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Preface 
The present thesis concerns the core activities of my three years of PhD studies: the 
synthesis of novel Metal-Organic Frameworks (MOFs) and their characterization 
using a multi-technique approach. 

The activities of my laboratory (NIS center at the Università di Torino) are focused 
on the characterization of materials and their surfaces using a wide range of 
techniques, mainly spectroscopies. In order to develop the synthetic skills required 
for the present research I spent a period of 3 months abroad in the laboratory of Prof. 
Stock in Kiel (Germany), whose research interests are mainly devoted to synthesis of 
new MOFs. The skills acquired in that period were applied to the development of the 
synthetic procedure of each material reported in the present document. 

The “trait d’union” of this thesis is the use of cerium cations in Metal-Organic 
Frameworks. This metal, albeit uncommon in the current MOF literature, is 
characterized by a high availability and a peculiar chemistry which permitted to 
obtain equally peculiar MOF compounds. 

The following work is articulated into: 1) Introduction section, where MOFs will be 
described in general together with the main synthetic methods and characterization 
techniques used in the field and a fast survey on the main applications where MOFs 
play a role; 2) Synthetic procedures and Experimental methods; 3) Results presented 
in four different sections, each one devoted to a different material; 4) Conclusions. 
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1.Introduction 
1.1  Metal-organic Frameworks 

Metal-organic frameworks (MOFs) represent a class of hybrid porous solids formed 
by both organic and inorganic metal clusters connected together by coordination 
bonds.1–6 They represent a versatile class of materials very often characterized by 
permanent porosity. They are made of discrete inorganic metal cations or small 
clusters that act as nodes in the framework and organic linker molecules that form 
together a specific crystalline structure when they establish a metal-ligand 
coordination bond. For this reason a lattice is generated by the ideal infinite repetition 
of this motif in the three dimensions. The very high structural diversity and chemical 
versatility of these materials can be attributed to the possibility to tune their properties 
by an opportune choice of both organic and inorganic building units. Thanks to this 
peculiarity, MOFs have opened access to a wide spectrum of functionalities not 
present in traditional porous materials. The exploration of structure-function 
relationships has attracted a tremendous amount of interest by the scientific 
community in the last two decades, mainly. These materials can be characterized by 
high specific surface areas, tunable pore size and specific chemical functionalities 
opening a wide landscape of potential applications in various fields like catalysis, gas 
storage and separation and energy-related usages, for example light-harvesting. 

1.1.1  Definition and nomenclature 

According to IUPAC,7 the term “Metal-Organic Framework” stands for a 
coordination compound which structure satisfies the following criteria:  

 Extends in two or three dimensions through repeating coordination bonded 
entities 

 Contains organic linkers 

 Contains potential voids 

These compounds must follow the classical rules for naming chemical compounds 
(e.g. sodium benzoate) but in the literature from the very beginning the name assigned 
to the MOF refers to the laboratory where the material was discovered, followed by 
a number. For example MIL- for the Materials Institute Lavoisier, UiO- for the 
University of Oslo, while the short name MOF- is used by the material synthesized 
in the laboratory of Prof. Yaghi in Berkeley who is, in fact,8 the inventor of the 
“Metal-Organic Framework” name. 
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1.1.2  History 

Compounds falling in the definition of MOF proposed by IUPAC started to appear 
in the literature way back in 1959, where an early example of coordination network 
with potential voids based on copper and organic linkers is reported by Kinoshita et 
al.9 Some other compounds with those criteria appeared in the literature at the end of 
the ‘80’s,10,11, and some other in the first years of the ‘90s principally due to 
Zaworotko,12 Kitagawa,13 and Yaghi.14 After a couple of years MOF-215 (1998), 
MOF-516 (1999) and HKUST-117 (1999) will be published by Yaghi and co-workers 
and the last by Williams et al.. These are the first published MOFs based on 
carboxylate building units. MOF-5, which is chemically a zinc terephthalate, is 
characterized by an extremely high porosity, which can be measured in the order of 
3000 m2/g by nitrogen adsorption uptake experiments. This evidence was judged to 
be ground-breaking for the time of the discovery, being these specific surface areas 
totally unprecedented. This resulted in an enormous increase of effort by the scientific 
community in researching MOFs, which is still growing nowadays, as testified by the 
number of  MOF structures18 published in the CSD (Cambridge Structural Database) 
crystallographic database (Figure 1). 

 

Figure 1 – Growth of the MOF entries published in the Cambridge Structural 
Database (CSD). Taken from ref. [18]. 
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1.1.3  Reticular chemistry 

Some authors, principally O’Keeffe, Yaghi and Eddaoudi19 rationalized MOFs 
structure on the basis of a network analysis: they considered the combination of the 
inorganic and the organic building units of the structure as Secondary Building Units 
(SBUs) which can be used to build the MOF structures. 

 

Figure 2 – Examples of inorganic and organic components of the most common 
MOFs. SBUs are highlighted in the left column. Taken from ref. [20] 

The identification and the classification of the networks, done mainly with an ab-
initio approach (i.e. without a knowledge on the chemistry of the materials, only 
relying on the connectivity of the SBUs), allowed the building of targeted networks 
by design. The Reticular Chemistry Structure Resource21 (RCSR) is a collection of 
thousands of different theoretical nets which all different combinations among 
different geometries of the metals and the linkers is explored: it reports also the 
crystallographic space group of the resulting materials. 

An example of the so-called reticular chemistry is the series of UiO-66, 67 and 68 
materials22 (Figure 3) where only varying the length of the organic linkers one obtain 
a series of materials with the same inorganic cluster and the same cubic topology. 
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Figure 3 – Crystal structures of UiO-66, 67 and 68 materials as published by Cavka 
et al.22 Coordination spheres of Zr atoms are represented by polyhedrons, carbon 
and oxygen atoms are printed in black and red, respectively. Hydrogen atoms are 

omitted for the sake fo clarity. Taken from ref. [23]. 

This approach permitted to modulate the final properties of the MOFs by a very high 
degree of control. For example the specific surface area for these materials is reported 
to be 1187 m2/g for UiO-66 and 3000 and 4170 m2/g for UiO-67 and UiO-68, 
respectively. 
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1.1.4  Ce-based MOFs 

Cerium is the most abundant lanthanide element present in the earth crust24,25 (see 
Figure 4) and it is inherently cheap for this reason. The ores that are mined for the 
extraction of the more rare and precious rare earth elements (like Nd, Eu, Tm and Lu) 
are also rich in Ce and this causes a large introduction of this element in the market, 
which is the cause for its low price (6 US$/kg for Ce metal and 2.6 US$/kg for CeO2 
in 201826). 

 

Figure 4 – Abundance (atomic fraction) of the chemical elements in the Earth’s 
upper continental crust as a function of the atomic number. Adapted from ref. [24] 

Its oxide CeO2, commonly named ceria, is particularly relevant for redox chemistry 
being a catalyst for oxidation and reduction reactions27. The fact that Ce is stable in 
both oxidation states Ce3+ and Ce4+, a unique peculiarity for a lanthanide element, is 
exploited in applications like combustion catalysis,28 reforming processes and 
photocatalysis.27 
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Ce based MOFs have been more recently studied by the scientific community: 
general traits that can be drawn looking at the current literature published on Ce 
containing MOFs is the following: 

 Both Ce3+ and Ce4+ oxidation states can be used in the synthesis of MOFs 

 Synthetic conditions for Ce3+ containing MOFs tends to be harsher than Ce4+ 

 Usually Ce4+ starting reagents may be reducing to Ce3+ during the synthesis, 
the opposite was never observed, at the best of the knowledge of the author. 

 Ce3+ materials have more frequently peculiar structures, while Ce4+ tends to 
give rise to MOFs having the same structure of other 4+ cations (e.g. Zr4+ or 
Hf4+). Their thermal stability is generally lower than their Zr4+ counterparts. 

A list of reported Ce3+ containing MOFs is reported in Table 1 while the Ce4+ 
containing ones are reported in Table 2, respectively. Part of the reviewing of the 
literature has been already done by Lammert.29 

Table 1 – MOFs containing Ce3+ cations published in literature. 

Formula Linker molecule Reference 

[Ce2(L)2(DMF)4] 4,4’,4’’-{[(2,4,6-

trimethylbenzene-1,3,5-triyl)tris-

(methylene)] 

tris(oxy)}tribenzoic acid 

30 

[Ce(HTCPB)]∙

(EtOH)0.28·(H2O)2.75 

1,2,4,5-Tetrakis(4-

carboxyphenyl)benzene 

31 

[Ce(BTC)(DMF)2] Trimesic acid 32 

[Ce5(BDC)7.5(DMF)4] Terephthalic acid 33 

[Ce2(ADC)3(DMF)4]∙DMF 9,10-Anthracenedicarboxylic 

acid 

34 

[Ce(ADC)1.5(DMA)3] 9,10-Anthracenedicarboxylic 

acid 

34 

[Ce(BTC)(H2O)]∙DMF Trimesic acid 35,36 

[Ce2(H2O)(BPyDC)3(DMF)2]∙

2(DMF) 

2,2-Bipyridine-5,5’-dicarboxylic 

acid 

37 
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[Ce4(H2O)5(BPyDC)6(DMF)]∙

x(DMF) 

2,2-Bipyridine-5,5’-dicarboxylic 

acid 

37 

[Ce(TTTPC)(NO2)2Cl]∙H2O10 1,1’,1'’-tris(2,4,6-

trimethylbenzene-1,3,5- triyl)-

tris(methylene)-tris(pyridine-4-

carboxylic acid)} 

38 

[Ce2(EBTC)1.5(CH3OH)4]∙

6H2O 

1,1’-ethynebenzene-3,3′,5,5′-

tetracarboxylic acid 

39 

[Ce(HL)(DMA)2]∙DMA∙2H2O 5,5’-(2,3,5,6-tetramethyl-1,4-

phenylene) bis(methylene) 

bis(azanediyl) diisophthalic acid 

40 

[Ce2(BPDA)3(H2O)4]∙H2O Benzophenone-2,4'-dicarboxylic 

acid 

41 

[Ce2(NDC)3(DMF)4]∙xH2O 1,4-Naphthalenedicarboxylic 

acid 

42 

[Ce(NDC)1.5(DMF)(H2O)0.5]∙

0.5DMF 

2,6-Naphthalenedicarboxylic 

acid 

43 

[Ce(PDC)1.5(DMF)]∙DMF 3,5-Pyridinedicarboxylic acid 44,45 

[Ce2(PDC)3(H2O)2] 3,5-Pyridinedicarboxylic acid 46 

[CeCl(BPDC)(DMF)] 4,4’-Biphenyldicarboxylic acid 47 

[Ce(BTPCA)(H2O)]∙2DMF∙

3H2O 

1,1’,1’’-(benzene-1,3,5-

triyl)tripiperidine-4-carboxylic 

acid 

48 

[Ce2(DHBDC)3(DMF)4]∙DMF Benzene-2,5-dihydroxy-1,4-

dicarboxylic acid 

49 

[Ce6(BDC)9(DMF)6(H2O)3]∙

33DMF 

Terephthalic acid 50 

[Ce2(ADB)3(DMSO)4]∙

6DMSO∙8H2O 

4,4’-Azodibenzoic acid 50 
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[Ce3(ADB)3(HADB)3]∙

33DMSO∙29H2O 

4,4’-Azodibenzoic acid 50 

[Ce2(ADB)3(H2O)3] 4,4’-Azodibenzoic acid 50 

[Ce2(SDBA)3(DMF)4] 4,4’-Sulfonyldibenzoic acid 51 

[(CH3)2NH2]3[Ce3(SDBA)6]∙

6DMF 

4,4’-Sulfonyldibenzoic acid 51 

[Ce(BTB)(H2O)] 1,3,5-Tris(4-

carboxyphenyl)benzene 

52 

[Ce2(PDA)3(H2O)]∙2H2O 1,4 Phenylendiacetic acid 53 

 

Table 2 – MOFs containing Ce4+ cations published in literature. 

Formula Linker molecule Reference 

[Ce6O4(OH)4(Fum)6] Fumaric acid 54 

[Ce6O4(OH)4(BDC)6] 1,4-benzenedicarboxylic acid 54 

[Ce6O4(OH)4(NDC)6] 2,6-naphthalenedicarboxylic 

acid 

54 

[Ce6O4(OH)4(BPDC)6] 4,4’-biphenyldicarboxylic acid 54 

[Ce6(μ3-O)4(μ3-

OH)4(OH)4(H2O)4(TCPB)2] 

1,2,4,5-tetrakis(4-

carboxyphenyl)benzene 

55 

[Ce6O4(OH)4(FDC)4(OH)4(H2O)4] 2,5-furandicarboxylic acid 56 

[Ce6(μ3-O)4(μ3-OH)4(BPyDC)6] 2,2′-bipyridine-5,5′-

dicarboxylic acid 

57 

Ce6(μ3-O)4(μ3-

OH)4(PZDC)4(OH)4(H2O)4 

3,5-pyrazoledicarboxylic acid 57 

Ce6(μ3-O)4(μ3-

OH)4(TDC)4(OH)4(H2O)4 

2,5-thiophenedicarboxylic acid 57 

Ce6(μ3-O)4(μ3-

OH)4(BTC)2(OH)6(H2O)6 

benzene-1,3,5-tricarboxylic 

acid 

57 

[Ce6(OH)4(O)4(PDC)6-x(Cl)2x(H2O)2x] 2,5-pyridinedicarboxylic acid 58 
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[Ce6O4(OH)4(CCA)6]·6DMF·16H2O 4-carboxycinnamic acid 59 

[CeZr5(μ3-O)4(μ3-

OH)4(PZDC)4(OH)2(H2O)2] 

1-H-Pyrazole-3,5-dicarboxylic 

acid  

60 

[Ce6O4(OH)4(Muc)6] Muconic acid 61 

[Ce6O4(OH)4(CDC)6] Trans-1,4-

cyclohexanedicarboxylic acid 

61 

[Ce6(OH)4O4(BA)4(TBAPy)2] 1,3,6,8-tetrakis(p-

benzoate)pyrenehexacarboxyli

c acid 

61 

 

As an example of successful employing of Ce MOFs as redox catalysts Smolders et 
al.62 reported in 2018 the catalytic activity of Ce-UiO-67 in the aerobic oxidation of 
benzylic alcohol to benzaldehyde mediated by TEMPO (2,2,6,6-tetramethyl-1-
piperidinyloxy), as shown in Figure 5. The usage of X-Ray absorption spectroscopy 
permitted to unravel the role of the Ce cations in this catalytic cycle. 

