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ABSTRACT: The Keggin-type polyoxometalate (POM) PW120403- and the catalytic complex Cp*Rh(bpydc)Clz (bpydc = 2,2’-
bipyridine-5,5’-dicarboxylic acid) were co-immobilized in the Zr(IV) based metal organic framework UiO-67. The POM is
encapsulated within the cavities of the MOF by in situ synthesis and then, the Rh catalytic complex is introduced by post-
synthetic linker exchange. Infrared and Raman spectroscopies, 3P and 3C MAS NMR, N: adsorption isotherms and X-ray
diffraction indicate the structural integrity of all components (POM, Rh-complex and MOF) within the composite of interest
(PW12,Cp*Rh)@UiO-67. DFT calculations identified two possible locations of the POM in the octahedral cavities of the MOF:
one at the center of a Ui0-67 pore with the Cp*Rh complex pointing towards an empty pore and one off-centered with the
Cp*Rh pointing towards the POM. 31P-1H heteronuclear (HETCOR) experiments ascertained the two environments of the
POM, equally distributed, with the POM in interaction either with the Cp* fragment or with the organic linker. In addition,
Pair Distribution function (PDF) were collected on the POM@MOF composite and provided key evidence of the structural
integrity of the POM once immobilized into the MOF. The photocatalytic activity of the (PW12,Cp*Rh)@Ui0-67 composite for
CO:z reduction into formate and hydrogen were evaluated. The formate production was doubled when compared with that
observed with the POM-free Cp*Rh@Ui0-67 catalyst and reached TONs as high as 175 when prepared as thin films, showing
the beneficial influence of the POM. Finally, the stability of the composite was assessed by means of recyclability tests. The
combination of XRD, IR, ICP and PDF experiments were essential in confirming the integrity of the POM, the catalyst and the
MOF after catalysis.

INTRODUCTION

In the current energetic transition, the photoreduction of CO: to energy-dense organic molecules (CO, HCOOH, CH20, CH30H,
etc.) under sunlight is considered as a green and sustainable however challenging strategy. The heterogenization of molecu-
lar catalysts (Cats) is an attractive strategy which combines the advantages of homogeneous catalysis (high activity, selec-
tivity, tuning of the catalytic activity via structural modification) and those of heterogeneous catalysis (easy recovery, thin
films processability).! In this respect, Metal-Organic-Frameworks (MOFs) attract an ever-growing interest as platforms to
develop synthetic or post-synthetic strategies for the immobilization of catalysts composites for photo- and electrocatalysis
purposes.? In the so-called Cat@MOF, the confinement of the catalyst in the MOF’s pores is expected to increase its stability
while modifying its selectivity. Only few active Cat@MOF photosystems® have been reported so far in the field of
photocatalytic CO2 reduction, focusing mainly on Ui0-67 Zr-MOF functionalized with Re,*5 Ru,%” Rh78 or Mn® catalytic com-
plexes as constitutive linkers, Ui0-66 MOF with Cr-monocatecholato ligands!? or the very large pore MIL-101-NH2 with a
molecular Cp*Rh catalyst encapsulated in the cavities of the MOF.11

In our earlier work, we provided evidence for the photosensitization of the Cp*Rh bipyridine complex in the Cp*Rh@Ui0-67
composite for COz reduction under visible light illumination.® In another context, we successfully encapsulated for the first
time the Keggin-type PW120403- (PW12) polyoxometalate (POM) in UiO-67 through in situ synthesis of the POM@MOF.1?



POMs are soluble anionic metal oxide clusters of d-block transition metals in high oxidation states (typically WY1, MoVV}, or
VIVV). They exhibit remarkable redox and acid-base properties and have proved to be efficient catalysts for various reac-
tions'® such as oxidation and acid catalysis of organic substrates, oxygen and hydrogen evolution!* reactions
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Figure 1. (a) Schematic representation of the two-step in situ synthesis and linker’s post-synthetic exchange (PSE) procedure to
obtain the composite material (PW12,Cp*Rh)@Ui0-67. (b) (PW12,Cp*Rh)@Ui0-67’s components: the PW12 polyoxometalate, the Zr-
based inorganic sub-unit of Ui0-67, the [Cp*Rh(bpydc)Cl]* molecular catalyst and the bpdc linkers. The position of the POM is
obtained from density function theory (DFT) calculations (see text). WOs, blue polyhedra; ZrOs, orange polyhedra; POa, pink poly-
hedron; Zr, orange spheres; O, red spheres; C, gray or black spheres; N, blue spheres, Rh, dark green spheres; Cl, green spheres.

with however very scarce examples for CO2 conversion.!> We can cite a few remarkable examples of materials containing
{PsMo0Vs} units!® or {e-PMoYsMo"'4Zn4! Keggin ions linked to hydrophobic'’ or porphyrinic'® linkers. Furthermore, due to
their ability to store electrons/protons, POMs can serve as electrons/protons relays in association with catalytic species.
For example, hybrid compounds with Re! complexes associated to the Keggin-type PW12 were prepared and a reaction
pathway was proposed for the photoreduction of CO2 to CO involving the reduced and protonated POM.1%-21 In another ex-
ample PWi: at the surface of Pt nanoparticles was reported to be able to transfer electrons from the photoexcited amino
ligand of NH2-MIL-53 to the Pt catalyst where H2 is evolved.?? More recently, a Keggin-type POM was immobilized in the
cavities of HKUST-1 together with Au nanoparticles and the authors suggested that the POMs act as electrons and protons
reservoirs to boost CO2 photoreduction into CO and CH4.2% In the present work we aim at combining the two approaches
previously developed by our groups for targeting a single (POM,cat)@MOF composite, namely (PW12,Cp*Rh)@Ui0-67, to
explore the potential impact of the co-immobilization of polyoxometalates and Cp*Rh catalytic complexes on the
photocatalytic performances for COz conversion. Note that while the encapsulation of PWi2 and the RhH(CO)(PPhs)s com-
plex in MIL-101(Cr) for hydroformylation of 1-octene was previously reported,? the release of the Rh complex along the
catalytic process was observed for this composite system. Herein, we consider an alternative approach where the catalytic
complex is immobilized in the framework, acting as a constitutive MOF linker.

