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The exceptional thermal stability of the Ui0-67/68-family MOFs makes them ideal candidates to explore
post-synthetic functionalization routes aiming to the heterogenization of homogeneous catalysts. We
previously demonstrated that a small fraction of the linkers in the UiO-67 MOF can be replaced by
bipyridine-dicarboxylate (bpydc) moieties exhibiting metal-chelating ability and enabling the grafting
of Pt(Il) and Pt(IV) ions in the MOF framework [Chem. Mater., 27 (2015) 1042]. Herein, we investigate a
novel Cu-functionalized UiO-67 MOF obtained by a simple synthesis method, consisting in contacting the

Keywords: . bpydc-containing UiO-67-bpy MOF with a CuCl, dihydrate precursor. By combining in situ and operando
Metal organic frameworks . A . .
Ui0-67 XAS and FTIR spectroscopies, we assessed the successful incorporation of well-defined Cu complexes in

the UiO-67 framework and explored local coordination geometry, redox properties and reactivity of the
dominant Cu species formed in different conditions relevant to potential future applications in catalysis.
EXAFS fits and XANES simulations, based on DFT-optimized geometries, yielded detailed structural and
electronic information on the major Cu-species formed. Data analysis revealed three-coordinated Cu(I)
complexes with the bpydc linker of the Cu-UiO-67 MOFs and a C1~ ligand, formed after thermal treatment
at 523K in inert gas flow able to efficiently and reversibly form Cu(I)-mono-carbonyl adducts with CO
adsorbate.
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Our group have previously synthesized and thoroughly char-
acterized the UiO-66, -67 and -68 classes of iso-structural MOFs,
obtained by connecting ZrgO4(OH)4 inorganic cornerstones with
1,4-benzene-dicarboxylate, 4,4'biphenyl-dicarboxylate and 4,4'-

1. Introduction

Metal-organic Frameworks (MOFs) are defined as porous, crys-
talline materials composed by metal-based cornerstones (metal

ions or clusters) connected by organic linkers [1-3] to form a
three-dimensionally ordered framework. Due to their high sur-
face area, and enormous structural and compositional flexibility,
these micro-porous materials had attracted in the last decade a
paramount research attention.
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terphenyl-dicarboxylate linkers, for the Ui0-66, —67 and —68
MOFs, respectively [4-9]. Due to their outstanding stability at high
temperatures, high pressures and in presence of different solvents,
these materials are among the few MOFs already commercialized
for applications in the fields of catalysis, H, storage, and gas purifi-
cation [1-3,6].

An additional key feature of MOFs is the possibility to eas-
ily tune their properties by post-synthetic functionalization (PSF)
[10-12], acting either on the metal ions or on the linkers. Such
approach yielded for instance to the incorporation of Au(IIl) Schiff
base complexes onto type-IRMOF-3 MOFs previously grafted with
salicylaldehyde molecules, obtaining a highly active and selective
catalyst for three-dimensional coupling and cyclization reactions
in the liquid phase [13]. PSF of the UMCM-1-NH;, MOF also allowed
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Tanabe and Cohen to synthesize a series of Cu(ll), Fe(Ill) and
In(Ill) metallated derivatives. The resulting MOF-based catalysts
are highly robust and active for epoxide ring-opening reactions
[14]. Another remarkable example is the functionalization of the
LSK-1 P-coordination polymer with Au(l) sites, yielding active and
recyclable catalysts [15]. These materials were thoroughly char-
acterized by NMR spectroscopy, TEM and Au L3-edge high energy
resolution XANES. The latter technique allowed the authors to rule
out the formation of metal nanoparticles, confirming that Au is
exclusively present in the form of Au(l) complexes. In addition,
Bloch et al. recently reported a three-dimensional MOF particu-
larly suited for post-synthetic metallation due to the presence of
pore cavities lined with vacant di-pyrazole groups [16]. The poten-
tialities of the Rh-functionalized derivative were demonstrated by
capturing a series of single-crystal X-ray diffraction snapshots of
the reaction products of consecutive oxidative addition and methyl
migration steps occurring within the MOF pores.

The outstanding properties of the UiO-67/68-family MOFs make
them an ideal test bench to explore PSF approaches [17-20], aim-
ing to bridge the gap between homogeneous and heterogeneous
catalysis. Indeed, a small fraction of the linkers in the UiO-67
MOF can be replaced by moieties exhibiting metal-chelating abil-
ity, such as bipyridine-dicarboxylate (bpydc), enabling the grafting
of additional metal ions, while retaining the exceptional thermal
and hydrothermal stability of the parent MOF. With this respect,
we recently synthesized by different routes proof-of-concept Pt-
functionalized UiO-67 derivatives [20]. Static and operando Pt
L;-edge XAS experiments allowed us to thoroughly characterize
these materials and their rich reactivity, in the local environment
of the Pt centers. Indeed, the Pt(Il) complexes grafted to the MOF
framework via the bpydc linker can be reduced to bpydcPt(0) sites
under H; flow in the 600-700 K range, as probed by a sophisticated
parametric analysis of temperature-dependent EXAFS data, or oxi-
dized at room temperature to Pt(IV) through oxidative addition of
Br; from the liquid phase. The large pore size of UiO-67 also allows
for ligand exchange between 2Cl~ and even bulky ligands such as
toluene-3,4-dithiol [20]. These studies pave the way to the explo-
ration of a novel class of metal-functionalized MOFs, representing
attractive candidates for industrial applications aiming to heterog-
enization of homogeneous catalytic reactions, with the advantages
of metal recyclability and efficient catalyst/product separation in
the spent catalyst.

In this context, herein we investigate a novel Cu-functionalized
Ui0-67 MOF by combining in situ/operando XAS and in situ FTIR
spectroscopies, aiming to assess the successful incorporation of
well-defined Cu complexes in the UiO-67 framework and explore
local coordination geometry, redox properties and reactivity of the
dominant Cu species formed in different conditions, relevant to
potential future applications in catalysis. This material is obtained
by a simple synthesis route, by contacting the bpydc-containing
UiO-67-bpy MOF with a Cu-containing precursor.

The choice of Cu-based functionalization was driven by several
factors including its lower cost with respect to noble metals, and
its rich catalysis in “click chemistry” [21,22]. Furthermore, in recent
years, Cu-species hosted in porous materials, primarily zeolites and
zeotypes, are emerging as key candidates to tackle some of the
most urgent societal challenges in term of pollution and sustainable
development. For instance, Cu-zeolites, initially ZSM-5 and mor-
denite [23-32] and more recently small pore zeolites and zeotype
such as SSZ-13 and SAPO-34 [33], have been shown to be active for
low temperature conversion of methane to methanol. Moreover,
the small-pore Cu-SSZ-13 zeolite is attracting a great attention due
to its outstanding performances in NHs-assisted selective catalytic
reduction (SCR) of NOy gases contained in the exhaust fumes from
road transport and industrial plants [34-41]. Although the active
species are still profoundly debated, well defined mono- or multi-

nuclear Cu-complexes hosted in the zeolite cages are emerging as
key players in the NH3-SCR or direct methane oxidation catalysis.
Unusual coordination modes (e.g. three-fold coordination) adopted
in the confined space where the reaction occurs and versatile redox
chemistry are often observed in these Cu-species, resembling in
several aspects their outperforming biologic counterparts [42-44].
In the view of mild reaction conditions, the potentialities of MOFs,
exhibiting a much larger diversity and flexibility in composition
and less demanding topological constraints in the formation of the
porous lattices [45,46], could be optimally exploited to design valid
alternatives to zeolite-based matrixes.

Also of potential interest is the immobilization of CuCl, in
the nitrogen containing polymers, such as poly(4-vinylpyridine)
(P4VP) [47], for the oxidative carbonylation of methanol to
dimethylcarbonate [48-50], the oxidative coupling of 2,6-
dimethylphenol [51] and the oxidation of tetralin [52]. Moreover,
such copper chloride complexes may be of interest also for the
oxychlorination catalysis [53-60].

