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Abstract:

Rare-earth (RE) analogues of UiO-66 with non-functionalised 1,4-benzenedicarboxylate linkers are
synthesised for the first time, and a series of synthetic approaches is provided to troubleshoot the synthesis.
RE-UiO-66 analogues are fully characterised, and demonstrate a high degree of crystallinity, high surface
area and thermal stability, consistent with the UiO-66 archetype.

Introduction

Metal-organic frameworks (MOFs) are a family of structurally diverse and porous materials constructed
via the concatenation of metal ions, or clusters, with organic ligands, known as linkers, extending in 2- or
3-dimensions.>? These inorganic and organic building units act as nodes and vertices in a topological net,
ciphered according to Reticular Chemistry Structure Resource (RCSR) by a three-letter code, such as bct,
fcu or spn, representing the uniqueness of that net’s connectivity.® Through the use of reticular chemistry
as a design strategy, MOFs with specific properties and architectures (or nets), can be built by carefully
selecting the inorganic and organic building units, also known as secondary building units (SBUSs), that will
constitute it.*> The properties of the MOF, dictated in part by the choice of SBUs, will thus determine its
potential in applications, within which catalysis,®® gas adsorption,'®*2 chemical sensing,’** water
treatment,*>" and many more can be found.8-2?

Among the various MOF families, Zr-based MOFs have been extensively studied due to their high stability,
Lewis acidity, and structural tunability, making them attractive for diverse applications. In particular, there
is a substantial amount of interest in Zr-MOFs containing the hexanuclear metal-oxide cluster,
[Zrs04(OH)4)*?*, as an SBU25 with the most well-known and well-studied example being Zr-UiO-66.2
Zr-Ui0-66 is comprised of 12-connected (12-c) Zr-hexanuclear clusters bridged together by 1,4-
benzenedicarboxylate (BDC), a 2-c linker, giving rise to a 12,2-c (also known as just 12-c) fcu net.?*?’ To
this day, Zr-UiO-66 and its diverse analogues and derivatives have been studied for several different
applications.?® Focusing on the inorganic component alone, several tetravalent ions have been used in the
syntheses of isostructural BDC-containing analogues M-UiO-66 (M = Hf(IV), Ce(1V), Th(IV), U(IV),
Pu(1V) and Np(1V)).%
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Figure 1. Periodic table schematic highlighting the rare-earth elements.

Another intriguing family of MOFs with diverse structures and properties are those comprised of rare-earth
(RE) elements.? RE elements include the 15 lanthanoids from the f-block plus Y and Sc (Figure 1). The
RE metals located in the f-block possess unique electronic properties dictated by their 4f electron
configuration, allowing RE-MOFs to be explored for magnetic and optoelectronic applications, in addition
to the traditionally studied applications of MOFs.2° Using RE(I1I) ions to form inorganic SBUs, a vast
library of MOFs has been developed, many with unique structures and topologies that result from the
variability in the coordination environment of RE(I1) ions.2%3%2% Much like other MOFs, RE-MOFs with
different types of inorganic SBUs have been reported, including single ion-,2*% chain-,*"® or cluster-based
SBUs.3%-4! Similar to tetravalent ions, RE(I1I) ions can be used to construct hexanuclear clusters that are
structurally similar to that of Zr-UiO-66.1>*> Eddaoudi et al. demonstrated that the synthesis of these
hexanuclear RE-clusters is possible by using alpha-fluorinated acids as modulators.®® As such, these clusters
have been used to synthesise a handful of RE-MOFs, some of them isostructural to Zr-UiO-66 with
functionalised linkers.*>** However, to this date, RE-UiO-66 analogues, with non-functionalised BDC
linkers, have not been reported in literature. Herein, we present the synthesis and characterization of a series
of isostructural RE-UiO-66 analogues (Figure 2) prepared from the commercially available, and cost-
effective BDC linker. The resulting new family of RE-MOFs, RE-UiO-66 (RE =Y, Eu, Gd, Tbh, Ho, Er,
Tm, Yb),* exhibits both high surface area and good thermal stability. Furthermore, we provide alternatives
to troubleshoot the synthesis since its reproducibility can be challenging due to solvent quality. This
synthesis of RE-analogues of UiO-66 will allow for the addition of RE-UiO-66 to the MOF repertoire.
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Figure 2. Structure of RE-UiO-66. (a) Differences between Zr- and RE-hexanuclear cluster highlighted in
pink. (b) Linear 1,4-benzenedicarboxylate (BDC) linkers will connect the (c) 12-c SBU to establish (d) RE-
UiO-66 with fcu topology. Two kind of cages exist in the net, (e) the octahedral cage (yellow sphere), and
(F) the tetrahedral cages (blue spheres).

