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Disclosing the complex structure of UiO-66 Metal Organic Framework:
a synergic combination of experiment and theory

Loredana Valenzano,! Bartolomeo Civalleri,* Sachin Chavan,! Silvia Bordiga,! Merete H. Nilsen,?

Seren Jakobsen,? Karl Petter Lillerud,?” Carlo Lamberti*

! Department of Inorganic, Physical and Material Chemistry, NIS Centre of Excellence, and INSTM reference center,
University of Turin, Via P. Giuria 7, 1-10125 Torino, Italy

2inGAP centre of Research-based Innovation, Department of Chemistry, University of Oslo, Sem Saerlandsvei 26, N-0315
Oslo, Norway

Through a combined use of experimental and theoretical approaches such as XRPD, EXAFS, IR and
UV-Vis spectroscopies and ab initio periodic DFT calculations, we report a detailed characterization of
structural, vibrational and electronic properties of UiO-66 (Zr-BDC MOF) in its hydroxylated and
dehydroxylated forms. The stability of the materials with respect to the most common solvents, acids
and bases is determined by combining XRPD and TGA/MS techniques. The structures of the two forms
of UiO-66 are refined through an interactive XRPD/EXAFS approach and validated by ab initio
calculations. Experimental and calculated IR spectra are reported and compared to enlighten the nature
of vibrational modes upon dehydroxylation and to show the complete reversibility of the
dehydration/hydration phenomenon. Experimental and calculated band gaps are also reported and
compared. In this work we show the necessity to combine, in a synergic way, different experimental
techniques and periodic ab initio approach to disclose and fully understand the nature of complex novel
materials such as UiO-66 on structural, vibrational and electronics grounds. The correct structure
refinement could not be possible using one of these three approaches alone, in particular, XRPD data
were unable to detect an important distortion of the ZrsOs units of the dehydrated material, that was
however foreseen in the ab initio calculations and measured in the EXAFS spectra.

1. Introduction

Microporous (and nanoporous) materials have proven to be highly valuable materials for industrial
applications within petro-chemistry, catalysis and selective separation.! Their unique property is based
on the molecular scale porous character. Metal Organic Frameworks (MOFs) provide us with a new
world of possibilities in the design of both geometrical shape and chemical properties of the internal
surface of nanoporous materials. MOFs are built up from inorganic bricks and organic complexing
molecules acting as spacers, creating open porous three-dimensional structures, with very high pore
volume and surface area. This hybrid architecture opens the possibility to design and synthesize a great
variety of new porous materials, which are in principle able to display novel functionalities potentially
exploitable for a number of applications in catalysis, ion-exchange, non linear optics, as sensors, in gas
separation and/or storage.?!

In the synthesis of new MOFs, the structure of the organic linkers can be controlled; on the other
hand, the formation of the inorganic building brick and its coordination with the organic linkers is still
pure serendipity. However, once the synthesis of an inorganic brick is established, it is possible to
reproduce it also in combination with new linkers. This has been demonstrated both by the elegant
isoreticular synthesis of the IRMOF-1-16°? and by the fact that an impressive number of new MOFs are
based on surprisingly few highly symmetrical inorganic building units. Some representative examples
are: the Cuz(OH)2(CO2)s brick from HKUST-1,% the ZnsO(CO.)s brick from MOF-5% and the
Crs0O(0OH)3(COy)s cornerstone from MIL-88.%

Here we present a detailed characterization of UiO-66, a recently discovered MOF which
cornerstone is based on a ZrsO4(OH)s-octahedron®®-3 forming lattices by 12-connection through 1,4-
benzene-dicarboxylate (BDC) linker,®® see Figure 1. Linker substitution with 4,4" biphenyl-
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dicarboxylate (BPDC) or with terphenyl dicarboxylate (TPDC) leads to the formation of isoreticular
UiO-67 and UiO-68 MOFs, respectively; this series of MOFs is characterized by a high surface area
and by a, linker independent, unprecedented stability.3® We shall refer in the following to this class of
materials as to UiO-66/8.

Such a high stability is related to the fact that each Zr-octahedron is 12-fold connected to adjacent
octahedra. This connectivity is very common for metals, resulting in the highly packed fcc structure,
but it is still almost unique in MOF topologies. To the best of our knowledge, only two other examples
of 12-fold connected MOFs can be mentioned: the UiO-66 isostructural MOF synthesized using the
trans,trans muconic acid as ligand by the Ferey group,*® and the aluminum based CAU-1.%! In this
regard, it is worth noticing that an interesting review of known Secondary Building Units (SBUSs) has
recently been published,’® where the zirconium SBU recognized in this structure is listed as 11
extension point cluster, while authors list 20 possible 12 extension point clusters.

Figure 1. Structure of UiO-66 MOF. Part (a): representation of a super tetrahedron cage Part (b): representation of a super
octahedron cage (part b). Part (c): the combination of one octahedral cage and two adjacent tetrahedral cages form a cubic
unit consisting of eight inorganic ZrsO4(OH)4 bricks. Zirconium, oxygen, carbon and hydrogen atoms are represented in red,
blue, grey, and white, respectively. The yellow arrows indicate the squeezing direction that ZrsOg octahedron undergoes
after the dehydroxylation process (vide infra Section 4.3), yellow circle represents arrows pointing towards the reader. For
each ZrgOg octahedron this direction randomly coincides with one out of its three diagonals.

