Unusually Large Band Gap Changes in Breathing Metal-Organic Framework Materials
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Abstract: Many of the potential applications for metal organic frameworks (MOFs) focus on exploiting their porosity for molecular storage, release and separation where the functional behaviour is controlled by a subtle balance of host-guest interactions. Typically the host structure is relatively unperturbed by the presence of guests, however, a subset of metal organic frameworks exhibit dramatic phase change behaviour triggered by the adsorption of guests or other stimuli, for which the MIL-53 material is an archetype. In this work, we use density functional approaches to examine the electronic structure changes associated with changes of phase and density and find the associated change in band gaps can be larger than 1 eV for known MIL-53 type materials and hypothecated structures. Moreover, we show that internal pressure (via guest molecules) and external pressure can exert a major influence on the band gap size and gap states. The large response in electronic properties to breathing transitions in MOFs could be exploitable in future applications in resistive switching, phase change memory, piezoresistor, gas sensor, and thermochromic materials.
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1. Introduction
Over the last ~15 years, there has been an explosion of successful reports of experimental synthesis of metal-organic frameworks (MOFs) with different compositions and porosities and potential applications. MOFs have proven to be valuable platforms for designing new solids with potential for solar energy harvesting and photocatalysis,1-2 optoelectronic devices3 and piezoresistors,4 where an informed design  strategy requires insight into and control of electronic structure. As an exemplar application, MOF-based light-responsive photocatalysts and optoelectronic devices are rapidly developing areas and excellent recent reviews are available.5-7 In contrast to traditional inorganic photocatalysts, the electronic structure of MOFs may be tuned through the modification of the organic linker as well as the metal centre, opening up the possibility for the control of the electronic structure through linker functionalization, which greatly expands the palette of extrinsic defects that can be incorporated into the structure and with this, the scope of functionality. Although there is an increasing number of studies that demonstrate how MOF electronic properties have been tuned, to the best of our knowledge, all of these studies have been conducted on relatively rigid MOFs. In this work, we show that the well-studied material MIL-53 has a hitherto unreported property: an unusually broad range of possible band gap states that can be dialled up through temperature, external pressure, internal pressure and host functionalization. 
MOFs have been and frequently still are referred to as semiconductors,8-9 with assumed or implied similarities with purely inorganic semiconductors for example. In the latter, semiconductivity results from delocalized valence and conduction bands through which charge transport occurs. Gradually, it is becoming more generally accepted that MOFs are often different from classical inorganic semiconductors and should be considered as periodic arrays of self-assembled molecules that retain their individual, characteristic, discrete molecular absorption modes. There is now a general consensus that the highest occupied molecular orbital - lowest unoccupied molecular orbital (HOMO-LUMO) or the highest occupied crystal orbital - lowest unoccupied crystal orbital (HOCO-LUCO) terminology is more appropriate to describe the electronic structure of non-conducting MOFs, although the more widespread parlance of band gap terminology is still de facto and we will refer to both band gaps and HOMO-LUMO nomenclature in this work. 
The MOF literature is dominated by synthesis and characterisation reports of new materials and input from theory typically focuses on rationalising observation through classical simulations of host-guest interactions. Nevertheless, there are an increasing number of electronic studies of MOFs which date back more than decade: early work of Dovesi reported a high-level ab initio study of the electronic properties of MOF-5,10 through tight-binding calculations, Kuc et al. found the band gaps of a series of Zn-based isoreticular MOFs (IRMOFs) are determined by the carbon sp2 states of the organic linkers and longer linkers yield smaller band gaps.9 In a recent density functional theory (DFT) study by Pham et al., halogen functionalization of the organic linkers of IRMOFs was found to modify the band gaps and also affect the absolute positions of the valence band maxima.11 The nature of the metal centres also affects electronic properties; using DFT, Fuentes-Cabrera et al. studied IRMOF1 with different metal centres, including Be, Mg, Ca, Zn and Cd, and found all these materials possess similar band gaps but distinct conduction band splitting, and that the metallicity can be influenced by selective metal doping.12 Tunable electronic properties of IRMOFs have been verified in different experiments. For example, in a recent UV/Vis spectroscopy experiment by Gascon et al., it was reported the band gaps of IRMOFs are conditioned by the organic linkers of IRMOFs, and that 1,4- or 2,6-naphthalenedicarboxylic acid organic linkers yielded the smallest band gaps (~ 3.3 eV) .13 In another experiment by Lin et al., it was shown that the band gaps of Zn-based MOFs can be tuned by changing the cluster sizes of the secondary building unit or the conjugation of the organic linker.14 An indirect example of the influence upon electronic properties is that of Brozek et al. who, by post-synthetic ion metathesis, have incorporated Ti3+, V2+, Cr2+, Cr3+, Mn2+, and Fe2+ into MOF-5, and it was demonstrated some of these materials show improved catalytic activities over other MOFs.15 Studies by Chizallet et al. have also shown catalytic activity for transesterification processes on ZIF-8,16-17 where surface species on this material has been suggested to be the active centres, indicating opportunities for tuning bulk and surface electronic structures for particular applications. 