Generally speaking, coordination chemistry of transition metal
ions confined in the cavities of nanoporous hosts, such as MOFs,
zeolites, and polymeric scaffolds, is substantially different with
respect to liquid phase homogeneous organometallic chemistry
[12,29,61-63]. Metal complexes formed in such conditions will
experience strongly reduced mobility with respect to the solution
phase case, which limits deactivating aggregations. Furthermore,
complexation with extra-framework ligands will compete with the
platform of ligands offered by the hosting matrix (bpydc chelating
moieties in the present case, or framework oxygens in zeolites).
Depending on the relative coordination strengths and on the
unique nano-environment around the metal center, unusual low-
coordination number/low-symmetry complexes can be obtained,
which most likely would never be synthesized in the solution
phase. Considering also the coordinative flexibility of Cu-centers
and the possibility to treat the materials in situ under controlled
conditions, a novel cage-confined coordination chemistry is emerg-
ing, yielding size- and shape-constrained Cu-complexes stabilized
via host-guest interactions, which possess the potential to surpass
their homogeneous counterparts in catalytic activity and enantios-
electivity.

This novel research area growing at the border between het-
erogeneous and homogeneous catalysis strongly requires in situ
and operando multi-technique approaches ensuring both local and
long-range sensitivity, to efficiently monitor both the metal cen-
ters and the hosting framework in catalysis-relevant conditions
[64-69].

In the present work, we combined operando XAS, in situ FTIR
spectroscopy and DFT modeling, to clarify the local coordination
geometry and oxidation state of the Cu centers, while assess-
ing the immobilization of redox-active Cu-species in the UiO-67
framework. The interpretation of the results was also guided
by the comparison with a well-defined Cu molecular complex,
tert-butylbipyridinedichlorocopper (II) (tBbpyCuCl,), character-
ized in detail by single-crystal XRD and XAS. We observed
three-coordinated Cu(I) complexes with the bpydc linker of the Cu-
UiO-67 MOFs and one Cl~ ligand, formed after thermal treatment
at 523K in inert gas flow. The identification of these species, able
to efficiently and reversibly form Cu(I)-mono-carbonyl adducts
with CO molecule, pave the way to further operando studies,
exploring for instance the effect of more powerful reducing agents
(e.g. Hy) and the reactivity towards molecular oxygen, based on
the analogies with T-shaped oxygen-activating copper enzymes
encountered in literature [44].
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2. Materials and Method
2.1. Samples preparation

The starting UiO-67-bpy MOFs were synthesized by standard
solvothermal method, as described in more details in a previous
study [20], by reacting ZrCl, with different mixtures of H,bpdc and
H,bpydc linkers (5% wt., 10% wt. and 20% wt. of bpydc) in a solution
of dimethylformamide (DMF). 5 Molar equivalents of benzoic acid
were added to obtain a modulator effect, which resulted in a porous
MOF with monodispersed particles and well-defined crystallinity
[70]. The Cu-functionalized Cu-UiO-67-bpy derivatives were pre-
pared employing a PSF approach, by submerging the MOF powder
in solution of CuCl, dihydrate in 2-propanol, and heating the solu-
tion at reflux conditions for one hour. The resulting bright green
powders were washed in three cycles with 2-propanol and dried at
60°C in air for 12 h prior to measurement. The three correspond-
ing final products analysed in the present study will be hereafter
referred to as Cu-UiO-67-5%bpy, Cu-Ui0-67-10%bpy, and Cu-UiO-
67-20%bpy, respectively. The final Cu concentration in the samples
has been evaluated from the edge jump of the corresponding XAS
spectra and is: Cu-UiO-67-5%bpy: 0.9Cu%wt; Cu-UiO-67-10%bpy:
1.8Cu%wt; and Cu-UiO-67-20%bpy: 4.5Cu%wt.

tert-Butylbipyridinedichlorocopper (II) (tBbpyCuCl,) was cho-
sen as reference compound having both N and Cl atoms in the
first coordination shell of Cu. It was prepared according to the
method described by Awad et al. [71]. The crude compound was
re-crystallized in a vapor diffusion setup using dichloromethane
(DCM) as solvent and cyclohexane as antisolvent [72].

2.2. Insitu and operando XAS experiments

Cu-K edge (8979 eV for Cu foil) XAS data were collected at the
1811 beamline of the Max Lab Il source (Lund, Sweden)[73]. Max Lab
[l was operating at 1.5 GeV with a uniform current between 250 and
100 mA. The white beam produced by a liquid He-cooled supercon-
ducting wiggler was monochromatized by a horizontally sagitally
focused double-crystal Si(111) monochromator, detuned to 20%
to minimize the third harmonic. Spectra were collected in trans-
mission mode using 30 cm ionization chambers for Iy and I; with
N, and Ar gases to guarantee 17% and 74% of absorption, respec-
tively [66,67]. The intensity [, transmitted by a Cu-reference foil
located after the sample was measured using a photodiode, and the
resulting spectrum was employed for energy alignment purpose.

XAS spectra of Cu-UiO-67 MOF samples were measured employ-
ing a home-made cell allowing sample activation in temperature
and gas dosage under in situ or operando conditions [74], monitor-
ing the evolution of the XAS features while controlling temperature
and gas feed. The pure powdered Cu-UiO-67 MOF samples were
pressed into self supporting pellets, which were then inserted in
the cell. The weights of the pellets were optimized in order to
obtain the best S/N ratio for XAS measurements in transmission
mode (Apx in the 0.2-0.8 range, depending on Cu-loading, with
estimated total absorption of px ~2.4), resulting in 80-120 mg per
1.3 cm? pellets. After XAS characterization of the as-prepared MOFs,
the samples were heated in N, until 523 K to remove residual sol-
vent (DMF and 2-propanol) and water and explore the possibility to
obtain coordinatively unsaturated Cu-sites by mild thermal treat-
mentininertatmosphere. After the heating ramp, the samples were
cooled down to RT, always in N, flux. Subsequently, the gas feed
was switched from N, to 40% CO in Ny, mixture to probe the reactiv-
ity of the thermally-treated material and achieve deeper insights in
the nature of the Cu sites monitoring their interaction with the CO
probe molecule. The samples were hence monitored by XAS after
CO desorption at RT (by switching back the gas feed to N,) and
heating again to 523 K (always in N3 ). The XAS data reduction and

EXAFS extraction procedure was performed using the Athena code
[75].

2.3. Computational details

Several local environments for Cu(Il) and Cu(I) sites grafted to
the UiO-67 framework by coordination to the bpydc linker were
optimized at DFT level using Perdew-Burke-Ernzerhof (PBE) [76]
exchange-correlation functional implemented in VASP 5.3 code
[77,78]. Kinetic energy cutoff for the plane-wave basis set was set
to 400eV. The optimized environments include: [Cu(bpydc)Cl,],
[Cu(bpydc)(OH)CI], [Cu(bpydc)Cl], [Cu(bpydc)(CO)CI], and single
CO molecule in the gas phase. A single k-point calculation in a peri-
odic cell was performed for all of the structures. The DFT-optimized
structures were employed as input geometries for XANES simula-
tions (see Section 2.5). These also served as starting point for EXAFS
fitting (see Section 2.4), to set coordination numbers and provide
initial values for the bond distances of each coordination shell from
the Cu absorber, to be then experimentally refined in the fitting
procedure. Theoretical vibrational frequencies were calculated on
the basis of the matrix of second derivatives obtained by numeric
differentiation of forces. At this level of theory, the obtained CO
bond length was equal to 1.14 A, which is in agreement with the
experimentally known 1.13 A value [ 79], and the theoretical vibra-
tional frequency was obtained at #M¢°(C0)=2123cm!, which is
slightly underestimated with respect to the experimental value of
VeXP(C0O)=2143 cm~! [80]. For this reason, as usually accepted, the
comparison between experimental and theoretical CO stretching
frequencies will not be made on the absolute values (V**P(CO) and
yitheo(CO)) but on the shifts: A7*P(CO) = [**P(CO) — T/SXP(CO)] and
AP"(C0) = [#*°(CO) - i"*°(CO)I.

2.4. EXAFS fitting

The EXAFS spectra collected at RT for the as-prepared and
N,-thermally treated samples (Cu-UiO-67-5%bpy, -10%bpy and
-20%bpy) were fitted in R-space in the AR =(1.0-4.8) A range, con-
sidering the FT of the k?-weigthed x(k) EXAFS spectrum, Fourier
transformed in the (2.5-12.0)A-! range, potentially resulting in
23 independent parameters (2AKAR/m>23). Phases and ampli-
tudes were calculated by the FEFF6 code [81,82] using the Artemis
software from the Demeter package [75] and checked on the
tBbpyCuCl, model compound. In the fitting model, all the single
scattering (SS) and multiple scattering (MS) paths contributing to
the R-space interval of interest were included.

