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The encapsulation of polyoxometalates within the large pores of
the Zr(v) biphenyldicarboxylate UiO-67 metal—organic framework
has been achieved, for the first time, by direct solvothermal synthesis.
The resulting POM@UiO-67 composite materials were fully character-
ized by XRPD, IR, MAS NMR, N, porosimetry measurements and
cyclic voltammetry.

Polyoxometalates (POMs) are soluble early-transition-metal clusters
with a large diversity of structures and compositions." They possess
redox and acid-base properties which can be exploited for catalytic
applications.” However their low specific surface area, low stability
under catalytic conditions and high solubility in aqueous solution
constitute some of their drawbacks. The search for stable hetero-
geneous catalysts with a high surface area, which could combine
the activity of the POMs with the advantages of heterogeneous
catalysts, such as easier recovery and recycling, thus attracts
a lot of interest. Encapsulation of POMs within the cavities
of metal organic frameworks (MOFs)* constitutes a strategy to
access to POMs-based heterogeneous catalysts." The meso-
porous M(m)-trimesate MIL-100 and -terephthalate MIL-101
families (M = Fe, Cr, Al; MIL stands for Material of Institut
Lavoisier) have been the most investigated host matrices so far
because of their very large pore sizes and surface areas and
good chemical stability. Keggin-type as well as sandwich-type
POMs have been incorporated either by impregnation or in situ
during the MOF synthesis.” Besides the MIL families, Cu-BTC
frameworks (BTC = 1,3,5-benzene-tricarboxylate), known as
HKUST-1 (HKUST stands for Hong-Kong University of Science
and Technology), have been the subject of intense research.’
Due to the small size of the pores they can only accommodate
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Keggin anions by direct synthesis. However the poor aqueous
stability of these copper carboxylate based MOFs might prevent their
practical use. Among the few examples of a series of thermally, and
chemically stable MOFs with high surface area, the UiO-66 to 68
family (UiO stands for University of Oslo), built up from
{Zr"¢0,(OH),} oxocluster nodes and linear dicarboxylate linkers
(with the general formulae [Zr'4O,(OH),(linker)s]), is one of the
most studied MOFs.® These materials exhibit by themselves very
promising catalytic properties.” In UiO-67 the inorganic octahedral
Zre units are bound to 12 other inorganic subunits through biphenyl
dicarboxylate ligands forming a face-centered cubic (fcc) structure
(a = 27.1 A). This MOF exhibits two types of cages: supertetrahedral
(& ~ 11.5 A) and superoctahedral (( ~ 18 A) accessible through
microporous triangular windows (& ~ 8 A) (Fig. 1a), corresponding
to the voids of the fcc packing. However, the incorporation of guest
molecules within the pores of UiO MOFs has only been rarely
studied® and, to our knowledge, there have been so far no reports
of POM@UiO composites. Here we propose for the first time a
synthetic method for the encapsulation within the pores of UiO-67

~12A

~14 A

Fig. 1 Polyhedral representations of (a) the octahedral cages of UiO-67,
(b) [PW120401°~ (PW12), (€) [PW11O30l"~ (PW11) and (d) [PaWig0g2l®~ (PaWig);
blue octahedra: WOg, grey tetrahedra: PO4, orange polyhedra: ZrOg, black
spheres: C, small black spheres: H.
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of three representative examples of POMs: [PW1,040]>~, [PW11030] ~
and [P,W;504,]°~ whose size (Fig. 1b-d) can fit in the microporous
octahedral cavities of this MOF.

Attempts to incorporate POMs in the UiO-67 by an impregnation
method, like for the MIL-101 materials,” have failed. This can be
related to the narrow size of the windows. Thus a direct synthesis
approach has been considered. A mixture of the pre-formed POM
species (Hz[PW1,040], TBA;H3[PW;,035] or TBA[P,W;506s]),
zirconium tetrachloride, benzoic acid as a modulator,’ and
biphenyldicarboxylic acid was heated at 120 °C in dimethyl-
formamide (DMF) (ESIt). Concentrated HCl was also added following
previous reports.”” One would also expect that under the synthetic
conditions used for the synthesis of UiO-67, the monolacunary PW,;
POM would react with Zr(iv) ions to lead to the monomeric 1:1
complex [PW,;;,055Zr(H,0),*~ (n = 2, 3), postulated by Kholdeeva
et al™® Such a monomeric monosubstituted complex has also been
evidenced in the Dawson'' and Lindquist family."> The resulting
insoluble microcrystalline materials, PW,;,@UiO-67, PW,; Zt@UiO-67
and P,W;3@UiO-67, respectively, were filtered and washed several
times with DMF and acetone. Infrared (IR) spectra (Fig. 2) indicate the
presence of both the POM and the MOF, with P-O and W-O vibration
bands characteristic of the POM observed between 850 and
1100 cm™ " together with the carboxylate vibration bands of the
linker between 1300 and 1600 cm™ . The positions of the Bragg
peaks are similar in the X-ray powder diffraction pattern of bare
UiO-67 and of the POM@UiO-67 materials, confirming that the
introduction of POMs in the synthetic medium does not
perturb the formation of the MOF (Fig. S1, ESIt).

