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Abstract. As a celebration of the 44th International Conference on Coordination Chemistry 

(ICCC2022) that will take place in Italy, the Italian groups working in the research field of Metal-

Organic Frameworks (MOFs) have decided to gather together and collect the results they have 

obtained in this area over the past 15 years. A survey that starts from the synthesis of novel 

heterocyclic linkers and the related MOFs and moves through advanced characterization techniques, 

theoretical investigations and assorted applications in the fields of gas storage and separation, 

heterogeneous catalysis, magnetism and sensing. 
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Introduction: history of MOFs in Italy 

Metal-Organic Frameworks (MOFs) nowadays represent the main coordination chemistry 

investigation field, and the number of research groups dedicating their scientific efforts to this topic 

is constantly growing Worldwide. This is witnessed by the increasing popularity of MOF-dedicated 

International Conferences in terms of attendance or by the inclusion of MOF-centered Symposia 

within General/Coordination Chemistry meetings like the International Conference on Coordination 

Chemistry (ICCC) we are now celebrating in its Italian 2022 edition. MOFs extraordinary versatility 

as “Tinkertoy©” materials (built through a myriad of metallic building units / polytopic organic 

spacers pairings) is at the basis of the huge interest in their synthesis, characterization and applicative 

exploitation shown by many chemists, physicists and material scientists over the five Continents. The 

birth of a MOF research in Italy was not uniform; different groups over the country have 

independently turned their scientific interest to this topic, and only more recently some collaborative 

activities have started and have led to joint publications. The timeline of the start of MOF research in 

our research groups is sketched in Fig. 1.  

 

Fig. 1. Timeline illustrating when each Italian group authoring this review has started its own MOF research activity. 

 

At odds with colleagues in other countries (like Germany)[1] whose MOF networks were born 

concomitantly with the approval of several national and international MOF-centered projects, the 
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Italian groups currently working on MOFs are not linked by any commonly funded project. The 

beginning of the MOF adventure in Firenze dates back to 2005, through the FIRENZE HYDROLAB 

(part I and II) projects funded by Ente Cassa di Risparmio di Firenze (ECRF, a private institution). 

Initially, the focus was on the preparation of MOFs for hydrogen storage. Over the years, the target 

has moved from hydrogen storage to carbon dioxide storage and valorization, in accordance with the 

targets of new projects that were funded later on, like the “Premiale Energia” project of the Italian 

National Research Council (CNR) in 2012 or the PRIN 2017 Multi-e project started in late 2019. The 

research activity on MOFs in Como started in 2003. The collaboration on this topic with the research 

group in Camerino began in 2006 on the occasion of a collaborative national project funded by the 

Ministero dell’Istruzione, dell’Università e della Ricerca (MIUR) devoted to multifunctional hybrid 

metal-organic materials with poly(azolate) linkers. Later on, the two groups continued their research 

activity in the MOF field with joint or separate works, also involving collaborators at the international 

level. The first functional property of choice studied by the Camerino and Como teams was hydrogen 

storage. Then, the focus of both groups moved on other applicative aspects, mainly carbon capture 

and heterogeneous catalysis. Torino started the activities on MOFs applying a multi-technique 

characterization (previously consolidated on zeolites) to MOF-5 in 2004.[2] This approach was 

extended to other materials developed for fundamental studies of H2 and CO2 capture within some 

EU projects of the VI and VII Framework Programme (MOFCAT, nanoMOF, MATESA). More or 

less at the same time, the theoretical modelling of MOFs began in Torino in the Theoretical Chemistry 

Group through quantum mechanical periodic calculations by means of the CRYSTAL code.[3] The 

first study on a MOF, reported in 2006, was a thorough investigation of MOF-5[4] that was still 

considered a challenge at that time. By starting from an initial interest in the adsorption capabilites of 

MOFs, the focus of the Theoretical Chemistry Group then moved to explore the rich portfolio of their 

physico-chemical properties (i.e. structural, electronic, dielectric, vibrational, elastic, mechanical, 

etc…) with the aim at highlighting the structure-property relationship. This was accomplished by 

fruitful collaborations with experimentalists in Torino and in other Italian Universities (Como and 
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Camerino) but also with colleagues in Oslo and Oxford. Research on MOFs in Perugia was born in 

the second half of 2000s as a spillover of the main research direction existing within the Inorganic 

Chemistry Laboratory since the 1970s, devoted to the chemistry of metal phosphates and 

phosphonates. The primary drive was the awareness that the outstanding stability of metal 

phosphonates, when compared to metal carboxylates, could serve to overcome one of the main pitfalls 

for MOFs. Main focus was the design and synthesis of new organic linkers, their use for the synthesis 

of metal derivatives (Mainly Zr and Cu) and structural characterization of these materials using 

powder-ray diffraction (PXRD) methods, often combined with other techniques, such as 

spectroscopies and gas sorption analysis. The work also involved collaborations with groups in Italy 

(Università di Milano-Bicocca, Università di Firenze), in the United States (University of California, 

San Diego) and in the United Kingdom (University of Swansea). Nowadays, each group that is part 

of this collective review has developed its own research niche in the MOF World. The geographical 

location of our research groups and the related main scientific activities is depicted in Fig. 2. Firenze 

has focused on the preparation of thiazole- and selenophene-containing MOFs for applications in CO2 

capture / conversion into added-value chemicals (the so-called “CCS+CCU” approach) and for 

luminescence sensing of polluting ions and small molecules. Torino has developed original 

characterization techniques and computational approaches for the study of MOFs peculiar physico-

chemical properties; in the last few years, this team has synthesized cerium MOFs for CO2 separation 

and storage. The Perugia and Pisa teams are expert in the synthesis and structural characterization of 

phosphonate-based MOFs and of cerium-based MOFs containing perfluorinated linkers for CO2 

capture. The Como and Camerino teams have focused their research activity on (poly)azolate-based 

MOFs for applications in CO2 storage and catalysis, through which Como has built up a solid 

expertise in the structural characterization of (microcrystalline) powders, also under non ambient 

conditions.  



6 

 

Fig. 2. Geographical distribution of the Italian research units working in MOFs and the related main scientific activities. 

 

Many collaborative papers written by two or more Italian groups have started to appear since 2010. 

The first example in this respect comes from Torino and Como, with the extended structural 

characterization of the [Ni8] MOF discussed in Chapter 2 at the periodic and local levels, by 

juxtaposing powder X-ray diffraction and X-ray absorption, infrared and UV-Vis spectroscopy, 

respectively. Since then, further joint activities have followed: a Torino-Firenze collaborative work 

published in 2012 describing the cobalt(II) thiazolidine MOF reported in Section 1.2; a series of joint 

papers Firenze-Como-Camerino published between 2018 and 2020 on the synthesis, characterization 

and application in carbon dioxide storage and valorization or heterogeneous catalysis with tagged 

bipyrazolate MOFs, detailed in Section 1.1.2. The scientific outcomes obtained by these groups over 

the past 15 years are collected and discussed in this review. Over this time period, MOF research in 

Italy has also benefited from excellent international cooperation with other research groups all over 
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the World (in Germany, Spain, United Kingdom and United States in particular). With this review, 

we would like to celebrate our results and also set the start of future national and international new 

joint activities and prospective scientific exchange. 

 

1. Novel MOFs in Italy: from synthetic paths to key structural aspects 

1.1 Pyrazole- and tetrazole-based MOFs (Como, Camerino, Firenze) 

This project line initially developed (jointly or independently) by the research groups based in 

Camerino and Como has mainly focused on the synthesis and structural/functional characterization 

of MOFs containing rigid or flexible poly(azolate) spacers. The interest for this class of linkers can 

be traced back to their higher basicity vs. the corresponding poly(carboxylate) linkers, which grants 

stronger coordination bonds and related thermal and chemical stability to the corresponding MOFs, 

as extensively shown by us and other research groups.[5-10] Furthermore, metal-to-nitrogen 

coordinative bonds are less affected by hydrolysis than those involving oxygen donors.[11-13] On 

this basis, in the past twenty years poly(azolate)-containing linkers have raised increasing interest as 

a valid alternative to poly(carboxylate)-based spacers in MOFs preparation.[5, 6] Among azoles, 

pyrazole is the strongest base (pKa in DMSO 19.8), which implies that pyrazolate forms stronger 

coordinative bonds than those involving other azolates (e.g. tetrazolate, 1,2,3-triazolate, 1,2,4-

triazolate, and imidazolate, with pKa in DMSO of 8.3, 13.9, 14.8 and 18.2, respectively),[14] with a 

significant impact on the thermal and chemical stability of its derivatives.[15] Deprotonation of 

pyrazole concomitantly increases its hapticity and basicity. Moreover, due to the position of its 

nitrogen donor atoms, pyrazolate can coordinate in a symmetric exo-bidentate mode featuring a 

bridging angle of 70°, which enables to keep two metal centers at a distance ranging between 3.5 

and 4.7 Å, depending on the metal ionic radius.[6] Tetrazole is the weakest base among the 

azoles;[14] consequently, tetrazolate forms weaker coordinative bonds than other azolates, this 

resulting into a lower thermal stability of the corresponding coordination compounds. At variance, 
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owing to its four nitrogen donor atoms, the tetrazolate anion displays seven different coordination 

modes, with hapticity ranging between two and four (Scheme 1).  

 

Scheme 1. The different coordination modes of the tetrazolate anion. 

 

Tetrazole-based linkers tailored synthesis is a widely explored investigation field, because of their 

rich coordination chemistry; nowadays, there is a vast library of tetrazole-containing coordination 

polymers and metal-organic frameworks[16] displaying a variety of physical properties, ranging from 

fluorescence to ferroelectric and dielectric behavior.[17] All the azole linkers described in this section 

along with the related MOFs are collected in Table 1. 

 

Table 1. List of the poly(azole)-linkers and the corresponding MOFs reported in this section, along with the 

corresponding BET specific surface areas (SSAs) and decomposition temperatures. 

Linker Compound 

BET 

SSA 

(m2/g) 

Tdec 

(°C) 
Ref. 
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H2BPZ       H2BDP         H2BPEB 

Cd(BPZ) 

Co(BPZ) 

Cu(BPZ) 

Ni(BPZ) 

Zn(BPZ) 

Ni(BDP) 

Zn(BDP) 

Fe3(BPEB)2 

Ni(BPEB) 

Zn(BPEB) 

 

 

 

993 

926 

314 

767 

778 

1600 

2200 

1273 

1900 

985 

 

 

 

 

 

350 

320 

350 

330 

450 

460 

410 

415 

422 

410 

 

 

 

[18] 

[18] 

[18] 

[18] 

[18] 

[19] 

[19] 

[20] 

[20] 

[20] 

 

 

 
 

H2Me2BPZ           H2Me4BPZ 

Co(Me2BPZ) 

Zn(Me2BPZ) 

Cd(Me4BPZ) 

Co(Me4BPZ) 

Cu(Me4BPZ) 

Zn(Me4BPZ) 

434 

290 

88 

318 

376 

396 

340 

460 

430 

320 

320 

400 

 

[21] 

[21] 

[22],[23] 

[22],[23] 

[22],[23] 

[22],[23] 

 

           
 

H2Me4BDP                H2Me4BDPB 

Cd(Me4BDPB) 

Co(Me4BDP) 

 

 

427 

791 

 

 

420 

450 

 

[24] 

[24] 
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    H2BDPX                                 d4-H2BPEB 

(X = -NO2, -NH2, 

-OH, -SO3H) 

Ni(BDPNO2) 

Ni(BDPNH2) 

Ni(BDPOH) 

Ni(BDPSO3H) 

Zn(BDPNO2) 

Zn(BDPNH2) 

Zn(BDPOH) 

Zn(d4-BPEB) 

 

1131 

1305 

1103 

819 

1875 

1345 

1170 

1214 

 

400 

470 

450 

410 

420 

470 

420 

- 

 

[25] 

[25] 

[25] 

[25] 

[25] 

[25] 

[25] 

[26] 

 

 
 

H2BPZNO2: R = NO2 

H2BPZNH2: R = NH2 

Co(BPZNO2) 

Cu(BPZNO2) 

Zn(BPZNO2) 

Cu(BPZNH2) 

Ni(BPZNH2) 

Zn(BPZNH2) 

645 

408 

916 

100 

182 

395 

350 

310 

390 

290 

390 

430 

[27] 

[27] 

[27] 

[28] 

[28] 

[28] 

 
 

H23,5NH2BPZ                 

Zn(3,5NH2BPZ) 

 

155 

 

 

450 

 

 

 

[29] 

 

 

 

 

 
 

H3BTP 

Co3(BTP)2 

Cu3(BTP)2 

Ni3(BTP)2 

Zn3(BTP)2 

CuI
4CuII

2(OH)2(BTPP)2 

1027 

1860 

1650 

930 

660 

 450 

390 

450 

510 

350 

[30] 

[30] 

[30] 

[30] 

[31] 
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H3BTPP 

 
H4ttps 

IMP-16Cu 

IMP-16Mn 

IMP-17Cd 

IMP-17Cu 

IMP-17Mn  

2665 

2510 

- 

- 

- 

240 

200 

- 

- 

- 

[32],[33] 

[32],[33] 

[33] 

[33] 

[33] 

 

1.1.1 Bipyrazole-based MOFs (Como, Camerino) 

We started the investigation on the coordination chemistry of the rigid ditopic linkers 4,4′-bipyrazole 

(H2BPZ) and 1,4-bis(pyrazolyl)benzene (H2BDP) (Table 1) with late transition metals between 2010 

and 2011. Before that date, only a few articles had appeared on the subject dealing with transition-

metal coordination compounds containing H2BPZ in its neutral form as bidentate linker[34] or in 

dianionic form as tetradentate linker.[35] More recently, the longer H2BPEB spacer (Table 1) was 

also engineered and prepared. H2BPZ was synthesized as reported by Domasevich and 

coworkers,[34] while H2BDP[36] and H2BPEB[20] were prepared following synthetic routes 

originally tailored in Como. The preparation of the M(BPZ) (M = Co, Ni, Cu, Zn) MOFs required 

either a conventional synthetic route in the presence of a base or solvothermal conditions.[18] 
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Isolation of M(BDP) (M = Co, Ni, Zn),[19] M(BPEB) (M = Ni, Zn) and Fe3(BPEB)2[20] proceeded 

through classical synthetic routes. All these compounds precipitate in the form of air- and moisture-

stable microcrystalline powders with decomposition temperatures between 320 and 460 °C (Table 1). 

The M(BPZ) (M = Co, Zn) and Zn(BDP) MOFs on one hand, and the M(BPZ) (M = Ni, Cu), Ni(BDP) 

and Ni(BPEB) compounds on the other hand, form two isoreticular series. Their open framework is 

characterized by MN4 tetrahedral (M = Co, Zn) or square planar (M = Cu, Ni) nodes bridged through 

exo-tetradentate spacers to form 3D architectures featuring 1D square (M = Co, Zn; Fig. 3a) or 

diamond-shaped (M = Cu, Ni; Fig 3b) channels. As expected, the empty volume increases as a 

function of the spacer length, being 40-42%, 57-65% and 70% in M(BPZ), M(BDP) and Ni(BPEB), 

respectively. Unexpectedly, Zn(BPEB) and Zn(BPZ) [or Zn(BDP)] are not isoreticular, despite 

sharing the same stereochemistry at the metal ion and possessing a 3D open framework with 1D 

rhombic channels. Interpenetration about the spacer triple bonds is observed, this occurrence 

implying an empty volume (42%) comparable to that of Zn(BPZ). Finally, Fe3(BPEB)2 shows 

octahedral FeN6 nodes bridged by exo-tetradentate spacers within a 3D open framework with 1D 

triangular channels (Fig. 3c) resulting into an empty volume of 64%. 
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Fig. 3. Portion of the crystal structure of Zn(BDP) (a), Ni(BPEB) (b) and Fe3(BPEB)2 (c) showing the channels shape. 

Hydrogen atoms on the linkers and clathrated solvent molecules in the channels omitted for clarity. Atom color code: 

gray, C; blue, N; turquoise, Zn; green, Ni; orange, Fe. Adapted from refs.[19] and [20]. 

 

1.1.2 Tagged bipyrazole-based MOFs (Como, Camerino, Firenze) 

As a natural development of the research line described above, we decided to study the effect of 

substituents of different chemical nature and/or steric hindrance (-CH3, -NO2, -NH2, -OH, -SO3H), 

decorating the channels walls on the functional properties of the corresponding MOFs, preserving the 

structural motif with respect to the parent, unfunctionalized material. With this aim, a wide variety of 

tagged linkers have been prepared (Table 1). The role of the steric hindrance of the substituent(s) on 

a rigid, linear skeleton with increasing length was investigated upon preparing 3,3′-dimethyl-1H,1′H-

4,4′-bipyrazole (H2Me2BPZ),[21] tetramethyl-1H,1′H-4,4'-bipyrazole (H2Me4BPZ),[22] 1,4-bis-4′-

(3′,5′-dimethyl)-pyrazolylbenzene (H2Me4BDP) and 1,4-bis-4′-(3′,5′-dimethyl-pyrazolyl)biphenyl 

(H2Me4BDPB). H2Me2BPZ and H2Me4BPZ were prepared adopting the synthetic paths proposed by 

Sharko et al.[37] and Mosby[38] respectively, whereas the linkers H2Me4BDP and H2Me4BDPB were 

prepared following the synthesis reported by Li and co-workers,[39] based on the condensation of 

the pertinent bis(diketone) with hydrazine hydrate in aqueous medium. These methyl-functionalized 

linkers were employed in the isolation of the corresponding MOFs M(Me2BPZ) (M = Co, Zn),[21] 

M(Me4BPZ)[22] (M = Co, Cu, Zn), Co(Me4BDP) and Cd(Me4BDPB).[24] These MOFs were 

prepared through solvothermal routes by reacting H2Me4BPZ and the pertinent MX2 salt [N,N-

dimethylformamide (DMF), 100-150 °C, autogenous pressure, 24 h]. To isolate Cu(Me4BPZ), the 

temperature of 100 °C was adopted to prevent the CuII to CuI reduction. All these compounds were 

isolated in the form of air- and moisture-stable powdery batches, which are not soluble in water and 

in the most common organic solvents, and show moderate to remarkable thermal stability (Table 1), 

clearly influenced by the different redox reactivity of the involved metal ions. The M(Me2BPZ) (M 

= Co, Zn) and M(Me4BPZ) (M = Co, Cu, Zn) series as well as Co(Me4BDP) share the same structural 

motif of the untagged parents M(BPZ) (M = Co, Cu, Zn) and Co(BDP), with an expected decrease of 
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the empty volume percentage [15% vs. 38% vs. 40-42%, respectively, moving from M(Me4BPZ) to 

M(Me2BPZ) and M(BDP); 57% vs. 65%, respectively, on passing from Co(Me4BDP) to Co(BDP)]. 