In the quest for the development of MOFs for electronic applications and devices, much effort has been focussed upon making conductive MOFs,18-23 either intrinsic conductors,22-23 or through adsorption of small molecules inside pores that leads to conductive channels within the structure.18-21 Recently Kobayashi et al. reported a p-type semiconducting Cu[Ni(pdt)2] featuring one-dimensional channels that showed, a 104 increase in conductivity to 1x10-4 S/cm, upon exposure to I2 vapor.18 In another important study, Talin et al. found that by infiltrating HKUST-1 with TCNQ molecules, the electrical conductivity of the material was increased by six orders of magnitude to 7x10-2 S/cm.19 In addition to molecular loading, other methods have also been developed to increase the electrical conductivity of MOFs, e.g. Fernandez et al. reported the switchable Cu(TCNQ) MOF, which can be reversibly transformed between a high-resistance state and a conducting state by the application of an external potential.24 These works have demonstrated the potential of MOFs for incorporation into future electronic devices. MOFs could provide superior functionalities to devices based on traditional inorganic materials, due to their extraordinarily tuneable and adaptable chemical structures and porosities, which provides a vast design palette for the tuning of MOF electronic properties.
Here we report on a special class of MOFs that show breathing behaviour (substantial change in density from a small pore material to a large pore material) under an external stimulus such as temperature, pressure and/or loading with guest molecules.25-27 A range of MOFs showing breathing behaviours have been reported, including MIL-53,28 MIL-88,29 MIL-89,29 DMOF-1,30 and CAU-1331 and there are several reviews cataloguing the detailed behaviours of the archetypal material MIL-53.25, 32 The structures of these MOFs can be tuned either through external forces (temperature, pressure, and adsorption of guest molecules25, 33) or through internal forces, including substitution of the framework metal cations,34 the inorganic linkers,35 and the organic linkers.36 Most of the reported discussion of breathing behaviour in the literature focuses on structural changes, but to the best of our knowledge, there have been no comprehensive studies of how electronic properties and specifically band gaps, are affected by breathing and the presence of guest molecules. Taking MIL-53 as an archetypal example, we show that the band gaps can be tuned over a wide range through external or internal forces. Combining the tunability of the breathing behaviours with the large changes in band gaps, these MOFs could find applications in resistive switching,37 phase change memory,38 piezoresistor,4 gas sensor,39-40 and thermochromic materials.41
We now start with a brief introduction and justification of the theoretical methodologies that were used in this work. Next, we discuss the effect of internal forces on the electronic properties and band gaps of MIL-53 type materials, including narrow pore (np) and large pore (lp) forms, see Figures 1a and 1b, respectively. The np structure is typically seen at low temperature and/or low loading of guest molecules whereas the lp form is seen at higher temperature and/or high loading of guest molecules. We focus on MIL-53 type materials with different M3+ metal cations, connected by the same organic linker, i.e. BDC2- (benzene dicarboxylate), see Figure 1c. The metal cations considered include three 3p metal cations, i.e. Al3+, Ga3+ and In3+, and five transition metal cations, i.e. Sc3+, Ti3+, V3+, Cr3+ and Fe3+. We note different MIL-53 type materials based on most of these metal cations, with the exception of Ti3+, have been successfully synthesized, and several of them have been observed to exhibit breathing behaviours under different stimuli.25, 42 A more detailed summary on the availability, i.e. np/lp forms, with/without guest molecules, of these MIL-53 type materials have been included in the Supporting Information. Note that MIL-53 features hydroxide (OH-) in the inorganic chain of M3+ metal cations (see Figure 1d), whilst the isostructural analogue MIL-47 features oxy groups (O2-) instead of OH- bridging the inorganic chains that contain M4+ metal cations (unless otherwise indicated, M3+ metal cations relate to MIL-53, and M4+ metal cations relate to MIL-47). MIL-47-V was previously considered as rigid, non-breathing43 but recently, it was discovered that MIL-47-V can be transformed from the open lp form into the closed np form upon mechanical pressure,44 hence we consider both np and lp forms of MIL-47 in our study as a comparator to MIL-53, the primary focus of this study. MIL-47-V has been well studied for several years,45 whilst the experimental synthesis of MIL-53-Ti has not been reported so far, however, several other MOFs with titanium nodes exist, e.g. MIL-12546-47 and NTU-9.48 Ti3+ based solid state materials can be prepared, e.g. Ti2O349 and titanium alum (CsTi(SO4)2·12H2O),50-51 and it has been reported that Ti3+ cations can be incorporated into MOF-5.15 Additionally, for Al3+ based MIL-53, we consider another two compounds, one with the 2-OH- inorganic linker (see Figure 1d) replaced by isoelectronic 2-F-, and another case where the organic linker is replaced by a NH2 functionalized BDC2-. Both these compounds have been successfully synthesized by several different groups.35, 52-54 Finally, we consider how the electronic properties and band gaps of MIL-53 type materials can be affected by extrinsic factors: external forces, including temperature and pressure (tensile and compressive stress), and through loading with guest molecules. Based on the findings, we propose several applications that can are candidates for flexible MOF materials based on the properties which we will discuss for MIL-53 type materials.