 

Figure 5 – Proposed reaction mechanism for the aerobic TEMPO-mediated 
oxidation of benzyl alcohol by Ce-UiO-67. Taken from ref.[62] 

1.1.5  Mixed-metal MOFs 

MOFs that present more than one metal (which can be named bimetallic or multi-
metallic) were more recently introduced in the literature63 as a way to impart those 
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materials the wanted properties (e.g. electronic, catalytic or sorption performances). 
They can be prepared by two main routes:  

 One-step synthesis: this method involves the simultaneous reaction of the 
two metal precursors during the synthesis. This method often leads to fragile 
networks and unpredictable topologies. This method is then restricted to 
those metal whose reactivity is very similar. This is the method exploited by 
Lammert and co-workers64 to synthesize Ce/Zr-UiO-66 bimetallic MOFs. 

 Post-synthetic modifications: as an alternative way one can also firstly 
synthesize a mono-metallic MOF then exchange this metal with a different 
one with a process that is, in fact, a post-synthetic modification (see section 
1.2.3). This method was used by Brozek et al.65 to exchange Zn2+ cations in 
MOF-5 with Ti, V, Cr, Mn and Fe cations, also in different oxidation states. 
This approach permitted to obtain materials with peculiars catalytic 
properties66 

Some of the relevant MOFs that have been synthesized also with multiple metals 
are enlisted in Table 3. 

Table 3 – Review of the mixed-metal MOFs published in literature. 

MOF Involved metals Reference 

UiO-66 Ce, Zr, Ti 60,64,67,68 

MOF-5 Ti, V, Cr, Mn, Fe 65 

HKUST-1 Cu, Zn, Ru 69,70 

MOF-74 Ni, Co 71 

DUT-67 Ce, Zr 60 

CAU-38 Ce, Zr 60 

(M3O)2(TCPP)3 Mn, Co,Ni, Fe 72 

CPM-200 Fe, Mg, In, Ga, Co, Mn, Sc, Ni 73 

PCN-224 Zr, Ti 74 

MIL-88B Fe, Ni 75 
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1.2  Synthesis 

A great amount of effort was spent on the bottom-up synthesis of Metal-Organic 
Frameworks76,77: tuning the performance of these materials for selected applications 
has in fact to pass through the sieve of a successful and reliable synthesis. 

Generally speaking, the optimization a MOF synthesis is the act of finding the 
conditions that lead to a defined inorganic unit without decomposing the organic 
linker. Moreover, the material has to nucleate and grow with an appropriate kinetics 
in order to have a crystalline product. This self-assembly phenomenon is depicted in 
Figure 6. 

 

Figure 6 – Representation of the assembly phenomena of SBUs and linkers in MOF 
synthesis. Taken from ref. [78] 

The most widely used method to synthesize MOFs is solvothermal synthesis, and in 
fact this is the way the materials discussed in the present thesis are made. This 
procedure is simply made by mixing a metal salt with the organic linker in a solvent 
(typically a high-boiling polar aprotic one, like DMF, DMA or DMSO) in a closed 
and robust vessel (like a Teflon-lined autoclave or a screw-top vial) and heat this 
using an oven for a fixed amount of time (that can be varying from minutes to days). 
The product then has to be retrieved (by filtering or centrifuging) and carefully 
washed from the solvent excess and the unreacted reagents. 
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To approach this problem several methods were employed and developed in the 
literature, some of these depicted in Figure 7 below. Not all of them are belonging to 
a solvothermal classification: for example solvent-free, mechanochemical or 
sonochemical methods were also exploited. 

 

Figure 7 – Pictorial representation of some common synthetic methods for MOFs. 
Taken from ref. [76]. 

Apart from the correctness of the synthesized crystal phase and the yield of the 
reaction also the particle size and the morphology of the product must be optimized 
to suit the material for a specific application. Just to cite an example, a crystal of 
suitable dimensions (>200 µm, at laboratory instruments) is needed for the structural 
determination using the single-crystal X-Ray diffraction technique. Our synthetic 
procedure must be optimized in order to have such a crystal dimension if we want to 
do this experiment. 

Controlled additions of reagents like modulators, Structure Directing Agents (SDAs) 
or mineralizers are widely used in MOF synthesis. Modulators are monodentate 
ligands having the same chemical functionality of the linker (which, for definition, 
must be multidentate) and is able to compete with the linker during the synthesis, 
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modifying thus the nucleation and growth kinetics and causing effects into the crystal 
size and the morphology of the product.79 These have been used to modulate the 
dimensions of the crystals for example in UiO-6680 and in the same material they 
demonstrated to have a great influence also on the defectivity.81–84 SDAs, on the other 
hand, are used to “fill” the pore space and thus to promote the formation of the 
network. An example of usage of a SDA can be the usage of DABCO (1,4-
diazabicyclo[2.2.2]octane) in the synthesis of DUT-8,85,86 a Ni naphthalenate MOF. 
Mineralizing agents, finally, are added to help the dissolution of the reagents into the 
reaction mixture: commonly inorganic acids, bases or fluoride salts. 

1.2.1  High-Throughput methods 

Such a wide set of synthetic parameters (solvent, concentrations, temperature, 
residence time, addition of modulators, SDAs, mineralizers) must be optimized 
through exploratory synthesis and reasoned guess, as this field of synthetic chemistry 
is lacking the deep and mechanistic knowledge that is owned by the synthetic organic 
chemistry, for example. To overcome this time-consuming work a so called High-
Throughput (HT) synthesis approach has been developed by Stock et al.76,87 in order 
to accelerate the discovery of new compounds and the optimization of the parameters. 
The key point of such an approach is the parallelization of the syntheses achieved 
using multi-welled reactors and the systematic variation of the parameters like the 
solvent, metal source, reagents concentration, the additions of modulators. The 
obtained products, after recovery by filtration or centrifugation, are characterized by 
a fast PXRD measurement and the diffractograms are compared with databases 
containing the known compounds and the diffractogram of the reagents used in the 
synthesis. Analyzing those datasets, relevant trends and crystallization fields can be 
found. The whole HT process is flowcharted in Figure 8 below. 

 

Figure 8 – A High-Throughput approach to MOF synthesis. Taken from ref. [20] 

A nice example of HT investigation (Figure 9) of MOF compounds can be found in 
a work by Albat et al.88 regarding the synthesis of compounds of Bi3+ and 4,8-
disulfonyl-2,6-naphthalenedicarboxylic acid (H4DSNDC). It is truly astonishing to 
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observe that with the systematic variation of the molar ratio, the pH, residence time 
and temperature (which was studied in more than 500 different reactions) six different 
compounds were isolated and the “recipe” for obtaining those pure compounds was 
obtained. 

 

Figure 9 – Investigated parameter space for the synthesis of Bi3+/H4DSNDC MOF 
compounds at 180°C and 48 h of reaction time. Taken from ref.[88] 

1.2.2  Linker functionalization 

Linkers with the same topicity and geometry but different chemical functionalities 
can be exploited in MOFs in order to synthesize isostructural material with tunable 
and desired properties. Nice examples are the usage of 2-aminoterephthalic acid 
instead or in conjunction with terephthalic acid in Fe-MIL-10189 and UiO-6690,91 in 
order to insert -NH2 dangling in the pores and thus control properties like the 
adsorption of carbon dioxide. 

1.2.3  Post-synthetic functionalization 

MOFs can be modified chemically after the synthesis in order to tune their 
properties92,93. This has been achieved by exchanging the monodentate moieties 
dangling from the defects of the material by Shearer et al.82,94 in order to tune the 
adsorption properties of the materials for carbon dioxide. Another approach, followed 
by Øien et al.95 and Braglia et al.96, was to coordinate metallic species (respectively 
Pt and Cu) into bipyridine functionalized UiO-67s in order to synthesize potential 
heterogeneous catalysts. 
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1.3  Characterization 

When the synthesis has been optimized at the point to produce the desired phase with 
sufficient purity and an acceptable yield, the characterization, as recently suggested 
by Howarth et al.97, traditionally follows the following steps: 

 Structure determination by X-ray diffraction techniques (i.e. Single-crystal 
or powder X-Ray diffraction, or SCXRD and PXRD) 

 Assessment of the stability upon guest removal or thermal treatment by 
Thermogravimetry (TGA) or Variable-temperature powder X-Ray 
diffraction (VTXRD) 

 Adsorption measurements by N2 or Ar at low temperatures in order to 
measure the specific surface area and assess the porosity of the material. 

1.3.1 Structure determination 

Crystal structure determination is preferentially obtained through single-crystal X-
Ray diffraction experiments, this technique being a very mature and reliable way to 
obtain crystallographic information.98 In order to do so a crystal of sufficient 
dimensions (hundreds of µm, for laboratory diffractometers) has to be grown which 
is sometimes not compatible with the synthesis peculiarities (i.e. kinetics). The 
synthetic procedure can be adjusted in order to promote the formation of bigger 
crystals, also exploiting specific techniques like diffusion limited growth76. It has to 
be kept in mind that a synthetic procedure optimized for the formation of big crystals 
may not be representative of the material synthesized in the “classical” way. 
Synchrotron sources may be exploited to overcome this problem as single-crystal 
diffraction beamlines typically require crystal of smaller dimensions99 than laboratory 
diffractometers but the access to these facilities may be not easy or immediate. For 
those materials all the efforts have failed in this sense, the less straightforward task 
of solving the structure from a powder diffractogram may be tempted. In this case, 
having complementary information like a similar structure that can be adapted to fit 
the unknown one may be extremely helpful. Also chemical measurements like 
elemental analysis (by ICP-MS), oxidation state determination (by XPS, XAS or UV 
spectroscopy experiments) may be used. Nevertheless ab-initio modeling can be also 
exploited to drive the structural determination toward a correct structure. 
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1.3.2 Solvent removal and thermal stability 

A crucial step in the characterization of MOFs is the possibility to remove the solvent 
from the pores of the system keeping a permanent porosity, a procedure very often 
called activation. After any solvothermal synthesis the pore of the material remain 
filled with the solvent used in the reaction. These molecules can be removed in most 
of the cases by a thermal treatment during dynamic outgassing or inert flow at 
temperatures mild enough to keep intact the crystal structure of the materials. In order 
to optimize the activation conditions TGA and VTXRD data are combined to observe 
the temperature at which the solvent is removed and simultaneously looking at the 
diffractogram of the material at that temperature. In the cases when the temperature 
required is so high to cause a structural collapse, an exchange of the solvent with a 
more volatile one (for example exchange DMF with methanol) may be helpful to use 
a lower activation temperature. The same TGA and VTXRD techniques are used to 
measure the thermal stability of the material and to assess if there are phase 
transformations associated with the solvent removal or the thermal treatment itself. 
New crystal phases deriving from the thermal treatment may be solved using the same 
techniques described in the previous section. 

1.3.3 Gas adsorption volumetry 

Porous materials, as MOFs are, may have their porosity evaluated measuring 
adsorption isotherms of probe molecules like N2, Ar or CO2 that adsorbs into the 
internal surface of these frameworks. A nice review of what can be done with those 
kind of experiments has been published by Thommes et al.100. As this technique 
evidences directly the porosity, which may be overlooked by structural diffraction or 
thermal analysis techniques, the presence of specific surface area observed after 
activation is the most recognized proof for the successful removal of the solvent from 
the pores of the system.  

1.3.4  X-Ray absorption spectroscopies in MOFs 

X-Ray absorption spectroscopy (XAS)101,102 techniques may be used in the 
characterization of MOF materials: information about the oxidation state and the 
local geometry of the metal cations can be extracted from the XANES spectra. 
EXAFS spectroscopy can be exploited in challenging case where single-crystal data 
is not available or there are motifs that are not following the symmetry of the whole 
structure (and thus, are “invisible” from diffraction) like defects or cluster 
geometries. The element-selectivity and the local structure information available 
from the EXAFS data analysis can be very helpful. 
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EXAFS can be relevant in confirming the structure obtained from diffraction 
experiments, as in the case of Ce2(NDC)3 (section 3.1) or in highlighting that the 
inorganic cornerstone has a lower symmetry with respect to that of the organic 
framework, as in the case of Ce/Zr UiO-66 (section 3.3). Such a synergic approach 
with X-Ray diffraction already shown its potentialities in disclosing the structures of 
solvated and desolvated UiO-66,22,103 UiO-67,104 Hf-UiO-66,105 (see Figure 10) 
desolvated HKUST-1,106 MOF-76-Ce,36 and Ni-cubane MOFs.107 

 

Figure 10 – Representation of the dehydroxylation undergone by the Zr6O4(OH)4 
cluster upon thermal treatment at 300°C in vacuo resulting in a disordered Zr6O6 

cluster. Such transformation is “invisible” by diffraction and only EXAFS was able 
to see it. Red, blue and cyan color refer to Zr, O and H atoms respectively. Taken 

from ref. [103] 
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1.4  Applications 

Among the variety of the applications in which the usage of MOFs was proposed in 
literature, the following three paragraphs are concerning three of them, being 
according the author the most prominent ones.  

1.4.1  Gas storage and separation 

The high porosity and specific surface areas of MOFs, sometimes combined with the 
presence of active species on the surfaces (i.e. open-metal sites), confers these 
materials the ability to store considerable amount of gases inside their pores. For this 
reason perhaps the most researched application of MOFs is their usage in gas 
storage108–110 and separation109,111. Being really important for our economy the most 
studied gases in this respect are H2 and CH4 as energy vectors and CO2 to CCUS 
(carbon capture, utilization and storage) applications. Patel and co-workers112 
recently published a series of guidelines (Table 4) which are to be followed if a 
technology based on a solid sorbent (like a MOF) has to compete with a classical 
carbon dioxide capture technology (i.e. aqueous solution of monoethanolamine). 

