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A two-dimensional metal-organic framework (MOF) containing
both Zn(II) and Ca(Il) centres and a three-dimensional MOF
containing only Ca(Il) centres have the largest surface areas
(BET 1560 and 914 m*/g, respectively) among the reported Ca-
based MOFs and also exhibit high gas uptakes up to 1 bar for H,
at 77 K and CO, at 298 K.

The wide applicability of metal-organic frameworks (MOFs)
for gas storage,’ molecular separation,” catalysis,® sensing,* and
attributed to their
environments, and dynamics. A unique characteristic of MOFs

biomedicine® is tunable pore sizes,
is their high surface areas, which can be increased up to 7000
m?/g:;® almost a limit for porous materials. The surface areas,
with consideration of pore volumes, can influence effective gas
storage capability,' which has led to great research efforts being
devoted to developing new synthetic strategies for highly
porous MOFs. An example is the assembly of two or three
different organic linkers together with well-defined inorganic
secondary building units (SBUs). This proves to be a promising
method, in combination with organic linker expansion, for
developing highly porous MOFs as demonstrated in bio-MOFs
100-103,” UMCMs 1-5,% and MOF-177/200.° In contrast of the
MOFs that have only one type of transition metal ions, an
alternative strategy that combines common organic linkers with
mixed metal or s- and p-block metal ions may be applicable to
produce new porous structures. However, there is a high risk of
unwanted structures that may be accompanied by inappropriate
inorganic SBUs. Nevertheless, this direction is worth pursuing
because there is a great possibility of achieving new MOF
structural types.

Ca(II)-based MOFs have several benefits for applications in
gas storage; the large abundance of Ca(Il) sources in the earth
(and thus its low cost) and the light weight of the Ca element
are beneficial for making low-density and low-cost MOFs,
which are important for practical gas storage application.'*"* In
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addition, Ca-based MOFs are advantageous in bio-applications
due to their nontoxicity and the biocompatibility of calcium
ions.!* Nonetheless, Ca(ll)-based MOFs have yet to be
satisfactorily explored, and those that are reported, rarely
exhibit permanent porosity. There are difficulties in the design
and prediction of proposed Ca-based MOFs because of the high
coordination number and flexible coordination geometry of
Ca(II).15 Among the known Ca-based MOFs, two MOFs,
CaSDB'? and CaSBA,11 are porous when evacuated; however,
the BET surface areas are only 141 and 224 m%/g, respectively.
Among the mixed-metal MOFs that include the Ca(Il) ion,'®
[Zn,Ca(BTC),(H,0),] shows the highest BET surface area, 730
m?/g."? These examples reflect the challenges experienced in
synthesizing porous Ca-based MOFs having surface areas
greater than 1000 m%/g.

Common s- and p-block metal ions, Mg(Il) and AI(III),
prefer to form octahedral complexes, which limits the number
of inorganic SBUs they can form during MOF synthesis. This is
in contrast to transition metal ions that commonly have
coordination numbers of 4 to 6. For Al(IIl) and Mg(I), the
observed SBUs reported are fused octahedra as shown in MIL-
53(AD" or Mg-MOF-74.'"® Consequently, Ca(Il) ions are
expected to form different types of SBUs than those formed
from transition metals, as mentioned above. Herein, we present
two Ca(Il)-based MOFs, ZnCaBTB and CaBTB formulated
respectively as [Zn,Ca(BTB),(H,0),]:(THF);4,(H,O),3, and
[Cas(BTB),(HBTB),(H,0)¢]*(THF),(H,0),,  where  BTB
stands for benzene-1,3,5-tribenzoate, HBTB for mono-
protonated BTB, and THF for tetrahydrofuran (Fig. 1). The
crystal structures and gas adsorption properties of these MOFs
are also presented.

Hexagonal-plate crystals of ZnCaBTB were obtained
through a solvothermal reaction at 75 °C for 4 days, whereby
both H;BTB and Zn(NO;),'6H,O were first dissolved in a
THF/H,O solution and Ca(OH), was subsequently added.
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Rectangular-plate crystals of CaBTB were grown when a
similar reaction mixture, without a Zn(II) source, was cooled at
room temperature after heating the mixture at 85 °C for 7 days.
The reaction conditions for CaBTB are unusual because most
MOFs are produced during the heating rather than cooling
process. Both MOF crystals are stable in common organic
solvents, but become turbid or dissolve when exposed to air or
water, respectively. Therefore, both MOFs were stored in THF
prior to further analyses.

Fig. 1 Framework structures of (a, b) ZnCaBTB and (c, d) CaBTB with metal
centres highlighted with polyhedrons. Colour codes: Zn, green; Ca, blue; C, grey;
O, red. H atoms are omitted for simplicity. In (a), two alternative sheets are
discerned with pale and deep colours.