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Figure 1: Schematic sub-structures of the (a) narrow pore (np), (b) large pore (lp) forms of MIL-53 type materials (hydrogen atoms are omitted for clarity) shown along the [001] zone axis, (c) the BDC2- organic ligand linking two inorganic chains, and (d) the inorganic chain of metal cations. Metal cations are represented by purple octahedra, and oxygen atoms involved in the 2-OH- inorganic linker are coloured in green in (c) and (d). Lattice vectors are shown in the inset. Red: oxygen; grey: carbon.
2. Computational Details
Full geometry optimizations, including lattice parameters and atomic positions, are performed using the hybrid density functional theory (DFT) method, HSE06,55 together with Grimme’s D3 van der Waals correction.56 We emphasise that a hybrid DFT method is necessary here to provide a faithful description of the electronic structures, band gaps and the magnetic interactions of several transition metals which contain unpaired electrons, e.g. Ti, V, Cr and Fe, and this recipe has been used successfully to predict the band gaps of varied materials including metal oxides55, 57 and MOFs.47, 58 We find that the D3 scheme in conjunction with the HSE06 functional yield accurate lattice parameters and density for the known np forms, in particular, which are stabilised by dispersion.35, 59 The HSE06+D3 scheme also reproduces the density of the known lp phases well. All electronic structure characterisations are performed at the same level of theory. To obtain a qualitative insight into tensile and compressive stresses, constrained cell optimizations were performed for both the np and lp forms of MIL-53-Al and MIL-53-Fe, in which the lattice parameter along the pore opening direction (i.e. lattice parameter b) was fixed to chosen values corresponding to different amounts of strain, and all other lattice parameters (with fixed crystal system) as well as atomic positions were relaxed. For MIL-53-Fe, strain along all the three lattice parameters were considered. For metal cations with unpaired electrons, including Ti3+ (3d1, i.e. t2g1eg0), V3+ (3d2, i.e. t2g2eg0), V4+ (3d1, i.e. t2g1eg0), Cr3+ (3d3, i.e. t2g3eg0), and Fe3+ (3d5, i.e. t2g3eg2), an antiferromagnetic ordering of spins was considered, and for Fe3+, a high-spin case was considered. We note the antiferromagnetic ordering of spins was found to be the ground state of MIL-47-V in a recent theoretical study.60 The initial structures that were optimized were taken from the observed crystal structures for the respective phases of MIL-53-Al.61 For MIL-53-Fe with guest molecules inside the pore, we take the experimentally reported structures (including water39 and pyridine62) as our initial structures, excepted for lutidine, in which case the experimental structure of MIL-53-Fe[pyridine] was chosen as the initial guess. All calculations have been performed using the CP2K code.63-64 More details of the calculations are included in the Supporting Information.
3. Results and Discussions
In Figure 2, we show the optimised volumes obtained for guest-free dense (np) and open (lp) structures compared with experimental data where available. Note that in several cases, the experimental structure contains guests whereas in all cases reported here, the computed volumes are guest-free. MIL-53-Al has been carefully prepared in anhydrous form and so the comparison of computation with experiment is very instructive. It can be seen that the discrepancy for dense and open phases is ~25 Å3, which is remarkably good considering the calculated volumes are obtained at an effective temperature of 0 K, whereas experimentally, the np and lp volumes were obtained at 77 K. For the other structures there is good general agreement between experiment and theory except for Cr and V where the np phases in particular are predicted to be too dense. These latter two cases are discussed in more detail later.
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Figure 2: The total volumes of narrow pore (np), large pore (lp) forms of MIL-53 type materials from experiment with red triangles (see supporting information) and as found using HSE06+D3 in this work, black triangles. Note that in many cases the experimental volume is only known for guest-loaded structures whereas the simulated structure is guest-free. The only experimental guest-free structure is for MIL-53-Al for which the agreement between experiment and theory is excellent.
