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Inter-ligand van der waals forces play a key role in ZIF framework
types. Here we report an unusual case involving covalent inter-
ligand interactions through disulfide bond formation in a ZIF-8
analogue. It exhibits a high CO, uptake, and stepwise adsorption
for light hydrocarbons with potential appications in
ethane/ethylene seperation.

Although metal-ligand interactions are the driving forces in the
formation of coordination polymers, ligand-ligand interactions
can also exhibit important impact, especially in the synthesis of
zeolite imidazolate frameworks (ZIFs). ZIFs, as a subfamily of
metal-organic frameworks (MOFs) with features that best
mimic inorganic zeolite, have been extensively studied
because of their tailorable structures and properties by
custom-designed functionalization of Iigand.1 It has been well
recognized that, from the synthetic perspective, ZIFs can be
designed and generated by rational control of metal-ligand (M-
L) interactions and ligand-ligand (L-L) Waals
interactions where M-L interactions are the main driving forces
for the ZIFs formation, while L-L noncovalent interactions
between adjacent azolate ligands play a secondary role
directing the final structure type.ZTake a prototypical ZIF-8% as
an example, if 4- and 5-positions of imidazole were substituted
with benzene which provides larger steric encumbrance, it
could prevent the formation of ZIF-8 type structure with SOD
topology, but lead to the generation of RHO topological ZIF-
11 with larger cavities. Furthermore, replacing carbon atom
at 5-position with nitrogen atom of benzimidazole in ZIF-11
will result in ZIF-22 with LTA topology.Zb From the functional
perspective, introduction of substituents as interaction sites
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grafting functional groups could expand the pore structure,
enhance and enrich functionality of ZIF-type materials.
Actually, the CO, adsorption ability was clearly enhanced by
either varying the substituent at 2-position from methyl in ZIF-
8 to nitro group in ZIF-65* or using triazole in MAF-7° instead of
imidazole. ZIF-90, which was also obtained by changing methyl
group of ZIF-8 to aldehyde,6 could be further functionalized
through post-synthesis to remove Hg2+ from water or
codelivery of anticancer drugs.7

The afore-mentioned L-L noncovalent interactions strategy
to construct ZIFs with different zeotypes has been proven to
be successful and fruitful. Over one hundred new ZIFs with
fabulous functions have been reported within the last 10
years.8 However, so far, the transitioning from inter-ligand
noncovalent to covalent interactions in such zeotypes has
rarely been seen. In this work, we propose a new strategy that
involves the use of L-L covalent interactions to guide the
construction of a ZIF-8 analogue, named CPM-8S herein, by
judicious choice of ligand 3-thiol-1, 2, 4-triazole. In this case, it
was observed that 1, 2, 4-triazole part of the ligand connects
zinc using its 1- and 4-nitrogen sites to generate a sodalite
network, while the 3-thiol group was oxidized and inter-
connected to form disulfide bonds that tie up the sodalite cage
and decorate the pore aperture. To further elucidate the
structure-directing role of disulfide covalent bonds, we applied
either single 1, 2, 4-triazole ligand or mixed ligands using 1, 2,
4-triazole or 2-methyl-imidazole as co-ligands to study the
synthesis of targeted structures. It was found that under the
same reaction condition, the 1, 2, 4-triazole results in no
crystals, while the 2-methyl-imidazole has no effect on the
formation of CPM-8S. These results indicate that as structure-
directing agent, covalent interactions of -S-S- bonds here are
more competitive than L-L van der Waals forces. Additionally,
the formation of disulfide bonds not only plays a decisive
structure-directing role, but also lead to a very high CO,
uptake ability by CPM-8S. Intriguingly, CPM-8S is found to be
flexible, displaying stepwise adsorption behavior toward
carbon dioxide and light hydrocarbons, and this property may
be useful for separating the mixture of paraffin and olefin.
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Highly crystalline CPM-8S, with the formula of [Zn(DS-
trz)]-DMF-1/6H,0, was prepared by solvothermal reaction of 3-
thiol-1, 2, 4-triazole and zinc chloride in DMF solution. Bis(1, 2,
4-triazole-3-yl)-disulfide (abbreviated as DS-trz) was generated
in situ from 3-thiol-1, 2, 4-triazole. According to the X-ray
crystallographic analysis, the in situ formed disulfide in CPM-8S
lowers the crystallographic symmetry from cubic, /43m of ZIF-8
to trigonal, R-3.F The tetrahedrally coordinated zinc ions are
linked by four triazolate nitrogen atoms from three Ds-trz
ligands to generate a three-dimensional zeolitic framework
with a regular 4%.6" sodalite topology (Fig. 1). The bond lengths
(Zn-N) and angles (N-Zn-N) are 1.974(5), 1.978(5), 1.990(5),
1.992(6) A and 113.52(19), 112.00(19), 105.6(2), 111.91(19),
108.87(19), 104.41(2)°, respectively.9 The in situ formed Ds-trz
displays both chelating and bridging coordination modes to
link three zinc centers using its four triazolate nitrogen atoms,
leaving remaining two uncoordinated triazolate nitrogen sites
and disulfide groups oriented towards the hexagonal pore
aperture (Fig. 1b). The bond lengths of C-S and S-S are
reasonable in the range of 1.701(12)-1.772(16) A and
1.945(11)-2.121(11) A The sodalite cage is composed of six
4-member rings and eight elongated 6-member rings with
chair configuration pulled by the disulfide. The diameter of the
accessible 6-member ring aperture is measured as 4.4 A. One
DMF solvent molecule is present in the cage, and water
molecule with 1/6 occupancy caused by 3 symmetry lies at
the center of the six-member ring aperture.

