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Two new MOFs denoted as M-CAU-24 (M = Zr, Ce) based on
1,2,4,5-tetrakis(4-carboxyphenyl)benzene (H,TCPB) were obtained
under mild reaction conditions within 15 min. The MOFs with
composition [Mg(pz-0)4(p3-OH)4(OH)4(H,0)4(TCPB),] crystallise
in the scu topology, a connectivity hitherto unreported for
Zr-MOFs with tetracarboxylate linker molecules. Zr-CAU-24 exhi-
bits UV/blue ligand-based luminescence.

Metal organic frameworks (MOFs) are a class of highly ordered
crystalline and potentially porous materials formed by linking
of inorganic and organic building units." Their adjustability by
varying metal cations and organic linker molecules leads to
numerous modular structures® having extraordinarily high
surface areas, tuneable pore sizes and functionalities, which
makes them suitable candidates for applications in various
fields, including gas storage and separation, sensor techno-
logy, catalysis and drug delivery.® Since the discovery of UiO-66
[Zrs04(OH),(BDC)] in 2008, the scientific interest especially in
Zr-based MOFs has increased due to their unparalleled
thermal and chemical stability. The cubic close packed frame-
work of Ui0-66 is built of hexanuclear [Zrs0,(OH),]"*" clusters,
which are twelve-fold linked by 1,4-benzenedicarboxylate
ions (BDC>").” Isoreticular MOFs containing the hexanuclear
[MgO4(OH),]"*" cluster are known for a range of metal(iv)
cations, including Hf**, U**, Th*" and more recently Ce"**.>°
The latter are of special interest for potential catalytic appli-
cations.® Moreover, numerous Zr-based MOFs containing the
very same inorganic building unit have been reported in recent
years, in which the hexanuclear clusters are coordinated by
different numbers (n = 6, 8, 10, 12) of carboxylate groups of
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topologically different linker molecules.”® The remaining co-
ordinatively unsaturated Zr sites are often occupied by modu-
lators e.g. formic acid, acetic acid, benzoic acid or hydroxide
ions and water molecules,” which can also influence crystal
size, morphology and crystallinity.””® During the last five
years, Zr-MOFs with tetracarboxylic acid linker molecules e.g.
porphyrin derivatives'® have been intensely investigated due to
their multi-functionality as light-harvesting reagents, catalysts
and in sensors."' Many topologically different frameworks
with the same linker tetrakis(4-carboxyphenyl)porphyrin
(H4,TCPP) and ZrsOg nodes have been reported to form by
varying the synthetic conditions.”"* Using the tetracarboxylic
acid H,TBAPy (1,3,6,8-tetrakis(p-benzoic acid)pyrene) the com-
pound NU-1000 [Zre(p;-OH)g(OH)s(TBAPy),] was synthesized."?
By extension of the porphyrin and pyrene linker molecules it
was possible to obtain MOFs with specific BET surface
areas up to 6650 m> g~"."* An overview of reported Zr-MOFs
containing tetradentate linker molecules is given in the ESI
(Table S11).7%1*7

Here, we present the synthesis and detailed characterisation
of two new isostructural MOFs denoted as CAU-24
(CAU = Christian-Albrechts-University) with the formula
[Zr(13-0)a(13-OH)4(OH),(H,0)4(TCPB),]  and  [Cee(p3-0)a(ps-
OH),(OH),(H,0)4(TCPB),], which are both constructed from
[Mg(15-0)a(p5-OH),]*** clusters (M = Zr"", Ce*") and benzene-
1,2,4,5-tetrayltetrabenzoate ions (TCPB*").

The title compounds were synthesized under similar reac-
tion conditions starting from dissolving H,TCPB in DMF,
adding the corresponding aqueous metal solution and formic
acid. Pure products exhibiting the highest crystallinity were
obtained using short reaction times of 15 min under stirring
and conventional heating at 100 °C. Details of the synthesis
procedure are given in the ESL{ All compounds were only
obtained as microcrystalline powders. PXRD patterns of as syn-
thesized and thermally activated samples (140 °C and 107>
kPa) are presented in Fig. 1. Due to the removal of guest
molecules a shift in reflection positions in the PXRD pattern
is observed. This change is reversible once the activated
capillaries are subjected to ambient conditions (Fig. S1t).
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Fig. 1 Synchrotron PXRD patterns of as synthesized (as) and activated
(act) Zr-CAU-24 (1 = 0.826215 A) and Ce-CAU-24 (1 = 0.825927 A).