Table 4 – Benchmark checkpoints for an effective CO2 sorbent. Adapted from ref. 
[112] 
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1.4.2  Catalysis 

The usage of MOFs as heterogeneous catalysts has received extensively attention by 
the scientific community113–115. They are promising because the pore dimensions and 
the catalytic site can be designed at an unmatched degree if compared to previous 
catalysts. Their first results were essentially proof of concepts, as, in comparison to 
the most known inorganic catalysts (e.g. zeolites), MOFs are indeed fragile materials. 
Gascon and co-workers shown in a pictorial way (Figure 11) the possibilities to host 
a catalytic site inside MOFs, they can be inserted by both in-synthesis and post-
synthesis modes and they rely on modifications of both inorganic and organic 
component of MOFs.  

 

Figure 11  – Pictorial representation of the catalytic opportunities offered by MOFs. 
Taken from ref. [114]. 

Farrusseng et al.116 classified the catalytic activities of MOFs in different 
mechanisms: (i) Lewis acidity, shown for example by open-metal sites. (ii) Brønsted 
acidity (iii) Basic functionality (iv) Enantioselectivity (enhanced by the chirality of 
the pore system) (v) C-C bond formation and polymerization (vi) Nanosized metal 
nanoparticles trapped inside the pores (vii) Organometallic complexes supported on 
MOFs. 
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1.4.3  Energy applications 

Being MOFs extremely versatile, due to the unique possibility to tune their properties 
by a careful choice of the linker and the metal, a significant amount of research has 
been devoted in MOFs for energy related applications.117,118 Recent examples of 
usage of MOFs in light harvesting,119–121 energy storage,122 conductive properties123 
have been recently published in the literature. 

Exploiting the enormous structural tunability of MOFs, researchers explored a large 
numbers of structures in order to obtain photoactive materials, either using 
luminescent/chromophoric linkers or metal nodes 124,125 or inserting photoactive guest 
molecules in the MOF pores, using the ordered nanostructure to optimize the exciton 
migration.126 Porphyrin-containing124 MOFs, as well as Ruthenium based framework 
125 have been explored for a possible use in hybrid photovoltaics such as Dye-
Sensitized Solar Cells,127 and their role as interfacial active agents at semiconductor 
interface or in the electrolyte128,129 has been investigated.126 

Until now, power conversion efficiencies in working devices are still very low, 
especially respect to the state of the art of these systems, but the first results are 
encouraging. 
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2.Experimental 
2.1  Synthetic procedures for the MOFs 

2.1.1  Synthesis of Ce2(NDC)3(DMF)2 

Chemicals were obtained from Alfa Aesar (Ce(NO3)3·6H2O, 99,5% purity), TCI 
(H2NDC, 98 % purity) and Grüssing (DMF, 99 % purity) were used without further 
purification. Synthesis conditions were optimized by means of high-throughput 
methods (see section 1.2.1) To this purpose, reactors containing 24 Teflon liners with 
a maximum volume of 2 mL were filled with the reaction mixtures and then heated 
at the set temperature for a fixed time. After recovery of the solid product by filtration 
automated PXRD measurements permitted to identify the conditions where yield and 
crystallinity of the product were optimal. Once these optimal conditions were 
established, for the scaled-up synthesis of Ce2(NDC)3(DMF)2 778.3 mg (3.6 mmol) 
of 2,6-naphthalenedicarboxylic acid (H2NDC), 13.2 mL (170 mmol) of DMF and 6 
mL of a 130 g/L Ce(NO3)3·6H2O solution in DMF (0.3 M and thus 1.8 mmol of Ce) 
were combined in a 25 mL Teflon lined autoclave. This vessel was closed and heated 
to 160°C in 3 h, kept at this temperature for 72 h and cooled down to RT in 12 h. The 
product was filtered off, washed with fresh DMF in the funnel for three times and 
dried on the filter paper under air flow. The yield of the reaction using the formula 
Ce2(NDC)3(DMF)2 is 89% (based on the metal source). The product appears in the 
form of pale yellow needle-like crystals in the half-millimeter range of dimensions 
along the “long” axis of the crystal (see optical image in Figure 1). 

2.1.2  Synthesis of Ce2(ADB)3(DMA)3.4 

 

The synthesis of Ce2(ADB)3(DMA)3.4 MOF was optimized by means of high-
throughput methods (see section 1.2.1 and) under solvothermal conditions, details 
about the explored synthetic parameters are reported elsewhere.130 Thus, 1.5 mmol 
(0.41 g) of azobenzene-4,4’-dicarboxylic acid (H2ADB 95.0%,TCI) and 0.75 mmol 
(2.5 mL of a 0.3 M concentrated DMA solution) of Ce(NO3)3·6H2O (99.0%, Sigma-
Aldrich) were dissolved in 7.5 mL DMA (N,N-dimethylacetamide, 99.5%, Sigma-
Aldrich). Then, the mixture was sealed in a 100 mL Teflon-lined stainless steel 
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autoclave and heated at 140 °C for 48 h. After cooling to RT (cool down rate: 0.4 
°C/min), the product was centrifuged to remove the supernatant. Then it was washed 
with fresh DMA (2 mL) to remove unreacted linker and impurities. Finally, the 
product was dried at RT with a dry N2 flow. The final yield was 0.59 g (57%, based 
on the metal source and the Ce2(ADB)3(DMA)3.4 formula). 

2.1.3  Synthesis of Ce/Zr-UiO-66 

 

Cerium (IV) ammonium nitrate (98 %, (NH4)2Ce(NO3)6, Alfa Aesar), 1,4- 
benzenedicarboxyic acid (98 %, H2BDC, Sigma Aldrich), zirconyl nitrate 
monohydrate (ZrO(NO3)2·H2O, ABCR), zirconium(IV) chloride (99 %, ZrCl4, Sigma 
Aldrich), N,N-dimethylformamide (99 %, DMF, Grüssing) and formic acid (100 %, 
HCOOH, BASF) were used as obtained. The synthesis of the mixed-metal Ce/Zr-
UiO-66 compounds was previously reported by Lammert et al.54,64 and this procedure 
was also used in the current study. The Ce/Zr-UiO-66 compounds were synthesized 
using Pyrex glass reaction tubes (maximum volume 14 mL). The linker 1,4-
benzenedicarboxylic acid (H2BDC, 127.6 mg) was dissolved in N,N-
dimethylformamide (DMF, 3.6 mL) and transferred into the glass reactor. 
Subsequently the formic acid (HCOOH, 100 %, 1.03 mL) and finally the aqueous 
solutions of (NH4)2Ce(NO3)6 (0.533 M) and ZrO(NO3)2·H2O (0.533 M) were added 
in the desired stoichiometry (Table 5). The total volume of the two metal salt 
solutions was always 1.2 mL. 

Table 5 – Parameters for the synthesis of pure Ce-UiO-66 and mixed-metal Ce/Zr-
UiO-66 samples. Ce, Zr, H2BDC and HCOOH values are intended as mutual molar 

ratios. 

Sample Ce Zr H2BDC HCOOH Ce [μL] Zr [μL] 
Ce5 0.3 5.7 7.2 256 60 1140 

Ce10 0.6 5.4 7.2 256 120 1080 
Ce15 0.9 5.1 7.2 256 180 1020 
Ce22 2.0 4.0 7.2 256 400 800 
Ce45 4.0 2.0 7.2 256 800 400 
Ce84 5.5 0.5 7.2 256 1100 100 

Ce-UiO-66 6.0 0.0 7.2 256 1200 0 
The glass reactors were heated under stirring for 15 min at 100 °C using an aluminum 
heating block. After the synthesis the glass reactor was cooled down to room 
temperature and the precipitate was isolated by centrifugation. The mother liquor was 
decanted off and the MOF were re-dispersed and centrifuged two times in DMF (2 
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mL) and three times in acetone (2 mL). Finally, the MOF was dried in air at 70 °C. 
The addition of formic acid to the synthesis mixture worked as a modulator, slowing 
down the kinetics of the reaction and thus improving the crystallinity of the product. 
The nomenclature of the samples, Cexx, stands for the percentage of Ce metal in 
respect of the total metal content of the MOF. 

Zr-UiO-66 was synthesized following the procedure reported by Cavka et al.22 
Zirconium(IV) chloride (530 mg) and 1,4-benzenedicarboxylic acid (H2BDC, 340 
mg) were dissolved in N,N-dimethylformamide (DMF, 20 mL). This mixture was 
sealed in a steel autoclave and placed in an oven at 120 °C for 24 h. After the synthesis 
the solvothermal reactor was cooled down to room temperature and the precipitate 
was centrifuged. The mother liquor was decanted off and the product was re-
dispersed and centrifuged two times in DMF (5 mL) and three times in acetone (5 
mL). Finally, the MOF was dried in air at 70 °C. 

2.1.4  Synthesis of Ce-UiO-66-ADC 

 

Cerium (IV) ammonium nitrate (98 %, (NH4)2Ce(NO3)6, Sigma-Aldrich), 
acetylenedicarboxylic acid (95 %, H2ADC, TCI Chemicals), N,N-
dimethylformamide (99 %, DMF, Sigma-Aldrich) and triethylamine (99 %, Et3N, 
Sigma-Aldrich) were used as obtained. The synthesis procedure was optimized using 
high-throughput methods (section 1.2.1) starting from the one reported by Lammert 
et al.54 in 2015 using different ditopic linkers, details about the optimization of the 
synthesis can be found elsewhere.131,132 644 mg of H2ADC, 32 mL of DMF, 790 μL 
of triethylamine and 10.66 mL of 0.0533 M of Cerium(IV) Ammonium Nitrate 
(CAN) aqueous solution were added to a thick-walled glass tube with a screw cap 
which was closed and inserted into a pre-heated oven and kept at 100°C for 15 
minutes. Product was then centrifuged and briefly washed with fresh acetone to let it 
dry at room temperature. The final yield was 32% based on the metal source and 
using the formula [Ce6O4(OH)4(ADC)6]. The addition of triethylamine to the 
synthesis mixture worked as a deprotonating agent to the linker, speeding up the 
reaction by a high degree. This is needed to improve the yield of the reaction and to 
avoid the linker decarboxylation (see section 3.4.5).  
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2.2  Experimental methods 

2.2.1  X-Ray diffraction techniques 

Single-crystal X-ray diffraction (SCXRD) data for the Ce2(NDC)3(DMF)2 MOF were 
recorded on a Stoe IPDS diffractometer equipped with an image-plate detector using 
MoKα radiation; a crystal was glued to the tip of a glass capillary and cooled down to 
about 153 K with a cold nitrogen blower. Direct methods implemented in the 
SHELXS-2013 code were used in order to solve the structure, while crystal structure 
refinement, using full-matrix least-squares algorithms, was done using SHELXL-
2013.133 All non-hydrogen atoms were refined with anisotropic displacement 
parameters while C-H atoms were positioned via a riding model and refined 
isotropically. Numerical absorption correction was carried out by using X-Shape and 
X-Red from the X-Area package.134 Diffraction data of the Ce2(NDC)3, after 
desolvation, were acquired at 100 K using a Bruker D8 Venture diffractometer 
equipped with a Photon100 CMOS detector and using MoKα radiation. Several 
crystals were screened for diffraction due to poor diffraction. The crystals showed 
signs of degradation, with visible cracks and opacity. The diffraction frames show 
very broad reflections and diffuse scattering. The Material Studio software package 
from Accelrys was used during the crystal structure pictures making.  

The crystal structure of the Ce2(ADB)3(DMA)3.4 was solved with single-crystal 
diffraction data collected using an Oxford Xcalibur CCD area detector 
diffractometer. Structure solution was performed by SIR2011135 and refinement with 
full-matrix least-squares by SHELXL-2013.133 Mercury was used for crystal structure 
drawing.136 

Powder X-ray diffraction (PXRD) patterns of Ce2(NDC)3(DMF)2, 
Ce2(ADB)3(DMA)3.4 and Ce-UiO-66-ADC were taken with a Panalytical X’Pert 
PRO MPD diffractometer equipped with a CuKα source operating in Debye-Scherrer 
geometry. Borosilicate glass capillaries with inner diameter of 0.5 mm were used as 
sample holders. Scattered photons were collected by a X’Celerator detector equipped 
with a Ni filter in order to attenuate Kβ radiation. High-resolution diffractograms of 
pure Ce, pure Zr and Zr3.54Ce2.46-UiO-66 samples after desolvation at 180°C were 
conducted at the high-resolution powder diffraction beamline of the European 
Synchrotron Radiation Facility (ID22, ESRF, Grenoble, France). 

Pawley and Rietveld refinements were carried out using the TOPAS-Academic137 V5 
software. Peaks were fitted using a Pseudo Voigt profile and all the diffractometers 
were modeled using a simple axial model.   
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2.2.2  Thermal analysis techniques 

Variable temperature PXRD (VTXRD) measurements on Ce2(NDC)3(DMF)2 were 
collected on a STOE Stadi P combi with CuKα radiation in transmission geometry 
and equipped with a furnace; open quartz capillaries with an inner diameter of 0.5 
mm were used as sample holders. The temperature program was set to measure a 
diffractogram every 25°C from RT to 600°C, waiting at each step 15 min at the 
setpoint before collecting data. The sample was heated at a rate of 3°C/min. 
Diffraction patterns of Ce2(ADB)3(DMA)3.4 and Ce-UiO-66-ADC, instead, have been 
collected with a PW3050/60 X’Pert PRO MPD diffractometer from PANalytical 
working in Bragg-Brentano geometry, using as source a ceramic tube with a Cu 
anode. Scattered photons were collected by a X’Celerator detector equipped with Ni 
filter to attenuate Kβ. Non-ambient chamber Anton Paar XRK900 with Be windows 
was used to collect the PXRD data in dynamic vacuum with a ramp rate of 3°C/min 
and the sample was held in an isothermal temperature for 25 min prior to every 2θ 
scan. 

Thermogravimetric analysis (TGA) data were recorded with a TA instruments Q600 
thermobalance in a dry air or N2 flow (100 mL/min) with a ramp of 3°C/min from 
RT to 700°C working with about 10 mg of sample in an open alumina crucible for all 
the samples reported in the present document. 
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2.2.3  X-ray absorption spectroscopy 

All XAS measurements except for those for Ce10 sample were performed at BM31 
beamline138 of European Synchrotron Radiation Facility (ESRF, Grenoble, France). 
The ring was operating in 7/8 multibunch mode with the current between 160 and 
200 mA. All the measurements at BM31 were conducted in transmission mode using 
Si (111) double-crystal monochromator. Three ionization chambers were used for 
photon detection (30 cm long, 1 bar filing, 1 kV voltage), the third one being used for 
energy calibration with CeO2 reference. Gas mixtures used for filling the ionization 
chambers and resulting absorption values are given in Table 6. 