Figure 3. SEM showing the polyhedral crystals for: (a) Tm-UiO-66 and (b) Y-UiO-66 (right).

Result and Discussion

Solvothermal reactions between RE(NOz)s-xH.O (RE =Y, Eu, Gd, Th, Ho, Er, Tm, Yb) and BDC in
different N,N’-dimethylformamide (DMF)/N,N’-dimethylacetamide (DMA) solvent mixtures in the
presence of 2,6-difluorobenzoic acid (2,6-DFBA) yield transparent, homogeneous, and polyhedral crystals
corresponding to RE-UiO-66 (RE =Y, Eu, Gd, Th, Ho, Er, Tm, Yb) (Figure 3). Initially, synthetic
conditions for the precipitation of RE-UiO-66 were screened for Y-UiO-66, after which the conditions were
adapted to obtain the rest of the series. Of these, Tm-UiO-66 synthesised in DMA in the presence of HCI,
produced crystals large enough (ca. 80 um) for single-crystal X-ray diffraction (SCXRD), which indicated
the following formula: [(CH3)2NH2]o[Tms(us-OH)s(BDC)e].(DMA)s.(H20)s (see Sl for detail). Unlike
M(1V) analogues of UiO-66, RE(II1)-UiO-66 is anionic in nature, [REs(us-OH)s(BDC)s]?, and the charge
must be compensated with counterions to achieve charge neutrality. Both in DMF and in DMA solutions,



[(CH3)NH]* can be found as a product of decomposition at high temperatures, providing the cation
necessary for balancing the anionic MOF. The phase purity of the RE-UiO-66 series was confirmed by
comparison to the calculated powder X-ray diffraction pattern (PXRD) obtained from the single crystal data
of Tm-Ui0-66, and all materials are confirmed to be isostructural to Zr-UiO-66 (Figure 4). The lattice
parameter for Zr-UiO-66 is 20.7 A, whereas it is 21.2 A for Tm-UiO-66, an expected increase based on the
differences in ionic radius for Zr(1V) (0.84 A, coordination number: 8) and Tm(lll) (0.99 A, coordination
number: 8). A topological analysis of Tm-UiO-66 corroborated its topology as fcu assembled from 12-c
[Tme(us-OH)s(02C-)12]> SBUSs, wherein the carbon in the carboxylic acid acts as a point of extension.
Analogous to M(1V)-Ui0-66, RE-UiO-66 contains two types of cages: an octahedral cage located at the
centre of the unit cell and face-sharing with 8 tetrahedral cages (Figure 2e and 2f). The diameters of these
cages are found to be ca. 12 A and ca. 7 A, respectively accessible through triangular windows with
apertures of ca. 6 A.
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Figure 4. Stacked PXRDs for all the as-synthesised RE-UiO-66 analogues and Zr-UiO-66 for comparison.
The peaks are collected up to 20° 2theta alone since the characteristic peaks for UiO-66 are found in this
range.