Fig. 1 (a) Sodalite cage topology of CPM-8S; (b) Sodalite cage
strucutre of CPM-8S with pore aperture’s diameter being 4.4 A;
(c) Tiling diagram of CPM-8S; (d) 3D structure of CPM-8S
viewing along c axis.
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Using the PLATON program, the calculated solvent-accessible
volume is 53.6% of the crystal.

The purity of the as-synthesized samples was confirmed by
X-ray powder diffraction (Fig. S1a). The chemical stability of
CPM-8S was examined by immersing it in different solvents,
such as acetone, benzene, N, N’-dimethylformamide,
methanol, and water for one week at ambient temperature
(Fig. S1b). Thermogravimetric analysis (Fig. S2) indicates the
incorporated solvent water and DMF molecules are lost during
30-250 °C with 24.89% weight loss (the calculated value:
22.40%). No further weight loss happens until 320 °C, after
which the framework starts to decompose.

The micro-porosity of CPM-8S is revealed by N,-sorption at
77 K (Fig. S3), and the surface areas based on BET and
Langmuir models are estimated to be 843 mz-g'1 and 1200
mz-g'l, which are lower than those of ZIF-8 (BET surface area,
1630 mz-g'l; Langmuir surface area, 1810 mz-g'l), due to the
increased formula weight and the protrusion of disulfide
groups into the cage. However, CPM-8S exhibits very high CO,
adsorption capacity even at room temperature. Actually, the
adsorption of CO, at 273 K (107 cm®g™, 21.2wt%, STP) and 298
K (84 cms-g'l, 16.5wt%, STP) are much higher than those of ZIF-
8 (29 cms-g'l, 273K, STP) even surpassing ZIF-69* (70 cms-g'l,
273K, STP) and the ZIF-8-like zeolitic MOF, IFMC'* (91 cm>-g™,
273K, STP; 60 cms-g'l, 298K, STP) which are previously known
to be among the best performing ZIF materials in CO, uptake.
It is reasonable to suggest that in addition to the contribution
of open nitrogen site that acts as Lewis base,12 the interactions
between lone-pair electrons on sulfur and electropositive
carbon of CO, significantly attribute to the great enhancement
of CO, capture.13 Such consideration is further supported by
the comparison to a related material MAF-7,5 a ZIF-8-like
sodalite framework constructed from 3-methyl-1, 2, 4-triazole,
which was reported to exhibit CO, uptake of 62.5 cme'-g'1 at
273 K.
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Fig. 2 CO, adsorption and desorption isotherms of CPM-8S at
273 K and 298K.
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Interestingly, the adsorption isotherm of CO, displays a
temperature- and pressure-dependent stepwise uptake as
depicted in Fig. 2. The desorption isotherm does not retrace
the adsorption isotherm, generating a pronounced hysteresis
that indicates the flexible nature of CPM-8S. This behavior has
rarely been observed in ZIFs especially at room temperature.
Similar stepwise adsorption behaviors have, however, been
observed in other flexible metal-organic frameworks for
adsorption of guest molecules such as CO,, O,, H,0 and MeOH,
wherein the flexibility-related gate-opening process caused by
transformation between large-pore and small-pore phases is
typically attributed to the presence of hydrogen bonding
and/or electrostatic interaction between host lattices and
guest molecules.™