Table 6 – Filling of the ionization chambers for the XAS experiments. 

Edge Edge energy, eV I0 mixture I1 and I2 mixture 
Ce L3 edge 5723 30% N2 in He 10% Ar in He 

Zr K edge 17998 30% Ar in He 10 % Kr in Ar 

Ce K edge 40443 15% Kr in Ar 100% Kr 

 

XAS spectra for Ce10 sample were collected at BM23 beamline of the ESRF. The 
experimental setup was similar to the one at BM31, except for the use of Si (311) 
monochromator for the measurements at Ce K-edge. 

All MOFs were measured in the form of self-supporting pellets of 5 mm diameter, 
packed using the power achievable pressure. The mass of MOF powder for sample 
preparation was optimized by XAFSmass software.139 

XAS data analysis was performed using Athena program for averaging and 
normalizing data and Artemis code for EXAFS fitting, both codes coming from 
Demeter package.140 Scattering amplitudes and phase shifts were calculated by 
FEFF6141 code bundled with Artemis. 
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2.2.4  Vibrational spectroscopy 

Vibrational infrared spectra (FTIR) were collected in transmission mode using a 
Thermo Scientific Nicolet 6700 spectrometer equipped with a liquid N2 cooled MCT 
detector on thin self-supporting pellets. Samples of Ce2(NDC)3(DMF)2  and Ce-UiO-
66-ADC were outgassed in dynamic high vacuum (5·10-4 mbar) at the reported 
temperature for in a homemade quartz cell equipped with KBr windows that allows 
also controlled dosages of gaseous probes (i.e. CD3CN) in an in-situ manner. 

Raman spectra were collected on a sample of Ce-UiO-66-ADC that was prepared and 
pretreated in the same manner as for the transmission FTIR measurements, albeit 
using another type of locally constructed airtight cell featuring a suprasil quartz 
cuvette in place of KBr windows. Raman spectra were recorded over a wavenumber 
range of 3200-100 cm-1 on a Renishaw inVia Raman microscope spectrometer in 
backscattering mode. A 785 nm diode laser was used for the excitation, and the 
scattered photons by were dispersed by a 1200 lines/mm grating monochromator and 
collected on a CCD camera whose collection optic was set at 20X objective summing 
up 20 scans with an exposition time of 20 s per step working at the 10% of the total 
laser power and using a rotating sample holder of local construction142 to overcome 
the degradation of the sample under the beam. 

2.2.5  Volumetric adsorption 

A Micromeritics ASAP 2020 apparatus was used to measure both N2 and CO2 
adsorption isotherms for all the materials studied in the present thesis. While for the 
measure at -196°C a classical liquid nitrogen dewar was used as isothermal bath, the 
data at -78°C was measured using a dry ice / acetone cold bath whose temperature 
was accurately measured with a Pt100 thermometer and then used to obtain the 
saturation pressure looking at the published phase diagram for carbon dioxide. For 
the CO2 measurement in the 0°C-60°C range the temperature was kept stable by 
means of an isothermal water bath (Julabo F25). A local construction setup was 
employed which permitted us to thermally activate Ce2(NDC)3(DMF)2 and 
Ce2(ADB)3(DMA)3.4 materials (ramping at 5°C/min to the target temperature and 
keeping this temperature for 2 h) in dynamic vacuum and then measure the isotherms 
without exposing the sample to air. 
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3.Results and discussion 
3.1  Ce2(NDC)3(DMF)2 

The synthesis procedure of Ce2(NDC)3(DMF)2 described in section 2.1.1 was 
optimized by the means of high-throughput methods, also described earlier in the 
introduction in section 1.2.1 An optical micrograph of the as-synthesized compound 
is shown in Figure 12 below. 

 

Figure 12 – Optical micrograph of Ce2(NDC)3(DMF)2 crystals. 
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3.1.1  Thermal activation 

Ce2(NDC)3(DMF)2 was studied upon thermal treatment by means of TGA, VTXRD 
and in-situ FTIR spectroscopy. The data resulting from these experiments are enlisted 
below. 
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Figure 13 – TGA curve of Ce2(NDC)3(DMF)2 in a dry nitrogen atmosphere (black), 
its derivative (DTA) is reported in grey color. 

The TGA curve collected on Ce2(NDC)3(DMF)2 is characterized by the presence of 
a steep weight loss at an onset temperature of 293°C that can be well assigned to the 
desorption of all the structural DMF molecules present to give Ce2(NDC)3. Such 
assignation is strongly suggested by a calculation made on the stoichiometry of the 
pristine compound: calculating the amount of weight that must change during the 
desorption of those DMF molecules one obtains a good agreement with the 
experiment (dashed lines in Figure 13). For this reason, a static temperature of 300°C 
was adopted to desolvate the pristine material and obtain Ce2(NDC)3 when needed 
for the other experiments (FTIR, SCXRD, XAS, adsorption measurements). At 
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higher temperatures the weight does not change till about 440°C. At an onset 
temperature of 502°C the material is decomposing (pyrolysis) yielding CeO2 and 
coke-like species, as expected for the thermal decomposition of a Ce-MOF in an inert 
atmosphere.36  

The FTIR spectrum collected on a thin self-supporting pellet of Ce2(NDC)3(DMF)2 
is reported in Figure 14. The same pellet was thermally activated at 300°C for 2 h 
under dynamic vacuum with a setup of local construction: this treatment leads to the 
desolvation into Ce2(NDC)3 as hypothesized from TGA data. The resulting spectrum 
is also shown in Figure 14. 
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Figure 14 – FTIR spectra of Ce2(NDC)3(DMF)2 (black line) and Ce2(NDC)3 (red 
line). 

Very intense bands coming from the symmetric and asymmetric stretching of 
carboxylates are clearly visible in the 1630-1300 cm-1 range, as expected for a MOF. 
In the region below these signals, also called fingerprint region, a great number of 
bands is present due to complex vibrational modes involving mainly the naphthalenic 
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aromatic rings. Around 3000 cm-1 an absorption due to C-H stretching is clearly 
visible: while the band at 3070 can be undoubtedly assigned to the naphthalenic 
hydrogens, the one at 2930 cm-1 is due to aliphatic CHs coming from DMF.143 This 
band is vanishing with thermal activation confirming the hypothesis drawn from the 
TGA data together with the diminishing of the shoulder at 1670 cm-1 due to the 
carbonyl stretching in DMF molecules. The fact that only signals coming from DMF 
are changing upon thermal activation is again suggesting the hypothesis for which 
the MOF can be successfully desolvated by such a treatment. 

VTXRD data (Figure 15), complementarily to TGA and in-situ FTIR, are showing a 
similar behavior. Three different phases can be recognized from the patterns, which 
are enlisted below. 
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Figure 15 – VTXRD data collected on Ce2(NDC)3(DMF)2 visualized as a contour 
plot. (λ = 1.5406 Å) 

 From RT to 360°C: Ce2(NDC)3(DMF)2  

 From 360°C to 550°C: Ce2(NDC)3, as supported by TGA and FTIR data. 
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 Above 550°C: Ce2(NDC)3 pyrolysis to nano-sized CeO2
36 and coke-like 

species. 

PXRD Reflections clearly undergo a shift upon heating (before phase transformation 
associated to the loss of DMF molecules) that is caused by thermal expansion effects 
(the higher the temperature, the larger the cell parameter, the lower the angle of the 
diffraction signal). The Ce2(NDC)3 phase is probably crystallizing in a less symmetric 
space group, as the number of peaks that are visible is lower; for this phase no thermal 
effect on the cell parameters is visible till the MOF collapses. The difference in 
temperature between the phase transformation observed in TGA and FTIR 
experiments (at about 300°C) and the one happening here (360°C) is probably due to 
the different atmospheres used in these experiments i.e. a stream of inert gas for TGA 
and dynamic vacuum for TGA and FTIR, respectively, and static conditions for the 
VTXRD experiment. The crystalline structure of these compounds will be discussed 
in the following section. 
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3.1.2  Crystal structure 

The crystal structures of the as-synthetized Ce2(NDC)3(DMF)2 and fully desolvated 
Ce2(NDC)3 compounds, were determined from SC-XRD data and taking also into 
account the input coming from the EXAFS data about the atoms surrounding Ce 
cations. Table 7 reports the crystallographic data of both compounds. 

Table 7 – Crystal data for Ce2(NDC)3(DMF)2 and Ce2(NDC)3. 

 Ce2(NDC)3(DMF)2 Ce2(NDC)3 
Formula   

Formula weight (g·mol-1) 2137.88 922.76 
Crystal system   
Space group 2  3 1 
a (Å) 19.836 4  11.845 5  
b (Å) 8.7339 17  11.845 5  
c (Å) 45.451 9  7.698 3  
α = β (°) 90 90 
γ (°) 90 120 
Cell volume (Å3) 7874 3  935.3 8  
Temperature (K) 153 2  100 2  
Abs. coefficient (mm-1) 2.357 2.460 
Calc. density (g·cm-3) 1.803 1.606 
Z 4 2 
Measured reflections 11957 108 
Rint 0.0519 0.0727 
No. of parameters 1082 29 
R1  0.0519 0.0729	
wR (all data) 0.1317 0.1205 
Largest. diff. peak (e·Å-3) 1.920 / 2.677 0.555	/	0.450 

 

The solvated compound, Ce2(NDC)3(DMF)2, crystallizes in an orthorhombic space 
group with a structure that consists of distorted pentagonal bipyramidal Ce(III) 
cations coordinated by carboxylates coming from different linkers and one oxygen 
atom coming from an adsorbed DMF molecule (see Figure 16 for a structure 
representation). 
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Figure 16 – Pictorial representation of the crystal structure Ce2(NDC)3(DMF)2, 
Color code: Ce (dark yellow), O (red), C (gray), N (blue), H (omitted) 

Every Ce(III) cation is sharing three different carboxylate groups, coming from the 
naphthalenic moieties, to form extended chains parallel to the a-axis. The same linker 
molecules are forming inter-chain bridges to give a network structure with diamond-
shaped channels parallel to the Ce(III) chains (Figure 16b). 

Upon desolvation by thermal treatment in dynamic vacuum (300°C for 2 h), see 
VTXRD and TGA data reported below, the crystal structure of Ce2(NDC)3(DMF)2 
undergoes a phase transition characterized by the loss of the DMF molecules and thus 
becomes Ce2(NDC)3. The quality of the diffraction data collected on a single-crystal 
of Ce2(NDC)3 is significantly worsened from the one collected on Ce2(NDC)3(DMF)2 
and consists of very diffuse diffraction peaks (see also Figure 19). These signals are 
also broadening with the scattering angle, giving readable diffraction data only to 1.3 
Å. Nevertheless data reduction with the hexagonal space group P-3c1 (see Table 7 
for details) proceeded without issues giving a structure depicted in Figure 17 below. 

 

Figure 17 – Pictorial representation of the crystal structure Ce2(NDC)3, Color code: 
Ce (dark yellow), O (red), C (gray), N (blue), H (omitted). 

The solved structure for Ce2(NDC)3 shows a hexagonal crystal structure consisting 
of linear chains of Ce cations, as for the solvated structure, aligned to the crystal c-
axis. As there is disorder in the linker structure, that cannot be resolved directly, the 
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occupancies of the linker has been set to one half in order to accommodate also a 
linker that bridges two Ce chains in a way that “closes the pores” shown in Figure 
17a. These occupancies factors are in accordance to the proposed stoichiometry of 
the compound, Ce2(NDC)3, that is also confirmed by TGA measurements (see Figure 
13) Figure 18 represents the structure of the desolvated compound plotting all linker 
atoms, even with non-integer occupancies. 

 

Figure 18 – Pictorial representation of the crystal structure of Ce2(NDC)3 viewed 
along the c-axis, showing all possible positions of the atoms. 

Considering the disorder associated to the linker positions, the presence of diamond-
shaped channels, as present in the solvated structure, must be declined and instead 
triangular channels (as shown in Figure 18) must be considered. It has to be noticed 
what other MOFs characterized by a flexible structure, such as MIL-53144,145, upon 
adsorption of gas molecules are not showing such rearrangement of its constituents 
upon thermal activation.  

With the aim to demonstrate that the proposed structures found by SCXRD are the 
only crystalline phases present in the bulk samples Pawley PXRD refinements were 
done on the diffractograms using the unit cells coming from Table 7. The results are 
enlisted in Figure 19 and Table 8 below. 
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Figure 19 – Pawley fits on PXRD patterns of Ce2(NDC)3(DMF)2  (a) and 
Ce2(NDC)3 (b). Observed, calculated and residuals are drawn respectively in black, 
red and blue lines, allowed reflections are reported by black ticks. (λ = 1.5406 Å). 
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Table 8 – Comparison between cell parameters obtained by SC-XRD and Pawley 
refinements on Ce2(NDC)3(DMF)2 and Ce2(NDC)3 PXRD patterns 

Ce2(NDC)3(DMF)2 Pawley SC-XRD

a (Å) 19.791 3  19.836 4  

b (Å) 8.865 11  8.7339 17  

c (Å) 45.392 6  45.451 9  

Volume (Å
3
) 7964 2  7874 3  

Ce2(NDC)3 Pawley SC-XRD 

a (Å) 11.823 2  11.845 5  

b (Å) 11.823 2  11.845 5  

c (Å) 7.675 4  7.698 3  

Volume (Å
3
) 929.1 5  935.3 8  

 

As it is evident from the fit results, the cell parameters coming from the powder 
diffraction data are in accordance with those of single-crystal data refinements. It is 
relevant to notice also that while single-crystal data is collected at low temperatures 
(100-150 K), the powder one is measured at room temperature: for this reason such 
differences in cell lengths have to be accounted to a thermal expansion effect. No 
new crystalline phase can be recognized looking at the fits in Figure 19 confirming 
the purity of the synthesized compounds. 
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3.1.3  X-ray absorption spectroscopy 

X-ray absorption spectroscopy (XAS) was exploited in studying this material as i) a 
method to determine the oxidation state of Ce before by means of XANES 
spectroscopy before and after thermal activation and, more importantly, ii) confirm 
the structural results coming from SC-XRD through EXAFS fitting analysis. Figure 
20 shows XANES spectra of both Ce2(NDC)3(DMF)2 and Ce2(NDC)3 and their 
comparison with Ce(III) and Ce(IV) standards. 
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Figure 20 – Ce K-edge XANES spectra of Ce2(NDC)3(DMF)2 (black line) and 
Ce2(NDC)3 (red line) compared to those of Ce(IV) oxide and Ce(III) nitrate 

hexahydrate (respectively blue and grey curves). 

