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Introduction

Metal-organic frameworks (MOFs) appeared almost 30 years ago [START_REF] Hoskins | Infinite polymeric frameworks consisting of three dimensionally linked rod-like segments[END_REF] in the literature, and much of the research effort and publications have been focused on the study of crystalline structures [START_REF] Furukawa | The chemistry and applications of metal-organic frameworks[END_REF] . These microporous or mesoporous crystalline architectures, in addition to being beautiful chemical objects, exhibit very large specific surface areas and pore volumes, making them good candidates for applications such as gas sorption or heterogeneous catalysis. Moreover, their crystallinity makes them relatively easy to characterize and allows the determination of their structure, typically by X-ray crystallography. Nonetheless, there has been a recent shift, with increasingly more examples of MOFs that show defects and disorder, and the realization that this is not always detrimental to their physical or chemical properties -and thus, to their performance in potential applications.

There are even studies that focus on "defective by design" strategies to explore further the configurational space of organometallic structures [START_REF] Bennett | Interplay between defects, disorder and flexibility in metal-organic frameworks[END_REF] . In particular, several amorphous MOFs have been studied in the last few years and proposed as candidates for applications such as controlled release, irreversible trapping of harmful substances, or creating new optically active glass-like materials [START_REF] Bennett | Amorphous metal-organic frameworks[END_REF] .

There are several ways to obtain amorphous MOFs, ranging from direct synthesis [START_REF] Zhao | Nanoporous transparent MOF glasses with accessible internal surface[END_REF] to the amorphization of crystalline MOFs by melting and quenching, [START_REF] Bennett | Hybrid glasses from strong and fragile metal-organic framework liquids[END_REF] application of mechanical pressure, [START_REF] Coudert | Responsive metal-organic frameworks and framework materials: under pressure, taking the heat, in the spotlight, with friends[END_REF] or ball-milling [START_REF] Bennett | Ball-milling-induced amorphization of zeolitic imidazolate frameworks (ZIFs) for the irreversible trapping of iodine[END_REF] .

It has been known for 15 years that inorganic zeolites can undergo temperature-induced amorphization. [START_REF] Greaves | The rheology of collapsing zeolites amorphized by temperature and pressure[END_REF][START_REF] Colligan | Synchrotron X-ray powder diffraction and computational investigation of purely siliceous zeolite Y under pressure[END_REF][START_REF] Haines | Topologically ordered amorphous silica obtained from the collapsed siliceous zeolite, silicalite-1-F: a step toward "perfect" glasses[END_REF] Zeolitic Imidazolate Frameworks (ZIFs) are a subgroup of particularly thermally and chemically stable MOFs exhibiting zeolitic topologies. They are formed by assembly of tetrahedra based on a metal ion and four imidazolate ligands (possibly substituted). In 2010 was published the first report of an amorphous zeolitic imidazolate framework formed by heating Zn-based framework ZIF-4. [START_REF] Bennett | Structure and properties of an amorphous metal-organic framework[END_REF] Then Zn-based ZIF-1, ZIF-3 and Co-based ZIF-4 were shown to amorphize upon temperature increase, while ZIF-8, ZIF-9, ZIF-11, ZIF-14 and ZIF-β qtz would decompose without undergoing a phase transition. [START_REF] Bennett | Thermal amorphization of zeolitic imidazolate frameworks[END_REF] The only common point to the latter are their substituted ligands compared to the former which are composed of non-substituted imidazolate cycles. In Ref. 6 Bennett et al. detail the differences in behaviour between ZIF-8 and ZIF-4 in terms of calorimetric and of the ligand and the topology on the melting temperature for ZIFs which can undergo thermal amorphization. [START_REF] Bennett | Melt-quenched glasses of metal-organic frameworks[END_REF] For instance, ZIF-4 was compared to TIF-4 and ZIF-62 which possess the same topology but have slightly larger ligands. Both, TIF-4 and ZIF-62, then have shown lower melting temperatures than ZIF-4.