In Oslo group, MOFs with this topology have been synthesized with a large number of linkers,
including pure carboxylates, tagged and functionalized.*? This paper will focus on the zirconium brick
and its prototype structure, UiO-66. Expanded, UiO-67 and UiO-68, version of this MOF have already
been synthesized,®® while functionalized versions are in progress.*? The formation and stability of
(arene)Cr(CO)s species inside UiO-66 has recently been highlighted,*® combining FT-IR, UV-Vis,
EXAFS and XANES spectroscopies, coupled with theoretical calculations. Covalent post-synthetic
modifications of the UiO-66-NH> MOF (obtained using 2-amino-terephthalate ligand) with four
different acid anhydrides has recently been demonstrated.** The same philosophy has inspired Garibay,
and Cohen, who have synthesized amino, bromo, nitro, and naphthalene functionalized UiO-66 through
reticular chemistry showing that UiO-66-NH: is suitable for post-synthetic modification with a variety
of anhydrides to generate new, functionalized frameworks.* The group of Valencia has shown that
UiO-66 and UiO-66-NH2 exhibit photocatalytic activity for hydrogen generation in methanol or
water/methanol upon irradiation at wavelength longer than 300 nm, so representing good candidates for
the development of more efficient MOFs-based water splitting materials.*® Finally, grafted UiO-66 has
shown a photo-induced reactivity substituting of one CO ligand with a N2 molecule under UV
irradiation.*?

The high structural stability of the UiO-66/8 class of materials, able to resist in air up to 375 °C
independently to the ligand, does not hold for thermal treatments only. In this work, we document on
the stability of UiO-66 in the most used solvents such as water, benzene, acetone, ethanol, and, DMF;
we also checked its resistance in presence of a strong acid (HCI) and a strong base (NaOH). Such
remarkable stability is a fundamental prerequisite to foresee practical application of UiO-66, or of some
of its functionalized forms discussed above.*?-6

It is a matter of fact that the structural refinement of complex materials (with unit cells exhibiting
volumes in the order of ten thousand A®) from powder XRD (XRPD) data is a difficult task. In the
present case, Rietveld refinement of XRPD pattern desolvated UiO-66 could be obtained with
satisfactory R factors using different models, that predict significantly different Zr-O and Zr-Zr
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distances. To discriminate among the different structural model proposed by XRPD refinement, Zr K-
edge EXAFS analysis and periodic ab initio calculations were performed. This is not the first time that
a combined diffraction and EXAFS approach has been needed to fully clarify the structure of a
complex material. In fact, when a local disorder is included within a periodic lattice, both long range
order (measured by diffraction methods) and local order (measured by EXAFS) are needed to have a
global picture. This is the case of ternary AxB1.xC (and quaternary AxB1.xCyD1.y) semiconductor alloys.
Diffraction data are compatible with the virtual crystal approximation (VCA) predicting an isotropic
cell expansion/contraction that is linear with the amount of A inclusion in the BC lattice: aasc(x) = x
aas + (1-x)asc. EXAFS evidences the distortion of the local geometry from the tetrahedral one finding
Rac and Rec bond lengths much closer to those of the pure AC and BC binary compounds, than
foreseen from the VCA approximation.*’>? An other example comes from mixed oxides with
brownmillerite ABO. s structure; brownmillerite exhibits an alternation of BOe octahedra layers with
BO; tetrahedra. While BOs octahedra do not show any preferred orientation, BO4 tetrahedra does.
Depending on the orientation of BO4 tetrahedra, the ABO2 structure can belong to Pnma, Imma, or
I2mb space groups.>® The general problem lays in the fact that only slight differences exist in the
arrangement of the BO4 tetrahedral chains for these three space groups. 12mb and Pnma refer to two
different ordering schemes for the BO4 chains, while Imma implies a statistical disorder of BOg4
tetrahedra, which is approximately equivalent to a coherent mixing of Pnma and 12mb domains.>® Note
that also dynamically disordered structure has recently been proposed in the SrFeO, 5 case.>
In all cited cases, where local and long range order behave differently, the combined use of

diffraction and EXAFS techniques was determinant to understand the material structures. Here these
two independent experimental approaches are further improved by a periodic ab initio DFT (at the
B3LYP level of theory) computational study carried out by using the CRYSTAL code.>®>* This
methodology was already successfully applied to the study of other MOFs materials such as MOF-5,°’
Cr-MIL-53% and MOF-74-Mg.>®

Results reported in this paper, and related discussion, are structured into three separate sections.
Section 3 is aimed to testify the remarkable stability of UiO-66 framework. The complex procedure,
requiring the combined use of XRPD, EXAFS and ab initio calculation, adopted to solve the structure
of both solvated and desolvated forms of the UiO-66 framework is described in detail in Section 4.
Finally section 5 is devoted to analyze, on both experimental and theoretical grounds, the vibrational
and electronic properties of UiO-66.

2. Experimental and methods

2.1. Material

All chemicals were obtained commercially (Aldrich) and used without further purification. Standard
synthesis of Zr-BDC MOF was performed by dissolving ZrCls (0.227 mmol) and 1,4-benzene-
dicarboxylic acid (H.BDC) (0.227 mmol) in N,N"- dimethylformamide (DMF) (340 mmol) and H.O
(0.227 mmol) at room temperature. The so obtained mixture was sealed and placed in a pre-heated oven
at 120 °C for 24 hours. Crystallization was carried out under static conditions.

The adsorption of nitrogen was measured volumetrically with a BELSORP-mini Il instrument and
the specific surface area was obtained by the BET method. The sample was heated to 250 °C and kept
at this temperature under continuous evacuation for 6 hours prior to adsorption measurement. The
adsorption of nitrogen follows a type | isotherm with no hysteresis, and with a BET surface area of
1069 m?/g (see Supporting Information).