In Figure 3, we show the total energy difference between np and lp phases for some known and some yet-to-be-synthesised structures. In general, there is a clear correlation between the total energy difference and the volume difference between the np and lp phases. If we compare Al with Sc and In, it can be seen that the np volumes are rather similar but the lp volumes are substantially greater for Sc and In than Al. Qualitatively, Figure 3 gives an indication whether a MIL-53-M will show breathing behaviour. The AlF- material in which the inorganic hydroxide anion has been substituted with fluoride shows the most negative energy difference for the np→lp transition suggesting that np is much more stable than lp. In fact, as we recently showed,35 the transition to lp is never seen. Conversely, for MIL-53-In, the lp form has an unusually low density (due to the size of the In cation) and the np form is quite unfavourable, suggested by the large contraction that is necessary in order to form a np structure – experimentally no np has yet to be reported. Quantitatively, there is good agreement with the available energetic data from experimental calorimetry: MIL-53-Ga shows a np→lp difference of 1.51 kcal/mol whilst the experimental value is 1.34 kcal/mol.65 For MIL-53-Cr, the enthalpy difference for np→lp is calculated to be 0.91 kcal/mol, which is remarkably close to the experimental value of 0.84 kcal/mol.66 For MIL-53-Al, our theoretical enthalpy difference for np→lp is 0.86 kcal/mol, which is smaller but comparable with a very recent experimental estimation of the free energy difference which measured 1.79 kcal/mol.67 Given the relatively small energy differences per unit cell, the energy differences are surprisingly well reproduced. We highlight the close agreement between available experimental calorimetry data and computed enthalpy differences between phases since the remainder of the manuscript focuses upon the relationship between the detailed electronic structure of a material and its density. The data presented in Figures 2 and 3 attests that our selected level of theory reproduces the experimental volumes of both np and lp states and the enthalpy difference between the np and lp states which establishes a firm theoretical foundation and suggests that we can confidently infer electronic energy quantities from structures over a substantial range in density.    
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Figure 3: Total energy differences between np and lp MIL-53-M structures calculated at the HSE06+D3 level reported in kcal/mol per M centre. 
We now show the calculated band gaps of the eight MIL-53 type (with M3+ metal cations and OH- inorganic linker) and two MIL-47 (with M4+ metal cations and O2- inorganic linker) materials with different metal cations in Figure 4, ordered by the band gaps of the np form of different materials. The most striking observation is that for all seven different known MIL-53 materials (with the exception of MIL-53-Ti), the np and lp forms have rather different band gaps, where the band gap of the dense np form is always smaller than the lp form. The difference in band gaps between np and lp forms ranges from 0.35 eV (for V3+) to a remarkable 1.39 eV (for In3+). The difference in band gap between known np structures spans 0.9 eV (2.70-3.62 eV). For MIL-53-Ti (Ti3+), the calculated band gaps of the np and lp forms are close, both of which are around 1.8~1.9 eV, with the band gap of the np form being smaller than that of the lp form by ~0.1 eV. Similar observations can also be made for the two MIL-47 type materials, the differences in band gaps between np and lp forms are 0.56 eV and 0.22 eV for Ti4+ and V4+, respectively. With a fundamental band gap below 3.0 eV, the np form of Fe3+, Ti4+ and V3+ might be considered for solar energy harvesting and photocatalytic applications. The variation in band gap is unexpectedly high and notably far greater than the enthalpic differences between the np and lp phases. If we take the case of np and lp forms of MIL-53-Al, which we emphasise have been isolated without guests, the band gap energy difference is 0.93 eV which is far greater than the enthalpy difference per cell of 0.30 eV (8 formula units multiplied by the enthalpy difference of 0.86 kcal/mol). 
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Figure 4: Calculated band gaps of the np and lp forms of eight MIL-53 type materials with different trivalent metal cations and two MIL-47 type materials featuring Ti4+ and V4+ tetravalent metal cations.
[bookmark: _GoBack]A close inspection of the electronic structures of the ten materials show that the nature of the top of the valence band (highest occupied molecular orbital, HOMO) and the bottom of the conduction band (lowest unoccupied molecular orbital, LUMO) of the five materials without magnetic centres (no unpaired electrons): Al3+, Ga3+, In3+, Sc3+ and Ti4+ are qualitatively different from those of the five materials with magnetic metal centres: Ti3+, V3+, V4+, Cr3+, and Fe3+. The HOMOs and the LUMOs of the non-magnetic Al3+, Ga3+, In3+ materials are dominated by the organic linkers (i.e. BDC2-), with the exception of the LUMOs of Sc3+ and Ti4+ in which metal d states are heavily involved, and the HOMOs and the LUMOs of the five anti-ferromagnetic materials show more complicated behaviour. While the LUMOs of Ti3+, V3+, V4+, Cr3+ and Fe3+ consist of mixed metal d states and states from the organic linkers, the HOMOs differ between each other. From Fe3+ to Cr3+ to V3+ to Ti3+, with decreasing magnetic moments and increasing ionic radius on the metal ions, there is an increasing metal d state character in the HOMOs. The case of V4+ is special, and the amount of metal d state character in the HOMOs sits between V3+ and Cr3+, possibly due to its slightly distorted octahedral geometry, being different from that of MIL-53 type materials featuring M3+ metal cations. This is a result of the different crystal field splitting in V4+, which features two O2- anions in the axial position, so the hybridization of metal d orbitals and  orbitals of organic linkers would be different from that of M3+. For Fe3+ with five unpaired electrons on each metal cation, the HOMOs of both np and lp forms are dominated by organic linkers. For Cr3+ with three unpaired electrons on each metal cation, the HOMOs of the np form are dominated by organic linkers, and the HOMOs of the lp form consist of mixed metal d states and states from the organic linkers. For V3+ with two unpaired electrons and Ti3+/V4+ with one unpaired electron on each metal cation, the HOMOs of both np and lp forms are dominated by metal d states. We note Fe3+ (3d5, i.e. t2g3eg2) has no empty t2g or eg orbital, Cr3+ (3d3, i.e. t2g3eg0) has two empty eg orbitals, V3+ (3d2, i.e. t2g2eg0) has one empty t2g and two empty eg orbitals, and Ti3+/V4+ (3d1, i.e. t2g1eg0) has two empty t2g and two empty eg orbitals. The presence of different empty orbitals in different metal cations could affect the hybridization of metal d orbitals and  orbitals of organic linkers, and therefore affect the nature of the valence and conduction band edges. A detailed explanation of the different crystal field splitting and inorganic-organic hybridizations for different metal cations and inorganic linkers in MIL-53 and MIL-47, is beyond the scope of the current study and will be discussed in a future study.