To limit the number of optimized variables, all the SS and MS
paths calculated from each starting DFT-optimized geometry have
been optimized with the same passive amplitude reduction factor
(Sp?) and with the same energy shift parameter (AE). In the fits
of thermally-treated samples, and of the N,-thermally treated + CO
Cu-Ui0-67-10%bpy sample, the S¢2 values were set to the same best
fit values refined for the corresponding as-prepared material.

The parameterization of the EXAFS paths was performed includ-
ing all the first shell SS paths with specific AR and Debye Waller
(DW, ¢2) parameters (including the SS involving the N(bpy), Cl,
O(OH) and C(CO) atoms, depending on the specific experimental
conditions considered). For the bpy unit, the SS paths for the three
shells of Catoms (C; atca. 2.92 A, C, atca. 430 A and C3 at ca. 4.81A)
and the numerous, and rather intense, MS paths involving the N, Cq,
C,, and C3 atoms were included in the fitting model with a “collec-
tive” parametrization strategy. More specifically, these paths were
modeled considering a global contraction/expansion factor for the
whole bpy unit o,y and a DW factor aszy increasing as the square
root of the distance Reg; of the it scattering atom from the absorber
(ARppy,i =tbpy Refri, o? bpy.i = szpy (Reff,i/RO)llzv being Ry =2.026 A;
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resulting in only two optimized parameters: a,py, o2 bpy ) as already
successfully tested in EXAFS analysis involving complex multi-
atomic ligands/coordination environments [40,83-86].

2.5. XANES simulations

The XANES spectra were simulated by the new sped-up version
of the FDMNES code [87], employing the finite-difference method
to solve the Schrodinger equation [88,89]. The energy-dependent
exchange-correlation potential was obtained following the Hedin
and Lundquist formulation. In order to match the spectral reso-
lution observed in the experiment, energy-dependent broadening
was applied. Importantly, we performed self-consistent calcula-
tions without imposing any restriction to the shape of the potential
[89]. The latter has been previously demonstrated to yield very
good agreement with the experimental data for molecules [90] and
structures with cavities and channels [87].

2.6. FTIR in situ characterization

In situ FTIR spectra were recorded in transmission mode on a
Bruker VERTEX 70 FTIR spectrometer, equipped with an HgCdTe
(MCT) cryo-detector using a home-made cell allowing sample acti-
vation in temperature under dynamic vacuum down to 104 Torr,
precise dosage of the desired equilibrium pressure of a given probe
molecule and cooling down to liquid-nitrogen temperature. FTIR
data for the as-prepared and N,-thermally-treated samples, in the
form of pure thin self-supported pellets (no optical diluent has
been used), were recorded at RT. Interaction with CO was per-
formed at ca. 100 K dosing an equilibrium pressure of 30 Torr. Lower
CO equilibrium pressures were investigated down to 103 Torr by
progressive expansions in a dead volume that can be successively
evacuated. Each spectrum has been obtained averaging 32 inter-
ferograms, recorded at 2 cm~! resolution. A detailed scheme of the
in situ IR cells available at the NIS laboratories of the Turin Univer-
sity has been reported in the ESI of Ref. [91] (Fig. S4).

2.7. Single-crystal XRD on tBbpyCuCl, model compound

From the batch of tBbpyCuCl, synthesized crystals, a suitable
crystal was chosen for single-crystal X-ray diffraction and mea-
sured at 100 K using a Bruker D8 Venture diffractometer equipped
with a Mo anode (MoKa: A =0.71073 A). The data reduction was
performed with Bruker SAINT and SADABS, and the structure was

solved with XT and refined with XL [92]. Olex2 [93], Diamond [94]
and Encifer [95] were used to create illustrations and cif files.

3. Results and discussion

3.1. Structural characterization of the tBbpyCuCl, model
compound

The comparison between Cu-UiO-67-bpy MOFs and well-
defined molecular Cu-bpyridine complexes is an important step
to assess the success of the PSF process, and to gather information
on the coordination environment and oxidation state of Cu-sites
in the as-prepared samples. For these reasons, multiple attempts
were made to synthesize complexes of Cu(ll) with two CI lig-
ands and either 2,2’-bipyridine (bpy) or Hybpydc as ligands, to be
used as reference compounds for the XAS measurements. How-
ever, these were difficult to procure in the required quantity and
purity, and the product was a mixture of polymorphs, or dimeric
species as previously reported [96]. Another reference compound
based on tert-butylbipyridine (tBbpyCuCl,) was hence chosen, and
prepared as described in Section 2.1. This resulted in a pure crys-
talline product suitable for single-crystal XRD characterization and
XAS measurements.

Details on the single-crystal XRD data collection and structure
refinement are reported in Table S1 of the Supporting information,
while the refined structure of the tBbpyCuCl, complex is reported
in Fig. 1a. For each atom, the corresponding anisotropic atomic dis-
placement parameters (at 100K) are represented with ellipsoids.
The resulting crystal structure has been submitted to CCDC with
number 1445442.

The output of the XRD refinement was used as input for the
EXAFS data analysis in order to check the validity of the theoretical
Cu-N and Cu-Cl phases and amplitudes generated by FEFF6 code
[81,82]. As reported in Fig. 1b,c, the quality of the EXAFS fit was
excellent, and the numerical output was in perfect agreement with
the distances obtained from XRD. Fixing the coordination numbers
to the values Ny =N¢ =2, reasonable values have been obtained
for both the passive amplitude reduction factor (Sp% =(0.94 + 0.02),
expected to be close to unit) and for the DW parameters (azN(bpy)
and 02}), see Table 1. This structural check guarantees that reliable
quantitative results can be achieved from the EXAFS analysis of
the Cu-functionalized UiO-67 MOF sample measured in different
conditions.

IFTIKx(K)]| [A]

(b) R o experimental (c) : . o experimental
g 9 best fit 1
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4 5 ‘i é R [A] ;5 ‘i- 5

Fig. 1. Part (a): structure of the tBbpyCuCl, model compound as obtained from the single-crystal XRD refinement (data collected at 100 K). Atoms are represents as ellipsoids
according to the refined thermal displacement parameters. The colored circles around the atoms refer to the different paths used in the EXAFS data analysis. Part (b):
comparison between experimental (empty circles) and best fit (red line) of the k2-weighted, phase uncorrected modulus of the Fourier transformed (FT) EXAFS spectrum of
the tBbpyCuCl, model compound, measured at RT. The different paths included in the fit are also reported, with the same color code as the circles in part (a), and vertically
translated for clarity. Part (c): as part (b) for the corresponding imaginary parts of k?-weighted, phase uncorrected FT EXAFS spectrum of the tBbpyCuCl, model compound.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Part (a): Cu K-edge XANES spectra of Cu-UiO-67-10%bpy (black) and of tBbpyCuCl, model compound (green) collected at RT in air. Parts (b, c): Moduli (b) and
imaginary parts (c) of the k?-weighted, phase uncorrected, FT EXAFS spectra collected in the same experimental conditions reported in part (a), using the same color code.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 1

Best-fit values of the parameters optimized in the EXAFS fits for the tBbpyCuCl,
model compound, performed in the k-space interval Ak=(2.5-17.0)A-! and R-
space interval AR=(1.0-5.0) A, potentially resulting in 36 independent parameters
(2AKAR/m>36). Average bond distances from the Cu-absorber for the first shell
ligands refined from single-crystal XRD are also reported in the last column, for
comparison.

EXAFS fit parameters EXAFS Single-crystal XRD
So? 0.94+0.02 -

AE (eV) 0.6+0.2 -
R-factor 0.011 -
NDﬂl‘ (Nind)n 8 (36) -
<Rn(bpy)> (A) 1.990+0.003 1.995
2N (bpy) (A?) 0.0021 +0.0005 -
Nn(bpy) 2

Qppy —0.004 +0.003 -

02 ppy (A2) 0.0021 +0.0005 -
<Re> (A) 2.21740.003 2218
o%a (A?) 0.0032 £ 0.0003 -

Na 2

3.2. As-prepared and thermally-treated Cu(Il)-UiO-67 and
comparison with tBbpyCuCl, model compound: XAS experimental
evidences

At the first step, the XAS experiments were carried out at RT
in air, to verify the successful grafting of the metal centers in
the UiO-67 framework and investigate the dominant local envi-
ronment for Cu-sites in the as-prepared samples. Subsequently,
operando experiments allowed us to monitor the evolution of the
spectral features while heating from RT up to 523K in Ny flow.
After the thermal treatment, the sample has been cooled down at
RT, and further characterized by in situ XAS. This characterization
protocol was repeated for all the three selected samples of Cu-UiO-
67-bpy characterized by different concentration of bpydc linkers:
Cu-Ui0-67-5%bpy, -10%bpy and -20%bpy, to assess the effect of the
functionalization level on Cu-speciationin the different experimen-
tal conditions probed.