On the other hand, Cd(Me4BDPB) (where the linker rings are not coplanar) shows a different 3D 

open framework featuring 1D slit-like channels. The chemical nature of the substituent was modified 

besides its steric hindrance, to verify the role of its polarity on the functional properties. To this aim, 

we engineered and prepared the linkers 3-X-4,4'-bipyrazole (H2BPZX; X = NO2, NH2), 3,5-diamino-

4,4'-bipyrazole (3,5-H2BPZNH2), 2-X-1,4-bis(1H-pyrazol-4-yl)benzene (H2BDPX; X = -NO2, -OH, 

-SO3H) and 1,4-bis(1H-pyrazol-4-ylethynyl)benzene-d4 (d4-H2BPEB) (Table 1). H2BPZNO2[27] and 

H2BDPNO2[25] were synthesized through direct nitration of the untagged spacer. H2BPZNH2[28] 

and 3,5-H2BPZNH2[29] were prepared from the reduction of their nitro-functionalized analogues in 

2-propanol, using hydrazine as a reducing agent and a Ni-Re slurry as catalyst. The amino 

functionalized H2BDPNH2 spacer was prepared upon reducing H2BDPNO2 with ammonium formate 

in DMF adopting Pd/C as catalyst.[25] H2BDPOH was subsequently obtained treating H2BDPNH2 

with NaNO2, followed by addition of H2SO4(aq), while H2BDPSO3H was synthesized by directly 

treating H2BDP with fuming H2SO4.[25] Finally, the synthesis of d4-H2BPEB proceeded as that of 

H2BPEB, starting from the proper perdeuterated precursor.[26] The MOFs M(BPZNO2) (M = Co, 

Cu, Zn),[27] M(BPZNH2) (M = Ni, Cu, Zn)[28] and Zn(3,5-BPZNH2)[29] were isolated as 

microcrystalline powders by combining the corresponding metal acetates (or nitrate in the case of 

cobalt) with the nitro- or amino-substituted organic linkers, under solvothermal conditions in DMF. 

As a general procedure, the M(BDPX) families (M = Ni, Zn; X = NO2, NH2, OH) were prepared 

along classical routes upon reacting the proper metal acetate and linker (DMF, 60 °C, 5 h), while 

Ni(BDPSO3H) was obtained coupling Ni(CH3COO)2·4H2O and the linker (DMF:DMSO = 1:1 v/v, 

160 °C, 5 h).[25] Zn(d4-BPEB)[26] was straightforwardly isolated following the same protocol 

adopted for the Zn(BPEB) parent. Also in this case, the structural motif of the tagged M(Me2BPZ), 

M(Me4BPZ), M(BDPX) and deuterated Zn(d4-BPEB) MOFs can be traced back to that of the parent 

M(BPZ) and M(BDP) and M(BPEB) compounds sharing the same metal ion. In the case of 
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Ni(BDPSO3H) though, its 3D open framework shows 1D rhombic channels but the nodes are 

octahedral NiN4O2 moieties, because of the different coordination geometry at the metal center that 

includes the sulfonic groups on the linker. 

 

1.1.3. Tris(pyrazole)-based MOFs (Como, Camerino) 

The two tris(pyrazoles) 1,3,5-tris(1H-pyrazol-4-yl)benzene, (H3BTP)[30] and 1,3,5-tris((1H-pyrazol-

4-yl)phenyl)benzene (H3BTPP)[31] (Table 1) were synthesized via the Suzuki coupling of 1-

(tetrahydro-pyran-2-yl)-4-pyrazoleboronic acid pinacol ester with 1,3,5-tribromobenzene and 1,3,5-

tris(4-bromophenyl)benzene, respectively, in a mixture of dioxane and water, by adopting a very 

similar procedure to that reported in the literature.[40] Combining H3BTP with nickel(II), copper(II) 

and cobalt(II) acetate or Zn(CF3SO3) under solvothermal reaction conditions (DMF, 160 °C) afforded 

the MOFs M3(BTP)2.[30] At variance, CuI
4CuII

2(OH)2(BTPP)2 was synthesized with the reaction 

temperature carefully set at 80 °C to avoid the complete reduction of CuII to CuI and the concomitant 

formation of a mixture of undesirable products.[31] Yields of these reactions are usually high, and all 

these MOFs could be obtained as air-stable powders insoluble in water and in most common solvents, 

and show moderate to remarkable decomposition temperatures (Table 1). The chemical stability of 

Ni3(BTP)2 and Zn3(BTP)2 is also remarkable, as they survive in boiling aqueous solutions of pH 2-

14 for at least 14 days. Ni3(BTP)2 and Cu3(BTP)2 share the same sodalitic structural motif, in which 

square M4(pz)8 (pz = pyrazolate) nodes are bridged by the spacers to eight neighboring ones forming 

a 3D open framework (Fig. 4a) containing octahedral cages (Fig. 4b) separated by 1D channels. At 

variance, the isostructural MOFs Zn3(BTP)2 and Co3(BTP)2 show a 3D open framework with 1D 

channels. Finally, CuI
4CuII

2(OH)2(BTPP)2 is an example of 2D open framework in which the layers 

are formed by CuN6(OH) nodes bridged by the spacers to other six nodes, this resulting into 1D 

hexagonal channels. 
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Fig. 4. Portion of the crystal structure of Ni3(BTP)2 (a) and schematic representation of its sodalite-like network topology 

highlighting the octahedral cavities (b). Hydrogen atoms on the linkers and solvent molecules in the pores omitted for 

clarity. Atom color code: gray, C; blue, N; green, Ni. Adapted from ref.[30]. 

 

1.1.4. Tetrazole-based MOFs (Camerino) 

Beside poly(pyrazolates), poly(tetrazolates) are one of the most popular azolate families in the 

preparation of MOFs and coordination polymers. In tetrazolate-based MOFs, the N atoms that are not 

involved in the coordination to the metal centers may act as basic sites with high affinity for CO2.[6, 

41] Some tetrazolyl-containing linkers have been exploited for the isolation of MOFs having potential 

application as high-energy-density materials.[42] In 2013, we synthesized the new tetratopic linker 

tetrakis(4-tetrazolylphenyl)silane (H4ttps, Table 1), the silicon analogue of the known carbon-

centered tetrakis(4-tetrazolylphenyl)methane (H4ttpm). The presence of silicon instead of carbon in 

this linker has some influence on the structure and properties of the corresponding MOF.[43] In 

addition, H4ttps can be straightforwardly synthesized taking advantage of inexpensive and 

commercially available starting materials. Indeed, it was prepared from the tetracyano organosilicon 

Si(C6H4CN)4 (easily obtained from SiCl4 and BrC6H4CN) via a [2+3] cycloaddition reaction with 

sodium azide.[32] The isostructural MOFs H(M4Cl)(ttps)2(DMF)4·nDMF (IMP-16Cu, M = Cu, n = 

18; IMP-16Mn, M = Mn, n = 20) were isolated as microcrystalline powders upon coupling H4ttps and 
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the metal chlorides (DMF:methanol, 80 °C). Both MOFs are moderately stable and display a high 

BET specific surface area (Table 1). When CdCl2 was exploited as metal-containing reagent, the IMP-

16Cd analogue could not be obtained as expected, giving instead a mixture of phases of unknown 

nature. The IMP-16M compounds are a rare example (for MOFs) of (8,4)-connected net with fluorite 

topology: their crystal structure is characterized by chloride-centered square-planar {Cu4(μ4-Cl)}+ 

SBUs, in which the metal ions show a square pyramidal coordination and which are reciprocally 

connected by octadentate spacers. In order to understand if the counterion type (or its absence) could 

have some influence in the syntheses, the reactions of metal nitrates with the H4ttps connector were 

carried out applying the same synthetic procedure described above, yielding the isotructural 

M6(ttps)3(DMF)6 (IMP-17Mn, IMP-17Cu and IMP-17Cd for M = Mn, Cu, Cd, respectively) MOFs. 

Their (4,6)-connected 3D net of garnite topology, another rare topology for MOFs, is characterized 

by linear, trinuclear nodes, in which the metal ions show two distinct octahedral coordination spheres 

(MN6 and fac-MN3O3). In contrast with the IMP-16M series, the IMP-17M one showed limited 

stability: IMP-17Cd and IMP-17Cu decompose within 24 hours when left in air, and all of them 

decompose rapidly also under thermal activation. 

 

1.2 Thiazole-based MOFs (Firenze) 

Interest in thiazole-containing MOFs stems from the intriguing physico-chemical properties of this 

heterocycle. Thiazoles are the simplest (N,S)-containing heterocycles, and both the hard (N) and the 

soft (S) base that are part of the organic ring modify the electron density distribution with respect to 

their fully carbocyclic analouges. Thiazoles luminescence is evident in natural biomolecules (often 

fused with benzene derivatives, i.e. benzothiazoles) like vitamin B1 (thiamine) or luciferin (the 

substance responsible for fireflies natural luminescence). From a medicinal point of view, thiazoles 

have found wide applications in the synthesis of dyes and fungicides like thifluzamide and 

tricyclazole, marketed for control of various agricultural pests. Another application field growing in 
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interest is the prepration of (thiazolo)thiazole-based organic sensitizers as light-responsive dyes to be 

incorporated within solar cells (DSSC) for the generation of renewable energy sources (mainly 

hydrogen through photocatalytic water splitting). The thiazole/thiazolidine-based linkers and related 

MOFs discussed in this work are collected in Table 2. 

Table 2. List of the thiazole/thiazolidine-based linkers and the corresponding MOFs reported in this section, along with 

the corresponding BET specific surface areas (SSAs) and decomposition temperature. n.p. = non porous. 

Linker Compound 

BET 

SSA 

(m2/g) 

Tdec 

(°C) 
Ref. 

 
 

H2L-RR 

Co(L-RR)(H2O) n.p. 290 [44] 

 

 
5-TzCOOH  

Cu(5-TzCOO)2·1.5 (H2O) n.p. 220 [45] 

 
H2TzTz 

[Zr6O4(OH)4(TzTz)6] 840 500 [46] 

 

 
(HBzTz)Br 

[Zr6O4(OH)6.3(H2O)4(TBAPy)2] 

·1.7(BzTz)Br 
1530 507 [47] 

 

At the beginning of 2010, the Firenze team started the investigation on the chemistry of thiazole- 

and thiazolidine-based polycarboxylates. The very first publication on these linkers preparation dates 

back to 2011, describing the multi-gram scale and microwave-aided synthesis of a library of 2-
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substituted-4-carboxy thiazoles and thiazolidines by condensation of the naturally occurring amino 

acid cysteine with aldehydes.[48] This new synthetic protocol is greener and less energy-demanding 

than the traditional Hantzch thiazole synthesis (i.e. the condensation of an α-halocarbonyl compound 

with a thioamide). In the same year, a collection of 0D discrete coordination compounds was 

published, obtained through the combination of ZnII, CoII and CuII salts with thiazole-2-carboxylic 

acid, thiazole-4-carboxylic acid and [2-(2-pyridyl)thiazole-4-carboxylic acid] under hydrothermal 

conditions in stainless steel autoclaves.[49] The presence of an extended hydrogen-bonding network 

due to the several hydrogen donor/acceptor polar groups confers a “pseudopolymeric” nature on these 

solids, being insoluble in all solvents. The linkers coordination mode is invariably 2-(-N:-O), 

chelating a single metal ion. No polymeric compounds can be obtained when the carboxylic function 

is either in the 2- or in the 4-position of the heterocyclic ring. From this perspective, this study has to 

be considered as a propaedeutic step towards the synthesis of genuine thiazole-based MOFs.   

One year later, in Firenze we succeeded in the preparation of a MOF by combining hydrated CoCl2 

with the polytopic aliphatic spacer thiazolidine-2,4-dicarboxylic acid (Table 2) in its (R,R) 

enantiomerically pure form, obtained through selective precipitation from a (R,R)/(S,R) 

diastereomeric mixture. The hydrothermal synthesis (T = 90 °C, 24 h) led to a MOF with minimal 

formula Co(L-RR)(H2O)H2O.[44] The obtained MOF contains only the (R,R) linker enantiomer and 

it shows the same optical activity. The coordination geometry at cobalt is octahedral, and the linker 

occupies five coordination sites through its N atom and the four O atoms from the carboxylate groups 

(Fig. 5a). The last site hosts one water molecule as aquo ligand. The resulting 3D framework is 

featured by two alternating channels (Fig. 5b), being either hydrophobic (when the sulfur atoms 

protrude in the pores) or hydrophilic (from the aquo ligand side sitting on cobalt). In the latter, a 

number of water molecules as crystallization solvent can be found. Co(L-RR)(H2O)H2O has been 

characterized through a plethora of techniques: X-ray diffraction, Circular Dichroism (CD), Infrared 

Spectroscopy (IR), UV-Visible spectroscopy, X-ray Absorption Near Edge Structure (XANES), 
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extended X-Ray absorption fine-structure (EXAFS). The dehydration process leads to a color change 

from pink to violet. 

 

Fig. 5. Representation of the metal coordination environment (a) and of portion of the crystal structure (b) of [Co(L-

RR)(H2O)H2O], where L-RR2- = (R,R)-thiazolidine-2,4-dicarboxylate. Atom color code: black, C; white, H; red, O; blue, 

N; yellow, S; purple, Co. Adapted from ref.[44]. 

 

The following step in linker design was to move the carboxylic function from the 4- to the 5-

position on the thiazole ring, since the experimental evidence collected so far showed that in the 

former case (N,O)-chelation over a single metal center and formation of discrete 0D coordination 

compounds is preferred to bridging two or more metal centers to build a polymeric structure. Thus, 

simple thiazole-5-carboxylic acid and its 2-amino substituted analogue were employed as linkers in 

the construction of 1D and 2D coordination polymers (CPs) in combination with CuII.[45] The 2D 

polymer Cu(5-TzCOO)2·1.5 (H2O) (5-TzCOO- = thiazole-5-carboxylate, Table 2 and Fig. 6) features 

a porous structure containing square channels formed by the ordered stacking of planar sheets. In this 

CP, the   is bridging nearby CuII ions through its N atom and the –COO- group; the coordination 

geometry around the metal center is distorted octahedral.  
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Fig. 6. Portion of the crystal structure of Cu(5-TzCOO)2·1.5 (H2O). Hydrogen atoms on the linkers and clathrated water 

molecules omitted for clarity. Atom color code: grey, C; red, O; blue, N; yellow, S; cyan, Cu. Adapted from ref.[45]. 

 

The most recent research activity in this field focuses on the preparation of a bridging 

dicarboxylate spacer containing a conjugated bithiazole core, namely: 2,2'-bithiazole-5,5'-

dicarboxylic acid (H2TzTz, Table 2). This spacer ideally comes from a “doubling” of thiazole-5-

carboxylic acid through its self-coupling on the 2-position (the most reactive of the thiazolic ring). 

After linker synthesis optimization, the as-prepared H2TzTz was reacted in DMF under solvothermal 

conditions with ZrCl4 using HCl as crystal modulator, yielding a pale yellow powder of 

[Zr6O4(OH)4(TzTz)6]  n(DMF) (Fig. 7).[46] This MOF is isostructural with the members of the UiO-

67 family[50] and with the bithiophene analogue prepared by Moon and co-workers in 2015.[51] 

Hence, it is of cubic crystallographic symmetry, and the [Zr6] octahedral node is surrounded by twelve 

carboxylate groups generating a 3D microporous structure. Each zirconium(IV) ion is eight-

coordinated in a square-antiprismatic coordination geometry defined by eight oxygen atoms. The 3D 

network contains two types of cages: one octahedral and another tetrahedral in shape. 
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Fig. 7. Portion of the crystal structure of [Zr6O4(OH)4(TzTz)6]  n(DMF), viewed in perspective along the c 

crystallographic direction. Atom color code: grey, C; red, O; blue, N; yellow, S; violet, Zr. Solvent molecules and 

hydrogen atoms omitted for clarity. Adapted from ref.[46]. 

 

The synthetic methodology called SALI (Solvent Assisted Linker Incorporation) to get 

functionalized derivatives of already known stable and mesoporous zirconium MOFs has been 

exploited for the preparation of thiazole-decorated samples. A tailor-made benzothiazolium bromide 

salt functionality [(HBzTz)Br, Table 2] was introduced via SALI into the mesoporous Zr-based 

metal–organic framework NU-1000 [Zr6O4(OH)8(H2O)4(TBAPy)2], where TBAPy4- = 1,3,6,8-

tetrakis(p-benzoic-acid)pyrene. The resulting NU-1000-BzTz MOF [Zr6O4(OH)6.3(H2O)4(TBAPy)2] 

·1.7(BzTz)Br shows a maximum loading of 1.7 molecules of benzothiazolium extra-linkers per [Zr6] 

node, as inferred from the 1H NMR peaks relative integration coming from samples digested in 

D2SO4/D2O/DMSO-d6. The material remains crystalline and with identical reticular topology after 

the inclusion process.[47] 

 

1.3 Polymeric formates (Firenze) 

The very first stages of MOF research in Firenze were focused on the preparation of polymeric 

formates. Formic acid (HCOOH) is the simplest and smallest organic carboxylic acid conceivable. A 
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boost on the study of polymeric metal formates has been given by the discovery of a wide variety of 

crystalline phases that can be obtained with this linker, along with the large number of applicative 

fields where these materials can be exploited, spanning from gas storage to luminescence and 

magnetism. The formate molecule is very small and possesses a strong coordinating ability, thus 

tending to form high-density phases. Most of the polymeric formates known show an ABX3 

“perovskite-like” structure, with A = organic cation, B = MII in an octahedral coordination geometry 

(M = Mn, Co, Ni, Zn, Mg), X = -HCOO-. The organic cation (usually in the form of an ammonium 

salt) sits within the cubic pores of the anionic 3D framework. The final crystallographic lattice 

symmetry (and related space group) is variable, and it depends on shape, size and charge factors. In 

2008, the Firenze team published the preparation and solid-state characterization of the new MgII 

formate [(CH3)2NH2][Mg(μ-HCOO)3] isomorphous to the (already known) MnII, CoII, NiII and ZnII 

analogues.[52] High-quality single crystals were grown under solvothermal conditions in DMF. The 

structure consists of a rhombohedral polymeric network (space group R3̅c) with channels of cubic 

section in which the vertices are occupied by six-coordinated MgII ions. The formate molecule bridges 

adjacent metal centers in an anti-anti coordination mode. The cubic cavities are occupied by 

dimethylamine molecules, deriving from thermal decomposition of the DMF solvent (Fig. 8). The 

location of the proton that neutralizes the overall charge is unknown. Therefore, the MOF can be 

formulated either as [(CH3)2NH2][Mg(μ-HCOO)3] or as Mg(HCOO)2(HCOOH) ⊃ (CH3)2NH. 

Nevertheless, the possibility to remove the amine after thermal activation and measurement of a BET 

surface area of 448 m2/g[53] leads to a preference for the latter formulation. 
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Fig. 8. Portion of the crystal structure of [(CH3)2NH2][Mg(μ-HCOO)3]: view of the cubic cavities with Mg atoms at the 

corners, containing (disordered) dimethylamine molecules [view orthogonal to the (011) Miller planes]. Atom color code: 

orange, Mg; gray, C; red, O; blue, N. Hydrogen atoms omitted for clarity. Adapted from ref.[52]. 