After several synthetic attempts, optimised conditions were found to synthesize RE-UiO-66 (RE =Y, Ho,
Er, Tm, Yb) using DMF as the reaction solvent. This procedure, however, could not be translated to Eu,
Gd, or Th, which gave low quality, impure and/or completely different materials. DMF is the most widely
used solvent for MOF synthesis, owing in part to its high boiling point, polar aprotic nature, and hydrolytic
decomposition to give dimethylamine (a base that can aid with deprotonation of carboxylic acid linkers)
and formate (a ligand that can cap and stabilize inorganic SBUs).#” DMA is a solvent with similar properties,
albeit with a slower rate of decomposition to yield dimethylamine and acetate at high temperatures under
acidic conditions.*” As such, we explored the use of DMA for the synthesis of RE-UiO-66, in an attempt to
modify the linker deprotonation process. Interestingly, the Eu and Tb analogues, as well as the others



previously obtained in DMF, were obtained using DMA as the solvent. Given that DMA is significantly
more expensive than DMF,*” we sought to optimize the procedure using the minimum necessary amount of
DMA. It should be noted that in order to precipitate materials of appreciable quality, different mixtures of
DMF/DMA are required. Specifically, a ratio of 7:1 (DMA:DMF) is needed for Eu-UiO-66, 3:5 for Gd-
UiO-66, while 1:7 is enough for Th-UiO-66. Coincidentally, the three RE-UiO-66 analogues that require
the presence of this auxiliary solvent to form, Eu, Gd and Tb, are the ones with the largest ionic radii in the
series. This suggests that a more sterically bulky solvent with a slower decomposition rate may be required
when RE-UiO-66 comprised of ions with larger ionic radii is desired.

On the other hand, the formation of RE-UiO-66 (RE =Y, Ho, Er, Tm and Yb) in DMF was found to be
susceptible to variability between sources of DMF, where batches coming from different, or even the same,
commercial sources give different results (Figure S1). This reproducibility issue can be solved by replacing
some of the DMF in the reaction mixture with DMA, but since the objective was to keep the amount of
DMA to a minimum, a screening of different monoprotic acids (HCI and HNOs) was performed. It was
found that a ratio of 160:1 of DMF to HNO3; was sufficient to allow for the formation of RE-UiO-66,
without the addition of DMA, in instances where DMF resulted in impure samples. Owing to our
observations, which include results from testing over 100 reaction conditions, we have outlined a series of
steps to troubleshoot the reaction conditions if RE-UiO-66 is the desired product:

1. Follow the reaction as it is described in the Sl, using DMF as the solvent

2. If the product shows impurities (Figure S1), add HNO; in a 160:1 ratio (DMF:HNOs3) (for RE =
Y, Ho, Er, Tm, Yb) (Figure S2)

3. If the addition of HNOs cannot be adjusted to form a pure material, replace DMF with DMA
(Figure S3), either partially or completely (for RE =Y, Eu, Gd, Th, Ho, Er, Tm, Yb, (see Sl for
details). This synthesis procedure is highly robust and reproducible.

Previous reports have shown the utility of 2-fluorobenzoic acid (2-FBA) as a modulator for the generation
of the hexanuclear RE-cluster SBU, as well as other lower and higher nuclearity RE-clusters.?® Although
2-FBA has been used to synthesise some RE-UiO-66 isostructures in DMF,*2% in our hands, and using
BDC as a linker, it did not yield the target RE-UiO-66 in a solution containing DMF. Other fluorinated
modulators, including trifluoroacetic acid and other fluoro-substituted benzoic acid derivatives were thus
explored under various conditions. Only 2,6-DFBA was found to be a successful modulator for obtaining
the desired material when using DMF as the solvent. It was found nonetheless that 2-FBA in combination
with DMA can yield Y-UiO-66 (Figure S4).

