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The water-stable zirconium-tricarboxylate series of
frameworks, [ZrgO4(OH)4(X)¢(btc),].nH,O, where X =
formate (F), acetate (A), or propionate (P), exhibit tunable
porosity by virtue of systematic modulation of the chain
length of the monocarboxylate ligand X. This modification
not only impacts the pore size of the framework, but provides
an important avenue for the construction of mixed-linker
MOFs.

Metal-organic frameworks (MOFs) are a class of porous
materials composed of organic struts and inorganic nodes,' which
have been tailored to applications including gas storage,” guest
separation,’ catalysis,® sensors,” and drug delivery.*” One of the
most attractive aspects of MOFs is the tunability of their
properties, achieved through synthetic modification of their
secondary building units (SBU) and bridging linkers, allowing
the introduction of tailored functionality to the structure.®° While
the low stability of many MOFs presents a limitation to their use
in industrial processes,'® zirconium-based frameworks have
considerable potential for such applications owing to their
exceptional chemical, hydrothermal, and mechanical stabilities."'
These advantageous properties are attributed to the significant
covalent character of the Zr''-O bonds which are often present in
carboxylate-bridged Zr SBUs,"' with such building units
30 regarded as some of the most stable for MOF construction.

Since the first report of a Zr-based MOF, [ZrsO4(OH),(bdc)s]
(where bdc = 1,4-benzenedicarboxylate, also known as UiO-
66),' only a handful of new structures containing zirconium oxo
clusters have been published, and these have contained
predominantly di- and tetradentate ligands.'*"”

The  highly stable  ZrgO4(OH)4(CO,);, SBU in
[Zrs04(OH)4(bdc)g] is built from 6 Zr atoms each connected to
two bdc linker units, resulting in 8-coordinate Zr'". Each SBU is
bound by 12 carboxylate groups from 12 different bdc ligands to
create a three dimensional uninodal framework with fcu
architecture.'” The stability of the ZrsO4(OH),(CO;),, SBU has
enabled significant modification of this framework. Isostructural
materials have been created using extended ligands, including
[ZrsO4(OH)4(bpdc)s] and [ZrgO4(OH)4(tpde)s] containing 4,4'-
biphenyldicarboxylate (bpdc) and 4,4’,4”-triphenyldicarboxylate
(tpdc),'? although these show significantly lower stabilities than
[Zrs04(OH)4(bdc)g]. Further modifications via post-synthetic
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methodologies have introduced functional groups onto the
ligands with the aim of targeting specific applications, and have
produced a range of extensively-studied [ZrsO4(OH) (bdc)g]
derivatives."

The stability of the zirconium oxo cluster supports a reduction
in the connectivity of the Zrg core from the original 12 in
[Zrs04(OH)4(bdc)g]. Porphyrin-based ligands have been used to
create MOFs with 8-connected Zry clusters, such as the (4,8)-
connected PCN-222 (a csq-a topology)" as well as the (4,12)-
connected PCN-521 and PCN-523 materials (with a flu
topology),'® and also the (4,6)-connected PCN-224 (a she net)
with a 6-connected Zrg core.'® Further, the PCN-221 material
(with a ftw topology)'* also features a porphyrin-based ligand and
contains a 12-connected cubic Zrg core in place of the well-
known octahedral Zr4 core.

The [ZrgO4(OH)4(bdc)s] structure is comprised of a central
octahedral cage with 8 face-sharing supertetrahedra (ST).'? The
four vertices of the ST are each occupied by a Zrg-oxo cluster
with edges formed by the bdc ligands. Instead of edge-occupying
bde, such ST can also be built from face-located btc (1,3,5-
benzenetricarboxylate) ligands, such as in the MIL-100(Fe) and
MIL-101(Fe) materials.'® ' Inspired by this idea, we focused on
constructing porous zirconium MOFs constructed from face-
capping ST using zirconium oxo clusters and the tridentate btc
ligand.

We report herein the solvothermal synthesis of a series of three
isostructural zirconium-btc MOFs, each containing Zrs core with
general formula [ZrgO4(OH)4(X)4(btc),], where X = formate (F),
acetate (A), or propionate (P). Importantly, we demonstrate that
the monocarboxylic ligand controls pore size and allows
modulation of gas uptake properties, important for a wide range
of applications, most notably gas storage.