 

In our attempts to prepare MgII-based MOFs with different organic acids, the solvothermal reaction 

between magnesium perchlorate hydrate and the ditopic cyclobutane-1,1'-dicarboxylic acid in 

formamide led to the unexpected formation of the polymeric formate (Fmd)Mg(HCOO)3, where 

Fmd+ = formamidinium cation, [HC(NH2)2]
+. In this synthesis, cyclobutane-1,1'-dicarboxylic acid 

does not form any MOF; its role is merely that of a medium-strength acid that catalyzes condensation 

between ammonia (deriving from the thermal decomposition of the solvent) and one molecule of 

formamide to generate in situ the formamidinium cation. The latter is eventually included into the 

final crystalline product. When an ‘‘auxiliary’’ templating cation is introduced in solution as its 

carbonate salt, the same reaction leads to a different formate: (Gua)Mg(HCOO)3, with Gua+ = 

guanidinium, [C(NH2)3]
+. The two phases are isostructural and belong to the same cubic network 

topology found for [(CH3)2NH2][Mg(μ-HCOO)3] and for the ABX3 “perovskite-like” polymeric MII 

formates of the literature. The formamidinium and guanidinium formates have been extensively 

characterized through solid-state multinuclear (1H, 13C and 15N) NMR spectroscopy.[54] The 

simultaneous presence of many hydrogen bonds gives these materials a significant thermal and 

chemical stability. 
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A slight variation on the theme was achieved through the employment of lanthanide salts under 

the same experimental conditions. When LnIII metal salts are chosen as starting reagents under the 

same experimental conditions, the analogous species of general formula (Fmd)LnIII(-HCOO)4 (Ln 

= Eu, Gd, Tb, Dy) could be prepared, where the central rare Earth can expand its coordination number 

to eight, because of its larger ionic radius.[55] The new coordination geometry is square antiprismatic, 

with eight bridging formates surrounding the metal nodes (Fig. 9a). The as-obtained four MOFs are 

isostructural; they are featured by an orthorhombic (chiral) C2221 space group. Chirality stems from 

the peculiar spacial arrangement of the bridging formates that creates regularly alternated left-handed 

and right-handed helices in the lattice (Fig. 9b). 

 

 

Fig. 9. (a) Asymmetric unit of the crystal structure of (Fmd)Dy(HCOO)4 and (b) view of the 1D channels along the a 

axis. In (b), hydrogen atoms omitted for clarity. Atom color code: navy blue, Dy; gray, C; white, H; red, O; blue, N. 

Hydrogen bonds depicted in yellow dotted lines. Adapted from ref.[55]. 

 

1.4 Phosphonate-based MOFs (Perugia) 

The first examples of crystalline open framework metal phosphonates were published in the 

1990s[56-58] by the research group based in Perugia, led by Alberti, after a multidecennal research 

experience in this field.[59] In particular, zirconium phosphonates gained a relevant interest due to 

their remarkable stability, when compared to carboxylate-based MOFs, and to a high structural 
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flexibility generated by the wide coordination capabilities of phosphonate tetrahedra. In some cases, 

these early studies anticipated some recent leading concepts such as the "breathing effect" shown by 

flexible MOFs during adsorption-desorption processes,[60] first reported in 2005 by Kitagawa and 

co-workers.[61] Starting from 2002, the use of aminomethylenephosphonate building blocks has 

opened new perspectives for the preparation of materials with controlled porosity because of their 

considerably simpler preparation than that of similar all-carbon phosphonates. A plethora of different 

structural motifs were obtained, due to the presence of polar amino groups that induce the formation 

of non-covalent interactions as structure-directing factors.[62-67] The phosphonic acid linkers and 

related MOFs discussed in this review are collected in Table 3, for the sake of clarity. 

Table 3. List of the phosphonate-based linkers and the corresponding MOFs reported in this section, along with the 

corresponding BET specific surface areas (SSAs) and decomposition temperature. n.p. = non porous. 

Linker Compound 
BET SSA 

(m2/g) 
Tdec (° C) Ref. 

 

 
H8C4P4 

Zr(H4C4P4) n.p. 280 [68] 

 
H8C6P4 

 

Cu3(H2C6P4)(bipy)2 

Cu3(H2C6P4)(PyEtPy)2 

 

n.p. 

n.p. 

250 

200 
[69] 

 

 

Cu3(H2pxylP4)(PyEtPy)2 

 

n.p. 250 [69] 
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H8pxylP4 

 
H8CyP4 

Zr(H4CyP4) n.p. 300 

 

[68],[70] 

 

 

 
H4pip 

 

Zr2H4(pip)3 n.p 310 [71] 

 
H6btbp 

Zr3(H3btbp)2 n.p. 400 [72] 

 

 

H6pttbmp 

Zr(H4pttbmp)2 410 450 [73] 
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H6mttbmp 

Zr(H4mttbmp)2 n.p. 480 [74] 

 

The constant development of experimental and numerical methods for crystal structure determination 

from powder diffraction data has been crucial for studying these materials, typically obtained as 

microcrystalline powders with extremely low solubility. Relevant results were obtained with the use 

of the branched R-diamino-N,N,N'N'-tetramethylenephosphonic acids. Fig. 10 schematically shows 

the crystal structure of two different compounds, in which R is either a butyl or a cyclohexyl residue. 

In spite of the similarity of the tetraphosphonate building blocks, their crystal structures are very 

different.[68] 

 

Fig.10. Representation of the crystal structure of (a) zirconium(IV) butyldiamino-N,N,N',N'-tetra(methylenephosphonate) 

and (b) zirconium cyclohexyldiamino-N,N,N',N'-tetra(methylenephosphonate). ZrO6 octahedra are violet and PO3C 

tetrahedra are green. Atom color code: grey, C; red, O; blue, N; green, P; violet, Zr. Adapted from ref. [68]. 
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The butyldiamino derivative Zr(HPO3CH2)2N-C4H8-N(CH2PO3H)24H2O is layered, with 

complex layers containing channels running inside them where water molecules are placed (Fig. 10a). 

Each layer is built up by the bridging of 1D inorganic building units (IBUs) through the butyldiamino 

group. The cyclohexylamino derivative Zr(PO3CH2)2N-C6H10-N(CH2PO3)2Na2H25H2O shows a true 

3D open framework in which IBUs (with the same connectivity as in the former compound) are 

connected by the cycloalkyl groups (Fig. 10b). Another promising system is the Zr piperazine-N,N'-

bis(methylphosphonate) Zr2H4[(O3PCH2)2N2C4H8]39H2O.[71] In this case, the two phosphonate 

tetrahedra are placed at opposite sides of the building block. Typically, zirconium derivatives 

containing all-carbon diphosphonates with such geometry have a pillared structure based on layers 

analogous to those found in -Zr phosphonates. In this case, a 3D structure is obtained, in which the 

piperazine moieties act as spacers for inorganic chains in a trigonal arrangement, creating channels 

filled with water molecules (Fig. 11).  

 

Fig. 11. Representation of the crystal structure of Zr piperazine-N,N'-bis(methylphosphonate). Water molecules in the 

channels omitted for clarity. Atom color code: grey, C; red, O; blue, N; green, P; violet, Zr. Adapted from ref.[71]. 
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The three compounds described above did not show relevant N2 adsorption at 77 K, but water 

molecules can be reversibly adsorbed and desorbed, indicating that the pores are indeed accessible to 

guest species. These structures potentially represent archetypes for the preparation of families of 

isoreticular compounds in which the channel size can be tuned by changing the organic spacer 

between the phosphonate tetrahedra. The main challenge rests in the synthesis of the organic linkers, 

which requires starting materials that are not commercially available. Research on this topic is in 

progress. More recently, a strategy based on the use of rigid, non-linear polytopic phosphonic linkers 

was adopted, based on the assumption that these spacers should avoid the formation of dense 

inorganic layers and direct the assembly of the crystal structure towards open frameworks. The first 

attempt in this direction was made combining ZrIV with the linker 1,3,5-tris(4-

phosphonophenyl)benzene (H6btbp, Table 3),[72] which had already proved to be a promising 

building block in combination with other metals, such as vanadium and strontium.[75, 76] The 

resulting compound Zr3(H3btbp)4·15H2O (Zrbtbp) features a honeycomb motif based on trinuclear 

IBUs connected in two dimensions by the organic linkers, giving rise to cavities of about 10 Å 

diameter (Fig. 12).[72] 
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Fig. 12. Portion of the crystal structure of Zrbtbp. Atom color code: grey, C; red, O; green, P; violet, Zr. Adapted from 

ref. [72]. 

 

Despite the relatively large amount of water molecules present in the framework of the as-

synthesized Zrbtbp, no porosity to either N2 at 77 K or CO2 at 195 K was observed upon activation. 

This was ascribed to the unfavorable stacking of layers in the dehydrated structure, where access to 

the pores by N2 and CO2 is likely prevented by the IBUs of adjacent layers, which lie above and 

below the apertures. Notably, water can diffuse in and out of the framework, possibly because of its 

ability to form hydrogen bonds with the abundant free P-OH groups. Stability tests demonstrated that 

Zrbtbp has thermal and chemical stability comparable to the benchmark Zr-carboxylate MOF UiO-

66.[50] In the same year, the similar linker 2,4,6-tris(4-(phosphonomethyl)phenyl)-1,3,5-triazine 

(H6pttbmp, Table 3) possessing higher flexibility than H6btbp owing to its methylene connectors 

placed between the phosphonic groups and the aromatic rings was employed to synthesize the 

crystalline and microporous compound named UPG-1: Zr(H4pttbmp)2·10H2O (Fig. 13). [73] 

 

 
Fig. 13. Portion of the crystal structure of Zr(H4pttbmp)2. Atom color code: grey, C; red, O; blue, N; green, P; violet, 

Zr.Adapted from ref. [73]. 
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The structure of UPG-1 is based on one-dimensional IBUs constituted of ZrO6 octahedra linked 

by exobidentate PO3C groups and connected through the organic linkers. This connectivity gives rise 

to a three-dimensional framework featuring two sets of channels with diameters of about 5 and 10 Å, 

respectively. Removal of water molecules does not induce relevant structural rearrangements, with 

the result that UPG-1 is permanently porous to CO2 and CH4 at 195 K and to n-butane at 273 K, 

whilst it displays no appreciable uptake of N2 at 77 K. The BET specific surface area estimated from 

the CO2 adsorption isotherm at 195 K is 410 m2/g, with a pore volume of 0.2 cm3/g. The thermal 

stability of UPG-1 was found to be comparable to that of UiO-66, while its stability to hydrolysis in 

harsh conditions (200 °C in water for two days, 120 °C in 0.1 M HCl for three days) is superior to 

that of UiO-66. Subsequent to the discovery of UPG-1, the isomeric linker 2,4,6-tris[3-

(phosphonomethyl)phenyl]-1,3,5-triazine (H6mttbmp) was prepared with the aim of studying the 

variation in the 3D assembly caused by the linker’s positional isomerism.[74] Combination of 

H6mttbmp with ZrIV precursors afforded the layered, non-porous compound Zr(H4mttbmp)23H2O 

(UPG-2), displaying a structural arrangement completely different from that of UPG-1, in spite of the 

nearly identical chemical composition. In UPG-2, isolated zirconium(IV) ions in octahedral geometry 

are connected by the organic linkers to form 2D sheets. In an effort to expand this chemistry beyond 

zirconium, copper phosphonates were also investigated to introduce additional coordination 

possibilities, relying on the affinity of this metal for nitrogen-based linkers. Early attempts using 

tetraphosphonates derived from hexamethylene- and xylylenediamines led to layered structures 

where the CuII centers are coordinated in a square pyramidal fashion and three basal positions are 

occupied by one nitrogen and two phosphonic oxygen atoms belonging to the same linker.[77] Later 

on, the role of bipy (4,4'-bipyridyl) as an ancillary ligand in the presence of meta- and para-

xylylenediphosphonic linkers was investigated, finding that it could dominate the assembly of the 

crystal structure by (i) bridging copper ions and favoring the formation of one-dimensional chains 

that are connected in the second dimension by the phosphonate linkers; (ii) establishing π-π stacking 

interactions with the aromatic rings of the phosphonate linkers.[78] As a result, the two coordination 
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polymers derived from the meta and para linker isomers display the same chemical composition, i.e. 

Cu[(HO3PCH2)2C6H4][bipy]·2H2O, and remarkably similar layered crystal structures. In 2013, the 

reaction between tetraphosphonic 1,4-xylylene or hexamethylenediamines (H8L
1 and H8L

2, 

respectively) and bipy or its analogue PyEtPy [1,2-bis(4-pyridyl)ethane] successfully produced a 

family of three isoreticular Cu-based MOFs of general formula Cu3(H2L
1)(bipy)2·9H2O, 

Cu3(H2L
2)(bipy)2·11H2O and Cu3(H2L

2)(PyEtPy)2·24H2O (Fig. 14).[69] These compounds feature 

the same trinuclear IBU, and their flexible frameworks contain large 1D channels that can reversibly 

adsorb and desorb large amounts of water, displaying volume changes up to 26%. The three MOFs 

are non-porous towards N2 at 77 K, but they do adsorb CO2 at 195 K, displaying an hysteretic behavior 

that can be ascribed to their flexible structure. Despite the relatively low CO2 uptake, the very low 

affinity for N2 makes these MOFs potentially useful for application in CO2 capture, as suggested by 

a recent comprehensive computational screening of the CoRE MOF 2014 DDECe database searching 

for promising candidates for this application.[79] 

 

 

Fig. 14. Portion of the crystal structure of Cu3(H2L2)(PyEtPy)2·24H2O. Water molecules in the channels and hydrogen 

atoms on the linkers omitted for clarity. Atom color code: grey, C; red, O; blue, N; green, P; cyan, Cu. Adapted from 

ref.[69]. 
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1.5 Ce-based MOFs (Torino, Perugia, Pisa) 

The chemistry of CeIV MOFs started to gain remarkable attention half a decade later than that of 

their ZrIV analogues. Cerium is a promising candidate for the preparation of stable MOFs at relatively 

limited cost. With an average abundance of over 60 ppm in the Earth crust, which is much higher 

than that of the other rare earth (RE) elements, it is the most accessible RE element.[80] Its oxide 

(CeO2, ceria) finds applications in photocatalysis and redox chemistry, being a well-known catalyst 

for oxidation (mainly combustion) and reduction reactions.[81] Cerium cations, stable in both +3 and 

+4 oxidation states (a peculiarity among REs), can easily switch between them and thus be active in 

redox catalysis. Analogously, cerium in MOFs can be found in both oxidation states. The following 

general considerations can be drawn from the literature: (i) both CeIII and CeIV MOFs are stable and 

can be prepared with a careful selection of the synthetic procedure (mainly the metal precursor choice, 

secondarily the reaction conditions); (ii) synthetic conditions employed for the obtainment of CeIII 

MOFs tend to be harsher (higher temperature or/and longer time) than those necessary to get CeIV 

MOFs; (iii) sometimes, a reduction of the CeIV precursors to give CeIII products occurs during the 

synthesis, while the opposite has never been observed; (iv) CeIII-containing materials are featured by 

peculiar crystal structures, while CeIV-based MOFs are normally isostructural with other MIV-

containing analogues (e.g. ZrIV or HfIV in UiO-66); (v) the thermal stability of CeIV-MOFs is generally 

lower than that of the other MIV counterparts. Eight-coordinated CeIV displays a slightly larger ionic 

radius compared to that of ZrIV in coordination number eight (1.1 vs. 0.98 for CeIV and ZrIV 

respectively, according to Shannon).[82] Owing to these similarities, the hexanuclear oxo/hydroxo 

CeIV clusters of formula [Ce6O4(OH)4]
12+ and isostructural to the zirconium(IV) ones are able to afford 

Ce-MOFs with the same topologies as their Zr counterparts. The first CeIV MOFs based on 

dicarboxylic linkers were reported in 2015 by Lammert and co-authors. The synthesis was carried out 

in DMF, obtaining isoreticular UiO-66 type Ce-MOFs by using different linear dicarboxylic linkers, 

namely benzenedicarboxylic, fumaric, naphtalenedicarboxylic and biphenyldicarboxylic acids 

(H2BDC, H2FUM, H2NDC and H2BPDC, respectively). Later on, the same group extended the 
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chemistry of CeIV-MOFs also to other topologies found in the ZrIV analogues.[83, 84]  The activity 

of the Italian groups in this field is mainly coming from the Torino team of Bordiga and co-workers 

and by the Perugia group of Costantino and collaborators, whose first contributions concerning the 

synthesis and the characterization of Ce-based MOFs dates back to 2016. In that year, the Torino 

group published a work reporting the solvothermal synthesis of a CeIII MOF using a simple one-pot 

method based on reacting CeIII nitrate and 1,3,5-benzenetricarboxylic acid (H3BTC) to yield up to 1 

g of product.[85] The microcrystalline MOF powder was studied by means of powder X-ray 

diffraction (PXRD) and X-ray absorption spectroscopy (XAS, also exploiting in-situ conditions), 

analyzing the PXRD data with the so-called Rietveld method and the XAS data with the multiple-

scattering EXAFS method. The combined results confirmed that the compound with minimal formula 

Ce(BTC)(H2O)n is isostructural with MOF-76[86] and was therefore labeled as MOF-76-Ce (Fig. 

15a). 

