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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. 

  



 

23 
 

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. 

  



 

29 
 

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 ଼ܥସܪସ݁ܥସ ସܱܰଶ଼ ܥଷܪଵ଼݁ܥଶ ଵܱଶ 

Formula weight (g·mol-1) 2137.88 922.76 
Crystal system ܱ݈ܽ݊݃݅ݎܶ ܾܿ݅݉ݎ݄ݐݎ 
Space group ܲܿܽ2ଵ ܲ3തܿ1 
a (Å) 19.836ሺ4ሻ 11.845ሺ5ሻ 
b (Å) 8.7339ሺ17ሻ 11.845ሺ5ሻ 
c (Å) 45.451ሺ9ሻ 7.698ሺ3ሻ 
α = β (°) 90 90 
γ (°) 90 120 
Cell volume (Å3) 7874ሺ3ሻ 935.3ሺ8ሻ 
Temperature (K) 153ሺ2ሻ 100ሺ2ሻ 
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) 19.791ሺ3ሻ 19.836ሺ4ሻ 

b (Å) 8.865ሺ11ሻ 8.7339ሺ17ሻ 

c (Å) 45.392ሺ6ሻ 45.451ሺ9ሻ 

Volume (Å
3
) 7964ሺ2ሻ 7874ሺ3ሻ 

Ce2(NDC)3 Pawley SC-XRD 

a (Å) 11.823ሺ2ሻ 11.845ሺ5ሻ 

b (Å) 11.823ሺ2ሻ 11.845ሺ5ሻ 

c (Å) 7.675ሺ4ሻ 7.698ሺ3ሻ 

Volume (Å
3
) 929.1ሺ5ሻ 935.3ሺ8ሻ 

 

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 ‐0.3ሺ1.7ሻ 2.3ሺ2.8ሻ	
NO1 2.33 3

RO1, Å 2.40ሺ1ሻ 2.44ሺ1ሻ	
σ2

O1, Å2 0.006ሺ1ሻ 0.009ሺ1ሻ	
NO2 2.33 3

RO2, Å 2.43ሺ1ሻ 2.49ሺ1ሻ	
σ2

O2, Å2
 0.006ሺ1ሻ 0.010ሺ1ሻ	

NO3 2.33 3
RO3, Å 2.46ሺ1ሻ 2.53ሺ1ሻ	
σ2

O3, Å2 0.006ሺ1ሻ 0.010ሺ1ሻ	
NC1 2.33 3

RC1, Å 3.28ሺ2ሻ 2.98ሺ2ሻ	
σ2

C1, Å2 0.004ሺ2ሻ 0.005ሺ1ሻ	
NC2 2.33 3

RC2, Å 3.36ሺ2ሻ 3.46ሺ3ሻ	
σ2

c2, Å2 0.004ሺ2ሻ 0.006ሺ1ሻ	
NC3 2.33 3

RC3, Å 3.43ሺ2ሻ 4.15ሺ9ሻ	
σ2

C3, Å2 0.004ሺ2ሻ 0.006ሺ1ሻ	
NCe ‐ 2

RCe, Å2 ‐ 3.87ሺ2ሻ	
σ2

Ce, Å2
 ‐ 0.009ሺ1ሻ	

 

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 170ሺ3ሻ 222ሺ1ሻ 

 

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. 

  



 

47 
 

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. 

  



 

49 
 

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 ܥଶଵܪଵଶ݁ܥ ଷܱܰ 

Formula weight (g·mol-1) 542.46 
Crystal system ݈ܿ݅݊݅ܿ݊ܯ 
Space group ܲ2ଵ/݊ 
a (Å) 16.238ሺ3ሻ 
b (Å) 8.858ሺ3ሻ 
c (Å) 21.124ሺ5ሻ 
α = γ (°) 90 
β (°) 96.47ሺ2ሻ 
Cell volume (Å3) 3019.0ሺ13ሻ 
Temperature (K) 293ሺ2ሻ 
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) 16.371ሺ2ሻ 16.238ሺ3ሻ 

b (Å) 8.875ሺ2ሻ 8.858ሺ3ሻ 

c (Å) 21.142ሺ3ሻ 21.124ሺ5ሻ 

β (°) 96.911(2) 96.47(2) 

Volume (Å
3
) 3049.51ሺ8ሻ 3019.0ሺ13ሻ 

 

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: 

CeଶሺADBሻଷሺDMAሻଷ.ସ 	
∆ାమ
ሱۛ ሮۛ 	42	COଶ ↑ 12	HଶO ↑ 3	Nଶ ↑ 2	CeOଶ				 

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: 

CeଶሺADBሻଷሺDMAሻଷ.ସ 	
∆
→	CeଶሺADBሻଷሺDMAሻଵ.ସ  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: 

CeଶሺADBሻଷሺDMAሻଵ.ସ 	
∆
→	CeଶሺADBሻଷ  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. 
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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
∙ ሾܼݎܱܥܦܤሿ 

12
∙ ሾܼݎଷ.ହସ݁ܥଶ.ସܱܥܦܤሿ

12
∙ ሾ݁ܥܱܥܦܤሿ 

Crystal system ܾܿ݅ݑܥ ܾܿ݅ݑܥ  ܾܿ݅ݑܥ
Space group 3݉݉ܨ 3݉݉ܨ  3݉݉ܨ
a (Å) 20.7535ሺ2ሻ 21.0652ሺ1ሻ 21.48825ሺ2ሻ 
b (Å) 20.7535ሺ2ሻ 21.0652ሺ1ሻ 21.48825ሺ2ሻ 
c (Å) 20.7535ሺ2ሻ 21.0652ሺ1ሻ 21.48825ሺ2ሻ 
α = β = γ (°) 90 90 90 
Cell volume (Å3) 8938.75ሺ26ሻ 9347.52ሺ14ሻ 9922.09ሺ2ሻ 
Temperature (K) 293ሺ2ሻ 293ሺ2ሻ 293ሺ2ሻ 
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.



 

66 
 

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 ∙ ሾ݁ܥܱܥܦܣሿ 

Formula weight (g·mol-1) 6563.73 
Crystal system ܾܿ݅ݑܥ 
Space group 3݉݉ܨ 
a (Å) 19.1101ሺ2ሻ 
b (Å) 19.1101ሺ2ሻ 
c (Å) 19.1101ሺ2ሻ 
α = β = γ (°) 90 
Cell volume (Å3) 6979.9ሺ2ሻ 
Temperature (K) 293ሺ2ሻ 
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 425ሺ5ሻ 316ሺ3ሻ 

60°C 437ሺ4ሻ 327ሺ4ሻ 
90°C 371ሺ6ሻ 273ሺ2ሻ 

120°C 163ሺ3ሻ 118ሺ1ሻ 
 

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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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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This appendix containg two papers: 

Atzori C., Lomachenko K.A., Øien-Ødegaard S., Stock N., Lamberti C., Barolo C., 
Bonino F. “Disclosing the properties of a new Ce(III)-based MOF: 
Ce2(NDC)3(DMF)2”, Submitted to Crystal Growth & Design in September 2018. 

Lomachenko K.A., Jacobsen J., Bugaev A.L., Atzori C., Bonino F., Bordiga S., 
Stock N., Lamberti C. “Exact stoichiometry of CexZr6-x cornerstones in mixed-metal 
UiO-66 MOFs revealed by EXAFS spectroscopy”, Accepted for publishing in JACS 
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These papers concern activities discussed in the present thesis. 
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Abstract 

The new Ce(III) based metal-organic framework Ce2(NDC)3)(DMF)2, containing the simple ditopic linker 

napthalenedicarboxylate (NDC2-), has been synthesized under solvothermal reaction conditions with high purity 

and yield. Its crystal structure was determined with SC-XRD techniques and further confirmed by Ce K-edge 

XAS. Upon thermal activation the compound revealed a phase transformation at about 300°C involving the 

removal of the solvent molecules which has been investigated in detail by TGA, VT-PXRD and FTIR spectroscopy 

techniques. The crystal structure of the compound after desolvation (Ce2(NDC)3) becomes severely disordered, 

but a synergic use of both SC-XRD and Ce K-edge EXAFS allowed us to reveal its crystal structure. Porosity and 

adsorption properties were studied by the means of volumetric adsorption measurements. Ce2(NDC)3 is non-porous 

towards nitrogen at 77K but exhibits an uptake of CO2 at 1 bar and 25°C of about 4% by weight.  

Keywords 

Metal-organic frameworks, cerium, lanthanides, XAS, XRD, FTIR  
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1. Introduction 

Among porous materials, metal-organic frameworks (MOFs) have been extensively studied during the last two 

decades by a constantly increasing number of scientists.1–4 These modular materials are built from organic linkers 

and inorganic metal-containing units whose careful choice allows to tune their chemical and physical properties. 

Nowadays, their use in applications like capture, storage, separation and conversion of gases,1 (photo-) catalysis,5 

drug delivery,6 optoelectronic (e.g. low-k dielectric materials),7 sensors,8 magnetism and ferroelectricity9 and light 

harvesting and energy transfer10 are actively researched. 

Cerium is the most abundant in the earth crust among rare-earth metals and inherently cheap for this reason.11 

CeO2 is known for its redox chemistry involving cycling between Ce(III) and Ce(IV) oxidation states which is 

exploited in a wide range of catalytic applications.12–14 Ce based MOFs have been more recently studied by the 

MOF community and a list of reported cerium carboxylate MOFs is given in the SI in Table S1. Thus, Lammert 

et al.15 published in 2015 the successful synthesis of four Ce(IV) based UiO-66 type materials, having formula 

[Ce6O4(OH)4(L)6], using the four ditopic linkers “L”: fumaric acid (H2Fum), 1,4-benzenedicarboxylic acid 

(H2BDC), 2,6-naphthalenedicarboxylic acid (H2NDC) and 4,4’-diphenyldicarboxylic acid (H2BPDC). The same 

group synthesized also other Ce based MOFs with various multi-topic linkers and topologies, all based on Ce(IV) 

cations.16–22 All these Ce(IV)-based materials are characterized by the same reticular chemistry and a general lower 

thermal and chemical stability in respect to their Zr(IV) counterparts. Using X-ray absorption spectroscopy, 

Smolders et al.23 recently demonstrated the use of a MOF as a redox catalyst using Ce(IV) analogues of UiO-66 

and UiO-67 to catalyze the aerobic oxidation of benzylic alcohol to benzaldehyde using these materials and 

TEMPO (2,2,6,6-tetramethyl-1-piperidinyloxy) as redox shuttle confirming the switch between Ce(III) and Ce(IV) 

during the catalytic cycle. 

MOFs containing Ce(III) have been also reported.24–27 Thus a synthesis giving a Ce(III) MOF with the linker 4-

tetracarboxyphenylporphyrin (H6TCPP) was reported, although a Ce(IV) precursor was used during the 

synthesis.24 Some of us also explored the possibility to adopt trimesic acid (1,3,5-benzenetricarboxylic acid) as a 

linker and a compound isoreticular to MOF-76 was obtained, which showed high performances in the capture of 

carbon dioxide.25 Other authors obtained a material of composition Ce5(BDC)7.5(DMF)4 characterized by a 
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complex triclinic crystal structure and Ce-O chains using the ditopic linker H2BDC.26 The linker 1,4-H2NDC has 

been more recently used to synthesize the new Ce(III) MOF Ce2(1,4-NDC)3(DMF)4∙xH2O whose synthesis was 

carried out in the presence of azoles acting as modulators.27  

In the present work, with the aim to study Ce(III) and ditopic carboxylic linkers, a new MOF, made from 

Ce(NO3)3ꞏ6H2O and 2,6-naphtalenedicarboxylic acid (H2NDC), was synthesized using DMF as the solvent. The 

synthesis was optimized by means of high-throughput methods and it resulted in a material with the composition 

Ce2(NDC)3(DMF)2 whose crystal structure was determined from single-crystal X-ray diffraction (SC-XRD) data. 

The crystal structure of the activated MOF, with Ce2(NDC)3 composition, was determined by a synergic approach 

based on SC-XRD and synchrotron X-ray absorption spectroscopy (XAS), where the output structure of the XRD 

refinement was used as input for the EXAFS fit in order to validate or to discard the model; in the latter case a 

new XRD refinement was performed taking into consideration the first shell metal distances obtained from 

EXAFS. Such a synergic approach was already shown its potentialities in disclosing the structures of solvated and 

desolvated UiO-66,28,29 UiO-67,30 Hf-UiO-66,31 desolvated HKUST-1,32 MOF-76-Ce,25 and Ni-cubane MOFs.33 

The behavior of this material upon thermal activation was studied by means of VT-PXRD, TGA, in-situ FTIR and 

CO2/N2 adsorption measurements. 
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2. Experimental Section 

2.1 Synthesis  

Chemicals were obtained from Alfa Aesar (Ce(NO3)3ꞏ6H2O, 99,5% purity), TCI (H2NDC, 98 % purity) and 

Grüssing (DMF, 99 % purity) and were used without further purification. Synthesis conditions were optimized by 

means of high-throughput methods34 where a large number of different syntheses are carried out at small scale 

varying systematically reaction conditions like reaction temperature, reaction time, solvents and linker to metal 

ratio. To this end 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 allowed us to identify the conditions where yield and crystallinity of 

the product were optimal. 

Once these optimal conditions were established for the scaled-up synthesis 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)3ꞏ6H2O 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). 
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Figure 1 – Optical micrograph of Ce2(NDC)3(DMF)2 crystals. 

 

2.2 Experimental methods 

Single-crystal XRD 

Single-crystal X-ray diffraction (SC-XRD) data for the solvated MOF were measured 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-2013.35 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.36 Structural 

illustrations have been drawn with CCDC Mercury, which was also used to calculate the powder diffractogram 

from single-crystal structural data (CCDC repository number 1847910). 

Diffraction data of the activated MOF 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 
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frames show very broad reflections and diffuse scattering (see figures S1 to S4). Still, satisfactory figures of merit 

were obtained in the structure refinement of the presented structure (CCDC repository number 1847909).  

 

Powder XRD 

Powder X-ray diffraction (PXRD) patterns were taken with a Panalytical X’Pert PRO MPD diffractometer 

equipped with a CuKα source operating in Debye-Scherrer geometry, scattered photons were collected by a 

X’Celerator detector equipped with a Ni filter in order to attenuate Kβ radiation. Pawley fits were carried out using 

TOPAS-Academic V5.37 

 

Variable temperature powder diffraction 

Variable temperature PXRD (VT-PXRD) measurements were collected on a STOE Stadi P combi with CuKα 

radiation in transmission geometry and equipped with a furnace; open quartz capillaries 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. 

 

XAS spectroscopy 

Ce K-edge XAS measurements were performed at BM31 beamline38 of the European Synchrotron Radiation 

Facility (ESRF, Grenoble, France). The storage ring was operating in the multibunch regime, the electron current 

being between 160 and 200 mA. The measurements were conducted in transmission mode using a Si (111) double-

crystal monochromator. Three ionization chambers (30 cm, 1 kV, 1 bar) were employed for photon detection, the 

third one being used for energy calibration with CeO2 reference. The I0 chamber was filled with a 15% Kr/Ar 

mixture, while pure Kr was used for I1 and I2, yielding the absorption of 15% and 57% at 41 keV for I0 and I1, I2 

respectively, this set-up allows a direct angle/energy calibration for each spectrum.39,40 Samples were measured at 

room temperature in the form of pellets. The mass of the pellets was calculated by XAFSmass code41 aiming to 

optimize the signal-to-noise ratio. EXAFS data analysis was carried out using the Demeter package,42 Athena for 
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normalization and averaging of the raw data and Artemis for fitting of the EXAFS spectra. Scattering amplitudes 

and phase shifts were calculated by FEFF6 code43 bundled with Artemis. 

 

Thermogravimetric measurements 

Thermogravimetric analysis (TGA) data were recorded with a TA instruments Q600 thermobalance in dry 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 alumina 

crucible. 

 

FTIR spectroscopy 

Vibrational IR spectra 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. The MOF sample was activated in 

dynamic high vacuum (5∙10-4 mbar) at 300°C for 2 h in a homemade jacketed quartz cell that allows also controlled 

dosages of gaseous probes (i.e. CO) and cooling of the pellet to about 100K using liquid nitrogen. 

 

CO2 and N2 adsorption volumetry 

A Micromeritics ASAP 2020 apparatus was used to measure both N2 and CO2 adsorption isotherms. For the CO2 

measurement 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 (ramping at 

5°C/min to 300°C 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 Crystal structures  

The crystal structures of the as-synthesized and the fully desolvated compounds Ce2(NDC)3(DMF)2 and 

Ce2(NDC)3 were determined from SC-XRD data, taking into account the local structural motives suggested by 

EXAFS. Table 1 reports the main crystallographic data. 

Table 1 – Crystal data for Ce2(NDC)3(DMF)2 and Ce2(NDC)3. 

 Ce2(NDC)3(DMF)2 Ce2(NDC)3 
Formula 𝐶଼ସ𝐻ସ𝐶𝑒ସ𝑁ସ𝑂ଶ଼ 𝐶ଷ𝐻ଵ଼𝐶𝑒ଶ𝑂ଵଶ 
Formula weight (g∙mol-1) 2137.88 922.76 
Crystal system 𝑂𝑟𝑡ℎ𝑜𝑟𝑜𝑚𝑏𝑖𝑐 𝑇𝑟𝑖𝑔𝑜𝑛𝑎𝑙 
Space group 𝑃𝑐𝑎2ଵ 𝑃3ത𝑐1 
a (Å) 19.836ሺ4ሻ 11.845ሺ5ሻ 
b (Å) 8.7339ሺ17ሻ 11.845ሺ5ሻ 
c (Å) 45.451ሺ9ሻ 7.698ሺ3ሻ 
α = β (°) 90 90 
γ (°) 90 120 
Cell volume (Å3) 7874ሺ3ሻ 935.3ሺ8ሻ 
Temperature (K) 153ሺ2ሻ 100ሺ2ሻ 
Abs. coefficient (mm-1) 2.357 2.460 
Calc. density (g∙cm-1) 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 as synthesized Ce2(NDC)3(DMF)2 crystallizes in an orthorhombic space group, and the structure consists of 

slightly distorted pentagonal bipyramidal Ce(III) species coordinated by six carboxylate groups of different linkers 

and one DMF oxygen (Figure 2). Each Ce(III) shares three carboxylate ligands with each of its two neighboring 

Ce(III) species to form extended chains parallel to the a axis (Figure 2). The NDC2- linker molecules form inter-

chain bridges to give a network structure with diamond-shaped channels parallel to the Ce(III) chains (Figure 2a 

and 2b). The structural DMF molecules are aligned with neighboring naphthyl linkers with distances in the range 

of 3.7 – 4.0 Å, indicating π-stacking. 
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Upon desolvation at 300°C for 2 h in dynamic vacuum (see TGA data reported below), the crystal structure of 

Ce2(NDC)3(DMF)2 undergoes a phase transition. The diffraction data from this activated sample consist of very 

diffuse diffraction peaks, and an apparent primitive hexagonal lattice was found when indexing. The reflections 

broaden as the scattering angle increases, giving readable diffraction only to 1.3 Å (see the SI, Section 2). 

Data reduction using the hexagonal space group P-3c1 proceeded without issues. Structure solution with SHELXT 

and subsequent refinement with SHELXL produced a hexagonal crystal structure consisting of linear chains of Ce 

atoms along the c-axis at the cell vertices, and NDC2- ligands form inter-chain bridges, where the O atoms of the 

carboxylate groups coordinate to Ce. The resulting pore structure is thus triangular channels running parallel to 

the c-axis. There is significant disorder in the ligand structure that could not be resolved. The occupancies of the 

light atoms have been determined by an iterative approach, and are in good agreement with the formula of the as-

synthesized MOF and mass ratios obtained by TGA.  

Concerning the local symmetry of the structure, the presence of triangular channels substantially shows structural 

changes from the diamond-shaped channels found in the as-synthesized structure. Other MOFs that exhibit a 

flexible structure, such as MIL-53, do not show such rearrangement of its constituents. Due to the partial 

occupancy of the light linker atoms, it is possible that the crystal after activation still contains diamond-shaped 

channels, but in high disorder (a detailed figure about these channels is reported in Figure S5). 

An apparently primitive hexagonal lattice may in this case be a triply twinned C-centered orthorhombic lattice 

where the lattice parameters of the orthorhombic cell has the special relationship 𝑎 ൌ  √3 ∗ 𝑏.44 Using this unit 

cell, and three-fold twinning about the c-axis, where the domains are related by a 60 and 120 degree rotation, the 

structure can also be solved in several orthorhombic space groups (one of these possible solutions is supplied as 

supporting material). The structure is close to identical to the hexagonal structure, albeit with diamond-shaped 

channels instead of triangular. However, due to the poor data to parameter ratio of this structure, the hexagonal 

structure is used herein. Figure S6 illustrates how two of the twin domains are related to each other.  

This type of twinning could also account for the surprisingly low N2 adsorption. The stacking of twin domains 

could block the entrance to the diamond-shaped channels in the interior of the crystal. Similar blocking has been 

observed in the OFF-ERI zeolite which contains one-dimensional channels.45 
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Figure 2 – Structural drawings of Ce2(NDC)3(DMF)2 (a,b) and Ce2(NDC)3 (c,d). Color code: Ce (dark yellow), 

O (red), C (gray), N (blue), H (omitted). 

Pawley refinement of the PXRD patterns using the unit cells reported in Table 1 obtained from SC-XRD shows a 

good agreement, demonstrating that the structures found by SC-XRD are the only crystalline phases present in 

the bulk samples (see Figure 3 and Table 2). 
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Figure 3 – Pawley fits on powder X-ray diffraction 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 2 – Comparison between cell parameters obtained by SC-XRD and Pawley refinements on 

Ce2(NDC)3(DMF)2 and Ce2(NDC)3 PXRD patterns. 

 

The oxidation state of the Ce ions in Ce2(NDC)3(DMF)2 was determined by Ce K- and Ce L3-edge XANES 

spectroscopy in order to confirm the SC-XRD results. Energies of both absorption edges of the solvated material 

correspond to those of Ce(III) reference compound (Ce(NO3)3ꞏ6H2O) and are significantly different from those 

typical for Ce(IV) (Figure 4).15,20,23,24 Ce K-edge energy does not change upon activation of the material (Figure 

4a), indicating the conservation of the 3+ oxidation state of Ce centers despite the concomitant structural 

rearrangements. These cations show also some accessibility to CO probe molecule (see FTIR spectra reported in 

Section 4 of SI). 

  

Solvated Pawley SC-XRD  Desolvated Pawley SC-XRD 

a (Å) 19.791ሺ3ሻ 19.836ሺ4ሻ  a (Å) 11.823ሺ2ሻ 11.845ሺ5ሻ 

b (Å) 8.865ሺ11ሻ 8.7339ሺ17ሻ  b (Å) 11.823ሺ2ሻ 11.845ሺ5ሻ 

c (Å) 45.392ሺ6ሻ 45.451ሺ9ሻ  c (Å) 7.675ሺ4ሻ 7.698ሺ3ሻ 

Volume (Å
3
) 7964ሺ2ሻ 7874ሺ3ሻ  Volume (Å

3
) 929.1ሺ5ሻ 935.3ሺ8ሻ 
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Figure 4. Ce K-edge (a) and Ce L3-edge XANES spectra of Ce-MOFs compared to those of Ce(IV) oxide and 

Ce(III) nitrate hexahydrate. 

To complement the long-range structural analysis carried out by XRD, Ce K-edge EXAFS spectra were collected 

for the solvated and the activated MOF, which allowed to probe the local environment of Ce centers. As already 

done to successfully optimize the metal K-edges of EXAFS signal for several MOFs,28,29,32,33,46 crystal structures 

obtained by the initial XRD refinements were used to develop the starting models for the EXAFS analysis. Then, 

several iterations of the EXAFS fitting were done, after each of which the XRD refinement was repeated 

implementing the structural modifications suggested by EXAFS. The resulting crystal structure was employed for 

the next run of EXAFS fitting and so on, until the qualitative convergence of the model. To increase the reliability 

of the fit, Ce–L scattering paths (L being a light neighbor, i.e. oxygen or carbon) were grouped in a way that three 

O and three C shells with different Ce–L distances were used to represent the nearest O- and C-coordination of Ce 

atoms. For the activated material the Ce–Ce scattering path was also included in the model. Further details of the 

EXAFS fitting procedure are provided in the Section 5 of the SI. 

Overall, the EXAFS fitting confirmed the structural motives observed by XRD, resulting in low R-factors and 

reasonable parameter values for the solvated and activated MOF (Figure 5 and Table 3). While the Ce-Ce signal 

is absent in the EXAFS spectrum of solvated MOF due to too long Ce-Ce distance (around 4.9 Å according to the 
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XRD refinement), it is clearly observed in the spectrum of the activated material, contributing to EXAFS FT at 

3.6 Å (phase-uncorrected), as shown in the Figure 5b. The Ce-Ce distance of 3.87(2) Å obtained as a result of the 

EXAFS fitting is in a close agreement to the 3.849(2) Å value from XRD. Concerning the nearest Ce coordination, 

EXAFS analysis indicates a general increase of Ce-O distances upon activation, coupled with a significant 

rearrangement of Ce-C ones. The latter is mostly expressed by broadening of the range of the Ce-C distances, from 

3.28-3.43 Å in the solvated MOF to 2.98-4.15 Å in the activated material.  
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Figure 5. Experimental Ce K-edge EXAFS spectra of Ce2(NDC)3(DMF)2 and Ce2(NDC)3, and the corresponding 
fits: k3χ(k) spectra (a), the magnitude (b) and imaginary part of its phase-uncorrected Fourier transform. 

Experimental data are shown by open circles, fitted ones by the full lines. 
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Table 3. Fitting results for the Ce K-edge EXAFS spectra of the solvated and activated Ce-NDC MOF, 
Ce2(NDC)3(DMF)2 and Ce2(NDC)3. Parameters reported without error bars have been fixed in the optimization 

procedure. 

Parameter Solvated Desolvated 
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) 
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3.2 Thermal activation 

The behavior of Ce2(NDC)3(DMF)2 upon thermal treatment was investigated by means of TGA, VT-PXRD and 

in-situ FTIR spectroscopy.  

The TGA curve of Ce2(NDC)3(DMF)2 (Figure 6) shows a steep weight loss at the onset temperature of 293°C due 

to the removal of all the structural DMF molecules giving rise to Ce2(NDC)3. This can be inferred as there is a 

good agreement between the theoretical weight loss calculated removing the solvent from the formula unit (13.7%) 

and the experimental one (13.4%). Consequently, an activation temperature of 300°C was adopted when required 

(see SC-XRD, XAS, FTIR, adsorption measurements). The weight plateaus in the 360°C-440°C temperature 

range. At higher temperatures (onset at 502°C) Ce2(NDC)3 is decomposingat yielding CeO2 and coke-like species, 

as expected for the thermal decomposition of a Ce-MOF in a nitrogen atmosphere.25 
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Figure 6 – TGA data of Ce2(NDC)3(DMF)2 in a flow of dry nitrogen (black curve) and derivative of TGA curve 

(gray curve). 

Figure 7 reports IR spectra collected on a thin pellet of the as-synthesized Ce2(NDC)3(DMF)2 and the activated 

Ce2(NDC)3 at 300°C for 2 h in dynamic vacuum (black and red curves, respectively). In both spectra, a series of 

typical fingerprints are well visible. Very intense bands due to carboxylate stretching modes (both symmetrical 

and antisimmetrical) can be observed in the 1630-1300 cm-1 range. At lower frequencies a very complex series of 

bands is present due to more complex vibrational modes involving mainly aromatic rings. At higher wavenumbers, 

O-H and/or C-H stretching modes are expected. In this case, a complex absorption around the C-H stretching 
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region (centered at 3000 cm-1) is clearly visible in both spectra. The common bands found above 3000 cm-1 can be 

undoubtedly assigned to naphthalene C-H stretching modes. Comparing the two spectra some differences arise: 

upon thermal activation a very intense, out of scale, band centered at 1670 cm-1 together with the strong component 

below 3000 cm-1 vanishes. These two contributions can be easily assigned to DMF carbonyl and methyl group 

stretching modes, respectively. These findings strongly support the hypothesis, done previously by means of TGA 

measurements, whereby DMF, upon thermal treatment, is removed from the material leaving intact MOF typical 

vibrational modes. 
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Figure 7 – Transmission FTIR spectra of as-synthesized Ce2(NDC)3(DMF)2 (black curve) and after activation in 

dynamic vacuum at 300°C for 2 h (red curve). 

A behavior similar to TGA can be noticed in the VT-PXRD data (Figure 8). Three different phases can be 

recognized from the patterns. The first one, stable from RT to 360°C, can be identified as the as-synthesized 

Ce2(NDC)3(DMF)2 crystal structure as described above. In this case, the phase transition occurs probably at higher 

temperature (360°C vs. 300°C) as the measurement was performed in static conditions and not in dynamic ones 

(vacuum or inert gas flow). Reflections undergo a shift, most clearly seen for the one at 10.65°, which is 

progressively shifted to 10.10°, probably due to thermal expansion. Upon removal of the structural DMF 

molecules, the material undergoes a phase transformation into the new trigonal crystal structure of Ce2(NDC)3 

which is stable up to 550°C. Finally the third phase can be identified starting from 550°C and it is characterized 

by the presence of a weak and broad reflection at 28° ascribable to nano-sized CeO2 particles25 resulting from the 

pyrolysis of the framework. The thermal stability of Ce2(NDC)3(DMF)2 is comparable with the one of other Ce 

based MOFs like MOF-76-Ce25 and [Ce2(NDC)3(DMF)4]∙xH2O27 which are based, respectively, on trimesic acid 

and 1,4-naphthalenedicarboxylic acid. 
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Figure 8 – Contour plot of the VT-PXRD measured on Ce2(NDC)3(DMF)2. (λ = 1.5406 Å) 

With the aim to measure porosity and surface area on Ce2(NDC)3 N2 was dosed at -196°C with an automatic 

volumetric apparatus giving a nearly negligible adsorption showing a very low surface area by adopting both BET 

and Langmuir models.  

Volumetric N2 and CO2 adsorption isotherms recorded at 0°C, 25°C, 35°C and 60°C in the 0-1100 mbar pressure 

range are reported in Figure 9. As expected the carbon dioxide uptakes are much higher than the nitrogen ones at 

all temperatures and in all pressure ranges and it spans (at 1100 mbar) from a maximum of 1.5 mol/kg at 0°C to 

0.5 mol/kg at 60°C. Even if the measured specific surface area measured by means of N2 adsorption at -196°C is 
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negligible, the material shows a significant uptake of CO2 at temperatures near the ambient one. The CO2 uptake 

at 1000 mbar and 25°C for Ce2(NDC)3 amounts to 4 wt%, a value that is lower than those reported for other Ce 

based MOFs like MOF-76-Ce-hs and MOF-76-Ce-ds for which uptakes of 4.6% and 15%, respectively, are 

reported under the same conditions.25 Comparing these data with the literature concerning CO2 capture in MOFs 

one can find that these uptakes are easily overwhelmed by the majority of the materials proposed as CO2 adsorbents 

like Mg-MOF-7447 (26 wt%), HKUST-148 (18.4 wt%) and UTSA-1649 (18.5 wt%). 

However our material exhibits good CO2/N2 separation properties as indicated by the selectivity factor SCO2/N2 = 

17 at 25°C. This value results from applying the following equation: SCO2/N2 = (nCO2 PN2 / nN2∙PCO2) in which p is 

the partial pressure of the gas and n is the adsorbed quantity at a pressure of CO2 of 150 mbar and a pressure of N2 

of 750 mbar, relevant for a post-combustion capture process.50 The reported result can be considered in line to 

what was published for MOFs proposed for CO2 separation.47 
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Figure 9 – Excess CO2 (solid squares) and N2 (hollow squares) adsorption isotherms at different temperatures (0, 

25, 35 and 60°C, from black to light grey, respectively). 

4.  Conclusions 

In the present work an unprecedented Ce(III)-based metal-organic framework containing a 

naphthalenedicarboxylate linker has been synthesized under solvothermal reaction conditions, using DMF as the 

solvent. The compound was obtained with a yield of 89% and high crystallinity. The crystal structure of the 

material was determined from SC-XRD obtaining a motif made of infinite Ce-O-C-O-Ce chains parallel to the a-

axis surrounded by inter-chain linkers forming diamond-shaped channels. Each Ce(III) cation is coordinated by a 
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DMF molecule which is located inside the pore. These findings are further confirmed by XAS spectroscopy, 

evidencing pure Ce(III) oxidation state and FTIR spectroscopy, which points out the presence of DMF in the 

framework. 