A first simple comparison of the XANES (Fig. 2a) and EXAFS
(Fig. 2b,c) data collected on as-prepared Cu-UiO-67-10%bpy in air

(black) and on the tBbpyCuCl, model compound (green) clearly tes-
tifies that the Cu-UiO-67-10%bpy sample hosts a large majority of
Cu (II) species. However, the local environment of Cu atoms in the
two materials is significantly different. This case differs from what
observed for the functionalization of UiO-67 with Pt(Il), where the
local environment of Pt was the same in the bpydcPtCl; linker and in
the MOF [20]. Indeed, the EXAFS data clearly shows a lack of EXAFS
signal in the (1.5-2.1)A region in Cu-UiO-67-10%bpy, suggesting
the presence of only one Cl atom in the first coordination shell of the
copper atoms (Fig. 2b,c). Moreover, the loss of spectroscopic defi-
nition of the features of the XANES spectrum of Cu-UiO-67-10%bpy
(Fig. 2a) suggest an increased heterogeneity of Cu environment.
Consequently the EXAFS data analysis on the Cu functionalized
MOFs cannot be performed by a straightforward duplication of
the refinement strategy adopted for the tBbpyCuCl, model com-
pound and will require some additional attention (see Section 3.3).
Fig. 3 reports the XANES spectra (part a) and the kZ-weighted,
phase uncorrected (parts b,c), Fourier transformed EXAFS spec-
tra for the exemplificative case of Cu-Ui0O-67-10%bpy during the
thermal treatment in inert gas flow, from RT (as-prepared state,
black lines) to 523 K (purple line). XANES spectra for intermediate
temperatures are also reported, as gray thin lines in part (a).

The XANES spectrum for the as-prepared material is charac-
terized by the absence of any defined pre-edge/edge peaks, and
by a rather intense white line feature at ~8996.6 eV, typical of
Cu(Il) centres coordinated to water molecules and, eventually, OH
groups [32,39,97-99]. As also supported by the comparison with
the tBbpyCuCl, model compound, the overall shape and the edge
energy position in the XANES of the as-prepared material are con-
sistent with a large majority of Cu(ll) sites. The spectral changes
observed during thermal activation involve a clear decrease of
the white line feature, accompanied by a significant shift of the
absorption edge towards lower energies (ca. 3.6eV, as evaluated
by monitoring the energy position of the first main maximum of
the first derivative spectra [57,58], see Supporting information, Fig.
S1). At the end of the heating ramp, a shoulder starts to be distin-
guishable in the XANES edge-rising region at ca. 8983 eV, falling in
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Fig. 3. Part (a): Cu K-edge XANES spectra of Cu-UiO-67-10%bpy during the temperature activation: at RT in air (black), at 523 K in N, flux (purple), at RT in N, after thermal
treatment (red); grey spectra refer to intermediate temperatures. Parts (b, ¢): moduli (b) and imaginary parts (c) of the k?-weighted, phase uncorrected, FT EXAFS spectra
for the same experimental conditions reported in part (a), with the same color code. Intermediate spectra were omitted for clarity. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)

an energy range typical for two- or three-coordinated Cu(l) sites
[100,101].

These evidences suggest a ligand loss process associated to the
reduction of a significant percentage of the starting Cu(Il) sites to
Cu(I), as thermal treatment proceeds [57-59,102]. Unfortunately
the energy resolution of the present dataset was not sufficient to
effectively monitor the weak pre-edge peak at ca. 8976.2 eV, which
however can be distinguished only in the XANES of the as-prepared
material and better located in energy by observing the first deriva-
tive spectrum (Supporting information, Fig. S1). Indeed, this peak
mostly derives from the dipole-forbidden 1s — 3d transition and
it is commonly employed to fingerprint the presence of Cu(Il)
sites in the probed sample [24,39,40,100,101,103]. Nonetheless,
the other spectral modifications, also accompanied by the sample
color change from green to light-green/white as the tempera-
ture increases, support the formation of coordinatively unsaturated
Cu(I) sites after mild thermal treatment in inert atmosphere.

The EXAFS spectra reported in Fig. 3b,c shows a small but sig-
nificant decrease in the first shell intensity (in addition to the
signal damping due to increased thermal contributions to DWs,
see below), accompanied by a clear shift towards higher R-values.
DFT-assisted analysis of the EXAFS spectra for as-prepared and
thermally-treated samples allowed us to achieve deeper insights
in the ligands environment of Cu-sites, and it will be discussed
in the following (see Section 3.3). As expected, the XANES spec-
tra collected on the thermally-treated sample at 523 K (purple line
in Fig. 1) and after cooling down at RT, always in N, flux (red lines
in Fig. 3) are fully equivalent. As, contrarily to EXAFS, XANES is
almost unaffected by acquisition temperature, the equivalence of
the XANES spectra collected at 523 K and at RT after thermal treat-
ment indicates that no changes in the averaged local environment
of Cumetal sites occur during the cooling process. Correspondently,
EXAFS spectra show only slight differences in intensity, fully ascrib-
able to the decreased thermal contribution to the DWs factors once
cooled down to RT. This allowed us to perform quantitative EXAFS
analysis on the spectrum collected at RT after N,-thermal treat-

ment, ensuring a higher data quality and an easiest comparison
with the results obtained on the as-prepared material.

For both the as-prepared condition and after thermal treatment
in Ny, the Cu-UiO-67-5%bpy, Cu-UiO-67-10%bpy, and Cu-UiO-67-
20%bpy resulted in very similar XANES and EXAFS spectra, showing
an equivalent evolution trend during the heating ramp (see Sup-
porting information, Figs. S2 and S3). The strong similarity of
the XAS features suggests that the same dominant Cu-species are
formed irrespectively of the functionalization level. The small dif-
ferences observed in the three samples will be further discussed in
the following, in the view of the most likely coordinative environ-
ments proposed for Cu sites in the as-prepared materials and after
heating in N, flux on the basis of DFT-assisted EXAFS fitting.

3.3. DFT-assisted EXAFS analysis of as-prepared and thermally
treated Cu-UiO-67-bpy

The natural starting point in our study is the quantitative inves-
tigation of the local environment of Cu centers in the as-prepared
material, to assess the successful immobilization of single Cu sites
in the UiO-67-bpy MOF by exploiting the chelating capability
of the bpydc linker. On the basis of XANES qualitative analysis,
we could envisage four-coordinated planar Cu(ll) sites. Staring
from the CuCl, - 2H,0 precursor, this could be firstly realized
by coordinating two N atoms from the bpydc linker and two Cl~
ligands. This model is however not supported by the compari-
son with the EXAFs signal of the tBbpyCuCl, model compound
(Fig. 2b,c). To definitively rule out this model, the resulting expected
[Cu(ID)(bpydc)Cl, ] complex has been DFT-optimized and tested for
the EXAFS fit of the as-prepared materials. Very interestingly, the
fits resulted in rather high values for the DWs associated to the
Cu-N(bpy) bond (02(ppy) ~ 0.004 A2) and very high values for the
DW associated to the Cu-Cl bonds (o2¢ ~0.007 A2), which are
definitely not reliable for RT data collection, and strongly discour-
age the coordination of two Cl ligands in a majority of Cu sites.
Although inadequate to reproduce the first shell contribution, the
fit revealed that the EXAFS signal in the (2.8-4.8) A R-range is very
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well reproduced considering the numerous SS and MS [104-106]
contributions from the bpydc unit (see below), thus allowing us
to safely state that a successful chelation of the metal occurred
during the PSF process. We thus considered the possible substitu-
tion of one Cl~ ligand with an OH~ group in the first coordination
shell of Cu, yielding to the [Cu(II)(bpydc)(OH)Cl] complex. This
new model is able to qualitatively explain the important differ-
ences observed in the EXAFS spectrum of the Cu-UiO-67-10%bpy
MOF with respect to that of the tBbpyCuCl, model compound
(Fig. 2b,c). It is worth to note that by EXAFS is almost impos-
sible to distinguish coordination of O(H,0) and O(OH) ligands,
due to the weak scattering amplitude of H. However, the pres-
ence of a negatively charged hydroxyl group would allow to
charge-balance Cu(ll) sites, in agreement with the XANES signa-
tures of the as-prepared materials. The relative DFT-optimized
geometry is reported in Fig. 4c, foreseeing the following first-
shell bond distances: Cu-O(OH) ~ 1.84 A, <Cu-N(bpy)>~2.01 Aand
Cu-Cl~2.21 A. The [Cu(II)(bpydc)(OH)CI] structure allowed to sat-
isfactorily fit the EXAFS spectra for all the as-prepared Cu-UiO-67
samples, with good R-factor values and significantly more reliable
DWs values with respect to the configuration with two chlorine
ligands. As an example, Fig. 4a,b show the experimental modulus
and imaginary part of FT for as-prepared Cu-UiO-67-10%bpy com-
pared with the corresponding best fit curve. The figure also reports
the principal scattering contributions to the global EXAFS signal,
allowing for instance to appreciate how the signal from ca. 2.8A
mostly arises from the bpydc unit contributions, with a major role

