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Abstract

Functionalization of metal-organic frameworks (MOFs) with noble metals is a promising way for producing new
versatile catalysts that will combine the outstanding porosity and specific surface area of MOFs with high catalytic
activity of metals. Here, we present a comparative study of two metal-organic frameworks with UiO-67 topology,
functionalized with palladium and platinum moieties. The initial structure of all studied samples contained
palladium or platinum atoms grafted into MCl,bpyde (M = Pd, Pt) linkers of MOFs. The materials were further
activated by heating in inert and H,-containing atmospheres. Both Pd- and Pt- functionalized materials exhibited
high thermal stability upon heating in these atmospheres. The evolution of Pt and Pd species during the activation
procedure was monitored by in situ time-resolved X-ray absorption near-edge structure (XANES) spectroscopy.
We applied multivariate curve resolution alternating least squares (MCR-ALS) approach to XANES to unravel
the intermediates which can be formed during the activation procedure. For UiO-67-Pd, only simple one-step
transformation from PdCl,bpydc to Pd nanoparticles (NPs) was observed. For UiO-67-Pt, two additional
intermediate states were observed, which behave differently depending on the activation procedure. Theoretical
calculation of XANES spectra allowed us to suggest the 3D-atomic structures corresponding to each of the pure
spectra determined by MCR-ALS. In addition, reaction enthalpies for different possible reaction routs were
calculated within a density functional theory approach. Based on the experimental and theoretical results showed
that Pd nanoparticles (NPs) tend to be formed in UiO-67-Pd samples irrespective of the activation procedure,
while either Pt NPs or isolated Pt active sites, grafted in the MOF framework may be formed in UiO-67-Pt

samples depending on the activation temperature and atmosphere.
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1. Introduction

Functionalization of metal-organic frameworks (MOFs) by metals is a promising way for producing new
performing materials for catalytic applications [1-3]. Isostructural to the famous UiO-66 MOF [4-7], UiO-67 [4,
8] exhibits analogous high thermal, chemical and mechanical stabilities, and was shown to be a promising
candidate for functionalization by incorporating metal ions into the structure by means of modified linkers. This
goal has been achieved by substitution of a fraction (less than 10%) of the standard biphenyl dicarboxylate (bpdc)
linkers of UiO-67 by 2,2-bipyridine-5,5-dicarboxylic acid (bpydc) ones, with grafted Fe [9], Ni [10], Cu [11-13],
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Ru, Ir, Re [14], Rh [15], Pt [13, 16-20], and Pd [21-23]. The further treatment of such materials may result in
formation of isolated single-atom active metal sites or reduction of metal ions with formation of nanoparticles
(NPs) inside the cages of UiO-67. Understanding the evolution of local atomic structure around metal sites is

necessary to design functional materials with required properties for specific applications.

X-ray absorption spectroscopy [24-26] was shown to be an efficient approach for investigation of the local
structure inside MOFs [12, 19, 27-38]. Extended X-ray absorption fine structure (EXAFS) spectroscopy provides
information on the coordination numbers and bond distances around the absorbing atom. X-ray absorption near-
edge structure (XANES) probes the probes the lower unoccupied electronic states, which makes it sensitive to
the local electronic structure, providing insights on the oxidation state and on the local symmetry of the metal
center. With the development of new theoretical approaches, XANES spectra can be utilized to extract 3D local
atomic structure including the information about light atoms [39-45], that may escape from being detected in

EXAFS region.

In a number of previous works, we have performed a detailed EXAFS characterization of both Pt- [16, 19, 34]
and Pd- [23, 46] functionalized metal-organic frameworks. However, the structure of the possible intermediates
which may be present during the activation of functionalized UiO-67 samples remained unclear due to the high
complexity of EXAFS analysis for multicomponent systems. In this work, we apply multivariate curve resolution
alternating least squares (MCR-ALS) approach [47-49] to XANES spectra [50-57] collected in situ during
different treatment procedures at Pd K- and Pt Ls;-edges, which allowed us to extract from the huge experimental
datasets the spectra corresponding to pure species and obtain their evolution along the activation procedure. The
obtained experimental spectra were complemented by theoretical XANES simulations and DFT-calculated atomic

structures, whose relative energies were in agreement with experimental observations.