Upon thermal activation to about 300°C for 2 h in dynamic vacuum, the material undergoes a phase transformation 

from orthorhombic to trigonal which is accompanied by a large decline of crystallinity, due to the formation of 

disorder. Despite significant diffraction broadening and weakening, the crystal structure of the material after 

activation was determined exploiting a synergic approach using a synchrotron-based EXAFS method and SC-

XRD which resulting structure consists of similar Ce chains as in the parent structure but with disordered linkers 

bridging from chain to chain. This phase is characterized by the loss of all DMF molecules and this hypothesis is 

further confirmed by TGA and in-situ FTIR spectroscopy. Pawley refinements on both phases show the absence 

of any crystalline impurity and confirms the reliability of the crystal data. Despite the presence of structural 

porosity, the desolvated MOF does not show any uptake for nitrogen at 77K; instead it shows a discrete adsorption 

for CO2 at near-ambient temperatures evidencing a kind of porosity that cannot be traditionally characterized by 

low-temperature nitrogen adsorption volumetry. 
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1. Review of the Ce(III) based MOFs 

Table S1 – MOFs with Ce(III) cations, a selection of what is reported in ref.1  

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 

2 

[Ce(HTCPB)]∙(EtOH)0.28·(H2O)2.75 1,2,4,5-Tetrakis(4-carboxyphenyl)benzene 3 

[Ce(BTC)(DMF)2] Trimesic acid 4 

[Ce5(BDC)7.5(DMF)4] Terephthalic acid 5 

[Ce2(ADC)3(DMF)4]∙DMF 9,10-Anthracenedicarboxylic acid 6 

[Ce(ADC)1.5(DMA)3] 9,10-Anthracenedicarboxylic acid 6 

[Ce(BTC)(H2O)]∙DMF Trimesic acid 7,8 

[Ce2(H2O)(BPyDC)3(DMF)2]∙2(DMF) 2,2-Bipyridine-5,5’-dicarboxylic acid 9 

[Ce4(H2O)5(BPyDC)6(DMF)]∙x(DMF) 2,2-Bipyridine-5,5’-dicarboxylic acid 9 

[Ce(TTTPC)(NO2)2Cl]∙H2O10 1,1’,1'’-tris(2,4,6-trimethylbenzene-1,3,5- triyl)-

tris(methylene)-tris(pyridine-4-carboxylic acid)} 

10 

[Ce2(EBTC)1.5(CH3OH)4]∙6H2O 1,1’-ethynebenzene-3,3′,5,5′-tetracarboxylic acid 11 

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

bis(methylene) bis(azanediyl) diisophthalic acid 

12 

[Ce2(BPDA)3(H2O)4]∙H2O Benzophenone-2,4'-dicarboxylic acid 13 

[Ce2(NDC)3(DMF)4]∙xH2O 1,4-Naphthalenedicarboxylic acid 14 

[Ce(NDC)1.5(DMF)(H2O)0.5]∙0.5DMF 2,6-Naphthalenedicarboxylic acid 15 

[Ce(PDC)1.5(DMF)]∙DMF 3,5-Pyridinedicarboxylic acid 16,17 

[Ce2(PDC)3(H2O)2] 3,5-Pyridinedicarboxylic acid 18 

[CeCl(BPDC)(DMF)] 4,4’-Biphenyldicarboxylic acid 19 

[Ce(BTPCA)(H2O)]∙2DMF∙3H2O 1,1’,1’’-(benzene-1,3,5-triyl)tripiperidine-4-

carboxylic acid 

20 

[Ce2(DHBDC)3(DMF)4]∙DMF Benzene-2,5-dihydroxy-1,4-dicarboxylic acid 21 

[Ce6(BDC)9(DMF)6(H2O)3]∙33DMF Terephthalic acid 22 

[Ce2(ADB)3(DMSO)4]∙6DMSO∙8H2O 4,4’-Azodibenzoic acid 22 
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[Ce3(ADB)3(HADB)3]∙33DMSO∙

29H2O 

4,4’-Azodibenzoic acid 22 

[Ce2(ADB)3(H2O)3] 4,4’-Azodibenzoic acid 22 

[Ce2(SDBA)3(DMF)4] 4,4’-Sulfonyldibenzoic acid 23 

[(CH3)2NH2]3[Ce3(SDBA)6]∙6DMF 4,4’-Sulfonyldibenzoic acid 23 

[Ce(BTB)(H2O)] 1,3,5-Tris(4-carboxyphenyl)benzene 24 

[Ce2(PDA)3(H2O)]∙2H2O 1,4 Phenylendiacetic acid 25 
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2. Ce2(NDC)3 X-ray single-crystal diffraction  

 

Figure S1 – Representative diffraction frame from Ce2(NDC)3, with frame width 0.5°. The circle shows the data 
cut-off at 1.29 Å, as the diffraction at higher angles could not be integrated. 

 

Figure S2 – Precession image of the diffraction from Ce2(NDC)3 showing the 0kl plane. 
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Figure S3 – Precession image of the diffraction from Ce2(NDC)3 showing the h0l plane. 

 

Figure S4 – Precession image of the diffraction from Ce2(NDC)3 showing the hk0 plane.  
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3. Ce2(NDC)3 structure details 

 

Figure S5 –Crystal structure of Ce2(NDC)3 viewed along the c-axis, showing all possible positions of the atoms. 

 

Figure S6 – Schematic representations of the structure of the activated MOF, viewed along the c-axis. a) 

Hexagonal unit cell. b) Orthorhombic cell. c) Two overlapping twin domains of the orthorhombic 

structure, showing the apparent hexagonal symmetry. 



7 
 

4. In-situ FTIR spectra of CO adsorbed on Ce2(NDC)3 at low temperature 
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Figure S7 – Background subtracted FTIR spectra of CO adsorption at about 100K for Ce2(NDC)3. Maximum and 

intermediate coverages are represented by the blue curve and the grey curves, respectively. 

 

CO was dosed as a probe molecule during an in-situ FTIR spectroscopy26 experiment performed on a self-

supporting pellet of Ce2(NDC)3. The temperature was then decreased to about 100K using a home made cell cooled 

down with liquid nitrogen. Figure S7 reports the spectra taken during the desorption procedure. 

Under the typical roto-vibrational spectrum of gaseous CO27 which is clearly visible in the blue curve, two main 

signals of adsorbed CO are evident at 2162 and 2131 cm-1, respectively. The latter (which is the first to be removed 

upon outgassing) is readily ascribable to physisorbed CO condensed in the pores while the other one can be 

assigned to CO interacting with acidic Ce3+ sites8,28. 
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5. EXAFS fitting details 

According to the XRD data, the sets of Ce-L distances (L being a light atom: O or C) of the nearest shells exhibit 

certain preferred values. Therefore, in order to decrease the amount of parameters for the EXAFS fitting and make 

the fit more robust, each of the four subsets of the scattering paths (Ce-O or Ce-C in both solvated and activated 

compounds) can be reasonably approximated by three groups with different Ce-L distance (Figure S7). The 

corresponding interatomic distances indicated in Figure S7 were used as initial values for three separate Ce-O and 

Ce-C shells during EXAFS fitting. Coordination numbers were set according to the XRD occupancies and kept 

fixed in the fitting procedures. Each of the three oxygen shells in the solvated material was parametrized with the 

same expansion/contraction parameter, scaled linearly with the corresponding Ce-O distance. Such approach was 

used also for the Ce-C and Ce-O shells in the hydrated and activated materials respectively. Conversely, each of 

the three Ce-C shells in the activated material were parametrized with a separate ΔR parameter. Four separate 

Debye-Waller (DW) parameters were used to parametrize the four above mentioned groups of shells, scaling 

within each group being as a square root of R. Finally, a separate ΔR and DW factor were assigned to Ce-Ce shell 

in the activated material. The amplitude reduction factor was fixed to S0
2 = 1, which has proven to be a reasonable 

approximation for Ce K-edge EXAFS in porous material.29 
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Figure S8 - Distances between Ce and the nearest O (left) and C (right) atoms in the solvated (top) and activated 

(bottom) materials obtained by XRD. Four and one non-equivalent Ce were considered for solvated and activated 

materials, respectively. Distances employed as initial values for EXAFS fitting are in the Figure by the dashed 

lines with the corresponding labels. 
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ABSTRACT: Recently synthesized bimetallic Ce/Zr-UiO-66 
MOFs proved to be a promising material for various catalytic redox 
applications, representing, together with other bimetallic MOFs, a 
new generation of porous materials. However, no direct proof for 
the presence of both metals in a single cornerstone of UiO-type 
MOFs was reported so far. Employing element-selective XAS tech-
niques herein we demonstrate for the first time that our synthesis 
route allows obtaining Ce/Zr-UiO-66 MOFs with desired Ce con-
tent and bimetallic CeZr5 cornerstones. Performing multiple-edge 
EXAFS analysis we determine the exact stoichiometry of the cor-
nerstones, which explains the dependence of thermal and chemical 
stability of the materials on Ce content. 

Metal-Organic Frameworks (MOFs) are porous compounds with 
high specific surface area, tuneable pore sizes and different chemi-
cal functionalities. They are formed by the connection of inorganic 
and organic building units through coordinative bonding.1-2 Zirco-
nium-based MOFs have attracted substantial interest since the first 
Zr-MOF UiO-66, [Zr6(µ3-O)4(µ3-OH)4(BDC)6] with BDC2- = 1,4-
benzenedicarboxylate, has been reported (Figure 1a).3 The struc-
ture of most Zr-MOFs contain hexanuclear [Zr6(µ3-O)4(µ3-
OH)4]12+ clusters which are connected by di-, tri- or tetra-carbox-
ylate linker molecules to form two- or three-dimensional net-
works.3-7  

Being exceptionally stable,3-4, 6 Zr clusters (Figure 1b) are not 
very active chemically due to the limited redox capabilities of Zr. 
In contrast, cerium is known for a wide range of catalytic applica-
tions.8 To combine the stability and porosity of UiO-66 structure 
with the redox properties of Ce metal, we have recently accom-
plished the first successful synthesis of pure Ce-UiO-66 employing 
linker molecules of various sizes and functional groups.9 Such 
MOFs have already been studied by us and other groups in various 
catalytical applications.9-12 In a recent study, Smolders et al. 
demonstrated that one cerium atom per hexanuclear Ce6 cluster in 
UiO-67 MOF is indeed redox-active and switches the oxidation 
state between Ce(III)/Ce(IV).13  

To further improve the performance of Ce-UiO MOFs in terms 
of stability, which is still inferior to those of pure Zr-UiO-66,3-4, 6 
we started to investigate the synthesis and properties of mixed-
metal Ce/Zr-MOFs. As a result, an increased thermal and chemical 
stability compared to pure Ce-UiO-66 was observed for mixed-
metal compounds containing low amounts of Ce(IV) ions (< 20% 
of total metal content), reaching up to 350 °C for the mixed-metal 
Ce0.5Zr5.5UiO-66 MOF.14 Other groups have also reported the syn-
thesis of Ce-containing Zr-UiO-66 MOF and successfully em-
ployed it in catalytic studies.15-16 

 

Figure 1 Fragment of crystal structure of UiO-66 MOF, showing 
BDC linkers and Zr6(µ3-O)4(µ3-OH)4 cornerstones; (b) Closeup on 
UiO-66 cornerstone (M atoms only); (c-d) Schematic representa-
tion of mixed-metal CexZr6-x-UiO-66 structure with pure (c) and 
bimetallic cornerstones (d). 

Although the metal substitution in different MOFs is widely dis-
cussed in the literature,17-27 to the best of our knowledge, no direct 
proof for the existence of mixed-metal cornerstones in UiO-family 
MOFs have been presented so far. While extra-phases present in 
the framework pores may be detected by powder X-ray diffraction 
(PXRD)16 or N2 physisorption,28 in their absence the cornerstones 
in the mixed-metal compounds were only assumed to be either pure 
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(e.g. Zr/Ti- and Zr/Hf-UiO-66 MOFs)29 or truly bimetallic (e.g. 
CeZr-UiO-66 MOF)15, as shown in panels c and d of Figure 1, re-
spectively. However, no discussion regarding the discrimination of 
these chemically different cases was provided. 

The key to the quantitative determination of the cornerstone 
composition is the use of element-selective techniques, since the 
fine non-periodic variations of local atomic structure can hardly be 
detected by non-selective scattering-based methods. In this study, 
we provide the first direct proof of the existence of mixed-metal 
Ce/Zr cornerstones in CexZr6-x-UiO-66 MOF, possible due to the 
combined analysis of Zr and Ce K-edge EXAFS data for the series 
of samples with different Ce content, coupled with complementary 
techniques. 

The synthesis of the pure Ce-UiO-66 and mixed-metal Ce/Zr-
UiO-66 compounds was performed following the procedure re-
ported by Lammert et al.9, 14, whereas pure Zr-UiO-66 was prepared 
as described in the work of Cavka et al. 3 (SI, Section 1). Ce content 
in all compounds was determined by energy-dispersive X-ray spec-
troscopy (SI, Section 2 and Table S2). The mixed-metal samples 
will be referred to as CeXX in the discussion of the EXAFS results, 
XX being the fraction of Ce in the total metal content of the MOF 
(in mol. %) determined by EDX.  

Synchrotron PXRD measurements for desolvated pure Zr-, pure 
Ce- and bimetallic Zr3.54Ce2.46-UiO-66 MOFs were performed at 
ID22 beamline of the European Synchrotron Radiation Facility 
(ESRF) to determine with high precision their structural parame-
ters, further used as the initial guess for the EXAFS refinement. 

As a general tendency, the peak width decreases upon incorpo-
ration of Ce into the structure, thus the narrowest peaks were ob-
served in the PXRD patterns of Ce-UiO-66 while Zr-UiO-66 ex-
hibited the broadest ones, indicating the progressive increase of 
crystallite size with the rise of Ce content. The patterns indicate no 
symmetry-forbidden additional peaks due to nano-regions contain-
ing correlated lattice defects with reo topology30 and are in perfect 
agreement with the Fm-3m space group (Figures S1-3 and Table 
S3). Hence, both Ce and Zr atoms, as well as the cluster and/or 
linker vacancies for all the investigated samples are randomly dis-
tributed throughout the crystal. The occurrence of large domains 
with lower crystalline symmetry, as well as the formation of crys-
talline extra-phases, is thus ruled out. Concomitantly, TGA and 
BET measurements reported by Lammert et al.14 for analogous 
CeZr-UiO-66 MOFs evidenced that substitution of Zr with Ce is 
not accompanied by a significant rise of missing linker defects, re-
sulting in a maximum of 1 missing linker per cornerstone. Thus, it 
is not the defects, but the local composition of the clusters that has 
the major influence on the EXAFS data discussed below. 

Ce and Zr K-edge EXAFS as well as Ce L3 XANES spectra were 
collected at BM3131 (Ce22, Ce45 and Ce84 and pure Ce and Zr 
UiO-66 MOFs) and BM2332 (Ce10 MOF) beamlines of ESRF, 
measuring as-prepared compounds at room temperature. Ce L3-
edge XANES data for all Ce-containing samples show the pure 
Ce(IV) phase (indicatively more than 95% of Ce content), confirm-
ing the success of the synthesis (Figure S4a). Differences between 
the XANES spectra of all MOFs at the three edges were minor, 
indicating that the electronic structure of neither Ce nor Zr species 
was significantly altered at different Ce:Zr ratios and excluding the 
possibility to draw structural conclusions from the in-depth 
XANES analysis (Figure S4). 

Fourier-transformed Zr and Ce K-edge EXAFS data for all 
MOFs are shown in the Figure S6. Qualitatively the spectra are in 
agreement with those reported previously for Zr-UiO-66 MOFs4, 33 
and for Ce complexes with the geometry similar to the UiO-type 
cornerstones.34 The shape of the peaks in 1.2-2.5 Å range, originat-
ing mainly from M–O scattering (M being Zr or Ce), does not 
change significantly upon the increase of Ce content, which evi-

dences rather small variations in O-coordination of Zr and Ce at-
oms. However, very pronounced changes are observed in the posi-
tion and intensity of the second peak (2.8-3.8 Å), which appears 
due to the M–M scattering from the members of M6 cornerstones 
(Figure 1b). It clearly indicates that the average values of M–M in-
teratomic distances, as well as the corresponding disorder, depend 
on Ce:Zr ratio, which confirms the formation of mixed-metal 
CexZr6-x cornerstones. 

 

Figure 2 Closeup on the second shell peak in the modulus (a,c) and 
imaginary part (b,d) of phase-uncorrected Fourier transforms of k3-
weighted EXAFS data collected at Zr (a,b) and Ce K-edges (c,d) 
for the pure and mixed-metal UiO-66 MOFs. 

Figure 2a,c presents a closeup on the second EXAFS peak of all 
the studied MOFs, which simplifies a comparative rationalization 
of the data and allows to qualitatively explain the observed trends. 
Changes that take place upon introduction of Ce may be explained 
by assuming the preferential formation of CeZr5 clusters, accom-
panied by pure Zr6 or Ce6 cornerstones in the proportion dictated 
by the total stoichiometry of the sample. This implies a coexistence 
of CeZr5 and Zr6 clusters for Ce contents lower than 17% (i.e. 1/6) 
and a mixture of CeZr5 and Ce6 for higher Ce loadings.  

For the pure Zr MOF, the Zr–Zr distances in the cornerstones are 
highly homogeneous, leading to the maximum intensity of the Zr-
Zr peak in the absence of static disorder. Upon the introduction of 
Ce, the formation of CeZr5 clusters would cause progressive loss of 
intensity at Zr K-edge compared to the pure Zr MOF due to the 
splitting of the Zr–Zr coordination shell into Zr-Ce and Zr-Zr sub-
shells with significantly different Zr–M distances, in agreement to 
the data for Ce10 and Ce22 samples (Figure 2a). The minimum 
should be reached at Ce content around 17%, when all of the cor-
nerstones are represented by the CeZr5 clusters. At the same time, 
at the Ce K-edge the intensity of the Ce–M peak would be at its 
maximum for low-Ce samples, since static and dynamic disorder 
of the Ce–Zr distances in the CeZr5 clusters is expected to be quite 
low and comparable to the one of Zr–Zr in pure Zr clusters, while 
the Ce–Zr distance is likely to be shorter than the Ce–Ce one. For 
Ce loadings higher than 17%, the data evidence against the for-
mation of mixed clusters with more than 1 Ce atom, but rather sug-
gest that mainly pure Ce6 cornerstones are formed from the excess 
of Ce, in addition to the CeZr5 clusters. Indeed, that would explain 
the lack of major changes at the Zr K-edge between Ce22, Ce45 
and Ce84 samples, since in such a case all the Zr atoms in the ma-
terial would be present as a part of CeZr5 cornerstones and it is only 
the abundance of such cornerstones that would change with the in-
crease of Ce content, but not their composition. Concomitantly, 
pure Ce6 clusters are expected to have longer and less homogenous 
Ce–Ce distances compared to Ce–Zr and Zr–Zr ones in Zr6 and 
CeZr5 clusters, resulting in a shift of the second EXAFS peak at Ce 
K-edge to higher R and a decrease of its intensity.  
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Figure 3 Results of the EXAFS fitting. Experimental data are shown as white circles, fitted curves are presented as full lines. Color code: 
Zr–Zr contribution – blue, Ce–Ce contribution – yellow, Zr–Ce and Ce-Zr contribution – green. For mixed-metal MOFs, the sum of the two 
contributions is shown in black. Bottom panels summarize the cornerstone composition employed for fitting the spectra of each sample. 

Imaginary parts of the Ce K-edge EXAFS Fourier transforms 
(Figure 2d) indicate that it is the relative abundance of contributing 
Ce–Zr and Ce–Ce paths that changes at different Ce content rather 
than the lengths of these paths. Indeed, no shift of the oscillations 
is observed upon the increase of Ce content, but rather the redistri-
bution of the intensity from R = 3.1 Å region, where contribution 
of Ce–Zr scattering should be dominant, to R = 3.6 Å, where Ce–
Ce signal is the strongest (given distances are not phase-corrected).  

Table 1 Best-fit parameters obtained by combined EXAFS 
fitting of eight datasets at both Zr and Ce K-edges. M–M 
interatomic distances obtained from PXRD refinement are 
shown in parentheses. 

Parameter Value 

R-factor 0.012 

Nind 63.1 

Npar 11 

S0
2 1.0 ± 0.1 

ΔECe, eV 0.9 ± 1.1 

ΔEZr, eV 0.6 ± 0.7 

RCe-Zr, Å 3.653 ± 0.004 

σ2
Ce-Zr, Å2

 0.0050 ± 0.0002 

RCe-Ce, Å2 3.784 ± 0.004 (3.78) 

σ2
Ce-Ce, Å2

 0.0060 ± 0.0002 

RZr-Zr, Å 3.529 ± 0.003 

σ2
Zr-Zr, Å2

 0.0050 ± 0.0002 

RZr6 3.525 ± 0.003 (3.51) 

σ2
Zr6, Å2

 0.0046 ± 0.0002 

 

Hypothesis about the preferential formation of CeZr5 corner-
stones, put forward after the qualitative analysis of the EXAFS data 
was confirmed by quantitative EXAFS fitting at Zr and Ce K-
edges. All ten EXAFS datasets (five at each edge) were fitted to-
gether, leading to the calculation of a global R-factor. Degeneracies 
of M–M paths for bimetallic MOFs were calculated from the ele-

mental composition data provided by EDX analysis assuming pref-
erential formation of the CeZr5 cornerstones (SI, Section 4.4). Re-
sults of the combined EXAFS fitting of ten independent datasets 
are shown in Figure 3, while the values of the obtained fitting pa-
rameters are reported in Table 1. 

The fit shows excellent overall agreement with the experiment, 
especially given the large amount of data and a set of physical con-
straints applied during parametrization (see SI Section 4.4 for de-
tails). Obtained DW factors demonstrate that the extent of struc-
tural disorder depends on the composition of the cluster. The lowest 
DW factor σ2

Zr6 = 0.0046 Å2 was obtained for the Zr-Zr path in pure 
Zr6 cornerstones, which were expected to be the most rigid and or-
dered ones. Inclusion of one Ce atom in the cornerstone increases 
very slightly the inhomogeneity of the Zr-Zr and Zr-Ce distances, 
justifying the small rise of the corresponding DW factors to σ2

Zr-Zr 

= σ2
Ce-Zr = 0.0050 Å2. Apart from the low values of the DW factors, 

rather low degree of disorder in metal-metal distances of both the 
Zr6 and the CeZr5 clusters is confirmed also by the presence of the 
peak at R = 4.5-5 Å in the Zr K-edge EXAFS FT (see Figure S6a). 
This peak originates due to the scattering from the M atom, situated 
in the opposite vertex of the octahedron with respect to the absorb-
ing atom (Figure 1b)4-5, 35. At the Ce K-edge EXAFS FT this peak 
is distinguishable from the noise only for Ce10 and Ce22 samples, 
where the majority of Ce atoms are part of CeZr5 cornerstones, 
while in the MOFs with higher Ce content it is below the noise 
level, which implies higher disorder in Ce6 clusters compared to 
Zr6 and CeZr5 ones. Concomitantly, the EXAFS fit results in DW 
factor σ2

Ce-Ce = 0.0060 Å2 for the Ce–Ce path, which is roughly 20 
% higher compared to those for Zr–Zr and Zr–Ce pairs. 

The preferential formation of CeZr5 cornerstones explains the 
trends in the stability of bimetallic UiO-66 MOFs with different Ce 
content reported recently by Lammert et al.14 Indeed, while at low 
Ce loadings stability was decreasing linearly with the increase of 
Ce content, at around 20% it stabilized at the value observed for 
pure Ce-UiO-66 MOF. According to the current EXAFS analysis, 
this coincides with the disappearance of pure Zr6 cornerstones, 
which, due to lower disorder and higher stability compared to Ce6 
and CeZr5 cornerstones, increase the decomposition temperature of 
the material.  

The preferential formation of CeZr5 cornerstones over the other 
mixed-metal clusters is partially in line with the recent theoretical 
calculations of Trousselet et al.,36 that show that as a general trend, 
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the mixing energy of the bimetallic cluster increases with the num-
ber of bimetallic edges. However, the mixing energy for all possi-
ble structure of CexZr6-x cornerstone was reported to be positive, 
suggesting that in principle the most favorable configuration for 
Ce/Zr-UiO-66 MOF would be the structure with only Zr6 and Ce6 
cornerstones. Our DFT calculations also evidence that energeti-
cally the most favorable way to accommodate Ce atoms in the 
structure would be the formation of Ce6 cornerstones (SI Section 
5). In such case, though, the Ce and Zr K-edge EXAFS spectra at 
different Ce loadings would be identical, which is clearly not the 
case. Therefore, the formation of the MOF structure is likely to 
have more complex drivers, which might require the inclusion of 
additional factors (temperature, pressure, solvent effects) into the 
computational model to correctly account for them in the calcula-
tions. The high level of complexity of this challenging computa-
tional task highlights the value of the experimental methods for the 
determination of the composition of bimetallic MOFs. 

To summarize, combined Ce and Zr K-edge EXAFS analysis 
demonstrates that in bimetallic Ce/Zr-UiO-66 MOFs mixed-metal 
CeZr5 cornerstones coexist with pure Zr6 (at Ce content lower than 
ca. 20%) and Ce6 ones (at higher Ce content). The relative abun-
dance of pure and bimetallic cornerstones is in both cases deter-
mined primarily by sample stoichiometry. Such observation serves 
as a first direct proof for the existence of mixed ZrCe cornerstones 
in the Ce/Zr-UiO-66 MOF and allows to explain the previously-
reported non-trivial dependence of temperature stability of these 
MOFs on Ce content. 

ASSOCIATED CONTENT  
Supporting Information 
The Supporting Information is available free of charge on the ACS 
Publications website. 
Experimental and data analysis details (PDF) 

AUTHOR INFORMATION 
Corresponding Authors 
*kirill.lomachenko@esrf.fr, carlo.lamberti@unito.it 
Notes 
The authors declare no competing financial interests. 

ACKNOWLEDGMENT  
The authors are grateful to M. Brunelli, H. Emerich, W. van Beek, 
V. Dmitriev, O. Mathon and A. Fitch for the support during the 
experiments at BM31, BM23 and ID22 beamlines of the ESRF. We 
would like to thank B. Bueken, S. Smolders and A. Venier for the 
help with the XAS measurements, and H. Reinsch and N. Hei-
denreich for the assistance with PXRD experiment and data analy-
sis. ALB acknowledges the grant of the Southern Federal Univer-
sity VnGr-07/2017-08. 

REFERENCES 
(1) Yaghi, O. M.; O'Keeffe, M.; Ockwig, N. W.; Chae, H. K.; Eddaoudi, 

M.; Kim, J., Nature 2003, 423, 705. 
(2) Butova, V. V.; Soldatov, M. A.; Guda, A. A.; Lomachenko, K. A.; 

Lamberti, C., Russ. Chem. Rev. 2016, 85, 280-307. 
(3) Cavka, J. H.; Jakobsen, S.; Olsbye, U.; Guillou, N.; Lamberti, C.; 

Bordiga, S.; Lillerud, K. P., J. Am. Chem. Soc. 2008, 130, 13850-13851. 
(4) Valenzano, L.; Civalleri, B.; Chavan, S.; Bordiga, S.; Nilsen, M. H.; 

Jakobsen, S.; Lillerud, K. P.; Lamberti, C., Chem. Mater. 2011, 23, 1700-
1718. 

(5) Chavan, S.; Vitillo, J. G.; Gianolio, D.; Zavorotynska, O.; Civalleri, 
B.; Jakobsen, S.; Nilsen, M. H.; Valenzano, L.; Lamberti, C.; Lillerud, K. 
P.; Bordiga, S., Phys. Chem. Chem. Phys. 2012, 14, 1614-1626. 

(6) Shearer, G. C.; Chavan, S.; Ethiraj, J.; Vitillo, J. G.; Svelle, S.; Ols-
bye, U.; Lamberti, C.; Bordiga, S.; Lillerud, K. P., Chem. Mater. 2014, 26, 
4068-4071. 

(7) Øien, S.; Wragg, D.; Reinsch, H.; Svelle, S.; Bordiga, S.; Lamberti, 
C.; Lillerud, K. P., Cryst. Growth Des. 2014, 14, 5370-5372. 

(8) Montini, T.; Melchionna, M.; Monai, M.; Fornasiero, P., Chem. Rev. 
2016, 116, 5987-6041. 

(9) Lammert, M.; Wharmby, M. T.; Smolders, S.; Bueken, B.; Lieb, A.; 
Lomachenko, K. A.; Vos, D. D.; Stock, N., Chem. Commun. 2015, 51, 
12578-12581. 

(10) Dalapati, R.; Sakthivel, B.; Ghosalya, M. K.; Dhakshinamoorthy, 
A.; Biswas, S., CrystEngComm 2017, 19, 5915-5925. 

(11) Dalapati, R.; Sakthivel, B.; Dhakshinamoorthy, A.; Buragohain, A.; 
Bhunia, A.; Janiak, C.; Biswas, S., CrystEngComm 2016, 18, 7855-7864. 

(12) Buragohain, A.; Biswas, S., CrystEngComm 2016, 18, 4374-4381. 
(13) Smolders, S.; Lomachenko, K. A.; Bueken, B.; Struyf, A.; Bugaev, 

A. L.; Atzori, C.; Stock, N.; Lamberti, C.; Roeffaers, M. B. J.; De Vos, D. 
E., ChemPhysChem 2018, 19, 373-378. 

(14) Lammert, M.; Glißmann, C.; Stock, N., Dalton Trans. 2017, 46, 
2425-2429. 

(15) Nouar, F.; Breeze, M. I.; Campo, B. C.; Vimont, A.; Clet, G.; Daturi, 
M.; Devic, T.; Walton, R. I.; Serre, C., Chem. Commun. 2015, 51, 14458-
14461. 

(16) Ebrahim, A. M.; Bandosz, T. J., ACS Appl. Mater. Interfaces 2013, 
5, 10565-10573. 

(17) Liu, Q.; Cong, H.; Deng, H., J. Am. Chem. Soc. 2016, 138, 13822-
13825. 

(18) Lee, Y.; Kim, S.; Kang, J. K.; Cohen, S. M., Chem. Commun. 2015, 
51, 5735-5738. 

(19) He, J.; Zhang, Y.; He, J.; Zeng, X.; Hou, X.; Long, Z., Chem. Com-
mun. 2018, 54, 8610-8613. 

(20) Tu, J.; Zeng, X.; Xu, F.; Wu, X.; Tian, Y.; Hou, X.; Long, Z., Chem. 
Commun. 2017, 53, 3361-3364. 

(21) Szeto, K. C.; Lillerud, K. P.; Tilset, M.; Bjørgen, M.; Prestipino, C.; 
Zecchina, A.; Lamberti, C.; Bordiga, S., J. Phys. Chem. B 2006, 110, 21509-
21520. 

(22) Szeto, K. C.; Prestipino, C.; Lamberti, C.; Zecchina, A.; Bordiga, 
S.; Bjørgen, M.; Tilset, M.; Lillerud, K. P., Chem. Mater. 2007, 19, 211-
220. 

(23) Brozek, C. K.; Dincă, M., J. Am. Chem. Soc. 2013, 135, 12886-
12891. 

(24) Brozek, C. K.; Dincă, M., Chem. Soc. Rev. 2014, 43, 5456-5467. 
(25) Vuong, G.-T.; Pham, M.-H.; Do, T.-O., Dalton Trans. 2013, 42, 

550-557. 
(26) Stubbs, A. W.; Braglia, L.; Borfecchia, E.; Meyer, R. J.; Román- 

Leshkov, Y.; Lamberti, C.; Dincă, M., ACS Catal. 2018, 8, 596-601. 
(27) Butova, V. V.; Polyakov, V. A.; Budnyk, A. P.; Aboraia, A. M.; 

Bulanova, E. A.; Guda, A. A.; Reshetnikova, E. A.; Podkovyrina, Y. S.; 
Lamberti, C.; Soldatov, A. V., Polyhedron 2018, 154, 457-464. 

(28) Santaclara, J. G.; Olivos-Suarez, A. I.; Gonzalez-Nelson, A.; 
Osadchii, D.; Nasalevich, M. A.; van der Veen, M. A.; Kapteijn, F.; 
Sheveleva, A. M.; Veber, S. L.; Fedin, M. V.; Murray, A. T.; Hendon, C. 
H.; Walsh, A.; Gascon, J., Chem. Mater. 2017, 29, 8963-8967. 

(29) Kim, M.; Cahill, J. F.; Fei, H.; Prather, K. A.; Cohen, S. M., J. Am. 
Chem. Soc. 2012, 134, 18082-18088. 

(30) Cliffe, M. J.; Wan, W.; Zou, X.; Chater, P. A.; Kleppe, A. K.; 
Tucker, M. G.; Wilhelm, H.; Funnell, N. P.; Coudert, F.-X.; Goodwin, A. 
L., Nat. Commun. 2014, 5, 4176. 

(31) Abdala, P. M.; Safonova, O. V.; Wiker, G.; van Beek, W.; Emerich, 
H.; van Bokhoven, J. A.; Sá, J.; Szlachetko, J.; Nachtegaal, M., CHIMIA 
2012, 66, 699-705. 

(32) Mathon, O.; Beteva, A.; Borrel, J.; Bugnazet, D.; Gatla, S.; Hino, 
R.; Kantor, I.; Mairs, T.; Munoz, M.; Pasternak, S.; Perrin, F.; Pascarelli, 
S., J. Synchrotron Rad. 2015, 22, 1548-1554. 