2.2. Characterization

XRPD data on as prepared and desolvated UiO-66 were collected in transmission mode with a Siemens
D5000 diffractometer using Cu K 1 radiation, selected from the incident beam with a Ge
monochromator. The detector was a Braun PSD. The sample was kept in a rotating 0.5 mm quartz
capillary. The diffraction patterns were collected for 24 hours each in the 3-100° 2 range. Extractions
of the peak positions, pattern indexing and Rietveld refinements®®®! were carried out with the TOPAS
program.5283 In the process of solving the structures from XRPD, several lower symmetries that also
index with a very acceptable figure of merit (tetragonal, orthorhombic and monoclinic) were considered
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and structure solution with EXPO were performed in all reasonable unit cells. Nevertheless, nearly all
of them had to be excluded due to the mismatch between the Zr-O and Zr-Zr distances that there were
known from EXAFS within few hundred of A (vide infra Section 4.2.1).

Temperature-resolved XRPD data were recorded on a Siemens D500 instrument equipped with Cu
X-ray tube combined with a -filter. The experiment was performed in a Bihler furnace, allowing
customized temperature programming and atmosphere control. The sample was smeared on a Pt
filament, and data were collected in the 5-35° 2 range in steps of 25 °C in the temperature range of 25-
450 °C in air flow.

Thermogravimetric analysis (TGA) and temperature-controlled adsorption/desorption (TPA/TPD)
were carried out in a Rheometric Scientific STA1500 instrument. Around 10 mg was placed in an
Al>O3 crucible. The TGA profile of the sample was obtained by heating it from ambient temperature to
950 °C (heating rate 2 °C/min with continuous N2 flow). The instrument is equipped with a quadrupole
mass spectrometer (MS) to investigate the chemical nature of the species leaving the sample in the
TGA run.

X-ray absorption experiments on Zr K-edge were performed at the BM29 beamline® at the
European Synchrotron Radiation Facility (ESRF). The monochromator was equipped with two Si(111)
flat crystals and harmonic rejection was achieved using Rh-coated mirrors after monochromator. The
following experimental geometry was adopted: 1) lo (10% efficiency); 2) MOF sample; 3) 11 (50%
efficiency); 4) reference Zr foil; 5) 1, (80% efficiency). This set-up allows a direct energy/angle
calibration for each spectrum avoiding any problem related to energy shifts due to small thermal
instability of the monochromator crystals.®® For the XANES part a sampling step of 0.5 eV was
applied, while for EXAFS part a sampling step of 0.05 A was considered with an integration time of 3
s/point. Samples, in form of self supported pellets of optimized thickness, were located inside an ad hoc
conceived cell.®® The extraction of the (k) function was performed using the Athena code.®® For each
sample, 3 consecutive EXAFS spectra were collected and corresponding (k) functions were averaged
before data analysis. EXAFS data analysis was performed using the Arthemis software.®® Phase and
amplitudes for all single scattering (SS) and multiple scattering (MS) paths were calculated by FEFF6
code®” using as input the structure solved by powder X-ray powder diffraction. For the as prepared
sample, the averaged k® (k) function were Fourier Transformed in the k = 2.00-18.00 A interval.
The fits were performed in R-space in the R =1.00-5.30 A range (2 k R/ > 43). For the desolvated
sample values were:  k =2.00-15.00 A*; R=1.00-530A;2 k R/ >35.

2.3. Theoretical methods

The theoretical investigation of UiO-66 Zr-MOF (in its hydroxylated and dehydroxylated
structures) was carried out with periodic density functional theory (DFT) calculations employing the
hybrid B3LYP®5° functional as implemented in the CRYSTAL program.>®>% Crystalline orbitals (CO)
are represented as linear combinations of Bloch functions (BF), and are evaluated over a regular three-
dimensional mesh in the reciprocal space. Each BF is built from local atomic orbitals (AO), which are
contractions (linear combinations with constant coefficients) of Gaussian-type functions (GTFs), each
GTF being the product of a Gaussian times a real solid spherical harmonic.

All electron basis sets were used for Zr, O, C and H atoms; they consist of (8s)-(7631sp)-(621d),
(8s)-(411sp)-(1d), (6s)-(31sp)-(1d) and (31s)-(1p) respectively. Basis sets for Zr and O were taken from
ref.”® and ref.”* whereas for C and H standard 6-311G(d,p) basis sets from Pople’s family were adopted.
Polarization functions (one shell) were used on H, C and O atoms. The corresponding exponents are:

(H, p) =0.1; (O,d)=0.8, (C,d)=0.8.For Zr, an extra d-function was adopted with exponent
(Zr, d) = 0.4. The effect of a polarization f orbital ( =0.6) was investigated showing no significant
improvement in the results.

For the numerical integration of the exchange—correlation term, 75 radial points and 974 angular
points (XLGRID) in a Lebedev scheme in the region of chemical interest were adopted. The condition
for the SCF convergence was set to 10 and 1071° Hartrees during geometry optimization and frequency
calculation steps, respectively. The Pack-Monkhorst/Gilat shrinking factors for the reciprocal space
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were set to 2, corresponding to 3 real reciprocal space points at which the Hamiltonian matrix was
diagonalized. The five truncation criteria (TOLINTEG) for the bielectronic integrals (Coulomb and HF
exchange series) were set to 7 7 7 7 16.%° A modified Broyden scheme’? following the method proposed
by Johnson”® was adopted to accelerate convergence in the self-consistent calculations; the method was
applied after five SCF iterations, with 50% of Fock/KS matrices mixing and with the Johnson
parameter set to 0.05. The above computational parameters ensured a full numerical convergence on all
the computed properties described in this work.