Comparing each material, we find the nature of the HOMO and LUMO states are quite similar except for the HOMO states of MIL-53-Cr. With respect to the exact band gaps of the np form, we find MIL-53 materials with transition metal cations tend to have smaller band gaps than those of the 3p metal cations. While there is no obvious correlation between the differences in band gaps and ionic radius of the transition metals, for the three 3p metal cations, the differences in band gaps increase with ionic radius, i.e. Al3+ < Ga3+ < In3+. Moreover, for the three 3p metal cations, with increasing ionic radius, the absolute band gaps of the np form decrease, and the absolute band gaps of the lp form increase. These findings can be used to design MOF materials with desirable electronic properties in the future, e.g. a material with a band gap of ~3.0 eV, or the difference in band gaps between np and lp forms being as small as possible. We also note that partial substitutions of the metal cations,34, 68-70 i.e. a single MIL-53 material with a mixture of different types of metal cations in the same valence, or mixed MIL-53/47 material with different inorganic linkers (i.e. both OH- and O2- are present) and metal cations in different valences, can be achieved, and this could provide an additional route to tune the electronic properties of the material through precise control of the ratio between different types of metal cations.
To examine the origin of the different band gaps between the np and lp forms of MIL-53, we looked at the charges on different atoms in the np and lp forms of MIL-53-Al, using both Mulliken and Hirshfeld population analysis but found no significant difference between the np and lp forms. Since the HOMO and LUMO states are dominated by the organic linker in MIL-53-Al, we performed an additional analysis for the organic and inorganic parts of the material separately, following the approach first described in Harvey et al.71 For the organic part, we removed the inorganic chains consisting of Al/O octahedra and carboxylate groups, and we passivated the dangling carbon atoms with hydrogen atoms, leaving only benzene molecules in the cell, and for the inorganic part, we remove the benzene rings and we passivated the dangling carbon atoms belong to the carboxylate groups with hydrogen atoms, leaving only the one dimensional aluminium octahedral inorganic chains in the cell. We relaxed the positions of the added hydrogen atoms, while the positions of other atoms and the lattice constants were fixed. The band gaps of the resulting organic and inorganic solids with the geometric arrangements in the np and lp forms of MIL-53-Al were then calculated. We find the band gaps of the two different configurations of benzene solids differ by ~1.3 eV, which is bigger than the difference in band gaps of the np and lp forms of MIL-53-Al by ~0.5 eV. On the other hand, the band gaps of the two inorganic solids consisting of one dimensional aluminium octahedral inorganic chains are almost the same, both of which are ~6.7 eV. This indicates the different band gaps of the np and lp forms of MIL-53-Al are dominated by the different arrangements of the organic linkers in the np and lp forms, which produce different confinements to the electron density distributions. This effect could be further demonstrated by the correlation between the HOMO-LUMO gap of benzene dimer and the separation between two benzene monomers, which clearly shows that the HOMO-LUMO gap of benzene dimer increases with the separation between two benzene monomers (see Supporting Information). Similar observation can also found in studies of organic semiconductors.72 The change in the HOMO-LUMO gap of benzene dimer relates to the decreasing -coupling due to the increasing monomer separations, which affect the HOMO/LUMO levels and therefore the HOMO-LUMO gaps. We note the electronic properties of both MOFs and organic semiconductors, featuring conjugated  structural components, can be affected by this mechanism. So, pore size has a strong influence on the band gaps of MIL-53-Al; a smaller pore (more compact packing of the organic linkers) tends to result in a smaller band gap, while a bigger pore (looser packing of the organic linkers) is results in a larger band gap. Note that for transition metal cations in MIL-53, metal d states are present in either the HOMO or the LUMO and the correlation of the band gap with the pore size is weaker and depends on the weight of the metal d states in the band edges. The stronger the presence of metal d states in the band edges such as in MIL-53-Ti, the weaker the correlation between the band gap and the pore size. Nevertheless, the pore size still has some influence on the band gaps of MIL-53 type materials with transition metal cations.