Recently, we studied the melting mechanism of ZIF-4, [START_REF] Gaillac | Liquid metal-organic frameworks[END_REF] using a combined experimental and computational study, and in particular relying on in situ variable temperature X-ray, ex situ neutron pair distribution function experiments, and first-principles molecular dynamics simulations. Here, we present a theoretical study on the melting mechanism of three different ZIF frameworks, namely ZIF-8, ZIF-4 and ZIF-zni, focusing on the influence of the topology of the crystalline MOF on the melting behaviour and the structure of the liquid phase. From the three frameworks chosen, two are known to undergo thermal amorphization (ZIF-4, ZIF-zni), while the other one collapses before melting (ZIF-8). ZIF-8 is composed of Zn(mIm) 2 tetrahedra linked by Zn-N coordination bonds and has the same topology as the zeolite sodalite (SOD) [START_REF] Coudert | Molecular mechanism of swing effect in zeolitic imidazolate framework ZIF-8: continuous deformation upon adsorption[END_REF] . ZIF-4 and ZIF-zni are chemically very similar to ZIF-8, except for Zn(Im) 2 tetrahedra instead of Zn(mIm) 2 . ZIF-4 is porous and shares its topology with the mineral variscite (cag topology) while ZIF-zni has a non-porous dense zni topology [START_REF] Tan | Chemical structure, network topology, and porosity effects on the mechanical properties of zeolitic imidazolate frameworks[END_REF] . ZIF-8, because of its SOD topology, is a very open and porous framework.

Methods

First principles molecular dynamics

The behaviour of zeolitic imidazolate frameworks as a function of temperature was studied by means of density functional theory (DFT)-based molecular dynamics (MD) simulations, using the Quickstep module [START_REF] Vandevondele | Quickstep: fast and accurate density functional calculations using a mixed Gaussian and plane waves approach[END_REF] of the CP2K software package. 19 We used the hybrid Gaussian and plane wave method GPW [START_REF] Vandevondele | Quickstep: Fast and accurate density functional calculations using a mixed Gaussian and plane waves approach[END_REF] as implemented in CP2K. The simulations were performed in the constantvolume (N,V, T ) ensemble with fixed size and shape of the unit cell. A timestep of 0.5 fs was used in the MD runs, the temperature was controlled by velocity rescaling. [START_REF] Bussi | Canonical sampling through velocity rescaling[END_REF] The unsually large temperature at which the simulations were performed requires careful fine-tuning of the simulation protocol. In particular, the exchange-correlation energy was evaluated in the PBE approximation, [START_REF] Perdew | Generalized gradient approximation made simple[END_REF] and the dispersion interactions were treated at the DFT-D3 level. [START_REF] Grimme | A consistent and accurate ab initio parametrization of density functional dispersion correction (DFT-D) for the 94 elements H-Pu[END_REF] The Quickstep module uses a multi-grid system to map the basis functions onto. We kept the default number of 4 different grids but chose a relatively high plane-wave cutoff for the electronic density to be 600 Ry, as already used in Ref. 24 

Trajectory analysis

The Lindemann ratio ∆ is computed from the width of the first peaks in the different partial radial distribution functions as a measure of the fluctuation of atomic positions and interparticular distances:

∆ = FWHM d 0 ( 1 
)
where FWHM is the full width at half maximum of the first partial radial distribution function peak (estimated by a Gaussian fit) and d 0 corresponds to the mean interatomic distance (calculated as the maximum of the first peak), i.e. d 0 = 5.95 Å for Zn-Zn and d 0 = 2.0 Å for Zn-N.

The coordination number for nitrogen atoms around the zinc cation is computed by taking a cut-off radius of 2.5 Å, a value chosen from the Zn-N partial radial distribution function at room temperature. We checked that the precise value used does not influence the outcome of the calculations, nor does the choice of a discontinuous criterion (vs. the use of a damping function near the cut-off value).

In order to compute the total porous volume, we used the freely available software Zeo++. [START_REF] Pinheiro | Characterization and comparison of pore landscapes in crystalline porous materials[END_REF][START_REF] Martin | Addressing challenges of identifying geometrically diverse sets of crystalline porous materials[END_REF][START_REF] Willems | Algorithms and tools for high-throughput geometry-based analysis of crystalline porous materials[END_REF] It uses a geometric decomposition of space to compute the accessible and non-accessible volume to a sphere of a given radius. We have taken a value a 1.2 Å simulating the porous volume as seen by a helium molecule, calculating the distribution of instantaneous total pore space (sum of the accessible and the non-accessible volume) along the MD trajectories at each temperature.