 

 

Fig. 15. Representations of the crystal structure of: (a) MOF-76-Ce; (b) Ce2(NDC)3(DMF)4; (c) Ce5(BDC)7.5(DMF)4 and 

(d) Ce-UiO-66-ADC. Hydrogen atoms on the linkers and clathrated solvent molecules omitted for clarity. Atom color 

code: yellow, Ce; gray, C; red, O; blue, N. Adapted from refs.[85], [87], [88] and [89]. 
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The thermal stability study of MOF-76-Ce revealed that the material is stable up to 550 °C; three 

different stable crystalline phases form during heating, corresponding to different solvation extents 

with a solvent:Ce ratio of 1:1, 1:2 and 0, respectively. Ce cations have a +3 oxidation state as 

confirmed by XANES and in-situ FTIR spectroscopies, while the latter also revealed the presence of 

an open metal site accessible for CO as a probe. Another Ce-based material reported by the Torino 

group in 2019[87] was synthesized from CeIII nitrate and the ditopic linker 2,6-

naphthalenedicarboxylic acid (H2NDC) under solvothermal conditions at 160 °C in DMF for three 

days. The search for the optimal synthetic conditions was made employing high-throughput methods, 

where a vast number of different syntheses are performed at small scale systematically modifying the 

reaction conditions.[90] The product prepared in high purity and yield was characterized by means 

of single-crystal XRD, which allowed the determination of its crystal structure and minimal formula 

Ce2(NDC)3(DMF)4 (Fig. 15b). The CeIII ions have a distorted pentagonal bipyramidal coordination 

geometry, with six oxygen atoms coming from the carboxylate groups and one oxygen atom 

belonging to a DMF molecule. Each cerium center shares three carboxylate linkers with the 

neighboring cations forming extended chains parallel to the diamond-shaped channels. Upon thermal 

activation, the material loses all the DMF molecules yielding Ce2(NDC)3. Unfortunately, a severe 

structural disorder precluded the structure determination from single-crystal X-ray diffraction data 

alone. The structure was successfully solved by combining the X-ray diffraction results with the 

information coming from Ce K-edge X-ray absorption spectroscopy. In the fully desolvated phase, 

disordered channels with triangular section (instead of the diamond-shaped ones) and linkers with 

fractional occupancy numbers were found. XAS also confirmed the +3 oxidation state of cerium in 

both phases. The adsorption properties of Ce2(NDC)3 were studied by means of volumetric adsorption 

measurements of N2 at -196°C and CO2 at -78°C. The material is only porous to carbon dioxide, 

yielding a specific surface area of about 200 m2/g. The synthesis of the new CeIII derivative 

Ce5(BDC)7.5(DMF)4 containing terephthalic acid was reported by the same group in 2020 using a 
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very similar recipe: solvothermal conditions and CeIII nitrate as precursor.[88] The crystal structure 

(previously solved by D’Arras et al. [91]) is rather complex, with five different cerium atoms in the 

asymmetric unit (Fig. 15c). It also presents triangular pores (occupied by DMF molecules) and Ce-

O-Ce chains. The study from the Torino group focused, in particular, on the properties of the 

desolvated phase (after a vacuum heat treatment at 250 °C): a modest specific surface area could be 

estimated by N2 adsorption experiments (about 220 m2/g) but the structural disorder precluded any 

crystallographic analysis. The successful DMF removal after the thermal treatment was confirmed by 

FTIR experiments and low-temperature dosage of CO as a probe molecule that showed the 

accessibility of CeIII open metal sites, whose oxidation state was further confirmed by XAS 

measurements. Finally, the most recent paper published by the same group in 2020 dealing with Ce-

MOFs reports the synthesis and the characterization of Ce-UiO-66-ADC (Fig. 15d), based on CeIV 

ions and acetylenedicarboxylic acid (H2ADC) as linker.[89] This ditopic acid has been used very 

rarely in MOF literature because of its extreme thermal lability that limits its exploitation for MOFs 

solvothermal syntheses. As CeIV MOFs are characterized by milder and faster synthetic conditions 

than those of their CeIII counterparts, a careful optimization of the synthetic procedure led to the 

obtainment of a crystalline product, though with low yields (5% or 30% in the absence or in the 

presence of triethylamine in the synthetic mixture, respectively). The material showed a good powder 

X-ray diffraction pattern, which allowed the crystal structure of Ce-UiO-66-ADC to be easily refined 

through the Rietveld method using the crystal structure of its zirconium analogue UiO-66. 

Thermogravimetric analysis (TGA) and variable-temperature powder X-ray diffraction (VT-PXRD) 

studies confirmed its poor thermal stability, with loss of crystallinity at temperatures as low as 90 °C.  

The first contribution to the chemistry of CeIV-based MOFs from the Perugia group was published 

in 2019, when the synthesis of two CeIV-MOFs based on tetrafluorobenzenedicarboylic acid (H2-

F4BDC) was reported.[92] In this paper, the synthesis was carried out in water by reacting the 

perfluorinated linker and cerium ammonium nitrate (CAN) at 110 °C under reflux. A UiO-66-type 

phase was obtained by using acetic acid as modulator [F4_UiO-66(Ce)]. The synthesis in water 



38 

without modulator afforded a new phase having the same topology of MIL-140, a Zr-MOF first 

reported by Guillerm et al. in 2012 [F4_MIL-140A(Ce)].[93] The two structures are shown in Fig. 

16a and 16 b, respectively. 

 

 
Fig. 16. Portion of the crystal structure of F4_UiO-66(Ce) (a) and F4_MIL-140A(Ce) (b). Atom color code: yellow, Ce; 

gray, C; red, O; light green, F. Adapted from ref.[92]. 

 

The F4_UiO-66(Ce) phase is isostructural with UiO-66. It was found that the tetrafluoro benzene 

rings are affected by a rotational disorder modelled into two average positions with 50% of 

occupancy. F4_MIL-140A(Ce) is constituted by 1D IBUs built from the connection of edge-

sharing CeO8 units, carboxylate groups and μ3-oxide bridges. Notably, this compound is the first 

example of a CeIV-based MIL-140 type MOF. X-ray photoelectron spectroscopy (XPS) 

measurements revealed the presence of a certain amount of CeIII in both samples. The content of 

CeIII was determined by measuring the magnetic moment generated by the paramagnetism of CeIII 

ions, confirming that in both phases it is lower than 10%. This fact suggests that CeIII is mainly 

located over the MOF particles surface. The BET surface area for F4_UIO-66(Ce) is 641 m2/g. It 

is quite lower than that found in the BDC-based UiO-66(Ce) (about 1100 m2/g)[84] and in other 

monosubstituted-BDC UiO-66 phases previously reported (falling in the 727-1075 m2/g 

range).[94] This fact could be attributed to the static rotational disorder and to the steric hindrance 

of the F4BDC2- linkers within the MOF structure. F4_MIL-140A(Ce) has a surface area of 320 
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m2/g and a total pore volume of 0.11 cm3/g, with a very narrow pore size distribution centered at 

4.2 Å. Although the porosity is relatively low, this MOF has a very attractive potential for CO2 

capture. More recently, the Perugia team has reported on a new synthetic strategy for obtaining 

CeIV-MOFs with UiO-66 topology and their photocatalytic properties were investigated.[95] The 

MOFs were obtained with a quick and easy synthetic procedure by simply grinding the substituted 

dicarboxylic aromatic linkers and CAN in the presence of a small amount of concentrated acetic 

acid or nitric acid. The slurry was then heated up to 120 °C for 24 h in 2 mL vials and subsequently 

washed with DMF and water to remove the unreacted linkers. The crystallinity of the obtained 

compounds was found to be comparable to that of other MOFs synthesized via conventional 

hydrothermal routes. On the contrary, porosity was found to be lower, probably due to the presence 

of a certain amount of an amorphous phase.  

 

2. Advanced characterization techniques applied to MOF materials 

MOFs structural complexity requires a plethora of techniques for their thorough characterization. On 

this ground, the Italian groups in Torino and Como make extensive use of several spectroscopic and 

diffraction tools to get insight on the local MOF structure, spanning a wide wavelength range from 

infrared to X-ray. In addition, MOFs porous texture is studied through volumetric and calorimetric 

measurements. The former provide information on their accessible surface area and pore size 

distribution, while the latter measure the MOF thermodynamic affinity (isosteric heat of adsorption) 

for a specific gaseous or liquid guest. Fig. 17 provides a pictorial representation of the techniques 

used for MOFs characterization. 
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Fig. 17. Pictorial collective representation of the main characterization techniques exploited by the Torino and Como 

groups for their investigation of MOFs local structure and porosity. 

 

2.1 Powder X-ray diffraction structural characterization at ambient and non-ambient 

conditions (Como) 

The crystal and molecular structures disclosed by single-crystal X-ray or neutron diffraction are 

experimental datasets from which scientists can get information of paramount importance to 

rationalize the functional properties shown by crystalline matter in the solid state. Presently, single 

crystals remain the primary source of structural information on solids. Nonetheless, a large number 

of substances precipitate from the reaction medium as (microcrystalline) insoluble powders (as 

underlined in the previous sections), hampering the growth of single crystals and prompting their 

structural characterization through powder diffraction. An extended and systematic use of PXRD with 

ordinary laboratory instrumentation to determine the crystal and molecular structures of coordination 

polymers [with a specific focus on transition metal poly(azolates)] was jointly pioneered in the 1990s 

by Prof. Norberto Masciocchi and Prof. Angelo Sironi currently at the Università dell’Insubria 
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(Como) and  Università di Milano, respectively.[96] As a matter of fact, all the bi- and tris(pyrazolate) 

coordination polymers reported in this review have been structurally characterized through PXRD, in 

a number of occasions without a priori knowledge of their structural features. PXRD at non-ambient 

conditions is a powerful tool that provides information on the chemico-physical properties of the 

system under investigation. As a complement to classical thermal analyses (TGA and Differential 

Scanning Calorimetry, DSC), in situ VT-PXRD experiments are normally carried out to assess (i) the 

thermal stability of the system in air (thermal analyses being conventionally carried out under inert 

atmosphere); (ii) the persistence of the pristine open framework (vs. phase transitions or structure 

collapse) during and after the clathrated solvent loss; (iii) the framework rigidity/flexibility when the 

external stimulus is the temperature variation. In the analysis of MOFs adsorption performance, in 

situ and operando PXRD experiments can be carried out while dosing the gas probe of interest 

varying both pressure and temperature. This can be realized in an ordinary research laboratory[97] or 

(more conveniently) at large scale facilities (where the intensity, brilliance and monochromaticity of 

the primary beam provides much better data and advanced experimental setup is available). As 

representative examples, we can quote Fe2(BPEB)3[98] and Zn(BPZNO2).[27] The structural features 

beyond the remarkable CO2 adsorption of Fe2(BPEB)3 at mild conditions (40.5 wt. % CO2 at 298 K 

and 10 bar) were investigated through combined experimental and computational methods. In situ 

and operando high-resolution and high-energy PXRD data collection at the beamline ID22 (European 

synchrotron radiation facility, ESRF) was carried out at 298 K, dosing CO2 in the pressure range of 

0-21 bar. Combining structure determination and refinement (on high-resolution data) with total 

scattering analysis (on high-energy data) unveiled the primary adsorption sites and the host-guest 

interactions in the assayed conditions. These studies were complemented by molecular dynamics 

simulations to confirm the guest molecules location. Prompted by theoretical calculation results[99] 

predicting that singly NO2-functionalized MOFs should possess a CO2 adsorption capacity higher 

than multi-functionalized (NO2/NH2, NO2/Cl) MOFs (due to the higher local dipole moment shown 

by the nitro group when present as the sole linker tag), we investigated the CO2 adsorption capacity 
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and affinity of the M(BPZNO2) MOFs. At mild conditions (298 K and 1.2 bar), Zn(BPZNO2) adsorbs 

21.8 wt % CO2. High-resolution PXRD at 298 K and different CO2 loadings, adopted for the first 

time for an NO2-tagged MOF, disclosed primary host-guest interactions involving the framework 

Cpz–NO2 fragment and the CO2 oxygen atoms, as further proved by Grand Canonical Monte Carlo 

calculations. This interaction is definitely distinct from that unveiled in NH2-tagged MOFs,[100] 

where the CO2 carbon atom is involved. 

 

2.2 X-ray absorption spectroscopy (Torino) 

X-ray absorption spectroscopy (XAS)[101] is an element-sensitive technique where the fine 

structure of the absorption spectra across a specific absorption edge (e.g. K, L or M) is measured to 

obtain information about the structure of matter. Traditionally, the XAS spectrum is divided in 

XANES and EXAFS, referring to the region across the very absorption edge and to the part at higher 

energies (hundreds of eV), respectively. XAS needs an intense and focused X-ray beam and, for this 

reason, it is usually practiced at large scale facilities, e.g. synchrotrons specialized in the delivery of 

synchrotron radiation for experiments. The analysis of the XAS spectra through the EXAFS technique 

allows to obtain information about the local disposition of the atoms that surround the absorber, thus 

providing information on coordination numbers, bond lengths and angles. This is of utmost 

importance in characterizing MOFs, as most of MOFs structural information comes from X-ray 

diffraction experiments that lack in characterizing local features challenging to be characterized like 

crystal defects, functionalization, changes in the local crystal symmetry. XAS is a powerful tool that 

provides a lot of information on this ground, owing to its element-selectivity (we can focus on the 

surroundings of the metal atom in MOFs) and its intrinsically local nature. The exploitation of XAS 

techniques in MOFs characterization was pioneered by the group of Prof. Carlo Lamberti from the 

University of Torino. Prof. Lamberti applied to MOFs most of the knowledge gained in studying 

other crystalline materials (like zeolites) in the past 15 years. As a case study, we report in the present 
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review two examples where XAS had a pivotal role in MOFs characterization: the NiII MOF 

Ni8(X)6(tet)6 {X = OH-, H2O; H2tet = (1H-pyrazol-4-yl)pyrrolo[3,4-f]isoindole-1,3,5,7(2H,6H)-

tetrone}[102] (Fig. 18a) and the CeIII MOF Ce(BTC)∙n H2O∙m DMF (MOF-76-Ce)[85] (Fig. 18b). 

 

Fig. 18. (a) EXAFS analysis of [Ni8(µ4-X)6(µ4-tet)6]; (b) EXAFS analysis of MOF-76-Ce. “ds” and “fs” stand for 

desolvated and fully solvated, respectively. Reprinted with permission from refs.[102] and [85], respectively. Copyright 

(2010) American Chemical Society; Copyright 2016 by John Wiley & Sons, Inc.  
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In the case of Ni8(X)6(tet)6, EXAFS analysis in conjunction with Fourier transform infrared 

spectroscopy (FTIR) and PXRD unveiled the structure of the Ni-containing cluster and gave insight 

on the presence of water molecules. XANES data confirmed the presence of octahedral NiII cations 

and the absence of NiIII, thus allowing to establish the OH-/H2O ratio in the metallic node (X-ray 

diffraction cannot distinguish the two groups because of the difficulty in hydrogen atoms location). 

MOF-76-Ce showed a quite complex behavior upon solvent removal: the material is synthesized in a 

DMF/H2O mixture and both solvents are found trapped inside the pores of the fully solvated material. 

During the thermal treatment, water is firstly removed at milder conditions, causing a rearrangement 

of the crystal structure; successively, at higher temperatures DMF is also eliminated with another 

concomitant phase change. This behavior was highlighted by combined PXRD and EXAFS analyses: 

the first technique provided information about the long-range order, while EXAFS focused on CeIII 

coordination sphere. 

 

2.3 Vibrational (IR/Raman) and electronic (UV-Vis in absorption and emission) 

spectroscopies 

2.3.1 Vibrational spectroscopy (Torino) 

Vibrational spectroscopies [Fourier-Transform Infrared spectroscopy (FTIR) and Raman 

spectroscopy] are widely exploited techniques to reveal the structure and the reactivity of surface 

species present in MOFs.[103, 104] FTIR is very sensitive towards many different chemical groups 

showing a change in electric dipole associated with the vibrational motion. Raman spectroscopy is 

complementary to FTIR, being sensitive to apolar bonds vibrations. Both techniques are extremely 

powerful to answer a series of questions typical of MOFs solid-state science: (i) to check the 

presence/absence of solvents inside the pores; (ii) to clarify the linkers nature and identity; (iii) to 

assess the successful insertion of functional groups after post-synthetic procedures; (iv) to evidence 
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the presence of structural defects in the framework and coordination vacancies formed at the metal 

sites after desolvation through appropriate probe molecules. Probe-surface interactions can be 

observed by looking at the vibrational frequency perturbation and band intensity change of the probe 

molecule after interaction with the adsorption sites. In MOF materials, skeletal and surface vibrational 

fingerprints perturbation upon probe adsorption can be also investigated. This kind of information is 

crucial in understanding the role of MOFs active sites in many applications (like gas adsorption and 

separation or heterogeneous catalysis). As a representative example, in situ FTIR and Raman spectra 

were collected for Ce-UiO-66-ADC (ADC2- = acetylenedicarboxylate).[89] Along thermal activation 

under high vacuum, the adsorbates were removed (Fig. 19a) and the MOF skeletal vibrational 

fingerprint appeared, as confirmed by the comparison with reference compounds (Fig. 19b). The 

FTIR analysis led to the final conclusion that a UiO-66-like derivative containing acetylene 

dicarboxylate as linker was successfully synthesized, even if this spacer is reactive and extremely 

thermolabile. However, the product of linker decarboxylation (propiolic acid) was also present in the 

MOF scaffold, generating defective sites that are frequently found in many members of the UiO 

family and analyzed through combined experimental and computational studies. 

 

Fig. 19. (a) FTIR spectra collected during Ce-UiO-66-ADC thermal activation; inset: Raman spectra collected with λinc 

= 785 nm. Black: as synthesized RT; grey: in vacuum RT outgassing; yellow: 303 K; orange: 333 K; violet: 363 K. (b) 

Raman spectra (λinc = 785 nm) of Ce-UiO-66-ADC and reference compounds. Reproduced from ref.[89] with permission 

of The Royal Society of Chemistry. 
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As an example of investigation of MOFs open metal sites by means of probe molecules, we report 

the case of Ni(BDPB) [H2BDPB = 4,4′-bis(1Hpyrazol-4-yl)biphenyl].[105] Dosing of CO at T = 

−213 °C (Fig. 20a) and H2 at T = −259 °C (Fig. 20b) on a Ni(BDBP) activated sample revealed the 

absence of exposed metal sites. This finding is in line with the results obtained from a parallel gas 

adsorption study carried out on the same MOF. 

 

Fig. 20. FTIR spectra of selected probe molecules on a Ni(BDBP) activated sample: (a) CO at −213 °C and (b) H2 at −259 

°C. Dosages (black bold curves represent the maximum coverage) and successive degassing. Reproduced from ref.[105] 

with permission of The Royal Society of Chemistry. 

 

2.3.2. Electronic spectroscopy (Torino) 

UV-Visible spectroscopy in absorption and emission (photoluminescence) is one of the most common 

techniques to study the electronic transitions of molecules and materials. As for the absorption, it can 

be monitored and quantified by using both transmittance and reflectance mode (Diffuse Reflectance 

UV-Visible, DR-UV-Vis) depending on the sample form, if in solution or in powder, respectively. 

Reflectance modality is the normal choice for (powdery) MOF materials. In most of the UV-Visible 
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and photoluminescence studies, the attention is focused on the metal atoms (usually transition metals) 

present in the MOF framework. Any change around the metal atom (nature and number of 

coordinating linkers, coordination geometry) affects the material optical properties. Indeed, a variety 

of phenomena spanning from desolvation or probe molecule adsorption/desorption to more complex 

events such as linker or metal node exchange can be easily followed by means of UV-Visible 

spectroscopy both in absorption and emission mode. In here we report two case studies of the use of 

DR-UV-Vis spectroscopy applied to study MOF desolvation. The DR-UV-Vis spectra of 

Ni8(OH)4(H2O)2(tet)6[102] activated at different temperatures showed a contribution of the linker and 

the d-d electronic transitions of NiII ions in a octahedral coordination geometry (Fig. 21a), while those 

of the Ni(BDPB) MOF (Fig. 21b)[105] showed components due to electronic transitions of the linker 

and d-d transitions of distorted octahedral NiII metal nodes. 

 

Fig. 21. (a) DR-UV-Vis spectrum of [Ni8(OH)4(OH2)2(tet)6]. Adapted with permission from ref.[102], Copyright (2010) 

American Chemical Society. (b) DR-UV-Vis spectrum of Ni(BDBP) before and after thermal activation. Adapted from 

ref.[105] with permission of The Royal Society of Chemistry. 

