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Abstract: The synthesis of metal-organic frameworks with
large three-dimensional channels that are permanently porous
and chemically stable offers new opportunities in areas such as
catalysis and separation. Two linkers (L1=4,4,4"4"-([1,1'-
biphenyl]-3,3',5,5'-tetrayltetrakis(ethyne-2,1-diyl))  tetraben-
zoic acid, L2=44,4",4"-(pyrene-1,3,6,8-tetrayltetrakis(e-
thyne-2,1-diyl) )tetrabenzoic acid) were used that have equiv-
alent connectivity and dimensions but quite distinct torsional
flexibility.  With  these, a solid solution material,
[ZrsO(OH)(L1),4(L2),4]-(solvent),, was formed that has
three-dimensional crystalline permanent porosity with a surface
area of over 4000 n’ g~' that persists after immersion in water.
These properties are not accessible for the isostructural phases
made from the separate single linkers.

M etal-organic frameworks (MOFs) are porous crystalline
solids formed by the linking of organic and inorganic units.!
Their chemically controllable crystalline porosity offers many
scientifically interesting and technologically important advan-
tages in areas, such as gas storage and separation,”” hetero-
geneous catalysis®! sensing, toxic gas removal® drug
delivery,”” and proton conduction,” in bulk and thin films.®
Although MOFs offer sizeable and chemically functionaliz-
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able three-dimensional porosity, which is very appealing for
catalytic applications,”’! their performance is still limited by
the need for materials with structural and hydrolytic stability
along with high surface areas. To date, chemically stable
architectures have been produced using nitrogen-based
ligands™ or by the combination of highly charged metal
ions with carboxylates.''* For example, the Ui0-66,67,68
family,"?! based on octahedral Zr, oxo/hydroxo secondary
building units (SBU), first demonstrated the ability of this Zr-
SBU to produce water stable architectures with high surface
areas (SA). However, their chemical stability (generally
assessed by PXRD data) is reduced for UiO-67 and 68 as
the pore volume increases.'! We demonstrate how large
(experimental BET surface area of 4184 m?g~"), chemically
stable three-dimensional pores can be produced by exploiting
the synergy between two linkers of equivalent connectivity
but distinct flexibility and chemistry: these properties are not
accessible by one of the linkers in isolation. Stability is
demonstrated by a range of techniques on analytically pure
materials.

We prepared two tetrabenzoate linkers with the same
four-fold connectivity and essentially identical metrics (Sup-
porting Information, Table S8): 4,4'.4",4"'-([1,1"-biphenyl]-
3,3',5,5-tetrayltetrakis(ethyne-2,1-diyl)) tetrabenzoic acid
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Scheme 1. The chemical structures of btbaH, and ptbaH, (left) are
identical except for their core. As demonstrated by constrained
molecular dynamics simulation data (right), a free btbaH, molecule
has two symmetric non-planar equilibrium conformations in which the
planes of the phenyl rings are rotated either clockwise or anticlockwise
by 53° with respect to each other. In contrast, a free ptbaH, molecule
with a rigid pyrene core has only one preferred conformation that is
planar.
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Figure 1. Structure and phase purity of as-made single linker phases. Single-crystal structure showing a 2x2x2 unit cell of 1 viewed along the
[122) direction (a) and [100] direction (b); the three-dimensional porosity of 1 is shown by Connolly surfaces calculated using a 1.2 A probe radius
with the surfaces internal to the framework shown in yellow and the external surfaces shown in brown.”?l c) Cubic cages in 1 with an effective
pore diameter of 18.7 A indicated by the yellow sphere with maximum window diameters for a spherical probe of 7.6 A indicated by the green
cylinders. d) Four-membered windows interconnecting cubic cages along [110], the two crystallographically independent linker conformations are
shown in dark blue and dark green with the symmetry equivalent linkers shown in light blue and light green, respectively. Maximal window
dimensions based on measured minimum interatomic distances are 17.115(8) A between the SBUs (direction indicated by the red arrow) and
12.783(4) A between the linkers in parallel orientations (light blue—dark green), 11.815(4) A between those in alternating orientations (light blue—
dark blue) or 9.272(3) A between those with a common orientation (light green—dark blue) (direction indicated by the dark green arrow). e) PXRD
pattern of as-made 1. f) SEM micrograph of as-made 1. g) PXRD pattern of as-made 2. h) SEM micrograph of as-made 2.