We have shown how the electronic properties and band gaps of MIL-53 type materials are strongly influenced and could be selected by the choice of metal cations. While different metal cations affect both the breathing behaviours and intrinsic chemical interactions between the organic and inorganic moieties of MIL-53 type materials, similar tuning can also be achieved by substitutions of the 2 inorganic linker (Figure 1) or the organic linker. For example, we consider two analogues of MIL-53-Al, one with 2-F inorganic linker, and another with NH2 functionalized BDC2- organic linker. We find that upon replacing 2-OH to 2-F, the band gap of the np form of MIL-53-Al increases by 0.34 eV to 3.96 eV, while a small reduction in the band gap, i.e. ~0.07 eV, is observed in the lp form. The former observation can be attributed to the slight increase in the volume of the np form, which is caused by weaker attractive forces between the 2-F and neighbours, than 2-OH and neighbours.35 For MIL-53-Al with a NH2 functionalized BDC2- organic linker, we find the band gaps of the np and lp forms are reduced to 2.60 (2.30) and 3.16 (3.16) eV from 3.62 and 4.55 eV respectively, in fully relaxed cells and the numbers in parentheses are the band gaps with relaxed contents but fixed cells with the unmodified cell parameters. The calculations with fixed cells show the arrangement of organic linkers are similar before and after NH2 functionalization, however the reductions in band gaps for the np and lp forms are substantial, 1.32 and 1.39 eV, respectively. The NH2 groups contribute significantly to the HOMO of both np and lp forms and therefore, the reduction in band gaps is dictated by the smaller ionization potential of the NH2 functionalized BDC2- organic linker. The band gap reduction which we observed in MIL-53-Al upon NH2 functionalization is in line with previous studies on NH2-functionalized UiO-6673 and MIL-125,47, 74 both of which are currently being considered as photocatalysts in the visible region. We further note that since the band edges of non-magnetic MIL-53 materials are dominated by states from the organic linkers, fine tuning of the band gaps, ionization potentials and electron affinities might be achieved easily through functionalization of the organic linkers, for example by modifying the organic linkers with groups to modify the ionization potentials and electron affinities of BDC2- along a special direction. We show this trend by comparing the HOMO and LUMO levels of a series of functionalized BDC2- molecules, which have been successfully incorporated into MIL-53,36 in the Supporting Information.
To summarise thus far: we have shown that by means of intrinsic, internal forces, including substitution of the metal cation, the 2 inorganic linker or the organic linker, fine tuning of the breathing behaviours and therefore the electronic properties and band gaps of MIL-53 type materials can be achieved. We now turn to discuss extrinsic effects, those of external forces, including temperature, pressure and adsorption of guest molecules.
For MIL-53 type materials with empty pores, it has been found that by increasing the temperature, the np→lp phase transition can be promoted, and vice versa, e.g. MIL-53-Al undergoes np→lp phase transition gradually between 325 to 375 K, and lp→np phase transition between 125 to 150 K.61 Similar np→lp phase transitions were also observed in MIL-53-Cr28 and MIL-53-Ga,65, 75 although at slightly higher temperatures. As it was shown in Figure 4, a direct consequence of the np↔lp phase transitions is the change in band gaps, and therefore, one would expect the band gaps of MIL-53 type materials can be easily selected by heating or cooling down the material.
Next, we consider how external mechanical pressure, which can be either tensile or compressive, affects the band gaps of MIL-53 type materials. It was recently demonstrated in an experimental study that MIL-53-Al exhibits negative linear compressibility, the material expands along a specific (b) direction while the total unit cell volume shrinks with increasing hydrostatic pressure.76 In another theoretical study by Butler et al., it was shown that the band edges (HOMO/LUMO levels) of a series of MOFs can be deformed by isotropic lattice strain.77 Taking MIL-53-Al as an example, we consider both the np and lp forms of MIL-53-Al undergoing different amounts (up to 40%) of tensile or compressive strain, as reflected by the change in lattice parameter b, which corresponds to the pore opening direction upon np→lp phase transition. We study how the volume and band gaps change with respect to the lattice parameter b, and we show our result in Figure 5, in which the equilibrium lattice parameters b of the np and lp forms of MIL-53-Al are indicated by red and black arrows, respectively. We find that the band gap of the np form can change by as much as 2.4 eV under different pressures, while the band gap of the lp form changes by less than 0.6 eV, which demonstrates that the electronic structure of the lp form is less sensitive to external pressure. This is consistent with the findings for MIL-53 type materials with 3p metal cations discussed in the previous sections. The band gaps of these materials are mainly determined by the arrangement of organic linkers, and the denser the material, the smaller the band gap. For the lp form of MIL-53-Al, the interaction between neighbouring organic linkers are relatively weak, thus a slight change in the pore size will not bring significant change to the band gap. On the other hand, the np form of MIL-53-Al is much denser and neighbouring organic linkers interact with each other, so a slight change in the pore size changes the band gap significantly. For MIL-53 type materials with transition metal cations (except Ti3+ and V3+), we expect similar behaviours can exist, based on our observations from Figure 4, although the extent of the change in band gaps can be slightly different due to different response of the unit cell volumes to external pressures.
[image: C:\Work\Dropbox\Shared\Ben\band_gap\pressure\pressure.png]
Figure 5: Correlations of unit cell volumes and band gaps with lattice parameter b of MIL-53-Al. The np and lp forms are shown in red and black plots, respectively.
