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Two microporous MOFs have been constructed from
different metal clusters SBUs. Both of them exhibit highly
selective CO, over CH, and N, adsorption capacity owing to
their abundant active sites.

Carbon dioxide (CO,) as the primary source of greenhouse gases
has always been the focus of international attention.' So the
exploration of various materials for capture and separation CO,
are important issues in academic or industrial researches and
represent an urgent demand in future energy and environmental
technologies fields.” Currently, the major research and application
concentrate on the traditional activated carbons and zeolites as
sorbents, for which they are difficult to tune the pore shape and
size or post-modification/decoration in order to meet the capture
and selectivity for various gas separations.’ Porous metal—organic
frameworks (PMOFs), as a new type of zeolite analogues and
owing to their adjustable and controllable pore structures and
functionalities, have become good candidates for selective gas
capture and separation.*® Until now, there have some effective
strategies been explored for enhancing/improving CO, adsorption
capacity and selectivity in MOFs, including the control of pore
shape and size, the adjustment of pore surface area and volume,
the modification/decoration of pore by introducing various active
functional sites.” Among them, the most promising and
achievement strategy is the third one, for example, the generation
of coordinatively unsaturated metal centers or open metal sites
(OMS:s), and the incorporation of specific polar functional groups
(-NH,, —OH, —CF3, uncoordinated nitrogen atoms, flexible C—O—
C bonds, etc.) within the porous frameworks which can provide
preference interact with CO, molecules owing to its large
quadrupolar moment.*® Undoubtedly, as much as possible to
create high density of OMSs and introduce alkylamines groups in
MOFs plays an important role in the selective CO, adsorption and
separation. In order to achieve this aims, we can construct MOFs
using multiple metal clusters subunits (such as the paddle-wheel
dimeric copper or zinc clusters, the trimeric clusters, and the
tetrameric clusters) as SBUs (secondary building units) which can
offer multifarious coordination sites as potential unsaturated
metal centers or OMSs by removing coordinated solvent ligands
on thermal activation.® Moreover, it can often build up anionic
frameworks with encapsulation dimethylamine cations guests
anchoring onto the surface of MOFs.'” These OMSs or
dimethylamine cations can both greatly increase the interaction
between the MOFs and certain particular gas molecules to

manipulate the adsorption selectivity. So the elaboration
appropriate ligands to achieve PMOFs containing the above two
virtues is undoubtedly hinge. Recently, extensive effort towards
utilizing robust 1,3,5-benzenetricarboxylate (H;BTC) ligand and
its analogues with Cs;-symmetry to assemble classical paddle-
wheel dimeric metal clusters as SBUs to target the PMOFs have
been demonstrated to be an efficient strategy.'' By using these
tritopic ligands, a series of excellent PMOFs have been
synthesized. Inspired by these heuristic/intriguing works, we
report herein two PMOFs
{[H,N(CH3)2]4[Zng0,(BTC)s(H,0);]- 3DMA}, @), and
{[NH,(CH;),][Cd(BTC)]- DMA}, (2) respectively based on
distrinct metal clusters as SBUs using H;BTC ligand. The PMOF
1 contains axis-substituted paddle-wheel dimeric Zn(II)-clusters
and z3-oxo centered trimeric Zn(II)-clusters as two distinct SBUs.
Noteworthy, the PMOF 1 incorporates twelve open Zn(II) sites in
one desolvated polyhedral cage and provides dimethylamine
cations at the same time that could facilitate preferential
synergistic interactions with CO, over CH, and N, under the
same condition. While the PMOF 2 consists of anionic
frameworks formed by non-classical paddle-wheel dimeric
Cd(II)-clusters which provide abundant dimethylamine cations
active sites to perform selective gas adsorption.

The reaction of Zn(NOj;),"6H,O (Cd(NOs),"4H,O for 2),
H;BTC, and H,PDA (H,PDA = Pyrazine-2,3-dicarboxylic acid)
(BTA-AA for 2, BTA-AA=1H-benzotriazole-1-acetic acid) in
DMA at 120 °C for 3 days yielded block-like colorless crystals of
1 (2). (For details see ESI) The ligands H,PDA and BTA-AA
don’t appear in the final structures but they play important roles
in the syntheses of 1 and 2. They act as reaction mediation and
fine tuning the acid-base reaction conditions to promote the
formation of 1 and 2. Without H,PDA and BTA-AA, we only got
unknown powder in stead of crystals.