(33) Plonka, A. M.; Wang, Q.; Gordon, W. O.; Balboa, A.; Troya, D.; 
Guo, W.; Sharp, C. H.; Senanayake, S. D.; Morris, J. R.; Hill, C. L.; Frenkel, 
A. I., J. Am. Chem. Soc. 2017, 139, 599-602. 

(34) Hennig, C.; Ikeda-Ohno, A.; Kraus, W.; Weiss, S.; Pattison, P.; 
Emerich, H.; Abdala, P. M.; Scheinost, A. C., Inorg. Chem. 2013, 52, 
11734-11743. 

(35) Jakobsen, S.; Gianolio, D.; Wragg, D. S.; Nilsen, M. H.; Emerich, 
H.; Bordiga, S.; Lamberti, C.; Olsbye, U.; Tilset, M.; Lillerud, K. P., Phys. 
Rev. B 2012, 86, 125429. 

(36) Trousselet, F.; Archereau, A.; Boutin, A.; Coudert, F.-X., J. Phys. 
Chem. C 2016, 120, 24885-24894. 

 



 

 

5

Insert Table of Contents artwork here 

 

 



1 

Supporting information 

 

Exact stoichiometry of CexZr6-x cornerstones in mixed-metal 

UiO-66 MOFs revealed by EXAFS spectroscopy 

K.A. Lomachenko*,1, J. Jacobsen2, A.L. Bugaev3, C. Atzori4, F. Bonino4, S. 

Bordiga4, N. Stock2 and C. Lamberti*,3,5 
1European Synchrotron Radiation Facility, 71 Avenue des Martyrs, CS 40220, 38043 Grenoble 
Cedex 9, France 
2Institut für Anorganische Chemie, Christian-Albrechts-Universität, Max-Eyth-Straße 2, D 24118 
Kiel, Germany 
3Smart Materials Research Institute, Southern Federal University, Sladkova 178/24, 344090 
Rostov-on-Don, Russia 
4Department of Chemistry, NIS interdepartmental Center and INSTM Reference Center, 
University of Turin, Via Quarello 15, 10135 Turin, Italy 
5Department of Physics, INSTM Reference Center and CrisDi Interdepartmental Centre for 
Crystallography, University of Turin, Via P. Giuria 1, 10125 Turin Italy 

1. Synthesis 

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 GmbH) 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.1-2 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 mol/L) and ZrO(NO3)2·H2O 

(0.533 mol/L) were added in the desired stoichiometry (Table S1). The total volume of the two 

metal salt solutions was always 1.2 mL. 
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Table S1 Parameters for the synthesis of the pure Ce-UiO-66 and mixed-metal Ce/Zr-UiO-66 
compounds. 

Sample  
Ce 

Ratio 
Zr      H2BDC 

 
HCOOH 

Ce 
[µL] 

Zr 
[µL] 

H2BD
C [mg] 

DMF 
[mL] 

HCOOH 
[µL] 

Ce10 0.6 5.4 7.2 256 120 104
0 

127.6 3.6 1.03 

Ce22 2.0 4.0 7.2 256 400 800 127.6 3.6 1.03 

Ce45 4.0 2.0 7.2 256 800 400 127.6 3.6 1.03 

Ce84 5.5 0.5 7.2 256 1100 100 127.6 3.6 1.03 

Ce-UiO-66 6.0 0.0 7.2 256 1200 0 127.6 3.6 1.03 

 

The glass reactors were heated under stirring for 15 min at 100 °C using an aluminium 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 mL) and three times in acetone (2 mL). Finally, 

the MOF was dried in air at 70 °C. 

Zr-UiO-66 was synthesized following the procedure reported by Cavka et al.3 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 hours. 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. EDX spectroscopy 

Ce/Zr ratio of the samples indicated in the samples’ designations was determined by the energy-

dispersive X-ray (EDX) spectroscopy. The data were recorded on a Philips XL30 FEG microscope 

for the samples in powder form, collecting EDX spectra in three different points to check the 

sample homogeneity. Obtained data are summarized in the Table S2. 

Table S2 Ce content in the bimetallic CeZr-UiO-66 MOFs determined by EDX spectroscopy measured in 
three different points 

Sample 
Ce content, at% Standard 

deviation, at %(1) (2) (3) Mean 

Ce10 10.17 9.68 9.97 9.94 0.2 

Ce22 21.53 21.93 22.51 21.99 0.40 

Ce45 44.52 45.65 45.13 45.10 0.46 

Ce84 83.65 84.22 83.65 83.84 0.27 
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3. PXRD 

Powder X-ray diffraction (PXRD) measurements of the pure Ce-, pure Zr- and mixed-metal 

Zr3.54Ce2.46-UiO-66 MOFs desolvated at 180 °C in vacuum were conducted at the high-resolution 

powder diffraction beamline of the European Synchrotron Radiation Facility (ID22).  

For the refinements several ranges measured for the respective sample were summed up to one 

pattern (10 ranges for Ce and Zr and 9 ranges for the Ce/Zr mixed-metal MOF). The used 

wavelength was 0.31783 Å. The peak shape function was fitted with a Pseudo Voigt profile and 

the beamline set-up was modelled using the simple axial model. For the Rietveld refinements, 

performed up to 2max = 32° (dmin = 0.577 Å) using TOPAS software,4 the respective published 

crystal structures of Zr- or Ce-UiO-66 were employed as starting point. In all refinements the 

cluster occupancy was set to 1 and the occupancy of the linker molecules was freely refined. For 

the mixed-metal MOF the metal ions were refined independently of each other and their summed 

occupancy was fixed to one. In all MOFs traces of electron density were observed by Fourier 

synthesis inside the pores and attributed to residual solvent molecules represented by partially 

occupied oxygen atoms which were freely refined. Distance restrains were applied for the C-O and 

C-C bonds and the O-O distance of the carboxylate group. Collected data and results of refinement 

are shown in Figure S1, Figure S2,  Figure S3 and Table S 3. In all samples, all observed Bragg 

peaks belong to the UiO-66 phase and no crystalline impurity could be detected. 

 

Figure S1 Final Rietveld plot for the refinement of Zr-UiO-66 ( = 0.31783 Å). The black line 
shows the measured data, the red line shows the fit and the blue line is the difference curve. Vertical 
bars mark the allowed peak positions. The inset shows a magnification at higher angles. 
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Figure S2 Final Rietveld plot for the refinement of Zr3.54Ce2.46-UiO-66 ( = 0.31783 Å). The black 
line shows the measured data, the red line shows the fit and the blue line is the difference curve. 
Vertical bars mark the allowed peak positions. The inset shows a magnification at higher angles. 

 

Figure S3 Final Rietveld plot for the refinement of Ce-UiO-66 ( = 0.31783 Å). The black line 
shows the measured data, the red line shows the fit and the blue line is the difference curve. 
Vertical bars mark the allowed peak positions. The inset shows a magnification at higher angles. 
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Table S 3 Results of PXRD refinement for pure Ce- and Zr- and mixed-metal Ce/Zr-UiO-66 MOFs 

Compound Zr-UiO-66 Zr3.54Ce2.46-UiO-66 Ce-UiO-66 
Crystal system cubic cubic cubic 
Space group Fm-3m Fm-3m Fm-3m 
a = b = c [Å] 
α = β = γ [°] 
V [Å3] 

20.7535(2) 
90 

8938.75(26) 

21.0652(1) 
90 

9347.52(14) 

21.48825(2) 
90 

9922.09(2) 
Metal:linker ratio 
(ideally 6:6) 

6 : 5.5 6 : 5.9 6 : 5.7 

Distance restrains 5 5 5 
RWP [%] 7.3 8.7 8.5 
RP [%] 5.7 6.3 6.9 
RBragg [%] 2.7 3.0 2.4 
GoF 4.9 6.5 7.8 
M-M distance [Å]  
(M= Ce, Zr) 

3.51 3.67 3.78 

 

4. XAS 

4.1 Experimental 
All XAS measurements except for those for Ce10 sample were performed at BM31 beamline5 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). Gas mixtures 

used for filling the ionization chambers and resulting absorption values are given in Table S4. 

Table S4 Filling the ionization chambers for the XAS experiments reported 

Edge Edge energy, eV I0 mixture and 
resulting absorption at 

the edge 

I1,2 mixture and resulting 
absorption at the edge 

Ce L3 edge 5723 30% N2 in He (18 %) 10% Ar in He (70%) 

Zr K-edge 17998 30% Ar in He (15 %) 10 % Kr in Ar (74%) 

Ce K-edge 40 443 15% Kr in Ar (15%) 100% Kr (57%) 

 

XAS spectra for Ce10 sample were collected at BM23 beamline6 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. The effect of higher resolution of Si (311) crystal compared to Si 

(111) was taken into account during the fitting of the EXAFS spectra of Ce10 sample, as described 

in the Section 4.4.  
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All MOFs were measured in the form of self-supporting pellets of 5 mm diameter, pressed using 

the pressure lower than 500 kgf/cm2. The mass of MOF powder for sample preparation was 

optimized by XAFSmass software.7 

4.2 XANES 
Ce L3 edge XANES data demonstrate, that Ce in all studied compounds is predominantly in Ce(IV) 

oxidation state (Figure S4a). 

 

Figure S4 Ce L3 (a), Zr K and Ce K-edge XANES spectra of bimetallic CeZr-UiO-66 MOFs compared to 
the spectra of pure Ce- and Zr-UiO-66 and (panel a) to the spectra of reference Ce (III) and Ce(IV) 
compounds  

XANES spectra of pure and bimetallic MOFs are very similar at each of the three absorption edges, 

which confirms the similarity of local geometry and electronic structure of Zr and Ce centers in 

these MOFs at different Ce:Zr ratios, indicating that we are dealing with an isomorphous 

substitution of Ce in Zr sites and that no measurable extra phase is formed. This observation 

confirms the absence of the extra-phases, including the amorphous ones, generalizing thus the 

conclusion drawn using the XRD regarding the absence of crystalline extra-phases. 

4.3 EXAFS data overview 
XAFS data analysis was performed using Athena program for averaging and normalizing data and 

Artemis code for EXAFS fitting, both codes coming from Demeter package.8 The data quality was 

good, which allowed the EXAFS data collection up to k=20 Å-1 at Ce and Zr K-edges for most 

samples, but in order to compare the data of different samples in the same range, the Fourier 

transform were performed in the 3.65-16.8 Å-1 (Zr K-edge) and 4-16.8 Å-1 range (Ce K-edge), 

limited by signal-to-noise ratio for the samples with the lowest concentration of Ce and Zr (Figure 

S5). 
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Figure S5 k3χ(k) EXAFS data at Ce (gray) and Zr K-edges (red) for pure and bimetallic Ce/Zr-UiO-66 
materials. Dashed lines indicate the regions used for the Fourier transform. 

 

 

Figure S 6 Moduli of the phase-uncorrected Fourier transforms of k3-weighted EXAFS data collected at 
(a) Zr K-edge and (b) Ce K-edge for UiO-66 MOFs with pure Zr-, pure Ce-, and mixed Ce/Zr 

cornerstones. 

K3-weighted, Fourier-transformed Zr and Ce K-edge EXAFS data for all MOFs are shown in the 

Figure S6. Notably, the evolution of the second EXAFS peak is quite different between Zr and Ce 

K-edges. Indeed, for the case of Zr K-edge, its intensity is at maximum for the pure material. Upon 

introduction of 22% of Ce the peak decreases significantly and shifts to higher R. However, further 

increase of Ce fraction in the material has very little effect on both intensity and position of the 

maximum. Conversely, at the Ce K-edge the Ce–M peak is most intense for the Ce10 sample. Its 

intensity reaches a minimum for the Ce45 sample, and then stabilizes at an intermediate value for 
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the MOFs with the highest Ce-content. Gradual shift of the peak to the higher R values indicates 

that the increase of Ce content in the material leads to an elongation of the average Ce–M distance. 

4.4 EXAFS fit parametrization 
Structure and composition of cornerstones being the target, the fit was performed in R-space in the 

region where the signal from M–M scattering is dominant. Therefore, spectra of mixed-metal 

MOFs were fitted taking only M–M scattering paths into account. Initial values for interatomic 

Zr–Zr and Ce–Ce distances were taken from the refined PXRD data of the pure Zr and Ce MOFs 

respectively. For Zr–Ce and Ce–Zr paths the same initial distance as for Zr–Zr path was adopted. 

Based on the qualitative considerations discussed in the main text, degeneracies of the paths were 

calculated assuming that in the Ce22, Ce45 and Ce84 materials only CeZr5 and Ce6 clusters are 

present, while Ce10 MOF is built with CeZr5 and Zr6 ones. In all cases the total coordination 

number of the absorbing atom (Zr or Ce) was set to 4. Assuming such composition of the MOFs 

and using the total Ce/Zr ratio provided by EDX for each material, corresponding degeneracies of 

different M-M scattering paths, fraction of pure cornerstones as well as other parameters were 

calculated and presented in the Table S5. Notably, substantial deviation of the relative degeneracies 

of Ce–Ce and Ce–Zr paths from the molar Ce:Zr ratio can be observed for high-Ce materials. This 

is the case because each Ce6 cornerstone contributes to the EXAFS data by 24 Ce–Ce scattering 

paths, in contrast to only four Ce-Zr paths from every CeZr5 cluster, which leads to a very fast rise 

of the Ce-Ce contribution to the Ce K-edge EXAFS with the increase of Ce content. Degeneracies 

of the Ce–Ce and Ce–Zr paths, reported in Table S5 and calculated from purely stoichiometric 

considerations, were fixed during the EXAFS fitting, being the characteristic fingerprint of the 

adopted model.  

Table S5 Stoichiometric parameters for mixed-metal MOFs calculated under assumption of preferential 
formation of CeZr5 cornerstones. 

Sampl
e 

Ce 
content

, % 

Zr 
content, 

% 

Fraction of pure 

cornerstones* 

Fraction of 
CeZr5 

cornerstones 

Ratio  
Ce-Ce/Ce-Zr 

paths 

Degeneracy  
Ce-Ce path,  
Ce K-edge 

Degeneracy  
Ce-Zr path, 
Ce K-edge 

Degenerac
y Zr-Zr 

path, Zr K-
edge 

Degenerac
y Zr-Ce 

path, Zr K-
edge 

Ce10 10 90 0.4 0.6 0 0 4 3.56** 0.44 

Ce22 22 78 0.064 0.936 0.41 1.16 2.84 3.2 0.8 

Ce45 45 55 0.34 0.66 3.09 3.02 0.98 3.2 0.8 

Ce84 84 16 0.808 0.192 25.25 3.85 0.15 3.2 0.8 

* Pure cornerstones are Zr6 for Ce10 and Ce6 for Ce22, Ce45 and Ce84 
** For Ce10 the Zr-Zr path was split into two, corresponding to Zr-Zr scattering in Zr6 and CeZr5 cornerstones. Degeneracy of 
each of these two sub-paths was set to 1.78 in the fit, proportional to the number of the Zr-Zr paths in the corresponding cornerstone 
weighted by abundance of the latter.   
 

In order to decrease the number of parameters and increase the stability of the fit, the spectra of 

the Ce and Zr K-edges for pure Zr- and Ce-UiO-66 and mixed-metal Zr/Ce-UiO-66 MOFs were 

fitted together, sharing most of the fitting parameters. In particular, common amplitude reduction 
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factor S0
2 was used for all the spectra, which is justified by the structural similarity of the studied 

compounds and confirmed by previously reported data for Zr and Ce K-edges of similar systems.9-

10 Then, since XANES spectra at the same edge are very similar for all compounds (Figure S4), 

only two energy shift parameters were used for the fitting: ΔECe and ΔEzr for Ce and Zr K-edge, 

respectively. To maintain consistency of the results, the same interatomic distance and Debye 

Waller (DW) factor were assigned to the Zr–Ce paths at Zr K-edge and Ce–Zr paths at Ce K-edge. 

Analogously, the Ce-Ce distance and corresponding DW factor were constrained to be equal for 

Ce–Ce paths in mixed-metal and pure Ce MOFs, since within the adopted model these paths 

originate in both cases from pure Ce6 cornerstones. This choice is also justified by the fact that 

when independent parameters for Ce–Ce distance and DW factor for the pure Ce MOF were 

introduced in the fit, the obtained values were within the errors from analogous parameters for 

mixed-metal compounds. Conversely, independent Zr–Zr distance and DW parameters were 

assigned to the Zr–Zr paths in the Zr6 and CeZr5 cornerstones. Notably, Zr-Zr contribution in the 

Ce10 sample was fitted with two different Zr-Zr scattering paths, since both Zr6 and CeZr5 clusters 

were expected to be present in the sample.   

Since Ce K-edge data for Ce10 sample were measured with Si(311) monochromator in contrast to 

the Si(111) used for all other samples, a correction to the DW factor for Ce-Ce scattering path of 

Ce10 was introduced, to account for the higher resolution of the Si(311) crystal and therefore more 

intense peaks in the EXAFS FT. To estimate the value for the necessary correction, the EXAFS 

spectrum of pure Ce-UiO-66 was measured using both Si(111) and Si(311) crystals and fitted 

fixing the S0
2 and ΔECe parameters to the values obtained during the combined fitting of all the 

spectra except for those of Ce10. Obtained results are presented in the Figure S7. 

 

Figure S7 Results of the fitting of the EXAFS spectrum of pure Ce-UiO-66 MOF collected at BM31 and 
BM23 beamlines with Si (111) and Si (311) monochromators respectively. 

While the difference in the obtained Ce-Ce distances was, as expected, negligible, the resulting 

difference in the DW factors for the two datasets was 0.0002 Å2. This value was therefore used 
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to correct the DW factor for the Ce10 MOF during the global refinement, introducing the 

relation (S1) 

σ2
Ce-Zr(Ce10) = σ2

Ce-Zr(global) – 0.0002 (Å2)  (S1) 

4.5 EXAFS fitting results 
Under constraints described in the previous section all the parameters were freely varied during 

the simultaneous fit of all the ten datasets, resulting in the calculation of the global R-factor. 

Fit results for all compounds are shown in Figure S8, Figure S9, Figure S10, Figure S11, and 

Figure S12 

 

Figure S8 Results of the EXAFS fitting for pure Zr- and Ce-UiO-66 MOFs: experiment (circles) and fit 
(solid lines). 
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Figure S9 Results of the EXAFS fitting for Ce10 MOF: experiment (circles) and fit (black solid lines). 
Contribution to the fit from Zr-Zr and Zr-Ce (Ce-Zr) scattering is shown by blue and green lines 
respectively. 

 

Figure S10 Results of the EXAFS fitting for Ce22 MOF: experiment (circles) and fit (black solid lines). 
Contribution to the fit from Zr-Zr, Ce-Ce and Zr-Ce (Ce-Zr) scattering is shown by blue, yellow and green 
lines respectively. 
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Figure S11 Results of the EXAFS fitting for Ce45 MOF: experiment (circles) and fit (black solid lines). 
Contribution to the fit from Zr-Zr, Ce-Ce and Zr-Ce (Ce-Zr) scattering is shown by blue, yellow and green 
lines respectively. 

 

 

Figure S12 Results of the EXAFS fitting for Ce84 MOF: experiment (circles) and fit (black solid lines). 
Contribution to the fit from Zr-Zr, Ce-Ce and Zr-Ce (Ce-Zr) scattering is shown by blue, yellow and green 
lines respectively. 

In order to assess the quality of each individual fit, the corresponding R-factors were calculated 
and presented in the Figure S13. For all the datasets the R-factors are quite low, the highest being 
0.021 for the Zr K-edge of Ce84 MOF.  
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Figure S13 Individual R-factors obtained during the combined refinement of the ten datasets of pure and 
bimetallic Ce/Zr-UiO-66 MOFs. 

 

5. DFT calculations 

Stability of the M6 cornerstone of UiO-66 MOF with different Ce/Zr ratio was assessed by means 
of DFT calculations performed in VASP 5.3 code.11-13 The local environment of the cluster was 
truncated after the nearest carbons of the linkers, which were terminated by hydrogens to 
compensate for the unsaturated bonds. For each symmetry non-equivalent model of the bimetallic 
cluster geometry optimization was performed and the total energy was calculated. PBE exchange-
correlation potential was used. The energy cutoff value of 400 eV was taken for the plane-wave 
basis set. All calculations were performed with one single k-point.  

The energy cost of allocating one Ce atom as a part of a mixed cornerstone was calculated using 
the formula: 

Δܧେୣ ൌ
ܧ െ ܧ

େܰୣ
	 

where E is the energy of the specific cluster, E0 is the energy of pure Zr cluster and NCe is the 
number of Ce atoms in the specific cluster. The choice of such figure of merit was justified by the 
fact that the amount of Ce in the real MOF is always fixed by the synthesis stoichiometry, and the 
goal is to find the most energetically favorable way to distribute these Ce atoms among the 
cornerstones. 
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Figure S14 Allocation energies of one Ce atom in different cornerstones compared to the pure Zr6 cluster  

The results are reported in the Figure S14. In agreement with the findings of Trousselet et al,14 the 
energies of formation of the bimetallic clusters are positive, making this process energetically 
unfavorable (at T = 0 K and P = 0 Pa). The calculations show, that the most energy-efficient way 
to allocate the given amount of Ce atoms is the formation of Ce6 cornerstones, that have the lowest 
energy increase per Ce atom. 

Thus, within this computational model, only the Zr6 and Ce6 clusters should be expected in the 
mixed metal UiO-66 MOFs. However, that would lead to the absence of changes in the Ce and Zr 
K-edge EXAFS spectra of the MOFs with different Ce content. Since it is not the case in the 
experiment, more complex computational models might be required to properly describe the 
phenomena that drive the formation of bimetallic MOFs. 
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Unravelling the Redox-catalytic Behavior of Ce4 ++ Metal–
Organic Frameworks by X-ray Absorption Spectroscopy
Simon Smolders,[a] Kirill A. Lomachenko,[b, c] Bart Bueken,[a] Arnaud Struyf,[a]

Aram L. Bugaev,[c, d] Cesare Atzori,[d] Norbert Stock,[e] Carlo Lamberti,[c, d]

Maarten B. J. Roeffaers,[a] and Dirk E. De Vos*[a]

The introduction of Ce4 + as a structural cation has been
shown to be a promising route to redox active metal–organic

frameworks (MOFs). However, the mechanism by which these
MOFs act as redox catalysts remains unclear. Herein, we pres-

ent a detailed study of the active site in [Ce6O4(OH)4]-based

MOFs such as Ce-UiO-66, involved in the aerobic oxidation of
benzyl alcohol, chosen as a model redox reaction. X-ray ab-

sorption spectroscopy (XAS) data confirm the reduction of up
to one Ce4 + ion per Ce6 cluster with a corresponding outwards

radial shift due to the larger radius of the Ce3 + cation, while
not compromising the structural integrity of the framework, as

evidenced by powder X-ray diffraction. This unambiguously

demonstrates the involvement of the metal node in the cata-
lytic cycle and explains the need for 2,2,6,6-tetramethyl-1-pi-

peridinyloxy (TEMPO) as a redox mediator to bridge the gap
between the one-electron oxidation of the Ce4 +/Ce3 + couple

and the two-electron alcohol oxidation. Finally, an improved
catalytic system with Ce-MOF-808 and TEMPO was developed

which outperformed all other tested Ce4 +-MOFs.

Metal–organic frameworks (MOFs) are a class of porous crystal-

line materials constructed from inorganic nodes and organic
linkers. Their modularity, high concentration of metal nodes,

well-defined porosity and exceptional surface area make MOFs
particularly interesting for catalysis, gas sorption and separa-

tion.[1–3] One of the most studied MOFs is UiO-66
([M6O4(OH)4(bdc)6] ; bdc = terephthalate; M = Zr4 + , Hf4 + , Ce4 +),

a thermally and chemically robust material built up from hexa-

nuclear metal clusters which are 12-fold connected via tereph-
thalate linkers.[4–7] The catalytic performance of UiO-66, attrib-

uted to the Lewis acidic metal nodes, has been investigated
numerous times.[8–12] Among these, Ce-UiO-66 was reported to

act as catalyst for the aerobic oxidation of benzyl alcohol.[13]

Cerium is the cheapest and most abundant rare earth ele-

ment and has been widely investigated for catalytic applica-

tions due to its remarkable redox behavior. It is the only lan-
thanide with a stable + IV oxidation state due to its vacant f-

shell. Ce4 + is therefore a strong one-electron oxidant and
cerium ammonium nitrate has found many applications as stoi-

chiometric oxidant or homogeneous catalyst.[14, 15] CeO2-con-
taining heterogeneous catalysts are widely applied for the de-

composition of NOx and the oxidation of CO due to the excel-

lent oxygen mobility and oxygen storage capacity of this
oxide.[16–18] Hence, CeO2 particles are often designed as well-de-

fined nano-objects with a focus on maximizing the reactive
surface.[19, 20] Recently, Lammert et al. reported the synthesis of

cerium analogues of several Zr-based MOFs, including UiO-66,
containing carboxylate-capped [Ce6O4(OH)4]12 + clusters.[13, 21–24]

With respect to bulk CeO2, the hexanuclear node in the Ce-

UiO-66 framework could be considered as the smallest possi-
ble CeO2 unit, with every Ce cation exposed to the micropores

of the material.[25] This expands the catalytic scope of the UiO-
66 topology beyond the well-known acid-base activity to in-

clude redox reactions, as exemplified by the activity of Ce-UiO-
66 in the aerobic oxidation of benzyl alcohol to benzalde-

hyde.[13] Higher reaction rates were achieved with Ce-UiO-66
than with an equimolar amount of 15 nm CeO2 nanoparticles.
A redox mediator, TEMPO (2,2,6,6-tetramethyl-1-piperidinyloxy)

was employed to couple the one-electron reduction of Ce4 + to
Ce3 + with the two-electron alcohol oxidation.[13, 26]

The interest in Ce MOFs is mainly driven by their potential
redox applicability; unraveling their redox behavior is therefore

of great interest. Herein, we study the oxidation state of Ce

and the geometry of the hexanuclear cluster in Ce4+-MOFs
before and after reaction with TEMPO and benzyl alcohol,

since no experimental evidence for the redox change in Ce-
MOFs has been provided to date. For this, Ce-UiO-67 was

chosen as catalyst, with 4,4’-biphenyldicarboxylate linkers
lining the pores. The resulting large pores ensure that reaction
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can take place in the crystal bulk and not only on the outer
surface of the MOF-particles, thereby greatly increasing the

number of active sites. The microenvironment around the cata-
lytically active Ce cluster in Ce-UiO-67 is also identical to the

one in the previously studied Ce-UiO-66. Ce-UiO-67 was sub-
jected to a solution of 7.5 equiv. TEMPO and 50 equiv. benzyl

alcohol in acetonitrile under inert atmosphere to reduce Ce to
its + III oxidation state, while avoiding rapid reoxidation to

Ce4 + .

X-ray absorption near edge structure (XANES) at the Ce L3-
and Ce K-edge was performed to assess the average oxidation
state of Ce throughout the whole structure (Figure 1). This
type of analysis is very reliable, since XANES features of both
Ce L3- and Ce K-edges are known to be mostly dependent on
the average oxidation state of Ce atoms, being much less af-

fected by the variations of local geometry. At the Ce L3-edge

the shape of the spectrum changes dramatically upon transi-
tion from Ce3 + to Ce4 + : while a very sharp single peak is char-

acteristic for the former, the white line of the latter consists of
two well-separated maxima of much lower intensity. Spectral

features at the Ce K-edge are significantly broader but Ce3 +

and Ce4 + can still be easily distinguished because the edge

energy for Ce3 + is around 5 eV lower than for Ce4 + . The rela-

tive concentration of Ce3 + in Ce-UiO-67 exposed to the
TEMPO/benzyl alcohol mixture (Ce-UiO-67-red) was determined

by making a linear combination of a Ce3 +-reference,
Ce(NO3)3·6 H2O, and a Ce4 +-MOF reference, Ce-UiO-66.[13] No

measurable Ce3+ was present before reaction (Figure S1) but
after reduction by the TEMPO/benzyl alcohol mixture, the frac-

tion of reduced Ce was calculated to be 19.4:0.2 % and

16.9:0.2 % at the Ce L3 and the Ce K-edge, respectively
(Figure 1, Table S1; the reported errors are of statistical origin;

the intrinsic error associated to such XANES analyses is in the
order of 5 %).[27] The best-fit curves are able to remarkably re-

produce the experimental data, which is confirmed by the low
R-factors (0.0013 at Ce L3 and 0.0001 at Ce K-edge). The calcu-

lated Ce3 +-fraction corresponds to an average of approximate-

ly one Ce3 + ion per hexanuclear cluster (16.7 %). This clearly
demonstrates that Ce4 +-MOFs can accommodate valence

changes in the hexanuclear cluster, and hence catalyze redox
reactions through the reduction of Ce4 + cations. The presence

of on average one Ce3 + per cluster suggests a structural
change that inhibits the reduction of a second cation. Investi-

gating this modification cannot be done from powder X-ray
diffraction (PXRD) data because such changes in the cluster are

too subtle to accurately determine for porous materials filled
with disordered solvent molecules.[5] PXRD however confirmed
the conservation of the long-range order in Ce-UiO-67-red (Fig-

ure S4).
The exact nature of the active site was therefore studied via

extended X-ray absorption fine structure (EXAFS) of Ce-UiO-67-
red and compared to the reference Ce-UiO-66, measured at
the Ce K-edge (Figure 2 a). The amplitude of the EXAFS oscilla-
tions was significantly damped compared to the reference,

which resulted in lower intensity of the Ce-Ce peak in the
Fourier transform (FT) (Figure 2 b). To model the observed
changes, a fit was carried out in the 3.0–3.9 a region because

the lower-R region had to be excluded due to the very strong
contribution of the atomic X-ray absorption fine structure

signal which interfered with the Ce-O first shell peaks.[28, 29] As a
result, the FT shape at low R values is extremely sensitive to

background subtraction parameters, which makes precise

quantitative analysis very difficult. Conversely, the intensity and
position of the Ce-Ce peak were virtually unaffected upon var-

iation of the background spline, which made it a much more
reliable indicator.

The EXAFS fit of the reference Ce-UiO-66 compound resulted
in a perfect agreement with the geometry of unperturbed clus-

ter with a Ce-Ce coordination number NCe = 4 (R-factor of

0.0063). The Ce-Ce distances agreed with the previously report-
ed Ce-UiO-66 structure within 0.01 a and meaningful values

were obtained for both the Debye-Waller (DW) parameter
(s2

Ce1 = 0.006 a2) and amplitude reduction factor (S0
2 = 0.98).[13]

The Ce-Ce peak of Ce-UiO-67-red was however significantly
dampened so several models were tested to investigate the
origin of the intensity decrease.

First, a fit with fixed NCe and S0
2, obtained from Ce-UiO-66,

was performed to test whether the reduced intensity is due to

Figure 1. Experimental Ce L3-edge (a) and Ce K-edge (b) XANES spectra of Ce-UiO-67-red; results of linear combination fitting performed using the spectra of
Ce-UiO-66 and Ce3+ nitrate as standards.
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an increased uniform (static or dynamic) disorder, which would
be reflected by a higher DW value. As expected, the fit result-

ed in a higher DW factor (s2
Ce1 = 0.0075 a2), but the corre-

sponding large R-factor (0.0310) indicated that the observed
damping cannot be explained by a uniform increase of disor-

der (Fit 1 in Table 1). To simulate anisotropic disorder, expected
due to the presence of a Ce3 + inside the Ce6-octahedron, one

Ce atom was translated along the octahedron diagonal (Fig-
ure 2 d). This implies that the 12 Ce-Ce edges of the octahe-
dron are no longer equivalent, but split into 4 long ones and 8

short ones. This model is parametrized in the EXAFS fit by in-
troducing two different Ce-Ce distances with coordination
numbers fixed to NCe1 = 2.67 and NCe2 = 1.33. Both DW factors

s2
Ce1 =s2

Ce2 were fixed to the value obtained from Ce-UiO-66.
As expected, the fit resulted in two significantly different Ce-

Ce distances, causing the decrease of the EXAFS peak. The R-

factor (0.0301) remained however virtually unchanged, which
indicated that the quality of the fit was not improved (Fit 2 in

Table 1). Repeating this fit with free DW parameters resulted in
a strongly decreased R-factor (0.0041) indicating a nearly per-

fect mathematical fit (Fit 3 in Table 1). However, careful exami-
nation of the obtained parameters reveals that, while a short

Ce-Ce path was not significantly perturbed, the second path

was elongated by 0.3 a and its DW factor increased to s2
Ce2 =

0.014 a2, which led to an important decrease of the longer
path contribution to the examined spectral region. Such num-

bers are a clear indication that the fitted

peak mainly originates from a single Ce-
Ce path with a distance close to the ref-

erence and a degeneracy significantly
lower than 4. Consequently, in Fit 4,
only one Ce-Ce path was considered,

but the corresponding coordination
number, Ce-Ce distance and DW factor

were fitted simultaneously. This resulted
in a low R-factor (0.0075), close to the

one for the unperturbed Ce-UiO-66, and

RCe1 and s2
Ce1 values that closely match

the reference ones. The obtained coor-

dination number (NCe = 2.58) is very
close to the theoretical value of 2.67,

which corresponds to the situation
where upon interaction with TEMPO

Figure 2. k3-weighted phase-uncorrected Ce K-edge EXAFS with the Fourier-transform window function (a) and its moduli (b) and imaginary parts (c) for Ce-
UiO-66 and Ce-UiO-67-red together with their corresponding fits. For Ce-UiO-67-red the results of the Fit 4 are shown. The range in the panel (c) corresponds
to the fitting window (3.0–3.9 a) shown in the panel (b). Panel (d) schematically illustrates the distortion of the Ce-UiO-67-red cornerstone suggested by Fit 3
(color code: O—red, Ce—blue, perturbed Ce—orange).

