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Crystalline porous materials lie at the center of many industrial
applications such as petrochemical refining and air separation.'
The current need for renewable energy and a clean environment
further fuels intensive efforts in search of functional porous
materials. The early synthetic efforts focused on the replacement
of cationic tetrahedral species such as Si** and AI** in zeolites
with other cations such as P5*, Ge*', Ga’*", and Co*".>"° The
interest in crystalline porous semiconductors has led to the
development of porous metal chalcogenides in which the chemistry
of anionic species becomes central.”

The recent decade has witnessed an explosive growth of
metal—organic frameworks (MOFs) which are formed through
coordinate bonds between metal cations (or clusters) and organic
ligands such as di- or tricarboxlates and diimines.*~'> A more recent
development is the synthesis of covalent organic frameworks
(COFs) based on lightweight nonmetallic elements.'®'” An area
that remains largely unexplored is MOCOFs, materials that integrate
bonding features (i.e., coordinate and covalent) of both MOFs and
COFs. We envisage that the integration between MOFs and COFs
should offer a unique opportunity for the development of porous
materials that can combine unique advantages of MOFs (e.g.,
compositional and topological diversity, highly reversible bond
formation leading to high crystallinity) and COFs (e.g., lightweight
and possibly stronger bond).

We are particularly interested in zeolite-type tetrahedral frame-
works, because they offer a wide range of highly porous topological
possibilities that can be targeted for the synthetic design. For
MOCOFs, we need to consider the selection of nonmetallic as well
as metallic elements as the tetrahedral nodes. In this aspect, boron
imidazolate anions (B(im),~ where im is imidazolyl or substituted
imidazolyl at 2, 4, and/or 5 positions) represent an ideal tetrahedral
building block. When cross-linked with tetrahedral metal cations
(e.g., Li' and Cu'), neutral zeolite-type frameworks can be expected
as illustrated in Scheme 1, in a way analogous to recently reported
zinc imidazolates (e.g., ZIFs), a family of MOFs with zeolite-type
frameworks '®72* and a high capacity for CO, storage.>

Our initial work with boron imidazolate frameworks, however,
led to quite dense network topologies such as zni (BIF-1), diamond
(BIF-2), and sodalite (BIF-3).%° Furthermore, the much shorter B—N
distance (~1.5 A) between boron and the imidazolyl group (as
compared to significantly larger metal—ligand distances in MOFs,
usually 2.0 A or larger) tends to narrow the pore aperture and places
a serious limitation on the accessibility of internal pore surfaces.
As aresult, the surface area for a lithium boron 2-methylimidazolate
(BIF-3Li) with the sodalite topology is 726 m?*/g, which is only
40% of the surface area for the corresponding zinc 2-methylimi-
dazolate (ZIF-8) with the same topology,?*?> negating any potential
advantages that the use of such light elements could bring. We
reason here that if a more open framework topology could be made,
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Scheme 1. Charge Distribution of All Components in Several
Neutral Zeolitic Frameworks

the large window size will more than compensate for the shorter
B—N distance and the internal pore volume would then be more
accessible.

In the previously reported Zn-im system (e.g., ZIFs), the im—im
interaction is known to play a key role in the resultant framework
topology.'®~2* The shorter B—N distance in the B-im system creates
a new challenge because it leads to a closer distance between the
adjacent im groups, which can dramatically alter interactions
between substituent groups on imidazolyl rings. Indeed, while
benzimidazole (denoted Bim here) is well-known to form a zeolite
RHO type topology (ZIF-11 and ZIF-12),2°“%** the reaction of
HB(Bim), with lithium salts or copper salts only gave layered
structures with (4*) net, with all benzene rings pointed outward
away from the 2-D plane (Figure S1). The short B—N distance,
coupled with the large benzo group, makes it sterically impossible
to form the RHO topology in the boron system. Clearly, the creation
of new zeolite-like boron imidazolates requires strategies that take
into consideration both synthetic and structural factors unique to
boron imidazolates.