The crystal structures of both ZnCaBTB and CaBTB were
elucidated from the intensity data collected using a synchrotron
light source. In ZnCaBTB, the inorganic SBU is a trigonal
prism defined by six point-of-extension C atoms in a trinuclear
cluster Zn,Ca(O,C)¢ (Fig. 1a). Every carboxylate group binds
one Zn(II) and one Ca(ll) ions in a bis-monodentate fashion.
The terminal Zn(II) ions have a tetrahedral coordination
geometry with four oxygen atoms from a water molecule and
three carboxylate groups. The central Ca(Il) is octahedrally
The
identification of each metal ion was possible from X-ray

coordinated by six carboxylate oxygen atoms.
structural refinement due to the large difference in electron
densities. It is noted that almost the same cluster is found in
[Zn,Ca(BTC),(H,0),],'* and similar clusters are also possible
for Mg, Mn, Fe, Co, Ni, and Zn divalent ions. Therefore, it is
reasonable to observe Ca(Il) ions forming trinuclear clusters
with these metal ions.

A stacked pair of two BTB linkers connect three inorganic
SBUs to form two-dimensional (2D) honeycomb-like sheets
running parallel to the crystallographic ab plane; that is, two
BTBs together act as a 3-connector, and an inorganic SBU as
also 3-connector. The diagonal distance of the resulting
hexagon is 19.11 A. Two central benzene rings in the BTBs are
almost eclipsed when viewed along the c-axis with a centroid-

to-centroid distance of 3.72 A. Along the c-axis direction, a
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second sheet is stacked with 60° rotation in reference to the first
sheet (Fig. 1a). This alternative (...ABAB...) stacking (Fig. 1b),
with the separation of 3.65 A, resembles the graphite structure
and generates 1D channels with an effective window size of 3.8
A (Figs. S2, S3). The void volume of ZnCaBTB is 44.4%, as
estimated by PLATON."

Compared with ZnCaBTB, CaBTB has a more
complex three-dimensional (3D) structure (Fig. 1c). Three
independent Ca(Il) centres (Cal, 2, and 3) in an asymmetric
unit are expanded in lattice into trimer Ca, (Cal-Ca2-Cal) and
dimer Cag (Ca3-Ca3) clusters in a sequence of ...Cas-Cag-Cax-
Cag...., which forms an infinite inorganic SBUs roughly along
the a-axis (Fig. 1d). Alternatively, the inorganic SBU can be
described as a pentanuclear Cas cluster composed of C, and Cpg
that are repeatedly linked. (Crystallographic inversion centres
are located at the centre of Ca, and Cag.) The terminal oxygen
atoms of BTB and HBTB are involved in five different
coordination modes, as indicated in modes a to € in Scheme 1.
Cal is 7-coordinated with six carboxylate oxygen atoms from
two BTB (modes a and b) and two different HBTB linkers
(modes a and c¢), and with one a water molecule. Ca2 is 6-
coordinated with six carboxylate oxygen atoms from four BTB
(mode b) and two HBTB linkers (mode c). Ca3 is 8-coordinated
with five carboxylate oxygen atoms from two different BTB
(modes a and d) and one HBTB linker (mode e), and with three
water molecules. In short, a Cas-Cag cluster is bridged by ten
carboxylate and two carboxylic acid groups, and coordinated by
six coordinating water molecules to form a 3D framework with
3D curved channels (Fig. S7). The occluded six THF and one
water molecules per asymmetric unit in the channels were
identified in the crystal structure refinement, determining the
chemical formula for CaBTB. The guest THF molecules are
positioned to optimize the van der Waals contacts with
themselves and the framework surfaces surrounded by the
benzene rings of organic linkers (Fig. S8). Some of the THF
molecules are also engaged in H-bonds with the coordinated
(O1W, O2W, and O3W) and occluded (O4W) water molecules
(Table S4). The void volume of CaBTB is 45.9%, as estimated
by PLATON." The powder X-ray diffraction (PXRD) pattern
for the as-prepared CaBTB coincides well with the simulated
pattern derived from the crystal structure (Fig. S9).
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Scheme 1. Coordination modes of the carboxylate groups in CaBTB

The bulk phase purity of as-prepared ZnCaBTB was
confirmed by comparison of the measured and simulated PXRD
patterns (Fig. S10). The crystal structure revealed that THF and
water molecules were occluded in the pore with partial site
occupancy factors. Presumably due to the easy evaporation of
solvent molecules, the elemental analysis gave a smaller
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number of guest molecules: two THF and two H,O per
Zn,Ca(BTB),(H;0),. Thermogravimetric analysis (TGA)
shows that ZnCaBTB lost 17.7% of mass at 200 °C presumably
due to the evaporation of the occluded guest molecules (caled.
21.6%) (Fig. S12). The final weight loss of organic linker was
observed at 300 ~ 500 °C to afford metal oxides as the residue,
which was determined, based on PXRD analysis, to be a
mixture of hexagonal ZnO and cubic CaO (Fig. S11). A
preliminary ICP-AES analysis of the dissolved ZnCaBTB
crystals in an aqueous acidic solution indicated that the
tentative molar ratio (Zn : Ca) was about 2.5 : 1. However, the
crystal structure refinements on a series of structural models
with various Zn/Ca ratios excluded any non-integer ratios of
Zn/Ca (Table S1); each Zn and Ca must be located on a 3-fold
axis and at a site with 32-symmetry, respectively, thus having a
mole ratio of Zn/Ca = 2. A separate TGA analysis on the
activated ZnCaBTB sample clearly shows that the framework is
thermally stable up to 380 °C (Fig. S12).