Results

Structural changes upon heating and melting

In order to understand the structural evolution and onset of disorder of each framework associated with an increase of temperature, we first look at the Zn-N radial distribution functions (RDF)

for each system upon heating (Figure 1, top panel). In all cases, the overall trend observed is the same: the peaks around 2 Å and 4 Å widen, but remain present, while the other peaks flatten and ultimately disappear at very high temperature. Another common feature of interest is the fact that, above 800 K, the RDF does not go to zero between the first two peaks, indicating the presence of nitrogen exchanges between the first to the second coordination spheres of the zinc cations. Beyond this, we also observe differences between the different frameworks, at low and intermediate temperatures. There, ZIF-8 appears more structured than ZIF-zni, which better defined and narrower peaks; and ZIF-zni itself shows more structuration than ZIF-4. Moreover, the liquid obtained from ZIF-4 has features that are closer to its crystalline precursor than the two other frameworks. These trends observed on the partial Zn-N radial distribution functions are confirmed when we look at the total RDF (Figure S1), containing all pair of atoms, showing the crucial role of the zinc-nitrogen coordination bond in monitoring and understanding the process of melting in ZIFs.

To quantify this analysis, we computed the Lindemann ratio for the three ZIFs as a function of temperature (Figure 1, bottom panel). Computed from the width w of the first peak at distance d 0 in the different partial radial distribution function, the Lindemann ratio ∆ = w/d 0 is as a measure of the fluctuation of interatomic distances. A jump in the Lindemann ratio, which is rather linear at low temperature, and the crossing of the threshold value of 15%, are typically understood to evidence the melting of a solid. This occurs in the temperature range of 1,200 K to 1,500 K for ZIF-4, in the range of 1,500 K to 1,750 K for ZIF-zni, and above that value for ZIF-8. We can thus assign an "order" to the melting temperatures of the three frameworks, with T m (ZIF-4) < T m (ZIF-zni) < T m (ZIF-8). This may explain why ZIF-8 is experimentally observed not to melt, because its melting temperature is too high compared to its decomposition temperature.

Finally, we computed the average mean square displacement per atom (summed over all atoms of a framework), over a reference length of time (τ = 75 ps). We observe on Figure S2 that diffusion really starts between 1,250 K and 1,500 K for ZIF-4 and only above 1,500 K for ZIF-8. Diffusion in ZIF-zni seems to be hindered by its very dense structure, qualitatively different from the porous structures of ZIF-4 and ZIF-8. As a result, diffusion only appears above 1,750 K in this framework, whereas its Lindemann ratio at this temperature is higher than the one for ZIF-8. The comparison between the three frameworks indicates again that ZIF-8 ordering is more affected when melting.

Although the "theoretical" melting temperatures we report are well above experimental melting temperatures (around 840 K for ZIF-4 [START_REF] Bennett | Hybrid glasses from strong and fragile metal-organic framework liquids[END_REF] ), we believe our modelling still provides insights on the underlying mechanism happening at the "real" melting temperatures. Ab initio methods do not allow long time scales and very large systems, but by going to higher temperatures and checking the Arrhenian behaviour of the rare events observed, such as bond cleavages, we are able to compare between these three frameworks.

Thermodynamics of melting

In order to better understand the thermodynamics of ZIF melting, we proceeded used the Zn-N distance as a reaction coordinate, following the breaking and reformation of zinc-imidazolate coordination. From the partial radial distribution function between Zn and N, g Zn-N (r), we computed the potential of mean force (PMF), F(r) = -k B T ln g(r), at all temperatures. The resulting free energy profiles are shown in Figure 2, and present similar features: the barrier at 300 K is too high to be measured (since no dissociation event is observed during the time of our simulations), and lower with increasing temperature. The barrier height, when it can be measured, is the activation free energy ∆F ‡ associated with the breaking of the Zn-N coordination bond. Its temperature dependence is displayed as a van 't Hoff plot in Figure S3, and a linear approximation (van 't Hoff law, ∆F ‡ (T ) = ∆U ‡ -T ∆S ‡ ) is used in each case -with a reasonable fit -to obtain values for the activation energy and entropy, ∆U ‡ and ∆S ‡ respectively. The values obtained are given in Table 1.

In all cases the free energy barrier is dominated by the energetic term, while the activation entropy brings a small stabilization at high temperature. We observe that the free energy barriers encountered at the estimated melting temperatures are of 6 k B T for ZIF-8 (at 1,500 K), and 8 k B T

for ZIF-4 and ZIF-zni (at 1,200 K), significantly higher than thermal fluctuations. Thus, we confirm for ZIF-8 and ZIF-zni what was found for ZIF-4, namely that melting occurs through an activation process leading to rare events of bond breaking. [START_REF] Samanta | Microscopic mechanisms of equilibrium melting of a solid[END_REF] That is, melting occurs not at the limit of stability of the solid phase, but at a point where it is still metastable.