(btbaH,) and 444" 4"-(pyrene-1,3,6,8-tetrayltetrakis-
(ethyne-2,1-diyl))tetrabenzoic  acid(ptbaH,) (Scheme 1).
These linkers have quite different flexibility, which is due to
the distinct nature of their cores. The pyrene-based ptbaH,
linker is rigidly planar, whereas the biphenyl-based btbaH,
linker has one extra torsional degree of freedom: there is
a much lower barrier to torsion of the two sections of btbaH,
(Supporting Information, Figure S35), which are twisted by
53° in the lowest energy conformer, and all of the torsional
states are accessible within a 15kJmol™" energy range
corresponding to only a 30° torsion of ptbaH,.

Reaction of anhydrous ZrCl, with btbaH, in DMF at
120°C for three days in the presence of an excess of benzoic
acid™! yields cube-shaped light-green-colored single crystals
of Zrbtba (1). Rotating-anode single-crystal X-ray diffraction
shows 1 has the formula [Zr,O,(OH),(btba);](DMF),(H,0),
and is metrically cubic in space group Pm3m (Supporting
Information, Section S10a). Compound 1 is built from the
Z1;04(OH),(CO,);, secondary building units (SBUs) charac-
teristic of the UiO family,'” with eight-coordinate Zr" atoms
surrounded by 4 p;-O*” or py-OH™ and 4 w,-CO,™ occupying
the upper and lower faces of a square antiprism. The 4 p;-
OH"™ groups are arranged on opposing square faces to
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minimize electrostatic repulsion and yield an apolar SBU.
The SBUs are interconnected by 12 tetracarboxylate btba
linkers, one per edge of the octahedron, that in turn link four
neighboring clusters to define a (12,4)-connected 3D frame-
work with an ftw topology (Figure 1a,b).'®! The observed
positional disorder of the linkers is best modelled in R3, with
a metrically cubic unit cell. Whereas combinations of these
SBUs with linear dicarboxylate linkers generally produce
(12,2)-connected 3D nets with face-centered cubic packing
and feu-type topologies, as exemplified by the UiO™
PIZOE!"! PCN-56, to —59 families!**) DUT-52," or GU-
MOMF-3,! the introduction of a tetradentate carboxylate
such as btba results in an ftw connectivity as described for
tetracarboxyphenylporphyrin struts in MOF-525 and similar
systems.”*?!) Compound 1 displays a three-dimensional pore
system formed by cubic micrometric cages with average pore
diameters of 18.7+0.1 A (Figure 1¢) connected by four-
membered windows that can accommodate a spherical probe
with a diameter of 7.6 A along < 110> (Figure 1d),” with
a total calculated solvent-accessible volume of 8664.3 A®
(80.6% of the unit cell volume) (Supporting Information,
Section $10).?* Two btba linker orientations related by a two-
fold rotation axis are visible from the crystallographic data
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(Supporting Information, Figure S33(ii)) and there is pro-
nounced elongation of the displacement ellipsoids along the
normal to the ligand plane (Supporting Information, Fig-
ure S33(i)) that is indicative of significant deviations from
planarity in the ligand conformation, consistent with the
presence of both low-energy conformations in Scheme 1
(Supporting Information, Section S12).

These reaction conditions afford a material that is phase-
pure (Figure 1e) by indexing and Pawley refinement (Sup-
porting Information, Figure S40) of PXRD data, with the
crystalline purity demonstrated by the homogeneous cubic
habit of the crystallites in scanning electron microscopy
(SEM) images (Figure 1f). The 'HNMR spectrum (after
digestion of MOF; Supporting Information, Figure S8) and
TGA analysis (Supporting Information, Figure S14) of
1 showed the presence of a small (benzoic acid/linker=
0.18:3) amount of benzoic acid. The material has a composi-
tion of [Zr,04(OH),(CysH,,05)5](C;Hs0,)015(H,0)s as dem-
onstrated by CHN analysis (Supporting Information, Sec-
tion S1d) and the agreement between predicted (25.4 %) and
observed (24.8%) ZrO, content in TGA experiments (Sup-
porting Information, Figure S14), which remove the organic
species in air.

