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We evidence the structure-directing role of the PW;,0,03~ poly-
oxometalate in porphyrinic MOF synthesis whereby it promotes the
formation of the kinetic topology. Its immobilization into the MOF
is successfully achieved at a high temperature yielding the kinetic
MOF-525/PCN-224 phases, while prohibiting the formation of the
thermodynamic MOF-545 product. A combined experimental/the-
oretical approach uses differential PDF and DFT calculations along
with solid-state NMR to show the structural integrity of the POM
and its location next to the Zr-based nodes.

Over the years, Metal-Organic Frameworks (MOFs) have been
extensively studied for a variety of applications such as gas
storage, drug delivery or catalysis.'" In the strategic field of
solar energy conversion, the use of porphyrinic Zrs-TCCP-based
MOFs constructed from ZrsO,(OH), inorganic nodes and
tetrakis(4-carboxyphenyl)porphyrin (TCPP) linkers for photo-
or electrocatalysis purposes has attracted ever-growing interest,
knowing that the porphyrin can act both as a photosensitizer
and/or catalyst when metallated.”® Amongst this subfamily,
three topologies have attracted particular attention, namely
MOF-525,° PCN-224’ and MOF-545° (this last being also known
as PCN-222) (Fig. 1). Due to the large size of the TCPP linker,
these three Zr-TCCP-based MOFs exhibit sufficiently wide pores
and high surface areas to allow the heterogenization of molecular
catalysts to host energy conversion-related reactions, an emerging
subfield.® We thus recently showed that the immobilization of a
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cobalt sandwich-type polyoxometalate (POM) in MOF-545 leads
to a noble metal-free heterogeneous photosystem with a high
photocatalytic activity for water oxidation reaction, whereby
MOF-545 acts as both a photosensitizer and an heterogeniza-
tion matrix.” POMs can also be co-immobilized with complexes
in the pores of MOFs in order to boost their photocatalytic
activity. Recently, we evidenced that the incorporation of the
PW1,04,°" (PWy,) Keggin-type POM inside the Cp*Rh@Ui0-67
MOF increased its photocatalytic activity for the CO, reduction
reaction (CO,RR) when compared to that of the POM-free
catalyst."® Amongst other MOFs,"" MOF-525 was shown to display
significant catalytic activity for the CO,RR. While Hod et al. first
showed the electrocatalytic properties of MOF-525(Fe),'”> Zhang
et al. demonstrated, a year later, the photocatalytic activity for
CO,RR of its free-base, Co- and Zn-metallated forms under
visible light."® Based on these studies, we decided to attempt
the immobilization of PW,, inside the Fe-metallated Zrs-TCPP-
based MOFs in view of modifying their catalytic properties at a
later stage. It must be recalled that the targeted synthesis of
these phases is still a subject of intense research.'”® For
example, the influence of the synthetic temperature'* or that
of the modulator'® was explored, whereby MOF-525 and PCN-224
synthesized at room temperature (RT) were shown to be kinetic
outcomes while MOF-545 was identified as the thermodynamic

MOF-545

PCN-224

Fig. 1 The three porphyrinic Zre-TCCP-based MOFs encountered in this
study. MOF-525 and PCN-224 exhibit cubic cavities, and PCN-224 being
described as a MOF-525 with missing linkers. MOF-545 possesses hex-
agonal channels.
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phase obtained at a higher temperature. The consequence of the
kinetic nature of MOF-525 and PCN-224 and of their structural
similarity is that they are often obtained as a mixture, yielding
very similar X-ray diffraction patterns. This led us to investigate
the synthetic parameters which make it possible to get the desired
kinetic Fe-metallated MOF-525/PCN-224 phases amongst the
three possible Zrs-TCCP-based MOF products (Fig. 1), the non-
metallated products also being synthesized for reference
purposes.

In the present work, we thus investigate the immobilization
of the PW,;, POM into Zrs-TCCP-based MOFs and its impact on
the obtained mixture of phases. A structuring effect of the POM
is reported towards the targeted kinetic MOF-525/PCN-224
phases. A complete structural characterization of the product
is provided by using Pair Distribution Function (PDF) analysis
along with DFT calculations.