The absorption edges of both Ce2(NDC)3(DMF)2 and Ce2(NDC)3 correspond to the 
one of Ce(III) comparing it with the Ce(III) nitrate hexahydrate standard. This 
indicates the conservation of the 3+ oxidation state during the desolvation of the 
material, despite the phase transition. 
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As a complement to the long-range structural analysis done with SC-XRD (and its 
limitations due to inherent disorder) Ce K-edge EXAFS spectra were collected for 
the solvated and desolvated materials. As starting point for the structural EXAFS 
fitting of the atoms surrounding Ce, the crystal structure coming from X-ray 
diffraction was used. To increase the reliability of the fit the scattering paths from Ce 
atoms to light atoms were grouped in three O and three C shells reducing the number 
of parameters used in the fitting process. Being Ce-Ce a significant scattering path 
(due to the high Z of Ce), this path has been included in the model for Ce2(NDC)3. 
EXAFS fitting results are shown in Figure 21 and in Table 9 below. 
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Figure 21 – Ce K-edge EXAFS spectra of Ce2(NDC)3(DMF)2 and Ce2(NDC)3 
(dots). The fit results, spectra (a), magnitude (b) and imaginary part (c) are shown 

by black and red lines for the solvated and the desolvated compounds, respectively. 
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Table 9 – Fitting results of the Ce K-edge EXAFS spectra for Ce2(NDC)3(DMF)2 
and Ce2(NDC)3. 

Parameter Ce2(NDC)3(DMF)2 Ce2(NDC)3	
R-factor 0.02 0.03	

Fitting range in k, Å-1 5.5	– 15
Fitting range in R, Å 1.35	– 4

Nind 15.7
Npar 5 9
S0

2 1.0 1.0	
ΔE ‐0.3 1.7 2.3 2.8 	
NO1 2.33 3

RO1, Å 2.40 1 2.44 1 	
σ2

O1, Å2 0.006 1 0.009 1 	
NO2 2.33 3

RO2, Å 2.43 1 2.49 1 	
σ2

O2, Å2
 0.006 1 0.010 1 	

NO3 2.33 3
RO3, Å 2.46 1 2.53 1 	
σ2

O3, Å2 0.006 1 0.010 1 	
NC1 2.33 3

RC1, Å 3.28 2 2.98 2 	
σ2

C1, Å2 0.004 2 0.005 1 	
NC2 2.33 3

RC2, Å 3.36 2 3.46 3 	
σ2

c2, Å2 0.004 2 0.006 1 	
NC3 2.33 3

RC3, Å 3.43 2 4.15 9 	
σ2

C3, Å2 0.004 2 0.006 1 	
NCe ‐ 2

RCe, Å2 ‐ 3.87 2 	
σ2

Ce, Å2
 ‐ 0.009 1 	

 

The EXAFS fitting confirmed the structural features observed by SC-XRD with good 
R-factors and reasonable parameters for both Ce2(NDC)3(DMF)2 and Ce2(NDC)3. 
The Ce-Ce (Figure 21) distance can be observed only for Ce2(NDC)3 as with thermal 
activation they become closer (3.87(2) Å by EXAFS vs. 3.849(2) Å from SC-XRD). 
As concerns Ce-O and Ce-C distances a general disordering (i.e. broadening of the 
range span of those bonds) is observed upon desolvation. This can be correlated with 
the strain associated to the removal of the solvent from the pores and the subsequent 
rearrangement of the crystal structure. 
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3.1.4  Adsorption properties 

In order to measure the surface area and the porosity of Ce2(NDC)3, N2 was dosed at 
-196°C with an automatic volumetric apparatus in order to measure an adsorption 
isotherm. The results (reported in Figure 22) show a nearly negligible adsorption in 
the whole pressure range (0-1 p/p0 range) indicating nil surface area or porosity 
whatever the model used to reduce this data (e.g. Langmuir or BET models).  

CO2 was dosed at a temperature of -78°C as an alternative probe to N2 in order to 
address the end of measuring a specific surface area on Ce2(NDC)3 giving isotherms 
reported in Figure 22.  
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Figure 22 – Ce2(NDC)3 adsorption isotherms of N2 at -196°C and CO2 at -78°C. 
The two molecules are represented by squares and triangles, respectively. 

Adsorption branches is reported by solid black symbols while the desorption one is 
represented by open red symbols. 

The adsorption isotherm of CO2 can be assigned to a Type I100, typical of microporous 
materials.  
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Such results indicate that Ce2(NDC)3 is characterized by a kind of porosity that cannot 
be traditionally determined by N2 adsorption at -196°C. The application of BET and 
Langmuir models in order to extract a specific surface area gave results enlisted in 
Table 10 . 

Table 10 – Specific surface area values measured on Ce2(NDC)3. 

Probe BET (m2/g) Langmuir (m2/g)

N2 at -196°C   

CO2 at -78°C 170 3  222 1  

 

It must be considered that the application of CO2 in the determination of specific 
surface area and porosity of polar materials, like MOFs and siliceous porous materials 
(e.g. mesoporous silica like SBA-15 or MCM-41 or zeolites) is not 
recommended100,146,147 as the type of interaction that is established between the probe 
and the surface of the material is too specific, principally due to the high quadrupolar 
moment of CO2.  

A series of hypotheses for which the surface area was zero for N2 and not for CO2 
can be drawn: 

 The kinetic diameter of CO2 is smaller than the one of N2: in case of ultra-
microporous material carbon dioxide can enter in pores where nitrogen 
cannot. 

 The experiment with CO2 is done at a temperature which is substantially 
higher than the one of liquid nitrogen, being 118 K higher. For this reason 
the diffusion kinetics of carbon dioxide can improve significantly. In this 
case the nitrogen isotherm must be considered not at equilibrium. 

 This particular material, Ce2(NDC)3, is characterized by a phase 
transformation that occurs at the temperature of -196°C which converts it 
into a non-porous one. In order to catch this an X-ray diffraction experiment 
must be carried out at the temperature of liquid nitrogen. Such an experiment 
cannot be performed with the equipment currently available. 
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Apart from the specific surface area and porosity measurements the uptake 
performances were measured by volumetric CO2 adsorption measurements, reported 
below in Figure 23. 
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Figure 23 – CO2 adsorption isotherms of Ce2(NDC)3 collected at different 
temperatures. Desorption branches (superimposable to adsorption ones) are omitted 

for the sake of clarity. 

Ce2(NDC)3 adsorbs a not negligible amount of CO2 at around room temperature. As 
these uptakes are not in the same order of magnitude of those ones measured on the 
best candidate for CO2 storage and capture porous materials (i.e. UTSA-16148 or Mg-
MOF-74109), this material cannot be unfortunately proposed for such applications.  
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3.2  Ce2(ADB)3(DMA)3.4 

The synthesis procedure of Ce2(ADB)3(DMA)3.4 described in section 2.1.2 was 
optimized by the means of high-throughput methods, also described earlier in the 
introduction in section 1.2.1. An optical image of the product is shown in Figure 24. 

 

Figure 24 – Optical image of the crystal of Ce2(ADB)3(DMA)3.4 selected for the 
SCXRD experiment. 
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3.2.1  Crystal structure 

By looking at the solved crystal structure (Table 11 and Figure 25) the materials 
shows a typical coordination polymer structure with bonds between carboxylates and 
Ce cations. Such atoms build Ce-O-Ce chains aligned to the c-axis of the crystal 
structure. Linker molecules, instead, work as a bridge from those chains forming a 
3D structure with one-dimensional long channels aligned in the same direction of the 
Ce chains (Figure 25) 

Table 11 – Crystal data for Ce2(ADB)3(DMA)3.4 

Ce2(ADB)3(DMA)3.4

Formula  

Formula weight (g·mol-1) 542.46 
Crystal system  
Space group 2 /  
a (Å) 16.238 3  
b (Å) 8.858 3  
c (Å) 21.124 5  
α = γ (°) 90 
β (°) 96.47 2  
Cell volume (Å3) 3019.0 13  
Temperature (K) 293 2  
Abs. coefficient (mm-1) 1.537 
Calc. density (g·cm-3) 1.193 
Z 4 
Measured reflections 9577 
Rint 0.2170 
No. of parameters 304 
R1  0.2170
wR (all data) 0.1378 
Largest. diff. peak (e·Å-3) 1.937 / 3.530 
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Figure 25 – Structural representation of Ce2(ADB)3(DMA)3.4. c-axis is 
perpendicular to the figure. Cerium, carbon, nitrogen, oxygen and hydrogen atoms 

are depicted respectively in yellow, black, blue, red and white. 

Two crystallographic independent DMA molecules are present in the structure: one 
directly coordinated to Ce atoms through a dative bond and one in the middle of the 
pore. While the occupancy factor of the latter DMA molecule has been refined to 1, 
the one directly coordinated to the metal site has been refined only to 0.7, explaining 
the 3.4 stoichiometric factor associated to DMA molecules observed in the structural 
formula. 
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Looking at the Pawley refinement done on the powder diffraction pattern in Figure 
26 no new further crystalline phase different from the monoclinic one can be 
observed. Beside the purity of the synthesized compound such data is indicating also 
that the single crystal used for the structure solution is representative of the whole 
powder. 
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Figure 26 – Pawley fit on PXRD pattern of Ce2(ADB)3(DMA)3.4. Observed, 
calculated and residuals are drawn respectively in black, red and blue lines, allowed 

reflections are reported by black ticks. (λ = 1.5406 Å). 
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Table 12 – Comparison between cell parameters obtained by SC-XRD and Pawley 
refinements on Ce2(ADB)3(DMA)3. PXRD pattern. 

Ce2(ADB)3(DMA)3.4 Pawley SC-XRD

a (Å) 16.371 2  16.238 3  

b (Å) 8.875 2  8.858 3  

c (Å) 21.142 3  21.124 5  

β (°) 96.911(2) 96.47(2) 

Volume (Å
3
) 3049.51 8  3019.0 13  

 

The slight discrepancy between the cell volume measured by SCXRD and Pawley 
refinement may be due to the small dimensions of the measured crystal (especially 
along one crystal axis) which is causing a low accuracy in the determination of one 
of the parameters. The data coming out from the Pawley refinement has to be 
considered as the most accurate, as in powder diffraction a virtually infinite number 
of different crystals contributes to the statistics of the measured values. 
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3.2.2  Thermal activation 

The behavior of Ce2(ADB)3(DMA)3.4 upon thermal treatment was studied by the 
means of TGA (in a flow of nitrogen or dry air) and VTXRD (in dynamic vacuum). 
Figure 27 reports the TGA curves obtained on Ce2(ADB)3(DMA)3.4. 
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Figure 27 – TGA curve collected on Ce2(ADB)3(DMA)3.4 in a N2 flow (solid line) 
and dry air flow (dashed line). Derivative of TGA data for the N2 flow is reported as 
a grey line. Dashed grey lines represents the relative formula weights of the written 

compounds. 

TGA curves collected in different atmospheres (nitrogen and dry air) are 
superimposable up to 350°C. Above this temperature, they separate as the organic 
part of the MOF, in presence of dry air, burns to give carbon dioxide and water vapor 
yielding CeO2 as observed for other Ce-based MOFs36 and already observed for 
Ce2(NDC)3(DMF)2. On the other hand, in nitrogen flow the MOF is decomposing 
into coke-like species and again CeO2. These hypotheses are supported by the color 
of the material after the TGA measurement: black for the nitrogen one, and pale 
yellow for the one made in presence of oxygen.  
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Starting from this hypothesis, one can consider the ratio between the formula weights 
of the pristine compound and the cerium dioxide to be linked by the following 
combustion reaction: 

Ce ADB DMA . 	
∆

	42	CO ↑ 12	H O ↑ 3	N ↑ 2	CeO 				 

Considering the relative mass of the sample after 450°C in air being only CeO2 
(plateau at 24.9%) it is possible to calculate the relative weight of the MOF that has 
reacted to give the oxide. By means of such calculation one obtain a value of about 
100%, extremely close to the experimental one. This evidence strongly supports the 
correctness of the proposed unit formula coming from the SCXRD structure solution. 

Working a similar way it is possible to assign the weight losses observed in the region 
between room temperature and the combustion temperature (395°C). The first weight 
loss, appearing in a temperature range between 110°C and 180°C can be modeled by 
means of the following equation: 

Ce ADB DMA . 	
∆
→	Ce ADB DMA . 2	DMA ↑ 

The accordance between the experimental value of the weight (87.8%) and the 
calculated one (87.4%) is good and permits to assign this weight loss to the desorption 
of the DMA molecules present inside the pores. 

The other DMA molecules are desorbed at a higher temperature, between 250°C and 
350°C, as modeled by the following chemical equation: 

Ce ADB DMA . 	
∆
→	Ce ADB 1.4	DMA ↑ 

Again a good agreement between the observed value (78.4%) and the theoretical 
value (78.1%) permits to assign this weight loss to the desorption of the DMA 
molecules directly coordinated to Ce cations. It is relevant to notice that these TGA 
data are confirming very strongly the stoichiometric number of DMA molecules 
refined by SCXRD method (which is a weaker datum, in this sense, mainly for being 
such a refinement linked to the idiosyncrasies of the crystallographer who is running 
the calculations) and also their speciation in two different families: a weakly and a 
strongly adsorbed one.  
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Such desolvation reactions were also studied by means of variable-temperature 
powder diffraction (VTXRD) in dynamic vacuum, giving results reported in Figure 
28. 
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Figure 28 – VTXRD data collected on Ce2(ADB)3(DMA)3.. (λ = 1.5406 Å) 

The black curve reported in Figure 28, recorded at room temperature, is 
superimposable to the one reported in Figure 26 indicating that no phase 
transformation is happening at room temperature due to the dynamic evacuation. 
Upon heating up to 600°C three different phase transformations are visible in the 
patterns. The first one, starting at 50°C (see the peak at 9.8°) and being completed at 
150°C can be linked to the first weight loss observed in TGA and assigned to the 
desorption of the first 2 DMA molecules loosely adsorbed in the pore system. A 
second phase transformation starting at 225°C and ending at 300°C can be similarly 
reconducted to the loss of the DMA molecules directly coordinated to the Ce metal 
sites. Above this temperature a collapse of the crystal structure is observed to give 
rise to amorphous (or nanocrystalline) solids. At temperatures above this 
amorphization a broad halo around 28° can be seen: this signal, being the most intense 
diffraction peak of crystalline CeO2,27 can be assigned to nanocrystalline cerium 
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dioxide coming from the pyrolysis of the MOF. In order to look at the relevant 
diffractograms collected in the variable-temperature PXRD experiments only five 
curves are shown in Figure 29 below: 
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Figure 29 – Selection of five different diffractograms on Ce2(ADB)3(DMA)3.4 from 
the VTXRD experiment at the temperatures of 25°C (black), 150°C (blue), 300°C 

(green), 500°C (red) and 600°C (brown) (λ = 1.5406 Å). 