Both the hydroxylated and dehydroxylated structures were derived from the experimental
geometry (cubic, space group Fm-3m, No. 225); the former was optimized in the space group F-43m
(cubic, No. 216) while the calculations on the latter were performed in the space group R-3 (trigonal,
No. 148). A full relaxation of the structures (both lattice parameters and atomic positions) was
performed by keeping the symmetry of the systems; optimizations were iterated until no changes
appeared in the geometry. The calculations of vibrational frequencies at the  point, were performed on
the optimized geometry by means of a mass-weighed Hessian matrix obtained by numerical
differentiation of the analytical first derivatives.”*"® Full details and discussion of the computational
conditions and other numerical aspects can be found elsewhere.”’

3. Remarkable structure stability

As briefly mentioned in the communication highlighting the synthesis and the structure of the new class
of MOFs materials,®® UiO-66, UiO-67, and UiO-68 are extremely stable upon thermal treatments and
are able to maintain their crystallinity upon interaction among some rather aggressive chemical
solvents. These are two characteristics of this new class of materials of particular relevance, because
such a remarkable resistance opens a large number of potential applications, particularly in the field of
catalysis. For this reason, it is worth discussing the stability property of UiO-66 in deeper detail.

3.1. Structure stability upon thermal treatment

Figure 2. Part (a): evolution of XRPD pattern profiles of UiO-66 upon increasing activation temperature in air. Part (b)
TGA curve of UiO-66 in air flux. Parts (c), (d) and () MS signals of water, DMF and benzene along the TGA experiment
reported in Part (b).

Temperature dependent XRPD investigation indicates that UiO-66 framework is stable in air up to 375
°C, see Figure 2a. No changes of the XRPD pattern are appreciable till structure collapse. We
performed a parallel TGA/MS experiment in order to: (i) confirm XRPD results, (ii) learn about the
temperature needed to remove the solvent and (iii) understand the chemical nature of the fragments
formed upon framework collapse. The TGA curve reported in Figure 2b exhibits a progressive
structured weigh loss up to 300 °C, with a clear shoulder around 100 °C. MS spectroscopy, parts (c)
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and (d) of Figure 2, shows that the sample is loosing physisorbed water first and DMF molecules
afterwards. In the 300-500 °C interval a stability plateau at 71.5% of the starting weight is observed. In
the successive 50 °C there is a significant weight loss and the sample is left with the 35.5% of the
starting weight. XRPD testifies the crystallinity up to 375 °C, with subsequent amorphization of the
structure and pore collapse. Loss of benzene fragments starts around 500 °C and is over already at 550
°C. The residual material at the end of the TGA experiment is simply ZrO,, with a very low degree of
crystallinity.

3.2. Effect of structure defectivity (linker vacancy) in the thermal stability

Summarizing the results reported in Figure 2 sample loses 9 wt% of water, 19.5 wt% of solvent and 36
wt. % of benzene. Both physisorbed water molecules and solvent molecules hosted in the pores can not
be exactly defined stoichiometrically, but the loss of benzene ring does. The dehydrated and desolvated
material, corresponding to the plateau in the 300-500 °C range in the TGA curve refers to a chemical
formula per Zr atom of ZrO(CO2)2(CsHa). Assuming that the final residual at high temperature is ZrO»,
we expect a weight loss, relative to this last step, of 54.6%. The experimental datum exhibits a relative
weight loss (from 71.5 wt% to 35.5 wt%) of only 50%. As we cannot expect to have BDC ligand still
anchored to the Zr units at so high temperature, we must hypothesize that such ligands were missing in
the starting structure. This means that the as synthesized material is slightly defective, exhibiting about
11 ligands per inorganic ZrsOs(OH)4 cluster. As the absence of 1/12 of the BDC ligands is supposed to
occur randomly in the framework, we could not hope to detect it by crystallographic methods.

250 ¢ ZrO(C0O2)oCqHy 1

200 ]

- -
-
-

150 | 12 linkers per
Zrg(OH)404

octahedron

Normalized weight loss

100

300 400 500 600

Temperatute (°C)
Figure 3. High temperature part of the TGA curves of UiO-66 samples synthesized in different batches. For all curves the
ordinate axis was normalized to 100 for the solid residual at high temperature corresponding to ZrO,, grey horizontal line. In
this scale, the dehydrated, desolvated UiO-66 should have a stoichiometry of ZrO(CO,)2(CesHa), corresponding to a
normalized weight of 235.7 (black horizontal line). The horizontal bold arrow represents the expected weigh loss for an
ideal UiO-66 material characterized by 12 BDC linkers per ZrsO4(OH)4 octahedron. Experimental curves, reporting a lower
weight loss (see vertical arrows with the same line code) at this stage testify the presence of framework defectivity: linker
vacancies.

The presence of defects implies the lack of negatively charged linkers that has to be somehow
compensated to ensure the charge neutrality of the structure. Of course, (OH)™ groups may saturate the
dangling bonds of the positively charged inorganic clusters. Note that a minor fraction of OH groups is
still present after desolvation (vide infra the red curve in the inset of Figure 4b). An alternative
explanation is related to the fact that DMF coordinate to Zr during the formation of MOF. Some of the
DMF molecules react with the ZrCls precursor during the initial mixing as a release of HCI gas is
observed. This happens also when very dry DMF is used in the synthesis. A zirconium DMF adduct is
formed in this stage of the synthesis and a minor fraction of this very strongly coordinated DMF may
not been exchanged with a BDC linker, being still coordinated to Zr at the end of the process.