In addition to MIL-53-Al, we also consider MIL-53-Fe, in terms of the electronic response under external mechanical pressure. The electronic structure of MIL-53-Fe is quite distinct from MIL-53-Al; the LUMO states of both np and lp forms of MIL-53-Fe are dominated by metal d states, and therefore tensile or compressive strain along the inorganic chain (i.e. lattice parameter c, see Figure 6) could result in electronic response which is different from that along lattice parameters a and b. As an additional reason to consider strain along all the three lattice parameters, it was found recently that some of the MOF materials, including MIL-53, show rather anisotropic elastic behaviours.78 Motivated by that work, we consider how the electronic response of MIL-53-Fe correlate with its anisotropic elastic behaviours along different lattice parameters. We show our result in Figure 6, in which we consider up to 2% strain (one data point) for both np and lp forms of MIL-53-Fe along the three lattice parameters. It can be found that indeed, the unit cell volume changes differently along different lattice parameters, for both np and lp forms, MIL-53-Fe displays negative linear compressibility along lattice parameter a (see red solid lines in Figure 6) and positive linear compressibility along lattice parameters b and c (see black and blue solid lines in Figure 6 respectively). This is in line with a recent experiment on MIL-53-Al and NH2-functionalized MIL-53-Al.76 With respect to the band gaps, similar to MIL-53-Al, the lp form of MIL-53-Fe shows little response in band gaps with strains along different lattice parameters, and band gap change is within 0.02 eV. However, the band gaps of the np form of MIL-53-Fe change much more significantly with strains along different lattice parameters, i.e. compared with the cell with 0% strain, the biggest change in band gap, which is around 0.14 eV, is along lattice parameter a, and the smallest change in band gap, which is around 0.04 eV, is along lattice parameter c. The band gaps change in the same direction with unit cell volumes along lattice parameters a and b, i.e. the band gap increases with increasing unit cell volume, and along the lattice parameter c, the band gap decreases with increasing unit cell volume. This is similar to what we found in previous sections, i.e. the organic linkers contribute significantly to the frontier MOs of MIL-53, and stronger overlapping in electron densities between neighbouring organic linkers (smaller unit cell volume and shorter lattice parameter b) tends to produce smaller band gaps. The lattice parameter c corresponds to the direction of the inorganic chain, i.e. the Fe-O bond lengths will be affected by the strain along lattice parameter c, which might be responsible for the different behaviour of the electronic response to strain along lattice parameter c.
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Figure 6: Correlations of unit cell volumes (solid lines) and band gaps (dashed lines) with lattice parameters a, b and c of the (a) np and (b) lp forms of MIL-53-Fe. Uniaxial strain was considered along each lattice vector independently and is shown in the inset.
Finally, we consider how adsorption of small molecules inside the host influences the electronic properties and band gaps of MIL-53 type materials. Taking MIL-53-Fe as an example, we consider adsorption of selected different molecules inside the pore; water, pyridine and lutidine, all of which have been extensively studied experimentally39, 62 and theoretically.79 Full geometry relaxations have been performed to account for any changes in density due to the host-guest interactions. The total number of guests per supercell is 16 and identical for each sorbate, equivalent to one sorbate per metal centre. We summarize the calculated unit cell volumes and corresponding band gaps as well as binding energies of different guest molecules in Table 1. From Table 1, it can be seen both the structure/density and electronic structure including band gaps of MIL-53-Fe are sensitive by the nature of the guest molecules. Similar to the guest-free case, the band gaps of MIL-53-Fe with different guest molecules are reasonably correlated with the unit cell volumes with the notable exception of MIL-53-Fe with lutidine. This demonstrates the subtle role of the host-guest interactions, including electronic polarization and charge transfer, in determining band gaps when different molecules are adsorbed in MIL-53-Fe. To understand how the guest molecules contribute to the band edges (frontier MOs), we fixed the optimized atomic positions and lattice parameters and remove the guest molecules and then calculate the band gaps of the empty MIL-53-Fe structure. For water and pyridine, the host electronic structure and band gaps are not significantly influenced by removal of guest molecules. However, removing lutidine causes a band gap increase of ~0.7 eV. Interestingly, we found that the HOMO states of lutidine in MIL-53-Fe are mainly located on lutidine molecules, possibly due to relatively weak coupling of the host and guest and the lower ionization potential of lutidine in comparison with pristine MIL-53-Fe. Coulomb repulsion between the methyl groups of lutidine and the organic linkers of MIL-53-Fe, weaken the host-guest interactions between lutidine and MIL-53-Fe in comparison with pyridine and MIL-53-Fe, reflected by the slightly longer N···H distance of 2.01 Å for the lutidine, versus 1.67 Å in the case of pyridine. This shows that the host-guest interactions do not contribute directly to the band gaps of MIL-53-Fe with adsorbed molecules. Instead, the relative alignment between the frontier orbitals of adsorbed molecules and the band edges of empty MIL-53-Fe (at the geometry of MIL-53 with different sorbates), contribute more to the band gaps of MIL-53-Fe with adsorbed molecules. We note similar response in electronic structures upon uptake of fluorinated hydrocarbons in a porous molecular crystal has been reported quite recently.80 Our current results can serve as potential guidelines on developing resistance based gas sensors with MOF materials.