In view of the level of structural complexity reached in the (PW12,Cp*Rh)@Ui0-67 solid, we use here, besides standard
characterizations, an in-depth combination of Density Functional Theory (DFT) calculations and Pair Distribution Function
(PDF) analysis using laboratory X-rays. To the best of our knowledge, such an investigation of POM@MOF and
(POM,cat)@MOF composites by PDF has not been reported so far. Also, the mutual interactions between the MOF host and
the POM and catalyst guests were probed using 'H, 13C, and 13P solid state NMR, in line with the computational chemistry



findings. We finally report a significant enhancement of the photocatalytic performances of (PW12,Cp*Rh)@UiO-67 for the
conversion of COz into formate and hydrogen when compared to its POM-free counterpart.

RESULTS AND DISCUSSION

Synthesis and Characterizations. The (PW12,Cp*Rh)@UiO-67 compound was synthesized in two steps combining re-
ported procedures for the synthesis of PW12@Ui0-67'? and Cp*Rh@Ui0-678 (Figure 1a). Ui0-67 is built from the connection
of Zre clusters by biphenyl-4,4'-dicarboxylate (bpdc) linkers. First, the encapsulation of the POMs in the octahedral cavities
of Ui0-67 was achieved by in situ synthesis in DMF at 120°C. The resulting PW12@Ui0-67 composite was then reacted with
the molecular complex Cp*Rh(bpydc)Clz (bpydc = 2,2’-bipyridine-5,5’-dicarboxylic acid) in water at room temperature for
24 h, following a post-synthetic linker exchange procedure. The percentage of the bpdc linkers exchanged in the MOF as
well as the amount of POMs and Rh immobilized in the cavities were evaluated by EDS and elemental analyses, leading to
the following proposed formula Zrs04(OH)s(bpdc)s.as(Cp*RhCl(bpydc))o.44(PW12010)022.7DMF (see SI for details). This for-
mula indicates the presence of an average of one POM and two Cp*Rh complexes every 5 unit-cells i.e. every 5 cavities. The
molar Rh complex loading (7%) is close to the 10% optimal loading determined in our previous study.® For comparison
purposes in the present work, the Cp*Rh@Ui0-67 solid with the same percentage of Cp*Rh complex (7%) was also synthe-
sized.

The powder X-ray diffraction measurements (Figure S1) of the (PW12,Cp*Rh)@UiO-67 composite, compared to that of UiO-
67, and PW12@Ui0-67, confirm that the crystallinity of the MOF host is maintained upon the in situ incorporation of the POM
and of the Cp*Rh complex introduced post-synthetically. For the PW1.@Ui0-67 and (PW12,Cp*Rh)@Ui0-67 composites, we
could unambiguously assign the additional broad signal visible at low (26) angles under the Bragg peaks to the diffuse scat-
tering signal of the encapsulated [PW12040]3-in the MOF cavities, the PDF analysis excluding the possible presence of a sepa-
rated amorphous phase (see below). Infrared (IR) spectroscopy (Figure S2) indicate both the presence of the POM, the UiO-
67 MOF and the Cp*Rh complex, with P-O vibrations around 1100 cm-!, W=0 vibrations around 980 cm-, W-O vibrations
around 780 cm! and carboxylate vibrations between 1350 and 1650 cm-. Note that the IR spectrum of (PW12,Cp*Rh)@UiO-
67 does not unambiguously show the presence of the POM as the characteristic bands of the polyanion are in the same fre-
quency domain than bands of the rhodium functionalized MOF host. However, Raman spectra evidence the presence of the
PW12 and Cp*Rh species in the MOF (Figure S3). The vibrational bands of the POM are visible in the 960-1040 cm-! region
and typical Raman features of the Cp*Rh complex are clearly observed in the (PW12,Cp*Rh)@UiO-67 at 440 (6(N-Rh-N)),
1324 and 1506 cm (v(C=N) + v(C=C)). Combined with scanning electron microscopy (SEM) images (Figure 2a), energy
dispersive X-ray spectroscopy (EDS) mapping (Figures 2b-d) suggests a uniform distribution of the POM and of the Rh com-
plex within these particles. As expected, the Brunauer-Emmett-Teller (BET) surface area (Figure S4) calculated from the N2
isotherm significantly decreases from Ui0-67 to PW12@UiO-67 and (PW12,Cp*Rh)@Ui0-67 as a result of the successive in-
corporation of the POM and of the Rh complex, with 2300 m2g1, 1034 m?g! and 930 m?g, respectively. The transformed
UV-visible absorption spectrum of (PW12,Cp*Rh)@Ui0-67 compared to that of Cp*Rh@Ui0-67 exhibits a slight red-shift of
the Rh-localized d-d transition® (Figure S5). This suggests a direct interaction between the POM and the Cp*Rh catalyst.

The 'H and 3C MAS NMR spectra (Figures S6A, and S6B) of Cp*Rh@Ui0-67 and (PW12,Cp*Rh)@Ui0-67, when compared to
those of Cp*Rh, Ui0-67, and PW12@Ui0-67, confirm the incorporation of the Cp*Rh complex into the Ui0-67’s framework.

Figure 2.: (a) SEM image of (PW12,Cp*Rh)@Ui0-67, (b), (c), (d) EDS mapping of Rh, W, Zr respectively.
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Figure 3. 31P{1H} CPMAS NMR spectra of (a) PW12@Ui0-67 and (b) (PW12,Cp*Rh)@Ui0-67, and (c) 31P{'H} HETCOR and (d) 'H
MAS NMR spectra of (PW12,Cp*Rh)@Ui0-67.