This hypothesis is further confirmed by the comparison of the last part of the TGA curves collected
on samples synthesized in different batches, see Figure 3. In the other batches (reported as grey, dotted
and dashed curves) the relative weight loss of this last step is even smaller, down to 26 wt% (dashed
curve), compared to the 54.6% of the stoichiometrically perfect framework. In this last case about half
of the benzene ligands are missing in the as prepared material. Several intermediate cases were
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observed. It is worth of note that the fraction of framework defectivity, clearly evidenced by the height
of the 300-500 °C plateau in the TGA curves (evidenced in Figure 3 by the vertical arrows drawn in the
same line code as the corresponding experimental curves) correlates with a progressive decrease of the
fragmentation temperature. The high thermal stability of UiO-66 was claimed on the fact that the
inorganic unit is 12-coordinated,* the highest coordination reported for a MOF, corresponding to the
coordination of metal atoms in closed packed metal structures. In the set of experiment reported above,
it is clearly evidenced that the stability is compromised when the density of defects increases. On the
other hand, it is evident that a further stability improvement can be foreseen when an almost defect-free
UiO-66 material can be synthesized. In the remaining part of the work, all measurements refer to the
less defective material.

3.3. Structure stability upon interaction with solvents and chemicals

In the perspective to use UiO-66 as support for a catalyst, or a functionalized version of UiO-66 as
catalyst or photo-catalyst itself,** once the thermal stability was carefully checked,® the stability of the
material in presence of the most used solvents has to be verified. XRPD studies (see Figure S2 of the
Sl) indicate that UiO-66 framework is stable in water, benzene, acetone, ethanol, and, obviously, DMF.
As some reactions run at pH values significantly different from neutrality, we also checked the stability
in presence of a strong acid (HCI) and a strong base (NaOH). The patterns reported in Figure S2 of the
Sl indicate that UiO-66 is well stable in HCI solution and that it still maintains an appreciable degree of
crystallinity in NaOH solution. Summarizing, UiO-66 is a highly interesting material of potential
applied interests. The next sections are devoted to a deep understanding of its structure, for both as
synthesized and desolvated forms, by means of different experimental and theoretical approaches.

4. XRPD, EXAFS, IR and ab initio combined structure refinement

Solving complex structures with powder data, even if of high quality, is far to be trivial.”®%? In the
present case, several possible models were tried. For each case the most relevant Zr-O and Zr-Zr
distances were checked with those independently obtained via EXAFS spectroscopy. Those where the
agreement was not satisfactory were rejected and a new model was tried to refine XRPD data. First,
raw experimental data will just be described and compared (Section 4.1), then the complex refining
procedure, requiring an interactive progressive optimization of XRPD and EXAFS data will be
described in detail for the hydroxylated material (Section 4.2) and then applied straightforwardly for
the dehydroxylated form in Section 4.3.

4.1. Effect of solvent removal: comparison between XRPD, EXAFS and IR raw data
Comparison of the XRPD data collected on the as prepared material (blue) and after solvent removal at
300 °C (red) is reported in Figure 4a. Only minor changes in the powder pattern are caused by the heat
treatment (see also Figure 2a). Upon solvent removal the unit cell is nearly unchanged, moving from a
=20.7551(5) A to 20.7004(2) A. Regarding the intensities of the reflections, the line at 12.0° (d = 3.70
A) nearly disappears while the rest of the pattern remains virtually unaffected by the solvent removal. It
is probably the presence of the diagonal linkers combined with the strong linker-inorganic brick
interaction that is responsible for this high rigidity of the UiO-66 structure.®

The solvent removal effect, leaving the XRPD patterns almost unaffected (Figure 4a), has a non
negligible effect on the XANES spectra (Figure 4b) and surprisingly an important effect on the EXAFS
spectra (Figure 4c). In particular, the intensity decrease of the white line (first resonance after the edge)
suggests a loss of ligands in the first coordination shell around Zr. Coming to the EXAFS part, a small
contraction of the first shell distance (due to Zr-O SS), better appreciated in the imaginary parts (also a
small decrease in the coordination is evidenced by the erosion of the shoulder around 1.9 A), and a
dramatic distortion of the second shell contribution (due to Zr-Zr SS, which maximum moves from
3.17 At0 2.91 A, with a shoulder at 3.41 A) are clearly observed. Finally, the weak contribution around
4.7 A, (due to the Zr-Zr SS signal of the octahedron diagonal, better visible in the inset) is distorted and
significantly weakened in intensity due to heterogeneity effects. This important different evolution of
XRPD pattern and EXAFS spectra upon solvent removal is striking and implies that the material
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evolves differently on local and long range levels. Consequently, the final models for both structures
must be able to explain both XRPD and EXAFS evidences. Once such agreement among experimental
data was obtained, the final models were used as input for periodic ab initio calculation to further verify
the validity of the structures.

10 20 30 2 (°) 40 50 60 70
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Figure 4. Effect of desolvation on UiO-66 observed with different techniques: blue curves refer to the as prepared material,
red ones to the desolvated one. Part (a): XRPD data collected with = 1.5406 A. Inset reports a magnification on the high
2 region. Part (b): XANES data. Inset reports the IR spectrum in the O-H stretching region. Part (c): k®-weighted, phase
uncorrected FT of EXAFS. Full and dotted curves refer to moduli and imaginary parts, respectively. The inset reports a
magnification of the high R-region, where the Zr-Zr contributions from the three diagonal of the Zrs octahedron are
expected.

Of high relevance for the structural determination, are the details of the IR spectra reported in the
inset of Figure 4b showing that the desolvation process fully removes the huge absorption at 3673 cm™
due to well defined OH groups.83-% This important experimental evidence must be considered when the
models of the as prepared and desolvated materials are put forward. On the basis of the results reported
in the inset of Figure 4b we shall refer in the following to hydroxylated and dehydroxylated forms of
UiO-66 material.