played by the numerous MS paths involving the N, C; and C; shells
of the chelating linker [104-106].

The best fit parameters for the whole sample series (Cu-UiO-67-
5%bpy, -10%bpy, and -20%bpy) are reported in Table 2. As expected
from the similarity between the experimental spectra (see Fig. S2
in the SI), the best-fit values found from the EXAFS fits are generally
equivalent within their experimental errors. Moreover, all distance
are in reasonable agreement with those obtained from DFT calcu-
lation (reported in the last column of Table 2) and used as starting
guess of the fits.

Although in principle the distinction between the two sub-
shells of N(bpy) and O(OH) scatterers is not straightforward, dealing
with low-Z, almost isoelectronic neighbors, a test EXAFS fit on the
as-prepared material performed using the [Cu(I)(bpydc)Cl] geom-
etry yielded an unphysically low DW factor for the N(bpy) shell,
02 N(bpy) = (0.0002 £ 0.0008) A2. Such inconsistency clearly testifies
a lack of scattering contribution in the low-R region of the spec-
trum, which is partially compensated by an artificial enhancement
of the N(bpy) SS paths. Also, the fit resulted in a significantly poorer
reproduction of the experimental spectrum (R-factor=0.03), sup-
porting that the presence of an independent O(OH) contribution at
slightly shorter distance, and characterized by higher mobility (i.e.
higher DW) with respect to the N(bpy) ones allows a more appro-
priated description of the average coordination environment of the
Cu sites in the as-prepared Cu-UiO-67-bpy MOF series.

However, the [Cu(I)(bpydc)Cl] model ensured a good fit of the
final EXAFS spectra collected at the end of the N,-thermal treat-
ment, after cooling down to RT. The fit quality and the different
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contributions to EXAFS signal for the exemplificative case of the
Cu-UiO-67-10%bpy sample can be observed in Fig. 4d,e, while
the correspondent three-coordinated DFT-optimized geometry is
reported in part (f). Looking at the best fit values for the param-
eters optimized in the fit (Table 2, bottom part) an average slight
shortening of the first shell bond lengths is observed for the whole
sample series with respect to the as-prepared material, as expected
when a first-shell ligand is lost. The structural parameters derived
for Cu-Ui0-67-5%bpy, -10%bpy and -20%bpy samples after thermal
treatment in N, are globally equivalent within their experimental
errors, pointing out also in this case the presence of the same major
Cu-species irrespectively of the functionalization level.

A plausible scenario, able to consistently describe the evolution
in both XANES and EXAFS spectra observed in operando conditions
while heating in Ny, could thus involve: (i) the simultaneous pres-
ence of amore labile, low-atomic-number ligand (in our hypothesis
an OH~ group) and a more strongly bonded Cl~ one in the first
coordination sphere of Cu sites at ambient conditions; (ii) the pref-
erential release of the negatively-charged OH~ ligand, triggering
a reduction effect of the original four-coordinated Cu(ll) sites to
three-coordinated Cu(l) species, while preserving coordination to
the UiO-67 framework by the chelating bpydc linker. Interestingly,
a similar mechanism, relying on the cleavage of a Cu-(OH)~ bond
during thermal treatment in vacuum or inert gas flow, has been
recently suggested to rationalize the so called “self-reduction” pro-
cess in Cu-exchanged zeolites [40,97,98].

However, for the Cu-UiO-67-5%bpy and -20%bpy samples a
slight lowering of the DWs associated to both Cu-N(bpy) and Cu-Cl
is observed. This is also accompanied by a slight lowering in the fit
quality, as evidenced by the higher R-factor values obtained in these
cases. In this picture, the decreased first-shell DWs values for the
Cu-Ui0-67-5%bpy and -20%bpy samples after thermal treatment in
inert gas flow (see Table 2, bottom part) could be explained with
the presence of residual [Cu(II)(bpydc)(OH)CI] species, represent-
ing a minor but still observable contribution to the EXAFS signal
(averaged on all Cu-sites, weighting by their relative abundance).
In these cases, the lack of the SS and MS paths arising from the (OH™~)
ligand in a few Cu-sites could have been compensated by a slight
enhancement of the contributions from N(bpy) neighbor, resulting
in lower DWs. Interestingly, also looking at the XANES spectra for
the three Cu-MOFs heated at 523 K (see Fig. S3 in the SI), small dif-
ferences can be appreciated. In particular, a slightly less developed
final state is observed for the Cu-UiO-67-5%bpy and -20%bpy sam-
ples, with respect to the Cu-UiO-67-10%bpy one. Nonetheless, due
to the small entity of such differences, we can infer that they can
be most likely connected to small fluctuations in the experimental
conditions during thermal treatment.

Similarly, the as-prepared Cu-UiO-5%bpy sample (Fig.S2) seems
to show already at ambient condition a minor contribution from
‘(OH™)-deficient’ Cu(l) environments, as suggested by small dif-
ferences in the white line intensity, edge position and first-shell
EXAFS intensity/position with respect to the Cu-UiO-67-10%bpy
and -20%bpy samples. It is however important to underline that
most of the EXAFS parameters refined for the low and high Cu-
loading samples are equivalent within their experimental errors.
Hence, possible deviations should concern no more than 10% of the
overall Cu sites: for the large majority of the copper atoms the gen-
eral picture described in Fig. 4c,f holds, irrespectively of Cu-loading
(Table 2).

3.4. Reactivity of N,-thermally-treated material towards CO: XAS
analysis

The thermally-treated Cu-UiO-67-bpy10% sample was selected
to further investigate the nature and reactivity of coordinatively
unsaturated Cu(l) sites suggested on the basis of XAS analysis,

which represent an attractive platform for possible applications in
catalysis, as discussed in the introduction. To this aim, we exposed
the material to a 40% CO in N, gas flow, at RT, while collecting XAS
data. Intuitively, interaction of CO with [Cu(I)(bpydc)Cl] complexes
is expected to result in [Cu(I)(bpydc)(CO)Cl], with the insertion
of CO in the first coordination shell of Cu(l), as already observed
for other metals [105]. Small but significant modifications were
detected in such conditions, which can be observed in Fig. 5, both in
the XANES, part (a), and in the EXAFS region, parts (b,c). In particu-
lar, in the XANES spectrum we observed a lowering of the shoulder
at ca. 8983 eV, characteristic of the thermally-treated sample, and
related in previous studies to three- or two-coordinated Cu(I) sites
[100,101]. A rather flat edge rise is observed, supporting the coor-
dination of the CO molecule to Cu sites, with the consequent
restoration of a pseudo square-planar ligands environment. This
is however not accompanied by a significant shift of the absorption
edge, suggesting that the copper oxidation state is preserved dur-
ing interaction with CO, consistently with FTIR evidences discussed
below, see Section 3.6.

