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Metal-organic frameworks (MOFs) are coordination-based
polymeric networks often noted for their high crystallinity
and high level of porosity. Although many MOFs lack the
chemical stabilities under ambient conditions, the crystalline
porous materials enjoy the status as promising candidates for
numerous practical applications thanks to the highly ver-
satile nature of their compositions and structures. '

The almost infinite variations in the structures of MOFs
are governed by two factors, the geometry of secondary
building units (SBUs) and organic ligands. A high level of
uncertainty is almost always associated with the former,
while the latter, in structure-point of view, largely remains
invariant during the synthesis of MOFs. Therefore identi-
fying a new SBU with a well-defined geometry is of a para-
mount importance in the targeted synthesis of new MOFs.
In this context, exploiting two different metals with dis-
similar coordination behavior would be highly beneficial
because it can significantly deepen the structural chemistry
of MOFs.? It is, however, a challenging task.

We have recently initiated systematic investigations for
Zn(IT)-Ti(IV) heterometallic MOFs in hopes to benefit from
the rich coordination chemistry of Ti(IV) and the inert nature
of Ti—O bonds. In order to host the two different metal ions,
we used asymmetrically substituted ligands, such as 2-hydr-
oxyterephthalic acid (Hsobdc) (Scheme 1(a)) or 3-hydroxy-
2,7-naphthalenedicarboxylic acid (Hsondc) (Scheme 1(b)),
and reported two prototypes of zinc-titanium-organic frame-
works (ZTOF-1 and ZTOF-2).*

The general applicability of this approach would depend
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Scheme 1. Coordination modes of asymmetrically substituted
ligands and the nodality of resulting MOFs.

on the possibility of the so-called isoreticular synthesis, and
therefore we used an extended version of Hsobdc, 2-hydr-
oxy-4,4'-biphenyldicarboxylic acid (Hs;obpdc) in the same
synthetic protocols. Our question at the onset of this work
was whether it is possible to predict the nodality of hetero-
metallic MOFs obtained from the obpdc®™ ligand (Scheme
1(c)). The crystal structure and basic properties of a new
MOF thus obtained are reported herein.

A mixture of zinc(I) nitrate, titanium(IV) isopropoxide
and Hs(obpdc) reacts under solvothermal conditions in DMF
to give a gel-like suspension from which orange-colored
rhomboidal crystals grow. We note that the reaction is quite
sensitive to the heating rate, and the formation of a com-
peting microcrystalline phase can only be avoided by raising
the temperature very slowly (see Experimental section). The
X-ray crystal structure was determined using a synchrotron
radiation on very small single crystals (< 0.1 mm), and the
formula deduced from it is [H>N(CHs):][Zns3(u3-OH)Ti-
(obpdc);(O,CH)] (1). The X-ray powder diffraction (XRPD)
pattern simulated from the single-crystal structure is dominat-
ed by a few strong peaks at low angles in which the experi-
mental patterns show reasonable agreements (Fig. 1).

From mid- to high angles, however, the experimental diff-
ractogram of the as-synthesized samples shows discrepancies
from the simulated pattern. This is probably due to the
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Figure 1. Debye-Scherrer diffraction patterns for 1 and 1-Fe
measured using synchrotron X-rays (A = 1.40000 A).
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Figure 2. X-ray crystal structure of 1. (a) ZnsTi» SBU. (b) Per-
spective view of the peu net along the a axis. Green and orange
polyhedra represent Zn and Ti centers, respectively.

flexibility of the biphenyl spacer of the ligand.

The crystal structure of 1 is depicted in Figure 2.

The SBU in 1 is found to be identical to that of ZTOF-1.*
It is composed of two Zn3;Ti units paired with a center of
inversion symmetry (Fig. 2(a)). Each unit has the [Zns(us-
OH)] core capped by a chelated Ti(IV) ion. The bridging
formate ligand is believed to be a decomposition product of
the solvent (DMF). In the optimized synthesis of 1, however,
a quantitative amount of formic acid was added to the initial
reaction mixture in order to improve the yield and crystal-
linity of the product. Overall the SBU is supported by twelve
obpdc ligands which are paired in six sets to propagate along
six directions (Fig. 2(b)). Therefore, the entire net of 1
possesses the double-walled primitive cubic net (pcu) and is
isoreticular to ZTOF-1.

Heterometallic MOFs have not benefited from systematic
studies in the past, and therefore the discovery of the ZneTi,
SBU acting as a 6-connecting node is expected to signi-
ficantly enrich the structural chemistry of heterometallic
MOFs. The successful synthesis of the isoreticular MOF is
also interesting because its prototype ZTOF-1 showed con-
siderable stability in ambient air. Therefore, we attempted to
measure the stability of 1 under various conditions. To our
surprise, however, the evacuated solid of 1 does not maintain
the original framework judging from the quick disappear-
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Figure 3. Gas sorption isotherms for 1 and 1-Fe measured at 77 K.
Py for H» is set to 101 kPa.

ance of the diffraction pattern in XRPD when included
solvents are removed. This is against our previous assump-
tion that the rigidity of the SBU and the double-walled
structure of ZTOF-1 are responsible for its stability. We
believe that the flexible biphenyl linkers do not sustain the
evacuated the network of 1. It is noted, however, that the
collapsed framework does not completely disintegrate. This
is partly supported by the fact that IR spectra do not change
after evacuation except for the disappearance of v(CO) band
at 1661 cm™' from solvent DMF (Fig. S1). In gas sorption
studies, the evacuated solid of 1 does not show a significant
adsorption of Ny, Ar or O, at 77 K (Fig. 3).

Meanwhile, H, is adsorbed to a level beyond the surface
adsorption at the same temperature and 1 bar (41 cm?/g).
The adsorption of H» hints at the possibility that 1 may show
gated adsorption behavior for other gases under high pre-
ssure regions.