A structural model was developed starting from crystal
structures of Zr-MOFs that have already been reported.’
Details are given in the ESLt For activated Zr-CAU-24 the
structural model was successfully refined using the Rietveld
method and the program TOPAS'® Academic v4.1 (Fig. S27).
Crystallographic data for the structural analysis have been de-
posited with the Cambridge Crystallographic Data Centre
(CCDC 1490700). Tables with crystallographic parameters and
selected bond lengths are reported in the ESI (Tables S2 and
S37). Due to the decreasing crystallinity of Ce-CAU-24 after acti-
vation, a Le Bail profile fit was carried out to confirm that acti-
vated Ce-CAU-24 is an isostructural analogue of the Zr-MOF
(Fig. S3t). For both as synthesized products, Rietveld refine-
ment was unsuccessful due to disordered solvent molecules
inside the pores. Nevertheless, the lattice parameters were
determined and phase purity was confirmed by Le Bail profile
fitting in the space group Cmmm (Fig. S4 and S5%). After
activation of both as synthesized samples (4kl) reflections with
[ # 0 are shifted to larger 26 values which corresponds to a
contraction of the unit cell along the c-axis (Fig. S6 and S77).
Crystallographic details for all compounds are given in the ESI
(Table S47).

In CAU-24 the [Mg(p5-0)4(u3-OH),]">" clusters are organized
in a C-centred orthorhombic arrangement and eight carboxy-
late groups are coordinated to each cluster. The other coordi-
nation sites at the Zr'" ions are occupied by H,O and OH~
molecules as described for various other Zr-MOFs. The
clusters are bridged by all four carboxylate groups of
TCPB*~ linker molecules to give the formula [Mg(ps-O)4(s-
OH),(OH),(H,0),(TCPB),] (M = Zr, Ce). The cavities observed
are occupied by guest molecules. The clusters are connected in
a scu topology, creating a porous framework with rhombic
channels of approximately 5.3 x 10.5 A and small pores of
2.4 x 3.5 A in diameter (Fig. 2). Although tetradentate linker
molecules have been intensely investigated, the scu topology
has not yet been reported for Zr-MOFs."” A reason could be the
rectangular shape of the H,TCPB linker which can influence
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Fig. 2 Representation of the crystal structure of Zr-CAU-24. The hexa-
nuclear [Zrg(ps-0)4(us-OH)41** clusters (a) are connected by TCPB*~
linker molecules (b), here shown along [001] (c) and along [100] (d) in
ball-and-stick model. The corresponding space filling models with the
pore diameters obtained by taking the van der Waals radii into account
are shown below, respectively.

the topology of the resulting Zr-MOF, as it was recently
proposed by Matzger et al.'® A representation of prominent
topologies of Zr-MOFs with tetradentate linker is given in the
ESI (Fig. S8f). Variable temperature powder X-ray diffraction
(VT-PXRD) was carried out in quartz capillaries (0.5 mm) to
investigate the thermal stability and structural changes upon
thermal treatment (Fig. S9 and S147). The as synthesized form
of Zr-CAU-24 changes to the activated form at approximately
210 °C (Fig. S10f). Changes of the relative intensities and
reflection positions are observed which are due to the removal
of physisorbed guest molecules. These results are corroborated
by thermogravimetric analysis (TGA). TGA data of as syn-
thesized Zr-CAU-24 exhibit a first weight loss of 10.9 wt% in
the temperature range 50-290 °C (Fig. S11}). A second struc-
tural change appears for Zr-CAU-24 above 290 °C. This second
weight loss of 3.6 wt% (290-420 °C) is attributed to the loss of
residues of strongly adsorbed solvent molecules inside the
small pores, although dehydration of the [ZrgO4(OH),]">" clus-
ters, as observed for the Zr-Ui0-66,"° cannot be ruled out.
Eventually the framework collapses with a weight loss of
51.0 wt% (expected 53.8 wt%) upon heating above 420 °C
measured by TGA and 490 °C by VI-PXRD data, respectively.
The final product was identified by PXRD to be a mixture of
cubic ZrO, (ICSD 89429) and monoclinic ZrO, (Baddelyite,
ICSD 89426) (Fig. S12%). The difference between the

Dalton Trans., 2016, 45, 18822-18826 | 18823
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decomposition temperature obtained by TGA (420 °C
measured under air flow) and VT-PXRD (490 °C measured in
quartz capillary) is attributed to different measurement
conditions. Most Zr-MOFs with tetradentate linkers exhibit
thermal stabilities in the range 250-500 °C, generally
measured by DTA under N, flow (see Table S1}). Compared to
those, Zr-CAU-24 possesses one of the highest thermal
stabilities.

In contrast, Ce-CAU-24 exhibits a lower thermal stability up
to 220 °C (Fig. S137), although it possesses the same crystal
structure. This is probably caused by the high redox potential
of Ce"", which also provides application in redox catalysis as
recently demonstrated for Ce-UiO-66.® The structural change
to the activated form occurs at approximately 190 °C
(Fig. S14%). TGA data show a first weight loss of 28.5 wt%
assigned to the loss of physisorbed guest molecules
(Fig. S157). Decomposition of the framework occurs at 220 °C
with a weight loss of 36.8 wt% (expected 38.7 wt%). CeO, was
identified to be the residue (Fig. S167).