In addition, the need for topological control has to be balanced
with the need to create maximum porosity. While the size, number,
and position of substituent groups on imidazolyl rings do help to
generate a more open topology, they can block the pore access.
That is why zinc 2-methylimidazolate (ZIF-8) having the relatively
dense sodalite net with only 6- and 4-ring windows has a large
Langmuir surface area based on N, adsorption, whereas zinc
benzimidazolate (ZIF-11) having a more open RHO topology with
larger 8-, 6-, and 4-rings is actually nonporous toward N,.2%* As
shown in this work, this anomaly can be prevented by the selection
of a suitably substituted imidazolyl ligand that strikes an ideal
balance between the structure directing effect and pore window
blockage. It is shown here that the boron imidazolate zeolite RHO
materials can be created that have a much greater surface area than
the boron imidazolate materials with the sodalite net, in distinct
contrast with the Zn-im system.?**

To achieve our goal of creating a more open zeolitic topology
with high surface areas (despite the short B—N distance), we choose
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Table 1. A Summary of Crystal Data and Refinement Results?

— b= (A . 3 aperture
code formula space group a=b=c(A net void space F.D. (g/cmd) diameter (A) R (F)
BIF-9-Li LiB(4-Mim), cubic P432 26.2923(3) 3-D, RHO 45.82% 0.750 4.2 0.1161
BIF-9-Cu CuB(4-Mim), cubic P432 26.8152(1) 3-D, RHO 48.24% 0.809 33 0.0538

“4-Mim = 4-methylimidazolate. F.D. is framework density.

4-methyl imidazolate (denoted as 4-Mim) as the linker to create
the zeolite RHO topology based on the following considerations:
(1) 4-position monosubstituted methyl group is smaller than the
benzo group in benzimidazole and therefore could better accom-
modate the shortened B—N distance; and (2) 4- and 5-position di-
substituted groups are prone to lessen the pore volume of the
resulting zeolitic frameworks.

Unlike MOFs in which all tetrahedral nodes can be assembled
into a 3-D framework in a one-step synthesis, a two-step procedure,
chemical synthesis of [B(4-Mim),]~ and solvothermal assembly
between [B(4-Mim)y]~ and LiYCu, is used to create porous
materials here. Crystal structures of pure HB(4-methylimidazolate),
and its solvated crystal HB(4-methylimidazolate),*[(3)-2-amino-
1-butanol] - H,O were also determined during this study (Figure S2).

BIF-9-Li and BIF-9-Cu with the zeolite RHO topology were
synthesized by solvothermal reactions of lithium dicyclohexyl-amide
(LiN[CgH 1]2) or copper iodide (Cul) with presynthesized ligand
HB(4-methylimidazolate),, respectively. A large amount of colorless
polyhedral single crystals of both BIF-9-Li and BIF-9-Cu were
obtained. Their crystal structures were determined by single crystal
X-ray diffraction.

BIF-9-Li crystallizes in a highly symmetrical cubic space group
P432 (Table 1). The asymmetric unit includes one lithium atom,
one boron atom, four 4-methylimidazolate linkers, and half of a
disordered solvent benzene molecule. It exhibits a neutral 3-D
tetrahedral framework in which each Li' or B™ is tetrahedrally
linked to four 4-Mim linkers (B—N bond length 1.486—1.561A;
Li—N bond length 1.961—2.078A) and each 4-Mim linker bridges
one Li' and one B™ with the Li'-++B™ distance ranging from 5.263
to 5.554 A. This distance is much shorter than the Zn'-+-Zn"
distance (~5.9 A) in ZIFs.'®~?* This 4-connected net with Li and
B as tetrahedral nodes has an uninodal zeolite RHO topology
(Figure 1). Salient features of the RHO topology include a large o
cage with 48 vertices and 4-, 6-, and 8-ring windows. Each o cage

Figure 1. Diagram of RHO topology in M'B"(4-Mim), (M' = Li" or Cu™).
BN, tetrahedra are shown in orange, MN, tetrahedra in green, N in blue,
and C in black. The big yellow sphere represents the void space in the a
cage.
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is connected to six other o cages by sharing double 8-ring units to
form a 3-D framework (Figure S3).