The synthesis of the mixed phases MOF-525/PCN-224,
adapted from reported procedures,"*'°" consists of the pre-
paration of Zres clusters in solution at a high temperature
followed by the addition of porphyrin and stirring at RT for a
week (Fig. 2). We adopted the notation suggested by Gong
et al.,** Zre-"TCPP-T and Zrs-TCPP-Fe-T, where T refers to the
synthesis temperature. The powder X-ray diffraction (PXRD)
diagrams of Zrg-TCPP-25 and Zre-TCPP-Fe-25 correspond
expectedly to the simulated diagrams of the kinetic phases,
MOF-525 and/or PCN-224 (Fig. S1a, ESIT). Regarding the immo-
bilization of PW,, into the MOFs, the post-synthetic impregna-
tion strategy was discarded, knowing that both PCN-224 and
MOF-525 exhibit small windows which preclude the diffusion
of the POM into the MOF. We thus rather adopted an in situ
strategy by adding (TBA);PW;,0,, into the synthetic medium.
However, RT synthesis failed to incorporate PW,, into the MOF.
Increasing the synthesis temperature was found to be essential
to allow its successful incorporation and obtain the targeted
PW,,@Zrs-TCPP-120 and PW,,@Zrs-TCPP-Fe-120 after 1 h at
120 °C. For the same experiment at 100 °C and 65 °C, less
crystalline phases are obtained (Fig. S2, ESIt). We focused on
the impact of a stepwise increase in the amount of PW,
introduced into the reaction medium of PW,,@Zrs-TCPP-Fe-120
on the resulting MOFs’ topologies while keeping all the other
synthetic parameters constant (Fig. 3). Notably, in the absence of
PW,, in the reaction medium, the high temperature synthesis of
Zrs-TCPP-Fe-120 leads to a mixture of the thermodynamic phase,
MOF-545(Fe), and of the kinetic ones, MOF-525(Fe)/PCN-224(Fe).

Zrg-TCPP-Fe-25

1 week, 25°C

zrocl,
CH,COOH
DMF

2h, 130°C  Zrg
clusters

TBA;PW,,0.,
1 week, 25°C

TCPP-Fe

PW,,@Zr;-TCPP-Fe-25

TBA;PW;,040
PW,,@Zr-TCPP-Fe-120
h, 120°C 2@2rg e

Fig. 2 Synthetic routes adopted for Zrg-TCPP-Fe and PW;,@Zrg-TCPP-
Fe. The non-metallated compounds are isolated using similar procedures
(see ESIT).
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This latter result falls in line with the temperature-topology
relationship recently reported. Strikingly, the formation of the
thermodynamic phase MOF-545(Fe) is, however, suppressed
upon the addition of a very low amount of PW;, (Fig. 3a, red),
pointing towards a remarkable structure-directing effect of
PW,, in the high temperature synthesis. All the PXRD diagrams
of the PW;,@Zrs-TCPP-Fe-120 composites obtained for higher
PW,, amounts are similar, corresponding to PCN-224(Fe) or to
the MOF-525(Fe)/PCN-224(Fe) mixture.

The IR spectra of this series show the unambiguous
presence of the POM within all PW;,@Zrs-TCPP-Fe-120 materi-
als, exhibiting the characteristic P-O (1077 cm™ '), W=0
(972 em™") and W-O-W (892 and 797 ¢cm™') vibration bands
of PW,, (Fig. 3b and Fig. S1b, ESI{). The absence of the
aliphatic C-H vibrations in the IR spectra of the composites
indicates that no TBA was inserted in the matrix during the
synthetic process. A semi-quantitative analysis of the IR spectra
was undertaken by following the relative intensities of the bands
at 1077 cm ' (noted A), typical of PW;,, and at 1180 cm
attributed to the v ¢ + v vibrations (noted B), typical of the
studied MOFs. The evolution of this ratio reveals that a maximum
amount of POM immobilized into the MOF is reached for ca.
30 mg of (TBA);PW,,0,, in the reaction medium, corresponding
to a PWy,/Zr molar ratio of 0.05 (Fig. 3c). PW;,@Zrs-TCPP-120
was also synthesized for further characterization purposes (see
Experimental section). The POM loading was evaluated using EDS
(Table S1, ESIt), suggesting an average of 1 POM every 2 Zr units
in the free-base PW,;,@Zrs-TCPP-120 and 1 POM every 4 Zr, units
in the Fe-metallated PW,,@Zrs-TCPP-Fe-120. C, H, and N analyses
indicate missing linkers in both cases, a consequence of the
immobilization of the negatively charged POMs and of the
presence of the PCN-224 phase.