Table 1. Fitting parameters for the Ce K-edge EXAFS spectra of Ce-UiO-66 and Ce-UiO-67-red.

Ce-UiO-66 Ce-UiO-67-red

Fit number - Fit 1 Fit 2 Fit 3 Fit 4
Fitting pa-
rameters

4 3 3 5 4

S0
2 0.98:0.13 0.98 0.98 0.98 0.98

DE/ eV -2:1 0:2 2:2 -1:2 0:1
NCe1 4 4 2.67 2.67 2.58:0.37
RCe1/ a 3.779:0.005 3.771:0.009 3.755:0.009 3.765:0.006 3.768:0.005
s2

Ce1/ a2 0.0059:0.0004 0.0075:0.0003 0.0059 0.0062:0.0002 0.0060:0.0005
NCe2 - - 1.33 1.33 -
RCe2/ a - - 3.838:0.013 4.078:0.051 -
s2

Ce2/ a2 - - 0.0059 0.0144:0.005 -
R-factor 0.0063 0.0310 0.0301 0.0041 0.0075

Fitting range in k: 4.0–16.8 a@1; fitting range in R: 3.0–3.9 a; independent points : 7.22
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one of the Ce atoms is significantly shifted from its original po-
sition, so its contribution to the regarded EXAFS spectrum be-

comes very weak. This conclusion is in agreement with the Ce
K-edge and Ce L3-edge XANES data, which indicate that rough-

ly one Ce atom per cornerstone is reduced to Ce3+ , which is
probably a concomitant effect for the displacement of one Ce

atom caused by the reaction with TEMPO and benzyl alcohol.
The combined XANES and EXAFS results imply that the origi-
nally perfect Ce6-octahedron is turned into a rigid Ce5 square

pyramid formed by Ce4 + ions, while the sixth Ce ion gets re-
duced to Ce3 + and lifted above the equatorial plane with an
increased disorder of both static and dynamic origin (Fig-
ure 2 d).

Such an important distortion of the Ce6-cluster is not unlike-
ly since previous EXAFS and PDF experiments on the analo-

gous Zr6 cluster in UiO-66 already showed that the cluster can

be reversibly distorted to a comparable extent upon external
stimuli.[5, 30] A similar distortion was also reported in partially re-

duced ceria nanoparticles and results from the larger ionic
radius of Ce3 + (1.03 a vs. 0.92 a for Ce4 +).[31, 32]

A reaction mechanism for the Ce-mediated alcohol oxidation
is proposed based on the presence of Ce3+ upon exposure to

reactants under inert atmosphere (Figure 3). First, one Ce4+ in

the cluster oxidizes TEMPO to its oxoammonium cation (step
a), being reduced itself to Ce3 + . The slightly distorted Ce3 +

-containing cluster is then regenerated by molecular oxygen,
thereby closing the Ce cycle. The possible reduction of a

second Ce ion in the same cluster is implausible based on the
XAS data since only 1/6th of the Ce ions were reduced after 7 h

under inert atmosphere, while multiple turnovers were ob-

served for Ce-UiO-66 during the same reaction under
oxygen.[13] The oxoammonium cation further reacts with

benzyl alcohol to selectively form benzaldehyde while it is re-
duced to TEMPOH (2,2,6,6-tetramethyl-1-hydroxypiperidine)

(step b). The selective oxidation of benzyl alcohol by the ox-
oammonium cation is often described in literature and the

presence of this cation was already reported previously when
the reaction was conducted with Ce-UiO-66 under inert atmos-

phere; a low conversion of benzyl alcohol as well as the detec-
tion of TEMPOH pointed towards the oxoammonium cation as

an intermediate.[13, 33–35] A proton is released during the oxida-
tion of benzyl alcohol and it is hypothesized that it protonates

a m3-O on the cluster to balance the excess negative charge
when one Ce4 + is reduced to Ce3 + . Charge compensation
could also occur through protonation and subsequent detach-

ment of a linker but no evidence for this could be found in the
IR spectra (Figure S6). Finally, TEMPOH is swiftly regenerated
by molecular oxygen to the initial TEMPO radical (step c),
thereby closing the TEMPO cycle. Steps (b) and (c) are known
to be much faster than step (a) since numerous catalyst sys-
tems involving these two reactions have been described with

a much higher rate than reported for Ce-UiO-66.[26, 36, 37] There-

fore, the overall activity could be increased by improving the
oxoammonium formation rate (step a).

The reaction rate of the TEMPO oxidation strongly depends
on the accessibility of Ce in the cluster. The pore aperture of

Ce4 +-MOFs should therefore be sufficiently large to allow diffu-
sion of TEMPO through their pore network. In addition, there

should be open coordination sites available on the cluster to

interact with incoming reactants, which directly implies that
the (average) number of linkers surrounding each cluster

should be lower than the maximum twelve. A clear illustration
of the effect of node connectivity on catalytic performance of

analogous Zr-MOFs can be found in the work of Farha et al.[38]

Besides UiO-66, which contains 12-connected clusters (in the

absence of defects), NU-1000 and MOF-808, bearing, respec-

tively eight-fold and six-fold coordinated clusters, were com-
pared for their catalytic activity in the hydrolysis of dimethyl 4-

nitrophenyl phosphate, a nerve-agent simulant. The reported
turnover frequencies of 0.004 s@1, 0.09 s@1 and >1.4 s@1 respec-

tively for UiO-66, NU-1000 and MOF-808, clearly indicate the
benefit of low-coordinated clusters on catalytic activity.[38]

Figure 3. Proposed reaction mechanism for the aerobic TEMPO-mediated oxidation of benzyl alcohol by Ce4 +-MOFs.
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While previous work demonstrated the activity of Ce-UiO-66
and Ce-UiO-66-ndc (ndc = 2,6-naphthalenedicarboxylate) in

aerobic alcohol oxidations, the reaction rate was limited by
pore size and the number of open sites originating from miss-

ing linker defects.[13] Here, we report an improved catalytic ac-
tivity for the TEMPO-mediated aerobic oxidation of benzyl al-

cohol by replacing Ce-UiO-66 with Ce-MOF-808
([Ce6O4(OH)4(btc)2(OH)6] ; btc = trimesate), a large-pore MOF
with the lowest connectivity of all known MOFs based on the

same M6-clusters (M = Zr, Hf, Ce).[21, 22, 39, 40]

The activity of Ce-MOF-808 was tested under reaction condi-
tions identical to those of the oxidation of benzyl alcohol by
Ce-UiO-66.[13] The activation procedure of Ce-MOF-808 was

adapted to its lower thermal stability, that is, the activation
temperature was decreased to 100 8C and vacuum was applied

to ensure complete evacuation of the pores.[22] The resulting

Ce-MOF-808 outperformed all previously tested Ce4+-MOFs
(Table 2). After seven hours, Ce-MOF-808 converted 97 % of the

benzyl alcohol, which is much higher than the previously re-

ported Ce-UiO-66 (29 %) and Ce-UiO-66-ndc (80 %).[13] The im-
proved activity is due to the large pore size and low connectiv-

ity of Ce-MOF-808: the clusters are 6-fold connected by trimes-
ate linkers. Liquid 1H NMR of a digested sample revealed the

presence of 2 additional coordinating formates leading to four
remaining open sites that can act as active sites during reac-
tion (Figure S2). The structural integrity of Ce-MOF-808 during

activation and reaction was demonstrated via PXRD (Figure S5)
and the heterogeneity of the catalyst was proven by a hot fil-
tration test: after 2 h reaction; Ce-MOF-808 was removed and
no further reaction was observed (Figure S7).

In conclusion, the redox behavior of Ce4 +-MOFs was investi-
gated using a combined XANES and EXAFS approach, focusing

on the Ce oxidation state and the geometry of the active site.
One Ce ion could be reduced per cluster, thereby moving
slightly away from the center of the cluster. This unambiguous-
ly demonstrates the redox activity of Ce-MOFs, paving the way
for their further application in redox catalysis. This was exem-

plified by the development of a catalytic system with Ce-MOF-
808 which displayed an increased activity for the aerobic

TEMPO-mediated oxidation of benzyl alcohol.
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ABSTRACT: The identification and quantification of defects
are undoubtedly thorough challenges in the characterization of
“defect-engineered” metal−organic frameworks (MOFs). UiO-
66, known for its exceptional stability and defect tolerance, has
been a popular target for defect-engineering studies. Herein, we
show that synthesizing UiO-66 in the presence of an excess of
benzoic acid is a reliable method for obtaining UiO-66 samples
with a very high concentration of missing-cluster defects,
allowing one to modulate specific properties (i.e., surface area
and hydrophobicity). This was elucidated by a multitechnique
marriage of experimental and computational methods: a
combination of PXRD, dissolution/1H NMR spectroscopy,
and N2 sorption measurements was used to quantify the defect loading, while vibrational spectroscopies (FTIR and Raman)
allowed us to unequivocally identify the defect structure by comparison with DFT-simulated spectra and visual analysis of the
computed vibrational modes.

1. INTRODUCTION

Among the numerous classes of porous materials, metal−
organic frameworks (MOFs) stand out for their structural and
chemical diversity, exhibiting a wide range of well-defined pore
size distributions and chemical functionalities.1,2 This variety
endows MOFs with incredible potential in many areas of
technological relevance, e.g., adsorption3 and catalysis,4 but
their real-world applicability in these areas has thus far been
hindered by serious drawbacks, such as poor stability,
particularly to moisture.5−9 Much attention has therefore
been given to relatively stable subclasses of MOFs, e.g.,
zirconium(IV) MOFs, particularly those with clusters based on
a Zr6 octahedral core.

10−15 The most widely studied material
among these “Zr6 MOFs” is UiO-66 (Figure 1), in which the
Zr6-oxyhydroxide clusters are 12-fold connected by 1,4-
benzenedicarboxylate (BDC, a linear ditopic linker), resulting
in a highly symmetric face-centered cubic (fcu) structure.12

While UiO-66 is indeed exceptionally thermally, chemically,
and mechanically stable, its performance in commonly
proposed applications (e.g., adsorption, separation, and
catalysis) is limited by its relatively modest porosity and lack
of chemical functionality. In recognition of these shortcomings,
many researchers have opted to instead focus on isoreticularly
expanded and/or functionalized UiO-66 derivatives (e.g., UiO-
67, UiO-66-NH2), which offer improvements in these

areas.16−33 However, these derivatives generally harbor two
rather significant drawbacks with respect to UiO-66: lower
stability18,21,23,24,34,35 and higher cost. The bulk of their expense
can be attributed to the functionalized and/or extended organic
linker(s), many of which are not even commercially available,
necessitating the development of in-house synthesis proce-
dures,36 which can take months (or longer) to optimize unless
the molecule has already been reported in the literature. It is
therefore clear that an alternative approach for tuning the
porosity and functionality of UiO-66 (and thus, performance)
is desired.
One such alternative approach is “defect engineering”, a term

often used as shorthand for the practice of manipulating defects
via controlled, synthetic means.37−46 This approach has proven
to be particularly effective for UiO-66,16,37,38,43−72 which is
famed for its ability to tolerate an extraordinarily high
concentration of defects while retaining much of its stability37

[except for certain cases where the thermal stability has been
shown to be heavily compromised73 and one sample (50Benz-
HA in ref 49) that was found to have reduced water stability].
We stress that this fascinating trait is not just an academic
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curiosity; many studies have shown that defects significantly
enhance UiO-66’s porosity (see refs 37, 38, 43, 44, 46, 48, 49,
53, 58, 59, 61, 73, and 74) and reactivity (see refs 44, 47, 49, 50,
57, 60, and 62), leading to better performances in a wide variety
of applications (see refs 38, 48−50, 53, 56−59, 62−67, 75, and
76). Such positive demonstrations have encouraged many
researchers to seek out strategies to gain synthetic control over
the defects in the UiO-66 framework.
To this end, the most common method is to synthesize UiO-

66 in the presence of additives known as “modula-
tors”.68,69,77−80 Many types of modulator (e.g., HCl,61,63

HF,68 NH4OH,
79 and amino acids69) are known to promote

the formation of defects, but monocarboxylic acid “coordina-
tion modulators” (e.g., acetic acid, formic acid, benzoic acid,
etc.) are the most widely studied and, thus, best under-
stood.37,38,46−50,52−55,58,59,77 In recent work,37,49 we proved that
monocarboxylic acid modulation promotes the formation of
“missing-cluster defects” whose charge and coordination
deficiencies are compensated by modulator ligands (in their
carboxylate form; see benzoate ligands in Figure 1). More
importantly, we showed that these defects can massively
enhance the porosity and reactivity of the material49,73 and that
new, otherwise elusive functionalities can be incorporated by
postsynthetically exchanging the defect-compensating ligands.49

Another important (albeit less striking) aspect of our
systematic investigations is that they have enabled us to
objectively compare different monocarboxylic acid modulators
for their propensity for introducing defects to the UiO-66
framework, a property which we hereafter refer to as their
“defect-inducing potency”. On the basis of such comparisons,
we have identified trifluoroacetic acid37 and benzoic acid49 as
the most potent modulators we have investigated thus far, and
have ascribed their effectiveness to a combination of acidity,37

solubility,49 and steric49 effects. While the defect-inducing
potency of the two modulators are roughly equivalent, we now
harbor a strong preference toward benzoic acid for the
following reasons: (1) Trifluoroacetic acid (a strong acid)
readily catalyzes the hydrolysis of DMF during UiO-66
synthesis, generating formic acid which then goes on to act
as a modulator in its own right, resulting in a material with
defects compensated by a combination of trifluoroacetate and
formate ligands.37 This increases the complexity and hetero-
geneity of the material in a manner that is probably not entirely
reproducible, and is much less of an issue when benzoic acid (a
much weaker acid) is employed as the modulator.49 (2)
Trifluoroacetic acid (bp = 72.4 °C) is a relatively volatile
molecule that may therefore evaporate from the solution during
UiO-66 syntheses. We speculate that this volatilization could

occur to different extents and rates from one synthesis batch to
the next, potentially affecting reproducibility, a situation that is
completely avoided by using the nonvolatile benzoic acid (bp =
249.2 °C) as the modulator. (3) In our experience, UiO-66
syntheses modulated by trifluoroacetic acid often provide poor
yields, a negative outcome which is much less severe when
benzoic acid is employed as the modulator. (4) Trifluoroacetic
acid-modulated syntheses tend to yield UiO-66 samples with
very poorly defined crystal morphology and size,37,50 while
benzoic acid-modulated syntheses provide reasonably mono-
disperse octahedral crystals.20,49,59,77 (5) Benzoic acid is much
cheaper than trifluoroacetic acid.
It is important to keep in mind that all of the findings

discussed thus far were backed up by a large amount of
convincing experimental evidence, something that we feel is
especially vital for defect-engineering pursuits, since disorder is
notoriously challenging to characterize. In acknowledgment of
this challenge, researchers have sought to develop methods that
are able to detect, quantify, and evaluate the nature of the
defects in different UiO-66 samples, preferably with routine
characterization techniques available in most laboratories. To
this end, most research groups (including our own) employ
some combination of PXRD (see refs 37, 49, 52, 54, and 73),
TGA (see refs 37, 49, 50, 53−55, 58, 61, 68, 69, and 73),
dissolution/1H NMR spectroscopy (see refs 37, 47, 49, 53, 59,
and 69), and N2 adsorption measurements (see refs 37, 38,
47−49, 53, 58, 59, 61, 63, 68, 69, and 73) [sometimes in
conjunction with simulations (see refs 37, 49, 61, 67, and 73)].
While indirect, this approach has proven to be valuable for
detecting defects and assessing their concentration via simple
semiquantitative data analysis methods.37,49 Conversely, vibra-
tional spectroscopies (FTIR, Raman) have thus far had only a
peripheral, qualitative role for characterizing the defectivity of
UiO-66. For example, they have been used to detect the
presence of different defect-compensating ligands (i.e.,
deprotonated modulator molecules37,49) and superfluous
hydroxyl groups81,82 (also thought to terminate defects in
some cases57,60,61,65,70−72) and to indicate defectivity by noting
differences between experimental spectra and that simulated
from the ideal, defect-free UiO-66 structural model.73 This
rather limited use is somewhat surprising given that vibrational
spectroscopies are traditionally very well suited to characterize
defects,83,84 and it was this realization that motivated us to
investigate these techniques further herein.
To this end, we synthesized a series of five defective UiO-66

samples, each obtained in the presence of different amounts of
benzoic acid (our preferred defect-engineering modulator; see
reasons above). All of the samples (given the general name

Figure 1. Illustration showing how the structure of a “Reo-Benz” defect differs from that of ideal, defect-free UiO-66. Hydrogen atoms have been
omitted for the sake of clarity.
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“xBenz”, where x is the molar equivalents of benzoic acid used
in the synthesis, with respect to ZrCl4) were then characterized
by means of Raman and FTIR spectroscopies, as well as the
methods more commonly used for characterizing defects in
UiO-66 (PXRD, dissolution/1H NMR, and nitrogen sorption
measurements). In accordance with our previous studies,37,49

the results show that (1) using benzoic acid as a modulator
yields UiO-66 samples with a high concentration of missing-
cluster defects with benzoate as the compensating ligand
[herein named “Reo-Benz” defects (see Figure 1) due to their
RCSR85-denoted topology (reo)] and (2) the concentration of
these defects systematically increases as increasing amounts of
benzoic acid are used in the synthesis. Although we are fully
convinced of these conclusions, we speculate that some of the
MOF community may still be skeptical due to the indirect
manner in which these methods probe defectivity. This
potential criticism is opposed by the vibrational spectroscopy
results, which, when compared with simulated spectra, provide
direct and unequivocal evidence for these conclusions (and
those of our previous studies37,49). Perhaps more importantly,
this paper demonstrates that vibrational spectroscopies can be a
powerful tool for characterizing defects in MOFs, especially
when experimental results are compared with spectra simulated
from models of proposed defect structures.86,87

2. EXPERIMENTAL SECTION
2.1. Materials Synthesis. 2.1.1. Defective UiO-66

Samples. The five defective UiO-66 samples (named 10Benz,
20Benz, 30Benz, 40Benz, and 50Benz) were synthesized by the
same method, albeit with different amounts of benzoic acid as a
modulator (see Table 1). First, the synthesis solutions were

prepared by sequentially adding 1.680 g of ZrCl4 (7.209 mmol),
0.173 mL of H2O (9.603 mmol), benzoic acid (quantities given
in Table 1), and 1.198 g of 1,4-benzenedicarboxylic acid
(H2BDC, 7.211 mmol) to a 1 L Erlenmeyer flask containing
413.2 mL of warm (ca. 70 °C) N,N′-dimethylformamide
(DMF, 5336 mmol) under constant magnetic stirring.
Once the reagents had fully dissolved, the stirring bars were

removed and watch glasses were placed over the mouths of the
flasks as a loose cover. The covered synthesis solutions were
then placed in an oven preheated to 120 °C and were allowed
to react over a period of 24 h before applying the purification
steps given in section 2.1.3.
2.1.2. “Defect-Free” UiO-66 (Ref.). The “defect-free” UiO-66

sample (Ref.) was synthesized via an optimized version37,49 of a
procedure originally outlined by Serre and co-workers88 and
later promoted by us.73 First, the synthesis mixture was
prepared by sequentially dissolving 3.781 g of ZrCl4 (16.22
mmol), 2.865 mL of 35% HCl (32.45 mmol), and 5.391 g of
H2BDC (32.45 mmol) in 97.40 mL of warm (ca. 70 °C) N,N′-

dimethylformamide (DMF, 1258 mmol) under constant
magnetic stirring. Once all reagents had fully dissolved, the
mixture was transferred to a 200 mL Teflon liner, sealed in a
stainless steel autoclave, and placed in an oven preheated to
220 °C. After 24 h of reaction at this temperature, the autoclave
was removed from the oven and rapidly cooled by dropping it
into a bucket of cold tap water for 30 min before applying the
purification steps given in section 2.1.3.

2.1.3. Purification Procedures. After all reactions, the
resulting microcrystalline powder precipitates were separated
from their synthesis solutions via centrifugation and washed by
shaking them overnight in 80 mL of fresh DMF. Three further
separation/washing cycles were performed the next day, albeit
for a shorter duration (ca. 2 h per wash) before the washed
products were separated by centrifugation, dried overnight in
an oven set to 60 °C, and ground with a mortar and pestle. The
samples were then subjected to a further “activation” procedure
to remove the DMF guest molecules from their pores. This was
achieved by heating them at 200 °C for 24 h in a conventional
oven, a simple treatment which we have found to be very
effective for UiO-66.37,49 The Ref. sample was subjected to a
further heat treatment (dubbed “calcination”), in which
unidentified nonvolatile organic impurities37 are removed via
a two-step program on a multistep muffle furnace. In the first
step, a 5 °C min−1 ramp was used to heat the material from
room temperature to 200 °C, at which it was held for 10 min. A
0.5 °C min−1 ramp was then used between 200 and 270 °C,
where the temperature was held for 70 h. After calcination, the
product was allowed to cool to room temperature naturally.
The activated/calcined samples are not completely empty, as

they adsorb a small amount of atmospheric water vapor when
allowed to cool to room temperature in air. The theoretical
yields of the procedures (discounting adsorbed water) is 2 g for
the defective samples and 4.5 g for the defect-free one.

2.2. Experimental Methods. 2.2.1. Powder X-ray
Diffraction (PXRD). Samples were prepared for measurement
by dispersing 30 mg of sample on a flat, glass plate PXRD
sample holder with a diameter of 2.5 cm. A stretched piece of
plastic film was then used to spread, flatten, and hold the
sample in position for measurement. The plastic film is evident
in the PXRD patterns, appearing as two broad peaks covering
2θ ranges of ca. 20°−22° and 23°−24°.
PXRD patterns (Cu Kα radiation, λ = 1.5418 Å, 2θ range =

2°−50°, time scale = 1, resulting in a d-spacing down to 1.82 Å)
were collected in reflectance Bragg−Brentano geometry with a
Bruker D8 Discovery diffractometer equipped with a focusing
Ge-monochromator and a Bruker LYNXEYE detector.
Values of the relative intensity of the broad peak [Rel(I)BP]

have been extracted from the patterns by fitting with a peak-
shaped function (a pseudo-Voigt or a Pearson VII, depending
on which one gave the lowest error) and normalizing the area
of the fitted peak by dividing by the intensity (measured in the
same manner of the broad one) of three key reflections [the
(100), (200) and (600)] of UiO-66. A detailed description of
this method can be found in section 4 of the Supporting
Information of the present paper and in two preceding
works.37,49

2.2.2. Dissolution/1H NMR Spectroscopy. Samples were
prepared by weighing 20 mg of the MOF sample of interest
into an NMR tube and adding 600 μL of 1 M NaOH (in D2O).
The NMR tube was then capped and the contents were mixed
by inverting the tube two or three times. The MOF was then
left to digest over a period of 24 h before measurement. This

Table 1. Quantities of Benzoic Acid Used in the Synthesis of
the Five Defective UiO-66 Samples

samplea amount of benzoic acid used in synthesis

10Benz 8.807 g (72.12 mmol)
20Benz 17.613 g (144.23 mmol)
30Benz 26.420 g (216.34 mmol)
40Benz 35.226 g (288.45 mmol)
50Benz 44.033 g (360.57 mmol)

aThe names of the samples are derived from the benzoic acid:ZrCl4
molar ratio in their respective synthesis solutions.
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hydroxide-based procedure dissolves only the organic portion
of the MOF (linker, modulator, solvent etc.), while the
inorganic content is converted into ZrO2, which sinks to the
bottom of the NMR tube and does not influence the spectra.
Liquid 1H NMR spectra were obtained with a Bruker Avance
DPX-300 NMR Spectrometer (300 MHz). The relaxation delay
(d1) was set to 20 s to improve the reliability of integration
and, thus, the accuracy of the molar ratios determined from the
results. The number of scans (ns) was 64. Molar ratios were
extracted from these spectral data using a procedure reported in
section 6 of the the Supporting Information of the present
paper and two preceding works.37,49

2.2.3. Nitrogen Sorption Measurements at 77 K. Nitrogen
sorption measurements were performed on a BelSorp mini II
instrument at 77 K. In each experiment, approximately 50 mg
of the sample of interest was weighed into a 9.001 cm3 glass
cell. Prior to measurement, guest molecules were removed from
the MOF pores via simultaneous vacuum and heat treatment,
first for 1 h at 80 °C and then for 2 h at 200 °C. The sample
cells were then immersed in a Dewar of liquid nitrogen for the
duration of the nitrogen adsorption measurement. BET areas
were extracted from the nitrogen adsorption isotherms via the
method described in section 5 of the Supporting Information of
the present work and in two of our previous papers.37,49

2.2.4. Attenuated Total Reflection Infrared (ATR-IR)
Spectroscopy. Loose MOF powder was introduced into a
Bruker Vertex70 FTIR spectrometer equipped with a Bruker
OPTIK Platinum ATR accessory with a diamond internal
reflection element. ATR-IR spectra (2 cm−1 resolution, 256
scans) were then recorded in the 4000−600 cm−1 range and
detected with an MCT detector. The spectral intensity was
corrected for the change in the effective thickness value as a
function of the incident wavelength.
2.2.5. Transmission IR Spectroscopy. Samples were

measured in the form of small (ca. 2 cm2), thin, self-supporting
wafers, which were prepared by pellet-pressing ca. 30 mg of
pure, undiluted MOF powder with a force of ca. 10 kN. In
separate experiments, wafers were placed in a home-built
airtight quartz cell with mid-IR transparent KBr windows.
Before measurement, guest molecules were removed from the
MOF pores by attaching the quartz cell to a custom-made
vacuum line and applying simultaneous vacuum and heat
treatment (1 h at 80 °C and then 2 h at 200 °C). The
transmission FTIR spectra were then recorded in the 4000−
600 cm−1 range with a Bruker Vertex 70 FTIR spectrometer
equipped with a MCT detector (2 cm−1 resolution, 32 scans).
2.2.6. Raman Spectroscopy. Samples were 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. Raman spectra
were recorded over a wavenumber range of 1800−500 cm−1 on
a Renishaw inVia Raman microscope spectrometer in back-
scattering mode. A 785 nm diode laser was used for the
excitation, and the scattered photons were dispersed by a 1200
lines/mm grating monochromator and collected on a CCD
camera whose collection optic was set at 20× objective
summing up 66 scans with an exposition time of 20 s per step.
2.3. Computational Methods. 2.3.1. Used Models. Two

atomistic models were used for both DFT calculations and
isotherm simulations: the crystallographic structure of UiO-
6612,82 for the defect-free model (named “Ideal”) and a
defective benzoate-containing structure (dubbed “Reo-Benz”)
that was created by starting from the perfect UiO-66

framework. First, from the primitive unit cell of UiO-66 {114
atoms, Zr6O4(OH)4[C6H4(COO)2]6} the crystallographic
cubic cell was built that corresponds to a 4 times larger
supercell (456 atoms). Then, to create the defect, a
Zr6O4(OH)4 unit was removed along with the carboxylate
groups of the neighboring linkers, and finally, the dangling
bonds on the aromatic rings were saturated with hydrogen
atoms. The resulting structure was comprised of a 414-atom
cubic unit cell {3Zr6O4(OH)4[C6H4(COO)2]4[C6H5COO]4}
that has 12 benzoic moieties in the defective site, as shown in
Figure 1.

2.3.2. DFT Calculations. All calculations were performed by
means of the CRYSTAL14 ab initio code.89 The hybrid
B3LYP90,91 method, combined with an all-electron Gaussian
basis set, was employed. The basis set consists of the following
contractions of Gaussian functions: (8s)-(7631sp)-(621d) for
Zr, (8s)-(411sp)-(1d) for O, (6s)-(31sp)-(1d) for C, and
(31s)-(1p) for H (see ref 82 for details). All computational
parameters were the same as in the previous work of Valenzano
et al.,82 except for the shrinking factor used in reciprocal space
sampling (here raised to 3 from the original value of 2). Both
the perfect (Ideal) and defective (Reo-Benz) UiO-66 models
were fully relaxed by keeping the symmetry of the systems (24
symmetry operators). The presence of the defect leads to a
negligible expansion of the unit cell volume (i.e., less than
+0.1%), which is probably due to the well-known rigidity of the
UiO-66 framework. Vibrational frequencies were computed at
the Γ point on the optimized geometries.92 Infrared and Raman
intensities were calculated via an entirely analytical procedure
based on a linear response.93,94 A Lorentzian broadening of 5
cm−1 was adopted for both the infrared and Raman spectra.
Vibrational frequencies were shifted by a factor of 0.98 in order
to compensate for the well-known DFT overestimation effect.
The choice of the B3LYP functional is justified by

consistency with previous works on the UiO-66 crystal. The
introduction of empirical dispersion corrections (Grimme’s D3
with three-body contribution) leads to a mild contraction of
cell volumes (1.4% for the perfect structure, less than 2% for
the defective one), resulting in shifts for the individual
frequencies not larger than 10 cm−1. Since the discussion in
the following focuses on isolated features of the vibrational
spectra relative to the benzoate defect rather than collective
modes, we consider the choice of the functional of minor
importance.

2.3.3. Isotherm Simulation. Adsorption isotherms were
simulated with the “adsorption isotherm” task within the
“Sorption Tools” menu in Accelrys Materials Studio version
8.1. The simulations were performed at 77 K, using a geometry-
optimized N2 molecule as the adsorptive and a single,
geometry-optimized unit cell of the model structure of interest
as the adsorbent. We adopted the Metropolis method and the
COMPASS force field. The isotherms were simulated over a
pressure range of 0.01−100 kPa, in which 50 fugacity steps
were distributed logarithmically in order to increase the number
of data points in the steep initial portion of the isotherm. The
“Fine” quality setting was used for all simulations. Charges were
force field assigned, while electrostatic forces were calculated
with the Ewald method. The “atom-based” method was
adopted for the calculation of van der Waals forces. No
constraints were assigned.
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3. RESULTS AND DISCUSSION
Figure 2 illustrates the complete set of PXRD patterns obtained
on the full series of samples over a 2θ range of 2°−35°. All the

samples are highly crystalline and with the expected patterns,
except for the region preceding the first reflection of the UiO-
66 phase. This region is emphasized in the left plot of Figure 2,
where it can be seen that a very broad peak (spanning a 2θ
range of ca. 2°−7°) is observed in the PXRD patterns obtained
on the samples synthesized in the presence of benzoic acid. In a
couple of previous works37,49 we unambiguously assigned this
“broad peak” to very tiny “nanoregions” of missing cluster
defects and showed that the relative intensity of the broad peak
[Rel(I)BP)] is correlated with the concentration of these
defects. The absence of this peak in the pattern obtained on the
reference UiO-66 sample (“Ref.”, black line in Figure 2) proves
its very low defectivity. In contrast, the broad peak is already
clearly present in the pattern obtained on 10Benz, and its
intensity (and, thus, the concentration of missing cluster
defects) systematically increases in 20Benz and 30Benz, at
which point it essentially plateaus. This is more visually and
quantitatively evident in Figure 3, where the Rel(I)BP values
(calculated via the method outlined in section 4 of the
Supporting Information; see Table 2 and Table S1 for

numerical data) are plotted against the molar equivalents of
benzoic acid used in the MOF syntheses. These observations
suggest that benzoic acid is very effective at creating missing-
cluster defects in UiO-66, even at relatively low concentrations.
Liquid 1H NMR spectroscopy was used to identify and

determine the molar ratios between the organic components in
the UiO-66 samples. Figure 4 compares the dissolution/1H

NMR spectra obtained on all six samples and clearly illustrates
the appearance of signals attributed to benzoate in the samples
synthesized in the presence of benzoic acid. Since benzoate
ligands are thought to terminate the missing cluster defects in
these materials, their benzoate content is essentially a measure
of their defectivity. However, differences in the intensity of the
benzoate signal throughout the series are not particularly
apparent upon visual inspection of the spectra, making it
difficult to discern qualitative trends in their benzoate content
by observation alone.
Regardless, the real strength of the dissolution/1H NMR is

that one can quantify the molar ratios between the organic
components in MOF samples by integrating the spectra and

Figure 2. PXRD patterns obtained on the six UiO-66 samples. The
same y-scale is applied to both plots.

Figure 3. Integrated relative intensity of the broad diffraction peak
[Rel(I)BP], (see Table 2 and Table S1) vs the molar equivalents of
benzoic acid added to the UiO-66 synthesis mixture.