Despite the short B—N distance in the B-Mim RHO, both BIF-
9-Li and BIF-9-Cu are porous to N, gas while the Zn-Bim RHO
(ZIF-11) is not,°® because the effect of the small substituent in
B-Mim RHO outweights the short B—N distance. As the atom
nearest to the center of the cage is hydrogen, the cage diameter
(14.4—15.3 A) and pore aperture diameter (4.2 A) are calculated
by subtracting distances between two diagonal H atoms by twice
the van der Waals radius of 1.2 A for the H atom. The cage diameter
and the aperture size of the 8-ring is larger than kinetic diameters
of most small-molecule gases, which allows BIF-9-Li to adsorb
various gas molecules that can easily diffuse through the 8-ring
aperture (but not through 4- and 6-rings due to their small aperture
sizes) (Figure S4). The 8-ring aperture size is also much bigger
than that in the corresponding ZIF (ZIF-11) with the RHO topology
3.0 /f\).zo"‘ The total potential solvent-accessible volume is 8327.8
A3 per unit cell volume, and the pore volume ratio is 45.82% as
calculated with the PLATON program.*®

BIF-9-Cu is isostructural to BIF-9-Li. However, the longer bond
lengths (B—N bond 1.531—1.551 A; Cu—N bond 2.006—2.091 A)
in BIF-9-Cu leads to a cell parameter (26.8152 A) slightly larger
than that in BIF-9-Li (26.2923 A). Even though BIF-9-Cu has a
larger solvent-accessible volume (9301.9 A3, 48.24%) and unit cell
volume (19281.60 A%), it has a higher framework density (0.809
g/cm?) than that of BIF-9-Li (0.750 g/cm?), which results from
the large difference in the formular weight.

Thermal gravimetric analysis (TGA) shows both BIF-9-Li and
BIF-9-Cu can be stable up to ~300 °C under the N, atmosphere
(Figure S5). The permanent porosity of BIF-9 was demonstrated
by N, gas adsorption measurements performed on a Micromeritics
ASAP 2010 surface area and pore size analyzer. The samples for
surface area analysis were activated by immersing as-synthesized
BIF-9 with suitable solvents (see Supporting Information), followed
by evacuation at room temperature. The activated samples were
characterized by XRD to confirm the structural integrity (Figure
S7 and S8). BIF-9 exhibits type I adsorption isotherm behavior
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Figure 2. Nitrogen gas sorption isotherm at 77 K for BIF-9-Li and BIF-
9-Cu. P/Py is the ratio of gas pressure (P) to saturation pressure (Py), with
Py = 770 Torr.
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Figure 3. Gas sorption isotherm of BIF-9-Li and BIF-9-Cu for H, at 77
K and for CO, at 273 K.

typical of materials with permanent microporosity (Figure 2). The
Langmuir surface areas were 1818 and 1524 m%g for BIF-9-Li
and BIF-9-Cu, respectively, demonstrating the effect of molecular
weight. The BET method yields surface areas of 1523 and 1287m?
g, respectively. A single data point at relative pressure 0.500 gives
a maximum micropore volume of 0.648 and 0.540 cm?/g, respec-
tively, by the Horvath—Kawazoe equation.

Hydrogen adsorption studies revealed that BIF-9-Li can adsorb
1.23 wt% (volumetric uptake of 9.23 kg/m?, calculated density:
0.750 g/cm?) hydrogen at 760 Torr and 77 K, significantly higher
than that of BIF-9-Cu (1.06 wt %; volumetric uptake of 8.58 kg/
m?, calculated density: 0.809 g/cm®) (Figure 3). CO, adsorption
isotherms of BIF-9 were also investigated. The amounts being
adsorbed at 760 Torr and 273 K reach 35.6 cm?/g (1.60 mmol/g)
and 34.1 cm®g (1.53 mmol/g) for BIF-9-Li and BIF-9-Cu,
respectively. The lighter framework density of BIF-9-Li may be
an important contributing factor for the better gas uptake behavior
of BIF-9-Li vs BIF-9-Cu.

In conlusion, reported here are two highly porous examples of
MOCOFs, a new family of framework materials seamlessly
integrating the coordinate bonds of metal—organic frameworks
(MOFs) and covalent bonds of covalent organic framework
materials (COFs). These two materials represent the lightest zeolite
RHOs known to date. Their synthesis is an extraordinary example
in which the structure-directing effect of the substituent groups on
the cross-linking imidazolyl ring strikes an ideal balance with their
pore narrowing effect, leading to the creation of a very open zeolite
RHO topology with highly accessible internal pores.
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