4.2 As synthesized material: XRPD, EXAFS and ab initio combined structure refinement
4.2.1. As prepared material: preliminary determination of the main signals in the EXAFS
spectrum. Independently from any accurate 3D structure coming from XRPD refinement or ab initio
calculation, EXAFS is able to give few, but well defined information concerning the local environment
around Zr atoms in terms of bond distances (R), thermal factors (or Debye-Waller factors 2) and
coordination numbers (N). Actually, without any structural model, EXAFS provides an estimation of
the product N-Se?, the latter being the amplitude factor;*38¢ however, being usually Se? close to unit, the
estimated product can be considered in first approximation close to the coordination number. On a
chemical ground, the two peaks dominating the EXAFS spectrum in the 1-2 A and in the 2.9-3.6 A
regions must be mainly due to Zr-O and Zr-Zr SS contributions (blue curve in Figure 4b). A first
attempt to model the first shell peak using a single Zr-O SS path, resulted in a satisfactory agreement
between experimental and theoretical curves (R-factor of 3.8%, see first fit in Table 1). However, the
estimated N and 2 values were out of the expected range (Table 1). Zirconium atoms should be 12-
fold coordinated with a Debye-Waller ( 2 = 0.014 A%, =0.12 A) almost five times larger than what
expected from a pure thermal vibration of a Zr-O bond in a highly crystalline material, where structural
disorder due to heterogeneity may not be invoked. These are clear indications that the first peak in the
EXAFS spectrum (1-2 A) is due to the overlap of two, significantly different, Zr-O bonds. The fit of the
first shell contribution with two independent Zr-O shells improves significantly (R-factor of 1.6%, see
9



second fit in Table 1) and, most importantly, obtained N and 2 values lay in chemically and physically
acceptable ranges. Thus Zr atoms result to be 8-fold coordinated with 2 short (2.09 A) and 6 long (2.23
A) Zr-0 bonds. The fact that the addition of a second Zr-O path is necessary to correctly model the first
shell of the experimental datum is testified by the important decrease of the error bars associated to all
optimized parameters and by a decrease of the correlation among parameters (that, conversely,
increases when an irrelevant parameter is included in the fit). A fit over a larger R-interval fully
confirms this picture (see third fit in Table 1), the second shell peak being due to a unique, 4-fold
degenerated, Zr-Zr contribution around 3.51 A.

Table 1. Summary of the preliminary attempts to single out the main signals contributing to the overall EXAFS spectrum of
Ui0-66 in its hydroxylated form. In all cases k = 2.0-18.0 AL N, = 2 k k/ is the number of independent degree of
freedom, Ny is the number of variables optimized in the fit.

Shell  R-range N/N,  N-S¢? Eo(eV) R(A) 2 (A2 R-factor  Highest correlations

Fit of the first shell peak with a single Zr-O contribution

Zr-0 1.0-22 118/4 114 245 1 220 0.02 0.014 0.003 0.038 N-S¢? 2=0.92
Eo/RZr.o =0.84
N-S¢? 2=-0.40

[remaining| < 0.25

Fit of the first shell peak with two independent Zr-O contributions (with common Ep and S¢?)

Zr-0 5 24 03 209 001 0005 0001 Eo/Rzr0 = 0.82

zro 1022 1186 .5 15 5 1 593 o001 o008 0001 U0 2oy 20)=077
EO/RZr-OH =0.76
N-S¢?/ 2(OH) = 0.71
[remaining| < 0.70

Fit of the first 2 peaks with 2 Zr-O contributions and a single Zr-Zr contribution (with common Eg and S¢?)

Zr-0 3 20 01 209 001 0.004 0.001 Eo/Rzr-zr = 0.80
Zr-0 1.0-36 262/8 6.0 04 6 1 2.232 0.009 0.007 0.001 0.057 Eo/Rzr.0 = 0.68
Zr-Zr 40 03 3.515 0.007 0.0068 0.0006 N-S¢% 2(OH) = 0.61

Y 5-0)/ %(0)=0.60
[remaining| < 0.50

4.2.2. As prepared material: XRPD refinement. The UiO-66 structure was solved first for its
desolvated form using Fm-3m space group (No. 225),*® resulting in excellent profile factors: Rp = 0.016
and Rwp = 0.022 (vide infra Section 4.3). This choice was dictated by the need to remove the huge
electron density of DMF amorphous phase hosted inside the large pores. Owing to the small differences
in the XRPD patterns of the two phases of the material (see Figure 4a), also the as synthesized structure
was refined in the Fm-3m space group, vide infra Figure 7a for the final result. Extractions of the peak
positions, pattern indexing and Rietveld refinements were carried out with the TOPAS program.®263
The Rp and Rwp parameters, defining the fit quality, were of lower quality reflecting the inability of the
model to predict the peak intensities (while the peak position was correctly reproduced), that in turns
reflect the inability of the model to simulate the charge density of the as prepared material. In the
present case, this is not unexpected because the model contains only the framework ordered atoms,
neglecting the disordered atoms of the solvent filling the MOF pores. The framework atoms account for
1440 electrons per unit cell, while 3232 electrons are those of the DMF molecules; this means that the
majority of the electron density is not ordered, and explains the poor R factors obtained in the Rietveld
refinement of the as prepared material. This statement, fully justifying the failure of the XRPD
refinement in the quantitative reproduction of the peak intensities, does not represent a proof of validity
for the framework model. Nevertheless, Zr-O and Zr-Zr bond distances are compatible with those
obtained from the first preliminary EXAFS data analysis (Table 1).