To confirm the surface area and porosity of the RE-UiO-66 series, various activation procedures were
attempted, and N adsorption/desorption analysis was performed. After exposure of Y-UiO-66 to several
activation conditions (Table S1), it was found that an activation temperature of 80 °C for a time lapse of
20 h under vacuum was sufficient to activate the material and obtain a surface area comparable to that
reported for Zr-UiO-66 (ca. 1200 m#/g).*® N, adsorption/desorption measurements on RE-UiO-66 (RE =Y,
Eu, Tb, Er, Tm, Yb) analogues activated at 80 °C (Figure 5) show Type-I isotherms, expected for UiO-66
isostructural materials, with apparent Brunauer-Emmet-Teller (BET) surface areas (SAs) and pore volumes
of 1360 m?/g and 0.56 cm3/g (YY), 890 m?/g and 0.36 cm3/g (Eu), 1030 m?/g and 0.43 cm?/g (Th), 1190 m3/g
and 0.49 cm?/g Er), 1010 m#g and 0.42 cm?®/g (Tm), and 1080 m?/g and 0.43 cm3/g (Yb). Differences in
BET SA between RE-UiO-66 analogues can be attributed to the variable atomic mass of the RE-elements,
guality of material (in the case of Eu), and due to the fact that activation procedures were only optimized
for Y-UiO-66 and then applied to the rest of the RE-UiO-66 series. In addition, pore size distribution
analysis by non-local density functional theory (NLDFT) reveals that the octahedral pores have diameters
of ca. 10 A for the entire series. To our surprise, upon revaluation of the N, isotherm for Y-UiO-66, 2 to 3



days after the initial measurement, the isotherm was changed, and the BET SA was reduced significantly,
eventually reaching a value of 0 m?/g after 7 days. Given that such a reduction in SA is likely to be
accompanied by a loss of crystallinity, PXRD measurements were collected 2 to 7 days post activation for
all materials, showing a loss in crystallinity, corresponding to a decrease in reflection intensity of 60-90%
after two days (Figure S5a). Similarly, when the solvent exchanged Y-UiO-66 was left under ambient
conditions in a capped vial for more than 40 days a reduction can be observed as well (Figure S5b).
Contrary to what is observed for Zr-UiO-66, activation of RE-UiO-66 appears to lead to its degradation or
collapse a short time after the process. We hypothesise that removal of (CH3).NH." during activation might
be occurring, and thus, it is affecting the stability of the framework. Further research is being done in this
respect.
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Figure 5. Nitrogen adsorption-desorption isotherms for RE-UiO-66 (RE = Y, Eu, Th, Er, Tm, Yb).

The thermal stability of RE-UiO-66 (RE = Y, Eu, Tb, Er, Tm, Yb) was investigated through
thermogravimetric analysis (TGA) on activated samples (Figure S6) under air. In all cases, the thermogram
shows a loss in mass due to the loss of moisture below 100 °C, followed by a major mass loss ca. 500 °C.
Eu-Ui0O-66 shows a slightly different thermogram than the rest of the RE-UiO-66 series and it decomposes
at a lower temperature (450 °C vs 500 °C). This is likely due to the fact that Eu®*, the weakest Lewis acid
from the series, makes the Eu-O bond more labile. Analysis of the residue mass % (assumed to be RE»O3),
as well as inductively coupled plasma mass spectrometry (ICP-MS) data (see Sl for details) suggest that all
RE-UiO-66 analogues contain some defects (i.e, missing linkers or missing nodes) in their structure, similar
to what is observed for Zr-UiO-66.3°° Additionally, variable temperature (VT) PXRD was performed on
non-activated Y-UiO-66 to corroborate that no major changes in the structure are occurring upon heating
(Figure S7). Indeed, Y-UiO-66 does not undergo major changes or loss of crystallinity when heated up to
200 °C. This highlights the thermal stability of the material pre-activation, being comparable to that of Zr-
Ui0-66.%



Conclusions

We report here the synthesis and characterisation of a family of RE-UiO-66 (RE =Y, Eu, Gd, Tb, Ho, Er,
Tm, Yb). This series of RE-UiO-66 materials are analogues of the archetypical Zr-UiO-66, synthesized
using BDC with RE-metals for the first time. We provide a series of steps that can be taken to obtain the
various RE-UiO-66 analogues, in the event that solvent quality affects the reproducibility of the synthetic
protocol. RE-UiO-66 (RE =Y, Eu, Th, Er, Tm, Yb) demonstrates permanent porosity with a range of
surface areas from 890 to 1370 m?/g. It was found that after activation the material tends to degrade with
time and currently this phenomenon is being studied in more detail. However, pre-activation these MOFs
demonstrate high thermal stability with VT-PXRD of Y-UiO-66 showing that there are no phase transitions
or notable decomposition in the range of 25 °C — 200 °C.
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