Under the same reaction conditions, the ptbaH, ligand,
which is less soluble in DMF, yielded a mixture of a crystalline
Zrptba MOF 2 and an additional amorphous phase. Even
though the amorphous phase remained undetected by PXRD,
its presence is clearly evident from SEM data (Supporting
Information, Figure S4) and unsatisfactory CHN analyses.
ptbaH, is more soluble in NMP (N-methyl-2-pyrrolidone)
than DMF, so we optimized the DMF/NMP ratio (Supporting
Information, Figures S5, S6) to access phase pure 2 in 37.5%
v/iv NMP in DMF (Figure 1g) as orange red cubic crystals
(Supporting Information, Figure S3), demonstrated by
PXRD indexing (which gives similar metrics to 1) and
Pawley refinement and SEM images (Figure 1h) Single-
crystal diffraction analysis shows that 2 (calculated void
volume of 8386.0 A’ 78.9% of the cell volume) is effectively
isostructural with 1, with equivalent disorder of the tetraden-
tate linkers. The average Zr—O/OH bond lengths in 1 and 2,
respectively 2.133(2) A and 2.131(4) A, are identical within
experimental error, whereas the average distance between Zr
and the carboxylate oxygen atoms are 2.231(2) A in 1 and
2.216(3) A in 2.

In contrast to 1, the CHN (Supporting Information,
Section Sle) and TGA analytical data (Supporting Informa-
tion, Figure S15) for phase-pure 2 do not agree well with the
expected Zr/ligand ratio of two. Instead, the residual ZrO,
content of 26.5 wt% (vs. 24.2 wt% expected for a stoichio-
metric material) is consistent with about 8% of the ptba
linkers being missing and replaced with a hydroxide anion.
This level of organic defect (one out of the twelve ligands
bound to each SBU missing) is consistent with previous
observations for UiO-66,”! UiO-67,7* and PCN-225.4 The
analytical data demonstrate the composition [Zr,O,(OH),
(Cs2Hy,04)2.75(OH)J(C/HO,)25(H, O), for 2. The observed
(C 60.46, H 2.28) and predicted (C 60.09, H 2.47) CHN values
are in very good agreement with the linker-deficient compo-
sition. Compound 2 is readily activated by heating under
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Figure 2. Evaluation of the chemical and structural stability of acti-
vated single linker phases by PXRD and N, isotherm measurement.
a) PXRD patterns of 1 after i) activation at 70°C, ii) activation with
SCO,, iii) treatment with water at RT followed by activation with SCO,,
and iv) treatment with water at 120°C followed by activation with
SCO,. b) N, isotherms of 1 at 77 K after i) activation with SCO,,
ii) activation at 70°C, iii) treatment with water at RT followed by
activation with SCO,, and iv) treatment with water at 120°C followed
by activation with SCO,. c) PXRD patterns of 2 after i) activation at
70°C; ii) treatment with water at RT followed by activation with SCO,,
and iii) treatment with water at 120°C followed by activation with
SCO,. d) N, isotherms of 2 at 77 K after different treatments; the inset
shows the DFT pore size distribution curves of 1 and 2.

vacuum to remove the DMF and water guests to afford
a three-dimensional porous material with a surface area of
4116 m*g™! and pore volume of 1.55cm’g™! (Figure 2c,d).
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This BET surface area matches that computed based on the
crystal structure, consistent with the analytical purity dem-
onstrated above. The structurally robust permanent porosity
can be ascribed to the rigidity of the ptba linker, despite the
defect content observed, as in contrast significant care is
required in activating btba-based 1 to attain the anticipated
porosity. While simple thermal/vacuum activation (Support-
ing Information, Figure S19) results in collapse of the porosity
(surface area of 0.3 m’g™'), assigned to irreversible pore
collapse by conformational change of the flexible linker, more
careful activation of 1 by supercritical CO, (SCO,) affords
a surface area of 4342 m*g~! and pore volume of 1.68 cm®g ™"
(Figure 2a,b).”" The pore size distribution curves (Figure 2d,
inset) match the expected pore size of 18 A from single-
crystal data from 1 and 2.