Elemental analysis combined with thermogravimetric analysis
(TGA) measurements allows proposing the [ZrsO4(OH)s 4][C14HgO4s.3
formula for UiO-67, in agreement with the existence of linker
defects occupied by hydroxide anions.®” One expects that for
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Fig. 2 IR spectra of POM@UiO-67 composites compared to that of the

POM precursors and UiO-67. The regions with characteristic peaks of the
POMs and of the MOF are highlighted in grey and light blue respectively.
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the POM@UiO-67 composites, the negative charges introduced by the
POMs compensate, almost totally, the linker deficiencies. Note that
the presence of tetrabutylammonium cations can be ruled out both by
IR, elemental analysis and nuclear magnetic resonance (NMR). The
TGA curves for UiO-67 and its composites (Fig. S2 and Table S1, ESIT)
reveal steps that are attributed to water removal, linker decomposition
and formation of inorganic oxides. Combined with elemental ana-
lyses, these results lead to the estimation of the following formulae
[Zr604[OH)4][C14H804]5.37[PW12040]0,42 (Pwlz@UiO'67), [Zr604[OH)4]'
[C1aHgO4]5.73[PW11050Z1]o1s (PW1,Zr@UiO-67), and [ZrgO4(OH), 30}
[C1aHgO4)510[PasW15062 )05 (PaW1s@UIO67) for the POM@UIO-67
composites. As there is one octahedral cavity per Zry unit, these
formulae indicate that approximately 1/2, 1/5 and 1/4 of the cavities
are occupied by POMs in PW;,@UiO-67, PW,,Zr@UiO-67 and
P,W,5@UiO-67, respectively.

N, sorption isotherms have been recorded for all the reported
compounds (Fig. S3 and Table S2, ESIt). As expected, the surface
area as well as the total pore volumes decrease from UiO-67 to
POM@UiO-67 composites, as a consequence of the encapsulation
of the POMs within the octahedral cavities, leaving however a
significant porosity accessible to nitrogen. It should be noted that
the values of the normalized specific surface area, taking into
account the mass of UiO-67 in the composites samples, are
significantly different from the value of UiO-67 (Fig. S3 and
Table S2, ESIt), suggesting that the POMs are located inside the
cavities and not at the surface of the material.

The "H MAS and “C{"H} CPMAS NMR spectra of the three
POM®@UiO-67 (Fig. S4 and S5, ESIT) exhibit the characteristic
resonances from the crystalline UiO-67. The Zr-OH hydroxyl
protons from the hexameric unit lie in the 0-3.6 ppm range
while the resonances of the linker, i.e. aromatic protons, are
observed at 7.1 and 7.9 ppm. The aromatic carbon atoms (125, 130,
134, and 143 ppm) and the carbon atoms of the carboxylic function
(172 ppm) are in the expected range.* Noteworthily, broad compo-
nents of all these resonances are observed and the general tendency
showed that higher the amount of encapsulated POM larger the
fraction of these broad resonances (23% in PW,;Zr@UiO-67, 54%
in P,W;5@Ui0-67, and 68% in PW;,@UiO-67). This is assigned to
structural disorder caused by the POM filling pores.

The *'P MAS NMR spectra of PW;,@UiO-67 (Fig. S6a, ESIY)
and P,W,;@UiO-67 (Fig. 3a) show characteristic features of the
POM precursors with signals at —15.2 and —12.9 ppm respectively,
comparable to the literature values."® In contrast, the spectrum of
PW,,Zr@Ui0O-67 (Fig. S7a, ESIt) exhibits a resonance at —13.2 ppm
instead of —12.4 ppm expected for PW,,."* This shift is in perfect
agreement with that determined for a mixture of PW,; and ZrCl, in
DMF (Fig. S8, ESIY).