We obtained [ZrgO4(OH)4(A)s(btc),].nH,O (denoted here as
A.nH,0) as a crystalline powder after attempts at obtaining single
crystals by varying synthesis parameters (temperature, time,
stoichiometry, and concentration, see ESI) were unsuccessful.
A.nH,0, with formula [ZrsO4(OH)4(0,C,H;)6(btc),].32H,0 (n
estimated by thermogravimetric analysis, see ESI), was stable to
activation (desolvation) and the structure of A was solved ab-
initio using high intensity synchrotron powder X-ray diffraction
data (see ESI). A crystallises in the cubic space group Fd 3 m
with unit cell parameters @ = 35.2675(11) A and cell volume ¥V =
framework consists of
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Zrs04(OH)4(CO)y, clusters linked by tridentate btc ligands,
forming ST, while the btc ligands occupy the faces of the ST.
Regarding the ZrsO4(OH)4(CO)j, clusters, only six of the
carboxylate functionalities (of the twelve in the core) are bridged
by the carboxylates from the btc ligands, with the remaining six
occupied by the acetate groups (Fig. 1a), as distinct from the 12-,
8- and 6-connections to framework linker units of Zrg clusters in
other zirconium oxo cluster-containing MOFs.'>'*!5  The
structure of A can be considered in terms of ST, with diameter =
6 A, that extend into a three-dimensional f-cristobalite zeolite
network through connection of the ST vertices (Fig. 1d).”>*' This
arrangement leads to the formation of large, approximately
spherical cavities with diameter =~ 16 A (Fig. 1f), capped by four
ST faces. The large pores are accessible through four hexagonal
windows with apertures of approximately 10 A (Fig. le).
Compared to the ST in [ZrsO4(OH),(bdc)s], the approximate
diameter of the ST in A are 20% smaller (6 A cf 7.5 A). Very
recently the MOF [ZrsO4(OH)4(O,CH)g(btc),], denoted MOF-
808, was reported by Furukawa et al.** using single crystal X-ray
analysis. MOF-808 is isostructural to A and is the material
[Zrs04(OH)4(F)g(btc),] reported in the present work.

(@) ()
1,3,5-benzenetricarboxylic acid
(Hsbtc)
)
T
©
Supertetrahedra in A
) %
B-cristobalite
®

‘ ° ’ I'd 3m (no 227)
Spherical cavity in A

a=352675(11) A
V = 43865.6(40) A3
Fig. 1 (a) The Zrg04(OH)4(AcO)s(CO,)s cluster in A. (b) Hsbtc (c)
supertetrahedra of A (d) schematic of the B-cristobalite topology (e)
hexagonal window in A (f) approximately spherical cavity in A; (g) unit
cell of A. Color scheme: Zr shown in green, O in red, Cin grey. H are
omitted for clarity.

Variable temperature X-ray powder diffraction (XRPD)
analysis shows that A exhibits relatively lower thermal stability
(stable to approximately 270 °C, see ESI) than other Zr-based
MOFs (450 °C for the UiO series and 550 °C for the MIL-140
series).!* ' Despite the lower thermal stability of A, the MOF
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exhibits  extraordinary  chemical stability relative to
[Zrs04(OH),(bdc)s]. Powder X-ray diffraction shows that the
structure of A is retained upon immersion in boiling H,O,
concentrated HCI (32%), and in aqueous solution of pH 10 for 24
h (Fig. 2), suggesting that no phase transition or framework
collapse occurs during these treatments (ESI).

Monodentate modulators, typically with similar chemical
functionalities to the polydentate linker molecules, are used in
MOF preparation primarily to regulate crystal growth.”* For Zr-
based MOFs, modulators such as acetic acid were first introduced
by Schaatte et al. to improve the crystallinity of the UiO-type
isoreticular frameworks.”* However, one study reported that a
modulator (functionalised isophthalic acid) can also be used to
partially replace the ligands (terphenyl-3,3",5,5"-
tetracarboxylate) in a MOF (PCN-125), creating mesopores
inside the crystals.”> More recent reports have demonstrated that
monocarboxylic acids can partially substitute the dicarboxylate
linkers from pristine UiO-66 and UiO-67, generating defect
structures with higher porosities.”**® As a key structural feature in
A, the presence of coordinated acetate has been confirmed
experimentally (vide infra), and is integral to the structure,
serving to stabilise the SBU. Prior to further analysis, A was
washed with DMF, acetone, and methanol, and then dried under
vacuum. Fourier transform infrared (FTIR) measurements
confirmed the full removal of free acid acetate (1710 cm™) with
the band at 1660 cm™" indicating coordinated acetate (see ESI).

'H NMR studies of the alkaline-digested sample indicated the
absence of DMF molecules and the presence of acetic acid in a
2.7:1: ratio with the btc linker, with the ~ 1650 cm™ peak in the
FTIR spectrum of the activated sample attributed to the
coordinated acetate anions (see the ESI). Taken together with the
elemental analysis, the proposed structure of A determined from
Rietveld refinement using synchrotron powder X-ray diffraction
(PXRD) data, [ZrsO4(OH)4(O,CCHjs)4(btc),].32H,0, is supported
qualitatively and quantitatively.