Table 2. Summary of the Quantitative Experimental Data
Extracted from the PXRD, Dissolution/1H NMR, and
Nitrogen Adsorption, Results Obtained on the UiO-66
Samples, and Theoretical Values from the Models (see
Figure 1)

sample Rel(I)BP/error
n
n

mod.

BDC
BET area (m2g‑1) ref

Ref. 0.000/0.020 0.00 1236 37
10Benz 0.213/0.022 0.34 1252 this work
20Benz 0.342/0.021 0.59 1382 this work
30Benz 0.423/0.017 0.69 1480 this work
40Benz 0.435/0.025 0.78 1494 this work
50Benz 0.454/0.032 0.79 1515 this work

model Rel(I)BP/error
n
n

mod.

BDC
BET area (m2g‑1)a ref

Ideal − 0.00b 1241 37
Reo-Benz − 1.00c 1532 49

aCalculated from the simulated nitrogen adsorption isotherms (see
Figure 6a). bThere are no monocarboxylate ligands in the ideal UiO-
66 composition, Zr6O4(OH)4(BDC)6, so = 0n

n
mod.

BDC
. cThe composition

of Reo-Benz is Zr6O4(OH)4(BDC)4(Benz)4, where “Benz” is

benzoate, a monocarboxylate ligand. Thus, n
n

mod.

BDC
= = 14

4
.

Figure 4. Dissolution/1H NMR spectra obtained on the six UiO-66
samples.
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performing simple calculations. Thus, we determined the

benzoate/BDC molar ratios ( )n
n

Benz

BDC
in our samples, which can

be considered as a quantitative descriptor for their benzoate
content. Moreover, a very small concentration of formate
moieties (originating from the in situ hydrolysis of DMF during
the MOF synthesis37) was determined via integration of the
faint signal falling at ca. 8.4 ppm, yielding the formate to BDC

molar ratio( )n
n

Form.

BDC
. This contribution was added to n

n
Benz

BDC
to get

the “total modulator to BDC molar ratio” ( )n
n

mod.

BDC
, which is a

quantitative descriptor for the amount of monocarboxylate
ligands in the samples (and, thus, the concentration of defects
in the UiO-66 framework37). These calculations were some-
what complicated by the overlap of the BDC and benzoate
signals, as discussed in section 6 of the Supporting Information,
where full details of the method are provided.

Figure 5 is the plot obtained when the n
n

mod.

BDC
values of the six

samples (see Table 2 and Table S2 of the Supporting
Information for the numerical data) are plotted against the
molar equivalents of benzoic acid added to their syntheses. The
plot clearly shows that the extent of monocarboxylate
incorporation (and, thus, the defectivity of the samples)
systematically increases throughout the series but essentially
plateaus for the last two samples (40Benz and 50Benz). This
again emphasizes the ability of benzoic acid to induce a high
level of defectivity to the UiO-66 framework, even when used at
relatively low concentrations. If we consider that the Reo-Benz
model misses 25% of the clusters (three Zr-bricks instead of
four in the unit cell), the 50Benz sample (the most defective
material) is missing 19.5% of the clusters.
Nitrogen sorption measurements were used to assess the

porosity of all the UiO-66 samples. All the experimentally
obtained isotherms are presented in the right plot of Figure 6,
while those simulated from the “Ideal” and defective “Reo-
Benz” UiO-66 structural models (see Figure 1) are shown in
the left plot for comparison. Starting with the simulated
isotherms, one can clearly see that the nitrogen uptake capacity
of the “Reo-Benz” model (and thus, porosity) is significantly
higher than that of ideal UiO-66. This essentially proves that
increasing the concentration of missing cluster defects
terminated by benzoate ligands should result in an increasingly
porous material.
With this in mind, let us turn our attention to the

experimentally obtained isotherms shown in the right plot of
Figure 6. Before delving into the trends, we feel it is noteworthy
to comment on the contour (profile) of the isotherms. For
example, the isotherm obtained on the reference UiO-66
sample (Ref.) has a textbook type I profile, featuring a well-
defined knee and perfectly flat plateau at higher relative
pressures, emphasizing the uniformity of the sample’s micro-
pores. On the other hand, the isotherms obtained on the rest of
the samples feature less-well-defined knees and plateaus, as is
expected for defective UiO-66 materials with a broader
distribution of pore sizes. Nevertheless, these cavities do not
appear to enter into the mesoporous size range, as there is no
evidence of hysteresis in any of the isotherms, the adsorption
and desorption branches of which are perfectly superimposed
over the full pressure range.

Figure 5. Graph obtained when the total modulator to BDC molar

ratios ( )n
n

mod.

BDC
(see Table 2 and Table S2 of the Supporting

Information) are plotted against the molar equivalents of modulator
(benzoic acid) added to the UiO-66 synthesis mixture.

Figure 6. Simulated and experimental nitrogen adsorption isotherms obtained on all UiO-66 samples at 77 K. (a) Simulated isotherms for the Ideal
(dark gray) and Reo-Benz (dark red) models. (b) Experimental isotherms; adsorption is depicted by filled squares and desorption by open squares.
The same y-scale is applied to both plots.
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Of greater relevance to this work is the clear trend that
emerges when comparing the nitrogen uptake capacity (and
thus, defectivity) of the samples. As one can see, the uptake
capacity of the materials systematically increases as the amount
of benzoic acid used in the synthesis was increased, eventually
plateauing for the last two samples in the series (40Benz and
50Benz). This trend in porosity is quantitatively confirmed by
Figure 7, in which the BET areas of the samples (calculated by

the method outlined in section 5 of the Supporting
Information; see Table 2 for numerical data) are plotted
against the molar equivalents of benzoic acid added to their
syntheses.
Finally, it is of interest to compare the simulated and

experimental data to contextualize our results. For example, one
can clearly see that the qualitative (isotherm contour) and
quantitative (nitrogen uptake capacity, BET areas) data
obtained on the reference material (Ref.) matches very closely
with that simulated from the Ideal UiO-66 model, strongly
suggesting that the sample is indeed close to defect-free. On the
other hand, the data obtained on the three most defective
samples (30Benz, 40Benz, and 50Benz) is similar to that
simulated from the Reo-Benz model, suggesting that the three
samples are extremely defective, which is an especially striking

revelation when one considers that the Reo-Benz model
represents an extreme case in which one-quarter of the clusters
are missing from the UiO-66 framework.
As was the case for the equivalent plots in previous work,37

the trends observed in Figures 3, 5, and 7 appear to be
qualitatively similar, prompting us to explore the relationship
between the data plotted therein, Rel(I)BP,

n
n

mod.

BDC
, and BET area).

To this end, we plotted the Rel(I)BP values against the
n
n

mod.

BDC
and

BET area values of the samples (see Table 2 for numerical
data), with the results shown in Figure 8.
As one can see from the fitted straight lines and R2 values of

the figure, the data is very well correlated. This makes sense
when one considers that all three parameters are all in some
way correlated with the concentration of defects in the UiO-66
framework, further validating their branding as “defectivity
descriptors” in our previous work.37 As also mentioned in said
previous work, only one of the defectivity descriptors [the
relative intensity of the broad peak, Rel(I)BP] is exclusively
associated with one type of defect (missing-cluster defects).
The fact that the other two descriptors are linearly correlated
with Rel(I)BP is thus a strong indication that missing-cluster
defects (terminated by monocarboxylate ligands, mostly
benzoate in these samples) are the predominant defect in the
samples under investigation herein. This conclusion is further
backed by the similarity between the nitrogen adsorption
isotherms obtained on the most defective samples and the
isotherm simulated from Reo-Benz, a highly defective UiO-66
structural model in which a quarter of the clusters are missing
and compensated by benzoate ligands (see Figure 6 for
isotherms and Figure 1 for the structural model).
While the combined evidence from these results points

strongly toward the predominance of Reo-Benz-type defects in
the samples under investigation herein, the individual methods
each detect said defects in a rather indirect manner. We
therefore speculate that some of the MOF community may be
skeptical of the conclusions drawn from these results (and
those of our previous papers37,49). Thus, we employed
vibrational spectroscopic techniques (FTIR, Raman, and
simulations thereof) to more directly probe the short-range
order of these materials.
The O−H and C−H stretching region of the transmission

FTIR spectra obtained on the full set of samples after thorough

Figure 7. BET areas of the six UiO-66 samples (see also Table 2)
plotted against the molar equivalents of modulator (benzoic acid) used
in their synthesis.

Figure 8. Graphs and linear fits obtained when the relative intensity of the PXRD broad peak [Rel(I)BP] is plotted against (a) the total modulator to

BDC ratio ( )n
n

mod.

BDC
and (b) the BET area.
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activation (see Experimental Section) is reported in Figure 9a.
As one can see, the spectrum obtained on the Ref. sample is

characterized by an intense and sharp band at 3672 cm−1,
attributed to the isolated μ3(OH) groups on the hydroxylated
Zr6O4(OH)4

12+ cluster.82,95 Its spectrum also features a broad
band centered at 3250 cm−1, which is due to hydrogen-bonded
species. The barycenter of this band is rather low in frequency,
testifying that the hydrogen bonding is rather strong. The
aromatic C−H stretching region of the spectrum features a
clear band at 3065 cm−1, which we assign to C−H stretching
modes of the BDC linkers.
Moving on to the set of samples made with benzoic acid as

modulator, we observe that all the absorptions due to ν(OH)
modes drastically decrease in intensity, both the hydrogen-
bonded species (the broad band centered at 3250 cm−1) and
the isolated μ3(OH) groups at 3672 cm−1 (especially in the
three most defective samples, 30Benz, 40Benz, and 50Benz).
This interesting observation signifies that the samples made
with benzoic acid as modulator are more easily activated and
dehydroxylated, indicating that they adsorb water less strongly.
Indeed, the larger pores of these defective samples may be
expected to provide lesser dispersion forces, thus weakening
their adsorptive strength for small molecules. Part b of Figure 9
compares the ATR-IR spectra obtained on the full set of
samples, which are presented together with ATR-IR spectra
obtained on benzoic acid (in DMSO solution) and pure
DMSO. The benzoic acid spectrum is included to determine
whether the benzoate detected in the samples (see 1H NMR
results in Figure 4) can simply be attributed to free benzoic acid
molecules in the MOF pores. However, it is clear that this is
not the case since benzoic acid’s most intense signals at 1700
and 1250 cm−1 [due to ν(CO) and ν(C−O), respectively
highlighted by the hashes in Figure 9b] are only very faintly
visible in the spectra obtained on the UiO-66 samples and do
not have a clear relationship with the amount of benzoic acid
used in their syntheses, as more clearly shown in Figure S2.
Instead, they feature bands at 1580 and 1394 cm−1, due to the
νasym(OCO) and νsym(OCO) modes of carboxylate groups,
respectively. One may have expected to see a trend in which the
intensity of these bands follows the amount of benzoic acid
used in the synthesis, but this is not the case, since the
carboxylate groups are not unique to benzoate (they are also

present in the linker and formate ligands). However, a trend is
clearly observed in the intensity of the weak signals falling at
1178, 1070, and 1025 cm−1 (each highlighted by the asterisk in
Figure 9b), eventually plateauing in the spectra obtained on
40Benz and 50Benz. An enlarged view of this spectral range is
reported in the Supporting Information (Figure S1). This trend
is very similar to that of the defect descriptors discussed earlier,
strongly suggesting that these bands are associated with the
presence of defect-compensating benzoate moieties in the UiO-
66 framework..
The Raman spectra obtained on the full set of samples (after

thorough activation; see the Experimental Section) are
presented in Figure 10, together with those recorded on solid
benzoic acid, benzoic acid in DMSO solution, and pure DMSO.

As one can see, the Raman spectra of these materials feature
many fewer bands than their FTIR counterpart, allowing for an
easier identification of specific fingerprints ascribable to the
presence of the benzoate ligands. Spectra obtained on benzoic
acid (both as a pure solid and as a DMSO solution) have again
been included for comparison to determine whether any free
benzoic acid (evidenced in previous studies77) is present in the
MOF pores. To this end, it is clear that benzoic acid was
completely removed by washing since key bands [such as the
ν(CO) at 1705 cm−1 and ν(C−O) at 1260 cm−1, among
others] are completely absent from the UiO-66 spectra, as
more clearly shown in Figure S2. Conversely, new bands
(highlighted with an asterisk in the figure) appear at 1161
(shouldering the band at 1147 cm−1), 1029, 1005, and 618
cm−1 in the spectra obtained on the benzoic acid-modulated
UiO-66 samples, systematically increasing in intensity as the
amount of benzoic acid used in the synthesis was increased.
Much like the defectivity descriptors discussed throughout this
work, the intensity of these bands reaches a plateau in the
spectra obtained for 30Benz, 40Benz, and 50Benz, strongly
suggesting that these new bands are associated with the
presence of defect-compensating benzoate moieties in the UiO-
66 framework.

Figure 9. (a) Transmission FTIR spectra obtained for UiO-66 samples
activated under dynamic vacuum for 2 h at 200 °C. (b) ATR-IR
spectra obtained for the samples in air and for benzoic acid (in DMSO
solution) and DMSO are also reported for comparison.

Figure 10. Raman spectra obtained on the full set of samples
(activated under dynamic vacuum for 2 h at 200 °C), solid benzoic
acid, benzoic acid in DMSO solution, and DMSO. The UiO-66 spectra
were normalized to the intensity of the band at 866 cm−1 (emphasized
with a dagger in the figure). Key: UiO-66-Ref. (black), 10Benz (blue),
20Benz (magenta), 30Benz (green), 40Benz (orange), 50Benz (red),
solid benzoic acid (brown), benzoic acid in DMSO (gray), and DMSO
(light gray).
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In order to assign all these spectroscopic features, a parallel
computational study on the perfect “Ideal” UiO-66 framework
and on the Reo-Benz defective counterpart (see the
Experimental Section for the details) has been conducted.
Parts a and b of Figure 11 compare the experimental data
obtained in case of 50Benz UiO-66 sample with the computed
ones. Thanks to the possibility to animate each vibrational
frequency, the assignments of major bands was possible. Table
3 summarizes the most relevant vibrational features with the
corresponding assignment based on the animations visualized
for both Raman and IR computed spectra.
At least four signals of the Raman spectra can be

unambiguously assigned to the presence of modeled defects:
the modes falling at 1029, 1005, and 618 cm−1, present only in
the defective samples, are due to the deformation of the
benzene rings belonging to benzoate moieties (vibrational
modes that are prohibited for symmetry in terephthalates). The
1161 cm−1 signal is similarly assigned to a CH bending mode

involving the proton in the para position with respect to the
carboxylate in benzoates.
In the IR spectra three very weak signals falling at 1178,

1070, and 1025 cm−1 (shoulder) are ascribed in the same way
to ring deformations and CH bending modes.
The computed intensity of all these signals with respect to

the measured ones is slightly higher, as the Reo-Benz model has
been constructed with a molar ratio between benzoates and
terephthalates of 1:1, whereas liquid NMR measurements (see
Table 2 and Table S2, Supporting Information) have found
only a molar ratio of 0.78:1 for the 50Benz sample. It should be
noticed that, as the broadening of the computed spectral signals
is arbitrarily set to 5 cm−1, only the integrated intensity should
be taken into account.
The ν(C−H) region (reported only for experimental infrared

spectroscopy in Figure 9a), which shows two different signals
belonging to terephthalates and benzoates (falling respectively
at 3065 and 3030 cm−1), is again nicely modeled by the DFT
calculations.

Figure 11. Comparison between simulated (dark gray and dark red) and experimental (black and red) spectra of Ref. (black) and 50Benz MOFs
(red) samples with Ideal (dark gray) and Reo-Benz (dark red) models by the means of Raman (a) and IR (b) spectroscopies.

Table 3. Assignment of a Selection of Experimental and Calculated Vibrational Modes Compared for the Perfect “Ideal” and
Defective “Reo-Benz” Modelsa

experimental computed

IR Raman IR Raman description of the mode

3672 not visible 3812 3812 OH stretching of isolated hydroxyls
3065 not active 3181, 3176 not active CH stretching in terephthalate and benzoate
3030 not visible 3146, 3139 3146, 3139 CH stretching in benzoate
1700 1705 not calcd not calcd CO stretching of benzoic acid
1580 not visible 1575 1575 OCO asymmetric stretching in carboxylate
not active 1620 not active 1632 CC stretching of aromatic rings
not detectable 1452, 1434 1445, 1422 1445, 1422 OCO symmetric stretching in carboxylate in-phase
1394 not active 1378 not active OCO symmetric stretching in carboxylate out-of-phase
1252 1260 not calcd not calcd C−O stretching of benzoic acid
1178 not active 1187 not active in-plane CH bending in benzoates
1158 not active 1150 not active in-plane CH bending in terephthalates and benzoates
not active 1161 not active 1165 in plane CCH bending in benzoates
not active 1147 not active 1154 terephthalates rings breathing + benzoate rings deformation
1070 not active 1080 not active in-plane CCH bending in benzoates
1025 1029 1031 1031 benzene ring deformation in benzoates
1019 not active 1014 not active benzene ring deformation in terephthalates
not active 1005 not active 1001 benzene ring deformation in benzoates
not active 633 not active 634 benzene ring deformation in terephthalates
not active 618 not active 619 benzene ring deformation in benzoates

aA scaling factor of 0.98 has been adopted in order to correct for the DFT overestimation issue.
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4. CONCLUSIONS
A systematic and detailed study about the synthetic insertion of
missing-cluster defects (via benzoic acid additions) inside the
UiO-66 framework has been reported through the present
work, together with their characterization with a selection of
techniques. While the long-range crystalline order of the
original framework has been preserved, as demonstrated by the
PXRD patterns, tiny nanoregions where defects order
themselves were identified by the growth of a broad
symmetry-prohibited diffraction peak, the intensity of which
is strongly correlated with the number of introduced defects.
The true concentration of Reo-Benz defects has been

accurately measured with dissolution liquid 1H/NMR spec-
troscopy: the outcome reveals that even massive excesses of
benzoic acid during synthesis (up to 50 equiv in the 50Benz
sample) are only able to insert about 0.78 benzoic moieties per
terephthalic ligand: this number is likely to be a plateau, as also
30Benz and 40Benz samples almost reached this value.
Coming to N2 physisorption measurements, we noticed that

defectivity is able to effectively increase the accessible surface
area inside the framework by about 30% with respect to the
reference sample with a change in the shape of the isotherm,
which probably points out differences in the dimensions of the
micropores now accessible thanks to the presence of defects.
Vibrational spectroscopy (IR and Raman) measurements gave a
beautiful set of spectra with a series of signals for which the
relative intensity is growing with the concentration of defects;
the identity of every vibrational band has been fully assigned
with ab initio DFT calculations and the graphical analysis of the
vibrational modes. The effectiveness of the constructed
atomistic models, representative of both ideal and defective
structures, is confirmed by both isotherm simulation and
simulated IR and Raman vibrational spectra, which are in nice
agreement with experimental results. Nevertheless, in situ IR
spectroscopy of vacuum-treated samples pointed out that
defective samples are more hydrophobic than their ideal
counterpart, a result that is in agreement with the nonpolar
nature of benzoate moieties.
This work also demonstrates that these techniques can be

used as a “tool-box” to probe the presence and the
concentration of dangling benzoate moieties inside the MOF;
this approach could potentially be extended to different
chemical species (i.e., other monodentate ligands) if they also
present a well-defined spectroscopic fingerprint.
Empowered by these results, we presented in the present

paper strong evidence of the possibility to include benzoate-
decorated defects inside the UiO-66 framework and to
specifically characterize them. This “defect-engineering”
approach is able to increase the sorptive performance of this
material by a significant degree, as discussed in the
Introduction, and can be used to tune the properties of these
materials for specific applications.
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(61) Katz, M. J.; Brown, Z. J.; Coloń, Y. J.; Siu, P. W.; Scheidt, K. A.;
Snurr, R. Q.; Hupp, J. T.; Farha, O. K. A Facile Synthesis of UiO-66,
UiO-67 and Their Derivatives. Chem. Commun. 2013, 49, 9449−9451.
(62) DeCoste, J. B.; Demasky, T. J.; Katz, M. J.; Farha, O. K.; Hupp,
J. T. A UiO-66 Analogue with Uncoordinated Carboxylic Acids for the
Broad-Spectrum Removal of Toxic Chemicals. New J. Chem. 2015, 39,
2396−2399.
(63) Song, J. Y.; Ahmed, I.; Seo, P. W.; Jhung, S. H. UiO-66-Type
Metal-Organic Framework with Free Carboxylic Acid: Versatile

Adsorbents via H-Bond for Both Aqueous and Nonaqueous Phases.
ACS Appl. Mater. Interfaces 2016, 8, 27394−27402.
(64) Vermoortele, F.; Vandichel, M.; Van De Voorde, B.; Ameloot,
R.; Waroquier, M.; Van Speybroeck, V.; De Vos, D. E. Electronic
Effects of Linker Substitution on Lewis Acid Catalysis with Metal-
Organic Frameworks. Angew. Chem., Int. Ed. 2012, 51, 4887−4890.
(65) Katz, M. J.; Klet, R. C.; Moon, S.-Y.; Mondloch, J. E.; Hupp, J.
T.; Farha, O. K. One Step Backward Is Two Steps Forward: Enhancing
the Hydrolysis Rate of UiO-66 by Decreasing [OH−]. ACS Catal.
2015, 5, 4637−4642.
(66) Nasalevich, M.; Hendon, C.; Santaclara, J. G.; Svane, K.; van der
Linden, B.; Veber, S.; Fedin, M.; van der Veen, M.; Kapteijn, F.; Walsh,
A.; et al. Electronic Origins of Photocatalytic Activity in d0 Metal
Organic Frameworks. Sci. Rep. 2016, 6, 23676.
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ABSTRACT: A zirconium metal−organic framework with UiO-66 topology was
synthesized using a 1,4-naphthalenedicarboxylic acid (NDC) linker (UiO-66-NDC).
From synchrotron powder X-ray diffraction (PXRD), we found that the naphthalene
rings of the NDC linker are out of (a,c)-plane equilibrium by 30°, similar to the
situation found by single crystal XRD for the benzene rings in UiO-67 (Cryst. Growth
Des. 2014, 14, 5370). Different fractions of the benzene-carboxylic (BC) acid
modulator versus NDC were used to tune structural properties of the final product. The
modulator increases both the crystal size and the surface area of the product, but
reduces its thermal stability owing to insertion of defects: missing linkers and missing
Zr6(OH)4O4 clusters. This study proves that the defect density (fraction of BC
incorporation) can be tuned in UiO-66-NDC materials up to almost 50%. At that stage,
the crystal is characterized also by a high density of missing Zr6(OH)4O4 inorganic
cornerstones. Notwithstanding such structural defectivity, even the most defective
material is stable after thermal activation at 200 °C (able to fully remove the solvent)
and in water conditions, opening possibilities for application in the fields of catalysis and molecule sorption.

1. INTRODUCTION

Metal−organic frameworks (MOFs)1,2 are a new class of
porous materials with high surface area attracting attention due
to their numerous potential applications for selective gas
absorption3 and storage,4−6 catalysis,7−11 biomedicine,12,13 and
others.14−18 One of the major reasons for their success in so
many fields is the high flexibility in their structure and
composition as they consist of metal−oxygen clusters (or
secondary building units, SBUs) connected by organic
molecules (linkers). In 2008 (and successive works), the
Lillerud group reported a new family of zirconium-based
MOFs, namely, UiO-66,67,68 (UiO stands for University of
Oslo) with unprecedented thermal, chemical, and mechanical
stability,19−31 that have found a wide range of applications.32−36

It has even been foreseen that the all-gas-phase synthesis of
UiO-66 through modulated atomic layer deposition could
enable implementations in microelectronics.34 The prototype
member of this family is UiO-66, with 1,4-benzene-dicarbox-
ylate (BDC) as a linker and Zr6O4(OH)4 as the SBU, that

transforms into Zr6O6 upon solvent removal.21−23 The
framework is preserved up to 400 °C in air and possess a
high surface area of 1236 m2/g.37 In 2014 Shearer et al.
reported that various synthesis methods can be used to tune the
BDC incorporation in the framework, influencing both the
surface area and the thermal stability of UiO-66.24

In 2009 the “coordination modulator” concept was
introduced by Tsuruoka et al. for capping reagents, who used
carboxylic acids to regulate the rate of framework extension and
crystal growth.38 Later, other groups reported that addition of
modulators to the synthesis of HKUST-1 results in formation
of bigger crystals.39,40 A similar approach was further adopted
for synthesis of UiO-66-type MOFs, reaching a higher surface
area and better catalytic activity with respect to unmodulated
UiO-66.41,42 Schaate et al.43 employed benzoic and acetic acids
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as modulators for synthesis of UiO-66 and other UiO-type
structures.
The control of the defect chemistry in MOFs, in particular,

for UiO-66, has been investigated in order to achieve better
performances in many applications. This approach has been
named “defect engineering” as a shorthand for the ability to
manipulate defects by a synthetic and controlled way. Many
authors have recently shown with their works several
fascinating ways to achieve this kind of defect con-
trol.16,24,29,31,32,35,37,42,44−49

On the other hand, Garibay et al.,50 following a slightly
modified procedure from ref 19, obtained an MOF with UiO-
66 topology replacing BDC linkers with 1,4-naphthalenedi-
carboxylic acid (1,4-NDC). Because of structural similarity, it is
labeled hereafter as UiO-66-NDC. The replacement of the
linker opens new possibilities such as an increased affinity
toward postsynthesis π-functionalization on the naphthalene
rings.20 Starting reagents were ZrCl4, 1,4-NDC, and N,N-
dimethylformamide (DMF) with a molar ratio 1:1:143. No
modulator was used in that synthesis.50 Similarly, Huang et al.51

employed 2,5-dimethylterephthalic acid (2,5-BDC-(CH3)2) in
order to synthesize UiO-66-(CH3)2, a material that has shown
enhanced chemical stability toward water adsorption and an
improved performance in CO2 adsorption with respect to the
plain UiO-66.
In the present work, we further modified the synthesis

technique and investigated how benzene-carboxylic (BC) acid,
acting as a modulator, affects UiO-66-NDC properties. For the
first time, we refined the influence of the BC/NDC ratio on the
formation of UiO-66-NDC phase (Table 1).

2. EXPERIMENTAL AND METHODS
2.1. MOF Synthesis. The chemicals ZrCl4, 1,4-NDC, BC acid, and

DMF were purchased from Alfa Aesar and used without further
purification. Deionized (DI) water (18 MΩ cm) was obtained from a
Simplicity UV ultrapure water system. In a typical procedure, ZrCl4
(0.250 g) was dissolved in 25 mL of DMF in a conical flask, and 57.9
μL of DI water was added. Then, a respective amount of BC, as
reported in Table 1, was poured into the flask with ZrCl4 solution, and
1,4-NDC (0.232 g) was added. After complete dissolution of the
reagents, the flask was sealed and placed into the preheated oven at
120 °C for 24 h. In this way, we obtained three samples labeled with
respect to an added amount of BC: 0BC (without BC acid), 10BC,
and 60BC with 10 and 60 equiv of BC acid, respectively (Table 1).
The synthesis performed using 100 equiv of BC resulted in no
precipitate even after 96 h at 120 °C. Also for the other molar
compositions (0BC, 10BC, and 60BC) the synthesis was duplicated
increasing the heating time at 120 °C to 96 h. In those cases, there was
no significant difference in the XRD profiles and in the product yield,
indicating that 24 h is sufficient to complete the synthesis. For
comparison, a standard UiO-66 was obtained under the same
conditions using BDC as a linker but without a BC modulator.

2.2. Characterization Techniques. Diffraction patterns were
measured in 0.7 mm rotating glass capillaries at the European
Synchrotron Radiation Facility (ESRF), beamline BM01B54 (succes-
sively moved to BM31) for 0BC, 10BC, and 60BC samples, and for
the standard UiO-66 for comparison. Twenty diffraction patterns were
measured for each sample with a CMOS-Dexela 2D detector and
averaged before the analysis. Wavelength of the incoming beam, λ =
0.505235(5) Å, and sample-to-detector distance were calibrated using
LaB6 and silicon powder standards. The adopted experimental setup
allowed us to cover the 1.4−40.0° 2θ range, which corresponds to the
Q-range from 0.30 to 8.51 Å−1 and to a d-spacing ranging from 20.68
down to 0.74 Å. Subsequent averaging and integration were carried
out using the PyFAI software.55 Profile analysis was performed using
Jana2006 software.56 Framework stability of 0BC-60BC series was
further checked by laboratory powder X-ray diffraction (PXRD)
collected in the 30−500 °C temperature interval, with an X-ray
powder diffraction system ARL X’TRA (Thermo Scientific) using Cu−
Kα radiation.

An ultrahigh resolution scanning electron microscope of Hitachi
SU8230 type was used to obtain high resolution images of the
material. The sample was mounted on a carbon tape prior to the
measurement. The surface area and porosity were determined by BET
and Langmuir methods from nitrogen physisorption isotherms
obtained (at 77 K) on an accelerated surface area and porosimetry
analyzer ASAP 2020 (Micromeritics). The sample was activated at 200
°C for 24 h in a dynamic vacuum before the measurement. Pore
volumes were calculated at P/P0 = 0.5 and taking into account the
density of liquid N2 at 77 K.52,53

Adsorption isotherms were simulated with the “adsorption
isotherm” task within the “Sorption Tools” menu in BIOVIA Materials
Studio version 2017r2. The simulations were performed at 77 K, using
a geometry optimized N2 molecule as the adsorptive and a single,
geometry-optimized unit cell of the model structure of interest as the
adsorbent. We adopted the Metropolis method and the COMPASS
force field. The isotherms were simulated over a pressure range of
0.01−100 kPa, in which 50 fugacity steps were distributed logarithmi-
cally in order to increase the number of data points in the steep initial
portion of the isotherm. The “Fine” quality setting was used for all
simulations. Charges were force field assigned, while electrostatic
forces were calculated with the Ewald method. The “atom-based”
method was adopted for the calculation of van der Waals forces. No
constraints were assigned.

Zirconium K-edge X-ray absorption near edge structure (XANES)
and extended X-ray absorption fine structure (EXAFS) spectra were
measured using a Rigaku R-XAS spectrometer installed in the “Smart
Materials” center of the Southern Federal University, Russia.
Bremsstrahlung was produced by an X-ray tube with a fixed water-
cooled W anode operating at 30 kV and 70 mA. A white beam was
monochromatized by a Johansson-type Si(620) crystal with an energy
resolution of around 15 eV at 18 keV. The samples in powder form
were pressed into pellets of 18 mm in diameter. The mass of the
samples was optimized to obtain the best signal-to-noise ratio in
EXAFS spectra. Measurements were performed at room temperature
in transmission mode using a single scintillation counter as a detector.

Table 1. Molar Composition of the Reagents and Average Size (<L>) of the Resulting UiO-66-NDC Crystals after 24 h of
Synthesisa

surface area (m2 g−1) pore volume

sample name ZrCl4, mol 1,4NDC, mol H2O, mol BC, mol DMF, mol <L>, nm BET Langmuir (mm3 g−1)

0BC 1 1 3 0 300 80 448 593 221
10BC 1 1 3 10 300 150 575 696 260
60BC 1 1 3 60 300 800 693 840 319
100BC 1 1 3 100 300 NP

aComparable results have been obtained for the 96 h synthesis. Also reported in the last four columns are the surface area and the pore volume
obtained from N2 adsorption isotherms applying both BET and Langmuir methods (vide infra section 3.2). Pore volumes were calculated at P/P0 =
0.5 and taking into account the density of liquid N2 at 77 K.52,53 NP = no precipitate.
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Total acquisition time per sample was around 3.5 h. Subsequent data
treatment was carried out in Athena code of Demeter package.57

The Raman spectra were collected on inVia Raman microscope
(Renishaw) on the samples in air with 785 nm laser of 0.05% power,
and 20× objective. Reported spectra are the average of 30 acquisitions
performed on three different points (10 each) on the sample.
Prior to NMR measurement samples were calcined in air at 200 °C

for 24 h to remove solvent and physisorbed modulator. Samples were
prepared by weighing 20 mg of MOF into a centrifuge tube. A 1 mL
solution of 1 M NaOH in D2O was then added to the tube. Upon
addition of the digestion medium, the centrifuge tubes were capped
and stacked on IKA KS260 instrument for 30 min before leaving the
samples to digest over a period of 24 h. This OH− based procedure
dissolves only the organic portion of the MOF (linker, modulator,
solvent, etc.), while the inorganic component precipitate as zirconium
dioxide. The precipitate was separated by centrifugation at 3000 rpm
for 30 min and the 600 μL of top solution was sampled in NMR.
Liquid 1H NMR spectra were recorded with a Bruker Avance DPX-
400 NMR spectrometer (300 MHz). The relaxation delay (d1) was set
to 20 s to ensure that reliable integrals were obtained, allowing for the
relative concentrations of the molecular components to be accurately
determined. The number of scans was 64.