As noticeable from the curves in Figure 29 two new different crystalline phases are 
formed during the heating of Ce2(ADB)3(DMA)3.4 in dynamic vacuum: as for their 
diffraction peaks in the low-angle region of the diffractogram they have crystalline 
cells with dimensions probably similar to those of Ce2(ADB)3(DMA)3.4 which has 
been solved with single-crystal diffraction techniques. The one formed at 150°C 
having a number of peaks comparable to the pristine one is probably characterized 
by a similar space group (i.e. with a similar number of symmetry elements). The 
crystalline phase formed at temperatures above 300°C, having a substantially lower 
number of reflections, is probably belonging to a higher-symmetry space group. As 
the overall intensity of the diffraction signal is severely lowered in this final phase 
the general crystallinity of the sample is probably lost in the final phase 
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transformation. Despite many attempts the solution, of the crystal phases formed at 
high temperatures by single-crystal diffraction was not successful for the moment. 
This can be due to many reasons: i) after thermal activation the crystals become 
extremely sensitive to air moisture, decomposing in the time scale of minutes in air; 
ii) a general lower crystallinity that broadens and weakens the diffraction signals; iii) 
the disordering of the structure. A session of single-crystal diffraction measurements 
at a synchrotron source is scheduled in order to try to solve those crystal structures. 

3.2.2  Adsorption properties 

In order to measure the surface area and the porosity of Ce2(ADB)3(DMA)3.4 a series 
of adsorption isotherms of N2 at 77K (Figure 30) and of CO2 (Figure 31) at 0°C were 
collected after a thermal activation in dynamic vacuum (for a duration of 3 h each) at 
different temperatures. For each adsorptive a different aliquot of powder was 
activated at increasing temperatures in a consecutive way. 

0.0 0.2 0.4 0.6 0.8 1.0
-3

-2

-1

0

1

2

3

4

5

6

7

 100°C
 150°C
 200°C
 250°C
 300°C
 350°C

Q
ua

nt
ity

 a
ds

or
be

d 
(c

m
3
/g

 S
T

P
)

Relative pressure (p/p
0
)

Activation temperature

 

 

Figure 30 – -196°C N2 adsorption isotherms collected on Ce2(ADB)3(DMA)3.4. 
Desorption branches are omitted for the sake of clarity. 
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As the amount of adsorbed nitrogen is quite negligible for the all isotherms, 
Ce2(ADB)3(DMA)3.4 cannot be considered porous for nitrogen at -196°C. The 
adsorbed amount is so little that the isotherms are dominated by the error and this 
causes them to be not strictly increasing (as expected for every adsorption isotherm) 
and even becoming negative. It has to be noticed that as a microporosity (and thus a 
Type I isotherm) is expected, the amount of sample admitted in the cell (about 20 
mg) was optimized for a material with a typical figure of hundreds of m2/g. This 
increases the error on the specific amount of adsorbed gas, which is normalized to 
the mass of the sample. With these considerations in mind, the analysis of those data 
with a BET or Langmuir model in order to extract a specific surface area 
measurement has to be considered meaningless and is not reported for this reason. 
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Figure 31 – 0°C CO2 adsorption isotherms collected on Ce2(ADB)3(DMA)3.4 after 
thermal activation at various temperatures. Desorption isotherms (still totally 

superimposable to adsorption ones) are omitted for the sake of clarity. 

As an alternative method to characterize the porosity in this system CO2 adsorption 
were measured in similar conditions to the nitrogen ones but at a temperature of 0°C. 
This time the isotherms are “well-behaving” as the material is capturing a not 
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negligible amount of gas: nevertheless this time the amount of sample used for the 
experiment was about ten times larger. The amount of carbon dioxide reaches a 
maximum at an activation temperature of 200°C then diminishes to go back at the 
one measured after the treatment at 100°C. The uptakes at a pressure of 1000 mbar 
are reported in the Table 13 below. 

Table 13 – CO2 uptakes of Ce2(ADB)3(DMA)3.4. Isotherms measured at 0°C 

Activation temperature CO2 uptake (wt%) at 
1000 mbar 

100°C 0.98
150°C 1.55
200°C 2.28
250°C 1.48
300°C 1.05

 

This material adsorbs a not negligible amount of CO2 at 0°C. As these uptakes are 
not in the same order of magnitude of those measured on the best candidate for CO2 
storage and capture porous materials (i.e. UTSA-16148 or Mg-MOF-74109) this 
material cannot be proposed for such applications. It must be considered that a kind 
of porosity, invisible for nitrogen, is present upon activation of Ce2(ADB)3(DMA)3.4. 
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3.3  Ce/Zr-UiO-66 

The synthesis of pure Zr, pure Ce and Ce-Zr mixed metal UiO-66 samples is 
described in section 2.1.3. The recipe for Ce containing samples is following what 
previously published by Lammert et al.29,54,64. For the synthesis of the pure Zr UiO-
66, instead, the recipe published by Cavka et al.22 was followed. 

3.3.1  Crystal structure 

The crystal structure of UiO-66, as thoroughly described in literature,22,54,64,78,103,149 
consists of a densely packed cubic face-centered lattice made from cuboctahedral 
Zr6O4(OH)4(CO2)12 inorganic clusters connected by linear terephthalate linkers (see 
Figure 32). The carboxylates are bonding Zr4+ cations in a bidentate manner, above 
the edges of the hexanuclear octahedron. The three dimensional buildup of the 
structure forms a continuous face-centered cubic structure in which every cluster is 
linked to the 12 next neighbors. 

 

Figure 32 – Pictorial representation of the building of UiO-66: inorganic 
hexanuclear Zr6 clusters and terephthalates assembling in a tightly packed cubic 

structure. Taken from ref. [78]. 

The pure Zr, pure Ce and the Zr3.54Ce2.46 samples were measured at the ID22 high-
resolution powder diffraction beamline after being desolvated at 180°C in dynamic 
vacuum for 16 hours each. The results are shown in Figure 33, and results are 
summarized in Table 14. 
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Figure 33 – PXRD pattern obtained on Zr UiO-66 (a), Zr3.54Ce2.46 UiO-66 (b) and 
Ce UiO-66 (c). The result for the Rietveld refinement is shown in red, and the 

residuals in blue. Vertical bars mark the allowed peak positions. (λ = 0.31783 Å). 
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Table 14 – Results and relevant information for the Rietveld refinement of the pure 
Ce, the pure Zr and one Ce/Zr-UiO-66 sample, the Ce45. 

 Zr-UiO-66 Zr3.54-Ce2.46 

UiO-66 (Ce45) 
Ce-UiO-66 

Formula 12
∙  

12
∙ . .

12
∙  

Crystal system   
Space group 3  3 3  
a (Å) 20.7535 2  21.0652 1 21.48825 2  
b (Å) 20.7535 2  21.0652 1 21.48825 2  
c (Å) 20.7535 2  21.0652 1 21.48825 2  
α = β = γ (°) 90 90 90 
Cell volume (Å3) 8938.75 26  9347.52 14 9922.09 2  
Temperature (K) 293 2  293 2 293 2  
Rwp  0.073 0.087 0.085 
RBragg 0.027 0.03 0.024 

 

All Rietveld refinements, performed up to 2θ = 32° (dmin = 0.577 Å), started from the 
published structure of Zr-UiO-6622,103 and Ce-UiO-6654 and proceeded without any 
issue. For the mixed metal sample the cations were refined independently of each 
other and their summed occupancy was fixed to one. As a general finding the cell 
parameter of the mixed-metal material seem to be linearly varying with the relative 
concentration of the metals. This behavior, already reported by Lammert et al. in 
2017,64 can be ascribed to the Vegard’s law, which has been found to be working also 
for MOFs. As all Bragg peaks observed in the three samples belong to the UiO-66 
phase no crystalline impurity could be detected. The peak width decreases with the 
amount of Ce: this indicates the progressive increase of crystallite size with the rise 
of Ce content.  

As a general consideration from diffraction data, where only what is ordered can be 
observed150, the fact that Ce and Zr are not forming any sort of superlattice or new 
crystal phase is a strong sign for the mutual disorder of Zr and Ce atoms in the lattice, 
even at the atomic level or at the cluster level This results in a diffraction data that 
cannot discriminate between these two metals inside the crystal cell. 

The different width of the PXRD peaks from the three samples (Figure 33) is due to 
the different dimensions of the crystallites, as reported by Lammert et al.64. 
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3.3.2  Thermal activation 

For the thermal properties of pure Zr, pure Ce and mixed-metal UiO-66 material the 
present thesis refer totally to the works by Cavka et al.22 for the Zr-UiO-66 and two 
papers from Lammert et al.54,64 published in 2015 and 2017 for Ce-UiO-66 and the 
mixed-metal materials. 

Remarkable thermal stability is one of the most important features of Zr-UiO-66: in 
fact this material shown to be still porous and crystalline up to 500°C in inert 
atmosphere. This has been shown by both TGA and VTXRD measurements. 

Ce-UiO-66, on the other hand, showed a greatly reduced thermal stability when 
compared to the Zr counterpart losing totally its crystallinity at the temperature of 
240°C, as shown by VTXRD measures.  

The mixed-metal Ce/Zr-UiO-66 materials showed to have an intermediate behavior 
between the two pure compounds: as thoroughly shown by Lammert et al.64 the 
thermal stability, determinated again by TGA and VTXRD measurements, showed 
to be greatly influenced by relative small amounts of Ce (Figure 34).  

 

Figure 34 – Thermal stabilities of Ce/Zr-UiO-66 MOFs plotted against the amount 
of Ce. Taken from ref. [64]. 
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As the samples studied in the paper by Lammert et al. are spanning the whole 
composition range from the pure Zr to the pure Ce materials, this data is perfectly 
compatible also with the samples studied in the present work. 
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3.3.3  X-ray absorption spectroscopy 

As powder diffraction data gave no any new information about the spatial 
arrangement of Ce and Zr atoms the usage of XAS techniques (see section 1.3.2), 
being local techniques, shed light on this system. 

XANES data collected on Ce L-edge, (Figure 35) demonstrate that Ce in all studied 
samples of MOFs is predominantly in the 4+ oxidation state. Zr is assumed to be also 
in the 4+ oxidation state, as already shown by Valenzano et al.103. 
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Figure 35 – Ce L3-edge XANES spectra of bimetallic Ce/Zr-UiO-66 samples and 
pure Ce-UiO-66 compared to references for Ce(III) and Ce(IV) oxidation states. 

XANES spectra of all Ce containing samples are very similar to each other, which 
confirms the similarity of the local geometry and electronic structure of both Ce and 
Zr cations also varying the Ce Zr ratio. This indicates that we are dealing with an 
isomorphous substitution of Ce in Zr sites (or vice-versa). These observations 
confirm the conclusions drawn from the PXRD Rietveld refinement.
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The EXAFS region of the K-edges of both Ce and Zr is shown below in Figure 36.  
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Figure 36 – EXAFS data at Ce (gray) and Zr K-edges (red) for all pure and 
bimetallic Ce/Zr-UiO-66 samples studied by XAS. Dashed lines indicate the 

regions used for the Fourier transform. 
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Fourier transformed Zr K-edge and Ce K-edge EXAFS data for five of the samples 
are shown in Figure 37 and Figure 38, respectively. 
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Figure 37 – Moduli of the phase-uncorrected Fourier transforms of k3-weighted 
EXAFS data collected at the Zr K-edge for Ce/Zr-UiO-66 MOFs. 
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Figure 38 – Moduli of the phase-uncorrected Fourier transforms of k3-weighted 
EXAFS data collected at the Ce K-edge for Ce/Zr-UiO-66 MOFs. 
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Qualitatively all the Fourier transformed spectra are in agreement with those already 
reported for UiO-66.103 The shape of the peaks in the 1.2-2.5 Å, originating from the 
so-called first shell, and assignable to metal-oxygen scattering does not change in a 
significant way with the increase of Ce content: this evidences rather small variations 
in oxygen coordination of both Zr and Ce cations. The 2.8-3.8 Å peak, belonging to 
the second-shell of neighbors, is assigned to the metal-metal scattering from the 
members of the hexanuclear clusters present in the structure. The fact that the average 
value of the metal-metal distance depends on the ratio between the two metals 
confirms the formation of mixed-metal CexZr6-x cornerstones. It should be noticed 
that in this case, having a high-quality dataset (i.e. with a low signal to noise ratio), 
also the presence of a peak at 4.5-5 Å in the Zr edge data (Figure 37) can be observed. 
This signal is due to the scattering between the absorber atom and another one 
situated in the opposite vertex of the octahedron. 

The changes that are taking place in the EXAFS spectra even upon addition of small 
amounts of Ce (Figure 38) can be explained hypothesizing the preferential formation 
of CeZr5 clusters. This implies that only for Ce loadings lower than 17% one should 
have the contemporary presence of Zr6 and CeZr5 clusters. This is due to the simple 
consideration that there are six metallic cations per cluster and a material made only 
with CeZr5 clusters would have a 17% Ce loading. In the case that any number of Zr 
atoms in a pristine Ce6 cluster should be the same of a number of Ce atoms in a Zr6 
cluster the Zr and Ce EXAFS spectra should be looking pretty similar. As this is not 
the case (Ce additions to Zr-UiO-66 are not causing the same effect as Zr additions 
to Ce-UiO-66) some preferential cluster composition should be hypothesized. By 
similar considerations, the presence of hexanuclear Ce6 clusters should be considered 
when dealing with samples with a Ce content higher than 17%, as the differences 
between Zr K-edge spectra of Ce22, Ce45 and Ce84 samples are minor. A detailed 
description about also the fitting of the EXAFS curves can be found in the paper in 
Appendix I. 