_J.AA_‘_ \AM JM_M pH 10
-——A'M—M JLM_'\.. \-jLAA_Ju. conc. HCI
.g _~‘A'A"—"-* JJ\"-—/‘" _._,A.M__,__. boiling H,O
_-«AM—_._ - M A __JL\_,_ activated
J’v_... — MM —_J{_M_,‘__ as-synthesised
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Fig. 2 XRPD patterns showing the stability of A (left), F (middle), and P

70 (right), upon treatment in H,0, boiling H,0, concentrated HCI (32%) and

pH 10 aqueous solution for 24 h.

A critical aspect of the A structure is the orientation of the
acetate groups pointing toward the centre of the cavities. This
characteristic was exploited here to modify the pore size by

75 varying the monocarboxylate ligand. Using proprionic and formic

acid in place of acetic acid in our synthesis yielded the
isostructural series [ZrsO4(OH)4(X)g(btc),], where X = formate
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(F), acetate (A), or propionate (P). These compounds are termed
F, A, and P, respectively. The compounds F and P are robust to
activation in a similar manner to A, and the isostructural nature of
the activated series is confirmed through Le Bail analysis of
PXRD data (ESI).

The lattice parameters are a = 35.3732(16) A for F,
35.3854(17) A for P and 35.3049(15) for A, the slight differences
are likely to result from variations in the degree of residual pore
solvent molecules being present. Variable temperature PXRD and
10 chemical stability tests confirmed that both F and P have similar
hydrothermal and chemical stabilities to A (Fig. 2 and ESI).

The variation of the monocarboxylate ligand chain length in F,
A, and P had a marked influence on the porosity of the solid. The
tunability of the porosity has important implications for future
applications of the framework, and we demonstrate a systematic
strategy here for controlled tuning of the pore size. To assess the
optimal activation temperature for porosity determination, ~100
mg samples of A (from the same batch) were activated overnight
at different temperatures (100, 140, 180 and 220 °C) under
20 dynamic vacuum (~ 10 bar). N, adsorption analyses at 77 K

indicated that high-temperature activation (> 140 °C) resulted in a

decline in surface area, which was attributed to framework

collapse (see ESI). A temperature of 100 °C was subsequently

selected to activate A. Compared to the 100 °C-activated A, 'H
»s NMR analysis revealed a lower amount of acetate in the 180 and

220 °C-activated A, with the ratio of acetate to btc decreasing by

~ 50% (see ESI). In addition, FTIR measurements for 180 and

220 °C-activated A indicated the absence of coordinated acetate

(1660 cm™) and the presence of the stretching band related to the
% free acid (1710 ecm™) (see ESI). These results suggest that the

mechanism for framework collapse involves removal of

coordinated acetate groups from A, indicating that it is these
groups that underpin the extraordinary chemical stability of the
material.
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Fig. 3 Pore size distributions and N, adsorption isotherms (inset) for A
(red), F (blue), and P (green).

N, adsorption isotherms at 77 K for F, A, and P are typical
type I, with a step at P/Py ~ 0.03 (Fig. 3). The resulting Brunauer-
40 Emmett-Teller (BET) and Langmuir surface areas, along with the
total pore volume (in parentheses) were found to be 1606(10) and
1864.4(5) m%.g"'(0.78 cm’.g™") for A, 2330(64) and 2770.4(74)
m’.g'(0.90 cn’.g™") for F, and 1408(7) and 1633.2(2) m%.g™" (0.75
em’.g™") for P, indicating an increase in surface area and pore

4s volume with a decrease in chain length.

Non-local density functional theory (NLDFT, based on the
Carbon slit-pore model in the ASAP2020 software package,
Micromeritics Instruments Inc.) calculations indicated that the
average diameter of the pores varies as a function of the chain
length, being ~ 152 Ain F, ~ 14.2 A in P, and ~14.6 A in A (Fig.
3). Attempts at producing crystalline products using benzoic and
isobutyric acids were unsuccessful (ESI), presumably owing to
the relatively bulky size of monocarboxylates and the relatively
small pore diameter of the structure.
ss In summary, the series of porous zirconium-tricarboxylate

metal-organic ~ frameworks  [ZrsO4(OH)4(X)e(btc),]  were

synthesised, and exhibited pronounced chemical stability.

Importantly, we demonstrate tunable porosity through modulation

of the monocarboxlic acid chain length, where the
¢ monocarboxylic acid serves as a monodentate ligand for Zrg

cluster construction. This work opens up an important avenue for
the future construction of mixed-linker MOFs. For example, the
benzoate ligands in the MOF NU-1000 can be replaced by —OH
groups via a solvent-assisted ligand incorporation strategy.** *°
s Experiments are currently underway to explore the possibility of
pore space functionalisation within [ZrsO4(OH)4(X)s(btc),] using
similar strategies.
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