Qualitative comparison between the EXAFS spectrum collected
upon interaction with CO and the one previously discussed for
the thermally-treated material reveals a lowering in the first shell
intensity, which is rather surprising if CO coordination to the Cu(I)
centre is considered. Nonetheless, apart from the intensity low-
ering in the [FT[k?x(k)]| spectrum (Fig. 5b), a significant shift of
the maxima and minima in the Im{FT[k?x(k)]} curve (Fig. 5¢) can
be appreciated, together with relevant modifications in the overall
spectral shape in the (1.5-2.5) A R-range. This peculiar behavior will
be further examined below by DFT-assisted EXAFS fitting, showing
that the experimental EXAFS signal is compatible with CO coordi-
nation to Cu(l) sites. Noteworthy, once that the gas flow is switched
back to N, after interaction with CO, the XAS features characteristic
of the thermally-treated material are partially restored already at
RT, while heating to 523 K the XANES and EXAFS signatures associ-
ated to the [Cu(I)(bpydc)Cl] sites were fully restored (see light blue
line in Fig. 5), testifying the complete desorption of CO ligands.

The peculiar EXAFS features observed for the material in inter-
action with CO are consistent with a destructive interference
between the additional EXAFS paths arising when CO is added in
the Cu coordination sphere and the other contributions assigned to
N(bpy) and Cl ligands. Indeed, for suitable Cu-(CO) bond lengths,
such antiphase effect would result in a ‘counterintuitive’ low-
ering in the first shell peak intensity in the |FT[k2x(Kk)]| curves
before and after the interaction of the thermally-treated material
with CO, although moving from threefold to fourfold coordinated
Cu centers. To further explore this possibility, we DFT-optimized
the [Cu(I)(bpydc)(CO)CI] complex, aiming to reproduce the local
environment of Cu-carbonyl complexes formed in the experi-
mentally probed conditions. The resulting optimized geometry
is reported in Fig. 6¢ (DFT bond distances: Cu-C(CO)~ 1.96A,
<Cu-N(bpy)>~2.01A, Cu-Cl~2.20A), and it was employed to fit
the EXAFS spectrum collected for the Cu-UiO-67-10%bpy sample
after interaction with CO at RT. The best fit and experimental spec-
tra are compared in Fig. 6a,b, which reports also the major SS
and MS contributions to the EXAFS signal. The employed struc-
ture ensured a good reproduction of the experimental spectrum,
with physically reliable optimized parameters values (see Table 3).
The contribution of a group of rather intense (almost-collinear)
MS involving the atoms of the CO ligand (pink curve in Fig. 6b),
results in a mutual signal cancellation between the contribution
associated to CO and the ones deriving from bpy and Cl ligands,
justifying the experimentally observed damping in the first shell
intensity. As expected, the interaction with CO promotes a global
increase in the static disorder in the Cu local environment, as tes-
tified by a global slight increase of the DW factors with respect to
the thermally-treated state, which however are still optimized to
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Table 2

Best-fit values of the parameters optimized in the EXAFS fits for the three samples (5%bpy, 10%bpy and 20%bpy) in the as-prepared state (upper part) and after thermal
treatment in N,-flow at 523 K (lower part, data collected at RT). The fits were performed in the k-space interval Ak=(2.5-12.0)A-! and R-space interval AR=(1.0-4.8)A,
potentially resulting in 23 independent parameters (2AKAR/ >23). The underlined parameters were fixed in the fit and have no associated error. DFT-optimized bond
distances from the Cu-absorber for the first shell ligands are also reported in the last column, for comparison.

EXAFS fit parameters As-prepared (RT, air) DFT-opt. distances [Cu(II)(bpy)CI(OH)]
Cu-UiO-67-bpy5% Cu-UiO-67-bpy10% Cu-UiO-67-bpy20%
So? 0.93+0.04 0.93+0.03 0.92+0.03 -
AE (eV) 23+0.6 1.7+0.6 1.6+0.6 -
R-factor 0.008 0.009 0.008 -
Npar (Nina) 10(23) 10(23) 10(23)
Roon) (A) 1.91+0.01 1.91+0.01 1.92+0.01 1.84
02oc0m) (A%) 0.004 £ 0.002 0.004 +0.002 0.004 +£0.001 -
<Rnbpy)y> (A) 2.024 +0.006 2.026 +0.006 2.026 +0.005 2.01
02 Nbpy) (A?) 0.003 £0.001 0.0023 £+ 0.0006 0.0023 £+ 0.0006 -
Qlppy —0.004 +0.008 —0.010+0.005 —0.011+0.005 -
02 bpy (A?) 0.009 £ 0.002 0.006 +0.001 0.006 +£0.001 -
Rei (A) 2.253+£0.006 2.265+0.006 2.269 +0.006 2.21
o2 (A2) 0.0036 4 0.0007 0.0038 +0.0007 0.0040 £ 0.0007 -
EXAFS fit parameters After thermal treatment at 523 Kin N, (measured at RT) DFT-opt. distances [Cul(bpy)Cl]
Cu-UiO-67-bpy5% Cu-UiO-67-bpy10% Cu-UiO-67-bpy20%
So? 0.93 0.93 0.92 -
AE (eV) 1.6+0.8 2+1 23408 -
R-factor 0.014 0.011 0.015 -
Npar (Nin) 7(23) 7(23) 7(23) -
<Rnbpy)> (A) 1.985+0.008 1.989+0.008 1.995 +0.008 2.00
2 Nbpy) (A?) 0.0021 4 0.0006 0.0026 4+ 0.0007 0.002 +0.001 -
Qlppy -0.018+0.012 —0.015+0.009 —0.012+0.008 -
02ppy (A?) 0.011+0.003 0.009 +£0.003 0.008 +£0.002 -
Re (A) 2.249+0.007 2.249+0.007 2.258 £0.007 2.29
o2 (A2) 0.0030+ 0.0006 0.0034 £ 0.0006 0.0026 £ 0.0006 -
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Fig. 5. Part (a): Cu K-edge XANES spectra of Cu-UiO-67-10%bpy in interaction with CO (CO 40%/N, gas flow) at RT (dark blue line) and after CO desorption at 523K in N,
flux (light blue line). The spectrum of the sample thermally-treated in N, collected at RT before CO dosage, is also reported for comparison (red line). Parts (b, ¢): moduli (b)
and imaginary parts (c) of the k?-weighted, phase uncorrected, FT EXAFS spectra for the same experimental conditions reported in part (a), using the same color code. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

reasonable values. From EXAFS analysis, a Cu-C(CO) bond distance Cu(I)(CO)3 complexes formed inside Cu(I)-ZSM-5 where distances
of (1.96 +0.02)A is found, in full agreement with the DFT values. of (1.88 +0.02)A[107] and (1.93 £ 0.02) A [108], respectively, were
Remarkably, the experimentally optimized value is significantly observed. The longer distance observed in Cu-UiO-67-10%bpy well
longer with respect to the Cu-O(OH) bond distance determined agrees with the higher lability of the CO molecule, with respect to
in the case of four-coordinated Cu(Il)(bpydc)(OH)CI sites in the as- the complexes formed in zeolites. The presence of a stronger lig-
prepared material, (1.91£0.01)A, see Table 1. The Cu-C(CO) bond

distance found here is also longer than that found for Cu(I)(CO), and
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Fig. 6. Part (a): Modulus of the k?-weighted, phase uncorrected, FT EXAFS spectra for thermally-treated Cu-UiO-67-10%bpy after interaction with CO at RT. The experimental
data are shown as scattered black dots and the best fit with red solid lines. Moreover, the single scattering (SS) contribution involving the C(CO), N(bpy), Cl, O(CO), C;(bpy)
and C;(bpy) atomic neighbors as well as the multiple scattering (MS) involving the atoms of the CO group and of the bpy unit are also reported. Part (b): as part (a) for the
imaginary part of the FT. Part (c): DFT-optimized structure used as starting point for the EXAFS fit. Atom color code in part (c): Cu: orange; O: red; N: blue; Cl: green, C:
gray; H: white. Circled atoms are those included in the EXAFS fit and the color of the circle is the same used in parts (a, b) for the lines of the corresponding SS paths. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig.7. Part(a): CuK-edge theoretical XANES spectra calculated with the FDMNES code [87] from DFT-optimized geometries of [ Cu(bpydc)(OH)Cl] (black curve), [Cu(bpydc)Cl]
(red curve) and [Cu(bpydc)(CO)CI] (blue curve), representative of the Cu-UiO-67-10%bpy sample in the different experimental conditions. Part (b): as part (a) for the
corresponding experimental spectra collected on Cu-UiO-67-10%bpy sample at RT; same color code. Part (c): comparison between the experimental (scattered purple
circles) and theoretical (scattered gray squares) difference XANES spectra showing the effect of reduction via thermal treatment: [Cu(bpydc)Cl] — [Cu(bpydc)(OH)CI]. Part
(d): as part (c) for the difference XANES spectra showing the effect of CO adsorption on the thermally-treated sample: [Cu(bpydc)(CO)Cl] — [Cu(bpydc)Cl]. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

and as Cl—, prevents the optimization of the Cu(I)—CO interaction,
as well as the formation of di- and tri-carbonyl complexes.

