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ABSTRACT: Two new porous coordination polymers
(PCPs) based on different nanosized C; symmetry ligands
and Zn(II)-benzotriazolate clusters have been synthesized
solvothermally. Both of the desolvated complexes show
selective uptake of CO, over CH, and N, at ambient
temperature.

he emission of carbon dioxide (CO,) has caused global
warming and corresponding climate changes. Therefore,
the reduction of CO, in the atmosphere becomes one of the
greatest challenges worldwide.' Porous materials with high CO,
sorption capacity and selectivity, especially in the low pressure
range,lb have been desired for potential applications. Recently,
porous coordination polymers (PCPs) have received growing
attention for their potential application in carbon capture and
storage (CCS) due to their easily tailored structures, high
stability, and permanent porosity with extra-high surface areas.”
Along with the readily modulated pore structure, the pore
surface properties of PCPs, which determined the interaction
between the CO, molecules and host framework, were also
found to be an important factor that affect the CCS
performances of these materials.®> Up to now, several pore
surface functionalization strategies have been proved to be
effective.* Generally, the functionalized materials reveal
improved CO, capacity and selectivity due to the enhanced
interactions between the active sites and CO, molecules.®
Among the various polar groups available for functionaliza-
tion, the —CONH— group has been widely utilized to construct
PCPs that exhibit strong CO, binding affinity.>>® However, the
flexible nature of this group may also reduce the porosity and
the stability of the PCPs.” Toward the construction of CCS
targeted PCPs, we focused on two nanosized C; symmetry
ligands with —CONH— polar groups, namely 4,4',4”-[1,3,5-
benzenetriyltris(carbonylimino) Jtris(benzoate) (H;L1) and
3,3',3”-[1,3,5-benzenetriyltris(carbonylimino) Jtris(benzoate)
(H;L2) for their potential to produce high porosity PCPs. On
the other hand, Zn(II)-benzotriazolate (Zn-btz, btz
benzotriazolate) clusters were introduced as secondary building
units (SBUs) in the targeted system, which could reduce the
possibility of compact structures and increase the stability of the
PCPs.® Herein, we report two PCPs, {[Zn,(L1)(btz)s(H,0)-
(NO;)]-SDMA-5H,0},, (1) and {[Zny(L2),(btz),]-
14H,0}, (2), based on the mentioned multidentate
carboxylate ligands and two different Zn-btz clusters. These
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PCPs reveal high porosity and remarkable CO,/CH, and CO,/
N, selectivity, which meet the requirements as a candidate of
CCS material.

Complex 1 was synthesized under solvothermal conditions
with Zn(II) salt, btz, and H,L1 as reactants. Single-crystal X-ray
diffraction analysis revealed that 1 crystallizes in space group
C2/c. In 1, Zn(II) ions exhibit three coordination modes; and
six btz ligands link five Zn(II) ions to give a pentanuclear metal
cluster with tetrahedral structure (Figure la). In the cluster,

Figure 1. (a) The pentanuclear Zn(II) cluster in 1. (b) Schematic
representation for the structure of the H;L1 ligand. (c) Self-
penetrating in the 2D network. (d) Polyhedral view of the stacked
porous layers along the b axis.

four Zn(II) ions (Zn2, Zn3, Zn4, and ZnS) serve as vertices,
and one Zn(II) ion (Zn1) is located at the center. Each vertex
Zn(II) ion is linked to the other three through 1,3-bridge mode
of the btz ligands. Besides the coordination of three N atoms,
the four coordination environment of Zn2 and Zn4 ions is
completed with one O atom from a carboxyl group, while the
five coordination mode of Zn3 and ZnS ions is completed with
a chelating nitrate group and O atoms from a terminal H,O and
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and a monodentate carboxyl group, respectively. Furthermore,
the pentanuclear units are linked by deprotonated L1*~ ligands
at the vertex positions (Figure 1b and Figure S1) to result in a
porous 2D network (Figure S2a). By regarding the metal
clusters and ligands as 3-connected nodes, the network of 1 can
be rationalized as an unusual uninodal 3-c (10*) net (Figure
S2b), which has not been found in 2D networks. It should be
noted that the 2D network shows a unique self-penetrating
feature that is rarely reported (Figure 1c). In the crystal lattic,
the 2D nets stack closely in an A—A mode along the ¢ axis, and
one-dimensional (1D) channels were formed in the b and ¢
directions (dimensions ~ 7.7 X 7.8 A; Figure 1d and Figure
S3).