2. Materials and Methods

Functionalization of UiO-67 by palladium and platinum was achieved via substitution of 10% standard bpdc
linkers by MCl,bpydc (M = Pd, Pt) using the pre-made linker synthesis (PMLS) approach [16]. The synthesis
procedure have been described in our previous works for both Pd [23] and Pt [19].

Experimental Pt L;-edge X-ray absorption data was collected at BMO01B beamline[58] (now moved to BM31
port) of ESRF. The sample was loaded inside a capillary connected to a remotely controlled gas panel. The



temperature was controlled by a gas blower mounted below the capillary and calibrated using a thermocouple. In
such environment, the samples were heated from room temperature (RT) to 300 °C with the ramp of 5 °C/min in
pure He, 3%H,/He, and 10%H,/He. The photon energy was scanned from 11.35 to 12.42 keV by Si(111) double
crystal monochromator operated in continuous scanning mode, which allowed collecting one spectrum in 4

minutes (i.e. one spectrum every 20 °C).

Experimental Pd K-edge spectra presented in this paper were collected during three subsequent beamtimes. The
first set of data was acquired at BM23 beamline [59] of ESRF. A pelletized sample was held in a microtomo cell
[60] and was activated in a flow of 5% H,/He (50 mL/min). The step-by-step mode of the monochromator allowed
to collect one spectrum from 24.1 to 25.1 keV every 40 °C of ramp. The second set of data was collected in a
capillary at BMO1B beamline using the similar sample environment as described above for Pt Lj;-edge
measurements. For the experiment, performed at BM23 beamline double-crystal fixed-exit Si(111)
monochromator was employed. Harmonic rejection was done by two flat Pt-coated mirrors positioned at 2 mrad
angle. At BM01b beamline, the same type of the monochromator was employed, but the harmonics were rejected
by detuning it down to 80% of the maximum intensity on top of the rocking curve. The samples were heated in a
flow of 6% H,/He from RT to 300 °C (at BM23 also higher temperatures up to 450 °C were applied) with the
ramp of 5 °C/min and XANES spectra were measured every 15 °C. The final experiment was performed at BM31
of ESRF using the same sample environment and applying the following treatment. The sample was first heated
to the temperature at which the spectral changes start to occur and was then kept at this temperature for several

hours. This procedure was repeated in a flow of 6% H,/He and pure He.

All spectra at both Pt L;- and Pd K-edges were collected in transmission mode with simultaneous measurements
of Pt or Pd foils for energy calibration [61]. The mass flow controllers were adjusted to send ca. 1 mL/min of the

total flux per each 2 mg of catalyst.

X-ray powder diffraction (XRPD) data for both Pt- and Pd- functionalized samples were collected in situ quasi-
simultaneously with X-ray absorption data during the experiment at BMO1B to monitor the stability of UiO-67
crystal structure. The optic hutch of the beamline is equipped with a double set of monochromators and mirrors
that allows a plug-and-play switch between X-ray absorption and diffraction set-ups in less than one minute [62,
63]. The photon wavelength A = 0.51353(1) was selected by Si(111) channel-cut monochromator. The scattered
signal was registered by Dexela CMOS flat plate detector in the 20-range from 2 to 32°. The LaB¢ and Si NIST
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references were measured to calibrate the geometrical parameters of the setup. The 2D patterns were integrated

in PyFAI [64] and refined in Jana2006 code [65]. See Supporting Information for the XRPD data.

XANES analysis was performed in MCR-ALS code [47-49] using the normalized X-ray absorption spectra. In
this approach, XANES spectra are represented by matrix D of size mxn, where m is the number of spectra in the
dataset and 7 is the number of energy points. This matrix is decomposed as D = CST + E, where C with size mxk
is the concentration profiles of k£ pure components from matrix S(nxk), and E(mxn) is the error matrix. The energy
ranges were limited to 11.4 — 11.8 and 24.2 — 24.6 keV for Pt L;- and Pd K-edges, respectively. The optimal
number of components was chosen based on a logarithmic plot of the explained variance as function of the
component’s number obtained during principle component analysis (PCA) [66-70]. The non-negativity of both
concentrations and spectra, and closure of spectra were used as additional constrains during the ALS procedure.
The spectra extracted from the experimental datasets were compared with theoretically calculated relativistic
XANES spectra obtained in the accelerated version of FDMNES code [39, 40, 71] within a full potential finite
difference method (cluster radius R = 7 A).