31p NMR provides not only information about the structure
of the POM but also some insights on location and host-guest
interactions between the POM and the MOF. Indeed, the 'H->'P
HETCOR (heteronuclear correlation) experiment enables us to probe
the dipolar contact between the *'P and 'H nuclei. Correlations
between the phosphorus atom of the POM and protons of the
aromatic linkers as well as Zr-OH framework hydroxyl groups
are observed in the three POM@UiO-67 composite materials.
This unambiguously indicates the close proximity of the POM
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Fig. 3 Solid-state NMR spectra of P,W;5@UiO-67: (a) 31P{*H} CPMAS; (b)
*H-3P HETCOR; (c) *H MAS.

to the surface of the MOF inside the pores homogeneously as
otherwise no such efficient dipolar transfer would be seen.
Furthermore, the strength of the correlation with these protons
appears varied from one POM to another. Indeed in P,W;3s@UiO-67
(Fig. 3b) and PW,,@UiO-67 (Fig. S6b, ESIt) the *'P site correlates
mainly with the aromatic resonance (8 ppm) while in PW,,Zr@UiO-67
(Fig. S7b, ESIt) the correlation mainly occurs with the hydroxyl group
peak (2.5 ppm). This clearly indicates the preferential interaction of
PW,, and P,W, with the organic linker, whereas PW,,Zr should be
closer to the inorganic node, suggesting interactions between the
Zr(v) ions inserted in the POM lacuna and the {Zr'"V¢0,(OH),} clusters.
Finally, these correlations involve only the broad components of the
'H spectra (as it could be compared with 1D MAS in Fig. 3c). This
strongly suggests as stated above that the POMs are located in the
distorted/disordered domain.

The electrochemical properties of the POM®@UiO composite
materials were also studied and compared to those of the POMs
alone. The solids were first immobilized on the surface of the basal
plane of the pyrolytic graphite disk (PG) and their electrochemical
responses studied in pH 2.5 H,SO,—Na,SO, 0.5 M buffer solutions.
PW;, and P,W,;g and their related POM@UiO-67 composites
exhibit similar redox behaviors related to the W redox couples
(Table S3, Fig. S9-S11, ESIt and Fig. 4), showing that when
saturated POMs are encapsulated inside the cages they retain their
electrochemical properties. It must be noted however that the first
reduction process for P,W;g is 175 mV higher for P,W;s@UiO-67
than for P,Wig.

In the case of PW,,Zr@UiO-67 the cyclovoltammogram clearly
shows the complexation of the monolacunary PW,; with Zr(iv) and
the formation of PWy,Zr encapsulated in UiO-67 (Fig. S12 and S13,
ESIT). Indeed, PW;; immobilized on the PG exhibits four successive
waves at —0.450 V, —0.560 V, —0.694 V and —0.830 V vs. SCE
respectively while only two waves are measured for PW;Zr@UiO-67
at —0.713 V and —0.885 V. It should be noted that the
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Fig. 4 Cyclic voltammograms of P,W;g@UiO-67 immobilized at a PG

electrode in a pH 2.5 H,SO4-Nay,SO,4 0.5 M buffer solution at different
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electrochemical behaviors of the POM®@UiO composites and
of composites obtained by mechanical mixing of POMs and
UiO (Fig. S14-S16) are different which confirm the encapsula-
tion of the POMs inside the cavities and the transformation of
PW;; into PW;,Zr. Finally, all peak current intensities vary
linearly with the scan rate in the range 0.1-1.0 V s, as expected
for surface confined redox processes. This behavior is in agreement
with the immobilization of the POMs inside the cavities of the
MOF and contrasts with the observation of diffusion-controlled
processes for PW,;;@MIL-101(Cr) which were attributed to the
mobility of the POMs."”

In conclusion, the immobilization of three polyoxotungstates in
the largest pores of UiO-67(Zr) has been carried out for the first time,
by a direct synthetic method. POM encapsulation compensates
almost totally the linker deficiencies. The elaborated POM@UiO-67
composites have been thoroughly characterized. Cyclic voltammetry
studies have confirmed the direct formation of PWy,Zr during the
synthetic process and the integrity of the saturated inserted POMs
PW,, and P,W,3. MAS NMR experiments provided essential infor-
mation on the structure of the composites. First, they have shown
interactions between the POMs and the framework, thus confirming
the encapsulation within the structure. Moreover they highlighted
the existence of disordered domains related to the presence of the
POMs. Finally they evidenced specific interactions between the
asymmetric PW;,Zr POMs and the UiO framework. Noticeably,
because of the small size of the cage windows, POM leaching cannot
occur in these materials. The introduction of POMs might pave the
way for future applications in catalysis. It may also greatly influence
the hydrophilicity of the materials and thus their gas sorption
properties. Future work will focus on these two applications.
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