 

2.4 Volumetric and calorimetric measurements (Torino) 
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Being MOFs porous materials, they can have extremely high specific surface areas (in the range of 

thousands of square meters per gram of material) when the internal pore surface is accessible. With 

such high surface areas, adsorption of mobile phases (gaseous or liquid) has been proven to be a very 

useful phenomenon to define MOF properties and structures. For this reason, the collection of MOFs 

adsorption isotherms is one of the most important and typical characterization tools of this class of 

materials. Indeed, most MOFs applications rely on adsorption: gas storage and capture,[106] gas 

separation,[106] catalysis[107] or drug delivery.[108] The adsorption properties of a MOF material 

are normally investigated for two main reasons: (i) to obtain information on the pore structure using 

an adsorbate as a probe molecule to evaluate the amount (and nature) of accessible porosity; (ii) to 

study the material for applications in an industrial context that involves an adsorption step (gas 

capture and storage for example). Albeit closely related, the conditions used in these adsorption 

experiments are quite different: in the first case a weakly interacting molecule (e.g. N2, Ar, Kr) is 

dosed at low temperature and pressure (typically at T = −196 °C and p < 1 bar), while in the second 

case the gas of industrial interest (H2, CO2 or CH4 as the most popular) is dosed at conditions closest 

to the industrial process, which may range widely in both temperature (up to 500 °C) and pressure 

(even up to 200 bars). The vast majority of the research teams who are involved in MOF chemistry 

Worldwide characterizes their materials using volumetric techniques, measuring the specific surface 

area of the material by means of the BET or Langmuir theories, using N2 as a probe dosed at −196 

°C.[109] Italian groups make no exception, measuring routinely adsorption isotherms with the same 

purpose. In addition, the Torino group also uses adsorption microcalorimetry[110] to study adsorption 

processes in MOFs, measuring the adsorption isotherm and the heat involved in the process at the 

same time. As a representative example, the study of the adsorption properties of Ce2(NDC)3(DMF)2 

[87] revealed a peculiar aspect: upon DMF desorption to yield Ce2(NDC)3 by means of an in vacuo 

heat treatment, the material showed a certain degree of structural disorder but still the presence of 

diamond-shaped pores within its structure. The N2 adsorption isotherm collected at −196 °C (Fig. 22) 

showed a negligible nitrogen uptake by Ce2(NDC)3, apparently contradicting the presence of such 
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pores or even pointing out their inaccessibility by the probe. Surprisingly, the CO2 adsorption 

isotherm measured on Ce2(NDC)3 at −78 °C is a type I curve, typical of microporous materials (Fig. 

22). The BET model applied to this isotherm led to the evaluation of a specific surface area of about 

170 m2/g. This result shows that Ce2(NDC)3 is featured by a porosity that cannot be traditionally 

determined through N2 adsorption at −196 °C. The kinetic diameter of CO2 is smaller than that of N2; 

therefore, the former has access to smaller pores than the latter. Additionally, the experiment with 

carbon dioxide is performed 118 degrees above that of nitrogen, unlocking some phase change that 

may explain the appearance of porosity. 

 

Fig. 22. N2 and CO2 adsorption isotherms measured at 77 K (squares) and 195 K (triangles) respectively on Ce2(NDC)3. 

Empty symbols indicate the desorption process. Reprinted with permission from ref.[87]. Copyright (2019) American 

Chemical Society. 

 

UTSA-16 (UTSA = University of Texas at San Antonio) is a MOF based on CoII and KI and featuring 

citrates as linkers, whose formula is K(H2O)2Co3(cit)(Hcit) (cit4- = fully deprotonated citrate anion). 

This material has gained a lot of attention within the MOF community because of its rare feature to 
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capture a remarkable amount of CO2 (17 wt.% at T = 25 °C and p = 1 bar) even in the presence of 

water vapour (which usually brings MOFs to decomposition). These features make UTSA-16 a 

promising candidate for application in post-combustion CO2 capture. The group from the University 

of Torino reported in a series of papers[111-113] the chemistry underneath CO2 adsorption into the 

pores of UTSA-16, using volumetric and microcalorimetric techniques among the others. The main 

results are summarized in Fig. 23. 

 

Fig. 23. (a) CO2 volumetric adsorption and desorption isotherms on UTSA-16 and isosteric heat of adsorption (inset); 

isotherms at pressures between 0 to 1 bar at T = 0 °C (grey), 25 °C (violet) and 40 °C (red). Reproduced from ref.[112], 

with permission of The Royal Society of Chemistry. (b) Differential adsorption heat of CO2 adsorption measured by 

means of microcalorimetry on UTSA-16 at T = 25 °C. Reprinted with permission from ref.[113]. Copyright (2019) 

American Chemical Society. 

 

The UTSA-16 CO2 adsorption isotherms are of type I (Langmuir). Isotherms collected at different 

temperatures provide the isosteric heat of adsorption (inset in Fig. 23a) through application of the 

Clausius-Clapeyron equation. This value can be compared with the differential heat coming from a 

“direct” measurement, obtained by means of a microcalorimeter (Fig. 23b). These heat vs. coverage 

curves are a wonderful tool in characterizing a gas sorbent like UTSA-16 because they can measure 

the amount of heat released during the adsorption of increasing doses of adsorbate, ultimately 

characterizing the nature and abundance of the adsorption sites. Differences between the isosteric 
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heat and the differential heat curves may be due to the simplified assumptions of the isosteric heat 

model, which may not be completely fulfilled during adsorption on a “real” porous material. 

 

3. Theoretical studies on MOFs physico-chemical properties (Torino) 

The computational work carried out in Torino aims at elucidating the role of the two building blocks 

of MOFs, i.e. the metallic node and the organic linker, and of the framework to highlight structure-

property relationships. While SBUs can play a distinct role in determining the properties of MOFs, 

the framework as a whole often shows new intriguing properties that are not the simple sum of those 

of its constituents. The first theoretical investigation on a MOF carried out by the Torino team was 

reported in 2006 with a thorough modelling of MOF-5 that at that time was still the subject of many 

investigations, while has presently assumed the role of the archetypical MOF. The structural, 

electronic and vibrational properties of MOF-5 were analyzed in details to understand the interplay 

between the organic linker and the inorganic cluster.[4] It was shown that the former determines the 

energy levels of the frontier orbitals while the [Zn4O] cluster shows similar bonding features as cubic 

zinc oxide but with a significantly different electronic structure. This result demonstrated the role of 

the organic linker in modulating the band gap of an isoreticular MOF family, as confirmed 

experimentally[114] and theoretically[115, 116] a few years later. The remarkably good results 

obtained for MOF-5 stimulated the interest of people working in the field of MOFs to combine 

experiment and theory. Very fruitful collaborations then started with several groups both in Italy 

(Como) and abroad (Oslo and Oxford). For instance, the synergic combination of experiment and 

theory allowed us to describe the complex structure of the well-known Zr MOF UiO-66[117] and its 

isoreticular parent UiO-67,[118] thus supporting and confirming the experimental findings on the 

phase transition of UiO-66 from a fully hydroxylated to a fully dehydroxylated form with a 

modification of the coordination number of the zirconium atoms. It is worth to mention that other 

Italian computational chemists also supported experimentalists in understanding the structure of a 
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different series of isoreticular Zr oxide dicarboxylate MOFs with the same structural type of MIL-

140.[119] Theoretical modelling was also employed to analyze the structure of bipyrazole- and 

tris(pyrazole)-based coordination polymers and MOFs in collaboration with the research teams in 

Camerino and Como, in particular the M-BPZ and M-BDP MOF families (Table 1 and Section 1.1) 

with different divalent metals (Co, Ni, Cu, Zn)[23, 120, 121] and Ni3(BTP)2.[122] Nevertheless, one 

of the major successes in structure prediction was the rationalization of the exceptional bistability of 

MIL-53(Al). This material is known for its guest-free reversible transition driven by temperature 

between a narrow pore (low-temperature phase, LT) and a large pore (high-temperature phase, HT) 

form (Fig. 24). The occurrence of LT to HT phase transition was elucidated through ab initio 

calculations; the results showed that the temperature increase sparkles a competition between short- 

and long-range interactions and entropic factors. Consequently, the LT structure is stabilized at low 

temperature by dispersion interactions, while entropy drives the pore opening to the HT phase.[123] 

 

Fig. 24. Schematic picture of the reversible temperature-driven phase transition of MIL-53(Al) from a narrow pore to a 

large pore structure. Color code: violet Al, red O, yellow C, grey H. 

 

3.1 Adsorption of small molecules: from small to giant MOFs 

Narrow	Pore	

Large	Pore	
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Over the years, one of the primary goals of computational studies has been the in depth understanding 

of MOFs ability to adsorb molecules for applications in gas capture and storage. Indeed, MOFs are 

particularly suitable for this application, due to their highly porous structure and the frequent presence 

of open metal sites after activation. Open metal sites are created after labile linkers removal through 

thermal activation treatment, leaving behind coordination vacancies that may work as strong 

adsorption sites for many different molecules (e.g. CO, CO2, acetylene, H2S), but they can also act as 

Lewis acidic catalytic sites. Among the various MOFs of the literature, MOF-74 and its analog CPO-

27 formed with a divalent metal and the 2,5-dihydroxyterephthalate organic linker (Fig. 25b) gained 

a lot of attention for the presence in their channels of exposed metal sites. A family of isostructural 

CPO-27(M) MOFs containing different divalent metals (Mg, Fe, Co, Ni, Zn) was successfully 

prepared, to tune the type and strength of the host-guest interactions. 

 

Fig. 25. Comparison between (a) the electrostatic potential mapped on a charge density isosurface of the inner surface of 

CPO-27(Mg) and the MgO(001) surface and (b) the corresponding structural arrangement of CO in the channels of CPO-

27(Mg) and at the surface of MgO(001).  
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In Torino, along with an extensive experimental work, a theoretical work was also carried out in 

parallel to better understand the adsorption properties of CPO-27(M) toward small molecules such as 

CO, N2, CO2, NO, H2O and H2S.[124-127] In particular, a detailed ab initio study was carried out in 

collaboration with Prof. J. Sauer in Berlin on the prediction of the heats of adsorption of CO and CO2 

in CPO-27(M) (M=Mg, Ni, Zn). Density functional theory periodic calculations including dispersion 

corrections at the B3LYP-D* level were combined with a hybrid high-level (MP2 with complete basis 

set extrapolation): low level (B3LYP+D*) method. The MP2 calculations were performed on cluster 

models. Calculated values of the heat of adsorption at zero coverage (Qst) were in reasonably good 

agreement with those experimentally obtained. Calculations also showed the significant role played 

by dispersion forces, which account for more than one-half of the adsorption enthalpy. Both the 

B3LYP-D* and the hybrid MP2/CBS:B3LYP+D* method correctly predicted the same sequence of 

binding energies for carbon monoxide (Ni > Mg > Zn) and carbon dioxide (Mg > Ni > Zn) adsorption 

on open metal cation sites. Theoretical calculations also provided insights into the role of the MOF 

inorganic building unit by answering the following questions: can the inorganic part of a MOF be 

considered as a nanostructured oxide? Can open metal sites always be effective adsorption sites? For 

instance, the adsorption properties of CO on the MgO5 moiety in CPO-27(Mg)[126, 127] showed a 

somewhat large difference with respect to the corresponding oxide MgO(001) surface.[128] Indeed, 

the computed Qst values (with a B3LYP-D* method and a triple-zeta quality basis set) are 34.2 kJ/mol 

and 13.8 kJ/mol for CPO-27(Mg) and MgO(001), respectively. In the MOF, the MgII open sites are 

more exposed at the surface because of a less regular arrangement of the surrounding oxygen atoms 

so that the metal ion is more prone to interact with the adsorbed molecule. Indeed, while the 

contribution to dispersion interactions is similar in both cases (about 14-16 kJ/mol), the remaining 

contribution to the interaction energy is 2.3 kJ/mol for the MgO(001) surface and 17.7 kJ/mol for 

CPO-27(Mg) despite the almost identical MgCO distance (ca. 2.49 Å). Such a difference can also 

be highlighted in the electrostatic potential of the two surfaces, as shown in Fig. 25a. Therefore, the 

exposed metal sites at the inner surface of the MOF show largely different adsorption properties and 
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higher interaction energies with respect to the corresponding counterparts in MgO, because of the 

different local coordination environment. In contrast to CPO-27(M) where the metal ion acts as a 

strong adsorption site for probe molecules,[127] in NiII bipyrazole- and tris(pyrazole)-based MOFs 

(Section 1.1) no specific interactions were observed despite the coordinatively unsaturated metal 

sites, as evidenced by FTIR measurements (Section 2.3).[121, 122] In CPO-27(Ni), NiII is five-

coordinated (in a square pyramidal coordination geometry) with a high-spin (HS) state, while the 

linking with pyrazolate generates four-coordinated square planar coordination arrangements with the 

metal in a low-spin (LS) state. The high stability of the NiII LS state together with the limited 

accessibility of the metal centers due to steric effects were demonstrated to be at the basis of the 

absence of preferential M···CO interactions in Ni(BPB) and Ni3(BTP)2. Such stability-reactivity 

behavior was even more evident in Ni3(BTP)2 where the metal is well exposed in the pores. The 

electrostatic potential map of the optimized low spin structure (Fig. 26) did not show any evidence of 

a positive region in close proximity of the metal sites (normally observed for Lewis acidic metal ions; 

see Fig. 25a for comparison). This may be due to the strong N-donor character of the pyrazolate 

linkers. Accordingly, the calculated Ni···CO binding energy of a few kJ/mol is negligible. The 

interaction with CO is stronger when NiII is in a HS state (with a binding energy of 45 kJ/mol), but 

this is not enough to lead to a spin transition because of the high LS-to-HS energy barrier of 75 kJ/mol.  
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Fig. 26. Electrostatic potential of the two LS/HS phases of Ni3(BTP)2 mapped on top of the charge density isosurface (i.e. 

0.02 a.u.) around the Ni metal ion. Adapted from ref.[122]. 

 

In the research field of adsorption of small molecules in MOFs, a hot topic area is CO2 capture and 

storage. Ab initio modeling is a valuable tool to investigate the interactions between the framework 

and carbon dioxide. Along with the role played by the open metal sites as discussed above for CPO-

27(M), tailored functionalized linkers can also act as efficient adsorption sites, in particular those 

bearing basic sites like amino groups. In a joint collaboration between Torino and Oslo, both 

hydroxylated and dehydroxylated forms of the amino-functionalized UiO-66 were investigated.[129] 

Theoretical calculation corroborated the experimental evidence that the interaction of carbon dioxide 

with the -NH2 group is rather small: less than 20 kJ/mol. A combined effect of -OH and -NH2 groups 

is observed, instead, that leads to an estimated Qst(298K) = 29.1 kJ/mol which nicely compares with 

the experimental adsorption enthalpy of 27 kJ/mol. Torino, Como and Camerino also worked together 

on a combined experimental and theoretical study of the interaction of CO2 with the pyrazolate-based 

MOFs M(BPZ) (M = Co, Cu and Zn).[23] In particular, none of the examined systems showed a 

specific adsorption site for CO2. For the Co and Zn pyrazolate MOFs, results showed that the 

tetrahedrally coordinated metal prevent a direct interaction with the molecule and the computed 

adsorption enthalpies approaches the liquid-like limit. Also for the Cu pyrazolate, where the metal is 

in a square-planar coordination geometry, the interaction resulted to be rather small. In both cases, 

theoretical predictions agreed with experimental findings. For several years the theoretical studies of 

MOFs in Torino focused on small-to-medium size MOFs, but with the advent of supercomputers and 

efficiently parallelized codes as CRYSTAL,[130] quantum mechanical calculations on MOFs were 

pushed a step forward by tackling the very challenging task of modelling the gigantic metal-organic 

framework MIL-100(M)[131] that contains 2788 atoms in the unit cell.[132] As a comparison, MOF-

5 contains only 106 atoms in the unit cell. Large scale DFT-D calculations were exploited to shed 

light on the structural features of MIL-100(M) materials, where MIII = Al, Sc, Cr, Fe. Strikingly, the 
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predicted structures were in overall agreement with the experimental ones even for such a huge 

system. It is worth mentioning that within the MIL-100(M) family, the chromium-containing MOF 

shows the highest affinity for CO2 as measured so far for various porous materials.[106] Therefore, 

calculations were extended to analyze the interaction of carbon dioxide with the open metal sites of 

MIL-100(M). Note that there are 136 possible sites, so that only a very low CO2 loading was 

modelled. The matching between calculated and experimental interaction energies was not always 

good; chromium and scandium in particular gave the worst outcomes. However, the results showed 

the correct sequence overall, with chromium being the strongest adsorption site followed by 

scandium, iron and aluminum. The latter shows the largest electrostatic potential, but it is tightly 

surrounded by oxygen atoms and less exposed at the surface, while scandium (with a larger ionic 

radius) is well exposed at the surface and with an easier interaction with CO2. Chromium has a strong 

affinity for CO2, providing the shortest M···CO2 distance among the various metals investigated. This 

may be ascribed to its high electrostatic potential and to its d3 valence electron configuration. In spite 

of the discrepancy with the experimental data, the computed interaction energies were consistent with 

those of MIL-127 (a MOF with similar open metal sites) and with calculations on cluster 

models.[133] The latter findings suggested that the main contribution to the interaction energy comes 

from the exposed metal nodes, and not from the organic linkers. The discrepancy between 

experimental and theoretical data on MIL-100(Cr) probably stems from a defective nature of the real 

framework and the consequent lack of a uniform distribution of the adsorption sites. Finally, we 

would like to evidence a very recent work on the adsorption of drugs in MOFs carried out in Torino 

within a collaboration with Prof. J.C. Tan of Oxford University.[134] In particular, theoretical 

modelling based on a newly developed cost-effective hybrid HF/DFT composite method for 

solids[135] was used to reveal the interaction of 5-fluoro-uracil with the CuII-based MOF HKUST-1 

at an atomistic level. In addition, the detailed dynamics of vibrational motions underpinning the 

dissociation of the drug upon water exposure was analyzed to support the experimental investigation 

via in situ synchrotron microspectroscopy. 
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3.2 Understanding structure-property relationships in MOFs 

Beyond adsorption properties, MOFs exhibit other promising physico-chemical features (e.g. 

electronic, dielectric, mechanical) that emerge from the remarkable versatility and structural behavior 

of the frameworks. This is central to other growing fields such as stimuli-responsive devices and 

MOF-mechanics, to mention a few. In the following paragraphs, we briefly review some recent results 

on MOFs dielectric response and elasticity/lattice dynamics, which are crucial for their exploitation 

in technological applications. Most of the work has been carried out within a collaboration between 

Torino and Oxford. For next-generation devices in micro- and optoelectronics, ultra-low- dielectric 

materials ( < 2.0) with a crystalline and porous structure are highly desirable. MOFs have then 

attracted a lot of attention and have been suggested as future low- materials in the International 

Roadmap for Devices and Systems - More Moore White Paper, IEEE (Institute of Electrical and 

Electronics Engineers, New York, 2016). Because of their customizability it is crucial to rationalize 

the role of the SBUs and the framework in controlling the dielectric response of MOFs. A systematic 

study was recently conducted for a large set of MOFs to rationalize the structural and chemical 

features that can influence the electronic and dielectric properties.[115] It was shown that most of the 

examined MOFs are ultra-low- materials with a static dielectric constant that reaches a value as low 

as 1.25. Furthermore, despite the chemical versatility of MOFs that allows for tuning the material 

band gap and polarizability by using different metals and organic linkers, the value of the static 

dielectric constant is mostly related to the framework. Indeed, a clear correlation of the dielectric 

constant with the framework porosity was highlighted (Fig. 27). Notably, this result was confirmed 

by combining experiment and theory through pioneering synchrotron-based infrared reflectivity 

experiments and ab initio calculations for a series of zeolitic imidazolate frameworks (ZIFs), a topical 

family of MOFs.[136] The strong dependence of the dielectric constant on the level of porosity of the 

framework for the two sets of the examined MOFs (Fig. 27a) and ZIFs (Fig. 27b) is illustrated. 
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Fig. 27. Dependence of the dielectric constant on the level of porosity of MOFs (a) and ZIFs (b). The linear trend is 

highlighted with a solid red line (a) and a dashed green line (b). Adapted from refs [136] and [115]. 