The 'H NMR spectra of Ui0-67 and PW1.@Ui0-67 exhibit the expected resonances of aromatic linker’s protons (7.1 and 7.9
ppm) and of hydroxyl groups of the inorganic node (0.2-3.7 ppm) including those of defect sites.1225 New resonances at 1.1-
1.2 ppm observed in Cp*Rh@Ui0-67 and (PW12,Cp*Rh)@Ui0-67 solids correspond to methyl protons of the Cp* moiety,
however significantly shielded with respect to the resonance at 1.9 ppm observed in the spectrum of the Cp*Rh(bpydc)Clz
precursor. Furthermore, the absence of the signal at 12.5 ppm due to the acid protons of the carboxylic groups of the pre-
cursor indicates the full condensation of the (bpydc) linker with the inorganic node after the ligand exchange process. 13C
NMR also confirms the inclusion of both the Cp* complex and bpydc ligand with the appearance of resonances at ca. 9 and
98 ppm, and ca. 154 ppm, respectively. It should be mentioned that the excessive line broadening observed in both *H and
13C spectra of (PW12,Cp*Rh)@Ui0-67 when compared to those of PW12@Ui0-67 or Cp*Rh@Ui0-67 should indicate major
disorder within the structure when the POM and the Cp* complex are introduced together.

The 31P MAS NMR spectra of PW12@Ui0-67 and (PW12,Cp*Rh)@Ui0-67 are shown in Figures 3a and 3b, respectively. A sin-
gle signal is observed at -15.1 ppm for PW12@Ui0-67 reflecting an homogeneous environment of the POM in Ui0-67, while
two main resonances at -15.2 and -14.4 ppm can be distinguished in the case of (PW12,Cp*Rh)@UiO-67. This latter result
suggests that the POMs occupy two distinct structural positions within the pores of Cp*Rh@Ui0-67. Further evidences of
that are provided by 2D NMR 31P-1H HETCOR experiments (Figure 3c). The spectrum shows that the 3'P signal at -15.2 ppm
correlates preferably with the 'H signal of aromatic protons at 8.3 ppm, while the second 31P signal at -14.4 ppm correlates
with the Cp* moiety peak at 1.6 ppm. This clearly indicates that two POM environments co-exist within the
(PW12,Cp*Rh)@Ui0-67 material, i.e. one closer to the Cp* fragment (-14.4 ppm) and another closer to the organic linker (-
15.2 ppm). Quantitatively, they are distributed almost equally (47:53 for -14.4 and -15.2 ppm respectively).

DFT calculations. In a first step, simulated annealing (SA) and dispersion-corrected DFT-D3 geometry optimizations were
performed in order to identify the most likely position of the POM in Ui0-67 and qualify its host-guest interactions with the
hybrid framework (see SI for details). SA simulations provided recurrent successful insertion of PW12 in the octahedral cage
of Ui0-67. Figures 4a and S7 illustrates its position and interactions in the solid as obtained from the DFT-D3 level geometry
optimization of the most stable conformation extracted from SA. The POM is located at the center of the cavity and interacts
equally with the twelve bpdc linkers of the octahedral cage. It is stabilized through a network of Opwi12)Hppd) hydrogen
bonds between its terminal oxygen atoms and two aromatic hydrogen atoms of each bpdc linker within 2.4-2.7 A distances.
Overall, the host-guest interaction energy, which emanates from both electrostatic interactions and multiple hydrogen
bonds, is estimated from DFT calculations around 200 kcal. mol%. This high affinity of the MOF for the POM results from the
confinement of the POM in the rather small size pore of Ui0-67.

We then investigated the positioning of the Rh catalytic complex in the PW1.@Ui0-67 solid considering the replacement of
one bpdc linker per octahedral cage by one Cp*Rh(bpydc) catalytic linker (Figures 4 and S7). Two situations were distin-
guished whereby the Cp*Rh catalytic moiety is oriented either towards an empty, i.e. POM-free, neighboring cage (Figure 4b,
position “out”) or towards the same cage than the PW12 guest (Figure 4c, position “in”). The DFT-D3 level geometry optimi-
zations of the “out” position shows a similar {POM, MOF} interaction energy than in the catalyst-free MOF. By contrast the
comparison of the “out” and “in” models shows that interactions between the POM and the Cp*Rh component of the catalyt-
ic linker are favored by ~46 k].mol-! when they are located within the same cage. The calculations also show that in both
“out” and “in” positions short-range interactions of the PWi2 with the linkers of the MOF are maintained through a series of
hydrogen-bond type interactions within the 2.3-3 A range of distances.

The DFT calculations are fully consistent with the NMR experimental observations. The severe line broadening of the NMR
signals reflects the structural disorder in the (POM,cat)@MOF material as the result of a loss of local symmetry when both



the Keggin-POM and the Rh-catalyst are introduced into the MOF. Notably, the incorporation of either the POM or the Rh-
catalyst induces much less disorder within the resulting POM@MOF or Cat@MOF solids.
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Figure 4. Details of PW12@Ui0-67 and (PWi2,Cp*Rh)@Ui0-67 models. (a) PWiz in PW12@UiO-67 and (b)-(c) in
(PW12,Cp*Rh)@Ui0-67 as obtained from SA and DFT-D3 level geometry optimizations. The POM and the Rh-catalytic center are
modeled within different cages (“out” position, b) or within the same cage (“in” position, c). Interaction energies between PW12 and
the MOF host are given for each model. WOs, blue polyhedra; ZrOs, orange polyhedra; Rh, dark green sphere; O, red spheres; C,
grey spheres; N, dark blue spheres; Cl, green spheres. H atoms are omitted.