3. RESULTS AND DISCUSSION

3.1. PXRD Synchrotron Radiation Data Refinement:
Comparison between 0BC and standard UiO-66. Rietveld
refinement of PXRD data collected at the BM01B beamline of
the ESRF synchrotron on UiO-66-NDC (0BC) sample
confirms that it is isoreticular to UiO-66. Being compared,
the patterns show very little difference in shape and intensity of
the reflections, although they show a little shift toward lower 2θ
due to a small increase of the lattice parameter (from a =
20.7582(4) to 20.851(1) Å, corresponding to Δa ≈ +0.093 Å,
Δa/a = +0.45%, see Figure 1 and Table 2 and Table 3). The
increased value of lattice constant in UiO-66-NDC is related to
the stress created by extra benzene rings of the 1,4-NDC
molecules in comparison with the standard BDC ligands.
The Rietveld refinement of the UiO-66 MOF was performed

in the Fm3m space group (No. 225) using as a starting model
the structure refined in the original manuscript of Cavka et al.19

(that combined PXRD and Zr K-edge EXAFS data) and fixing
to unit the occupancy factors of all atoms, see Table 2. Because
of the high symmetry of the space group, the structure contains
only one independent zirconium atom, two independent
oxygen atoms (O2 being the μ3-O atom of the inorganic
cornerstone and O1 belonging to the carboxylate unit of the
linker), and three carbon atoms of the BDC linker (C11, C12,
and C13; C14 and C15 are present only in NDC linker); see
inset in Figure 1 and Table 2.19,21,25 A quite large isotropic
atomic displacement parameter was found for C13 (Uiso =
0.077(5) Å2) with respect to that of C11 and C12 atoms. This
could be interpreted as a small twisting of the benzene ring of
the BDC linker around the σ-bonds between C11 and C12.
Such twisting would not affect the time averaging of the
electron density of C11 and C12, being on the rotation axis,
while that of C13 would result in a clearly anisotropic atomic
displacement, which is difficult to clearly show from PXRD
data. Another possible explanation would be that the benzene
ring of the BDC linker would have an out of plane equilibrium
position. If this would be the case, the C13 atom should have a
y-coordinate different from zero, half of the occupancy and
double degeneration for symmetry reasons. This is indeed the
situation found by the recent single crystal synchrotron
radiation X-ray diffraction reported by Øien et al.25 As the
C13 atom is quite close to the rotation axis, such a twisting
effect (if present) is relatively small, and we are unable to
confirm or discard the result of Øien et al.25 from our PXRD
data. As the refinement obtained with the simpler model
reported in the original work of Cavka et al.19 was able to
properly reproduce the experimental PXRD pattern, we
decided to keep this higher symmetry model. The comparison
between observed, calculated, and difference (black, red, and
blue line, respectively) PXRD patterns has been reported in
Figure 2a.
The same strategy adopted to refine the data of UiO-66-

NDC-0BC succeeded in locating Zr, O1, O2, C11, C12, C13 in
reasonable positions with physically meaningful Uiso parame-
ters, but failed in locating C14 and C15 with y fixed to 0.
Indeed, when we tried to refine the corresponding occupancy
factors, they resulted to almost null values. We then adopted
the model reported by Øien et al.,25 removing the constraints
on the y ordinate of C13, C14, and C15 atoms. To guarantee
stability to the refinement, we applied soft constrains to the
C12, C13, C14, and C15 atoms to stay on the same plane. Soft
constraints have also been adopted on all CC distances
between aromatic carbons (around 1.4 Å) and between C11
and C12 (around 1.5 Å, single-bond distance). The refinement
stability further improved by adding a soft constrain on the
O1−C11−O1 angle around 126°, that defines the connection
between the linker and the inorganic cornerstone.
The occupancy factors of the atoms of the inorganic

cornerstone have been fixed to unit, while those of the atoms
of the NDC linkers were fixed to 0.87 according to the
thermogravimetric analysis (TGA) data (see below Figure 9).
The result of the refinement is reported in Table 3, the
structure of the NDC linker is reported in Figure 3, while the
comparison between observed, calculated, and difference
(black, red and blue line, respectively) PXRD patterns can be
appreciated in Figure 2b.
Repeating the last refinement fixing to unit we obtained

results fully compatible with those presented here, as the
atomic coordinates for all atoms are equivalent in both
refinements within less than 2 estimated standard deviations

Figure 1. Background corrected PXRD patterns of UiO-66 (red) and
UiO-66-NDC-0BC (black) samples obtained using synchrotron
irradiation: λ = 0.505235(5) Å. To better appreciate the higher 2θ
angle data, the patterns have been multiplied by a factor 4 and 20 in
the 3−22° and 22−40° 2θ-intervals, respectively. The model in the top
right corner depicts connection of a linker with two SBU in UiO-66-
NDC structure. Blue polyhedra represent zirconium coordinated by
oxygen ions, while the carbon atoms of the linker are represented by
black spheres; σ-bonds are denoted by white flat arrows. Also reported
are the labels used in the refinement to discriminate among
crystallographic independent carbon and oxygen atoms, see Table 2
and Table 3.
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(esd). The simulated pattern still resulted in a good agreement
with the experimental one, but the all the Uiso of the carbon
atoms slightly increased, and the fit goodness factors worsen by
about 5% with respect to the results reported in Table 3. We
consequently decided to consider as final refinement that
obtained by fixing the occupancies of the atoms of the NDC
linkers to 0.87. See section S1 and Table S1 of the Supporting
Information for a more detailed comparison between the two
refinements.
For symmetry reasons four equivalent values of the φ angle

are available: φ = +30, −30, +150, and −150; for graphical

reasons, only the φ = +30 case has been represented in Figure
3a. From this picture, it becomes evident why the first
refinement, performed fixing y = 0 for the C13, C14, and C15,
resulted in locating only C13, with a larger Uiso parameter with
respect to that of C11 and C12 atoms. Indeed, if we label as
C13′, C14′, and C15′ the carbon atoms of the NDC linker
corresponding to the φ = −30 solution, then the relative
distances of the symmetry equivalent atoms are 1.21, 2.42, and
3.63 Å for d(C11−C11′), d(C12−C12′), and d(C13−C13′),
respectively. This implies that only the couple of C13 and C13′
have some electron density on the y = 0 plane, while C14, C14′,

Table 2. Atomic Parameters Resulting from the Rietveld Refinement of the UiO-66 in the Fm3̅m Space Group (No. 225):
Fractional Coordinates (x, y, z); Isotropic Atomic Displacement Parameters (Uiso), Occupancy Factors, Site Degeneration and
Number of Atoms in the Unit Cella

atom x y z Uiso (Å
2) occupancy factor site no. of atoms/unit cell

Zr 0.1198(1) 0 0 0.0116(4) 1.000 24e 24
O1 0.1750(3) 0 0.0919(3) 0.022(2) 1.000 96j 96
O2 0.0555(3) −x −x 0.018(3) 1.000 32f 32
C11 0.1467(4) 0 −x 0.035(5) 1.000 48h 48
C12 0.2044(5) 0 x 0.065(7) 1.000 48h 48
C13 0.2686(6) 0 0.1772(6) 0.077(5) 1.000 96j 96

aTo compare with the previous refinement,19 please consider that Uiso = Beq/(8π
2). Values of Rwp and Rp parameters are 0.86 and 0.82, respectively,

and reduced χ2 = 2.13 for 40 variables. The refined cell parameter is a = 20.7582(4) Å [V = 8944.8(6) Å3]. See the inset in Figure 1 for the atom
labeling.

Table 3. Atomic Parameters Resulting from the Rietveld Refinement of the UiO-66-NDC-0BC MOF in the Fm3 ̅m Space Group
(No. 225): Fractional Coordinates (x, y, z), Isotropic Atomic Displacement Parameters (Uiso), Occupancy Factors, Site
Degeneration and Number of Atoms in the Unit Cella

atom x y z Uiso (Å
2) occupancy factor site atoms/unit cell

Zr 0.1176(1) 0 0 0.0129(8) 1.00 24e 24
O1 0.1699(3) 0 0.0903(3) 0.022(2) 1.00 96j 96
O2 0.0641(4) −x −x 0.056(5) 1.00 32f 32
C11 0.1504(2) 0 −x 0.003(4) 0.87 48h 41.76
C12 0.2012(2) 0 x 0.043(7) 0.87 48h 41.76
C13 0.2603(3) 0.0280(5) 0.1890(3) 0.023(6) 0.435 192l 83.52
C14 0.2724(5) 0.056(1) 0.1296(4) 0.24(3)b 0.217 192l 41.76
C15 0.3317(7) 0.084(2) 0.1174(6) 0.36(5)b 0.217 192l 41.76

aValues of Rwp and Rp parameters are 0.76 and 0.81, respectively, and reduced χ2 = 1.55 for 45 variables. The refined cell parameter is a = 20.851(1)
Å [V = 9065(1) Å3]. See the inset in Figure 1 for the atom labeling. The occupancy factors of the atoms of the inorganic cornerstone have been fixed
to unit, while those of the atoms of the NDC linkers were fixed to 0.87 according to the TGA data (see below Figure 9). The refined structure has
been deposited in the CCDC data base with number 1553924. bAn unique Uiso parameter for C14 and C15 atoms was set proportional to the
distance from the rotational axis.

Figure 2. Panel (a): Observed (black line), calculated (red line), and difference (blue line) PXRD patterns for the UiO-66 MOF: λ = 0.505235(5) Å.
Panel (b): as panel (a) for the UiO-66-NDC-(or 0BC) MOF. The quantitative results of the two Rietveld refinements are reported in Table 2 and
Table 3, respectively.
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and C15 and C15′ are too far from that plane. The optimized
Uiso parameters (Table 3) exhibit the following trend: C11 <
C12 < C13 < C14, C15. This observation suggests a small
twisting of the NDC rings around the equilibrium position (φ
= +30, − 30, +150, or −150).
Summarizing, our synchrotron radiation PXRD study

confirmed that UiO-66-NDC (0BC) sample is isoreticular to
UiO-66 and evidenced that the NDC ligand adopts a tilted
position of φ = 30°, a value that is indeed comparable to the
torsion angles found in molecular structures of napthtyl
carboxylates and carboxylic acids, which is usually a 10−40°
interval.59−63

For the standard UiO-66 analogue, the BDC ligands are free
to occupy the high symmetry position (φ = 0°), see Figure 4a.
Conversely, using the more bulky NDC ligands, in the UiO-66-
NDC framework there is a steric conflict between the naphthyl
groups of two adjacent linkers (Figure 4b), that forces
carboxylate and naphthyl groups of the same linker to be out
of plane. The torsional angle optimized in the present PXRD
refinement (φ = 30°, see Table 3) is stabilized by the
optimization of an attractive interaction between a σ orbital of a
C−H group and the π orbital of two naphthyl groups in two
adjacent linkers (Figure 4c). It is worth noticing that this tilting
effect is even more pronounced in the case of the UiO-67
analogue (φ = 36°),28 where the φ value confirms the tendency
of binaphthyl to have high torsion angles, due to intramolecular
interactions, see Figure 4d. It is finally worth considering that
neutron powder diffraction would have been a much more
suitable technique to obtain a more accurate location the linker
atoms than PXRD (in which scattering is dominated by the Zr
atoms);64 however, the much larger sample amount requested
(from some milligrams to few grams) and the need to use
deuterated linkers in the synthesis prevented the use of such
strategy. Notwithstanding this evidence, the accuracy of our
synchrotron radiation PXRD study is sufficient to evidence the
tilted position of the ligand.
3.2. Crystal Size and Textural Properties. The materials

crystallize in intergrown crystals (shown in Figure 5) which are
too small (<1 μm) for structure determination by single crystal
diffraction. From the SEM images it emerges that a higher
amount of BC leads to the formation of larger crystals with
better defined morphology. The average size increases from 80,
through 150 up to 800 nm for 0BC, 10BC, and 60BC,
respectively. Without addition of BC intergrown aggregates of
very small crystals are observed, and the shape of 0BC crystals

is not well established (Figure 5a). On the contrary, addition of
10 or 60 equiv of BC results in well-defined octahedral crystals
(Figure 5b,c). It is also evident from the images that one crystal
is formed on the facet of another.
PXRD patterns of UiO-66-NDC structure with variation of

modulator content are shown in Figure 6. The intensities of
PXRD reflections become sharper with an increase of BC
amount, evidencing different crystallinity of the samples.
Reflections due to planes with similar d-spacing could be best
resolved in the 60BC sample. For example, the (315) and
(006) reflections in the 8.2−8.5° 2θ region can be distinguished
starting from the 0BC sample, but they are becoming fully split
only in the 60BC pattern. Moreover, the (339) and (608)

Figure 3. Panel (a) View from the (101) direction of the atoms of the NDC linker as optimized in the refinement reported in Table 3. For each
atom, the radius of the spheres is defined by the corresponding (Uiso)

1/2 value. For symmetry reasons four equivalent values of the φ angle are
available: φ = +30, − 30, +150, and −150 (only the first solution is here represented). Panel (b): analogous representation of the same optimized
structure reported from a tilted view. In this case the sphere radii correspond to the atomic radii and do not consider the thermal motion. In both
parts, the three-dimensional visualization of crystal structure was performed using the VESTA code.58

Figure 4. Graphical representation of the inorganic Zr6(OH)4O4 SBU
with two adjacent linkers in some different UiO-66- and UiO-67-type
structures. Panel (a) Standard UiO-66 (BDC ligand), from single
crystal XRD refinement (φ ≈ 0°).25 Panel (b): picture showing the
overlap between adjacent NDC ligands in the case of a too small value
of the torsional angle φ for UiO-66-NDC. Panel (c): UiO-66-NDC,
optimized from PXRD (φ = 30°), this work. Panel (d): UiO-67-BN
(3,3′-dimethylbiphenyl and 1,1′-binaphthyl linker scaffolds), from
single crystal XRD refinement (φ = 36°).28
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reflections, in the 14.0−14.2° 2θ region, and (719) and (828)
reflections, in the 16.1−16.3° 2θ region, are merged to a single
peak for the 0BC sample, and resolved in the 60BC pattern,
which is demonstrated in the inset of Figure 6. The fwhm of
(317) reflection at ∼10.8° decreases from 0.063° for sample
synthesized without BC modulator to 0.046° for the 60BC
sample. The limiting resolution of the setup obtained for a
standard LaB6 (NIST) sample is 0.042° fwhm for (101)
reflection at 10°. Cell parameters decrease from 20.851 Å for
the 0BC sample to 20.827 and 20.820 Å for 10BC and 60BC,
respectively, as determined by Rietveld refinement of the XRD
patterns. This means that the progressive addition of modulator
decreases the stress created by the use of 1,4-NDC linkers
instead of the standard BDC for the UiO-66 synthesis, resulting
in a = 20.7582(4) Å, see Table 2.
3.3. N2 Adsorption Isotherms. For the UiO-66, 67, and

68 family of MOFs, the increase of crystal size with addition of
modulator was previously described43 and can be explained by
the fact that zirconium ions form a complex salt with BC. The
presence of BC in the synthesis batch changes the reaction
mechanism, because all active sites around Zr4+ ions became
occupied with BC molecules. In such a situation, any linker
molecule can interact with zirconium ion only via exchange
reaction. This fact decreases the rate of nucleation in solution
and, therefore, results in bigger crystals. It should be mentioned
that another process could also take place. If concentration of a
monobasic acid in solution is much higher than that of a linker,
an exchange reaction might be suppressed. As the result, a
portion of SBUs will keep molecules of modulator coordinated
to the metal ion instead of being available for the coordination
of linker since monobasic acids can contact zirconium in one
SBU only (while linker molecules can connect two adjacent
SBUs, compare panels (a) and (b) of Figure 7).
Depending on the number of vacancies this feature may

increase the surface area and the pore volume and reduce

stability of the material, as demonstrated by Shearer et al.24

where the linker vacancies were tuned by acting on the
synthesis temperature and on the ZrCl4/BDC ratio. Linker
vacancies may yield to Zr ions characterized by two
coordination vacancies, thus representing surface Lewis acid
centers of potential catalytic interest.8−10 When the BC/NDC
ratio is high it may be possible that some Zr6O4(OH)4
cornerstones are missing: this happens when most of the
adjacent ones are capped by BC units, as schematically shown
in Figure 7c. Finally, by further increasing the BC/NDC ratio
(see the 100BC case in Table 1), most of the 12 connections of
the SBU are capped by BC, preventing the crystallization
process.
The presence of an increasing density of cornerstone

vacancies upon increasing the BC content in the synthesis
(hypothesized in Figure 7) is confirmed by the N2 adsorption
isotherms reported in Figure 8a (scattered curves), that clearly
show that the adsorption plateau appears at significantly higher
cm3 g−1 STP values moving from 0BC to 10BC and 60BC. The
consequent Barrett−Joyner−Halenda65 (BJH) pore size
distribution is shown in Figure 8b,c as determined from
adsorption and desorption isotherms, respectively.66 All
samples exhibit a similar sorption profile, and the isotherms
can be attributed to the type I (IUPAC classification), which is
typical for microporous materials. Specific surface area
calculated by Brunauer−Emmett−Teller (BET)67 and Lang-
muir68 models increases with amount of BC, and the same
occurs for the pore volumes (Table 1), supporting the defective
models schematized in Figure 7b,c: see the distribution of
nanopores in the 2−3 nm region (Figure 8b,c). For
microporous materials the region of the isotherm near to P/
P0 = 1 is usually ascribed to adsorption in cavities between the
crystallites of material. Respectively to what is observed in
Figure 8a, the isotherm of 10BC sample demonstrates the
highest adsorption, while that of 60BC has no evident
increment. This situation is well illustrated by the SEM image
shown in Figure 5c, showing well separated big crystals, leaving

Figure 5. SEM micrographs of 0BC, 10BC, and 60BC samples, panels (a), (b), and (c), respectively. All images were taken with the same
magnification.

Figure 6. PXRD patterns of UiO-66-NDC samples prepared with
different amounts of BC modulator, from bottom to top: 0BC (red),
10BC (blue), and 60BC (olive): λ = 0.505235(5) Å. The inset shows a
magnification of the 13−17° 2θ region.

Figure 7. Qualitative scheme of defect formation in synthesis with
increasing amount of BC acid. (a) Perfect case (absence of BC acid).
(b) Formation of little pores (small amount of BC acid). (c)
Formation of big pores, with missing clusters (large amount of BC
acid).
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almost no cavities between them. In the case of the 0BC sample
(Figure 5a), the smaller crystallites exhibit a more dense
packing in comparison to the 10BC sample (Figure 5b), which
leaves no significant free volume between the crystallites.
The presence of the cornerstone vacancies (hypothesized in

Figure 7c) in the 60BC sample is further confirmed by the edge
jump of the Zr K-edge study reported in Section S3 of the
Supporting Information (see Figure S2a) and quantified it to
about 15%. The EXAFS data analysis (Figure S2b−d) confirms
the similarity of the SBU in the 0BC and 60BC materials
compared to a standard UiO-66 material. This testifies that the
local environment of Zr is the same in all samples and
corresponds to that of the standard UiO-66 sample.19,21

Coming back to the diffraction data (Figure 6), the absence
of the forbidden reflections24,29,31,37 in the small angle region
implies the absence of long-range order in the structural
defects.

Of interest are the full line curves in Figure 8a, reporting the
simulated adsorption isotherms for the framework optimized by
PXRD refinement (gray curve) and after a successive force field
optimization of the structure (black curve, see above Section
2.2 for details). The UiO-66-NDC framework, considered as a
rigid entity is not able to justify the N2 uptake measured in the
experiment (gray full curve). This uptake increases significantly
when the structure is allowed to relax (black full curve). This
simulation shows the flexibility of the rotation of the NDC
ligands around the torsional φ angle and justifies the high Uiso
parameters obtained in the Rietveld refinement for C14 and
C15 atoms, see Table 3.

3.4. Thermal Stability by TGA and PXRD. It is now well
established that the UiO-66 framework is incredibly tolerant to
a high concentration of defects. The initial evidence for this
came in the form of TGA data presented in a paper by
Valenzano et al.21 Therein, the authors demonstrated that the
magnitude of the decomposition weight loss step was
significantly less than that theoretically expected by the
idealized chemical equation [Zr6O6(BDC)6] → 6 ZrO2. The
TGA of all samples are reported in Figure 9 by rescaling the

weight at the end of the process to 100% and attributing it to
the pure ZrO2 phase (nonscaled TGA curves are reported in
Figure S3). The theoretical weight loss from the burning of the
organic linkers are in the case of defect-free 1,4-NDC 161%
based on ZrO2, and this weight is indicated as a dotted line in
Figure 9. The sample made without modulator, 0BC, has a
weight loss upon combustion that corresponds to 13% missing
linkers. On these basis, we fixed to 0.87 the occupancy factor of
the atoms of the NDC linker in the Rietveld refinement of
0BC, see Section 3.1, Table 3. The samples made with benzoic
acid as a modulator demonstrate a larger and less sharp weight
loss. This is probably due to “missing cluster defects” (Figure
7c), as it is known from a parallel study on UiO-66, that are
promoted by modulated synthesis.31,41 This evidence, con-
firmed by the Zr K-edge jump in the XAS experiment (see
Supporting Information, Figure S2a), underlines that the
formation of missing SBUs (Figure 7b,c) is more effective at
higher BC content. The framework breakdown temperature

Figure 8. Panel (a): N2 physisorption isotherms of 0BC (circles),
10BC (squares), and 60BC (triangles) samples. The filled and open
symbols represent the adsorption and desorption branches,
respectively. Also reported are the theoretical adsorption curves
calculated on the structures obtained from PXRD refinement (gray
line) and from a subsequent force field optimization (black curve).
Panel (b): BJH adsorption pore distribution obtained from the N2
physisorption isotherms reported in part (a). Panel (c) as panel (b)
from the desorption isotherms.

Figure 9. TGA plots showing the thermal degradation of 0BC, 10BC,
and 60BC samples renormalized referring the remaining weight at high
temperature (ZrO2) as 100%. Under this convention, the weight of a
desolvated UiO-66 free of defects should be 161% (see dotted gray
line).
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follows the trend (60BC < 10BC < 0BC) as evidenced by the
extend of the stability plateau (250−450 °C interval) and as
clearly observed in the temperature dependent PXRD pattern
collected after heat treatment in air at 200, 300, 400, and 500
°C for 12 h (Figure 10). Samples 0BC and 10BC preserve their

initial structure up to 400 °C. However, at this temperature
partial decomposition of the structure of 10BC sample can be
observed (see widening of the reflexes in Figure 10b). Sample
60BC maintained crystallinity up to 200 °C only (Figure 10c),
while at 300 and 400 °C broad XRD peaks indicate the loss of
long-range order. All samples collapsed at 500 °C into ZrO2.
However, even the most temperature unstable 60BC sample
could be activated for potential applications (solvent removal)
without losing its initial structure.
Because of possible technologic application (i.e., sorption

and catalysis) of the material, water stability tests were
performed. All samples preserved their crystal structure after
contact with water at room temperature for 24 h and
subsequent activation at 200 °C for 12 h (see Supporting
Information, Figure S1).
3.5. Incorporation of BC Modulator in the Framework

Determined by Dissolution-1H NMR and Raman. As
deeply described in the works of Shearer et al.,29,31,37 the

dissolution-1H NMR technique allows researchers to identify
and quantify the organic components of an MOF (e.g., linker,
modulator, or pore-filling solvent) dissolving the MOF in a
deuterated digestion medium and successive liquid 1H NMR
spectroscopy. Figure 11a reports the liquid 1H NMR spectra of

10BC and 60BC, compared with those measured on 1,4-NDC
linker and BC modulator. The quantitative integration of the
area of the specific NMR peaks in the 7.75−7.65 and 8.10−8.00
ppm regions for the BC and 1,4-NDC, respectively, resulted in
a BC/1,4-NDC ratio of 0.28 and 0.47 for 10BC and 60BC
samples, respectively.
This result is qualitatively confirmed by Raman spectroscopy

(Figure 11b), where the most intense Raman band of the BC
modulator (corresponding to a ring deformation mode at 1005
cm−1) is absent in the 0BC sample and progressively increases
from 10BC to 60BC. A complete spectroscopic (IR and
Raman) characterization of the vibrational properties of linkers
and modulators used in the synthesis of modified versions of
UiO-66, supported by periodic density functional theory
(DFT) calculations, has recently been reported by Atzori et
al.,31 and we refer to that work for a complete assignment of the
bands present in Figure 11b. Moreover, it is clear that benzoic
acid was completely removed by the adopted washing
procedure, since key bands (such as the ν(CO) and ν(C−
O) evidenced by the ● symbol) are completely absent from
the UiO-66 spectra.

4. CONCLUSIONS
Summarizing, UiO-66-NDC was synthesized using a solvo-
thermal method in DMF. PXRD refinement of synchrotron
radiation data highlighted that the naphthalene rings of the

Figure 10. PXRD patterns of 0BC, 10BC, 60BC samples recorded at
room temperature after thermal treatment in air, panels (a) to (c),
respectively. From bottom to top: as synthesized and heat treatment
200 °C, 300 °C, 400 °C, 500 °C for 12 h. In the adopted ordinate
scale, the intensity of the low 2θ reflections are cut for graphical
reasons. Patterns have been collected with Cu Kα radiation (λ =
1.5406 Å).

Figure 11. Part (a): Dissolution 1H NMR spectra obtained on the BC-
modulated UiO-66-NDC MOFs. Also reported for comparison are the
reference spectra of 1,4-NDC linker and BC modulator (black and
gray curve, respectively). All spectra except BC are normalized to the
peak 7.4 ppm shown by ⧫. The ● and * show the peaks around 7.70
and 8.05 ppm used to calculate the BC to 1,4-NDC ratio. MOF
samples were activated 200 °C for 24h in air prior NMR measurement.
Part (b) Raman spectra of 0BC, 10BC, 60BC samples, collected with λ
= 785 nm. For comparison, also reported is the spectrum of BC and
1,4-NDC (collected with λ = 514 and 785 nm, respectively). In the BC
spectrum, marker bands of ν(CO) and ν(C−O) of the carboxylic
acid are underlined by the • symbol, together with the most intense
Raman band due to the ring deformation at 1005 cm−1. In both parts
spectra were vertically shifted for clarity.
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NDC linker is out of (a,c)-plane equilibrium by 30°, adopting a
geometry that maximizes the attractive interaction between a σ
orbital of a C−H group and the π orbital of two naphthyl
groups in two adjacent linkers. The influence of the BC
modulator agent was investigated changing the BC/NDC linker
fraction from 0 to 60. No nucleation was observed for BC/
NDC = 100. A larger amounts of BC results in formation of
bigger octahedral crystals of UiO-66-NDC (due to decrease of
crystal growth kinetics) characterized by an increased specific
surface area (due to formation of more defects in the lattice).
For all crystalline samples PXRD and EXAFS confirmed the
target structure on both long- and short-range order grounds.
TGA and PXRD analyses revealed a decrease of thermal
stability with an increase of modulator amount: the presence of
both linker and SBU defects is the origin of the loss of stability,
the latter being more important at higher BC content.
Remarkably, all samples prepared with and without modulator
are stable in water even after reactivation. Thus, UiO-66-NDC,
and its defective derivatives synthesized upon increasing the
BC/NDC ratio, are sufficiently stable to be fully desolvated and
represent good candidates for further functionalization with
active catalytic centers for reactions running in gas or in liquid
phases up to 200 °C.
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ABSTRACT: The key role of K+ counterions in determining the high CO2
capacity of UTSA-16 has been highlighted thanks to a combined use of in
situ infrared and 13C solid-state NMR spectroscopies performed in a
controlled atmosphere at variable temperature and pressure. A second family
of sites, engaged at higher temperature or at higher coverage, was identified
in the organic linker. Variable temperature IR measurements of molecular
hydrogen at 15 K allowed to further distinguish the K+ sites in two families,
slightly different in their polarizing ability and indistinguishable on the basis
of CO2 isosteric heat and by using a less sensitive probe than H2, as CO and
N2.

■ INTRODUCTION

Porous metal−organic frameworks (MOFs) are a well-known
class of crystalline hybrid materials constituted of metal ions
(isolated or clustered) bonded through rigid organic linkers
that keep high microporosity once the solvent has been
completely removed.1 The tridimensional structure of these
materials may be described on the basis of secondary building
units (SBU) that characterize the metal cations and the organic
linkers, both easily tunable to fulfill specific characteristics
required to use them in technologic applications.2−6 One of the
most interesting properties of porous metal−organic frame-
works is their high surface area as well as tunable pore size and
pore volume. Thanks to these characteristics, MOFs have been
extensively studied for small molecules capture, storage, and
separation.3,7−9 Within the extraordinary rich library of MOFs,
Xiang et al.10,11 introduced recently UTSA-16, showing its high
performance as adsorbent for carbon dioxide, with a volumetric
CO2 uptake of 160 cm3 cm−3 at 1 bar and 298 K.
Recently,12 UTSA-16 (K2Co3(cit)2, cit = C6H4O7) was

characterized by physical chemical techniques, suggesting as
main CO2 adsorption site, the K+ counterions. Volumetric data
of adsorbed CO2 at 298 K and 1 bar (4.2 mol kg−1) suggested
that CO2 not only saturates all the K

+ species present inside the
UTSA-16 cavities forming 1:1 adducts, but that there was a
consistent fraction of adsorbed CO2 (approximately 22%) that
exceeds and was characterized by an adsorption enthalpy
almost coincident with that of the K+ cations. The present work
aims to highlight the nature of different adsorption sites in
UTSA-16 combining solid state NMR of 13CO2 and infrared
spectroscopy using different probe molecules (H2, N2, and CO)
thanks to measurements performed in controlled atmosphere at
variable pressures and temperatures.

■ EXPERIMENTAL SECTION

UTSA-16 was prepared by SINTEF (Oslo-Norway) according
to the synthesis described in literature.10,11,13 Additional details
are reported in section 1 of the Supporting Information. All
chemicals were purchased by Sigma-Aldrich. Before any
measurement, UTSA-16 was activated under high vacuum for
2 h and then heated up to 363 K overnight. Final vacuum was
below 5 × 10−4 mbar. Carbon dioxide adsorption heat was
measured at 303 K, with a Tian-Calvet microcalorimeter
(Calvet C80, Setaram, France) connected to a grease-free high-
vacuum gas-volumetric glass apparatus (residual p ≈ 10−4

mbar) equipped with a Ceramicell 0−100 mbar gauge (by
Varian). In order to determine both integral heats evolved
(−qint) and adsorbed amounts (nads) a well established stepwise
procedure was followed, described in section 2 of the
Supporting Information.
Solid-state nuclear magnetic resonance (SSNMR) spectra

were recorded on a Bruker Avance II 400 instrument operating
at 400.23 and 100.65 MHz for 1H and 13C nuclei, respectively.
Zirconia rotors (4 mm o.d., sample volume of 80 μL) were
used. Additional details are given in section 3 of the Supporting
Information.
CO2 adsorption isotherms were measured at 273 and 298 K

using a commercial volumetric instrument (TriStar II 3020
Micromeritics). The temperature stability was maintained by
means of an isothermal water bath. In order to evaluate the
isosteric heats of adsorption, CO2 adsorption isotherms were
fitted by a cubic spline function; each calorimetric point
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reported in the inset of Figure 3 was obtained by applying the
Clausius−Clapeyron equation defined as

=
∂
∂

⎛
⎝⎜

⎞
⎠⎟q RT

p
T

ln

q
st

2

(1)

Plotting the natural logarithm of the pressure (p) as a
function of 1/T, a straight line (isosteric curve) was obtained
whose slope is equal to −qst/R at constant loading (q): this is
possible by assuming a Langmuir behavior of the adsorption
and applying the Clausius−Clapeyron equation. The isosteric
heat of adsorption is obtained by multiplying the slope by the
perfect gas constant, as derived from eq 1.
For infrared (IR) measurements, UTSA-16 samples were

prepared in form of self-supporting thin pellets. Before gas
adsorption, samples were outgassed under high vacuum at 363
K overnight in the cryogenic cell (a closed circuit liquid helium
Oxford CCC 1204 cryostat properly modified) allowing
infrared investigation of species adsorbed under controlled
temperature (between 300 and 15 K) and pressure conditions.
Infrared spectra were recorded on a Bruker Equinox 55 FTIR
spectrometer (sample compartment modified to accommodate
the cryogenic head), 128 interferograms (1 cm−1 resolution)
were averaged for each recorded spectrum. H2 adsorption
enthalpy was evaluated by variable temperature IR measure-
ments, following the procedures described in literature8,14 and
explained in more details in section 4 of Supporting
Information.