In addition, N, sorption isotherms (Fig. S3, ESIT) evidence a
decrease of the surface area of the POM@MOF compounds
when compared to that of the POM-free Zrs-TCPP-Fe-25 mate-
rial, as expected from the incorporation of PW;, into the MOF’s
pores. More importantly, the solid-state NMR *'P{"H} CPMAS
spectra of PW;,@Zrs-TCPP-120 and PW,;,@Zrs-TCPP-Fe-120
(Fig. S4, ESIf) clearly show a characteristic single peak at
—15.9 ppm and —15.5 ppm, respectively, in the expected
chemical shift range for PWy,,>* thus suggesting the integrity
of the POM. Moreover, the line broadening and appearance of a
spinning sideband in the spectrum of PW;,@Zrs-TCPP-Fe-120
are due to chemical shift anisotropy and anisotropic bulk
magnetic susceptibility broadening of *'P nuclei in interaction
with the Fe'" paramagnetic centre.

In addition, PW;,@Zrs-TCPP-Fe-120 and PW,,@Zrs-TCPP-120
were studied using cyclic voltammetry (CV) by the deposition of a
thin film of the composites on a glassy carbon electrode (Fig. S5,
ESIY). The electrochemical signatures of PWy,>* and TCPP-Fe'” in
solution have been compared to those of the POM@MOF compo-
sites, showing that not only were they in full agreement with those
reported in the literature but they also allowed the characteristic
redox peaks of these two components on the composite materials
to be unambiguously attributed. To further investigate the struc-
tural features of these porphyrin-based MOFs, a Pair Distribution
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Fig. 3 Impact of a stepwise increase of the amount of PWy, in the synthesis medium of PW;,@Zrs-TCPP-Fe-120 on its (a) PXRD and (b) IR spectra where
black dashed lines indicate bands characteristic of PW3, while the red line indicates a band of the MOF host. (c) Evolution of the ratio between the

intensities of the A and B bands (see text).

Function (PDF) analysis was undertaken. Reflecting the probabil-
ity of finding two atoms separated by a distance r, PDF data
provide quantitative information about the local atomic structure,
while giving a global overview of the sample. They have proved to
be particularly powerful in the field of MOFs recently.>® In a first
step, considering that we may have a mixture of structurally
related MOFs, MOF-525 and/or PCN-224, which are difficult to
distinguish using PXRD only, we investigated the use of PDF
intending to identify the distinctive features related to each phase.
This was undertaken using Zre-TCPP-Fe-25 as a case study. As
references, the PDF profiles of MOF-525 and PCN-224 were
simulated using their DFT-optimized crystal structures. They
exhibit common features due to their common Zr-oxocluster but
also distinctive particularities (see ESIt for details, Fig. S6-S8).
The PDF profile of Zre-TCPP-Fe-25 exhibits specific features from
both MOFs (Fig. S9, ESIT). On one hand, it has strong similarities
with that of MOF-525, with a distinct peak at 3.1 A and a relatively
intense peak at 5.1 A, which are both a signature of Zr-connected
TCCP linkers. On the other hand, secondary features suggest the
possible presence of PCN-224 in Zrg-TCPP-Fe-25, such as a rather
intense peak at 4.0 A (associated to -OH and H,O molecules in
place of missing linkers) and a similar PDF profile to that of PCN-
224 in the [5.5-7.5 A] radial distance range. Overall, this analysis
indicates that Zre-TCPP-Fe-25 is unambiguously a mixture of
MOF-525 and PCN-224.