TGA data for as-synthesized CaBTB (Fig. S13) reveals that
guest molecules are removed at 200 °C (32.2%, calcd. 29.7%).
The weight loss of organic linker exhibits two distinct steps at
temperatures between 300 and 470 °C, suggesting the different
thermal stabilities of BTB and HBTB. It is interesting that all
organic parts are completely combusted at 560 °C to provide
metal oxides as the remaining residue. A separate TGA analysis
on the activated CaBTB sample indicates that the framework is
thermally stable up to 350 °C.

The activated samples for ZnCaBTB and CaBTB were
prepared by heating the as-prepared samples at 150 °C and 200
°C, respectively, for 6 h wunder vacuum. The PXRD
measurements indicated that the framework structures of
ZnCaBTB and CaBTB were maintained after the activation
processes (Figs. S9, S10). Using the activated samples, the
porosities of both MOFs were investigated. The N, gas sorption
measurements for the two MOFs at 77 K show typical Type-1
sorption behaviours (Fig. 2a). The BET (Langmuir) surface
areas of ZnCaBTB and CaBTB are 1560 (1970) and 914 (1170)
m?/g, respectively. To the best of our knowledge, the surface
areas of ZnCaBTB and CaBTB are the highest among the data
reported for Ca-based MOFs including both non-heterometallic
and heterometallic Ca-MOFs.

In general, the pores or channels in non-interpenetrating 2D
frameworks can hardly be developed and easily collapse upon
removal of the guest molecules because the frameworks are
founded upon weak interlayer interactions. Therefore, non-
interpenetrating 2D MOFs exhibiting permanent porosity are
rare.”® In this regard; the permanent porosity of ZnCaBTB is an
interesting result in combination with its high surface area. The
extensive van der Waals interactions, which result in the 3.65 A
separation between the layers, appear to be retained during the
activation process.

Interestingly, both ZnCaBTB and CaBTB uptake the same
amount of H, gas (1.53 wt%) at 77 K and 1 bar (Figs. S14, and
S15). This value is smaller than the 2.2 wt% observed for
[Zn,Ca(BTC),(H,0),], but is the second largest among the
reported values for Ca-based MOFs.'*"? For example, CaSDB'®
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and CaSBA'' displayed H, adsorption capacities of 0.55 wt%
and 0.7 wt%, respectively under the same conditions. The CO,
gas adsorption isotherms up to 1 bar collected at 253, 273, and
298 K indicate that ZnCaBTB can adsorb 266, 167, and 98
mg/g (Fig. S16) and CaBTB can store 246, 166, and 87 mg/g,
respectively (Fig. S17). These capacities of ZnCaBTB and
CaBTB at 298 K and 1 bar (Fig. 2b) are greater than any other
Ca-based MOFs reported thus far.!%!113 The jsosteric heats (Qy)
of CO, adsorption calculated by fitting the CO, adsorption
isotherms at 253, 273, and 298 K to the virial equation indicate
that the zero-coverage Qg values of CO, adsorption in
ZnCaBTB and CaBTB are 17.0 and 26.6 kJ/mol (Figs. S18 and
S19), respectively, which are comparable to those of CaSDB
(31 kJ/mol)' and CaSBA (28 kJ/mol).""
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Fig. 2 Gas sorption isotherms for ZnCaBTB and CaBTB: (a) N, at 77 K and (b) CO,
at 298 K.

In conclusion, we have prepared two porous Ca-based
MOFs (ZnCaBTB and CaBTB) composed of trinuclear Zn,Ca
and pentanuclear Cas clusters, respectively, linked by BTB
units. The framework of ZnCaBTB has 2D layered structures
generating 1D channels whereas CaBTB is a 3D framework
with 3D curved channels. ZnCaBTB and CaBTB are unique
examples for porous Ca-based MOFs. Additionally, ZnCaBTB
is also a very rare example of a non-interpenetrating 2D MOF
that displays permanent porosity. The surface areas and CO,
uptake capacities at 298 K and 1 bar of ZnCaBTB and CaBTB
are among the highest values reported thus far for any Ca-based
MOFs (including non-heterometallic as well as heterometallic
Ca-MOFs).
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Two noble Ca-based metal-organic frameworks exhibit the largest surface areas and the highest CO, adsorption
capacity at 298 K and 1 bar among the Ca-based MOFs reported so far.