■ RESULTS AND DISCUSSION
CO2 Adsorption by Microcalorimetry. Microcalorimetry

was used to obtain a direct measure of CO2 energetic
interaction with UTSA-16 through the measurement of the
heat of adsorption.
Figure 1a reports primary (black points and line) and

secondary (light blue points and line) CO2 adsorption
isotherms obtained as described in section 2 of the Supporting
Information. The adsorption profile suggests the presence of a
single specific interaction site that is not saturated at the
maximum coverage reached in the experiment (<100 mbar);
moreover, the complete coincidence of the two isotherms
indicates the total reversibility of the interaction of CO2 with
UTSA-16. In particular, the graph shows that less than 50% of
the K+ sites are interacting with CO2 at this equilibrium
pressure. Figure 1b illustrates the change in the differential heat
of adsorption (qdiff) with increasing coverage for the primary
adsorption of CO2 (secondary adsorption is reported in Figure

S1, Supporting Information); we note that the qdiff goes from
32 kJ mol−1 at 0.06 mol kg−1 to a constant value of 30 kJ mol−1,
over the full range of measurements, suggesting the presence of
only one type of adsorption site, characterized by a medium
interaction strength.15 UTSA-16 CO2 adsorption enthalpy is
slightly higher than that reported for MOFs without exposed
cations, as UiO-66 and UiO-66-NH2 (22 and 27 kJ mol−1

respectively, see Table S1 in the Supporting Information).16

For what concerns the comparison with MOFs having exposed
cations, different factors determine the CO2 adsorption
enthalpy like charge/radius ratio, pore dimensions and
shielding of the cation by the framework: for instance, the
qdiff of UTSA-16 is similar to what reported for HKUST-
1(Cu)17 (28.2 kJ mol−1) whereas it is slightly lower than that
measured for MIL101(Cr)3,18 (44 kJ mol−1) and CPO-
27(Mg)19 (53 kJ mol−1). In a previous paper,12 reporting the
isosteric heat of adsorption and IR data, it was shown that the
most energetically favorable adsorption site was due to K+

species, which are able to form 1:1 linear adducts with CO2.
The maximum capacity of the K+ sites for CO2 is 3.2 mol kg−1

for a 1:1 adduct. This indicates that for a CO2 uptake higher
than 3.2 mol kg−1 a second adsorption site must be involved.
The interest in the nature of this second adsorption site relies
in the fact that it is characterized by an adsorption enthalpy
only slightly lower than the K+ ion.12

As described below, NMR data allow to illustrate CO2
adsorption features in a equilibrium pressure range not
explored by microcalorimetry.

Solid State 13CO2 NMR. SSNMR is an element-selective
technique which can give new insights on the nature of
adsorbed molecules and their interaction with the host surfaces,
describing both CO2 adsorption sites and CO2 dynamics within
the porous structure. Many SSNMR studies were conducted to
investigate gas adsorption in zeolites, molecular sieves, or metal
catalysts,20,21 while only few of them were devoted to
MOFs.22−24

13CO2 gas was dosed at different pressures (5, 20, 50, 100,
200, and 600 mbar) at 298 K on activated UTSA-16. A single
signal, around 131 ppm, was observed at all CO2 pressures (see
Supporting Information Figure S2). Interestingly, the peak
underwent a shift to lower frequencies (of about 1.1 ppm) on
increasing the pressure, suggesting the presence of more than
one CO2 species within the MOF, thus more than one
adsorption site inside the UTSA-16 cavities. For the samples at
200 and 600 mbar, variable temperature (VT) 293−373 K
SSNMR measurements were also performed. These were
instrumental to the detection and elucidation of exchange

Figure 1. (a): Microcalorimetric first (black) and second (light blue, empty symbols) CO2 volumetric isotherms (303 K) on UTSA-16. The CO2
capacity is reported normalized to the number of K+ ions (left of y-axis) and to the mass of the sample (right y-axis). The inset illustrates the
variation of the integral heat of adsorption (Qint) with respect to the pressure (calorimetric isotherm). (b): CO2 differential heat of adsorption (qdiff)
obtained from the data of primary CO2 isotherm reported in (a).
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phenomena among different molecular species of 13CO2 within
UTSA-16.
Figure 2 displays the 13C MAS spectra of the sample at 200

mbar recorded at variable temperature (293 to 373 K). The

spectrum at 293 K shows a single resonance at 131.2 ppm that
can be ascribed to physisorbed CO2. This signal shifts toward
lower frequency on increasing the temperature. In the spectra
at 363 and 373 K, in addition to the main contribution, now
shifted to 129.7 ppm, a much weaker contribution at 125.3 ppm
appears. The resonance peak at 125.3 ppm is easily assigned to
the CO2 in the gas phase (labeled as CO2(gas) in Figure 2), while
the chemical shift of the main band (from 131.2 to 129.7 ppm)
with increasing temperature reflects the dynamical behavior of
adsorbed CO2. Combining FTIR,12 microcalorimetric, and
SSNMR data, it was possible to assign the contribution at 131.2
ppm (clearly seen at coverage below 100 mbar at 293 K) to
CO2 directly interacting with K+ (labeled as CO2(K

+
sites) in

Figure 2), while the signal at 129.7 ppm can be attributed to
CO2 still trapped inside the MOF cages and involved in a
slightly weaker interaction probably with the organic linker
(labeled as CO2(linker) in Figure 2), as indicated by the chemical
shift with respect to CO2 (gas).
Similar behaviors were already observed for CO and CO2

loaded on Cu3(BTC)2: while the extent of the shift is
comparable (∼1.2 ppm), in those cases the resonance shift
was toward lower frequencies.25 This may be due to the
difference in adsorption site (Cu vs K+) and also to the
difference in the metal component of the MOF (Cu vs Co with
different paramagnetic character).
VT measurements were also performed on the sample with

600 mbar of CO2 equilibrium pressure (see Supporting
Information, Figure S3). In this case, the free CO2 gas
(CO2 (gas)) signal (125.3 ppm) becomes well visible at 333 K.

Dynamical data were derived from the chemical shift
temperature dependence of the VT 13C NMR spectra for
adsorbed CO2 molecules. The appearance of two distinct
features at high temperature attributed, respectively, to CO2
molecules in the gas phase (CO2(gas)) and to those adsorbed in
the MOF, indicating a slow exchange in the NMR time scale
between adsorbed molecules and the gas phase under
equilibrium conditions, without change of the total number
of molecules. However, owing to the low signal intensity, the
fraction of CO2(gas) cannot be estimated from the spectra,25 so
that it is not possible to obtain an enthalpy of activation for the
exchange between these two CO2 species. On the other hand,
the temperature dependence of the signal related to CO2
molecules adsorbed in the MOF reflected a fast exchange
process, compared to that of the NMR time scale, between the
strongly adsorbed molecules (CO2(K

+
sites); δ ∼ 131 ppm) and

those more weakly adsorbed (CO2(linker); δ ∼ 130 ppm). This
observation leads to a determination of the exchange energy
between CO2(K

+
sites) and CO2(linker) by using eq 2 which allows

the occupation number of the molecules adsorbed on K+ sites
to be calculated by considering the averaged shift due to the fast
exchange between the molecules on K+ sites and on the linker.

δ δ δ= − ++ + +T P P( ) (1 )measured (K sites) (linker) (K sites) (K sites)

(2)

δ(linker) was extrapolated from the peak shift shown in Figure
2 to infinite temperature. In a similar way the measured low
temperature values for δ(K+

sites) were extrapolated with an error
of 3 ppm. By using P(T)adsorbed and assuming an Arrhenius plot
(see Supporting Information, Figure S4) a calorimetric
quantification of the exchange phenomena between CO2(K

+
sites)

and CO2(linker) is then given by eq 2, from which an activation
enthalpy of 6.3−9.3 kJ mol−1 (local motions in the MOFs;
CO2 (K

+
sites) ↔ CO2 (linker)) can be derived.

While magic angle spinning (MAS) spectra distinguished
three types of CO2 species, static spectra highlighted the
dynamics of the processes through the analysis of the signal line
shapes, as previously reported in the case of CO2 adsorbed on
Mg2(dobdc).

18 The VT static 13C NMR spectra are reported in
Figure S5 (see Supporting Information). All spectra were
characterized by a single very broad peak and no relevant
changes were observed when the temperature was increased.
The hump-like pattern of the static spectra (fwhm ∼12 kHz
compared to fast rotating CO2(gas), fwhm <1 kHz) provides
direct evidence of a strong interaction between CO2 and the
MOF matrix. This implies a drastic reduction of the CO2
motional freedom. Furthermore, the difference in line shapes
from that typical of the CSA (chemical shift anisotropy)
interaction suggests an intermediate motional regime of the
CO2(K

+
sites) on the binding sites characterized by disordered

reorientational motion.22−24

Volumetric CO2 Adsorption Measurements and
Isosteric Heat of Adsorption. In order to validate the
presence of a second adsorption site within UTSA-16, isosteric
heat of CO2 adsorption (Figure 3, inset) was calculated from
the volumetric isotherms at 273 and 298 K until CO2 loadings
of 4.2 mol kg−1, extending the pressure range described in a
previous work.12

To briefly comment the isotherm curves which were widely
discussed in our previous work,12 it is possible to denote that
the isotherm at 273 K reaches a maximum value (4.9 mol kg−1)
very close to the uptake calculated from the total volume of
UTSA-16 pores, which was attested to 5.6 mol kg−1.

Figure 2. 13C (100.65 MHz) MAS spectra with relevant assignments
of 13CO2-loaded UTSA-16 at 200 mbar in the temperature range from
293 to 373 K recorded with a spinning speed of 12 kHz.
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In our previous work, a constant value (qst = 38 kJ mol−1) of
CO2 isosteric heat of adsorption (qst) was calculated for a
coverage range of 0.4−3.2 mol kg−1, where the saturation of K+

sites by carbon dioxide is not reached yet.12 Reducing the
number of isotherms involved in the calculation from three to
two, it was possible to extend the coverage range well above the
K+ saturation point at 3.2 mol kg−1 and so to allow to estimate
the isosteric heat associated with the adsorption of CO2 over a
second minor site, as shown in the inset of Figure 3: the first
part of the trend below K+ saturation is related to the
interaction of CO2 with K+ sites as suggested by the isosteric
heat value of 38 kJ mol−1 coinciding with the literature;12,26

when the saturation of K+ sites is reached, the isosteric curve
steps down of 1 kJ mol−1 approaching an average value of 37 kJ
mol−1. This second constant trend confirms the results of
NMR, indicating the presence of a second adsorption site other
than K+ cations. As already discussed in our previous work,12

the isosteric heat of CO2 adsorption calculated for UTSA-16 is
one of the best among MOFs with exposed cations. Also when
compared to MOFs with higher qst, such as Mg2(dobdc)

27 (47
kJ mol−1) or Ni2(dobdc)

28 (42 kJ mol−1), the qst of UTSA-16
does not drop down after saturation of the exposed cations.
This can be related to the presence of tight pores (3.3 × 5.4
Å2)10 in UTSA-16 that promote the interaction of CO2 with
secondary adsorption sites other than potassium. An attempt to
explain the nature of this site will be addressed by infrared
spectroscopy.
VT-IR of Probe Molecules on UTSA-16. The nature of

the second adsorption site in UTSA-16 was investigated by VT-
IR spectroscopy by studying the adsorption of three probe
molecules: H2, N2, and CO. Most relevant results are reported
in Figure 4a−c.
VT-IR method allows to deduce, besides the information

normally obtained from IR at constant T, the enthalpy of
adsorption for very specific surface sites (see Supporting
Information).7,8,29

Molecular hydrogen is one of the most attractive probe
molecule for many reasons:30,31 (i) the presence of a single
bond between the two H−H atoms makes this molecule very
sensitive to any surface heterogeneity, as even small
perturbations originate shifts of the ν(HH), larger than those
observed in case of probe molecules characterized by multiple

bonds (i.e., N2 or CO); (ii) v(H−H) mode is IR-inactive
implying that every signal observed in the IR is related to the
perturbations caused by the interaction of the probe with the
surface sites; (iii) the small kinetic diameter (2.89 Å)32 of this
molecule allows to investigate in detail both cavities and surface
active sites; and (iv) because of its amphoteric character, H2 is
able to test both acidic and basic surface sites.
A known amount of hydrogen (20 mbar) was dosed on the

activated sample at 250 K and a series of spectra were collected
while cooling until 15 K (1 spectrum each 5 K). The set of
spectra recorded lowering the temperature are reported in the
Supporting Information and were used to evaluate the
adsorption enthalpy.
Figure 4a shows background subtracted spectra in the v(H−

H) region collected during outgassing at 15 K. For the sake of
clarity we will describe the spectra starting from low to high
coverage. At low equilibrium pressure, two main bands appear
at 4109 and 4119 cm−1 and grow in parallel (Δν = −52 and
−42 cm−1, respectively, in respect to v-para-H2 expected at
4161 cm−1). Both values are compatible with the formation of
side-on H2 adducts with K+ sites, on the basis of results
reported for K-FER33 or K-ZSM-534 (Δν = −50 and −49 cm−1,
respectively) but in this case surprisingly sharp bands are
observed (fwhm = 4 cm−1). At higher coverage a further band
appears at 4128 cm−1 (Δν = −33 cm−1) and becomes the most
intense component at maximum H2 loading (bold dark gray
curve in Figure 4a). The last spectrum shows small changes in
intensity ratio and maxima positions in respect to the medium
coverage, suggesting that hydrogen, packing inside the small
cavities of UTSA-16, undergoes some rearrangements in order
to accommodate new incoming molecules. The frequency
separation observed in case of the main doublet (Δν = 11
cm−1) is compatible with the co-presence of orto and para-H2
but, in this case, upon decreasing the temperature, a change in
the intensity ratio would have been expected after a waiting
time of 15 h. In fact, it is known that para-H2 (associated with
the highest frequency component) is more stable at low
temperature, with respect to the less stable orto-H2 adduct.8

Conversely, the intensity of the two peaks is constant since
their appearance at 90 K (Figure S6a black line) also after a
long waiting time. An alternative explanation can be given,
implying the presence of two slightly different K+H2 adducts
arising from a difference in the orientation of H2 (as already
described in other MOFs),7 or assuming two different K+ sites

Figure 3. CO2 volumetric isotherms on UTSA-16 at 273 (▲, blue
points), and 298 K (●, black points) measured until 1 bar. Continuous
lines represent the cubic spline fits computed on the experimental
points. On the inset, the isosteric heat of CO2 adsorption (■, green
points) as a function of loading. The first five points of this trend (■,
gray points) belong to ref 12 and they have been calculated with three
isotherms at 273, 298, and 313 K.

Figure 4. Background subtracted IR spectra of (a) H2, (b) N2, and (c)
CO adsorbed on UTSA-16 at 15 K for H2 and 60 K for N2 or CO.
Black lines correspond to the spectra collected in the presence of 0.1
mbar of H2, 0.2 mbar of N2, and CO equilibrium pressures,
respectively. Light gray lines correspond to the spectra collected
after outgassing overnight in a dynamic vacuum. Gray lines:
intermediate coverage.
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(K1
+ and K2

+). Finally, the peak at 4128 cm−1 is easily
associated with H2 perturbed by the oxygen atoms of the citrate
organic linkers of UTSA-16, in line to what previously was
observed in case of H2 adsorbed inside microporous
materials.7,8,33,35 Thanks to the peak sharpness, an evaluation
of H2 adsorption enthalpy was obtained by the analysis of VT-
IR spectra recorded in the 90 to 15 K temperature range.
Following the procedure previously described8,14 three values
of H2 adsorption enthalpy have been calculated (standard linear
fits reported in Figure S7, S8, and S9 of the Supporting
Information) and presented in Table 1. The presence of

multiple interaction sites is in full agreement with what was
suggested by 13CO2 NMR measurements and CO2 isosteric
heat (see previous section). A graphic illustration of possible
interaction sites for H2 in UTSA-16 is shown in Figure 5.

The stronger interaction between H2 and UTSA-16 was
detected, as expected, for the 1:1 adduction of H2 with
potassium with an enthalpy of adsorption of 9 kJ mol−1 for K1

+

(Tonset = 90 K) and 8 kJ mol−1 for K2
+ site. This value is in line

with what obtained for K-ZSM5 by Otero Areań et al.33 (8.9 kJ
mol−1) and slightly lower with respect to MOFs containing
transition metals which show the highest H2 enthalpy of
adsorption up to 13 kJ mol−1.7,29

The rearrangement seen in the IR spectra at higher loadings
can be explained by a redistribution of the H2 molecules which
tend to condensate at higher coverage and low temperature.

The presence of an adsorption site related to the organic
linker is definitely proven with H2 and its signal is detected
already at 70 K and 20 mbar of H2 equilibrium pressure; the
enthalpy of adsorption of this linker site is 3 kJ mol−1.
A similar experiment was performed using N2 as probe. N2

vibrational mode, as for H2, becomes IR active only after
polarization by the surface. Because of the larger strength of the
N≡N bond (945 vs 436 kJ mol−1 of H2),

36,37 this molecule is
less perturbed than H2 after interaction with the surface. N2 (40
mbar) was dosed on UTSA-16 at 150 K and then cooled down
to 60 K, as shown in Figure S6b of the Supporting Information.
The first spectrum was collected at 140 K and showed a
maximum at 2330 cm−1. At higher coverage (reached at lower
temperature), two signals at 2329 and 2333 cm−1 grow at the
expenses of the original band at 2330 cm−1. The low intensity
of all the components is due to the fact that the observed
frequencies are only slightly shifted in respect to the
unperturbed molecule (2321 cm−1 is the frequency observed
in case of N2 adsorbed at 240 K on silicalite).38 Figure 4b
reports the sequence of spectra collected upon lowering the
nitrogen equilibrium pressure at 60 K. The two maxima at 2329
and 2333 cm−1 decrease in intensity and, at lower coverage, a
single component at 2330 cm−1 is clearly visible. The evolution
of the spectra suggests the formation of more than one adduct
between K+ species and N2, with possible rearrangement of the
local structure of the adducts. This could justify the appearance
of a band associated with adsorbed N2 at the highest
frequencies (most perturbed) only at medium-high coverage.
Carbon monoxide is a probe largely employed for the

characterization of different surface features such as alkaline
metal cations, transition metal cations, or Lewis acidic
centers.31 It is commonly used to study microporous materials
like zeolites with exchanged alkali-metals39,40 or MOFs.31,41−44

CO was sent over UTSA-16 with an equilibrium pressure of
40 mbar at 60 K, that is a temperature lower than what is
normally used for this kind of measurements (77 K),31 in order
to increase the coverage of this weak base and the number of
active sites probed. Spectra reported in Figure 4c were plotted
following the degassing of CO from the material. The single
main band at 2147 cm−1 reassembles the formation of 1:1
adduct of CO with K+ cation (K1

+site), with the molecule
attaching the site in end-on configuration; the corresponding
band related to 13CO is observed at 2098 cm−1. Together with
the signal at 2147 cm−1, a red-shifted shoulder at 2144 cm−1

indicates the interaction of CO with a different K+ site (K2
+

site), as already seen by sending H2 on the surface. At lower
frequencies, a double peak is present: the signal at 2133 cm−1 is
relative to the less typical interaction of CO with K2

+ through
the side of oxygen,45 while the red-shifted component of this
feature (2129 cm−1) might be relative to CO interacting by the
oxygen with a second K+ (K1

+ site). An alternative explanation
to these bands can be postulated on the basis of the work
reported by Otero Areań et al.45 for CO adsorption in K-ZSM-
5 who conceives the shoulder at 2144 cm−1 as due to the
formation of a dual cation site complex where CO bridges two
different K+ sites. This bridging configuration of the CO
molecule can take place only if the two adjacent K+ sites lie at a
distance of 7−9 Å.46−48 No significant shift was noted while
degassing CO from the material.

■ CONCLUSIONS
A detailed study on UTSA-16 metal−organic framework was
performed by means of different physical-chemical techniques

Table 1. Summary of the Most Relevant Properties Obtained
from VT-IR of Adsorbed H2 for the Different UTSA-16
Active Sitesa

UTSA-16
ν(H−H)
(cm−1)

−Δν(H−H)
(cm−1)

Tonset
(K)

−ΔH0
(kJ mol−1)

K1
+ site 4109 52 90 9 ± 1

K2
+ site 4119 42 90 8 ± 1

linker site 4128 33 70 3 ± 1
av(H−H) indicates the frequency of H2 vibration when interacting
with the specific site; −Δν(H−H) indicates the red-shift from para-H2
vibration (4161 cm−1); Tonset is the highest temperature at which the
signal first appears; −ΔH0 represent the enthalpy of H2 adsorption for
that precise site.

Figure 5. Structure of UTSA-16 as in refs 10 and 11 assuming the
presence of extra-framework K+ atoms (yellow, center of the pore).
Water molecules and −OH groups have been omitted. The elements
have been reported according to the following color code: carbon
(gray), structural hydrogen (white), oxygen (red), cobalt (light blue
for tetrahedral Co2+, violet for octahedral Co2+), potassium (yellow),
and adsorbed hydrogen (orange). (1) H2/K1

+, (2) H2/K2
+, and (3)

H2/linker.
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to elucidate adsorptive properties toward small probe
molecules. On our previous work,12 the role of major active
site in UTSA-16 was explained through the adsorption of CO2,
remarking a strong interaction toward K+ cation present in the
structure. Considering a formula unit such as K2Co3(cit)2 (cit =
C6H4O7) and a pore volume of 0.32 cm3 g−1, we estimated a
saturation coverage for K+ sites at 3.2 mol kg−1. The isotherm at
298 K and 1 bar reported in ref 12 indicates a maximum CO2

uptake of 4.2 mol kg−1, 22% over the K+ saturation limit. This
fact points to the presence of another adsorption site other than
potassium.
A multitechnique approach based on solid-state NMR, CO2

isosteric heat evaluated until 1 bar, and the exploration of
UTSA-16 surface by means of FTIR coupled with different
probes allowed us to identify the presence of three adsorptions
sites: two related to K+ sites and one to the organic linker.
Microcalorimetric measurements quantified, in the low

pressure range (below 100 mbar of equilibrium pressure), the
presence of a single medium strength adsorption site (30.1 kJ
mol−1) assigned to CO2 interacting with K+ cations located
inside the UTSA-16 channels. Conversely, solid-state NMR
exploring a wider range of equilibrium pressure (to 600 mbar)
was able to distinguish two different species of CO2 molecules
inside the MOF: CO2(K

+
site) adsorbed on the K+ adsorbing sites

and CO2(linker) relative to a weaker interaction of CO2 with the
organic linker of the MOF. NMR results were in line with
isosteric heat of CO2 adsorption evaluated until 1 bar, that
distinguished two families of sites with very close affinity for
CO2, 38 and 37 kJ mol−1.
Moreover, the use of different small molecular probes

coupled with IR spectroscopy shed light over the presence of
two different adsorption sites, both related to K+ sites. In
particular, H2 dosages at low temperature (15 K) allowed to
identify two distinct K+ species (labeled as K1

+ and K2
+sites)

characterized by a H2 adsorption enthalpy of 9 kJ mol−1 and 8
kJ mol−1, respectively. Moreover, as already found in other
MOFs, organic linkers represent a further adsorption site
characterized by a lower interaction energy (3 kJ mol−1 in case
of H2). The existence of two distinct K+ sites was also
confirmed by IR data obtained in case of CO adsorption
(maximum at 2147 cm−1, associated with K1

+ site and
maximum at 2144 cm−1 to K2

+ site).
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Tailoring adsorption induced phase transitions in
the pillared-layer type metal–organic framework
DUT-8(Ni)†
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Tailoring the characteristics of gating transitions in the porous network, Ni2(ndc)2dabco (ndc = 2,6-

naphthalenedicarboxylate, dabco = 1,4-diazabicyclo[2.2.2]octane), also termed DUT-8(Ni) (DUT =

Dresden University of Technology), was achieved by systematically adjusting the critical synthesis para-

meters. The impact of the starting composition and solvent mixtures in the synthesis was found to criti-

cally affect the guest-response properties of the obtained materials. A comprehensive set of physical

characterization methods, namely thermal analysis, 1H NMR of digested crystals, solid state 13C NMR,

PXRD, SEM, IR and Raman spectroscopy shows that the crystallite size is a crucial factor, determining the

differing characteristics such as “gate pressure” and adsorption capacity in the guest-responsive switching

behaviour of DUT-8. Crystallites smaller than 500 nm in size retain the open form after removal of the

guest molecules resulting in typical “Type Ia” isotherm, whereas crystallites larger than 1 µm transform

into the “closed pore” form and therefore can show a characteristic “gate opening” behaviour during gas

adsorption. The particle size distribution of DUT-8(Ni) can be tailored by changing the synthesis con-

ditions and consequently the slope of the isotherm at the “gating step” is affected. The in depth analysis

of synthesis conditions and switching behaviour is an important step towards a better understanding of

the fundamental principles responsible for guest responsive porosity switching in the solid state.

Introduction

Structural phase transitions induced by external stimuli such
as guest molecules, temperature, electromagnetic irradiation
etc., are unique features of flexible metal–organic frameworks,
also termed soft porous crystals.1–4 Among various kinds of
flexibility such as breathing, swelling, ligand flip, sub-network
displacement, gating stands out as a pronounced and step-
wise transition with an amplitude of cell volume change often
by far exceeding any volume changes observed in traditional
porous solids.5 We therefore address these materials in the fol-
lowing as “switching MOFs” or “gate pressure MOFs”. After

guest removal, “gate pressure MOFs” usually transform into a
dense structure that can be reopened by an external stimulus.6

Switching between a “porous” and “non-porous” (or dense)
states offers tremendous opportunities for the application of
these MOFs in gas storage, separation, and sensing.7–16

However, there are still numerous open questions in the
understanding of “gating” phenomena from both experimental
and theoretical points of view.

From the theoretical point of view, various fundamental
concepts for understanding the flexible behaviour have been
developed, for example: (i) the adsorption-induced defor-
mation can be interpreted as a response of the porous material
to an adsorption induced stress; (ii) a rigorous thermodynamic
description of the coupled energetics of the crystallographic
phase transition(s) and the adsorption isotherms of the
different polymorphs within the osmotic ensemble.17,18

The synthesis rules and procedures for the targeted syn-
thesis of “gate pressure” materials and control over the “gate
pressure” are a crucial issue for any application. In the case of
layered MOFs such as ELM-11 (ELM – Elastic Layered
Material), the first “gate pressure MOF” discovered, extensive
investigations focused on the adsorption induced transitions

†Electronic supplementary information (ESI) available: Nitrogen and argon
physisorption data, theoretical and experimental pore size distribution, PXRD
patterns, scanning electron microscopy images, 1H NMR, FT-IR and TG data. See
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in the presence of nitrogen, carbon dioxide, n-butane,
methane, and alcohol vapours.6,19–21 Tuning of the “gate
pressure” was achieved by varying the metal ions and types of
layer-terminating anions.22 The dynamics of the “gating” effect
was investigated in situ using various gases as guest
molecules.23

Pillared-layer MOFs can be regarded as a second proto-
typical class of switching MOFs as discovered by Dybtsev,24 but
initially only volume changes below 15% were reported in the
absence of solvent. However, a complete closing of the frame-
work was not achieved in this case.

A unique member of this family is Ni2(ndc)2dabco (ndc –

2,6-naphthalenedicarboxylate, dabco – 1,4-diazabicyclo-[2.2.2]
octane), also known as DUT-8(Ni) (DUT = Dresden University
of Technology).25–30 The highly flexible Ni2-paddle wheel in
combination with the ndc ligand allows complete pore closing
after removing the guest molecules to be achieved.
Consequently this compound shows the highest cell volume
change (>250%) among all pillared layer MOFs and a pro-
nounced “gate opening” effect, initially reported at p/p0 = 0.1
for nitrogen adsorption at 77 K.29 The complex structural
diversity of DUT-8(Ni) in the presence of nitrogen, carbon
dioxide, ethane, ethylene and n-butane was unravelled using
in situ powder X-ray diffraction (PXRD) at controlled pressure
and temperature.26 Characteristic host–guest interactions were
detected by applying in situ 129Xe NMR.31

However, recent observations during repeated adsorption/
desorption cycling using n-butane and InfraSORP technology
revealed significant stress built-up upon repeated adsorption
caused by grain boundary formation and disintegration of
larger crystals.27 Three different types of crystal interfacial
surface areas may in principle affect the gating phenomena
by adding a kinetic and/or thermodynamic contribution to
alter the energetics of switching: (a) the outer surface area
(Ao) of a monodomain crystal (surface energy); (b) the inter-
facial area between two domains (grain boundary or inter-
facial domain area, Aid) with different orientations in one
crystal; (c) the interfacial area of a monodomain or multi-
domain crystal covered by a second phase (which can also be an
amorphous outer layer (Aol), a polymer, or a crystalline shell).
For DUT-8, it was shown that an increasing Aid causes a shift
of the gate opening pressure to higher pressure (equivalent to
a higher chemical potential of the guest molecule).27 As we
show in this contribution, the gate opening pressure does not
reflect a transition at equilibrium, but is kinetically con-
trolled. The concerted pore opening of unit cells can be inter-
preted as a cooperative lattice movement (soft phonon) pro-
pagating throughout the crystal. If adjacent grains have
different crystallographic orientations, the interfacial domain
area (grain boundary) acts as a phonon propagation barrier
and shifts the transition pressure towards the higher chemi-
cal potential of the transition inducing guest molecules.
However, if the interface between two domains creates gas
accessible channels, these defects will act as nucleation
centers for the phase transformation. Thus, the number of
such defects in a crystal will determine the transition prob-

ability and consequently the gate opening pressure. A mono-
domain crystal without grain boundaries in the closed state
may be kinetically so severely hindered, that an adsorption
induced transition is no longer observed and the crystal
remains closed.

The strong influence of domain size on the “gate pressure”
was an initial motivation to study the impact of crystal mor-
phology in DUT-8(Ni) in more detail. Another observation trig-
gering our intentions for “gate pressure” tuning came from a
report by Lee et al. who reported a material with the same
structure and composition as for DUT-8(Ni) but described it as
a rigid MOF with a clear “Type I” isotherm and no structural
transformations during guest removal.32 This material was syn-
thesized using slightly modified synthesis conditions.

Consequently, DUT-8(Ni) is a unique solid, showing either
switchable or rigid behaviour depending on the way it is syn-
thesized. So far there are only a few reports describing a syn-
thesis dependent switchability tuning in porous solids.9,33–35

In the following we describe a detailed study on synthesis
and pre-treatment parameters affecting “gate pressure” and
hysteresis in DUT-8(Ni). In order to elucidate the fundamentals
of solid state porosity switching and in the context of the tex-
tural characteristics behind them, we have focused on a global
analysis using various spectroscopic techniques, scanning
electron microscopy, elemental analysis, TG etc. and correlated
the outcome with gas physisorption results revealing the
degree of switchability.

Experimental
Materials

Chemicals and solvents were purchased from Sigma Aldrich
and they were used without further purification. Nickel(II)
nitrate hexahydrate (99.999%), 2,6-naphthalenedicarboxylic
acid (99.0%) and 1,4-diazabicyclo[2.2.2]octane (ReagentPlus®,
≥99%) were handled under an inert atmosphere. N,N-
Dimethylformamide (99.8%) and methanol (99.8%) were pur-
chased in anhydrous form.

Synthesis

Flexible DUT-8(Ni) (1). The synthesis procedure of DUT-8(Ni)
reported in ref. 29 was slightly modified insofar as all chemi-
cals were dissolved separately: Ni(NO3)2·6H2O (0.407 g,
1.40 mmol) in 6 mL DMF, H2ndc (0.303 g, 1.40 mmol) in
15 mL DMF and dabco (0.100 g, 0.89 mmol) in 9 mL methanol
(MeOH). Subsequently the mixture was transferred into a
Teflon vessel (50 mL) and heated in an autoclave to 393 K with
a heating rate of 4 K min−1 and held at that temperature for
48 h. After cooling to room temperature (RT) over 3 hours, the
sample was washed several times, first with 30 mL DMF and
then with 30 mL ethanol and finally with 30 mL DCM.
Afterwards, a washing step with 150 mL of DCM was continued
for 3 days. The resulting solid was filtered in an argon flow
and activated under dynamic vacuum at 393 K for 4 h. DUT-8
(Ni) crystals have poor heat conductivity, therefore for efficient
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activation of the sample it is important to prevent aggregation
of the crystals. In order to facilitate the homogeneous heat
transfer to all crystallites instantly without solvothermal stress
during the desolvation, a flask with a wide flat bottom was
used. This method allows for a homogeneous heating of all
the crystals without temperature gradients and simultaneous
evacuation. Note: a special vacuum safe flask is required for
this operation. Evacuation (at 10−3 mbar) continued overnight
at room temperature. During the activation, the colour of the
sample changes from green (open pore phase) to dark yellow
(closed pore phase). Finally, the Schlenk tube was purged with
argon and transferred into a glove box.

Rigid DUT-8(Ni) (2). The “rigid” form of DUT-8(Ni) was syn-
thesized using a similar procedure as reported by Lee et al.32

In a typical synthesis, Ni(NO3)2·6H2O (0.434 g, 1.50 mmol),
H2ndc (0.294 g, 1.36 mmol) and dabco (0.336 g, 3.00 mmol)
were mixed and dissolved in 30 mL of DMF using an ultrasonic
bath for 10 min. After mixing of all the chemicals, a cloudy
suspension was obtained, which is in disagreement with the
procedure reported by Lee. A clear solution could not be
obtained even after ultrasonication of the cloudy precipitate
for 2 hours. The suspension was transfered to a Teflon-
lined autoclave, placed into a preheated oven at 408 K and
held at that temperature for 72 hours. The resulting
material was washed with 30 mL DMF two times and sub-
sequently immersed in 30 mL of dry EtOH for 3 days. The light
green powder was filtered off and activated under dynamic
vacuum for 5 hours at 443 K. After activation, the colour
remained light green. The sample was kept under an inert
atmosphere.