3.5. XANES simulations and discussion on the formal charge on
Cu sites

XANES simulations have been performed in order to comple-
ment the experimental results reported above, using as input the
DFT-optimized geometries for Cu-species identified as the best
candidates to reproduce the experimental EXAFS spectra in the

different probed conditions. Fig. 7a,b shows the experimental and
theoretical XANES spectra for the key states of Cu-UiO-67-10%bpy
discussed the previous sections: as-prepared material in air (black),
after thermal treatment at 523 K in N, (red) and after interaction
with CO (blue). Fig. 7a reports the XANES simulations, while Fig. 7b
reports the corresponding experimental spectra (all collected at
RT), for comparison, drawn with the same color code.

To simulate the spectra we used self-consistent finite-difference
method [89], implemented in the accelerated version of the
FDMNES software [87,88]. In the three cases, the intensity of
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Table 3

Best-fit values of the parameters optimized in the EXAFS fits for the thermally-
treated Cu-UiO-67-10%bpy after interaction with CO at RT (Ak=(2.5-12.0)A-;
AR=(1.0-4.8)A). The underlined parameters were fixed in the fit. DFT-optimized
bond distances from the Cu-absorber for the first shell ligands are also reported for
comparison in the last column.

EXAFS fit Thermally-treated DFT-opt. distances
parameters Cu-UiO-67-bpy10%+ CO (RT) [Cu()(bpydc)(CO)CI]
So? 0.93 -

AE (eV) -2.8+04 -

R-factor 0.008 -

Npar (Ni:1d) 10(23) —

Re(coy (A) 1.96 +0.02 1.96

o2 c(co) (A?) 0.0038 +0.0002 -

o2 us(coy (A?) 0.005 +0.003 _

<Ruopy)> (A) 2.025 +0.007 213

02 N(bpy) (A2) 0.0032 +0.0008 -

abpy ~0.042 +0.008 -

02 bpy (A?) 0.010+0.003 _

Ra (A) 2.261+0.006 2.20

o2 (A?) 0.0041 +0.0007 -

the white line well reproduced the changes observed in the
experimental spectra. Indeed, the spectrum simulated using the
[Cu(bpydc)(OH)Cl] model presents an intense white-line peak,
as observed for as-prepared MOFs in air. The white-line peak
decreases during thermal treatment in N5 and it remains almost
unchanged upon CO adsorption, as also found in the simu-
lated spectra for [Cu(bpydc)Cl] and [Cu(bpydc)(CO)CI] models. The
energy of the absorption threshold in the simulated spectra quali-
tatively reproduces the experimental tendency. The position of the
threshold obtained for the [Cu(bpydc)(OH)CI] model is located at
higher energy, as observed for the as-prepared MOF in air. Con-
versely, in the theoretical spectra corresponding to [Cu(bpydc)CI]
and [Cu(bpydc)(CO)CI] species the absorption threshold shifts at
lower energy, in agreement with the experimental evidences for
dominant Cu(I) sites after thermal treatment and interaction with
CO. The agreement between theory and experiment can be bet-
ter appreciated in Fig. 7c,d reporting the difference XANES spectra
showing the effect of —OH removal and Cu reduction (part ¢) and of
CO adsorption (part d). The difference XANES method (also known
as AXANES) [109], represents an accurate way to better appre-
ciate small difference in XANES spectra upon small perturbation
of the system under investigation. The theory is perfectly able to
reproduce the difference observed during the thermal treatment
(Fig. 7¢), while a less quantitative agreement between theory and
experiment is observed upon CO adsorption; however, qualita-
tively the theory correctly predict a negative Aux curve in the
(8980-8990) eV range, followed by a positive region, that subse-
quently decreases in intensity.

The trend of the charge on Cu-site confirmed the results
obtained by XANES qualitative analysis and EXAFS fits: the metal
starts from a local charge of 1.8 |e| (=2 |e|) for the [Cu(bpydc)(OH)CI]
complex, representative of the as-prepared sample. For the
[Cu(bpydc)Cl] complex, modeling the thermally-treated material,
the charge on Cu is reduced to 1.1 |e| (=1 |e|). Conversely, the
coordination of a CO molecule on Cu(l) sites, [Cu(bpydc)(CO)Cl]
model, slightly increases the local charge on Cu to 1.4 |e|, although
being still significantly lower with respect to what found for the
[Cu(bpydc)(OH)CI] case. The calculated local charge on Cu for the
different models qualitatively confirms the experimental observa-
tions: Cu(Il) centers grafted to the bpydc linker in the as-prepared
MOFs, mostly reduced to Cu(I) in N at 523 K. Theoretical modeling
suggests that CO coordination leads to a small alteration of local
charge around Cu(l), albeit the calculated value of 1.4 |e| is still
compatible with a formal +1 oxidation state of the metal centre.

The simulated spectra globally provide a good reproduction of
the main experimental XANES features. An improved agreement

could be obtained in future studies, considering slight system-
atic variations from the DFT-minimum of the principal structural
parameters, and comparing the resulting theoretical curves with
high-energy-resolution XANES data collected at a third-generation
source. Furthermore, more sophisticated computational modeling
of these materials, considering also the inclusion of the Cu-
functionalized bpydc linker in the extended UiO-67 framework,
could be envisaged.

3.6. Complementary insights by FTIR spectroscopy

The findings obtained from in situ and operando XAS were also
supported by in situ FTIR spectroscopy, which evidenced the coor-
dinative unsaturation of the Cu centers in the thermally-treated
materials, able to form the Cu monocarbonyl complexes upon CO
adsorption [47,68,108,110,111]. Thermal treatment was followed
by in situ FTIR measurements at different temperatures, allowing
us to monitor the correct desolvation of the MOF, involving the
removal from the MOF cavities of residual DMF molecules[112] and
H-bonding water from the atmospheric environment (see Fig. 8).

The FTIR spectrum of the as-prepared sample (black curve in
Fig. 8a) in the high frequency region (3800-2600cm~1) is dom-
inated by a complex broad band assigned to the v(O-H) mode
of hydrogen-bonded adsorbed water and to v(C-H) and v(C-0)
stretching modes of the physisorbed DMF [85,112,113]. Other
bands associated to the presence of solvents are evident in the
low frequency region. In particular, it is possible to observe sig-
nals at 1662cm1, at 1256cm~!, at 1096 cm~! with a shoulder
at 1062cm~! and at 1667 cm~! with a shoulder at 1712cm1,
assigned to the 8(0OH;) and 8(CH3) modes, respectively. The ther-
mal treatment promotes a significant decrease in the intensity of
the bands previously described, according to removal of H,O and
DMF. In particular the spectrum of the sample after thermal treat-
ment at 523 K (red line in Fig. 8) shows the absence of all the bands
associated to the DMF and water. It is however worth to note that,
differently to what previously reported for not functionalized UiO-
66 and Ui0-67 [5,6,114], the band at 3676 cm~! associated to the
13-OH present at the Zrg-octahedron do not disappeared com-
pletely by heating at 523 K. Unfortunately, the v(O-H) stretching
of [Cu(II)(bpydc)(OH)CI] species inferred on the basis of the pre-
viously discussed DFT-assisted EXAFS fits and XANES simulations,
expected around 3657 cm~! [115], could not be confirmed because
overshadowed by the huge adsorption of water and DMF molecules
present in the channels of the as-prepared material.