Comparing the potential of mean force for the Zn-Im coordinate (where Im is the center of mass of the imidazolate linker) allows us to distinguish better between the behavior of the different frameworks. In fact, as shown in Table 1, the thermodynamic parameters obtained from Zn-N to Zn-Im potential of mean forces are not the same for the three frameworks. For ZIF-4, there is almost no variation with less than 3% difference for the enthalpic and entropic terms. ZIF-zni shows a similar behaviour with less than 3% difference for both terms too. Although these two frameworks show that Zn-N bond breaking can almost be identified to Zn-Im bond breaking in terms of temperature dependence, the story for ZIF-8 is pretty different. In fact, the increase in enthalpy is 43% and even 60% for the entropic term. It explains why ZIF-8 seems to melt at a higher temperature than ZIF-4 as the resulting activation free energy with this reaction coordinate is still equivalent 11.5 k B T at 1,200 K and only goes down to 7 k B T at 1,500 K. Moreover, we observe that there is a large difference between the ∆U ‡ of the Zn-N coordinate and that of the Zn-Im coordinate in ZIF-8. This shows that the difference in behavior between ZIF-8 and the two other frameworks does not find its root in the intrinsic strength of the Zn-N bond itself (as they are chemically equivalent), but in the influence of the environment of the framework.

Microscopic mechanism

As we have seen, melting appears through creation of defects in the coordination structure, where the Zn-N coordination bonds are broken and later re-formed. In our molecular dynamics simulations, we can track directly the formation of such defects by computing the Zn coordination number as a function of framework and temperature. These averaged coordination numbers are shown in an Arrhenius plot on Figure 3. This leads to energies ε associated with defect formation, which are 71 kJ.mol -1 for ZIF-8, 56 kJ.mol -1 for ZIF-4, 67 kJ.mol -1 for ZIF-zni. These values are in the same range of magnitude, but we note here again that ZIF-4 exhibits the smallest defect formation energy, in line with thermodynamic and structural properties.

Figure 3 shows the proportion of n-fold zinc atoms (n = 0 to 5) for the three ZIFs studied, as functions of temperature. For all structures, we see that increase in temperature leads to undercoordination of the zinc atoms through breaking of the Zn-N bonds. The trend we see on the four-fold coordination matches the structural quantities studied before, as the under-coordination comes at lower temperatures for ZIF-4 (35% drop between 1,200 K and 1,500 K) but is then much larger for ZIF-8 (66% drop between 1,500 K and 1,750 K), consistently with a greater disorganization due to diffusion. ZIF-zni four-fold coordination really jumps at higher temperatures, with a 45% drop between 1,750 K and 2,000 K. The microscopic mechanism, which we first unveiled in ZIF-4, is broadly similar in ZIF-8 and ZIF-zni. The transition into the liquid state involves rapid, activated events of imidazolate linker switching from a zinc cation. From an initial fourfold coordinated zinc, one imidazolate linker moves away and is then replaced by a neighbouring Im group with a dangling nitrogen lone pair.

We analyzed these "linker exchange" events, which are depicted in Figure 4. Inspired by Laage et al.'s statistical treatment of the molecular mechanism of reorientation in liquid water [START_REF] Laage | A molecular jump mechanism of water reorientation[END_REF][START_REF] Laage | On the molecular mechanism of water reorientation[END_REF] , we averaged over all events during a molecular dynamics trajectory to plot the average distance of the outgoing and incoming N atoms during an exchange-taking the reference time t = 0 when both nitrogen atoms are at equal distance from the zinc ion. The resulting average dynamic, shown on Figure 4, show that the bond cleavage mechanism is similar for the three frameworks. The only small difference is the coordination state during the exchange for ZIF-8. Although for ZIF-zni, as for ZIF-4, the exchange happens under slight undercoordination ( -2%), in the case of ZIF-8 it actually happens under a small overcoordination ( 3%). However, this can be explained by the fact that the average coordination number in ZIF-8 liquid is indeed much lower ( 2.3) than it is in ZIF-4 and ZIF-zni ( 3.3).

