated MIL-53(Ga)-FA appears as 



isostructural to MIL-53(Al)-FA (Fig. 1(a) and (b)), mercury porosimetry 

and high-pressure XRPD experiments were not performed on the hydrated 

solid. 

 

 

The dehydrated phase of MIL-53(Ga)-FA was then investigated. A structure-

less refinement was successfully carried out for this structural form 

leading to a proposed unit cell with monoclinic symmetry (S.G. P21/c) and 

a volume of 1018.8 Å3 (Figure 2) slightly higher than the Al analogue 

(volume of 998.0 Å3). Based on the indexed cell parameters, a structural 

model was constructed and optimized with DFT by only relaxing the atomic 

positions. The resulting structural model of the dehydrated MIL-53(Ga)-FA 

is very close to that obtained earlier for the pristine dehydrated MIL-

53(Al)-FA (Figure 2).37 The dihedral angles for M-Oc-Cc-Cg2 are similar, 

i.e. 176° and 170.1° for the Al and the Ga phases respectively (see 

Figure S8). The calculated powder pattern generated from the structural 

model was found to be in fair agreement with the experimental XRPD 

pattern (see Figure S13). 

 

Fig. 2. [JW5]Structure-independent refinement of the unit cell parameters 

for the pristine phase of the dehydrated MIL-53(Ga)-FA , space group 

P21/c. a=6.979(1) Å, b=12.458(4) Å, c=14.967(5) Å, ?=128.48(2)°, 

V=1018.8(6) Å3. GoF=3.09, Rp=7.9, wRp=11.21. Inset: Polyhedral 

representation of the dehydrated MIL53(Ga)-FA. Ga octahedra: cyan, O: red 

and C in gray. 

 

The Hg porosimetry experiments on the dehydrated solid further indicated 

an increase in intruded volume until 20 MPa, which corresponds to 

compaction of the sample and intrusion of mercury between the particles 

(Figure 3). 

 

A subsequent sharp increase in the intruded volume of Hg was observed 

above 85 MPa. Referring to our previous work on flexible microporous 

MOFs,36,37,39 this can be ascribed to a structural transition 

(contraction) as Hg cannot penetrate into the micropores in the explored 

range of pressure. Similar pressure-induced behaviour has been observed 

for other flexible MOFs such as MIL-53(Cr)–BDC,34 MIL-53(Al)–BDC36 and 

MIL-47(V)–BDC39. The lower pressure of transition from the pristine to 

the contracted form with respect to the value evidenced for the 

isostructural Al-phase (Ptrans=110 MPa) indicates a higher 

compressibility of the MIL-53(Ga)-FA. 

 

Fig. 3. Cumulative volume of intruded mercury in two intrusion–extrusion 

cycles as a function of the applied pressure obtained for the activated 

MIL-53(Ga)–FA solid (VInitial and VFinal are the volumes of mercury 

intruded before and after the contraction of the solid respectively). 

 

The increase in the volume of intruded Hg measures 0.26 mL.g-1. Starting 

with a unit cell volume of 1018.8 Å3 for the dehydrated MIL-53(Ga)-FA 

structure, the volume of the contracted structure can be estimated to be 

?875 Å3 which remains higher than the volume for the Al contracted phase 

(750 Å3). In contrast to MIL-53(Al)-FA, the structural transition is 

irreversible, which is noteworthy. Hence, the solid remains in its 

contracted pore form even after the pressure is released. Among the MIL-

53-BDC frameworks, a similar behaviour has been observed previously in 

the case of MIL-53(Al)-BDC,36 wherein an irreversible structural 

transition occurred at a lower pressure of 13-18 MPa. However, under 

similar conditions, the MIL-53(Cr)-BDC34 analogue exhibits a reversible 



transition from the large pore form to a contracted pore form at a 

pressure of 55 MPa. High-pressure XRPD experiments were further performed 

on the dehydrated MIL-53(Ga)-FA in order to confirm the structural 

contraction of the structures expected from Hg porosimetry. These 

measurements reported in Figure 4 show that as the applied pressure 

increases, additional Bragg peaks appear which can be assigned to a new 

phase resulting from the pressure-induced contraction of the structure. 

 

Fig. 4. [JW6]X-ray powder diffraction patterns of MIL-53(Ga)–FA as a 

function of the applied pressure (?=0.37380 Å). The values of the applied 

pressure are in GPa. (* indicates the diffraction peaks assigned to the 

contracted pore form). The low-angle peaks at 2?=2.51° (d=8.46 Å) and 

2?=2.74°(d=7.82 Å) correspond to the initial and contracted pore forms 

respectively. 