As already discussed in the sections devoted to the XAS char-
acterization, the use of a probe molecule like CO allows to get
insights on the coordinative unsaturation and reactivity of the Cu
sites hosted in the UiO-67 framework. Consequently, we explored
by in situ FTIR spectroscopy the interaction of the thermally-treated
material with CO. It is known that CO is strongly adsorbed at RT
on Cu(I) ions since the carbonyls formed are stabilized by back-
donation [24,47,68,108,110,111,116-118] while carbonyl species
can be formed on Cu(Il) only at low temperature [119,120] and
are characterized by a very low adsorption enthalpy. For these rea-
sons, carbon monoxide was used as a probe molecule at ~100K
to investigate the nature of copper sites in Cu-UiO-67-bpy after
thermal treatment. Measurements were performed on a thin self-
supporting wafer of the samples by using cryogenic FTIR cell and the
experimental setup described in Section 2.6 to perform in situ ther-
mal treatment and controlled gas dosage. Spectra were recorded
in the same conditions. At 100K, carbon monoxide probed a rather
heterogeneous population of adsorption sites, as documented by
the complex spectra reported in Fig. 9, see in particular the inset,
reporting a magnification in the v(C-0) stretching region.

Three well-defined signals are identified at 2095cm™!,
2135cm~! and at 2152cm~! and a broad tailed absorption in
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Fig. 8. FTIR spectra of Cu-UiO-67-10%bpy collected at RT on the as-prepared sample (black line), sample heated at an intermediate temperature of 393 K (orange line) and
sample after thermal treatment at 523 K (red line), separately shown in the high-frequency, part (a), and low frequency region, part (b). (For interpretation of the references

to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 9. In situ FTIR spectra of Cu-UiO-67-10%bpy collected at RT after thermal treatment at 523 K (red line), and after maximum CO adsorption at 100 K (blue line). The inset
shows in situ FTIR spectra collected while outgassing CO from maximum (blue line) to minimum (light blue line) coverage; grey thin lines correspond to intermediate CO
coverages. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

the (2160-2200) cm~! range. All the components are substantially
reversible, as testified by the sequence of spectra illustrated in the
inset of Fig. 9 (background-subtracted spectra collected during pro-
gressive outgassing at 100K), although with a different relative
stability.

On the basis of frequency position, A7®*P(CO) = [7**P(CO) —
75 P(CO)]=—48cm~!, the dominant band at 2095cm~! (very
intense, symmetric and quite broad) is assigned to the formation
of monocarbonyl [Cu(bpydc)(CO)Cl] species with reduced copper
species, in good agreement with XAS evidences discussed the pre-
vious sections. In case of isolated Cu(I) species hosted as counter
ions in zeolites, the appearance of a typical band in the range
(2154-2159)cm~! has been assigned to the formation of monocar-
bonyl Cu(I)(CO) complexes [24,110,115,118]. The higher frequency
of Cu(I) carbonyls formed in zeolites was justified by a very high
electrostatic contribution due by Cu(l) cations exhibiting a high
coordinative unsaturation. In the present case the presence of the
negatively charged large Cl~ ligand inhibits the electrostatic part

of the cation-CO interaction, lowering the (C-0). Looking in the
literature to other Cu(l) carbonyl complexes, it is worth recalling
that a band around 2127 cm~! was observed dosing CO on high
surface area Cu, O crystals [121,122]. The carbonyl band observed
on highly dispersed CuCl crystals occurs at 2134cm~! [55,116] the
addition of alkaline cation in the salt moves the v(CO) stretching
frequency downwards to 2122 cm~! for CuxKyCl and to 2115 cm™~!
for CuxCsyCl [123]. We note that in all Cu(I) cases reported above,
corresponding carbonyls show a very high stability and they are
not reversible upon outgassing at room temperature. Conversely,
in the present case, despite to an even lower frequency (below
2100 cm~1) the formation of the carbonyl is nearly totally reversible
upon ca. 30 min outgassing at 100 K. This peculiar behaviour could
be tentatively explained by considering the presence, in the first
coordination sphere of the copper sites, of the electron rich Cl
and N species, resulting in a “less charged” copper species. For
CO adsorbed on Cu(0) metal surfaces different, coverage depended
V(CO) were observed with surface science techniques, depend-
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ing on the exposed Cu(hkl) face: (2079 —2088)cm~! on Cu(100)
[124];2072cm~'onCu(111)[125]; (2088 — 2094) cm~! on Cu(110)
[126]; (2095 —2110)cm~! on Cu(211) [127]; (2093 —2104)cm™!
onCu(311)[127](whenaninterval is reported, the first value refers
to the lowest coverage, the second value refers to the maximum
coverage). However, in the present case the presence of Cu(0) metal
nanoparticles is ruled out by our EXAFS study. Comparison with
literature data allows us to conclude that the [Cu(bpydc)(CO)CI]
carbonyl formed in functionalized Cu-UiO-67-bpy MOF are elec-
tron rich species. DFT simulations qualitatively agree with the
experiment in predicting a red shift for the [Cu(bpydc)(CO)CI] com-
plex, resulting in A7°°(C0) = [#"®°(CO) — #®°(CO)] = —24 cm™,
but underestimate the shift by 50%.

Together with the main band discussed before, two additional
features can be evidenced in the FTIR spectra reported in the
inset of Fig. 9. First, we observed a band at 2152cm™1, slightly
blue-shifted with respect to the liquid like, which decreased con-
comitantly to the restoration of the bands at 3600cm~!. These
evidences allowed us to assign the 2152 cm~! band to an inter-
action of CO with the residual OH group still present on some Zr-0
cornerstones [5,6,114]. The most reversible band is that observed
at 2135cm!, easily assigned to liquid-like CO [128-130]. This
feature is associated with two broad lateral bands due to the roto-
vibrational profile. The low-frequency tail cannot be observed,
since it is totally overshadowed by the much stronger band at
2095 cm~!, while the high-frequency tail corresponds to the pre-
viously mentioned broad absorption in the (2160-2200) cm™!
range. Behind such broad tail, a small inflection is observed in the
highest coverage spectrum revealing the possible presence of a
band around 2180 cm~, expected for Cu(11)-CO adducts [119,120].
Consequently, we cannot exclude the presence of a small frac-
tion of residual Cu(II)-complexes, most likely [ Cu(Il)(bpydc)(OH)CI]
species, still present as a minor structural component in the
material after thermal treatment at 523K that could result in
[Cu(II)(bpydc)(CO)(OH)CI] adducts upon CO dosage. It is however
clear that we are debating about a very minor fraction of copper
species.

- Conclusions

The combination of XAS and FTIR spectroscopies, applied under
in situ and operando conditions, allowed us to verify the suc-
cessful incorporation of Cu ions in the UiO-67 framework in a
series of bpydc-containing UiO-67 MOFs, characterized by differ-
ent percentages of chelating bpydc linkers. Exploiting the element
selectivity of XAS, we probed the local environment and oxidation
state of Cu sites in the as-prepared material, and monitored its evo-
lution upon mild thermal treatment in Ny-flux at 523K and after
interaction with CO at room temperature.

For the whole samples series, we observed in all the investi-
gated conditions isolated Cu-sites grafted to the MOF framework
via coordination to the two N atoms of the bpydc unit, without any
evidence of metal clusters formation. On the basis of DFT-assisted
EXAFS fitting, we identified the other ligands in the Cu-coordination
sphere, while tracking by XANES the oxidation state of the Cu
centers. In particular, XAS data for the as-prepared materials (col-
lected at room temperature in air) are consistent with a majority of
[Cu(Il)(bpydc)(OH)CI] species. The negatively-charged OH~ group
isthen preferentially released upon heating at 523 Kin N, -flux, trig-
gering areduction effect of the original four-coordinated Cu(II) sites
to three-coordinated Cu(I) species, [ Cu(I)(bpydc)Cl], while preserv-
ing coordination to the UiO-67 framework by the chelating bpydc
linker and, as testified by parallel in situ FTIR experiments, the
overall MOF structure.

Further insights in the nature and reactivity of these
[Cu()(bpydc)Cl] complexes, representing an interesting plat-
form for future experiments on Cu(l)-catalyzed reactions, were
achieved by monitoring with XAS and FTIR the interaction of the
thermally-treated material with the CO probe molecule. Both the
techniques pointed out the efficient and reversible formation Cu(I)-
mono-carbonyl adducts with CO, compatible with a majority of
[Cu(I)(bpydc)(CO)CI] species as highlighted by EXAFS fitting.

The overall picture is confirmed by XANES simulations for the
key experimental conditions investigated, including as-prepared
MOFsin air, after thermal treatment in N,-flux and upon interaction
with CO at room temperature.

These results lay the foundations for future operando studies
aiming to characterize in more detail the redox behavior of the
grafted Cu-sites, by exposing the thermally-treated samples to both
reducing (e.g. H; flux), and oxidizing conditions (e.g. O, flux).
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