Presented in Table 2 are the activation energies associated with the Zn-N and Zn-imidazolate cleavage frequencies. ZIF-zni shows the highest value (137 kJ.mol -1 ) in terms of activation energy for Zn-N bond breaking which confirms the difficulty to thermodynamically initiate the melting in this framework. In ZIF-4 the two processes were clearly related as the difference in activation energy was only 6.5% more for Zn-Im than for Zn-N. However for ZIF-8 this difference rises to 58%. This can be understood by looking at the last column in Tables S1, S2 and S3. Indeed the proportion of Zn-N cleavage corresponding to a Zn-Im/mIm cleavage is slowly growing in ZIF-4 while it goes from 18% to 94% between 1,500 K and 2,000 K in ZIF-8. ZIF-zni does show a 28% increase between the two activation energies, which can be ascribed to the imidazolate diffusion being hindered due to its denser structure.

Characterization of the liquid ZIF

We have characterized the liquids obtained at temperatures above the melting point by computing, from our FPMD simulations, the translational diffusion coefficients of zinc cations and imidazo-late groups (see Table S4). The behaviour observed is qualitatively similar to what we saw with the global RMSD presented in Figure S2: diffusion in ZIF-8 starts to be significant at higher temperature than in ZIF-4. For instance at 1,500 K, D Im is equal to 7.7 10 -10 (m 2 .s -1 ) which is more than ten times the diffusion coefficient of methylimidazolate in ZIF-8 (4. 7 10 -11 ) at the same temperature, but this ratio is inversed at 2,000 K where D ZIF-4

Im is about one third of D ZIF-8 mIm . ZIF-zni shows smaller diffusion coefficients all the way as expected. Nonetheless, the three ZIFs exhibit the same symmetry between the transport of zinc and imidazolate groups, as their diffusion coefficients are always very close, a behaviour commonly encountered in classical ionic liquids with strong association.

From the diffusion coefficients at various temperatures, we fitted Arrhenius laws -although we note that there are clearly uncertainties and fluctuations in the values of diffusion coefficients, due to the relatively short trajectories allowed on these large systems by first-principles methods.

Characteristic activation energies for all frameworks are presented in Table S4. For example, in the case of Zn we have the following values: 302 kJ.mol -1 for ZIF-8, 105 kJ.mol -1 for ZIF-4 and 284 kJ.mol -1 for ZIF-zni. The ordering of activation energies associated with diffusion match the one associated with breaking the Zn-imidazolate, thus confirming a diffusive mechanism. Contrary to fully dissociated ionic liquid though, zinc atoms and imidazolate ligands stay strongly associated in average as the aforementioned coordination numbers show.

Finally, when talking about MOFs, porosity is one of the most crucial property that comes to mind. We have thus investigated the porosity of our frameworks as a function of temperature.

For that matter, we performed statistical analyses using a probe with a 2.4 Å diameter, the kinetic diameter of helium. The results are presented in Figure 5. ZIF-zni is a dense crystalline structure, with almost no porosity, and as expected this changes very little with temperature (Figure S4). The ZIF-4 liquid, as we demonstrated in previous work, retains most of the modest porosity of its parent crystalline phase, with instantaneous "pockets" or voids in the liquid, even at high temperatures. In stark contrast, ZIF-8 -well known for high porosity of its crystal structure -sees its pore space suffer a lot from the melting process. More than half of its porosity is lost, and the distribution of instantaneous porous volume is rather broad. We note that it is, however, still larger than that of the ZIF-4 liquid.

Conclusions and perspectives

We recently introduced the general term of "MOF liquid", [START_REF] Gaillac | Liquid metal-organic frameworks[END_REF] following a combined experimental and computational study of the melting of ZIF-4, using in situ variable temperature X-ray, ex situ neutron pair distribution function experiments, and first-principles molecular dynamics simulations. This initial study paved the way for investigations into the questions it had opened, about the generality of the phenomenon and the properties of the MOF liquids. Here, we have used first-principles molecular simulations in order to investigate the question of transferability of the melting phenomenon among three different ZIF frameworks, and the influence of the nature of the parent crystalline ZIF on the physico-chemical properties of the resulting liquid. We conclude that the phenomenon is general, and also that the mechanism by which melting occurs is similar in all three frameworks. We also show that there is a clear impact of the characteristics of the ZIF crystals on both the melting, with ZIF-8 melting above its experimental temperature of decomposition, and thus not a candidate. We link this to the high free energy barrier for the detachement of imidazolate linkers from the metal cations. We hypothesize that this may be due to the high porosity of ZIF-8:

while for denser ZIFs, like ZIF-4 and ZIF-zni, the movement of the ligand allows it to keep good contact with other ligands and be stabilized by dispersive interactions, in highly porous ZIF-8 the detachement of the imidazolate group implies that it be very isolated in the intermediate state, and thus a high energetic barrier.