Atomic models used for XANES calculation were initially optimized in VASP 5.3 code [72-74] with PBE
exchange-correlation potential [75]. Initial structures were taken from the crystallographic data for UiO-67-Pd
[23]. Then, only single linker was left and was located in the center of cubic cell with @ =20 A. The whole series
of the optimized atomic structures is described in Section 3 and includes the initial MCl,bpydc linker (M = Pd,
Pt) and its modifications (e.g. removal of Cl-ligands, substitution of Cl-ligands by hydrogen, detachment of metal
from the linker and formation of metal nanoparticles). All calculations were performed using a single A-point with
the plane-wave basis cutoff at 400 eV and the Gaussian broadening of energy levels by 0.1 eV. The atomic
positions were optimized until all forces were reduced below 1072 eV/A respectively. To estimate the energies,
required to modify the local structure around Pd and Pt, free energies of all the structures including single H,, Cl,
and HCI molecules were calculated. For energy calculation, the cutoff value for the plane-wave set was taken at

550 eV and the convergence criterion for SCF cycles was set to 107 eV.

3. Results and Discussion
The evolution of experimental data presented in Figure 1 evidences the sensitivity of XANES spectra to the
changes of local structure around Pt- (part a) and Pd- (part b) functionalized samples during the heating process.

The standard fingerprint analysis, based on the visual similarity of the starting and final spectra with those of
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MClbpydc references and metal foils, allowed us to interpret the observed evolution as a transformation from
the initial state (where metal is grafted into the structure of the linker) to a metallic state (where metal atoms are
detached from the linker and form metal NPs) [19, 23]. However, the fingerprint analysis does not provide
complete information on the system due to several reasons. The first reason is that the observed experimental
spectra may not correspond to any of the known references. This is the case of UiO-67-Pt sample activation in
the inert atmosphere (see the inset in Figure 1a, dashed line). Secondly fingerprint analysis does not provide
quantitative analysis of the mixtures of several different local surroundings around absorbing atom. This fact

complicates the determination of intermediates which were formed during the activation procedure.
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Figure 1. Evolution of experimental Pt L;-edge (a) and Pd K-edge (b) XANES spectra during the heating of UiO-67 functionalized with
Pt and Pd, from RT (black spectra) to 300 °C (red spectra). The utilized gas feed contained 10% and 6% H, in He for Pt- and Pd-
samples, respectively. The inset in part (a) shows the enlarged region of the first peak of Pt L;-edge XANES taken at RT (black) and
after activation at 300 °C in 10%H,/He (red) and pure He (dashed blue).

To overcome the mentioned issues, we have applied MCR-ALS approach, which allows the determination of the
spectra corresponding to pure species without the necessity of having reference spectra. The analysis contained
several steps. At the first step, PCA is performed to determine the number of statistically relevant components in
the whole experimental dataset. For Pt L;-edge, the three series of data collected during the activation in 0, 3 and
10% H,/He were analyzed simultaneously. The 5 most relevant abstract components determined by PCA are
shown in Figure 2a-e. Each subsequent component is characterized by a decreasing amplitude which is finally
getting close to the noise level at the 5™ component (part €). The variance explained by each of the component
plotted in a logarithmic scale also reveals a characteristic change in the slope at the n = 4. This means that the
four independent components should be used to reproduce the whole experimental dataset, while the improvement
of reconstruction by addition of more than 4 components is negligible. Indeed, the shape of the fifth component
(Figure 2e) does not contain any structurally relevant signal and is clearly composed by noise only. In addition,
the independent proof of the existence of four different components is that after transformation (vide infra) they

produce four XANES spectra with relevant differences in spectral features (Figure 3a).
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Figure 2. The first five PCA components (a-¢) and the variance explained by each of the component plotted in a logarithmic scale. The

analysis refers to the Pt L;-edge XANES spectra reported in Figure 1a.