 

MOFs are stimuli-responsive materials. Indeed, they show large amplitude structural changes in 

response to physical or chemical stimulation.[137] The transformation can be induced by 

temperature, mechanical pressure, guest adsorption or evacuation, light absorption. It has been found 

that the phase transition occurring in MIL-53(Al) described above in Section 3.1 can also be induced 

through the application of an external pressure to the framework. Recently, theoretical calculations 

were combined with high-resolution synchrotron infrared specular reflectance experiments to study 

the change in the dielectric response of MIL-53(Al) as a function of the applied stress.[138] The 

switching between the large pore (LP) and the narrow pore (NP) structure causes a remarkable 

decrease in the band gap and increase in the dielectric constant (LP: 1.5 → NP: 2.2) for the closed 

phase as the porosity is removed. These results demonstrate the tunability of the dielectric response 

as a function of the composition of the material in terms of the LP:NP ratio, as shown in Fig. 28 for 

the real part of the complex dielectric function. This interesting behavior could open the door to the 

reversible and controllable switch between the LP ⇌ NP configurations. Furthermore, an excellent 

agreement of experimental complex dielectric function data with theoretical DFT calculations was 

obtained that suggested a pathway to the in silico design of tunable MOF dielectrics. A similar 

amorphization or phase transitions, as often reported for the
ZIF family, had occurred.30 We performed an extensive
investigation into theeffectsof pressureontheZIF-8material.
Figure4ashowsthefrequency-dependent dielectricfunctionof
ZIF-8 predicted by ab initio DFT using the CRYSTAL14

code31 (seecomputational detailsinSI section 6). Notably, all
major dielectric transitions have been correctly identified,
althoughthemagnitudesof theexperimental dielectricconstant
(Figure4b) arerelativelylower thantheDFT theoretical values
predicted for an idealized singlecrystal. Thisdiscrepancy may
belinked to thepolycrystallinenatureof thepellets10 used in

Figure4. Spectraof the(a) theoretical DFT and(b) experimental far-
IRdielectricdataof ZIF-8showingthestepwiseeffect of pelletization
pressureon the real part of thedielectric constant, i.e., ε′(ω). Plots
showing theupward trend in thedielectric constant of ZIF-8, upon
increased pelletization pressure, at arangeof specificspectral points:
(c) 65, (d) 600, (e) 4000, and (f) 9000 cm−1. The gradient of the
fittedtrendlinehighlightsthat thedielectricconstant ismoresensitive
to increased pelletization pressurein theTHzfrequency region (1.95
THz≈ 65cm−1). (g) Dielectricconstant valuesfor ZIF-8at 65, 600,
4000, and 9000cm−1, extrapolated to assumezero pressureeffects.

Figure5.TrendsobservedintheTHzfrequencydielectricconstant ε′
(at 1.95THz≈ 65cm−1) presentedasafunction of porosity (P) and
framework density (ρ). (a) Linear trend ε′ = AP + B, where A =
−0.01261and B= 2.26726. (b) Quadratic trend ε′ = Cρ2 + Dρ+ E,
whereC = 0.11276, D = 0.62165, and E= 1. The theoretical DFT
valueswereobtainedfromoptimizedZIFstructuresat theB3LYP-D*
level of theory (computational detailsaregiven inSI section 6and in
accordance with refs 10 and 33), corresponding to the values of
dielectric constants along the three orthonormal axes (x, y, z). The
multiplevaluesrepresent theanisotropicsingle-crystal valuesfor all of
thenoncubic unit cell structures. For example, both ZIF-8 and ZIF-
SOD-Im have one unique dielectric constant value each because of
cubicsymmetry(wherea=b=c), thusthedielectricconstant alongx
= y = z. In contrast, ZIF-zni hastwo uniquevaluesbecause it hasa
tetragonal unit cell, thereforeitsdielectricconstant valuealongx=y≠
z. Theother structuressuch asZIF-1 (monoclinic), ZIF-2and ZIF-4
(orthorhombic), andZIF-3(tetragonal) eachhavethreeuniquevalues
because of the dielectric constant in x ≠ y ≠ z. The theoretical
dielectric constants are static values, i.e., ω= 0, thusshowing some
discrepancies to theexperimental valuesmeasured at 65cm−1. Note:
The porosity and density values were determined from Crystallo-
graphic Information Files(CIFs) usingtheMercury CSD program.34

ZIF-1−ZIF-4 and ZIF-zni have the same chemical composition
Zn(imidazolate)2but exhibit different topologyandporosity; detailsof
the structures can be found in refs 35 and 36. The ZIF-SOD-Im
structure isahypothetical sodalite (SOD) framework akin to ZIF-8,
formulated by substituting the 2-methylimidazolate linkers of ZIF-8
with the(lessbulky) unsubstituted imidazolate(Im) linkerstoyielda
moreporousstructurewith reduced density.

The Journal of Physical Chemistry Letters Letter

DOI:10.1021/acs.jpclett.8b00799
J. Phys. Chem. Lett. 2018, 9, 2678−2684
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investigation was also carried out on the prototypical CuII MOF HKUST-1[139] to gain insights on 

the temperature- and pressure-dependent broadband dielectric behavior.  

 

 

Fig. 28. Comparison between experimental data (thin solid curves) as a function of the applied pressure and predicted 

values (thick solid curves) for the real part of the complex dielectric function of MIL-53(Al). Adapted from ref.[138]. 

 

It is clear from the discussion above that flexibility of MOFs is a key concept, which is actually related 

to elasticity and lattice dynamics. The latter are also crucial to understand the mechanical properties 

of MOFs that are relevant to address the robustness, durability and resilience of the framework for 

designing devices to be used in technological applications. In the last years, a combined experimental 

and theoretical work in Oxford and Torino was undertaken to connect elasticity and lattice dynamics 

to the materials mechanical stability. In particular, synchrotron vibrational spectroscopies, in 

conjunction with ab initio calculations, were used to study the low-frequency vibrational modes in 

the THz region of MOFs as HKUST-1,[140] MIL-140A[141] and a series of ZIFs.[142] Modelling 

revealed the complex nature of the collective atomic motions that lead to low-energy conformational 

dynamics underpinning framework deformation mechanisms such as hindered rotations of organic 
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11 

 

6 Real part of the complex dielectric function: closer look at experimental data vs DFT 

simulations 

 
 

Figure S9. Showing the overlap of the values simulated via DFT versus experimental values. The agreement is superb: all the 

oscillatory transitions are predicted via DFT and the values rise with increasing NP fraction as predicted via DFT. The inset 

extends the datasets up to 4000 cm
-1

. 
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linkers and trampoline-like motions. The computed results aided to highlight the linking of THz 

modes to gate-opening, pore-breathing and shearing deformations that are relevant to structural 

stability/instability (e.g. framework collapse and/or amorphization). In parallel, further theoretical 

work was carried out to connect lattice dynamics to elasticity (and vice versa). The results found here 

showed that soft modes could be related to the softening of the material and unveil elastic anomalies 

in the mechanical behaviour of MOFs. Calculation of the second-order elastic constants through 

density functional methods was employed to predict related mechanical properties (Young’s 

modulus, shear modulus, linear compressibility and Poisson’s ratio). Interestingly, most of the 

examined systems showed a clear anisotropic elastic response. For instance, it was discovered that 

the prototypical imidazolate-based framework material ZIF-8[143] shows an exceptionally low shear 

modulus that might lead to a structural instability. Indeed, the latter is connected to a shear distortion 

soft mode of the framework[142] which is responsible for a phase transition when ZIF-8 is subjected 

to high pressure.[144] This finding was later confirmed by another theoretical study of the anisotropic 

mechanical response of ZIF-8 as a function of pressure.[145] The pressure-driven mechanical 

instability of the framework was then explained in terms of the C44 shear elastic constant with a shear 

deformation entangled with asymmetric “gate-opening” vibrations. Similar highly anisotropic elastic 

properties were predicted for other ZIFs, namely ZIF-4 and ZIF-zni, according to which ZIF-4 could 

exhibit a negative Poisson’s ratio thus potentially manifesting some auxeticity.[146] For HKUST-1 

(Fig. 29a),[140] a detailed investigation of the elastic properties in conjunction with a careful 

vibrational analysis highlighted that the co-existence of soft modes (e.g. hindered rotations and 

trampoline-like motions, Fig. 29b-c) and intrinsic shear distortions governed the emergence of 

anomalous phenomena such as auxeticity (as highlighted in Fig. 29d by the negative values of the 

Poisson’s ratio surfaces) and negative thermal expansion.  
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Fig. 29. HKUST-1 unit cell (a) viewed along the [100] and [110] directions; (b) and (c) show examples of hindered 

rotations of organic linkers and trampoline-like motions, respectively; (d) Poisson’s ratio surfaces: maximum is depicted 

as blue and minimum as green and red for positive and negative values. Adapted from ref.[140]. The full set of computed 

vibrational modes can be visualized at the following link: https://www.crystal.unito.it/vibs/hkust-1. 

 

Unusual elastic anisotropy due to the exceedingly low shear moduli properties of MOFs was also 

discovered in the isoreticular family of MIL-140 A-D[147] in which infinite 1-D zirconium oxide 

(ZrO) chains are linked together through different organic linkers (Fig. 30a-b). Within this family, 

the structure–mechanical property trends were rationalized referring in terms of different spacers 

length. The rigidity of the framework is dramatically reduced by shear deformations for structures 

with longer linkers (Fig. 30c-d). An excellent correlation was established to experiments in that the 

predicted trends agree with the grinding time required to cause mechanical collapse of the framework 

in ball-milling experiments. Understanding structure–mechanical stability trends is then important 

for the design of tailored frameworks for technological applications.  
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Fig. 30. (a) Hybrid framework of the MIL-140 MOF along with the different linkers of the MIL-140 family (A-D) (b); 

(c) Shear modulus surface of MIL-140-A and (d) dependence of the shear modulus and anisotropy on the linker length. 

Adapted from ref.[147]. 

 

Finally, it is worth mentioning a recent work on the quasi-harmonic lattice dynamics of MOF-5[148] 

as an example of the inclusion of thermal effects in the modelling of MOFs. The observed negative 

thermal expansion of MOF-5 was nicely reproduced by ab initio calculations. A value for the linear 

thermal expansion at 300K of -11 .10−6 K−1 was predicted in agreement with the experimental data 

that range from -12 to -14.10−6 K−1. By combining temperature and pressure, a shear-induced 

instability was also shown upon compression, responsible for a group-subgroup phase transition at 

about 0.45 GPa.  

9080 | Phys. Chem. Chem. Phys., 2016, 18, 9079--9087 This journal is© the Owner Societies 2016

The number of studies concerned with understanding the

basic elastic behaviour of MOFs is still relatively limited.6,18,24

Initially research concentrated on theYoung’smodulus(E)25,26

and the bulk modulus (K),27–29 as these properties are more

straightforward tocharacterizeexperimentally. However, especially

for anisotropicmaterialssuch asMOFs, amorecompleteunder-

standing of open framework structural mechanics30,31 can be

obtained only by considering other mechanical behaviour

described by the shear modulus (G) and Poisson’s ratio (n).

More recently, Brillouin scattering experiments in conjunction

with ab initiodensity functional theory (DFT) calculationswere

used todeterminethecompleteelasticconstantsof cubicZIF-8,

from which a remarkably low shear modulus was found (GE

1GPa).32 Thelowshear modulussuggested that therecould be

a heightened chance of shear-induced amorphisation from

structural flexibility and framework destabilization,33 which is

supportedbystudieson theball millinginducedamorphisation

of a large number of MOFs.34,35 Notably the work on ZIF-832

demonstrated that DFT is a powerful approach capable of

establishing thefull setsof elasticproperties, which areextremely

difficult to measure (particularly for low-symmetry crystals).31

Therehassincebeenanumber of representativeMOFstructures36,37

and related framework materials38 that havebeen studied usingthe

abinitioDFTapproach. Although previousstudiesattempted tolink

theMOFmechanical propertiesto thegeometryand complianceof

the frameworks, they have yet to fully address the exact chemical

structuretrendsor explain preciselythemechanismsresponsible

for elastic anomalies associated with shear distortions and

counterintuitivePoisson’s ratio. Thesestudies have, nonetheless,

demonstrated that DFT can be used efficiently to analyse a wide

selection of MOF materials with varying metals, linkers, porosity

and network topologies.

In thecurrent work, westudy thedetailed elastic properties

and mechanical behaviour of the entire zirconium (Zr)-based

MIL-140 series of isoreticular materials by means of DFT. The

series consists of 4 unique materials obtained by varying the

complexity of the dicarboxylic acid derived linkers, starting

with terephthalic acid, one of the simplest dicarboxylic acid

after oxalic acid,39 and themost simplest containing an aromatic

ring. This particular series: MIL-140(A–D)14,15 whose chemical

structures are shown in Fig. 1, is ideal for understanding

precisely how MOF mechanics is affected by the systematic

expansion of a porous isoreticular framework. The MIL-140

structures are polymorphs of the topical UiO-66(Zr) material40

but instead of isolated Zr6Ometal-oxo clusters, in theMIL-140

frameworks, infinite 1-D zirconium oxide (ZrO) chains act

as secondary building units (SBU) and are located along the

crystallographic c-axis (Fig. 1). Experiments havedemonstrated

that UiO-66(Zr) hasexcellent thermal and chemical stabilities,40

albeit itsmechanical stabilityagainst structural collapse(amor-

phisation) hasrecentlybeen measured tobeinferior to thoseof

theMIL-140series.35 Furthermoreit hasbeen suggested that,14

the enhanced hydrothermal stability of MIL-140 is a result of

both thereduced flexibility of its 1-D ZrOchains (compared to

Zr6O clusters in UiO-66) together with the p p interactions

of thearomatic ringsof theMIL-140 linkers. Although Zr-based

MOFsaregainingmajor popularityin latest mainstream scientific

literature,15,41 relatively littlein fact is reported about their under-

pinningmechanical trends.

2. Results and discussion
2.1 First-principles quantum mechanical computations

We computed the theoretical single-crystal elastic constants

(Cij’s) of the four MIL-140(A–D) porous framework structures

using first-principles density functional theory (DFT). We

adopted the B3LYP hybrid exchange–correlation functional,42

asrecent studieshaveshown it toproduceaccurateresults, and

all-electron atom-centred Gaussian typebasissets, asimplemented

by the periodic ab initio CRYSTAL14 code.43 This computational

methodology has recently been validated on a prototypical MOF

structure, whoseelasticconstantshavebeenconfirmedviaBrillouin

scatteringexperiments.32Afull relaxation of both latticeparameters

and atomic coordinates was allowed to optimize the structures.

Each elastic stiffness tensor was then computed by using the

numerical first derivative of the analytic cell gradients, which

corresponds to the individual elastic stiffness coefficients

Cij’s.
44 Thecoefficients wereobtained as a result of deforming

theoptimized structurein thesymmetrically required directionsof

bothpositiveandnegativestrainamplitudes, therebycorresponding

to the linear elastic stress–strain relationship. Further com-

putational details aregiven in theESI.†

Fig. 1 (left) Framework structures of the MIL-140 series featuring

a general chemical formula [ZrO(O2C-R-CO2)]: (A) MIL-140A where

R = C6H4, (B) MIL-140B (R = C10H6), (C) MIL-140C (R = C12H8) and (D)

MIL-140D (R = C12N2H6Cl2).
11 The inorganic building units are ZrO6

coordination polyhedra (green) forming 1-D chains along the crystal

c-axis. Thedashed blue linesrepresent oneunit cell. (right)Organic linkers

of the respective frameworks. Color scheme adopted – zirconium: green;

carbon: gray; oxygen: red; nitrogen: blue; chlorine: light green. The length

of the linkers are defined as the distance from each carboxylate carbon.

Paper PCCP

P
u

b
li

sh
ed

 o
n

 0
4

 M
ar

ch
 2

0
1

6
. 

D
o

w
n

lo
ad

ed
 b

y
 U

N
IV

E
R

S
IT
À

 D
E

G
L

I 
S

T
U

D
I 

D
I 

T
O

R
IN

O
 o

n
 0

2
/0

8
/2

0
1

7
 2

3
:5

9
:1

1
. 

View Article Online

9080 | Phys. Chem. Chem. Phys., 2016, 18, 9079--9087 This journal is© the Owner Societies 2016

The number of studies concerned with understanding the

basic elastic behaviour of MOFs is still relatively limited.6,18,24

Initially research concentrated on theYoung’smodulus (E)25,26

and the bulk modulus (K),27–29 as these properties are more

straightforward tocharacterizeexperimentally. However, especially

for anisotropicmaterialssuch asMOFs, amorecompleteunder-

standing of open framework structural mechanics30,31 can be

obtained only by considering other mechanical behaviour

described by the shear modulus (G) and Poisson’s ratio (n).

More recently, Brillouin scattering experiments in conjunction

with ab initiodensity functional theory (DFT) calculations were

used todeterminethecompleteelasticconstantsof cubicZIF-8,

from which a remarkably low shear modulus was found (GE

1 GPa).32 Thelowshear modulussuggested that therecould be

a heightened chance of shear-induced amorphisation from

structural flexibility and framework destabilization,33 which is

supported bystudieson theball millinginduced amorphisation

of a large number of MOFs.34,35 Notably the work on ZIF-832

demonstrated that DFT is a powerful approach capable of

establishing thefull setsof elasticproperties, which areextremely

difficult to measure (particularly for low-symmetry crystals).31

Therehassincebeenanumber of representativeMOFstructures36,37

and related framework materials38 that havebeen studied usingthe

abinitioDFTapproach. Although previousstudiesattempted to link

theMOFmechanical propertiesto thegeometryand complianceof

the frameworks, they have yet to fully address the exact chemical

structuretrendsor explain preciselythemechanismsresponsible

for elastic anomalies associated with shear distortions and

counterintuitivePoisson’s ratio. Thesestudies have, nonetheless,

demonstrated that DFT can be used efficiently to analyse a wide

selection of MOF materials with varying metals, linkers, porosity

and network topologies.