Thus, framework topology plays an important role in the determination of melting, as well as in the properties and retention of the porosity in the liquid phase. There is thus a need to study the melting of other ZIF materials, combining experimental and theoretical forces, in order to confirm this hypothesis and establish general criteria for low melting temperatures in ZIFs. This will require the study of ZIFs with different organic ligands, different topologies, but also different metal cations (such as cadmium) [START_REF] Baxter | A comparison of the amorphization of zeolitic imidazolate frameworks (ZIFs) and aluminosilicate zeolites by ball-milling[END_REF] that can influence the strength of the zinc-imidazolate interaction liquids with tunable chemical and physical properties, as is done for crystalline MOF architectures that can be designed and tailored for specific applications. Such materials would be of interest for liquid phase separations, homogeneous catalysis and ion transport. They could also be used as intermediaries to obtain mechanically and thermally stable porous MOF glasses. 

  , and a relative cutoff (keyword REL_CUTOFF in CP2K) of 40 Ry for high accuracy. Valence electrons were described by double-zeta valence polarized basis sets and norm-conserving Goedecker-Teter-Hutter 25 pseudopotentials all adapted for PBE (DZVP-GTH-PBE) for H, C and N or optimized for solids (DZVP-MOLOPT-SR-GTH) in the case of Zn. The unit cell studied for ZIF-4 (space group Pbca) is the orthorhombic primitive unit cell, which contains 272 atoms, with cell parameters a = 15.423 Å, b = 15.404 Å, c = 18.438 Å, and α = β = γ = 90°. The unit cell studied for ZIF-8 (space group I -43m) is the orthorhombic primitive unit cell, which contains 276 atoms, with cell parameters a = b = c = 16.993 Å, and α = β = γ = 90°. The unit cell studied for ZIF-zni (space group P1) is the primitive unit cell, which contains 272 atoms, with cell parameters a = 17.570 Å, b = 17.613 Å, c = 17.613 Å, and α = 138.433°, β = 97.256°, γ = 97.257°. Representative input files for the molecular dynamics simulations are available as supporting information, and online in our data repository at https: //github.com/fxcoudert/citable-data.
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 123 Figure 1. Top panel: Radial distribution functions for the pair of zinc and nitrogen atoms in the three ZIFs as a function of temperature. Bottom panel: Comparison of the evolution of the Lindemann ratios for the 3 ZIFs showing melting is happening at different temperatures.

Figure 4 .

 4 Figure 4. Top panel: Behaviour during an exchange of a nitrogen atom by another nitrogen atom, in the first coordination sphere of a zinc cation, averaged over all such events (all exchanges on all zinc cations) in the three ZIFs. The distance between the incoming nitrogen and the zinc is plotted in red, and that between the outgoing nitrogen and the zinc in blue. The green curve corresponds to the average coordination number of the zinc cation involved in the exchange. The flat dashed lines are the average coordination number over the whole simulation at 300 K (light blue) and 2,000 K (green). Bottom panel: Visualization of a representative imidazolate exchange event. Zn: green, N (initially coordinated): light blue, N: blue, N (coordinated after exchange): orange, C: grey. Bottom panel reproduced from Ref. 15, copyright 2017, courtesy of François-Xavier Coudert.

Figure 5 .

 5 Figure 5. Comparison of temperature-dependent porosity between ZIF-4 (green) and ZIF-8 (red).The relative stability of the porous volume in ZIF-4 is striking compared to the collapse of the one in ZIF-8.

Table 1 .

 1 The first column shows the activation enthalpy associated with a bond cleavage, the second column shows the activation entropy and the third column shows the extrapolated activation free energy at the experimental melting temperature for ZIF-4 of 840 K.
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Table 2 .

 2 This table presents the activation energies needed to break a Zn-N bonds (first column)and Zn-Im/mIm bonds (second column) in the three ZIFs. volumes, crystalline structures. Additional statistics on the mechanism of bond cleavage and diffusion coefficients.
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