a) b)
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PW,,@Zr, - TCPP-Fe-120  _\
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b
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In a second step, PDF data were further exploited to inves-
tigate the structural integrity of the immobilized POM within
PW,,@Zrs-TCPP-Fe-120. Using the differential PDF method
(d-PDF)*® recently applied to characterize a POM®@UiO-67
composite,'® the d-PDF of the immobilized PW,, was obtained
by subtracting directly the PDF of Zrs-TCPP-Fe-25 from that of
PW,,@Zrs-TCPP-Fe-120 (Fig. 4a and Fig. S10, see ESI{ for
details). The POM’s d-PDF profile is compared in the 1-10 A
range to that of an isolated PW1,0.,° calculated from reported
crystallographic data® (Fig. 4b). The two PDFs are indeed very
similar allowing a precise assignment of all PDF peaks to
characteristic W-O and W-W distances and a refinement of
the PWy, structure as illustrated in Fig. 4c (see ESIT for details,
Fig S11 and Table S2). The relatively good quality of the
refinement (R,, = 29.3%) and the refined structure of PW;,
indicate that the POM is indeed fully preserved upon its
immobilization in Zrg-TCPP-Fe-120.

To get an in-depth insight into the host-guest interactions at
play between the PW,, and the MOF, Density Functional Theory
(DFT) calculations were performed using MOF-525(Fe) phase as
the main host. In a first step, simulated annealing (SA) calcula-
tions followed by dispersion-corrected DFT-D3 geometry opti-
mizations were done to identify the most likely position of the
POM in MOF-525(Fe) and qualify its host-guest interactions
within the MOF. They reveal a non-centered positioning of the
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Fig. 4 (a) PDF profiles for PW1,@Zrs-TCPP-Fe-120, Zrg-TCPP-Fe-25 and the resulting d-PDF associated with the immobilized PWy,. (b) Comparison of
the calculated PDF of an isolated PW,, from reported crystallographic data®® and the experimental d-PDF associated with PWy, in PW;,@Zrg-TCPP-Fe-
120, superimposed with the refined d-PDF and residual profile. A—H labels of peaks correspond to the indicated refined distances in the POM structure as
illustrated in (c). WOg, blue octahedra; PO,, pink tetrahedron; O, red sphere; W, grey spheres; P, pink sphere.
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Fig. 5 Most likely positioning of the POM inside the hybrid framework
obtained by DFT calculations.

POM within the MOF’s cubic cage showing PW;, cornered close
to a Zr-oxocluster inorganic node (Fig. 5). The interaction
energy between PW;, and MOF-525(Fe) was estimated to be
—422 kJ mol ', which corresponds to coordination-like inter-
actions between the Opoy atoms and Fe ions of the TCCP
linkers and dispersive interactions with Cl atoms, in addition to
POM-TCCP hydrogen bonds (Fig. S12a, ESIf). These results
correlate well with the 2D *'P-'H correlation MAS NMR experi-
ment (Fig. S12b, ESIt) demonstrating the spatial proximity of
the POMs to the inorganic nodes. Overall, DFT calculations
coupled with solid-state NMR added remarkable insights on
the POM-MOF interactions to PDF analysis.

In conclusion, with the aim of targeting porphyrinic POM@
MOF systems, the addition of the PW,, polyoxometalate in the
synthetic medium of porphyrin MOFs was explored using a
high temperature one-pot synthetic protocol. In the absence of
POM, a mixture of the kinetic MOF-525/PCN-224 and thermo-
dynamic MOF-545 topologies is obtained. Remarkably, the
addition of PW;, in the synthetic medium prevents the for-
mation of the expected thermodynamic MOF-545 phase while
favoring the formation of the kinetic ones even at a high
temperature, pointing towards the structure-directing role of
the POM. Simultaneously we developed in-depth characteriza-
tion methods for PW;,@MOF by utilizing the differential Pair
Distribution Function as a direct structural signature of the
POM, solid-state NMR and DFT calculations. They unequivo-
cally showed the structural integrity of the POM inside the
porphyrinic MOF along with an insight into the host-guest
interactions between the different components, circumventing
the difficulties inherent to the Rietveld refinement of powder
X-ray diffraction data of such long-range disordered materials.
These results open the way for more complete research on the
templating effect of POMs on the topology of porphyrinic MOFs
and their effect on their catalytic properties.
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