We assessed the chemical stability of flexible stoichio-
metric 1 and rigid defective 2 to water using the commonly
applied visual inspection of PXRD patterns, but supple-
mented by ICP analysis of the supernatant solution and BET
surface area and pore volume determination on the recovered
solids after water treatment. Compound 1 is still crystalline
(Figure 2a) after 48 h at room temperature (RT) and 120°C
water treatment, and does not leach to any extent even at
120°C (0.00 wt % Zr at RT and 0.04 x 107> wt % at 120°C is
present in solution after these tests). However, 1 loses 7%
and 35% of the initial BET surface area respectively under
these conditions (to 4016 m*g~" and 2790 m*g "), with reduc-
tion of the pore volume to 1.57 cm’g™' and 1.43cm’g™!
(Figure 2b). Compound 2, despite its increased structural
rigidity and ease of activation to afford permanent porosity, is
less chemically stable to both leaching (1.77 x 107> wt % Zr at
RT and 0.347 wt % at 120°C), PXRD (where the reflections
broaden significantly; Figure 2¢), and surface area measure-
ments (Figure 2d; Supporting Information, Table S11). The
surface area and pore volume of 2 decreased to 45 m?g ™' and
0.00 cm®g ™! after treatment with water at RT. DFT calcula-
tions (Supporting Information, Section S12) suggest that Zr
leaching is enhanced by the defects in 2.

These investigations show that the btbaH, ligand, based
on the flexible biphenyl core, affords a stoichiometric MOF
1 with reasonable water stability, but which is not structurally
stable to any but the most gentle activation of the porosity by
guest removal. This lack of mechanical stability is attributed
to the ease with which the flexible linker can deviate from
planarity (Scheme 1) and block the pores. The rigid pyrene
core of ptbaH, confers structural stability on guest-free 2, but
this linker-deficient structure is unstable in water: one four-
connected linker cannot afford both types of robustness, but
the integration of structural and chemical stability in a three-
dimensional large pore high surface area framework is highly
desirable.

The use of multiple linkers within a metal-organic
framework has been shown to be a valuable route to tune
structure and properties,® with behavior that is not a linear
combination of that of the end-members being accessible.?!
As the synthetic conditions for 1 and 2 differ despite the
similar connectivities of the linkers, control of the solvent
affords a series of materials with increasing fractions of the
rigid ptba linker. The starting molar ratios of ptbaH,/btbaH,
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Figure 3. Structure and phase purity of mixed linker phases. a) PXRD
patterns of as-made i) 3A, ii) 3B, iii) 3C. b)—d) SEM images of as-made
3A, 3B, and 3C, respectively. e) TGA profiles of 3A and 3C on heating
in air. Inset: the final ZrO, mass expected for the stoichiometric Zr/
linker ratio of two, as shown by dotted lines (red: 3A, black: 3C). In
contrast to 3 A, the difference of 2.2% between calculated and
observed residual ZrO, confirms the presence of about 8% missing
linker defects in 3C, which is further confirmed by CHN data.

of 0.05, 0.47, and 1.69 afforded the molar linker ratios in the
final materials of 0.15 3 A (pure DMF), 1 3B (6.25 % v/v NMP
in DMF), and 5.1 3C (12.5% v/v NMP in DMF).

SEM and PXRD data from 3 A, 3B, and 3C indicate they
are all phase-pure (Figure 3a-d) and isostructural to 1 and 2,
with unit cell parameters in the same range (Supporting
Information, Table S9). Similar to 2, the CHN, NMR, and
TGA data (Figure 3e) of 3C, which has the highest content of
the rigid ptba linker, confirms the presence of missing linker
defects in the composition [ZrsO4(OH),(Cs,H,,04), 5
(CasH,0¢)0.45(OH)](C;HO,)2(H,O)s. For the systems with
lower ptba content (3A and 3B), the CHN, NMR, and
TGA data are consistent with the formation of stoichio-
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metric materials  ([Zr;O4(OH)4(CysHp,0x5), 6(C5:H2Ox)0.4)-
(CGHO2)25(H,0)s 3A and  [ZrO4(OH)y(CysHy,Op)1 5-
(C5,H,,054),5](C;HgO,)045(H,O)s 3B) with a Zr/linker ratio
of 2.0. Linker defects are thus associated with high fractions of
the rigid ptba linker in the resulting MOF.