Along this line, DFT calculations show that the POM is perfectly centered in the cage of the PW12@Ui0-67 solid (Figure 4a),
i.e. in absence of the Rh-catalyst, with thus only little effect on long and short range orders. By contrast, the presence of the
Rh-catalyst displaces the POM off the center of the cage when the Cp* moiety points toward the PWi2 POM (Figure 4c),
which results in a new POM environment characterized by a 3'P NMR signal at -14.4 ppm as revealed by the 2D 3P-!H corre-
lation experiment. The 3P NMR signal at -15.2 ppm is assigned to the POM centered in the cage with no close interaction
with the Cp* of the Rh-complex. This situation occurs when no Rh-catalyst is present within the cage or when the Cp* ligand
is oriented toward an adjacent neighboring cage (Figure 4b). Finally the experimental NMR data confirm the occurrence of
the two distinct DFT local structures of the POM distributed equally.

Pair Distribution Functions analysis.

The catalytic properties of the (POM,cat)@MOF solid rely on the integrity of its (POM, cat, MOF) components and on subtle
interactions between the immobilized (POM, cat) species and the MOF host. Rietveld refinement methods from powder X-
ray diffraction (PXRD) patterns, based on the Bragg peaks analysis arising from symmetry in polycrystalline solids, may be
used to locate guest species while retrieving the host’s crystal structure. However, such techniques - even using high resolu-
tion synchrotron data - are not suitable when the immobilized guests exhibit a strong positional disorder in the porous host.
Although many POM@MOF composites have been reported for catalysis purposes,?627 there has been no report so far on
POM@MOF crystal structure determination from powders, besides the proposed positioning of PW12 in NU-1000 by Farha
et al. from difference electron density maps.282° PDF data collection, which includes both Bragg and diffuse scattering, was
thus selected as a valuable technique to overcome the above limitations.

The PDF signal reflects the probability of finding a pair of atoms at a distance r in the structure and may be described as a
one-dimensional function that exhibits peaks at r-values corresponding to characteristic inter atomic distances within the
sample. The strength of this method lies in the quantitative structural information provided about short, middle and long-
range orders, including all the deviations from the average structure.? In the present POM@MOF and (POM,cat)@MOF
materials, the contributions arising from both the host and the guests are expected to induce a strong peak overlap making
the interpretation of the PDF data quite challenging. To overcome this limitation, an elegant approach was proposed by
Chapman et al,, namely the differential PDF (d-PDF) method,?! whereby the local structure of the guest, the host-guest in-
teractions and the structural modifications of the host are retrieved through the subtraction of the PDF of the guest-free
host (as a reference) from that of the guest-loaded PDF. In this context, Chapman et al. studied Nz adsorbed in Prussian blue
whereby the d-PDF refinement showed a slight expansion of the host network and a confinement of the loaded N2 molecules
close to the pore centers.?? In another challenging case, Platero-Prats et al. showed the formation of Cu-oxo clusters within
the small pores of NU-1000 during the atomic layer deposition of Cu.3? The further refinement of the d-PDF highlighted the
formation under reducing atmosphere of metallic Cu® nanoparticles of 4 nm and < 1 nm sizes within the pores, followed by
their transformation into cuprite Cuz0 nanoparticles under oxidative atmosphere. However, the use of PDF and d-PDF
methods is still limited in the field of guest@MOF materials, with only a few reports, most of which concerning the adsorp-
tion of small molecules.3023-35 To the best of our knowledge, the investigation of POM@MOF and (POM,cat)@MOF compo-
sites by differential PDF analysis is the first of the kind.

In a first step, PDF analysis was performed on PW12@UiO-67 using Ui0-67 as a reference, which will act as a proof-of-
concept for the applicability of the d-PDF method to our composites. The experimental PDF profile of the Ui0-67 (Figure S8)
is characterized by a series of narrow peaks on the selected r-range (1-40 A) which typically attest the high crystallinity of
the sample, i.e. with short, middle and long range orders. All intense peaks were assigned in a similar fashion than previous-
ly done on the related UiO-66 material,¢ reflecting the reported crystal structure of Ui0-67.37 More details may be found in



SI. Turning to the PW1:@Ui0-67 composite, its experimental PDF profile contains all the expected features of the Ui0-67
host while presenting particularly intense additional peaks below 10.0 A (Figure 5a).
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Figure 5. (a) Experimental PDF data for PW12@Ui0O-67 (black) and the guest-free Ui0-67 (green) and the corresponding d-PDF for
PW12 encapsulated in UiO-67 (blue) determined by subtracting the PDF of Ui0-67 from the PDF of PW12@UiO-67. (b) Comparison
of the calculated PDF of an isolated PW12 (black) and the experimental d-PDF of PW12 in Ui0-67 (blue dotted line), superimposed
with the refined d-PDF (red) fitted using the [PW12040]3- structural model from CIF file (JCPDS 00-050-0304)34 and residual profile
(green). A-H labels of peaks correspond to the indicated refined distances in the POM components as illustrated in (c) for the PO4
tetrahedron, the WO¢ octahedron, the trimer of WOs octahedra, and within the full PWi2 polyoxometalate structure. WOs, blue
octahedra, PO4, pink tetrahedron, O, red spheres, W, grey spheres, P pink sphere. (d) Experimental d-PDFs (numbered 1 to 3) for
PW1i2 in PW12@Ui0-67 (blue), in (PW12,Cp*Rh)@Ui0-67 before catalysis (magenta) and in (PW12,Cp*Rh)@Ui0-67 after catalysis
(navy blue) determined by subtracting the PDF of Ui0-67 from the PDF of PW12@Ui0-67, (PW12,Cp*Rh)@Ui0-67 before and after
catalysis, respectively.

Knowing the respective scattering factors of the POM and MOF atoms (fw >> fzr >> fp >fo > fc), these narrow and intense
peaks clearly emanate from the heavy W scatterers and indicate their short-range structural organization in line with the
presence of the encapsulated POM.