Similar to that of complex 1, the Zn centers in complex 2
show four-, five-, and six-coordination configuration (Figure
2a), while two pentanuclear clusters similar to that in 1 were

~

OH

HO

Figure 2. (a) The Zn, cluster. (b) Schematic representation for the
structure of the H;L2 ligand. (c) Polyhedral view of the stacked
porous network along the b axis.

connected by sharing one Zn ions to give a Zny cluster. The
neighboring Zn, units are connected by L2*" ligands to form a
2D network (Figure 2b, Figures S4 and SSa). The Zny units
and ligands could be regarded as 6- and 3-connected nodes,
respectively, and, the overall 2D network of 2 can be
rationalized as a (3,6)-c kgd net with Schlifli symbol
{4%},{4%.6°.8%} (Figure S5b). Moreover, the close stacking of
the 2D nets in 2 leaves square shaped 1D channels along the b
direction (dimensions = 7.5 X 7.6 A; Figure 2c and Figure S6).
Notably, the syntheses of complexes 1 and 2 were carried out
using a one pot method, different from the previous reported
stepwise synthesis of metal-benzotriazolate cluster based
MOFs.” These results show that the assembly of the Zn-btz
clusters could be achieved in various conditions with different
components, indicating the stability of this assembly system.
To prove our expectation on the enhancement of structure
stability, thermogravimetric, PXRD, and porosity analyses were
performed with complexes 1 and 2. The results show that
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complexes 1 and 2 are thermally stable up to 330 and 370 °C,
respectively (Figures S7 and S8). The PXRD profiles of two
complexes indicate that no significant change was observed for
the host framework even though the guest solvent molecules
were removed (Figures S9 and S10). The permanent porosity
of activated complexes la and 2a were established by N,
sorption experiments at 77 K, (Figures S11 and S12). The
apparent Brunauer—Emmett—Teller (BET) and Langmuir
surface areas are 421 m*g™' for la and 293 m>g™' for 2a.
The mean pore size distribution is about 0.78 nm for 1a and
0.75 nm for 2a. These results indicate that compared to the
related complex [(Zn,0),L,(DMF),(H,0),]-25H,0 (L = L1)
constructed with the nanosized C; symmetry ligands,” the
incorporation of Zn-btz clusters can effectively enhance the
structure stability.

H, sorption for complexes la and 2a was carried out to
explore their potential storage application for this attractive
energy carrier gas (Figures S13 and S14). The uptakes are ca.
0.75 wt % (77 K) and ca. 0.42 wt % (87 K) for 1a, and ca. 0.68
wt % (77 K) and ca. 0.52 wt % (87 K) for 2a around 1 atm.
The adsorption enthalpies of H, were also estimated from the
H, isotherms at 77 and 87 K by using a modified version of the
Langmuir—Freundlich equation.'® The enthalpies of the
adsorption are 13.8—10.8 kJ mol™" for la and 11.2—8.3 kJ
mol ™" for 2a (Figures S15—S18), which are substantially larger
than that of many reported MOFs,mb’11 indicating the
enhanced interaction between the pore surface and the
hydrogen molecules adsorbed.

On the other hand, the enriched amide groups in complexes
1 and 2 encourage us to further examine their CCS behaviors.
As shown in Figure 3, the uptakes of CO, are ca. 42.79 cm® ¢!
at 273 K (STP, ca. 8.39 wt %) and ca. 25.96 cm® g~' at 298 K
(STP, ca. 5.08 wt %) for 1a, while for 2a the uptake amounts of
CO, are ca. 4623 cm® g ' at 273 K (STP, ca. 9.02 wt %) and
ca. 29.12 cm® g7 at 298 K (STP, ca. 5.71 wt %). These
capacities of CO, are better than those of the well-known
MOF-S (6.2 wt %, 273 K; 3.2 wt %, 298 K) and MOF-177 (3.6
wt %, 298 K).'> However, only a limited amount of CH, are
adsorbed under the same conditions. Furthermore, in the case
of N, (273 and 298 K), almost no loading occurs. Moreover,
the enthalpies of CO, adsorption were calculated using the
modified Clausius—Clapeyron equation'**"? (Figures S19—
S$24) by analyzing the isotherms at 273 and 298 K, respectively,
and the values were found to be around 30.15 kJ mol™! for 1a
and around 35.23 kJ mol™" for 2a depending on gas uptake,
implying relatively strong interactions between CO, and the
pore surfaces. The selective uptake of CO, over N, and CH, for
two complexes and the significantly enhanced enthalpies could
be mainly attributed to the significant quadrupole moment of
CO, (=14 x 107 cm?) and the presence of —CONH—
groups in complexes 1 and 2, which could facilitate dipole—
quadrupole interactions.®® Furthermore, the CO,/N, and CO,/
CH, adsorption selectivities of two complexes at 273 K were
calculated from the experimental single component isotherms
using ideal adsorbed solution theory (IAST)**'* (Figure S25).
The CO,/N, selectivities calculated for a 15/85 CO,/N,
mixture are 79 and 186 for 1 and 2 at 1 atm, and the CO,/
CH, selectivities calculated for a 50/50 CO,/CH, mixture are 8
and 12 for 1 and 2 at 1 atm, respectively. These results are
comparable with many reported MOFs.>® The selective
adsorptions of CO, over CH, and N, promise that they may
be applied in natural gas purification for energy production and
greenhouse gas capture purposes.
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Figure 3. Sorption isotherms of CO,, CH,, and N, measured at 273
and 298 K, respectively, (a) for 1a and (b) for 2a.

In conclusion, two new microporous PCPs with —CONH—
functional sites have been rationally constructed based on
nanosized C; symmetry ligands and Zn(II)-benzotriazolate
clusters. Both of them exhibit highly selective uptake for CO,
over CH, and N, near room temperature, which is promising
for their utilization in CO, capture and storage.
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