In thecurrent work, westudy thedetailed elastic properties

and mechanical behaviour of the entire zirconium (Zr)-based

MIL-140 series of isoreticular materials by means of DFT. The

series consists of 4 unique materials obtained by varying the

complexity of the dicarboxylic acid derived linkers, starting

with terephthalic acid, one of the simplest dicarboxylic acid

after oxalic acid,39 and themost simplest containing an aromatic

ring. This particular series: MIL-140(A–D)14,15 whose chemical

structures are shown in Fig. 1, is ideal for understanding

precisely how MOF mechanics is affected by the systematic

expansion of a porous isoreticular framework. The MIL-140

structures are polymorphs of the topical UiO-66(Zr) material40

but instead of isolated Zr6Ometal-oxo clusters, in theMIL-140

frameworks, infinite 1-D zirconium oxide (ZrO) chains act

as secondary building units (SBU) and are located along the

crystallographic c-axis (Fig. 1). Experiments havedemonstrated

that UiO-66(Zr) hasexcellent thermal and chemical stabilities,40

albeit itsmechanical stabilityagainst structural collapse(amor-

phisation) hasrecentlybeen measured tobeinferior to thoseof

theMIL-140series.35 Furthermoreit hasbeen suggested that,14

the enhanced hydrothermal stability of MIL-140 is a result of

both the reduced flexibility of its 1-D ZrOchains (compared to

Zr6O clusters in UiO-66) together with the p p interactions

of thearomatic ringsof theMIL-140 linkers. Although Zr-based

MOFsaregainingmajor popularityin latest mainstream scientific

literature,15,41 relatively littlein fact is reported about their under-

pinningmechanical trends.

2. Results and discussion
2.1 First-principles quantum mechanical computations

We computed the theoretical single-crystal elastic constants

(Cij’s) of the four MIL-140(A–D) porous framework structures

using first-principles density functional theory (DFT). We

adopted the B3LYP hybrid exchange–correlation functional,42

asrecent studieshaveshown it toproduceaccurateresults, and

all-electron atom-centred Gaussian typebasissets, asimplemented

by the periodic ab initio CRYSTAL14 code.43 This computational

methodology has recently been validated on a prototypical MOF

structure,whoseelasticconstantshavebeenconfirmedviaBrillouin

scatteringexperiments.32Afull relaxation of both latticeparameters

and atomic coordinates was allowed to optimize the structures.

Each elastic stiffness tensor was then computed by using the

numerical first derivative of the analytic cell gradients, which

corresponds to the individual elastic stiffness coefficients

Cij’s.
44 The coefficients were obtained as a result of deforming

theoptimized structurein thesymmetrically required directionsof

bothpositiveandnegativestrainamplitudes, therebycorresponding

to the linear elastic stress–strain relationship. Further com-

putational details aregiven in the ESI.†

Fig. 1 (left) Framework structures of the MIL-140 series featuring

a general chemical formula [ZrO(O2C-R-CO2)]: (A) MIL-140A where

R = C6H4, (B) MIL-140B (R = C10H6), (C) MIL-140C (R = C12H8) and (D)

MIL-140D (R = C12N2H6Cl2).
11 The inorganic building units are ZrO6

coordination polyhedra (green) forming 1-D chains along the crystal

c-axis. Thedashed blue linesrepresent oneunit cell. (right) Organic linkers

of the respective frameworks. Color scheme adopted – zirconium: green;

carbon: gray; oxygen: red; nitrogen: blue; chlorine: light green. The length

of the linkers are defined as the distance from each carboxylate carbon.
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The number of studies concerned with understanding the

basic elastic behaviour of MOFs is still relatively limited.6,18,24

Initially research concentrated on theYoung’smodulus(E)25,26

and the bulk modulus (K),27–29 as these properties are more

straightforward tocharacterizeexperimentally. However, especially

for anisotropicmaterialssuch asMOFs, amorecompleteunder-

standing of open framework structural mechanics30,31 can be

obtained only by considering other mechanical behaviour

described by the shear modulus (G) and Poisson’s ratio (n).

More recently, Brillouin scattering experiments in conjunction

with ab initiodensity functional theory (DFT) calculations were

used todeterminethecompleteelasticconstantsof cubicZIF-8,

from which a remarkably low shear modulus was found (GE

1 GPa).32 Thelowshear modulussuggested that therecould be

a heightened chance of shear-induced amorphisation from

structural flexibility and framework destabilization,33 which is

supported bystudieson theball millinginduced amorphisation

of a large number of MOFs.34,35 Notably the work on ZIF-832

demonstrated that DFT is a powerful approach capable of

establishing thefull setsof elasticproperties, which areextremely

difficult to measure (particularly for low-symmetry crystals).31

Therehassincebeenanumber of representativeMOFstructures36,37

and related framework materials38 that havebeen studied usingthe

abinitioDFTapproach. Although previousstudiesattempted to link

theMOFmechanical propertiesto thegeometryand complianceof

the frameworks, they have yet to fully address the exact chemical

structuretrendsor explain preciselythemechanismsresponsible

for elastic anomalies associated with shear distortions and

counterintuitivePoisson’s ratio. Thesestudies have, nonetheless,

demonstrated that DFT can be used efficiently to analyse a wide

selection of MOF materials with varying metals, linkers, porosity

and network topologies.

In thecurrent work, westudy thedetailed elastic properties

and mechanical behaviour of the entire zirconium (Zr)-based

MIL-140 series of isoreticular materials by means of DFT. The

series consists of 4 unique materials obtained by varying the

complexity of the dicarboxylic acid derived linkers, starting

with terephthalic acid, one of the simplest dicarboxylic acid

after oxalic acid,39 and themost simplest containing an aromatic

ring. This particular series: MIL-140(A–D)14,15 whose chemical

structures are shown in Fig. 1, is ideal for understanding

precisely how MOF mechanics is affected by the systematic

expansion of a porous isoreticular framework. The MIL-140

structures are polymorphs of the topical UiO-66(Zr) material40

but instead of isolated Zr6Ometal-oxo clusters, in theMIL-140

frameworks, infinite 1-D zirconium oxide (ZrO) chains act

as secondary building units (SBU) and are located along the

crystallographic c-axis (Fig. 1). Experiments havedemonstrated

that UiO-66(Zr) hasexcellent thermal and chemical stabilities,40

albeit itsmechanical stabilityagainst structural collapse(amor-

phisation) hasrecentlybeen measured tobeinferior to thoseof

theMIL-140series.35 Furthermoreit hasbeen suggested that,14

the enhanced hydrothermal stability of MIL-140 is a result of

both the reduced flexibility of its 1-D ZrOchains (compared to

Zr6O clusters in UiO-66) together with the p p interactions

of thearomatic ringsof theMIL-140 linkers. Although Zr-based

MOFsaregainingmajor popularityin latest mainstream scientific

literature,15,41 relatively littlein fact is reported about their under-

pinningmechanical trends.

2. Results and discussion
2.1 First-principles quantum mechanical computations

We computed the theoretical single-crystal elastic constants

(Cij’s) of the four MIL-140(A–D) porous framework structures

using first-principles density functional theory (DFT). We

adopted the B3LYP hybrid exchange–correlation functional,42

asrecent studieshaveshown it toproduceaccurateresults, and

all-electron atom-centred Gaussian typebasissets, asimplemented

by the periodic ab initio CRYSTAL14 code.43 This computational

methodology has recently been validated on a prototypical MOF

structure,whoseelasticconstantshavebeenconfirmedviaBrillouin

scatteringexperiments.32Afull relaxation of both latticeparameters

and atomic coordinates was allowed to optimize the structures.

Each elastic stiffness tensor was then computed by using the

numerical first derivative of the analytic cell gradients, which

corresponds to the individual elastic stiffness coefficients

Cij’s.
44 The coefficients were obtained as a result of deforming

theoptimized structurein thesymmetrically required directionsof

bothpositiveandnegativestrainamplitudes, therebycorresponding

to the linear elastic stress–strain relationship. Further com-

putational details aregiven in theESI.†

Fig. 1 (left) Framework structures of the MIL-140 series featuring

a general chemical formula [ZrO(O2C-R-CO2)]: (A) MIL-140A where

R = C6H4, (B) MIL-140B (R = C10H6), (C) MIL-140C (R = C12H8) and (D)

MIL-140D (R = C12N2H6Cl2).
11 The inorganic building units are ZrO6

coordination polyhedra (green) forming 1-D chains along the crystal

c-axis. Thedashed blue linesrepresent oneunit cell. (right)Organic linkers

of the respective frameworks. Color scheme adopted – zirconium: green;

carbon: gray; oxygen: red; nitrogen: blue; chlorine: light green. The length

of the linkers are defined as the distance from each carboxylate carbon.
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The number of studies concerned with understanding the

basic elastic behaviour of MOFs is still relatively limited.6,18,24

Initially research concentrated on theYoung’smodulus (E)25,26

and the bulk modulus (K),27–29 as these properties are more

straightforward tocharacterizeexperimentally. However, especially

for anisotropicmaterialssuch asMOFs, amorecompleteunder-

standing of open framework structural mechanics30,31 can be

obtained only by considering other mechanical behaviour

described by the shear modulus (G) and Poisson’s ratio (n).

More recently, Brillouin scattering experiments in conjunction

with ab initiodensity functional theory (DFT) calculations were

used todeterminethecompleteelasticconstantsof cubicZIF-8,

from which a remarkably low shear modulus was found (GE

1 GPa).32 Thelowshear modulussuggested that therecould be

a heightened chance of shear-induced amorphisation from

structural flexibility and framework destabilization,33 which is

supported bystudieson theball millinginduced amorphisation

of a large number of MOFs.34,35 Notably the work on ZIF-832

demonstrated that DFT is a powerful approach capable of

establishing thefull setsof elastic properties, which areextremely

difficult to measure (particularly for low-symmetry crystals).31

Therehassincebeenanumber of representativeMOFstructures36,37

and related framework materials38 that havebeen studied usingthe

abinitioDFTapproach. Although previousstudiesattempted to link

theMOFmechanical properties to thegeometryand complianceof

the frameworks, they have yet to fully address the exact chemical

structuretrendsor explain preciselythemechanismsresponsible

for elastic anomalies associated with shear distortions and

counterintuitivePoisson’s ratio. Thesestudies have, nonetheless,

demonstrated that DFT can be used efficiently to analyse a wide

selection of MOF materials with varying metals, linkers, porosity

and network topologies.

In thecurrent work, westudy thedetailed elastic properties

and mechanical behaviour of the entire zirconium (Zr)-based

MIL-140 series of isoreticular materials by means of DFT. The

series consists of 4 unique materials obtained by varying the

complexity of the dicarboxylic acid derived linkers, starting

with terephthalic acid, one of the simplest dicarboxylic acid

after oxalic acid,39 and themost simplest containing an aromatic

ring. This particular series: MIL-140(A–D)14,15 whose chemical

structures are shown in Fig. 1, is ideal for understanding

precisely how MOF mechanics is affected by the systematic

expansion of a porous isoreticular framework. The MIL-140

structures are polymorphs of the topical UiO-66(Zr) material40

but instead of isolated Zr6Ometal-oxo clusters, in theMIL-140

frameworks, infinite 1-D zirconium oxide (ZrO) chains act

as secondary building units (SBU) and are located along the

crystallographic c-axis (Fig. 1). Experiments havedemonstrated

that UiO-66(Zr) hasexcellent thermal and chemical stabilities,40

albeit itsmechanical stabilityagainst structural collapse(amor-

phisation) hasrecentlybeen measured tobeinferior to thoseof

theMIL-140series.35 Furthermoreit hasbeen suggested that,14

the enhanced hydrothermal stability of MIL-140 is a result of

both the reduced flexibility of its 1-D ZrOchains (compared to

Zr6O clusters in UiO-66) together with the p p interactions

of thearomatic ringsof theMIL-140 linkers. Although Zr-based

MOFsaregainingmajor popularityin latest mainstream scientific

literature,15,41 relatively littlein fact is reported about their under-

pinningmechanical trends.

2. Results and discussion
2.1 First-principles quantum mechanical computations

We computed the theoretical single-crystal elastic constants

(Cij’s) of the four MIL-140(A–D) porous framework structures

using first-principles density functional theory (DFT). We

adopted the B3LYP hybrid exchange–correlation functional,42

asrecent studieshaveshown it toproduceaccurateresults, and

all-electron atom-centred Gaussian typebasissets, asimplemented

by the periodic ab initio CRYSTAL14 code.43 This computational

methodology has recently been validated on a prototypical MOF

structure, whoseelasticconstantshavebeenconfirmedviaBrillouin

scatteringexperiments.32Afull relaxation of both latticeparameters

and atomic coordinates was allowed to optimize the structures.

Each elastic stiffness tensor was then computed by using the

numerical first derivative of the analytic cell gradients, which

corresponds to the individual elastic stiffness coefficients

Cij’s.
44 The coefficients were obtained as a result of deforming

theoptimized structure in thesymmetrically required directionsof

bothpositiveandnegativestrain amplitudes, therebycorresponding

to the linear elastic stress–strain relationship. Further com-

putational details aregiven in theESI.†

Fig. 1 (left) Framework structures of the MIL-140 series featuring

a general chemical formula [ZrO(O2C-R-CO2)]: (A) MIL-140A where

R = C6H4, (B) MIL-140B (R = C10H6), (C) MIL-140C (R = C12H8) and (D)

MIL-140D (R = C12N2H6Cl2).
11 The inorganic building units are ZrO6

coordination polyhedra (green) forming 1-D chains along the crystal

c-axis. The dashed blue linesrepresent one unit cell. (right) Organic linkers

of the respective frameworks. Color scheme adopted – zirconium: green;

carbon: gray; oxygen: red; nitrogen: blue; chlorine: light green. The length

of the linkers are defined as the distance from each carboxylate carbon.
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Overall, the theoretical work carried out in the last decades in Torino demonstrates that modelling 

offers valuable insights into the detailed physical and chemical characterization of MOFs both as a 

support for the elucidation of experimental findings and as a stand-alone predictive tool.[149] 

 

4. Applications 

4.1 Gas storage and separation  

This field of investigation is probably the most widely explored in MOFs science. Examples 

dealing with many different gases (either pure or in binary mixtures to assess adsorption selectivity) 

physisorbed under various temperature and pressure conditions are present in the literature. The 

renaissance of the interest in coordination polymers and MOFs at the beginning of the new century 

stems from the initial discovery of (micro)porosity and high surface areas for some of these materials 

and the possibility to store molecular hydrogen (H2) at cryogenic temperatures inside them. In more 

recent years, the interest in hydrogen adsorption in MOFs has faded because of the limited storage 

capacity of the materials discovered so far and of the impossibility to store this gas in significant 

amounts (for practical applications in vehicles equipped with fuel cells) at temperatures above −196 

°C. Thus, new research lines have started to appear towards storage/separation of other gases of 

environmental/energetic interest like carbon dioxide (CO2) and methane (CH4), short-chain 

hydrocarbons like ethylene, acetylene, hexanes or chemical welfare agents employed in military 

contexts like mustard gas [bis(2-chloroethyl) sulfide] or hydrogen sulfide (H2S).  

4.1.1 Hydrogen storage (Firenze) 

For very light gases like hydrogen, the employ of lightweight materials (i.e. MOFs containing light 

elements like lithium, magnesium, calcium, aluminum) is essential to increase the weight percentage 

of the adsorbed hydrogen and consequently to have a better-performing gas sponge. Hydrogen storage 

measurements were carried out at T = −196 °C in a low-to-high pressure interval with the polymeric 
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formate Mg(HCOO)2(HCOOH) after amine guest removal through thermal activation.[53] The 

maximum experimental H2 uptake at T = −196 °C and pH2 = 30 bar corresponds to 12 H2 molecules 

per cell, i.e. 0.88 H wt. % (Fig. 31a). The existence of preferred H2 adsorption sites was assessed 

through Grand Canonical Monte Carlo (GCMC) simulations. No specific low-energy site was found 

(there are no open metal sites in the activated framework), and H2 location in the framework pores is 

simply determined by packing effects. Consequently, the center of the cubic cavities (that assures a 

spatially uniform H2-framework interaction) is the preferred adsorption site at low pressures (Fig. 

31b), while, two more “localized” positions were found at high pressures because of the reduced 

empty space available under these “more packed” conditions (Fig. 31c).  

 

Fig. 31. (a) H2 adsorption isotherms recorded at −196 °C on Mg(HCOO)2(HCOOH); GCMC density distributions at pH2 

= (b) 0.2 bar and (c) 100 bar. View along the Z-axis. Atom color code: brown, Mg; light blue, C; white, H; red, O. Adapted 

with permission from ref.[53]. Copyright (2011) American Chemical Society. 

 

4.1.2 Carbon dioxide capture and separation (Como, Camerino, Firenze, Perugia, Pisa, 

Torino) 

The abundant presence of polar C-N and C-S bonds in thiazole- and thiazolidine-based MOFs is 

helpful to improve the interaction with the polar C=O bonds of carbon dioxide, despite the very low 

BET area found in the materials. It has been demonstrated[106] that the CO2 adsorption capacity in 

post-combustion industrial flue gas (where the CO2 percentage in the mixture is very low if compared 

with that of N2) is predominantly dictated by the chemical features of the pore surface, and it is not 
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strictly related to the surface area of the material. Thus, the best performing materials are those 

bearing highly polarized surfaces. Indeed, CO2 adsorption in the thiazolidine-containing MOF Co(L-

RR) after thermal activation (Fig. 5) gave the satisfactory value of 4.7 CO2 wt. % at T = 0 °C and pCO2 

= 1.2 bar.[44] The CuII MOF CuL2 made with thiazole-5-carboxylate (Fig. 6) shows an even higher 

and remarkable CO2 uptake of 9.0 CO2 wt. % at T = 30 °C and pCO2 = 1.2 bar.[45] Finally, the ZrIV 

bithiazole-based MOF [Zr6O4(OH)4(TzTz)6] (Fig. 7) with a longer linker and a higher BET area (840 

m2/g) can store 7.5 CO2 wt. %  at T = 25 °C and pCO2 = 1 bar.[46]  

The MOF-76-Ce prepared in Torino[85] (Fig. 15a) showed excellent carbon dioxide adsorption 

properties, with an uptake of 15 wt. % at 1.1 bar and 25 °C after activation at 250 °C (and concomitant 

full desolvation). The high isosteric heat of adsorption (35 kJ/mol) and the negligible nitrogen uptake 

under the same conditions make this material an ideal candidate for CO2/N2 separation processes in 

dry environments. The same team has also studied CO2 adsorption through volumetric and 

calorimetric techniques on Ce5(BDC)7.5(DMF)4 (Fig. 15c): a modest adsorption capacity (3.5 wt. %) 

was found, and a specific heat of adsorption (32-33 kJ/mol) compatible with the existence of some 

kind of interaction with the MOF open metal sites.[88] 

The CeIV-MOF F4_MIL-140A(Ce) prepared by the Perugia team (Fig. 16b) displays a peculiar 

CO2 adsorption behavior. The isotherm has sigmoidal shape, with pores saturation occurring over a 

small range of pressures, a behavior typical of the so-called phase-change adsorbents (Fig. 32a). The 

inflection point in the isotherm appears at pressures compatible with post-combustion capture and 

shifts to higher pressure as the temperature increases. Since the same phase-change behavior is not 

triggered by N2 adsorption, F4_MIL-140A(Ce) displays the remarkable CO2/N2 selectivity of over 

1900, estimated using the ideal adsorbate solution theory (IAST) for an ideal 0.15:0.85 CO2:N2 v/v 

gas mixture at 20 °C and 1 bar total pressure, which is among the highest values reported for a MOF 

(Fig. 32b).[92] Despite the total CO2 uptake of F4_MIL-140A(Ce) at 1 bar and 20 °C is moderate 

(1.9 mmol/g, 8.4 wt. %), the absence of hysteresis upon CO2 desorption is very attractive to achieve 
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high working capacity with little energy penalty. The isosteric heat of adsorption (Qst) measured at 

zero coverage is around 40 kJ/mol, indicative of favorable physical interactions between the adsorbate 

and the MOF surface without formation of strong chemical bonds. The CO2 adsorption sites in this 

material are likely to be both coordinatively unsaturated cerium ions and the linker’s perfluorinated 

aromatic rings. Investigations are ongoing to unravel this aspect. 