The IR spectra of as synthesized and activated Zr- and
Ce-CAU-24 are shown in Fig. S171 and assigned in Table S5.1
The vibration bands at 1653 cm™" and 1606 cm™" in all spectra
are due to C=O0 stretching vibration of adsorbed or coordinated
DMF molecules and formate ions, respectively. After activation
of both title compounds the C=O stretching vibration of DMF
decreases. Solution 'H-NMR of as synthesized and activated
samples corroborate the removal of DMF but also of formic acid
due to activation and confirm the incorporation of the TCPB*~
ions without modification (Fig. S18-S217).

N, sorption measurements were performed to evaluate the
porosity of both title compounds. Samples were activated over
night at 140 °C and 10~> kPa. The N, sorption measurements
at 77 K resulted in type I(a) isotherms which are typical for
microporous materials (Fig. $221).”° Zr-CAU-24 exhibits a
specific BET surface area of 1610 m* g”' and a micropore
volume of 0.66 cm?® g~'. This value corresponds reasonably
well to the solvent accessible volume calculated from the
crystal structure using PLATON?' (0.75 cm?® g™'), which uses a
random probe molecule (water) with a diameter of 2.6 A.
Because of the small pore between the TCPB*~ molecules
along [011] (2.4 x 3.5 A, Fig. 2), PLATON fills these pores when
calculating the theoretical micropore volume. In sorption
measurements, these pores will probably not be accessible due
to the larger kinetic diameter of the nitrogen molecule of
3.64 A*> The PXRD pattern collected after the N, sorption
experiment indicates that the Zr-MOF remains intact after acti-
vation (Fig. S237). For Ce-CAU-24 a specific BET surface area of
1185 m* g~ and a micropore volume of 0.49 cm® g~' was
calculated from the isotherm. Thus, compared with the
specific surface area of the Zr analogue and considering their
molar masses, it seems likely that this relatively lower surface
area results from decreasing crystallinity caused by activation
(Table S61). This phenomenon is in agreement with the
PXRD pattern collected after the N, sorption experiment. For
Ce-CAU-24, substantial peak broadening and a higher back-
ground can be observed (Fig. S237).
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Under day light radiation, Zr-CAU-24 is colourless and
emits bluish light under excitation with UV radiation (365 nm,
Fig. S247), in agreement with the recorded 3D emission and
excitation spectra (Fig. S257). This behaviour is also explained
by the reflection spectrum of Zr-CAU-24 (Fig. S26%), which
shows a reflectance of nearly 100% over the visible spectral
range, strongly decaying at wavelengths below 368 nm. The
reflectance decay indicates the onset of the optical absorption
edge, allowing to estimate the bandgap energy*® of approxi-
mately 3.4 eV for Zr-CAU-24, comparable to the values pre-
viously published for the H,TCPB linker.>* The emission spec-
trum of Zr-CAU-24 (Aex = 340 nm, Fig. S277) shows a broad
emission band with a maximum at 398 nm with full width at
half maximum (FWHM) of 3901 cm™', resulting in the CIE
1931 > colour coordinates of x = 0.1666, y = 0.0105 (Fig. S287).
Likewise, the emission spectrum of the H,TCPB linker consists
of a broad band with a maximum at 404 nm (FWHM of
3319 cm™Y), slightly blue shifted in comparison to values
reported for the trivalent carboxylic acid 1,3,5-tri(4-carboxyphe-
noxy)benzene.>® The similarity in shape and position of the
emission spectra of Zr-CAU-24 and the H,TCPB linker allows
us to assign the nature of the MOF emission to be ligand-
based luminescence.?” Further investigations are necessary in
order to test the function of Zr-CAU-24 as sensors e.g. for
hazardous molecules,® due to the extended porosity and
therefore expected higher interaction with adsorbed guest
molecules. In contrast, no luminescence was observed for
Ce-CAU-24, most probably due to the overlap between the
absorbed spectral range of this MOF (Fig. S267) and the emis-
sion of the linker (Fig. S277), causing a self-quenching effect.

In summary two new isostructural MOFs, denoted CAU-24
based on Zr and Ce were synthesized using short reaction
times and mild reaction conditions. Molecular force field
simulations were employed to obtain a structural model for
the subsequent Rietveld refinement. Both MOFs exhibit
scu topology which is yet unknown for reported Zr-MOFs.
Zr-CAU-24 and Ce-CAU-24 are thermally stable up to 490 °C and
220 °C, respectively, proven by temperature dependent PXRD
measurements. N, sorption experiments reveal specific surface
areas of 1610 m”> g~ and 1185 m” g". In contrast to Ce-CAU-24,
Zr-CAU-24 emits ligand-based bluish luminescence.
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