At the second step, the MCR-ALS routine [47] is applied to perform a transformation of the abstract PCA
components into physically meaningful spectra (Figure 3a) that can reconstruct the whole set of experimental
data, providing the concentration profiles shown in Figure 3b-d for three different activation experiments. The
preliminary identification of the obtained pure spectra can be already done based on their spectral features and
behavior during the activation procedure. The first spectrum (dark grey) is maximal for the initial UiO-67-Pt
material in inert atmosphere and completely disappears at 300 °C under all activation conditions (0, 3, and 10%
H, in He; Figure 3b-d). Therefore, this spectrum should correspond to Pt state in PtCl,bpydc linker. The second
spectrum (red), that visually resembles the spectrum of Pt NPs with characteristic shape and edge shifted to lower
energy with respect to the initial state, is formed at 300 °C under all activation conditions and its concentration
reaches the unity for the sample treated in 10%H,/He (Figure 3d). Formation of this spectrum takes place under
all activation conditions, starting already at ca. 200 °C in presence of H,, but only at ca. 300 °C in pure He (Figure
3b). In the latter case, the new component (blue spectrum) is forming starting at ca. 220 °C, reaching its maximum
around 270 °C and then coexisting with a small fraction of Pt NPs (red spectrum) for 1 hour at 300 °C. The
position of the white line in this peak is shifted towards higher energies. It is important to note that although small
amounts of this component are present in the series of spectra collected in H,, only the dataset collected in He
makes this component statistically relevant. Finally, the fourth spectrum (green) is present under all activation
conditions up to 250 °C. This spectrum is similar to the first one (dark grey) but has a slightly lower intensity of
the white line and the spectral features are shifted towards lower energies (e.g. peak C at ~ 11610 eV is shifted to
the left by 3 eV), which is an indication of the increasing interatomic distances. A considerable growth of the
fraction of this spectrum by 40% is observed already at RT if the sample is exposed to H, (Figure 3c-d). For Pd
K-edge data only two components were determined (Figure 4). The assignment of the pure spectra (Figure 4a)
and their concentration profiles (Figure 4b,c) is quite straightforward and correlates with the previous works [23,
46]. In the initial material, Pd" ions were located in PdCL,bpydc linkers, and were then reduced to Pd NPs. In
presence of H,, the reduction starts at ca. 200 °C, while in inert atmosphere the process starts higher temperatures,

closer to 300 °C.
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Figure 3. XANES spectra (a) determined by MCR-ALS for the whole set of experimental Pt L;-edge XANES spectra, and their
concentration profiles during the activation of UiO-67-Pt in He (b), in 3%H,/He (c) and in 10%H,/He (d). The same color was used to
plot the spectra (a) and their fractions (b-d). For clarity, the spectra in part (a) are shifted vertically. The starting point below 7 =20 °C
in parts (b-d) with the abscissa colored in dark blue represents the initial UiO-67-Pt material in He at RT. The black colored part of
abscissa corresponds to the heating process from RT to 300 °C; finally, the region corresponding to the sample kept at 300 °C is

highlighted by dark-red abscissa line. In parts (b-d), the areas left in white color correspond to moments where the spectra were not
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profiles obtained by reconstruction of the spectra collected during the heating of UiO-67-Pd sample in He (b) and in 6%H,/He (c). The
black colored part of abscissa corresponds to the ramp region, while the dark-red part of abscissa shows the time the catalyst spent at
300 °C in pure He (b) and at 215 °C in 6%H,/He (c). In parts (b-c), the areas left in white color correspond to moments where the spectra

were not collected due to experimental problems.
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To prove the correct assignment of the observed spectra, we have calculated theoretical XANES spectra using a
set of DFT-optimized atomic structures presented in Figure 5. These included a standard MCl,bpyde (M = Pd,
Pt) linker (0), a linker with two chlorines substituted by hydrogen atoms with formation of Cl, molecule (1), one
chlorine substituted by hydrogen atom with formation of HCI molecule (2), detachment of two chlorines with
formation of two HCI molecules (3), detachment of MCl, fragment from the linker with its substitution by two
hydrogens bond to nitrogen atoms of the linker (4), simple detachment of MCI, fragment (5), and detachment of
chlorines with formation of Cl, molecule (6). The routes (1) — (4) involve H, molecule, while the (5) and (6) do

not, which resembles the thermal treatment of the sample in pure He.