Adsorption behaviors of guest-free CPM-8S toward several
single-component light hydrocarbons (C,Hg, C,H,, C,H,, and
CH,) were also measured at 298 and 273K (Fig. 3). In addition
to carbon dioxide, such interesting stepwise adsorption
phenomenon also occurs for C,Hg, C,H, and C,H, at 273 K
under certain threshold pressures as depicted in Fig. 4. It was
worth noting that for ethylene, very limited amount is
absorbed before 500 mmHg, after which the uptake amount
abruptly increases and reaches to its saturated uptake of 88
cm3-g'1 (11.8wt%) at 760 mmHg. For ethane, the uptake
amount increases steeply after 300 mmHg and finishes its
~90% adsorption of the saturated uptake (108 cm3-g'1,
13.5wt%, 760 mmHg) before 500 mmHg. The aforementioned
pressure-dependent adsorption behavior creates a threshold
that allows selective ethane uptake over ethylene at select
pressures. It is suggested that despite the very similar size
between ethane and ethylene, ethane can more readily pass
through the pore aperture and penetrate into the cavity
because the three-fold symmetry of methyl group is best
matched and fit with the pore aperture in CPM-8S structure
with 3 symmetry.143 In industry, ethane and ethylene are
separated by cryogenic high-pressure distillation which is a
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Fig. 3 Gas adsorption (solid symbol) and desorption (open
symbol) isotherms for C,Hg, C,H4, C;H,, and CH, at 273 K (red)
and 298 K (violet).
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Fig. 4 Gases adsorption isotherms of carbon dioxide and light
hydrocarbons of CPM-8S at 273 K with different threshold
pressures.

Normally, separation of ethylene and ethane by trapping
ethylene is more accessible because as a kind of unsaturated
hydrocarbon, ethylene readily interacts with open metal site in
porous materials,’®> while the reverse preferential adsorption
of ethane over ethylene is really rare.”* ** Our case may
provide CPM-8S as a potential candidate in ethylene and
ethane separation by ethane trapping through pressure
thresholds control in a less energy demanding process.

In conclusion, a new strategy was identified here to direct
the synthesis of ZIF-type material by ligand-ligand covalent
interactions. Here in this study inter-ligand interactions
strongly covalent through the disulfide bond
formation in a ZIF-8 analogue, CPM-8S. Specifically, two
adjacent 1, 2, 4-triazolate rings are interlinked via -S-S- bonds
while retaining the
instead of the

become

zeolite-type topology. Unexpectedly,
increased framework rigidity from such
additional linkages, CPM-8S shows a flexible framework. Such
disulfide-decorated framework exhibits a very high CO,
adsorption capacity compared with known ZIF-type materials.
By virtue of the stepwise adsorption affording different
pressure thresholds, such a structure is of great interest for
applications in separating mixture of ethane and ethylene by
trapping ethane. This design principle based on ligand-ligand
covalent interactions may be extended to target new ZIFs or
ZIF analogues with specific topologies or explore previous
unknown ZIFs.
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} Crystal data for CPM-8S: trigonal, space §roup R-3, a =

b =

23.390 (7) A, c = 13.909(5) Ae, vV = 6590(4) A>, Z = 18, T = 296(2)
K, measured reflections 7174, independent reflections 2711, R;.,
=0.0345, R, = 0.0588, wR, =0.1686, S = 1.074.
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