Importantly, the two experimental PDF profiles perfectly overlap at long range order (15.0 to 40.0 A), confirming the similar
high crystallinity of the Ui0-67’s framework upon the encapsulation of PW12 by in situ synthesis, as already observed from
their PXRD patterns (Figure S1). This long range feature allowed the calculation of the differential PDF in optimal condi-
tions. The resulting d-PDF (Figure 5a) is dominated by intense and narrow peaks in the low r region with a strong dampen-
ing above 10.0 A.

The d-PDF was compared with the calculated PDF of an isolated PW12 extracted from reported crystallographic data (JCPDS
00-50-0304 CIF file)38 over the 1-10 A r-range (Figure 5b). The two profiles match remarkably well whereby all peaks of the
experimental d-PDF are equally well described (shape and position) in the calculated PDF of PW1z, allowing an exhaustive
assignment of its characteristic interatomic distances. The first short distance peak at 1.5 A (A) corresponds to the P-O bond
length of the central PO tetrahedron of the POM. The second and third peaks (B, C) at 2.0 and 2.4 A, respectively, corre-
spond to the length of various W-0 bonds constituting the WOs octahedra.

The intense peaks (D-G) at 3.5, 3.7, 5.0, 6.2 and 7.1 A, are assigned to various W-W distances inside the PW1; structure. In
addition, a very good agreement is found over the 1-8 A r-range between the observed d-PDF and the theoretical one calcu-



lated from the DFT models of Ui0-67 and PW1.@Ui0-67 (Figure S9a). As detailed in SI, the disagreement between the ex-
perimental and theoretical d-PDF profiles at long range (> 8 A) emanates from the absence of POM’s ordering in the
PW12@UiO-67 composite, by contrast with the virtual ordering induced by the DFT periodic models.

Overall, the structural integrity of the PW12 upon encapsulation in Ui0-67 is clearly demonstrated. We further attempted a
refinement of the POM’s atomic positions whereby it is constrained to the space group Pn-3m (Figure 5b, Table S3). The
relatively good quality of the refinement (Rw~28.2 %) and the corresponding structural model (Figure 5c) indicate that the
original structure of the POM is indeed fully preserved upon its immobilization in UiO-67. The residual difference between
experimental and calculated d-PDFs might be assigned to errors induced by the PDF subtraction step at low r-values,
and/or potential positional atomic disorder and symmetry loss within the POM structure induced by the proximity of UiO-
67’s ligands and nodes.

In a second step, the d-PDF related to the (PW,,Cp*Rh)@UiO-67 catalyst was investigated using UiO-67 as a reference. The PDF
of the (PW;,,Cp*Rh)@Ui0O-67 exhibits all expected features of UiO-67 showing that the linker exchange did not induce major
changes in the structure or important loss of crystallinity. The perfect overlap of (PW,,Cp*Rh)@Ui0O-67’s and UiO-67’s PDF
profiles at large r-values (15-40 A) allowed us to calculate the related d-PDF (Figure S10) reflecting the POM’s structure. Consist-
ently, this d-PDF (Figure 5d) is very similar to the d-PDF obtained for the POM in PW ,@UiO-67, i.e. prior to the linker exchange
(Figure 5d), confirming that the post-synthetic linker exchange has no impact on the structural integrity of PW ,. It is worth men-
tioning here that further attempts to identify the contribution of the catalytic Cp*Rh ligand in the d-PDFs were unsuccessful due to
the low amount of Rh in the sample and also to the coincidence between Rh-Cl distances and those of W-O distances characteristic
of the POM. Finally, the collection of PDF data of the (PW12,Cp*Rh)@UiO-67 composite after photocatalysis (see below)
showed no modification of the d-PDF profile associated to the POM (Figure S11), demonstrating that it remains intact upon
the photocatalytic step (Figure 5d).

Overall, the PDF analyses provide an unequivocal signature of the immobilized PW12 in Ui0-67. The d-PDF directly reflects
its local structure through the inventory of interatomic distances within the PW12 moiety, from which a structural refine-
ment was performed (Table S3). The similarity of the experimental d-PDFs associated to PW12 before and after catalysis
provides a direct proof of the integrity of the POM after photocatalysis.

Photocatalytic Activities. Considering that Cp*Rh@Ui0-67 was active for the CO2 reduction under visible-light irradiation,
8 the photocatalytic activity of the (PW12,Cp*Rh)@UiO-67 composite was investigated. The production of Hz and formate
were thus compared for the Cp*Rh@Ui0-67 and (PW12,Cp*Rh)@UiO-67 materials (Figures 6 and S12-S13), using acetoni-
trile as the solvent and TEOA as electron and proton donor and with Ru(bpy)sClz as an external photosensitizer. No other
reaction products were detected neither with Cp*Rh@Ui0-67 nor (PW12,Cp*Rh)@Ui0-67. The Hz production performed by
the (Cp*Rh,PW12)@UiO-67 catalyst increases progressively before reaching a plateau after 3 h, in a similar fashion than
observed with Cp*Rh@Ui0-67 (Figure 6a). Remarkably, we estimate at 3 h that the Hz production is enhanced by a factor of
~2.5 in the (Cp*Rh,PW12)@UiO-67 composite with respect to the POM-free Cp*Rh@UiO-67. The production of formate fol-
lows the same trend, being similarly enhanced (Figure 6b). Thus, the presence of the POM in the Cat@MOF photosystem
enhances both the hydrogen and formate production. The addition of a fresh solution of Ru(bpy)sClz after 2h of reaction
results in a new cycle of Hz production with similar initial TOF (~0.30 min-!, Figure S14), clearly showing that the system is
mainly limited by the consumption of the photosensitizer. Control experiments with no irradiation did not show any
formate production nor hydrogen production. A very minor Hz production can be observed with the Rh-catalyst-free
PW12@UiO-67 (Figure 6a). By comparison with the experiment in absence of composite, this production can be fully as-
signed to some catalytic activity of Ru(bpy)sClz (Figure 6a). Importantly, no significant differences are detected in the XRD
(Figure S1), IR (Figure S2) and EDS-SEM analyses (Figure S15, Table S1) between the composite before and after the reac-
tion, confirming its stability upon photocatalysis in line with the above PDF findings.