The derivation of a permanent porosity by the transmetal-
lation of otherwise unstable MOFs is a highly interesting
and important phenomenon.” Thus we attempted similar
reactions for 1 to know if the framework can be stabilized in
the absence of pore-filling guests. Of many possible choices,
we selected Fe’* as the exchanging metal because its oxo-
philicity should make the trivalent metal compatible to the
coordination environment in 1. The exchange reactions were
readily carried out by adding a DMF solution of iron(III)
perchlorate DMF solvate in to as-synthesized crystals of 1
soaked in DMF. An immediate color change was observed in
the crystals from orange to dark brown. This new material,
tentatively labeled as 1-Fe, shows a powder diffraction
pattern similar to 1 (Fig. 1), and ICP-AES analysis reveals
that about 16% of total Zn has been replaced by Fe while the
content for Ti has not changed at all. These results suggest
that Zn®" ions in 1 are selectively substituted by Fe*" while
the overall connectivities and the framework structure are
retained. In the gas sorption measurements, 1-Fe clearly
shows type I adsorptions for N», Ar and O at 77 K, implying
considerable stabilization of the void framework 1 (Fig. 3
and Fig. S2). The fact that there is no dramatic improvement
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in the uptake of H» or that the amounts of N», Ar and O
adsorbed at Py ~ 1 are far below the level expected from the
crystal structure of 1° do not discourage the effort for post-
synthetic stabilizations because the working principle is
proven and because it leaves much room for improvements,
for example, by using other metal ions.

In conclusion, the ZneTi; SBU appears to be a persistent
and preferably formed building block when asymmetrically
substituted, linear dicarboxylate ligands are used. Despite
the complexity of the composition and connectivity, the new
SBU possesses the nodal geometry of distorted octahedron
leading to a simple, 6-connected topology.

Experimental

Materials and Methods. All the reagents were commer-
cially available and used as received except for H3(obpdc)
which was purified by recrystallization before use. IR data
were recorded on KBr pellets using a Varian FTS 1000 instru-
ment.

Synthesis of [HoN(CHj3):][Zn3(u:-OH) Ti(obpdc);(Os;CH)]
(1). Titanium(IV) isopropoxide (29.6 pL, 0.10 mmol) was
added to a solution of Hzobpdc (77.7 mg, 0.30 mmol) in
DMF (3.5 mL) to form an orange colored turbid mixture.
After stirring for 30 min zinc nitrate hexahydrate (51.4 mg,
0.17 mmol) and formic acid (3.8 pL, 0.1 mmol) were added
to it. The final mixture was well-stirred for 2 h at room
temperature and then filtered. The solution was heated in a
sealed glass vial with the following steps: 1 day at 75 °C, 2
days at 95-100 °C and 1 day at 120 °C. The product was
separated from the orange-colored suspension, thoroughly
washed with fresh DMF and soaked in dichloromethane
before drying under vacuum at room temperature for 12 h
and then at 100 °C for 5 h (42.7 mg, 68%). Calcd: C, 48.4;
H, 2.8; N, 1.3; Ti, 4.3%. Found: C, 48.7; H, 2.9; N, 1.2; Ti,
4.1%.

X-ray Powder Diffraction. X-ray powder diffraction
patterns were recorded at the 2D SMC beamline of the
Pohang Accelerator Laboratory, Korea. Crystalline samples
were thoroughly ground in an agate mortar and packed in a
capillary tube (0.3 mm diameter). Debye-Scherrer diffraction
data were collected on an ADSC Quantum-210 detector with
a fixed wavelength (A = 1.40000 A) and an exposure of 60
sec. The ADX program’ was used for data collection, and
Fit2D program® was used to convert the 2D to 1D patterns.

X-ray Single-crystal Diffraction. Single-crystals of as-
synthesized 1 were directly picked up from the mother
liquor with a cryoloop attached to a goniohead, and trans-
ferred to a cold stream of liquid nitrogen (—173 °C). The data
collection was carried out using synchrotron X-ray on a
ADSC Quantum 210 CCD detector with a silicon (111)
double-crystal monochromator at 2D SMC beamline of the
Pohang Accelerator Laboratory, Korea. The ADSC Quantum-
210 ADX program’ was used for data collection, and
HKL3000sm (Ver. 703r)° was used for cell refinement, data
integration, and absorption correction. After space group
determination, the structures were solved by direct methods
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and subsequent difference Fourier techniques (SHEXLTL).'
All the non-hydrogen atoms were refined anisotropically,
and hydrogen atoms were added to their geometrically ideal
positions. The diffused electron densities in the void space
could not be modeled properly, and were removed from the
reflection data using the SQUEEZE routine of PLATON."
The results of SQUEEZE process were attached to the CIF
file. The crystal data and results of structure refinements are
summarized in Table S1. Crystallographic data for the
structure reported here have been deposited with CCDC
(Deposition No. CCDC-981813 (1)). These data can be
obtained free of charge via http:// www.ccdc.cam.ac.uk/
conts/retrieving.html or from CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK, E-mail: deposit@ccdc.cam.ac.uk

Gas Sorption. Gas sorption isotherms were measured in a
bath of liquid nitrogen (77 K) with a Belsorp Mini-II. The
gases used were of the highest quality available (N60 for Ho,
N50 for Ar and N», and N45 for O,). Typically, 100-150 mg
of solvent-exchanged samples were evacuated under a
dynamic vacuum at room temperature for 12 h. The
equilibrium criteria were set consistent throughout all the
measurements (change in adsorption amounts less than 0.1
cm’/g within 180 sec). Complete gas sorption isotherms are
shown in Fig. S2.
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