The preferential formation of CeZr5 cornerstones is also explaining the trend in the 
thermal stability already observed by Lammert et al.64 (Figure 34): in fact, once the 
Ce concentration has reached around 20% the thermal stability of the bimetallic MOF 
is constant and it is the same value observed for Ce-UiO-66. This is consistent with 
the hypothesis for which above the Ce concentration of 20% there is the formation of 
hexanuclear Ce6 clusters, whose thermal stability is indeed the one of Ce-UiO-66. 
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3.3.4  Vibrational spectroscopy 

With the aim to characterize only mixed metal Ce/Zr-UiO-66 samples having CeZr5 
clusters and Zr6 clusters, a series of low-containing samples (<17%, under the 
hypothesis advanced in the last chapter) was synthesized and characterized by dosing 
a probe molecule in an in-situ FTIR experiment. Aiming to probe the Lewis acidic 
sites present inside the pores CD3CN was dosed after a prolonged thermal activation 
in dynamic vacuum at the temperature of 160°C. The activation conditions were 
optimized in order to get rid of almost all the solvent present in the pores of the 
material without collapsing it. The spectra of Ce5, Ce10 and Ce15 samples after 
thermal activation and after dosing the vapor pressure of CD3CN are shown in Figure 
39 below. 
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Figure 39 – FTIR transmission spectra of Ce5, Ce10 and Ce15 Ce/Zr mixed-metal 
UiO-66 samples after activation at 160°C (black). Spectra after dosing CD3CN are 

reported in red. 
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All the spectra from the three samples are quite similar and the bands typical of MOFs 
are quite visible: the carboxylate symmetric and asymmetric stretching in the 1700-
1250 cm-1 are evident. A complete assignation of all the vibrational bands, aided by 
computational simulations of the vibrational modes, can be found in the paper by 
Valenzano et al.103. Upon interaction with deuterated acetonitrile vapors, the sharp 
signal from OHs at 3670 cm-1 shifts into a broad band centered at 3300 cm-1 because 
of hydrogen bond formation. At the same time a sharp signal coming from the 
stretching of the C≡N bond is visible in the region around 2275 cm-1. A magnified 
look at this spectral region for the Ce15 sample is reported in Figure 41 below, while 
the data collected on all three samples are reported in Figure 41. 
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Figure 40 – Background subtracted FTIR spectra of the C≡N stretching region 
collected on Ce15 Ce/Zr-UiO-66 sample. Maximum coverage is reported in red, 

progressive outgassing in grey and prolonged outgassing in blue. 
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The C≡N stretching region is characterized by four bands in all three samples, 
assignabile in the following way: 

 2261 cm-1: Liquid-like CD3CN, characteristic of porous systems.151 

 2278 cm-1: CD3CN interacting with OHs from the cornerstones: the growth 
of this band is correlated with the one at 3300 cm-1 (Figure 39) that is restored 
upon outgassing 

 2285 cm-1: CD3CN interacting with Ce4+ Lewis acidic sites152 

 2300 cm-1: CD3CN interacting with Zr4+ Lewis acidic sites as reported by 
Nouar et al.153 
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Figure 41 – Background subtracted FTIR spectra of the C≡N stretching region 
collected on Ce5, Ce10 and Ce15 Ce/Zr-UiO-66 samples. Maximum coverage is 
reported in red, progressive outgassing in grey and prolonged outgassing in blue. 

The shape and the relative intensity of those bands is related to the Ce/Zr ratio (Figure 
41): the higher the Ce content, stronger the band related to CD3CN interacting with 
Ce sites.  
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3.4  Ce-UiO-66-ADC 

The synthesis procedure of Ce-UiO-66-ADC described in section 2.1.4 was 
optimized by the means of high-throughput methods, also described earlier in the 
introduction in section 1.2.1. A SEM image of the product is printed in Figure 42. 
Only aggregates are visible as the crystal size is too small for being observed by SEM. 

 

 

Figure 42 – SEM image of Ce-UiO-66-ADC. 

3.4.1  Crystal structure 

As in this case the synthesized product presents crystallites in the sub-micrometer 
dimension range the application of a single-crystal x-ray diffraction method to solve 
the structure was impossible as a crystal of suitable dimensions (>200 µm) is needed. 
To overcome this, a structural refinement on the powder x-ray diffraction pattern was 
done in order to obtain a suitable crystal structure for the material using the Rietveld 
method150 (Figure 43). As a starting point for the refinement a structural model for 
Ce-UiO-66-ADC was built in Materials Studio (Figure 44) starting from the structure 
of UiO-6622,103, substituting the terephthalate moieties with acetylenedicarboxylates 
and optimizing geometrically the structure using the Forcite program module.  
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Figure 43 – PXRD pattern obtained on Ce-UiO-66-ADC (black curve). The result 
for the Rietveld refinement is shown in red, and the residuals in blue. (λ = 1.5406 

Å) 

Position of Ce atoms was refined freely while acetylenedicarboxylates were treated 
as rigid bodies in order to increase the stability of the fit and reduce the number of 
parameters refined. The refined parameters along with relevant crystallographic data 
are reported in Table 15 below. 

It is relevant to notice that even the refinement was done on a dehydroxylated 
structure, as the presence of OH groups is very difficult to be observed by x-ray 
diffraction techniques. The presence of OH groups in the structure of UiO-66 is a 
well-known fact in literature103 and for this reason their presence can be also 
hypothesized here. For this reason, the proposed structure would be 
[Ce6O4(OH)4(ADC)6] while the refined one is slightly different. 
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Table 15 – Results and relevant information for the Rietveld refinement of Ce-UiO-
66-ADC. 

 Ce-UiO-66-ADC
Formula 12 ∙  

Formula weight (g·mol-1) 6563.73 
Crystal system  
Space group 3  
a (Å) 19.1101 2  
b (Å) 19.1101 2  
c (Å) 19.1101 2  
α = β = γ (°) 90 
Cell volume (Å3) 6979.9 2  
Temperature (K) 293 2  
Abs. coefficient (cm-1) 300.58 
Calc. density (g·cm-3) 1.559 
Z 1 
Measured reflections 24 
No. of structural parameters 14 
Rwp  0.097
RBragg 0.074 
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Figure 44 – Pictorial representation of the crystal structure of Ce-UiO-66-ADC. 
Cerium, oxygen and carbon atoms are printed respectively in yellow, red and black. 

The crystal structure of Ce-UiO-66-ADC is characterized by the presence of 
hexanuclear Ce clusters (that can be considered as SBU) connected 12-fold with the 
neighboring ones to form a tightly packed face-centered cubic structure. This makes 
the material perfectly isostructural with the one of the pristine UiO-6622,103 making 
this material an example of reticular chemistry, as described by Yaghi et al.19. Being 
acetylenedicarboxylates shorter than their terephthalate counterparts, the cell 
parameter is indeed smaller than UiO-66, nevertheless it has to be noticed that Ce-
based MOFs have cell parameters slightly larger than their Zr materials made with 
the same linker, as shown by Lammert et al.54,64. 
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3.4.2  Thermal activation 

The behavior of Ce-UiO-66-ADC upon thermal treatment was studied by the means 
of TGA (Figure 45) and VTXRD (Figure 46) techniques giving results shown below.
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Figure 45 – TGA data collected on Ce-UiO-66-ADC in dry air (solid curve) and 
nitrogen (dashed curve) atmospheres. 

The TGA curves show a very steep weight loss starting below 100°C in both 
atmospheres. They begin to diverge at about 200°C indicating that oxygen is playing 
a role in the weight loss of the materials and an oxidative process can be inferred 
from this data as the “classical” combustion of the organic moieties is expected to 
happen at higher temperatures (about 400°C). Considering the final mass of the 
sample after total combustion in air to be merely cerium dioxide one can use the 
formula unit of the crystal structure to calculate what would be the mass of sample 
that has to react to have this amount of oxide. This calculation is represented by the 
dashed horizontal grey lines in Figure 45. The residual 20% of the mass can be 
attributed to solvent (DMF or water) adsorbed within the pores of the material. 
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Figure 46 – VTXRD data collected on Ce-UiO-66-ADC in dynamic vacuum 
conditions. (λ = 1.5406 Å). Some relevant temperatures are highlighted for the sake 

of clearness. 

As it is evident from the VTXRD data Ce-UiO-66-ADC retains its crystal structure 
upon heating in dynamic vacuum only up to 90°C. Above this temperature the main 
PXRD reflexes positioned above 10° in 2θ are vanishing totally together with all other 
signals. An extremely broad signal around 28° can be assigned to the formation of 
extremely small CeO2 nanocrystals. 

Comparing TGA with VTXRD (even considering that TGA data was collected in 
nitrogen flow, while the diffraction was carried out in dynamic vacuum for technical 
limitations) it is evident that the solvent cannot be outgassed during a thermal 
treatment keeping the MOF crystalline, as the amorphization temperature is much 
lower than the onset temperature of the first weight loss of the TGA curve, assigned 
to the desorption of solvent from the pore system of the material. 
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3.4.3  Adsorption properties  

In order to highlight porosity and specific surface area of Ce-UiO-66-ADC, N2 
adsorption isotherms at -196°C were measured after thermal treatments in dynamic 
vacuum at increasing temperatures giving isotherms shown in Figure 47. 
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Figure 47 – -196°C N2 adsorption isotherms collected on Ce-UiO-66-ADC. 
Activation temperature is highlighted by the color of the curve: RT (orange), 60°C 
(red), 90°C (purple) and 120°C (violet). Desorption branches (superimposable to 

adsorption branches) are omitted for the sake of clarity. 

The activation temperatures for the thermal activation procedure were chosen looking 
at the results of the VTXRD experiment (Figure 46) in order to observe a correlation 
between uptake (and thus, porosity and surface area) with structural changes due to 
heating. All isotherms belong to the Type I classification according to IUPAC 
guidelines100 as typical of microporous materials and expected for a UiO-66 
isostructural material22. 
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The analysis of the N2 adsorption isotherms reported in Figure 47 with both Langmuir 
and BET models for the calculation of the specific surface area leads to values 
reported in Table 16 below. All activation procedures were 3 h long. 

Table 16 – Specific surface area values measured on Ce-UiO-66-ADC.  

Activation temperature Langmuir area (m2/g) BET area (m2/g) 
RT 425 5 316 3  

60°C 437 4  327 4  
90°C 371 6  273 2  

120°C 163 3  118 1  
 

Despite the small weight loss observed in TGA in this temperature range (RT-120°C) 
the material is showing a remarkable specific surface area (up to about 430 m2/g after 
activation at 60°C). Those values decrease at higher activation temperatures as 
suggested by VTXRD data which is pointing out a collapse of the crystal structure at 
temperatures above 90°C. 

It is relevant to notice that a geometrical calculation made with the Materials Studio 
code of the specific surface area, made from the crystal structure found by Rietveld 
refinement, indicates a value of about 1200 m2/g. The discrepancy between the 
simulated and the experimental values can be explained by the presence of adsorbed 
solvent (DMF or water) inside the pores of the material at those activation 
temperatures, as shown by TGA data (Figure 45). With those experimental result it 
is reasonable to consider that DMF cannot be desorbed by dynamic outgassing during 
heating because the material itself is collapsing before. Regular UiO-66, instead, 
being stable up to 500°C can be desolvated by this method without losing 
crystallinity22,103,154. 
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3.4.4  Vibrational spectroscopy 

Vibrational spectroscopies (FTIR and Raman) were employed to characterize Ce-
UiO-66-ADC in order to obtain information about the chemical nature of the 
material. Those spectroscopies were also used to follow in an ex-situ manner the 
thermal activation procedure made before the nitrogen adsorption isotherms and the 
VTXRD experiments. Results are shown below in Figure 48 and Figure 49, 
respectively. 
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Figure 48 – Transmission FTIR spectra collected on Ce-UiO-66-ADC as such 
(black), after an overnight outgassing (orange) and thermal activations in dynamic 

vacuum (3 h long) at 60°C (red) 90°C (purple) and 120°C (violet). 

The high-wavenumber region of the FTIR spectra is dominated by a very intense 
broad band in the 3400-2800 cm-1 range that can be assigned to OH groups of 
adsorbed solvent molecules (DMF and water, supposedly) interacting via H-bonds 
mutually within the pores of the MOF. This band is weakening but not vanishing after 
an overnight outgassing at room temperature (orange curve).  
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An assignment143 of some relevant vibrational bands of the spectra reported in Figure 
48 is the following: 

 3260 cm-1  ν(CH) of terminal alkyne 

 2935 cm-1   ν(CH)sym of aliphatic CH groups from DMF 

 2810 cm-1  ν(CH)asym of aliphatic CH groups from DMF 

 2107 cm-1  ν(C≡C) of asymmetrically substituted alkyne 

 1770 cm-1   ν(C=O) (shoulder) of carbonyl from DMF 

 1690-1280 cm-1  ν(COO-) symmetric and asymmetric stretching of 
carboxylates 

The region under 1000 cm-1, the fingerprint region, is full of bands due to both linker 
moieties and Ce-O vibrational modes For a complete assignation of the bands in this 
region a computational modelling is mandatory as successfully applied in similar 
cases83,103. 

The effect of thermal treatment at increasingly higher temperatures (up to 120°C, 
violet curve in Figure 48) is causing the progressive decrease of the intensity of the 
broad band centered at 3100 cm-1 as the solvent adsorbed in the pores is being 
outgassed. As demonstrated by VTXRD and N2 adsorption measurements at 
temperatures above 90°C the material collapses losing its crystallinity and porosity: 
this spectroscopic data demonstrate that it’s not possible to outgas totally the MOF 
from the adsorbed solvents without collapsing it. It is however interesting to notice 
that the collapse is not testified by the comparison of the vanishing of a vibrational 
band, testifying a substantial chemical similarity between the crystalline pristine 
product and the collapsed one after treatment at temperatures above 90°C. The faint 
shoulder observable at 3620 cm-1 can be tentatively assigned to the presence of 
dangling OH groups from the Ce6 clusters, as thoroughly known for UiO-66103 but 
still engaged in H-bond interaction with solvent molecules adsorbed in the pores. 