The above results raise the question of the role of the PWi: in the photocatalytic reduction of CO: by the
(PW12,Cp*Rh)@Ui0-67 composite. While the great majority of molecular CO: reduction catalysts convert CO:z into CO,
polypyridyl complexes of rhodium are part of the very few reported catalysts for the reduction of CO2 to formate.3*40 Re-
cently DFT computations elucidated the catalytic mechanism involved in the photoreduction of CO2 into formate and Hz by a
series of [Rh(R-bpy)Cp*Cl]* catalysts and identified the formation of the Rh-H hydride as the key step for both reactions.!
Once the Rh-catalyst is immobilized in the Ui0-67’s framework as a constitutive linker, its catalytic activity towards the
reduction of COz into formate and Hz upon illumination is maintained® whereby an oxidative quenching mechanism prevails
in the presence of the TEOA sacrificial electron donor as recently reported.”

Considering the (PW12,Cp*Rh)@UiO-67 material, DFT calculations also tend to show that the electronic structure of the
Rh-catalyst is little affected by PW12 (Figure S16). These calculations indeed do not reveal any significant change in both the
distribution and the absolute levels of the HOMO and LUMO of the Rh-complex in presence of the PW12 moiety, meaning that
no overlap is observed between the frontier molecular orbitals of the POM and of the Rh-catalyst. Moreover, as expected
due to the oxidant behaviour of the PW12 moiety,*? the LUMO of the POM is placed, in the absolute scale, at more negative
energies than the LUMO of the Rh-complex, thus preventing it from acting as an electron relay. Building on these findings
and on the absence of significant catalytic activity of the Rh-free PW1.@Ui0-67 solid towards CO2 reduction (see Figure 6),
we likely consider PW12 in the (PW12,Cp*Rh)@UiO-67 material as assisting the catalytic CO2 reduction as a proton relay
(Figure S17), knowing the outstanding proton conductivity of POMs.#3 This role is here supported by the direct evidence of



the high mobility of acidic protons in the anhydrous PW12#4 together with reports of remarkably enhanced proton conduc-
tivities in PW12@MOF/COFs materials.*5-48

As MOFs are obtained mostly as polycrystalline powders, depositing them on transparent conducting supports allows de-
veloping easy-to-use and recyclable setups. Having this in mind, the stability and recyclability of the (PW12,Cp*Rh)@Ui0-67
composite upon photocatalysis were further assessed using thin films rather than suspensions, by drop-casting (DC)
(PW12,Cp*Rh)@Ui0-67 on an indium tin oxide (ITO) plate. Only a slight decrease of the formate production is observed after
the first run (8 %) and the second run of irradiation (9 %) (Figure S18). Furthermore it can be noticed that much higher
formate TONs are achieved with DC-thin films than with the suspension (175 compared to 14.6, at 3 h). This can be at-
tributed to the better illumination of the crystallites deposited on the ITO plate when compared to usual photocatalytic
experiments performed on a suspension, as we recently observed for the P2W13Co4@MOF-545 photosystem.*> While all
particles deposited on ITO are indeed exposed to light, the less efficient exposure of crystallites to light when in suspension
(random orientation of crystallites, light diffusion by the suspension...) may be responsible for the lower TONs observed.
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Figure 6. Kinetics of (a) H, and (b) HCOO™ production during CO, photoreduction reaction by (PW,,Cp*Rh)@UiO-67 compared to
Cp*Rh@Ui0O-67. Reactions conditions: 0.17 pmol of catalyst, 0.8 mL of CH;CN/TEOA 5:1, 1 mM Ru(bpy);Cl,, 280 W, A > 415 nm.

CONCLUSIONS

We successfully co-immobilized a POM and a Cp*Rh catalyst in the (PW12,Cp*Rh)@Ui0-67 materials and showed that the
reduction of CO2 into formate and the production of Hz are significantly enhanced when compared to those observed with
the POM-free Cp*Rh@UiO-67 material while the Cp*Rh-free PW1.@Ui0-67 is not catalytically active. Catalytic studies were
performed on crystallites in suspensions. The (PW12,Cp*Rh)@UiO-67 composite was also deposited as films on ITO plates,
providing evidence for the stability and the recyclability of the system as well as improved performances compared to sus-
pensions. Importantly, differential Pair Distribution Function analysis was used for the first time to characterize a
POM@MOF composite and allowed to prove unambiguously the integrity of the POM before and after catalysis. Also, solid-
state NMR nicely confirmed the two environments of the POMs within the MOF’s cavities determined by DFT calculations,
with the Cp*Rh moiety pointing either towards a POM-free cavity or towards a POM. Such POM-Cp*Rh interactions might
explain the beneficial role of the POMs in the photocatalytic reduction of CO2. DFT calculations also suggest that the elec-
tronic structure of the Rh-catalyst is hardly affected by PW12 and that the LUMO of the POM is placed, in the absolute scale,
at more negative energies than the LUMO of the Rh-complex thus preventing it from acting as an electron relay. We thus
rather propose that the POM could play the role of a proton relay. Further investigations on these hypotheses will be ex-
plored in future works. In particular we plan to immobilize Keggin ions possessing different acidities and redox potentials



such as [SiW12040]%, [BW12040]>, [PTi2W10040]”- and [PMo12040]%. Overall, our findings open perspectives on the investiga-
tion of novel POM-based MOFs for enhanced photocatalytic performances.

EXPERIMENTAL SECTION

H3PW12040,5° Ui0-67,1237 PW12@Ui0-67,2 Cp*Rh(bpydc)Cl2® were synthesized according to reported procedures. Details
for the synthesis of Cp*Rh@Ui0-67 are given in SI. All of the other reagents were purchased from commercial sources and
used as received.