3B and 3C, with 50% and 80 % of the rigid ptba linker
respectively, were activated under same conditions as suc-
ceeded for pure ptba-based 2, affording BET surface areas of
4293 m?g~" and 4165 m*g~!, respectively (Supporting Infor-
mation, Figures S20, S21). We also measured superatmo-
spheric pressure adsorption isotherms of CO,, CH,, and N, on
3C at 293K and 18.5bar (Supporting Information, Fig-
ure S23). Compound 3 C exhibits gravimetric uptake of CO,
1070 mgg " or 545 cm®g !, slightly lower than MOF-177 and
MOF-205P! which adsorb about 1100 mgg™" (25°C) and are
two of the best mid-pressure-range (15-25 bar) CO, adsorb-
ers. The CH, uptake of 3C is 147 cm®g ' lower than HKUST-
1 (185 ecm®g™!,25°C) and PCN-14 (179 cm®g ™}, 25°C)." Like
2, compounds 3B and 3C are not stable to water at room
temperature (Supporting Information, Figure S52, Table
S11). DFT calculations (Supporting Information, Sec-
tion S12) suggest that the linker defects in 2 and 3C decrease
their stability to water. The relatively high rigid ptba content
in stoichiometric 3B distorts the linker-Zr, cluster bonding
(owing to the slight mismatch in linker metrics; Supporting
Information, Table S8) and lowers resistance to water attack.
In contrast, 3 A is stable to water because it is defect-free and
the incorporation of the rigid ptba linker induces no bond
distortions. The enhanced mechanical stability of 3A over
pure btba-based 1 is conferred by the more rigid ptba.

Unlike pure bptba-based 1, 3A is stable to activation at
70°C under 10" mbar to give the expected BET surface area
of 4120 m*’g~! and pore volume of 1.62 cm’g~! (Figure 4b).
Incorporation of 15% ptbaH, into 1 has thus increased the
structural stability of the guest-free framework dramatically.
Compound 3 A is chemically stable to water attack at RT and
comparison of the measures used show it is also superior to
1 in this regard (Figure 4c). The ICP analysis showed no
detectable Zr leaching (Supporting Information, Table S10),
and PXRD (Figure 4a) confirms that the structure of the
MOF remains intact after soaking in water at RT for 48 h.
Compound 3 A retains all of its surface area and pore volume
(measured as 4184 m?’g™" and 1.61 cm®>g™" after exposure to
water at RT for 48 h), as shown in Figure 4b, overcoming the
poor stability of 2 in equivalent conditions. The synergy
between the flexible btba and rigid ptba linkers affords an
analytically pure multiple linker-based 3A MOF displaying
a three-dimensional pore system with a BET surface area
above 4000 m*g ™" that is hydrolytically and structurally stable
at room temperature. This combination of properties is not
accessible to the isostructural single linker phases thereby
underpinning the value of the multilinker approach to
produce porous solids with enhanced properties arising
from synergy between linker chemistries.
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Figure 4. Combination of chemical and structural stability by the
multiple linker approach. PXRD patterns (a) and N, isotherms (b) of
3 A i) after activation at 70°C for which 1 collapses (Figure 2a,i) and
i) after treatment with water at RT followed by activation with SCO,
for which 2 is not stable (Figure 2¢,ii). c) Comparison of BET surface
areas of 1, 3A, 3B, and 2 before (white) and after (red) water
treatment at room temperature. The yellow area highlights the
optimum behavior of 3 A, which retains the same BET surface area
after water treatment, unlike single linker 2 and multilinker 3 B with
higher ptba content.
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