The structure solution in space group Fm-3m reveals an inner ZrgOg core in which the eight
triangular faces of the Zrs octahedron are capped by eight ps-O groups. Charge balancing requires the
presence of four OH groups (observed by IR, see inset of Figure 4b), so that the ZrsOg cluster should be
a Zrs04(OH)4 as illustrated in Figure 5a. We expect that four ps-O and four ps-OH groups are ordered
within the cluster to minimize the electrostatic repulsion, changing the symmetry to Tq (-43m). If all the
clusters in the structure have the same orientation, a reduction of the symmetry to F-43m (No. 216)
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would be expected. However, the separation imposed by the long linkers should switch off the dipole
interaction among OH groups belonging to neighbor clusters resulting in a random arrangement. Under
this hypothesis, the local order of the clusters is lost in the long range scale, and XRPD will report an
average position for the oxygen of four ps-O and four ps-OH groups, with a thermal parameter
increased by site splitting. This site splitting is well observed by EXAFS, that finds two different first
shell distances separated by more than 0.1 A, see Table 1.8’ The successive sections are aimed to
support the Fm-3m structure with independent experimental and theoretical approaches.

4.2.3. As prepared material: final EXAFS refinement, using the Fm-3m XRPD model. The
structural complexity of MOF materials implies that the overall EXAFS signal is the sum of a huge
number of SS and MS contributions, that can be fully considered only when a 3D structure (obtained
either from XRPD refinement or from ab initio modeling) is used as input for the calculation of all
paths,88-94

Figure 5. Structures show the inner-core Zrg-clusters drawn with the irreducible part of the organic linkers in their hydroxylated
() and dehydroxylated (b) forms with respect to the (001) orientation. Zirconium, oxygen, carbon and hydrogen atoms are red,
blue, grey and white, respectively. Atomic labels refer to distances reported in Table 2-Table 5, being Zr0 the absorbing atom in
the EXAFS data. In part (c), the organic liker is reported and atomic labels refer to density of states (DOS) representation as in
Figure 11bc.

The 3D structure obtained from the Rietveld refinement in the Fm-3m space group of the
hydroxylated material was used as input for a full EXAFS data analysis, performed on all SS and MS
paths having a relative intensity (I;) higher than 10% of that of the first Zr-O SS path and having a half
path length (Reff) shorter than 5.3 A.*® The refinement was done optimizing amplitude factor S¢? and
energy shift Eo (common to all paths), the bond distance and the corresponding Debye-Waller factor
for the two first shell Zr-O SS contributions (R 3.0, ?( 3-0), Ro, and ?(0), 2- and 6-fold degenerated
merging and the remaining two O atoms of the 3-OH groups and the four O atoms of the carboxylate
units), for the 6-fold degenerated Zr-C SS path (Rc and 2(C) ) for the 4-fold degenerated Zr-Zr SS
path along the octahedral edges (Rz1 (A) and 2(Zr1) ) and for the single Zr-Zr SS path along the
octahedral diagonal (Rz» and 2(Zr2) ) while for all remaining SS and MS paths a unique Debye-
Waller factor (02, scaled with the square root of Reff.) and distance enlargement factor ( ,
parametrizing the path length variation as AR =  Reff.) was optimized, resulting in 14 free parameters.

The output of the XRPD refinement resulted technically in a high quality fit of the EXAFS data
(Table 2), characterized by low R-factor, low correlation among optimized parameters and physically
meaningful Debye-Waller factors, Eo and S¢? parameters. Results reported in Table 2 also prove that
the as synthesized structure obtained from XRPD refinement in the Fm-3m space group is fully
compatible with EXAFS data. A perfect agreement was found between the structure and distances
optimized from XRPD and EXAFS, proving that, in spite of the high R factors, the XRPD refinement
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of the framework atoms was correct. Comparing XRPD and EXAFS refinements we note that the two
first shell Zr-O distances R 3 o and Roz agree within 0.03 A,

Table 2. Summary of the EXAFS refinement obtained on the hydroxylated ( k = 2.0-18.0 A%, R = 1.0-5.3 A) and
dehydroxylated ( k = 2.0-15.0 AL R =1.0-5.3 A discussed below in section 4.3) forms of UiO-66. EXAFS refinement was
obtained using as input model the optimized structure from XRPD and from ab initio calculations for the hydroxylated and
dehydroxylated forms, respectively. With this approach the coordination number (N) of each contribution is fixed by the model
stoichiometry; such values are reported for each shell in parenthesis. Refinement of the experimental amplitude is done by
optimizing the overall amplitude factor S¢? only. For the dehydroxylated form, the fitting of the higher shells was possible only
adopting the axial compressed model of the ZrsOs octahedron represented in Figure 8c, where eight octahedron sides Rz are split
into eight short prismatic distances (Rzra, N=8/3) and four long planar ones (Rz1,, N=4/3) and where the three diagonals Rz, are
split into a short axial diagonal and (Rzwa, involving two Zr atoms out of six; N=1/3) and two long planar diagonals (Rzrz,
involving four Zr atoms out of six; N=2/3).