The color of the pellet during the thermal treatments changes from the pale yellow of 
the as-synthesized compound to a dark yellow at 90°C and a brown color at 120°C 
indicating the comparison of visible light absorbing species during the heat treatment. 

The bands at 3260 and 2107 cm-1 characteristic of terminal alkynes are extremely 
informative and unexpected, as the linker used is, in fact a symmetrical substituted 
alkyne and the stretching of the triple bond is not active in IR spectroscopy143. Their 
intensity, however, it is not changing during outgassing and thermal treatments. 
Being the stretching of symmetric triple bonds a vibrational mode active in Raman 
spectroscopy the study continued with the measurement of such a spectra. 
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Figure 49 – Raman spectra collected on Ce-UiO-66-ADC as-such (black) after an 
overnight outgassing (orange) and after thermal activations in dynamic vacuum (3 h 

long) at 60°C (red) and 90°C (purple). (λi = 785 nm). The 120°C curve is omitted 
for too high fluorescence. 

The same ex-situ experiment done by means of FTIR spectroscopy was replicated in 
the case of Raman technique (Figure 49). A general trend that can be correlated with 
increasingly high activation temperatures is the growing of the baseline due to 
concomitant fluorescence. The principal and most informative Raman bands were 
assigned143 as the following: 

 2234 cm-1  ν(C≡C) of symmetrically substituted alkynes 

 2107 cm-1  ν(C≡C) of asymmetrically substituted alkynes 

 1584 cm-1  ν(C=O) of carbonyl from DMF 

 1475-1350 cm-1  ν(COO-)sym of carboxylates 

The contemporary presence of symmetrically and unsymmetrically substituted 
alkynes can be inferred by the presence of both vibrational bands in the Raman 
spectra.  
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To undoubtedly assign those unexpected vibrational bands typical of triple bonds the 
vibrational spectra of Ce-UiO-66-ADC was compared with the spectra of 
acetylenedicarboxylate and propiolate anions, as in Figure 51, (the common name for 
the propynoate anion) in water solution as prepared from commercial starting 
materials. The standard solutions were prepared titrating with an excess of aqueous 
5M KOH solution a suitable amount of commercial acetylenedicarboxylic acid (the 
linker used in the MOF synthesis) and propiolic acid. 
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Figure 50 – Comparison of the Raman spectra of Ce-UiO-66-ADC (black) with basic 
water solutions of acetylenedicarboxylate (blue) and propiolate (green). (λi = 785 
nm). 

   

Figure 51 – Acetylenedicarboxylate (blue) and propiolate (green) anions. 
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3.4.5  Linker decarboxylation 

As prompted out by the unexpected and serendipitous presence of vibrational bands 
typical of terminal alkynes they must be synthesized during the synthesis of the MOF, 
which is done solvothermally in water/DMF mixture at 100°C. No any relevant 
impurity of propiolic acid in the commercial acetylenedicarboxylic acid is 
highlighted by Raman spectroscopy. As previously reported by Tranchemontagne et 
al.155 H2ADC is thermally sensitive and it decomposes during synthesis if this is done 
at a sufficiently high temperature.  

Li et al. reported in 2002156 a detailed study about the kinetics of the decarboxylation 
reaction of acetylenedicarboxylic acid in water medium in function of the 
temperature (Figure 52). 

 

Figure 52 – Water-mediated decarboxylation reaction of H2ADC (a) and HADC- (b). 

What emerges from the paper is that the speed of this reaction is strongly dependent 
from the starting species i.e. the mono and the double deprotonated HADC- and 
ADC2- as reported below in Figure 53. 

 

Figure 53 – Order of the decarboxylation speed for acetylenedicarboxylate related 
conjugated acids and bases. 

This is also reasoning the finding for which the yield of the synthesis reaction for Ce-
UiO-66-ADC is greatly improved if triethylamine is added to the synthesis mixture, 
as noticed during the optimization of the synthesis procedure of this compound132. 
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The addition of a base pushes the equilibrium towards the double deprotonated 
species, which is more resistant to decarboxylation. 

3.4.6  Defectivity hypothesis 

The presence of defects in the crystal structure of UiO-66 is well-known in 
literature157–159. They can be related to both inorganic and organic components and, 
in the case of UiO-66, two main point defects types were characterized: missing 
cluster and missing linker defects. The first one corresponding to the absence of a 
hexanuclear metal cluster and the latter related to the lack of a linker molecule 
bridging two different SBUs. Both defects require some compensing anions in order 
to achieve the electrical neutrality: frequently they have been identified as 
monocarboxylate moieties (e.g. formate, acetate). The deliberate addition of 
monocarboxylic acids in the synthesis mixture of UiO-66 permitted to modulate the 
presence and concentration of defects in such material doing an effective “defect-
engineering”81,83,94,160. Defectivity in UiO-66 is testified by the following 
experimental evidences, as reported by Shearer et al.157: reduced thermal stability, the 
occurrence of forbidden PXRD reflections, stoichiometric incongruencies from TGA 
data and deviations from the theoretical surface area. As reported in the paper83 
reported in Appendix II if the monocarboxylic moieties have a definite vibrational 
fingerprint, i.e. benzoate anions, the presence of defects can be correlated also with 
the appearance of unexpected vibrational bands. 

In the case of Ce-UiO-66-ADC the in-situ production of the monocarboxylic 
derivative of the linker propiolic acid through a decarboxylation reaction was 
demonstrated by vibrational spectroscopy. For this reason the presence of defects 
decorated by propiolate moieties can be hypothesized looking at the current multi-
technique dataset. Such proposed defective structure is visualized in Figure 54. 
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Figure 54 – Hypothesized missing-cluster defect decorated by propiolates for Ce-
UiO-66-ADC. 

As the current dataset does not permit to recognize unambiguously the presence of 
this defect into Ce-UiO-66-ADC such sentence is not anything more than a 
hypothesis. New experimental data as dissolution 1H and 13C NMR quantitative 
spectroscopy is needed in order to strengthen this hypothesis. 
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4.Conclusions 
This thesis presented the successful synthesis of four novel Ce-based MOFs and their 
characterization with a selection of techniques specifically selected to disclose the 
properties of each material. The following paragraphs will concern singular 
conclusions that can be drawn from each material. 

Ce2(NDC)3(DMF)2 

A novel MOF based on Ce3+ cations and a simple ditopic linker (2,6-
naphthalenedicarboxylic acid) was synthesized with a solvothermal method. Its 
crystal structure solved by the means of a SCXRD technique, revealed its simple and 
rather unique structure formed by infinite Ce chains forming diamond-shaped 
channels. This material upon thermal treatment loses its crystallization DMF 
molecules and transforms into a different phase characterized by a high amount of 
crystalline disorder, as demonstrated by TGA and VTXRD data. The crystal structure 
of the desolvated MOF was solved from a synergic use of both SCXRD and EXAFS 
techniques that revealed a disordered structure with triangular channels. Despite the 
absence of a surface area by the means of N2 volumetry at -196°C the material showed 
a decent porosity by CO2 at -78°C evidencing a kind of porosity traditionally 
overlooked by classical characterization methods. 

As this material is selectively adsorbing CO2 over N2, applications in separation of 
CO2/N2 mixtures can be proposed exploiting this characteristic of Ce2(NDC)3. 

Ce2(ADB)3(DMA)3.4 

In a tight comparison with the above mentioned material, another novel Ce3+-based 
material has been synthesized with solvothermal methods. The optimization of the 
synthesis procedure, with the help of the so-called High-Throughput methods, 
permitted to find the optimal conditions: the usage of DMA instead of DMF revealed 
to be necessary for the success of the synthesis. The material revealed a series of 
phase transitions upon heating accompanied by the loss of the crystallization solvent. 
These crystalline phases are characterized by a high degree of inherent disorder that 
prevented their solution by single-crystal x-ray diffraction. The study of the porosity 
of these compounds and their crystal structures may be completed by exploiting the 
same techniques that revealed to be useful in the study of Ce2(NDC)3(DMF)2: 
synchrotron-based techniques (i.e. EXAFS spectroscopy) and CO2 volumetry at -
78°C.  
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Being the linker used in the building of the Ce2(ADB)3(DMA)3.4 able to absorb visible 
light (i.e. colored) a possible application for this material may be inside optical 
devices as a light harvester. 

Ce/Zr-UiO-66 

Mixed metal Ce/Zr-UiO-66 was recently introduced in the literature as a way to 
improve the reactivity of UiO-66 using a redox-active metal like cerium. The 
resulting material revealed a diminished thermal stability than its pure Zr counterpart 
even at low Ce contents. In order to highlight the composition of the metal clusters, 
synchrotron high-resolution powder diffraction and the in-situ dosage of CD3CN as 
a probe molecule in FTIR spectroscopy experiments were employed: the results 
highlighted the presence of Ce cations inside the material but without a specific 
information about the composition of the clusters. Thanks to a multi-wavelength 
EXAFS analysis on both Zr and Ce K-edges, the composition of the metallic 
cornerstones was finally identified to be truly bimetallic. The same technique 
highlighted also the preferential formation of CeZr5 hexanuclear clusters instead of 
any other type of stoichiometry. By a result of this, a Ce/Zr-UiO-66 material would 
have a mixture of Zr6 and CeZr5 clusters at Ce loadings lower than 17% (1/6 of the 
total atomic metallic content) and a mixture of CeZr5 and Ce6 clusters at higher 
concentrations. This result explains also the relationship between the Ce content and 
the thermal stability already observed by Lammert et al.64  

In respect to their Zr counterparts Ce-based UiO-type materials are suffering a 
general decreasing of the thermal and chemical stability. As Ce is known to be a 
redox-active metal (its oxide, CeO2, is widely exploited as redox catalyst) Ce/Zr 
mixed UiO-66 MOFs may bridge the gap between the thermally delicate Ce-UiO-66 
and the redox-inactive Zr-UiO-66 and they can be exploited as redox catalysts. 

Ce-UiO-66-ADC 

Since the discovery of UiO-66 a number of works by the scientific community was 
devoted to this material: iso-reticular material with ditopic linkers, defect 
engineering, post-synthetic modifications, just to cite few of these. None of these 
papers is devoted to the insertion of acetylenedicarboxylate as linker in UiO-66, 
probably because of its extreme thermoliability, thus its non-decomposition being 
difficult during the synthetic conditions of UiO-66. This thesis presented the first 
successful synthesis of an acetylenedicarboxylate-containing UiO-66 derivative with 
Ce4+ cations. The crystalline structure of this compound was determined via a 
Rietveld refinement which resulted in an isostructurality with UiO-66. This MOF 
revealed a poor thermal stability collapsing totally already at 90°C but even at after a 
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thermal activation at lower temperature it showed a decent porosity by the means of 
N2 adsorption measurement at -196°C in the order of 400 m2/g. Vibrational 
spectroscopies, IR and Raman, showed serendipitously the presence of a band 
assignable to the presence of propiolates, coming from the decarboxylation of the 
linker during the synthesis. As UiO-66 is known to incorporate monodentate moieties 
in the form of defects this allowed us to hypothesize the presence of such defective 
structures decorated by propiolate moieties inside the MOF. 

Ce-UiO-66-ADC is one of the very few MOFs (looking at the literature) containing 
the carbon triple bond. In this respect, the specific reactivity of this moiety may be 
exploited in various applications: for example the addition of a gaseous species (e.g. 
HCl) to the triple bond can be used to build an adsorber for this gas. 

In conclusion, the present work demonstrates how it is possible to design and 
synthesize novel Ce-based MOFs. Till now, cerium was not commonly adopted in 
MOF synthesis, but, being, among rare earth metals, one of the most abundant, I 
thought its adoption would have been interesting. Finally, the explored field revealed 
to be very rich and malleable, also considering the possible imaginable applications. 
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ASAP  Accelerated Surface Area and Porosimetry system 

CAN  Cerium Ammonium Nitrate 

CCD  Charge Coupled Device 

CCDC  Cambridge Crystallographic Data Centre 

CCUS  Carbon Capture, Utilization and Storage 

CMOS  Complementary Metal-Oxide Semiconductor 

CSD  Cambridge Structural Database 

DABCO 1,4-diazabicyclo[2.2.2]octane 

DMA  N,N-dimethylacetamide 

DMF  N,N-dimethylformamide 

DMSO  Dimethyl sulfoxide 

EXAFS  Extended X-ray Absorption Fine Structure 

FTIR  Fourier Transform Infrared Spectroscopy 

H2ADB  4,4’-azodibenzoic acid or 4,4'-(E)-diazene-1,2-diyldibenzoic acid 

H2ADC  Acetylenedicarboxylic acid or Butynedioic acid 

H2BDC  Terephthalic acid or Benzene-1,4-dicarboxylic acid 

H2NDC  2,6-Naphthalenedicarboxylic acid  

H4DSNDC 4,8-Disulfonyl-2,6-Naphthalenedicarboxylic acid 

HKUST Hong Kong University of Science and Technology 

HT  High Throughput 

ICP-MS Inductively Coupled Plasma – Mass Spectrometry 

IUPAC  International Union of Pure and Applied Chemistry 
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MCM  Mobil Composition of Matter 

MIL  Matériaux de l′Institut Lavoisier 

MOF  Metal-Organic Framework 

PXRD  Powder X-Ray Diffraction 

RCSR  Reticular Chemistry Structure Resource  

SBA  Santa Barbara Amorphous 

SBU  Structure Building Unit 

SCXRD Single-Crystal X-Ray Diffraction 

SDA  Structure Directing Agent 

SEM  Scanning Electron Microscopy 

TCI  Tokyo Chemical Industry 

TGA  Thermogravimetry Analysis 

UiO  Universitetet i Oslo (University of Oslo) 

UTSA  University of Texas at San Antonio 

UV-Vis  Ultraviolet-Visible 

VTXRD Variable-Temperature X-Ray Diffraction 

XAFS  X-Ray Absorption Fine Structure 

XANES X-Ray Absorption Near Edge Structure 

XAS  X-Ray Absorption Spectroscopy 

XPS  X-Ray Photoelectron Spectroscopy 
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