	Guest
	Unit cell volume (Å3)
	Eg (eV)
	Eb (kcal/mol per Fe centre)

	dehydrated (np)
	832.9
	2.70
	-

	water
	973.1
	3.41 (3.30)
	-14.82

	pyridine
	1376.6
	3.56 (3.56)
	-21.79

	lutidine
	1458.9
	2.78 (3.51)
	-18.50

	dehydrated (lp)
	1541.1
	3.60
	-


Table 1: Unit cell volumes, band gaps (Eg) and binding energies (Eb) of MIL-53-Fe with different guest molecules. Band gaps in the brackets indicate band gaps of MIL-53-Fe with guest molecules removed at fixed geometries.
Because electronic property measurements of MOFs are relatively rare, we are unable to correlate our theoretical predictions with experimental results directly. However, there are several indirect experiments which can be interpreted based on our current theoretical finding. In a recent experiment by Walton et al.,81 they have studied adsorption of N/S heterocycles in MIL-53-Fe, and they found that the volumes of the framework expanded following the adsorption of heterocycles inside the pore, and the colour of MIL-53-Fe changes from yellow to red (consistent with band gap decrease) with increasing concentration of benzothiophene. In the same study by Walton et al.,81 they also found that the adsorption of benzothiophene brings new absorption in the diffuse reflectance UV-vis spectra of MIL-53-Fe, i.e. another sign of change in the electronic structure of MIL-53-Fe due to adsorption of benzothiophene molecules. The colour change observed in MIL-53-Fe could be similar to that of nickel cyanide upon dehydration and rehydration,82 and HKUST-1 upon infiltration of TCNQ molecules which was observed by Allendorf et al.19 In the latter, the authors assigned the colour change to perturbation of the electronic structures of HKUST-1 with and without TCNQ molecules. We note the diffuse reflectance UV-vis spectra have been measured for several other MOFs, e.g. MIL-125(Ti) and NH2-MIL-125(Ti),47, 83 Co(BDP),84 and several Zn-based MOFs.14 Our approach and the findings drawn from MIL-53 could be useful for the interpretation of these experiments. We anticipate that future diffuse reflectance UV-vis spectroscopy experiments to be performed to validate our theoretical predictions of the changes in the electronic structures of MIL-53 upon pore opening/closing and upon adsorption of small molecules. In addition to MOFs, breathing behaviours have also been observed in several porous molecular crystals85 and covalent organic frameworks (COFs) materials.86 Since the difference in band gaps of the non-magnetic MIL-53 materials are mainly accounted by the difference in the arrangement of the organic linkers, similar results might also be observed in porous molecular crystals or COFs, i.e. the np form of a COF material might have smaller band gap compared with the same COF material in the lp form. Such properties might be used to develop new porous molecular crystal based or COF-based electronics where MOFs are not suitable. Structural changes in breathing flexible materials can be easily monitored in the experiment (e.g. by X-ray diffraction), and based on our finding presented in the previous section, in many cases, the structural response will result in significant changes in the electronic structures, an unusual property which could inspire future applications based on breathing materials.
We note that majority of the MOF materials which we have considered show similarly large variations in band gaps (e.g. 1.4 eV for MIL-53-In) upon breathing transitions. In dense inorganic solids, it is quite usual that the band gaps between different phases differ by a few tenths of eV, although there do exist exceptions. For example, it was reported that the band gaps of fluorite and baddeleyite TiO2 are smaller than that of anatase TiO2 by ~1.2 eV by accurate theoretical calculations.87-88 However, this example is quite unusual and more severe temperatures and pressures are typically needed in order to promote phase transitions in inorganic solids. For example, the fluorite and baddeleyite TiO2 are formed at 60 and 20 GPa, respectively.89-90 However, the lp→np and np→lp phase transitions in MIL-53-Al occur at 33 and 7 MPa in silicone oil, respectively,67 which are approximately three orders of magnitude smaller than the pressure required to form fluorite and baddeleyite TiO2.
4. Conclusions
In summary, we show unexpectedly large changes in the electronic structures of MOFs associated with the breathing behaviours in MIL-53 type materials. Since the breathing of these materials can be easily induced by external stimuli, such as temperature, pressure or by adsorption of molecules, the properties of these materials could be tailored for new MOF-based applications in resistive switching, phase change memory, piezoresistor, gas sensing, and thermochromic materials. We also show that modulation of the electronic properties of many MOFs can be achieved, through host-guest interactions and functionalization of the framework. MIL-53 is an archetypal example of a breathing material and so the incredibly rich electronic landscape we have identified here indicates very promising potential for this and other breathing MOF materials towards the realisation of new functional materials.  
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