Synthesis of (PW12,Cp*Rh)@Ui0-67. In a 10 mL glass flask, PW12@Ui0-67 (50 mg, 1.87 10-5 mol) and Cp*Rh(bpydc)Cl:
(17 mg, 3 10-5 mol) were suspended in 5 mL degassed deionized water. This solution was stirred at room temperature for
24 h. The solid was isolated by centrifugation and suspended in 5 mL of DMF. After standing at room temperature for 1 h
the suspension was centrifuged and the solvent was decanted. The obtained yellow solid (40 mg) was then washed with
ethanol and finally dried under reduced pressure at room temperature.

Physical Methods. Infrared (IR) spectra were recorded on a Nicolet 30 ATR 6700 FT spectrometer. Energy dispersive
spectroscopy (EDS) measurements were performed on a JEOL JSM 5800LV apparatus. N2 adsorption isotherms were ob-
tained at 77 K using a BELsorp Mini (Bel, Japan). Prior to the analysis, approximately 50 mg of sample were evacuated at
120 °C under primary vacuum over 5h. Elemental analyses were performed by CREALINS, 5 Rue de la Doua, 69100 Villeur-
banne, France (heavy elements, ICP-AES analyses), and by the Service de Microanalyse of CNRS, ICSN, 91198 Gif-sur-Yvette,
France (C, H, N). UV-vis spectra were recorded on a Perkin Elmer Lambda 750 UV/Vis/NIR spectrometer. 'H, 13C and 3P
MAS NMR spectra were recorded on a Bruker AVANCE-500 spectrometer (Larmor frequencies of 500.162, 125.774 and
202.465 MHz, respectively) at 292 K using a 2.5 mm MAS probe. The following conditions were used for recording the 'H
MAS NMR spectra: the length of 90° H pulse was 2.1 ps, and the delay time between scans was 9.5 s, which satisfied 5 x T1
condition. 8 scans were collected for each 1D 'H MAS NMR spectrum. 3'P MAS NMR spectra with high power proton decou-
pling were recorded with or without cross-polarization (CP) denoted below as 3P CPMAS NMR and 3P MAS NMR. The fol-
lowing conditions were used for recording the spectra with CP both in 1D and in 2D 'H-3'P heteronuclear correlation
(HETCOR) NMR experiments: the proton radiofrequency (rf) field was 75 kHz, contact time was 10 ms at the Hart-
mann-Hahn matching condition of 64 kHz. The single pulse excitation 3P MAS NMR spectra were recorded with 90° flip
angle pulses of 2.3 ps duration and 10 s recycle delay. In these experiments a high power proton decoupling of 50 kHz rf
field was used only during the acquisition time. A 1024 scans were collected for each 1D 3P CPMAS NMR and 3'P MAS NMR
spectrum. For 2D CPMAS 'H-31P HETCOR NMR experiments a total of 16 t1 increments with 1024 scans each were collected.
The experimental parameters for the 13C CPMAS NMR experiments were 1 s delay time between scans and 2 ms contact
time. The spinning rate was 10 kHz for 31P and 13C NMR experiments, while for 1D 'H MAS NMR experiments 30 kHz spin
rate was employed. 'H and '3C chemical shifts were referenced with respect to TMS, whereas 3!P chemical shifts to 85%
H3PO4, as external standards, respectively, with accuracy of + 0.5 ppm. Raman spectra were measured on a home-made
Raman spectrometer at 532 nm, the spectrum being acquired with a fiber coupled spectrometer coupled to a CCD camera
(IsoPlane SCT 320 mounted with a PIXIS, using a 1200 lines grating; Princeton Inst.). An interferential filter was used to cut
the elastic scattering. The spectral resolution was set to 8 cm.. The laser power was adjusted to about 1 mW on the sample
to avoid laser damage.

DFT calculations. In a first step, the position and orientation of the guest POM was sampled during a simulated annealing
procedure, allowing to visit the void volume of Ui0-67 (i.e. the octahedral cages). Non-bonded interaction energies between
the POM and the hybrid UiO-67 framework were described with the cvff forcefield,>! in which van der Waals (Lennard-Jones
potentials) and electrostatic interactions were explicitly included. The atomic charges for the POM and the UiO-67 were
calculated by the charge-equilibration method. In a second step, low energy PW12@Ui0-67 candidates were extracted from
the SA results and further evaluated at the dispersion-corrected DFT-D3 level calculations with the Vienna Ab-initio Simula-
tion Package VASP.5253 The (PW12,Cp*Rh@Ui0-67) solid was constructed replacing one pbdc linker with a Cp*Rh(bpydc)
linker oriented either towards the POM or towards an empty cage, for comparison purposes. A planewave basis set with the
projector augmented wave (PAW) scalar-relativistic pseudopotentials>* was employed for all geometry and electronic cal-
culations. The electron-ion interactions were described by the PAW method in the implementation of Kresse and Joubert.>s
Geometry optimizations were performed with the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional.>¢ The
long-range weak dispersion interactions were taken into account using the semi empirical VdW method of Grimme DFT-
D3.57 A plane-wave cutoff of 400 eV, for the construction of the electronic wave functions, was found to be suitable for con-
vergence of the system. The integration over the irreductible Brillouin zone was carried out using the gamma point. Atomic
positions were optimized until the forces on all atoms were smaller than 0.02 eV Al. Once the PW:1.@Ui0O-67 and
(PW12,Cp*Rh)@Ui0-67 periodic models were fully optimized, the interaction energy (or binding energy) between the POM
and the UiO-67 or Cp*Rh@Ui0-67 hosts was then estimated through single-point calculations.