 

One can notice that a small amount of the contracted phase is still 

present at the initial stage of the experiment, arising due to a low 

transition pressure for the structural contraction, coupled with 

experimental limitations of the high-pressure cell. The low-angle peaks 

in the patterns recorded up to a pressure of 0.25 GPa correspond to 

d=8.46 Å (2?=2.51°) and d=7.82 Å (2?=2.74°) which can be assigned to the 

pristine and the contracted phases, respectively. Above 0.55 GPa, the 

experimental XRPD patterns correspond on the whole to this new phase, 

with the first peak at 2?=2.74° (Figure 4). 

Since Hg porosimetry revealed that the pressure-induced contraction of 

MIL-53(Ga)-FA is an irreversible process, a way to confirm this was to 

collect a XRPD pattern on the Ga-fumarate sample pressed in an IR-die 

(refer to Experimental Methods). The pattern shows peaks corresponding to 

the presence of both the initial and the contracted pore forms (Figure 

5), the low-angle peaks at 2?=10.46° (d=8.46 Å) and 2?=11.32° (d=7.82 Å) 

corresponding to the same distances found in Figure 4. This clearly 

confirms the irreversibility of the structural transition. The poor 

experimental resolution of the high pressure XRPD patterns precluded an 

indexation of the contracted pore phase. 

 

Fig. 5[JW7]. X-ray powder diffraction pattern (?=1.5406Å) of dehydrated 

MIL53-Ga-FA pressed under a 13 mm IR-die up to a pressure of 440 MPa. The 

low-angle peaks at 2?=10.46° (d=8.46 Å) and 2?=11.32°(d=7.81 Å) 

correspond to the initial dehydrated form and contracted pore form 

respectively. 

 

Periodic DFT calculations were performed to further unravel the 

underlying features that are responsible for the different pressure-

induced behaviour between the aluminium and gallium fumarate systems. The 

resulting energy profile as a function of volume E(V) is shown for both 

solids in Figure 6. The lattice parameters of the minima on the potential 

energy surface are summarized in Table 2.  

The energy profile for both materials clearly illustrates the significant 

flexible behaviour of both materials. First, we focus our attention to 

Al-fumarate, for which the energy profile features a stable global 

minimum at a unit cell volume of 947 Å3 (corresponding to the large pore 

or dehydrated[JW8] phase, see Table 2) as well as a second metastable 

minimum at a smaller unit cell volume (corresponding to a contracted 

phase). The latter phase is barely bound as it is separated from the 

large pore phase by a very small barrier of less than 1 kJ.mol-1 per unit 

cell. At finite temperature difference this minimum is expected to 

disappear due to entropic effects.62 To motivate this statement, we 

computed that, within the normal mode approximation (NMA), the free 



energy of the contracted phase increases from 15 kJ.mol-1 per unit cell 

at 0 K to 24.8 kJ.mol-1 per unit cell at 300 K with respect to the large 

pore phase. As this increase of almost 10 kJ.mol-1 is much larger than 

the barrier of 1 kJ.mol-1 per unit cell, we expect the barrier to 

disappear at 300 K. More details on this NMA analysis can be found in the 

supporting information.[JW9] 

 

Fig. 6. [JW10]Ab initio energy profile as a function of the unit cell 

volume for Al- and Ga-fumarate at 0 K computed using constrained geometry 

optimizations in which only the unit cell volume is kept fixed. 

 

The Ga-fumarate profile is fundamentally different from the Al-variant, 

as now two well-defined stable structures are observed, one at a high 

volume of 1000 Å3 (corresponding to a large pore or dehydrated phase) and 

one at a lower volume of 564 Å3 (corresponding to a (fully) contracted 

pore phase). The large pore form of Ga is associated with a unit cell 

volume (1000 Å3)  higher than the value simulated for the Al-analogue 

(947 Å3). This prediction is in good agreement with the experimental 

sequence reported in Table 1. Furthermore, the large pore phase of Ga is 

7 kJ.mol-1 per unit cell more stable than the contracted pore phase. Some 

care should be taken when considering absolute energy values, as they may 

vary upon using a different dispersion scheme,62 although qualitatively 

the difference between the two materials bearing either aluminium or 

gallium is very clear. Due to the more strongly bound nature of the 

contracted phase with a higher barrier of almost 5 kJ.mol-1 per unit 

cell, this form can be expected to remain metastable at 300 K. Similarly, 

as it was done for the Al-fumarate, we computed that the free energy of 

the contracted phase increases from 7.2 kJ.mol-1 per unit cell at 0 K to 

15.7 kJ.mol-1 per unit cell at 300 K with respect to the large pore 

phase. Since this increase of 8.5 kJ.mol-1 per unit cell is not 

significantly larger than the barrier at 0 K (5 kJ.mol-1), we expect the 

barrier to remain at 300 K. As such, when pressure is applied and the 

structure contracts, the Ga-analogue will stay in the contracted phase 

after releasing the pressure. The presence of a well-defined energy 

minimum for the contracted phase resembles the experimentally observed 

trend of irreversible phase transition under applying an external 

pressure starting from the large pore phase. 