€] ()

“

(&) (6)

Figure 5. A set of atomic structures used for calculations of XANES spectra (Figure 6) and decomposition energies (Table 1). Color

code: metal (Pt or Pd, gray), N (green), C (brown), H (white), O (red).
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Table 1. Calculated energy differences AE in eV between the starting MCl,bpydc (M = Pd, Pt) and the structures presented in Figure 5.

Pd Pt
0) > (1) 2.70 2.62
0)—(2) 0.31 0.19
0)—>(3) 0.79 1.94
0 —>#) -2.38 1.66
0) > (5) 0.04 4.08
(0) > (6) 2.65 3.79
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Figure 6. (a) Theoretical Pt L;-edge XANES computed for clusters (0), (6) and (2) (grey, blue and green lines, respectively) reported in
Figure 5, and for fcc Pt cluster of 141 atoms (red line). (b)Theoretical Pd K-edge computed for cluster (0) (grey line) and for fcc Pd
cluster of 141 atoms (red line).
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The calculated energy differences between the starting MCl,bpydc linker (0) and each of the structures from the
Figure 5 are presented in Table 1. The values were obtained as the difference between the energy of the initial
MCl,bpydc linker (or the sum of this energy with the energy of H, molecule) and the sum of the energies of the
resulting parts. It should be noted that these calculations were performed on the isolated linkers and do not take
into account the possible effect from the crystalline structure of UiO-67. However, the relative comparison of the
obtained values is in a good agreement with experimental observations. In particular, for PdCl,bpydc the most
probable routes involve detachment of PdCl, species from the linker, (0) — (4) and (0) — (5) reactions in Figure
5, which correlates with the fact that Pd NPs were directly formed in both H,/He and pure He flows (Figure 4).
The fact that in pure He this process occurred at higher temperatures than in H, containing flow (Figure 4b,c) is
in agreement with the higher energy of route (0) — (5) with respect to route (0) — (4). For PtCl,bpydc in presence
of H, the most probable route is a substitution of one chlorine atom by hydrogen atom with formation of HCI
molecule, (0) — (2), which may explain the grows of the fraction of the green spectrum in Figure 3c,d below 200
°C. The second possible route favored in presence of H; is the detachment of PtCl, from the linker with attachment
of two hydrogen atoms to the nitrogen atoms of the linker, (0) — (4) route. In contrast to Pd case, the most
probable route in the absence of H, is the detachment of Cl-ligands leaving unsaturated Pt- sites [16]. The
theoretical XANES spectra (Figure 6) calculated according to the discussed structures are in good agreement with
experimental XANES spectra extracted from the experimental data by MCR-ALS (Figure 3a and Figure 4a),
except for the green spectrum in Figure 6a, where the changes with respect to the initial one (dark grey) are
stronger than in the corresponding spectra from MCR-ALS (Figure 3a). In addition to comparison of theoretical
and experimental XANES spectra, the facts of Cl detachment from Pt in inert atmosphere and of formation of Pt
NPs in hydrogen were independently confirm by EXAFS analysis of the pure spectra obtained by application of
MCR-ALS to the full EXAFS spectra (See Section S3 of the Supporting Information and Figures S3-S5).

4. Conclusions

We have performed a detailed XANES investigation of Pt- and Pd- functionalized UiO-67 MOF which allowed
to reveal the evolution of Pt- and Pd- species under different treatment conditions. Only one step transformation
from PdCl,bpydc to Pd NPs was observed for UiO-67-Pd samples, irrespective of the treatment conditions; while
for UiO-67-Pt, four different structures, including two intermediates were determined. Application of MCR-ALS
approach allowed us to extract the Pd K- and Pt L3- XANES spectra corresponding to pure Pd- and Pt-species and

to suggest their simple interpretation based on their spectral changes supported by the theoretical calculations of
12
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XANES and concentration profiles. The observed experimental trends are in good agreement with the theoretical
calculations of energies required to induce the modification in the local structure of metal atoms grafted into the
linkers in presence and in absence of hydrogen. In particular, the temperature range from 200 to 300 °C was
shown to provide formation of isolated Pt-sites in the inert flow. While formation of Pt NPs is favored at
temperatures above 300 °C and in presence of H,. At the same time, Pd-functionalized samples do not possess
such versatility due to energetically favorable process of direct detachment of the PdCl, species from the linker

and Pd NPs tend to be formed for both inert and H,-containing flows at lower temperatures than Pt samples.
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