 

Fig. 32. (a) CO2 adsorption isotherms collected at 0 °C (blue), 20 °C (red) and 40 °C (green) for F4_MIL-140A(Ce); (b) 

IAST selectivity as a function of total pressure for a 0.15:0.85 CO2/N2 mixture at 25 °C for F4_MIL-140A(Ce). Adapted 

with permission from ref.[92]. Copyright (2019) American Chemical Society. 

 

As a representative example of the influence of the linker steric hindrance on the CO2 uptake in a 

series of isostructural MOFs, the Como and Camerino teams assessed the CO2 adsorption capacity of 

the M(Me2BPZ) (M = Co, Zn) MOFs[21] and compared it to that of the non-methylated M(BPZ) 

parents.[18] The beneficial effect of the methyl groups in the thermodynamics of CO2 sorption, as 

suggested by the adsorption energy trend [Eads(M(Me2BPZ)) > Eads(M(BPZ))] and supported by 

theoretical calculations at the B3LYP-D3 level coupled to topological analyses, is unfortunately 

compensated by the higher steric hindrance of the tagged linker. Consequently, the quantity of gas 

adsorbed by the tagged MOFs vs. its untagged counterpart is reduced (2.0-2.6 mmol/g vs. 3.8-4.4 

mmol/g, respectively, at 0 °C and 1 bar pressure). When moving to the analysis of the tags polarity 

influence on the CO2 adsorption performance, the Camerino, Como and Firenze groups investigated 

the CO2 adsorption capacity and affinity of the M(BPZNO2)[27] and M(BPZNH2)[28] (M = Cu, Ni, 
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Zn) families. Zn(BPZNH2) adsorbs 3.07 mmol g−1 (13.5 wt. % CO2) at T = 25 °C and pCO2 = 1 bar, 

with an isosteric heat of adsorption Qst = 35.6 kJ mol−1 and a CO2/N2 Henry and IAST selectivity of 

17 and 14, respectively, outperforming its nitro-tagged counterpart Zn(BPZNO2). As a prosecution 

of this work, the mixed-linker MOFs (MIXMOFs) Zn(BPZ)x(BPZNO2)1−x, Zn(BPZ)x(BPZNH2)1−x, 

Zn(BPZNO2)x(BPZNH2)1−x, and Zn(BPZ)x(BPZNO2)y(BPZNH2)1−x−y were isolated and analysed for 

CO2 adsorption capacity, CO2/N2 selectivity and isosteric heat of adsorption.[150] This comparative 

study (including also the single-linker analogues) highlighted the influence of both tag nature and 

linker stoichiometric ratio on CO2 adsorption. In particular, the NH2-decorated compounds showed 

higher Qst values and CO2/N2 selectivity vs. the nitro-functionalized counterparts. On the other hand, 

tag “dilution” with BPZ2- increased CO2 adsorption selectivity over N2. Overall, the best compromise 

among capacity, isosteric heat of adsorption and CO2/N2 selectivity was obtained with 

Zn(BPZ)x(BPZNH2)1−x. The Ni(BDP) and Zn(BDP) MOFs[19] with BET areas of 1600 and 2000 

m2/g have been studied as CO2 and CH4 adsorbents at 0 °C. For both gases, the adsorption capacity 

of Ni(BDP) is higher than that of Zn(BDP), reaching 10.0 mmol CO2/g and 3.7 mmol CH4/g for 

Ni(BDP) and 9.1 mmol CO2/g and 2.4 mmol CH4/g for Zn(BDP) at p = 30 bar. This is in contrast 

with the specific surface areas trend, suggesting the existence of framework breathing in the case of 

Ni(BDP), as frequently found for MOFs sharing the same structural motif.[151] Together with 

HKUST-1,[152] the two MOFs were also evaluated in the removal of thiophene (~30 ppm) from a 

He:CH4:CO2 1:2.25:1 (v:v.v) flow in both dry and humid conditions. The results showed that the 

M(BDP) MOFs are suitable for the selective capture of thiophene in dynamic conditions also in the 

presence of water vapours, at odds with HKUST-1. As a development of this research line, to disclose 

the role of the different functionalities in the linker skeleton, the M(BDPX) isoreticular series (M = 

Ni, Zn; X = H, NO2, NH2, OH, SO3H)[25] was exploited for binary mixtures selective separation. 

The study was performed combining single-component adsorption isotherms, pulse gas 

chromatography and breakthrough curve measurements. Overall, functionalization does improve the 
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separation of probes with highly different polarities (N2/CO2 or CH4/CO2), while is not effective in 

the separation of gases with similar quadrupole moments (CO2/C2H2). 

 

4.2 Heterogeneous catalysis: CO2 valorization, hydrocarbon/water oxidation and 

photocatalysis  

Heterogeneous catalysis in MOFs is an important applicative field that is gaining increasing 

attention among the MOF community. The tailored design of MOFs coming from a judicious choice 

of nodes and linkers is extremely helpful in the creation of performing catalysts for a specific reaction 

of interest. Many ideas and experimental results collected in the past on single-site molecular metal-

based catalysts (organometallic/coordination compounds) can be put to good use and extended to 

MOFs, because the latter can be considered a “3D-extended” version of the former, with a “plus” that 

is given by the presence of a porous crystalline scaffold that forces the catalysis to occur in a confined 

portion of space. This often deeply modifies the catalytic outcomes with respect to a homogeneous 

process. The proper linker functionalization with reactive tags or the facile creation of reactive open 

metal sites are other striking features of MOFs as catalysts. Finally, the discovery of MIXMOFs 

(MOFs made of more than one metal type or linker type together in the same solid phase) opens 

infinite horizons for their exploitation as heterogeneous catalysts. A few examples are discussed in 

this Section.  

4.2.1 Alkanes and alkenes oxidation (Firenze, Como, Camerino) 

The Firenze team has exploited the activated MOF Co(L-RR) (Fig. 5) as heterogeneous alkenes 

oxidation catalyst using hydroperoxides (ROOH) or molecular oxygen (O2) as oxidants.[153] In this 

MOF, one open metal site is generated after water removal from the metal coordination sphere. The 

vacant site can interact with selected cyclic/linear olefins (cyclohexene, Z-cyclooctene, 1-octene) to 

promote their oxidation under relatively mild conditions (T = 70 °C, 24 h, pO2 = 5 bar) with 

satisfactory conversions and selectivities. A moderate chiral induction was observed in selected 
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(prochiral) substrates, given the intrinsic MOF chirality. The interaction of O2 with the vacant 

coordination site on cobalt has been analysed in detail through a DFT study in the solid state. The 

collected computational results are all consistent with the existence of a Co(1-superoxo-O2) 

complex. The calculated O2 adsorption energy is in good agreement with the experimental value 

coming from temperature-programmed O2 desorption analysis (TPD). In 2015, the Camerino and 

Como teams reported a study concerning the catalytic activity of the polymers M(Me4BDP) (M = Cd, 

Co, Cu, Zn) towards the solventless oxidation of 1-phenylethanol and cyclohexane using peroxides 

as oxidants and assisted by microwave irradiation under mild conditions (Scheme 2).[24] The copper-

containing compound showed the highest efficiency in both reactions, leading selectively to a 

maximum product yield of 92% (and TON up to 1.5 × 103) in the oxidation of 1-phenylethanol and 

of 11% in the oxidation of cyclohexane, which is higher than that granted by the current industrial 

process. 

 

Scheme 2. (a) MW-assisted, solvent-free oxidation of 1-phenylethanol to acetophenone, 80-120 °C. (b) Peroxidative 

oxidation of cyclohexane, r.t. or 50 °C.  

 

In one of the latest joint works,[154] the Camerino, Como and Firenze research groups employed 

the isostructural MOFs Co(BPZX) (X = H, NH2, NO2) with linkers bearing different chemical tags 

(Table 1) as heterogeneous catalysts for aerobic liquid-phase oxidation of cumene with O2 (Scheme 

3). 
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Scheme 3. Cumene oxidation to CHP and its further oxidation to 2-Phenyl-2-propanol (PP) and Acetophenone (AP).  

 

The selectivity towards cumene oxidation products depends on the chemical nature of the 

functional group decorating the channel cavities. In fact, while cumene hydroperoxide (CHP) is the 

main product obtained with Co(BPZ) (84% selectivity to CHP), further oxidation to 2-phenyl-2-

propanol (PP) is observed in the presence of Co(BPZNH2) as the catalyst (69% selectivity to PP). 

This study shows that Co(BPZNH2) is a good candidate for the production of 2-phenyl-2-propanol as 

a major product. This result, to our knowledge, seems to be the first case in which pyrazolate-based 

MOFs are used for the catalysis of cumene oxidation. The study also highlights an unusual selectivity 

dependent on the type of substituent, never observed before in a MOF.  

 

4.2.2 CO2 valorization (Firenze, Como, Camerino) 

CO2 valorization through its conversion into useful chemical feedstock (Carbon Capture and 

Utilization, CCU) is a hot topic in contemporary chemistry research Worldwide. In CCU, CO2 is an 
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abundant, non-flammable and harmless inexpensive C1 synthon that is taken as starting reagent to 

produce other Cn products and industrial feedstock of added value like formic acid, methanol, ethanol, 

methane and carbonates. To date, a number of catalytic processes that use CO2 as substrate are studied 

by the international chemical community. One of the simplest and most popular is its addition to 

epoxides to form cyclic carbonates (epoxidation, Scheme 4). Carbonates are green, aprotic, polar and 

high-boiling solvents; they are also used as precursors for polyurethanes and polycarbonates.  

 

Scheme 4. CO2 epoxidation to produce cyclic carbonates. 

The Firenze team has exploited the bithiazole MOF [Zr6O4(OH)4(TzTz)6] (TzTz2- = 2,2'-

bithiazole-5,5'-dicarboxylate, Fig. 7) as heterogeneous CO2 epoxidation catalyst under green 

conditions. The substrates of choice were activated epoxides with a –CH2X substituent (X = Cl: 

epichlorohydrin; X = Br: epibromohydrin). The highest conversion recorded was 74% for 

epibromohydrin transformation into its cyclic carbonate at pCO2 = 1 bar and T = 120 °C.[46] Another 

successful example of CCU catalyst is the MOF Zn(BPZNH2).[28] In view of its capacity and affinity 

vs. CO2, it was tested as heterogeneous catalyst in the same reaction and conditions as above. At T = 

120 °C and pCO2 = 1 bar, Zn(BPZNH2) converts 47% of epibromohydrin, with a TOF of 3.9 

mmol(carbonate) (mmolZn)−1 h−1. 

 

4.2.3 Photocatalysis (Perugia, Pisa) 

In a recent theoretical paper,[155] CeIV-MOFs were investigated for their potential photocatalytic 

applications. Cerium has low-energy-lying partially empty 4f orbitals that stabilize long-life charge 

separation states induced by linker-to-metal charge transfer (LMCT) upon UV light irradiation. Due 
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to the light absorption properties and high redox potential of CeIV, the Ce-MOFs prepared in Perugia 

(Fig. 16) were tested for the photo-oxidation reaction of substituted benzylic alcohols to the 

corresponding aldehydes, using near-UV light (λ = 355 nm) and in the presence of molecular oxygen. 

The substrate used for testing the catalytic efficiency was 4-methoxy benzylic alcohol (Scheme 

5).[95] 

 

Scheme 5.  Photo-oxidation of 4-methoxy benzylic alcohol to 4-methoxy benzaldehyde catalyzed by Ce-MOFs. 

 

Reactions were carried out in ethanol as solvent at ambient temperature. The effect of the dangling 

group on the terephthalate linker was examined by taking into account the conversion yield and time. 

The best performing MOF was Ce-UiO-66-PDC, with pyridine-2,5-dicarboxylic acid as linker. The 

catalyst (with a band-gap of 2.70 eV calculated on the absorption onset) was able to convert into 

aldehyde more than 96% of starting alcohol within 75 min of irradiation. The effect of band-gap was 

interpreted by considering also the LMCT level, responsible for the charge-separation state lifetime. 

When Ce-MOFs are photoexcited, the photogenerated electrons undergo LMCT to form charge-

separated states, thus preventing the rapid recombination of the photogenerated charges. The kinetics 

of this process depend on the LMCT energy, ELMCT, which is defined as the energy change upon 

transferring the photogenerated electron from the photoexcited linker orbital to the lowest unoccupied 

metal orbital. The substituents on the linker have a great influence both on the MOF oxidative ability 

and on the efficiency of separating the photogenerated charges. In particular, the less electron-

withdrawing the linker substituent (i.e. the more favored the electron-hole separation), the more 

negative the ELMCT value. Accordingly, also the electron-hole recombination rate (the competitive 

reaction with the photo-oxidation) will slow down. In general, the reactivity was found to have an 

opposite trend with respect to the oxidative potential of the used BDC linkers.  
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4.3 Other applications 

4.3.1 Luminescence sensing (Firenze) 

Among the various MOF families, that of luminescent MOFs is rapidly growing in terms of interest 

and investigation efforts. The nature of MOFs building blocks invariably dictates their luminescence 

properties. Numerous MOFs or CPs contain unsaturated organic linkers showing intrinsic 

luminescence, due to intraligand n→* or →* electronic excitation with an appropriate 

wavelength. When the constituting transition metal center has a closed-shell electronic configuration 

(like d0 or d10), the emission is exclusively coming from the organic linker. Modifications in 

luminescence properties can be triggered by guest molecules adsorption in MOFs pores or capture by 

a CP. Luminescence intensity, wavelength and/or lifetime are the parameters that can vary upon guest 

inclusion. Thiazoles are intrinsically luminescent and suitable to build luminescent MOFs or 

CPs.[156] In Firenze, the NU-1000-BzTz MOF has been exploited for the luminescence sensing of 

cyanide, cyanate, thiocyanate and selenocyanate anions in water. The easy bromide  polluting 

anion exchange occurring when the MOF is suspended in water induces a remarkable and reversible 

blue shift of its emission band from 490 to 450 nm in all cases, with the associated emission color 

change from light green to blue under a UV lamp (Fig. 33). The detection limit of CN- (1.08  10-6 

M) is particularly low, and the process occurs efficiently even in the presence of other competing ions 

(i.e. in ordinary tap water), opening promising application perspectives in cyanide luminescent 

sensing in drinking water. 
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Fig. 33. Evolution of the emission spectra recorded for a suspension of NU-1000-BzTz upon additions of KCN 

(from 0 to ca. 0.33 mM, blue to turquoise line, respectively) in H2O at r.t. followed by additions of Ag(CF3SO3) 

(up to ca. 1.3 mM, dark green line). λex=385 nm; 0.25 < A385nm < 0.44. Inset: photos taken on three suspensions 

of NU-1000-BzTz in pure water (left), 0.5 mM KCN (centre) and 0.5 mM KCN plus excess of Ag(CF3SO3) 

(right), under ambient light (top) and under UV excitation (bottom). Adapted from ref.[47]. Published by The 

Royal Society of Chemistry. 

 

4.3.2 Magnetic properties and magnetocaloric effect (Firenze) 

Hybrid materials that have a strong response to external magnetic fields normally contain 

paramagnetic metal ions or/and open-shell organic linkers. Lanthanides are the ideal choice in this 

context, exhibiting very large magnetic moments and very strong magnetic anisotropy in some cases. 

Lanthanide-Organic Frameworks (LOFs) are numerous in the MOFs database. The high coordination 

versatility (in terms of both coordination number and geometry) of rare Earths is well-documented; 

this leads to assorted LOFs with variable topology and inner surface areas.  Given the high lanthanides 

oxophilicity stemming from high ionic charge (hard acids), carboxylic acids are the organic spacers 

par excellence in LOFs construction. However, a short connection between the metal ions is 

necessary to maximize their magnetic communication in the solid polymeric matrix. With this 

concept in mind, the Firenze group studied the magnetic behavior of the lanthanide formates 

(Fmd)LnIII(HCOO)4 (Ln =  Gd, Dy, Fig. 9).[55] Formic acid is the shortest carboxylic acid 

conceivable; it has been found to transmit a weak antiferromagnetic interaction between LnIII centers 
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only in the case of gadolinium. Another important emerging application of magnetic materials is the 

Magnetocaloric Effect (MCE). MCE is a magneto-thermodynamic phenomenon in which the 

temperature changes of a (magnetically responsive) material are caused by exposing it to a changing 

magnetic field. This is also known as adiabatic demagnetization. When the externally applied 

magnetic field is removed, the magnetic domains present in a magnetocaloric material lose their 

parallel orientation to the external field using thermal energy. If the process is adiabatic (i.e. the 

material is isolated and no external energy is absorbed during this spin re-orientation), the temperature 

drops as the domains absorb their own thermal energy to go back to their initial magnetic state. One 

of the most notable examples of the magnetocaloric effect is in gadolinium and some of its alloys. 

The ideal materials for practical applications in magnetic refrigeration devices should have a magnetic 

phase transition temperature near the temperature region of interest (normally room temperature for 

domestic refrigerators). In the ideal LOF material for magnetocaloric cooling, the spatial density of 

the magnetic centers should be maximized, reducing as much as possible the amount of non-magnetic 

elements between them. Hence, the need of employing short lightweight linkers like formate. 

Following this idea, the magnetocaloric features of polymeric gadolinium formate Gd(HCOO)3 were 

examined in 2013.[157] Gadolinium formate is a dense MOF, characterized by a relatively high 

packing density of GdIII ions (Fig. 34a). Our magnetic and thermal studies showed that Gd(HCOO)3 

is indeed featured by a huge MCE. A maximum variation of the magnetic entropy (− ΔSm) of ca. 

168.5 and 215.7 mJ cm-3 K-1 was recorded for a change of the external field (ΔB) of (2 − 0) T and (7 

− 0) T, respectively (Fig. 34b).  
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Fig. 34. (a) Portion of the crystal structure of Gd(HCOO)3. Color code: Gd, purple, O, red, C, black. Hydrogen atoms 

omitted for clarity. The nine-coordinate tricapped trigonal prism coordination sphere of GdIII ions is highlighted. (b) Top: 

temperature-dependence of the magnetic entropy change ΔSm, as obtained from magnetization and heat capacity data for 

the indicated applied-field changes ΔB. Bottom: temperature-dependence of the adiabatic temperature change ΔTad, as 

obtained from heat capacity data for the indicated ΔB. Adapted with permission from ref.[157], John Wiley & Sons. 

 

Conclusions and Perspectives 

The chemistry of MOFs is still largely unexplored, and given the infinite possibilities to build 

crystalline architectures with peculiar applicative properties, there is still a lot to do and discover in 

this field. Italian groups have set a mature investigation on MOFs, each one with a specific flavor, 

but new and possibly unexpected outcomes are waiting for them and for their new collaborative 

activities. We are all looking forward to making this dream come true in the years to come. 
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