Hydroxylated Dehydroxylated
R-factor 0.01 0.02
Independent points 43 35
Number of variables 14 14
Eo (eV) 5 1.0 5
So? 1.17 0.08 1.17
R 30 (A) 2.087 0.008 (N=2) 206 0.01 (N=2)
2( 3-0) (A? 0.0036 0.0009 (N=2) 0.008 0.003 (N=2)
Ro1 (A) 2.235 0.008 (N=6) 2221 0.007 (N=5)
2(01) (A? 0.0074 0.0008 (N=6) 0.007 0.002 (N=5)
Rc (A) 3.19 0.02 (N=4) 317 004 (N=14)
2(C) (A? 0.004 0.002 (N=4) 0.009 0.009 (N=4)
Rzn (R) 3.511 0.007 (N=4) 335 001 (N=8/3)
2(zr1) (A% 0.007 0.001 (N=4) 0.009 0.001 (N =8/3)
Rz (A) - 3.74 0.02 (N=4/3)
2(Zr1b) (A?) - 0.009 0.002 (N =4/3)
Rzrza (A) 499 0.04 (N=1) 414 007 (N=1/3)
2(Zr2a) (A2 0.010 0.006 (N=1) 0.008 0.006 (N =1/3)
Rzran (A) - 530 0.04 (N=2/3)
2(Zr2b) (A?) - 0.008 (N =2/3)
0.01 0.01 0.00 0.01
2 (global) (A2 0.004 0.004 0.007 0.003
Eo/Ro =0.74 2( 3-0)/ 2(0) =0.78
Highest correlations 2( 3-0)/ %(0)=0.69 2(0)/R 30=0.76
IRz =0.65 Ro/ ?( 3-0)=-0.63
[remaining| < 0.60 [remaining| < 0.56
5 k (A 10 15

7 = [FT(Exp)
|FT(Fit)|
6 Imm[FT(Exp)
Imm[FT(Fit)]
-8 T T T T
1 2 3 RA) 4 5
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Figure 6. Part (a): comparison between experimental (scattered squares) and best fit (full line) k3-weighted (k) of the as
prepared (hydroxylated) UiO-66 material. Part (b): as part (a) in R-space (both moduli and imaginary parts are reported).
The 3D structure obtained from the XRPD Rietveld refinement in the Fm-3m space group was used as input model for the
EXAFS refinement.

Owing to the different symmetries adopted in the two approaches, 3-O and O1 atoms have however a
different degeneration in the two approaches. So corresponding distance should not be directly
compared but comparison should be made on the averaged distances, where the disagreement between
the two approaches is 0.006 A, see Table 3. The cube edge (Rzr1) agrees within 0.02 A, while the
almost perfect agreement obtained for the cube diagonal Rz, has to be considered with care because of
the large incertitude associated with the distance obtained from EXAFS. Basically, the two refinements
disagree significantly in the Zr-C distance only. A disagreement close to 0.1 A for a Zr-C distance
around 3 A is usually not acceptable. This is however a peculiar case because a Zr-C distance around 3
A contributes in the phase uncorrected FT in the 2-3 A region, i.e. where experimental signal of the as
prepared UiO-66 MOF is close to the noise level. This is due to the fact that in the same R-region,
together with the SS (Zr-C-Zr [I; = 31]) path two 3-bodies MS paths (Zr-C-O-Zr [I; = 36], Zr-O-O :-Zr
[Ir = 8]) and a 4-bodies MS path (Zr-C-O-C-Zr [I; = 13]) contribute to the overall signal with
comparable intensities (Ir) but significantly different phases. The destructive interference of these four
paths results in an almost negligible experimental signal in the 2-3 A R-region that makes very critical
the signal optimization.*

Table 3. Comparison of the UiO-66 structures as refined from EXAFS and XRPD approaches. Listed in order of increasing
crystallographic distances from the Zr0 atom, are reported: the type of neighbor (see Figure 5 for labels), the degeneration
(D), the single (R) and the averaged (<R>) distances. The different symmetries adopted in the two approaches (see text)
implies that some bond degenerations may be different. In these cases, XRPD distances should be compared with the
average values from ab initio calculations. Conversely, when bond degeneration coincides, averaged values are not
necessary and were reported in grey.

Hydroxylated Dehydroxylated
neighbor EXAFS XRPD neighbor EXAFS XRPD
Fm-3m (225) Fm-3m (225)
D R@A <R>A) D R <R> D R@A <R>A) D R <R>
A A& A A
3-0 2 2.087 4 2.118 3-0 3 2.06 4* 2,107
01 6 2.235 2.198 4 2.266 2.192 01 4 2.221 2175 4 2233 217
C1 4 3.19 4 3.105 C1 4 3.17 4  3.255
Zrla 8/3 3.35
Zrl 4 3.511 4 3.531 Zr1b 43 374 3.48 4 3.510
zr2 1 499 1 4994 Zra U8 4la g 1 4964

Zr2b 2/3  5.30

* Degeneration of 4, with occupancy factor fixed to 0.75, resulting in an avarage stoichiometry of 3 3-O ligand per Zr
atom.

4.2.4. As prepared material: ab initio optimization of the XRPD model and comparison with
experimental structural results. The 3D structure, obtained from the Rietveld refinement in the Fm-3m
space group, was modified in order to model the hydroxylated structure by including the H atoms of the
OH groups that could not be localized by XRPD. The first step was to symmetrically include all the
eight H atoms (one for each side of the octahedron) in order to preserve the Fm-3m symmetry of the
system. An attempt to optimize such high symmetry system failed because the too high electron density
injected by eight OH groups into the inorganic cluster prevents convergence. Removal of four H atoms,
in an alternate configuration to minimize the repulsion of the remaining 4 OH groups (vide supra)
implies a symmetry reduction to F-43m space group (where all clusters maintains the same ordered
orientation). A full relaxation (i.e. both cell parameters and atomic positions) was performed by means
of periodic ab initio calculations at B3LYP level of theory. At the equilibrium, the cell parameters of
the crystallographic cell increased from the starting experimental value of 20.7751(2) A to 21.0171 A:

a/a =+0.012.

Summarizing, ab initio optimization of the hydroxylated structure was made in a space group

(F-43m) of higher symmetry with respect to the actual structure (showing random orientation of the
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inorganic clusters), but of lower symmetry with respect to that we were forced to use in the XRPD
refinement. Consequently, care must be taken when comparing 