An indicator of the higher structural rigidity of the Al-fumarate 

compared to the Ga-fumarate is the bulk modulus. This mechanical property 

is 4.1 GPa for Ga-fumarate obtained with a Vinet EOS fit61, while the Al-

fumarate has a bulk modulus of 5.0 GPa (see Supporting Information 

Figures S6-S9). This observation is consistent with a higher mechanical 

pressure required to induce the structural contraction of the Al-

fumarate. 

A further analysis of the elastic constants revealed that the anisotropy 

of the elastic properties of the materials under study was one order of 

magnitude lower than for the Al- and Ga-MIL-53-BDC (see Supporting 

information).63,64 

 

Further qualitative insights into the differences between the two 

materials may be obtained by deriving a pressure versus volume profile 

from a polynomial fit to the ab initio energy profile by taking the 

negative derivative of it (details of this procedure can be found in the 

supporting information). The resulting pressure profiles (see Figure S4) 

illustrate that the large pore to contracted phase transition pressure is 

higher for Al-fumarate than for Ga-fumarate, in line with the Hg-

intrusion experiments. By means of the QuickFF procedure,65,66 we traced 

the main source of difference in flexibility to the force constant of the 



M-O-C-C dihedral connecting the metal M(=Al/Ga) with the fumarate linker. 

This force constant is 10.4 kJ.mol-1 for Ga-fumarate and 19.9 kJ.mol-1 

for Al-fumarate. 

 

 

Fig. 7. [JW12]The DFT-structure models for the contracted pore form of 

the Al- (left) and Ga- (right) fumarate along the a-direction. 

 

Finally, it can be noticed that the simulated contracted pore phases for 

Al- and Ga-fumarate slightly differ in unit cell parameters (see Table 

2). While the DFT calculations reproduce well the cell dimensions of the 

large pore phases for both metals and the reversible/irreversible nature 

of the structural contraction of the Al- and Ga-fumarate respectively, it 

is noticeable that the contracted phases are predicted to be more closed 

for both metals than the experimental findings, the deviation being more 

pronounced for the Ga- material. The corresponding optimized crystal 

structures of the Al and Ga contracted phases are shown in Figure 7. 

While the contraction of the Al-fumarate is partly mediated by a decrease 

in the C-C-C-C dihedral angle, in the Ga-fumarate it is entirely driven 

by the change of the Ga-O-C-C dihedral angle (see Table S8 in Supporting 

Information). 

 

Conclusions 

In summary, the synthesis and characterization of MIL-53(Ga)-FA, the Ga 

analogue of the commercially available Al fumarate or MIL-53(Al)-FA 

porous MOF, has been for the first time carried out. The mechanical 

behaviour of the dehydrated MIL-53(Ga)-FA has been investigated using a 

combination of Hg porosimetry, high-pressure XRPD experiments and DFT 

calculations. These studies indicated that the structural transition from 

the initial to the contracted phase in this solid is irreversible, which 

is in contrast with what has been observed previously for MIL-53(Al)-FA. 

These experimental trends were further rationalized by constructing E(V) 

curves at 0 K. For the Ga-fumarate material two well-defined minima were 

present whereas for the aluminium version only a very shallow contracted 

phase minimum was obtained. At finite temperatures, it may thus be 

expected that the Ga-fumarate material undergoes an irreversible 

transition. Although experimental and computational methods did not lead 

to a consistent conclusion regarding the degree to which the material 

contracted, the experimental trends regarding (i) the higher pressure 

required to induce the contraction of phase for the Al-material owing to 

its higher degree of rigidity and (ii) the reversibility/irreversibility 

of the pressure-induced transition were reproduced by the simulations. 

When considering mechanical-energy related applications, the irreversible 

structural contraction upon applied pressure reveals that MIL-53(Ga)-FA 

could be used in shock absorber applications, similar to that envisaged 

for MIL-53(Al)-BDC, and complementary to the application previously 

envisioned for MIL-53(Al)-FA, MIL-53(Cr)-BDC and MIL-47(VIV) as nano-

dampers. The results obtained indicate that MIL-53(Ga)-FA and related 

solids have potential for various real-world mechanical energy-related 

applications. 
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[JW1]As RSC is Brittish, I change dit to aluminium throughout the text 

[JW2]This does not refer to the correct article and it is not MIL-53(In), 

but MIL-53(Al) 
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