Variation of dabco content: series 3. Samples a–d of series 3
were synthesized using the same procedure as described for 2,
but utilising varying amounts of dabco. In all the cases, the
ratio of Ni2+ : H2ndc 1.1 : 1 was kept constant (0.434 g
Ni(NO3)2·6H2O, 0.294 g H2ndc). The following amounts of
dabco were utilised: in 3a 0.030 g (0.27 mmol), in 3b 0.058 g
(0.52 mmol), in 3c 0.112 g (1.00 mmol) and in 3d 0.224 g
(2.00 mmol).

Variation of dabco content: series 3′. Samples a–d of series 3′
were synthesized using the procedure described for 1. For all the
samples, a constant ratio of Ni2+ : H2ndc 1 : 1 was used (0.407 g
Ni(NO3)2·6H2O, 0.303 g H2ndc). The amount of dabco was varied
as follows: in 3′a 0.039 g (0.35 mmol), in 3′b 0.100 g (0.89 mmol),
in 3′c 0.156 g (1.39 mmol) and in 3′d 0.336 g (3.00 mmol).

Variation of solvent ratio: series 4. All samples were syn-
thesized using the procedure described for 2, but the ratio of
solvents (DMF to MeOH) was varied: in 4a 29.5 mL DMF and
0.5 mL MeOH, in 4b 25 mL DMF and 5 mL MeOH, and in 4c
19 mL DMF and 11 mL MeOH.

Variation of nickel to ligand ratio: series 5. Samples a–b of
series 5 were synthesized by the same method used for the
preparation of sample 2, but the ratio of Ni2+ to other com-
pounds was changed. In both cases, a ratio of H2ndc : dabco =
1 : 2.2 was used (0.294 g H2ndc, 0.336 g dabco). In the case of
5a, 0.394 g (1.35 mmol) of Ni(NO3)2·6H2O and in 5b, 0.197 g
(0.68 mmol) of Ni(NO3)2·6H2O were added.

Variation of nickel content: series 5′. Samples a and b of
series 5′ were synthesized using the same procedure as
described for 1 but the ratio of Ni to other components was
changed. In 5′a, 0.204 g (0.70 mmol) Ni(NO3)2·6H2O and in 5′b,
0.601 g (2.07 mmol) Ni(NO3)2·6H2O were used and in both
cases, the ratio of H2ndc to dabco was kept constant (0.303 g
H2ndc, 0.1 g dabco).

Powder X-ray diffraction

Powder X-ray diffraction (PXRD) patterns were obtained at
room temperature on a STOE STADI P diffractometer using
Cu-Kα1 radiation (λ = 1.5405 Å) and a 2D detector (Mythen,
Dectris). All measurements were performed in transmission
geometry using a rotating flatbed sample holder, 2Θ steps of
0.015° and exposition time of 20 s per step. All activated
samples were sealed using a Decathlon aptonia survival
blanket (film composition: 4.0% resin, 92.0% polytetrafluoro-
ethylene (PTFE), 4.0% aluminium).

Adsorption

Nitrogen (at 77 K) and argon (at 87 K) physisorption experi-
ments were performed using a BELSORP-max apparatus. A
liquid nitrogen bath was used to thermostat the sample at
77 K. Argon physisorption measurements were performed
using a special external adsorption cell, mounted on a closed
cycle He-cryostat. Measurements were carried out using
25–35 mg of the MOF. For all experiments, nitrogen and argon
gases with a purity of 99.999% were used.

Thermogravimetric analyses

Thermogravimetric analyses (TG) were performed in a syn-
thetic air flow in a temperature range from room temperature
to 1000 °C with a heating rate of 5 °C min−1 using a STA 409
PC from NETZSCH Company.

Spectroscopic measurements

DRIFT spectra were measured in the range of 4000–400 cm−1

using a VERTEX-70 spectrophotometer (Bruker).
FTIR ATR spectra were collected at 2 cm−1 resolution in the

4000–400 cm−1 range using a Bruker Alpha instrument
equipped with an ATR accessory (diamond crystal) and placed
inside the glove box. Raman spectra were recorded on powder
samples inserted in a home-made cell with a Suprasil quartz
cuvette using a Renishaw inVia Raman microscope spectro-
meter and an Ar+ laser emitting at 514 nm. Photons scattered
by the sample were dispersed by a 1800 lines per mm grating
monochromator and were simultaneously collected using a
CCD camera. The collection optic was set at 20×. The spectral
collection setup consisted of 50 acquisitions, each of 10 s.

Scanning electron microscopy

The SEM images were recorded using a Hitachi Microscope
SU8020.
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Elemental analysis

CHN analysis was performed on a EuroEA Elemental Analyser.
The amount of Ni in the samples was determined by ICP-OES
using an Optima 7000 DV instrument.

Nuclear magnetic resonance

Solutions for 1H NMR were prepared by dissolving the acti-
vated samples in a mixture of 1 mL (99.9%) dimethyl sulfox-
ide-d6 and 20 μl of DCl (36% solution in D2O). The spectra
were recorded on a Bruker DRX-500 spectrometer. Solid-state
13C NMR experiments were performed using a Bruker AVANCE
300 spectrometer operating at a resonance frequency of
75.5 MHz using a double-resonance 4 mm MAS NMR probe
and a sample spinning rate of 12 kHz. Ramped 1H–13C cross
polarization (CP) and SPINAL proton decoupling during signal
acquisition were applied. The chemical shift was referenced
with adamantane.

Results and discussion

To identify pivotal parameters responsible for the differences
in the switching characteristics of Ni2(ndc)2(dabco) it was
essential to reproduce the syntheses of “flexible” and “rigid”
materials, in the following denoted as 1 and 2, respectively.
For the synthesis of 1 the amount of dabco was slightly
increased29 to improve the yield. When following the reported
procedure for the synthesis of “rigid” DUT-8(Ni) (2) reported
by Lee et al.32 the solution became a cloudy suspension after
mixing of all the chemicals. This was surprising, since the
published procedure reported: “the suspension was treated by
ultrasonic radiation to dissolve solid chemicals until a clear
solution in green colour is formed”. However, in our hands the
precipitate could not be dissolved even after 3 hours of soni-
cation. A reason might be slightly different water contents of
solvents or starting materials. The suspension was placed into
an oven, which was pre-heated to 408 K beforehand, and kept
at that temperature for 3 days. The obtained green precipitate
was collected by filtration, washed and activated at 443 K
under dynamic vacuum for 5 hours. After activation, samples
1 and 2 were analysed by PXRD, NMR, and nitrogen
physisorption.

As expected, the XRD pattern of sample 1 matches the
theoretical calculated pattern of DUT-8(Ni) for the closed
phase (cp) (Fig. 1a) and shows “gate opening” behaviour
during the physisorption (Fig. 1b). In contrast, sample 2 shows
an XRD pattern typical of the open pore phase (op) of DUT-8
(Ni) (Fig. 1a) and a “Type Ia” isotherm (Fig. 1b) with a pore
volume comparable to that of 1 after “gate opening”.
According to the elemental analysis as well as to the 1H NMR
spectra after digestion of the samples, no significant differ-
ences in the composition of 1 and 2 could be found (Table S1,
Fig. S6 and S7, ESI†).

In addition, we performed TG analysis in synthetic air in
order to estimate the thermal stability and metal/organic ratio.
Sample 1 shows slightly higher thermal stability than sample 2

and starts to decompose at 380 °C. The decomposition of 2
starts at 340 °C (Fig. S8, ESI†). Decomposition of both samples
proceeds in one step. In the case of sample 1 the thermal
decomposition is accompanied by the formation of intermedi-
ates, which are further oxidized in the temperature range of
500–550 °C, causing an increase of the mass of nearly 4%. The
residual mass for samples 1 and 2 is 24.12 and 23.89%,
respectively, which is in a good agreement with the calculated
value of 22.72%. The PXRD analyses of the residues show
phase pure NiO (Fig. S9, ESI†).

Thus, despite the pronounced differences in flexibility, the
compositions of 1 and 2 are identical within the limits of
errors of the methods. A detailed analysis of defects in a lower
concentration level is beyond the scope of this contribution
but has been addressed recently using EPR in combination
with NO adsorption.25

DRIFT spectra of 1 and 2 are apparently very similar
(Fig. 2a). However, the spectrum of rigid compound 2 contains
a few additional absorption bands at 1630, 785, and 510 cm−1

which are absent in the spectrum of 1. The first one could
correspond to the asymmetric vibration of the carboxylic
group.

Therefore, the slight shift of the latter to higher frequencies
could be a sign of a different coordination mode of carboxylic

Fig. 1 (a) Calculated and experimental PXRD patterns of activated
“flexible” (1) and “rigid” (2) DUT-8(Ni); (b) nitrogen physisorption experi-
ments at 77 K for DUT-8(Ni) “flexible” (1) and “rigid” (2) (adsorption –

filled symbols, desorption – open symbols), inset: semilogarithmic plot.
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groups as could be expected for defective paddle wheels,
formed because of rapid crystallization.

The additional absorption band at 785 cm−1 can be
assigned to the νsN–C3 vibration of the dabco molecule.36

On the other hand, it is known that dabco is able to form
salts with naphthoic acid where carboxylate anions are hydro-
gen bonded to the protonated dabco via COO−/H–N+ hydrogen
bonds.37 Indeed, after mixing of H2ndc (0.294 g, 1.36 mmol)
and dabco (0.336 g, 3.0 mmol) in DMF (30 mL), a white crystal-
line precipitate (H2dabco)(ndc) is formed. The DRIFT spec-
trum of the salt contains an absorption band at 785 cm−1,
exactly the same wavenumber observed for the additional band
of 2 (Fig. 2).

Using the same ratio of components described for 2, if
nickel nitrate is added to the H2ndc–dabco suspension in
DMF, a green, cloudy precipitate forms, in the following
denoted as “Ni-ndc-dabco”. The DRIFT spectrum of this pre-
cipitate contains both the additional absorption bands at 785
and 1630 cm−1 found in the spectrum of 2. This indicates
differences in the formation pathways of 1 and 2: for flexible 1
one may assume the direct nucleation of DUT-8(Ni), while the
rigid version 2 is formed via an intermediate salt. The ATR-IR
spectra of 1 and 2 (Fig. S14†) confirm, even if less evidently,
the presence of these two vibrational fingerprints of the rigid
form.

The Raman spectra of 1 and 2 (Fig. 2b) are significantly
different. In particular, compound 2 shows: (i) in the

1700–1300 cm−1 range peaks shifted in frequency and with
different relative intensities; (ii) in the lower frequency range
the intensity of the bands increases at 1010, 784, and
224 cm−1.

Furthermore, solid state 13C NMR spectra were recorded on
“as made” and “activated” forms of materials 1 and 2 (Fig. 3).

The spectra of the “as made” forms for 1 and 2 are almost
identical and contain two signals between 30 and 40 ppm
corresponding to the carbon atoms of the dabco ligand and
methyl group of DMF. In the range of 135–165 ppm, three
sharp signals and one broad signal are observed. These signals
are assigned to the five independent carbon atoms in the
naphthalene core of the ndc2− linker and C–H group of DMF.
The broad signal of the quaternary carbon of the ndc2− located
near the metal center is identified in the low field of the NMR
spectrum at 260 ppm (inset Fig. 3).28 Activation of the
materials leads to a significant change in the 13C CP NMR
spectra. As has been shown earlier,28 activation of sample 1
leads to the broadening of all signals, belonging to the frame-
work and disappearing of the DMF signals. The broadening of
the signals could be explained either by the chemical shift
distribution of the carbon atoms in the cp phase or more
restricted motions of the linkers in the cp compared with the
op phase. The aforementioned chemical shift distribution
could be caused by the deformation of the linker molecules as
a consequence of structure closing. In the case of 2, removal of
the guest molecules from the framework has no influence on
the oscillation of the carbon atoms showing no peak broaden-
ing or anisotropy. At the same time, a shift of all signals to the
high field was observed and can be explained by desolvation of
the framework, namely the absence of the ligand–solvent
interactions.

It is interesting to note that the signal at ca. 260 ppm is
considerably broader in the rigid material than in flexible
DUT-8(Ni). This might be due to a larger degree of disorder (or

Fig. 2 (a) DRIFT spectra of DUT-8(Ni) “flexible” (1) and “rigid” (2), Ni-
ndc-dabco, and (H2dabco)(ndc) salt; (b) Raman spectra of DUT-8(Ni)
“flexible” (1) and “rigid” (2).

Fig. 3 Solid state 13C CP NMR spectra of “as made” and activated forms
of 1 and 2.
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defects) for rigid DUT-8(Ni) in agreement with EPR spectro-
scopic studies.25 Thus, the solid state 13C NMR spectra show
an essential difference between “flexible” 1 and “rigid” 2
DUT-8(Ni) in their activated forms as well as the absence of
additional organic species.

Variation of synthesis parameters

The main difference in the synthesis procedure of “flexible” 1
and “rigid” 2 is the molar ratio of the starting compounds and
nature of the solvent (or more specifically the solvent ratio)
(Table 1). For the synthesis of the flexible version of the frame-
work, a ratio of nickel nitrate, H2ndc and dabco of 1 : 1 : 0.64 is
used, which is very close to the ideal composition of the result-
ing MOF. As the solvent a DMF/methanol mixture in a volu-
metric ratio close to 2 : 1 is used. The synthesis protocol of the
“rigid” 2 differs by the increased molar amount of dabco up to
2.2 equivalents in the synthesis (Table 1). Moreover, the
synthesis is performed in pure DMF at slightly higher
temperature.

To find out the critical parameter, which directs the for-
mation of a “flexible” or “rigid” MOF, we studied a wide variety
of synthesis parameters such as the molar ratio of the starting
materials in the system Ni2+/H2ndc/dabco as well as the
solvent mixture composition, starting from the original syn-
thesis procedure for “flexible” 1 and “rigid” 2.

In the first series, the amount of dabco was varied from
0.20 to 1.47 equivalents (samples 3a–3d), keeping all other syn-
thetic parameters constant according to the synthetic pro-
cedure for 2. In parallel, the syntheses were carried out under
the conditions used for 1 and varying the amount of dabco
from 0.25 to 2.14 equivalents (samples 3′a–3′d).

If a lower amount of dabco is used than needed for the
ideal stoichiometric composition (in the case of samples 3a, 3b
and 3′a), the formation of a non-porous coordination polymer

with the composition Ni3(ndc)3(DMF)2(Me2NH)2, reported
earlier by Du et al.,38 was observed (Fig. 4a and c). It shows
characteristic reflections at 2Θ = 9.22° and 9.57° in the XRD
pattern, as well as an additional band at 1666 cm−1 in the
FTIR spectrum, which is assigned to the coordination mode of
the carboxylic group (Fig. S15 and S16, ESI†).

All the activated samples of series 3 represent a mixture of
cp and op phases. Furthermore, a decreasing intensity of the
main reflection of the cp phase at 2Θ = 7.5° with increasing
the dabco content in the synthesis (samples 3c and 3d) indi-
cates the substantial role of dabco in the formation of the tar-
geted DUT-8(Ni) phase. Higher amounts of dabco lead also to
an intensity increase of “fingerprint” absorption bands at 785
and 1630 cm−1 in 3c and 3d, characteristic of the spectrum of
“rigid” DUT-8(Ni) (Fig. S15, ESI†).

Thus, the dabco amount has a crucial role in the synthesis
triggering the formation of small amounts of “flexible” DUT-8 (1)
if utilised in lower concentrations. However, pure “flexible”
1 could not be obtained and very low amounts of dabco uti-
lised in the synthesis caused the formation of a dense phase
containing no dabco. In contrast, samples b and c of series 3′,
synthesized in a DMF :MeOH mixture, are the pure cp phase
according to the PXRD (Fig. 3) and DRIFT (Fig. S16, ESI†) ana-
lyses. Sample 3′d shows only a minor impurity of the op phase.
Thus methanol has an essential influence on the phase
formation.

Therefore, in the next step the role of solvent composition
was further explored in series 4. Keeping the Ni2+/H2ndc/dabco
ratio constant (1.1 : 1 : 2.2), the MeOH content in DMF was
varied from 1.6% to 36% (the MeOH content in the typical syn-
thesis of flexible 1 is 30%).

The PXRD patterns of samples 4a and 4b, synthesized using
only minor amounts of methanol, show exclusively the op
phase of the MOF. Only if the methanol concentration is
higher than 20%, a cp/op phase mixture is formed. It is also
reflected in the decreasing intensity of the IR absorption
bands at 1630 and 785 cm−1 (Fig. S17, ESI†).

Finally, in series 5 and 5′ we could show that the amount of
Ni2+ does not influence the formation of the expected phases,
and independent of the nickel amount utilized (within the
investigated range) the resulting crystalline phase is mostly
solvent directed (Fig. S1, ESI†). Similar to the results obtained
via PXRD and SEM techniques, the variation of the nickel
amount in the synthesis causes no changes in the DRIFT
spectra (Fig. S18, ESI†).

Nitrogen and argon physisorption

One of the main differences between the “flexible” and “rigid”
DUT-8(Ni) materials is the response during gas adsorption.
First, for investigation of the pore size distribution in MOF 2,
argon physisorption at 87 K was used as is recommended
(Fig. S3, ESI†).39 The experimental micropore volume (Vp) of
0.97 cm3 g−1 and BET surface area (SBET) of 2635 m2 g−1

derived from the Ar adsorption isotherm are in perfect agree-
ment with values calculated using Poreblazer from the crystal
structure of DUT-8(Ni) (Vp = 0.99 cm3 g−1, S = 2528 m2 g−1). For

Table 1 Synthesis parameters used for tuning DUT-8(Ni) materialsa

Ni2+ H2ndc dabco MeOH, mL DMF, mL
T, K/sonication
time, min

1 1.0 1.0 0.636 9.0 21.0 393/10
2 1.1 1.0 2.206 — 30.0 408/10
3a 1.1 1.0 0.199 — 30.0 408/10
3b 1.1 1.0 0.382 — 30.0 408/10
3c 1.1 1.0 0.735 — 30.0 408/10
3d 1.1 1.0 1.470 — 30.0 408/10
3′a 1.0 1.0 0.250 9.0 21.0 393/10
3′b 1.0 1.0 0.636 9.0 21.0 393/10
3′c 1.0 1.0 0.993 9.0 21.0 393/10
3′d 1.0 1.0 2.143 9.0 21.0 393/10
4a 1.1 1.0 2.206 0.5 29.5 408/10
4b 1.1 1.0 2.206 5.0 25.0 408/10
4c 1.1 1.0 2.206 11.0 19.0 408/10
5a 1.0 1.0 2.206 — 30.0 408/10
5b 0.5 1.0 2.206 0.0 30.0 408/10
5′a 0.5 1.0 0.636 9.0 21.0 393/10
5′b 1.5 1.0 0.636 9.0 21.0 393/10

a For the starting compounds, the molar ratio normalized to H2ndc is
given.
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calculating the pore size distribution NLDFT was applied
(zeolite/silica adsorption branch kernel based on a cylindrical
pore model). The obtained pore size distribution plot has a
maximum at 8.7 Å. This value is 1.1 Å smaller than the value
calculated geometrically using Poreblazer software for the
DUT-8(Ni) op structure (Fig. S4 and S5, ESI†).40 The largest
included sphere, calculated for the structure, has a diameter of
10.0 Å. Given the limitations of the NLDFT kernels, the pore
size calculated from the adsorption isotherm and crystal struc-
ture is not in excellent but reasonable agreement. The nitrogen
physisorption experiments at 77 K are an ideal technique to
distinguish the switchability behaviour of samples prepared
under various conditions as the isotherms differ significantly
in their slopes but show a comparable total pore volume

(Fig. 1b). We assume that the desorption branch of the iso-
therm represents the thermodynamic equilibrium of the
switching process, as for closing no diffusional activation
barrier has to be overcome (Fig. 1b inset). In the case of “flex-
ible” material 1, this “gate closing” pressure is observed at p/p0
= 0.01, and the structural transformation from op to cp takes
place accompanied by the sharp drop in the nitrogen uptake
from 588 cm3 g−1 at p/p0 = 0.015 to 40 cm3 g−1 at p/p0 = 0.003.

In contrast, the desorption branch of 2 matches the adsorp-
tion branch without any hysteresis, indicating no structural
changes in the sample during physisorption.

The nitrogen adsorption isotherms for samples from series
3 and 3′ reflect the findings from the PXRD analysis. All the
samples of series 3 show isotherms characteristic of flexible

Fig. 4 PXRD patterns of activated samples and nitrogen adsorption isotherms at 77 K for samples 3 and 4.
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MOFs, but are different from typical isotherms usually
obtained for “gate pressure” MOFs. In fact, the nitrogen
adsorption isotherms of 3a–3d are a superposition of the iso-
therms characteristic of 1 and 2. Therefore the pore volume,
calculated from the nitrogen uptake plateau before “gate
opening” can be attributed to the amount of the “rigid” phase
in the sample. The ratio between this value and the total pore
volume represents the ratio between the amounts of “rigid”
and flexible phases and is 35 : 65 for samples 3a and 3b and
56 : 44 for samples 3c and 3d.

As expected, sample 3′a of the composition
Ni3(ndc)3(DMF)2(Me2NH)2 has no porosity in its crystal struc-
ture and therefore shows nearly no nitrogen uptake (Fig. 4d).
Samples 3′b and 3′c show “gate opening” behaviour, but
slightly different uptakes in saturation.

Further increasing the amount of dabco in the synthesis of
3′d leads to a significant drop in the total pore volume and
changes the isotherm slope in the gate region (Fig. 4d).

Interestingly, the “gate opening” pressure is influenced by
the synthetic conditions and is shifted to higher relative
pressure from p/p0 = 0.13 for 1 to p/p0 = 0.16 in 3d and to
p/p0 = 0.28 for samples 3a, 3b, 3c and 3′c. An interesting observ-
ation is that significant differences in the “gate opening”
pressure are observed (for example for 3′b and 3′c) while the
“gate closing” pressure is essentially the same (Fig. S2b,
ESI†). These differences are representative of cooperative
switching in single crystallites (or agglomerates) within the
particle ensemble (see also the Particle size section) and indi-
cate their strong influence on the activation barrier for
opening (kinetics) while the closing energetics (equilibrium)
are not affected (Fig. S2a and S2b, ESI†). A steep slope at
“gate opening” is indicative of a particle ensemble with a rela-
tively uniform activation barrier, while a broadening indi-
cates a broader distribution of activation barriers. Similar
phenomena were observed recently by repeated adsorption/
desorption of n-butane on flexible DUT-8(Ni) and were attrib-
uted to the dislocations and lattice strain within the
crystallites.27

According to XRD analysis, samples 4a and 4b (prepared
using the reported synthetic procedure for “rigid” DUT-8, but
using various DMF :MeOH ratios) present the op phase. In
sample 4c additionally a minor fraction of the cp phase is
detected. However, the nitrogen adsorption experiments reveal
an unexpected adsorption behaviour: an increasing methanol
content in the synthesis leads to a gradual decrease of the
porosity and total pore volume. Sample 4c shows also a broad
hysteresis over the whole pressure range (Fig. 4f), indicating
the presence of the “flexible” phase.

In contrast, the variation of the amount of Ni2+ in the syn-
thesis has only a minor influence on both products, and the
nitrogen adsorption isotherm, measured for sample 5′a, syn-
thesized using the procedure for “flexible” DUT-8(Ni) but with
only 50% of Ni2+ in the synthesis, reaches the same total pore
volume in saturation, but shows a significantly broadened
“gate opening” (Fig. S1b, ESI†). The variation of the nickel
amount in the procedure for “rigid” DUT-8(Ni) influences only

the total pore volume of the resulting materials 5a–5b
(Fig. S1d, ESI†), but very little the shape of the isotherm.

Particle size

Recently the influence of crystallite size on adsorption induced
phase transitions has been recognized.9,33,41 Kitagawa and co-
workers reported that downsizing of the twofold interpene-
trated frameworks of Cu2(dicarboxylate)2(amine) regulates the
structural flexibility and may induce shape-memory effects in
coordination frameworks.33 The downsizing of the ZIF-8 crys-
tallites was shown to suppress ligand flip during adsorption.34

Consequently, an important aspect was to analyze the particle
size of the products obtained in the syntheses under varying
conditions.

The SEM images of DUT-8(Ni) “flexible” 1 show relatively
large crystallites with a size ranging from 20 to 100 µm, which
is fully consistent with our previous study (Fig. 5).27 In con-
trast, the images obtained for DUT-8(Ni) “rigid” 2, show a par-
ticle size magnitude close to the resolution limit of the SEM
instrument. In general, the poor electrical conductivity of
MOFs is disadvantageous for high-resolution SEM studies.
Nevertheless, a rough estimation results in an average particle
size of 200–500 nm (Fig. 5).

In samples 3a and 3b, where an additional non-porous
phase of Ni3(ndc)3(DMF)2(Me2NH)2 is observed in PXRD, the
SEM images contain besides the typical bricks of DUT-8(Ni)
also some spherical particles, which may be attributed to
Ni3(ndc)3(DMF)2(Me2NH)2 (Fig. S10, ESI†). The images of
3a–3d show a broad particle size distribution for DUT-8(Ni)
(Fig. S10, ESI†). Particles larger than 50 µm as well as very
small particles (<1 µm) can be observed in the images. This
observation is consistent with the results from PXRD and iso-
therms showing the presence of both the cp and op phases
and 2 steps in the nitrogen adsorption isotherms, if one
assumes that only crystals exceeding a critical size may lead to
switchability. The broadened “gate pressure” in the isotherms
of 3a–3d, in this interpretation, can be considered as originat-

Fig. 5 SEM images: flexible DUT-8(Ni) (1) (top) and rigid DUT-8(Ni) (2)
(bottom).
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ing from a broad particle size distribution in these samples. As
for many cooperative phenomena, it is reasonable to expect
that the activation energy for “gate opening” is related to the
crystallite size. In this interpretation, depending on the crystal-
lite size, the crystallites open from cp to op at different press-
ures while the closing pressure is not affected. However, this
interpretation is oversimplified, since the first guest removal
(activation) process causes larger crystals to transform into an
intertwined domain structure in which the domain size and
the grain boundary energy determine the activation energy. As
the solvothermal synthesis results in the formation of the op
phase, the desolvation procedure is decisive in affecting the
microstructure. Due to the huge crystal contraction during
solvent removal, larger crystals disintegrate into a complex
microstructure with grain boundaries of unknown size creating
an interfacial domain area Aid as explained above. A uniform
microstructure with grains of similar size will afford a steep
gate opening characteristic, as the activation energy for switch-
ing the microdomains is identical. We expect op crystals
differing in size to afford differently sized microdomain struc-
tures upon desolvation into the cp phase, and hence altered
activation energies corresponding to the altered gate opening
pressures. We hypothesize that grain boundaries act as the
nucleation sites for the gating transition as they may act as
diffusional entries for the gas. Thus, for smaller crystals fewer
grain boundaries and defect statistics could in principle even
shift the gate opening pressure so far, that the crystals remain
closed in the whole pressure range. This hypothesis could
explain the significantly reduced maximum uptake in some
samples with an intermediate particle size. If a crystal
approaches a certain lower boundary, we can expect a single
domain switching mechanism without fracture into micro-
domains similar to other ferroic size phenomena. Below this
critical size only Ao will determine the gate opening pressure.
However, crystals varying in size may also differ in point defect
concentration and small variations in defect concentration can
also change the activation barrier.

In our observations, below a critical size, which for DUT-8
(Ni) we estimate based on this study to be approximately
500 nm, the material does not transform into the closed form
by guest removal (activation), and an isotherm typical of rigid
microporous materials is observed. The underlying principle
for this observation must rely on a thermodynamic stabiliz-
ation of the op vs. cp phase as this phenomenon is observed in
a vacuum without any gases. A possible explanation relies on
the EPR data, and the recently identified high defect concen-
trations25 could arise from rapid nucleation and growth. In
particular, missing ndc2− ligands are expected to reduce the
dispersive energetic stabilization of DUT-8(Ni) cp. Another
potential explanation could be differences in the surface
energy related to Ao. However, as Ao is larger for the op phase
(ΔAo = Ao(op) − Ao(cp) > 0), this explanation would imply that
the specific surface energy difference is Δσ = σ(op) − σ(cp) < 0
which is difficult to justify.

Zhang et al. proposed an explanation for the thermo-
dynamically controlled crystal-size-dependent structural tran-

sitions in MOFs in the presence of gases. The calculations
showed that the suppressed adsorption uptake at the surface
of the nanoparticles compared to that at the bulk-like region
results in a reduced thermodynamic driving force for the tran-
sition in the nanoparticles over the entire range of bulk fluid
pressures.34

From an experimental point of view, the overall trend is
consistent for all synthesis parameters. In sample series 3′, the
changes of the amount of dabco also strongly affect the crystal-
lite size. The SEM images of sample 3′a show block-like over-
grown crystallites, which according to XRD should belong to
the Ni3(ndc)3(DMF)2(Me2NH)2 phase (Fig. S11, ESI†).
Obviously, the use of methanol in the synthesis creates the
best conditions for growing larger crystals. An increased
amount of dabco in samples 3′c and 3′d leads to a broadening
of the particle size distribution as can be directly observed in
the images showing crystallites ranging in size from several
hundred nanometers to one hundred micrometres. Again,
these effects are indirectly reflected in the PXRD results
showing mixtures of two phases and nitrogen adsorption iso-
therms with broadened gating transitions. The gradual
increase of the amount of methanol in the mixture in sample
series 4 shows a very similar effect. Sample 4a synthesized with
the lowest methanol content consists of crystallites with a
maximal size of 500 nm and therefore shows a pure “Type Ia”
isotherm and the op phase in the PXRD pattern. With increas-
ing the amount of methanol in the synthesis, the particle size
distribution is broadened. In sample 4c the particle size ranges
from 500 nm to 10 µm (Fig. S12, ESI†) also reflecting well the
nitrogen adsorption and PXRD experiments (Fig. 4e and f). As
expected from the isotherms and XRD measurements, varying
the amount of nickel in the synthesis does not influence the
particle size in samples 5′a and 5′b (Fig. S13, ESI†).

Temperature dependent X-ray diffraction study

Kitagawa and co-workers33 reported that for interpenetrated
pillared-layer compound Cu2(bdc)2(bpy) (bdc = 1,4-benzenedi-
carboxylate, bpy = 4,4′-bipyridine) the pore shape could be

Fig. 6 Temperature dependent X-ray diffraction patterns of 2 heated in
a vacuum.
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switched from the open to the closed form by heating. Thus,
temperature dependent X-ray diffraction experiments were con-
ducted on 2 (Fig. 6 and S19†) to investigate the behavior of
DUT-8 during heating. However, the rigid DUT-8 remains in
the open form until decomposition and therefore is not temp-
erature responsive.

Conclusions

Significant differences in the synthesis pathway were found
to be responsible for the formation of “rigid” and “flexible”
DUT-8(Ni) under different synthesis conditions. The high
supersaturation in the synthesis of “rigid” DUT-8(Ni) causes
the formation of intermediate phases and rapid nucleation,
leading to small and defective crystallites showing typical
“Type Ia” physisorption isotherms. In contrast, the higher
solubility in the crystallization of “flexible” DUT-8(Ni) and
slow crystallization cause the formation of large crystals that
can undergo a transformation into a closed phase upon deso-
lvation. Samples with crystallites smaller than 500 nm do not
show the op → cp phase transformation and therefore stay in
the open form after the guest molecule removal, whereas par-
ticles larger than 1 µm can be reversibly transformed into the
cp phase.

For “flexible” DUT-8(Ni), various synthesis parameters influ-
encing the crystal size can be used to tune the “gate opening”
pressure reflecting the activation barrier of the phase tran-
sition, while the “gate closing” pressure remains constant.

The reason for a strong effect of the synthesis parameters
lies in the differences of the crystallization mechanism: an
excess amount of dabco in the synthesis of the “rigid” DUT-8(Ni)
is partially consumed by the deprotonation of the H2ndc
ligand resulting in the absence of a metal source and the pre-
cipitation of a (H2dabco)(ndc) salt. In the presence of Ni2+

cations, rapid nucleation of the defective DUT-8(Ni) structure
proceeds in the formation of a cloudy microcrystalline precipi-
tate. A high concentration of defects in this phase was recently
confirmed by EPR in the presence of NO. Additional bands in
the IR-spectrum support these findings. Thus particle size and
defects are both decisive factors influencing flexibility. In con-
trast, the use of a stoichiometric ratio of the initial reagents in
the crystallization of “flexible” DUT-8(Ni) in a DMF/methanol
mixture inhibits complete deprotonation of H2ndc and there-
fore slows down the nucleation and crystallization of the target
compound. It causes the formation of large crystals (20 to
100 µm). These large crystals undergo a transformation into a
closed phase upon desolvation.

An important implication of our findings is that switchable
MOFs, especially those showing pronounced volume changes,
should always be considered as materials with “history depen-
dent adsorption profiles”, because each transition undergone
may cause changes in domain size and defect formation which
in turn affects the adsorption behaviour. We believe our find-
ings to be an important step towards a fundamental under-

standing of adsorption induced switching transitions of
porous solids.
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