PDF. X-ray total scattering data were measured with a Bruker D8 ADVANCE diffractometer equipped with a Gobel mirror
and a LYNXEYE detector, with Mo Ka radiation (mean A(Kala2) = 0.71073 A) at room temperature. These data were used
for both X-Ray Diffraction (XRD) pattern and Pair Distribution Function (PDF) analysis. The sample preparation consists
first in a supercritical CO2 washing/activation step of the samples in order to remove all the solvent molecules inside the
MOF pores after the synthesis. Then, inside a glovebox under Ar atmosphere, a few tens of milligrams of powder are placed
in a thin-walled (0.01 mm) borosilicate glass capillary of 1.0 mm diameter. A higher Cp*Rh loading (~ 20%) than for the



photocatalytic experiments was here used for Cp*Rh@Ui0-67 and (PW12,Cp*Rh)@Ui0-67 in order to maximize the signal of
these complexes. The (PW12,Cp*Rh)@UiO-67 sample after photocatalysis was prepared in similar conditions than described
in the “Photocatalytic Activity Measurements” section below. In order to obtain a sufficient amount of powder, three batches
were prepared with the quantities of both solvent and catalyst multiplied by three (4.2 mg of (PW12,Cp*Rh)@Ui0O-67). After
an irradiation time of 90 min, the suspensions were centrifuged and the solvent was decanted. The obtained powders were
then washed two times with isopropanol and dried at room temperature, then activated under vacuum at 120°C for a night
prior PDF data collection. Measurements were performed from Qmin = 0.12 A1 to Qmax = 17.0 A1 (Q = 4msinB/A) on rotating
capillaries with evolving counting parameters as a function of Q-range in order to optimize the counting rate at high Q. The
final XRD diagram was thus obtained from the combination of 7 patterns, converted in counts per second, with the following
parameters 20i(°)-20¢(°)-step size(°)-step time(s): 0.8-31-0.02-2, 29-61-0.04-6, 59-91-0.06-15, 89-121-0.1-40 (twice) and
119-150-0.1-100 (twice) for a total measuring time of 34 hours. Additional scattering measurements from empty capillary
were performed in the same conditions for background subtraction. Raw data were treated using the PDFgetX3 program5é
to obtain the total PDF G(r) function.

d-PDF calculation and refinement. The experimental differential PDFs (d-PDFs) were obtained by subtraction of the UiO-
67 PDF from that of the PW12@Ui0-67 sample and the (PW12,Cp*Rh)@Ui0-67 sample.

The d-PDF was refined with a [PW12040]3- structural model using the DIFFEV software included in the DISCUS suite pack-
age.5%60 The initial [PW12040]% structural model was built from the crystalline structure of HsPW12040. 6H20 with the space
group Pn-3m (n°224) (cubic) (JCPDS 00-050-0304)37 removing the structure water molecules and the 3 protons which
compensate the POM negative charge, using the DISCUS software. The refinement was performed according to the proce-
dure described by Neder and Proffen.585° The following parameters were refined considering the POM symmetry: the scale
factor, the atomic positions (other than particular positions), the isotropic atomic displacement parameters (Biso) and the
dynamic correlation factor (delta2). The interval in which the atomic position of the terminal oxygen O: can vary has been
constrained to maintain a distance W-0; consistent with a double bond W=0 (around 1.7 A). Metallic silicon (Si) served as a
standard material to determine the experimental resolution effect factor Qqamp (refined Qdamp = 0.028 A'l).

PDF calculation from DFT models. The PDF calculations from Ui0-67 and PW12@UiO-67 DFT models were performed us-
ing the PDFgui software®! with periodic boundary conditions. For each atom types, small isotropic atomic displacements (U
=0.001 A) were considered in the calculation to obtain a PDF peak broadening consistent with experiment.

Photocatalytic Activity Measurements. Photochemical Reactions were performed using a 280 W, high pressure Xe arc
lamp (Newport Instruments). The beam was passed through a water infrared filter, a collimating lens and a filter holder
equipped with a 415 nm band pass filter (Asahi Spectra). Samples were prepared in a 1 cm path length quartz sealed cu-
vette (Hellma) which was placed in a temperature-controlled cuvette holder (Quantum Northwest) maintained at 20 °C
with a circulated water bath. A CH3CN/TEOA mixture 5:1 was used as a solvent (CH3CN and TEOA purchased from Sigma
Aldrich and used without further purification). The photosensitizer utilized was a 1.0 mM solution of Ru(bpy)sClz (pur-
chased from Sigma Aldrich used without further purification). 1.4 mg of (PW12,Cp*Rh)@Ui0-67 and 0.9 mg of Cp*Rh@UiO-
67, which corresponds to 0.17 pumol of Cp*Rh catalyst, were used for the photocatalytic studies. Samples were saturated
with CO: via directly bubbling CO2 through the solution mixture for 20 min. During irradiation, the samples were vigorously
stirred and aliquots of gas and liquid were analyzed. H2 measurements (aliquots of 50 pL of the headspace) were performed
by gas chromatography on a Shimadzu GC-2014 equipped with a Quadrex column, a Thermal Conductivity Detector and
using N as a carrier gas. Formate concentration was determined using a Metrohm 883 Basic IC plus ionic exchange chroma-
tography instrument, using a Metrosep A Supp 5 column and a conductivity detector. A typical measurement requires the
sampling of 200 pL of solution, followed by a 100 dilution in deionised 18 MQ water and injection of 20 pL into the IC chro-
matograph. All TONs and TOFs were estimated by normalizing the production of H, and HCOO- with the number of nmol of
Cp*Rh catalyst.

Drop-casting thin films (DC-films) preparation. We showed in our previous study on P2W1sCos@MOF-5455% that the
catalytic activity of a thin film is related to the proportion of efficiently illuminated crystallites and thus depends on its
thickness. A film prepared by drop-casting (DC) offers the largest proportion of Cat@MOF crystallites exposed to light due
to its lower thickness when compared to a film obtained by an electrophoretic method. In the present study, thin films were
thus prepared using the DC method in order to optimize the catalytic activity. A suspension of 1 mg of (PW12,Cp*Rh)@UiO-
67 in 1 mL of EtOH was sonicated for 15 min. 10 pL of this suspension was deposited on an ITO plate (6 mm x 6 mm) and
dried in air.
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