The basic structural unit of 1 contains an anionic
[ZngO,(BTC)e(H,0);] framework based on classical paddle-
wheel dimeric {Zn,(CO,)4(H,0),} and pus-oxo centered trimeric
{Zn;0(CO,)¢} clusters as two distinct SBUs (see Fig. la-1i).
Charge neutrality is achieved by four protonated dimethylamine
cations. In comparison, the framework of 1 is similar to a
previously reported MOF Zng(BTC)s(OH),-2(C,HgN)-15(DEE)
(see ref. 11c). By detailed analysis of this structure, we find that
both dangling water ligands can be removed to generate open
Zn*" sites by degassing and thermal activation process. So in each
{Zn3403(BTC);»} rhombic dodecahedron cage, there will be
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twelve open Zn(Il) sites from six dimeric paddle-wheel Zn(II)-
clusters SBUs that are activated by thermal liberation of aqua
ligands. Such abundant active sites can provide opportunities for
probing selective gas adsorption according to references, which
caught our attention. Therefore, in this work, we mainly study its
selective gas adsorption properties.
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Fig. 1 (a) paddle-wheel dimeric Zn(II)-cluster; (b) trimeric Zn(1I)-cluster;
(c) BTC* coordination mode; (d) (e) (f) (g) {ZnsOg(BTC);,} rhombic
dodecahedron cage; (h) (i) 3D framework and its simplification. (The
hydrogen atoms have been omitted for clarity)

The PMOF 2 crystallizes in the monoclinic space group P2,/n
(For details see Table S1, ESIT).} The basic structural unit of 2
contains an anionic [Cd(BTC)] framework based on non-classical
paddle-wheel dimeric Cd(Il)-clusters {Cd,(CO,)s} as SBUs.
Charge neutrality is achieved by one protonated dimethylamine
cation. The coordination modes of Cd*" centers and BTC*
ligands are shown in Fig. 2a-2b. As shown in Fig. 2a, the dimeric
Cd(ID)-cluster {Cd,(CO,)s} exhibits a non-classical paddle-wheel
mode with two BTC® molecules appended to its axial directions
by two monodentate oxygen. As shown in Fig. 2b, each BTC™
ligand bonded to three {Cd,(CO,)s} clusters through two
different coordinated fashions. On the basis of the above
structural feature, eight dimeric paddle-wheel Cd(II)-cluster
SBUs are bridged by twelve BTC® ligands to form a
{Cd,(BTC),,} cube cage, in which the eight dimeric cluster
SBUs occupy each vertex of the polyhedral cage as shown in Fig.
2c. So the cube cages can be further connected by sharing the
paddle-wheel SBUs as vertexes to construct the whole 3D
microporous MOF structure with rhombus channels (Fig. 2d).
The channels are occupied by several highly disordered
dimethylamine cations and solvent DMA molecules. PLATON
analysis showed that the effective free volume of 2 is 39.5% of
the crystal volume (716.5 A® out of the 1811.9 A® unit cell
volumes) with dimethylamine cations considered.'”” From the
topological point of view, the dimeric cluster SBUs can be
abstracted as six-connected nodes, while the BTC* ligands can be

rationalized as three-connected nodes. Based on this
simplification, the overall 3D anionic network of 2 can be
rationalized as a binodal (3,6)-connected rutile topology with the
Schlifli symbol of {4-6°},{4%-6'°-8%} (TD10 = 1180) (Fig. 2e, f).
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Fig. 2 (a) non-classical paddle-wheel dimeric Cd(IT)-cluster; (b) BTC*
coordination mode; (¢) {Cd;s(BTC);>} cube cage; (d) 3D framework; (e)
(f) rutile topology (colour code: turquoise, six-connected nodes dimeric
cluster, green, three-connected nodes BTC*). (The hydrogen atoms have
been omitted for clarity)

The inherent porosity and potential abundant active sites of the
PMOFs 1 and 2 provide opportunities for probing gas adsorption
properties. The PXRD patterns indicate that the activated 1a and
2a have high crystalline form (Fig. S1). Thermogravimetric (TG)
analyses (Fig. S2 and S3) indicate that 1, 1a and 2, 2a are
thermally stable up to 290 °C. Besides, compounds 1 and 2 also
exhibit amazing chemical stability. After being immersed in
deionized water and organic solvents (C,HsOH and acetone) for
12 hours, they all remain their structural integrity verified by the
PXRD patterns, as shown in Fig. S4 and Fig. S5. So, Ar, H,, CO,,
CH, and N, sorption isotherms were carried out to examine their
gases loading capacity. Ar sorption measurement for activated 1a
and 2a were measured at 77 K and latm as shown in Fig. 3a and
3c, respectively. The uptake amount of Ar increases abruptly at
the start of the experiment and reaches a plateau about 298.7
cm’/g (STP) for 1a and 205.4 cm’/g (STP) for 2a, respectively.
According to Ar adsorption data, the apparent Brunauer-Emmett-
Teller (BET) and Langmuir surface areas are 844, 1132 m%/g for
1a and 406, 539 m?/g for 2a, respectively. As we can see, the Ar
adsorption and desorption are reversible. The median pore size
determined by analyzing the Ar isotherm at 77 K is about 0.58
nm for 1a and 0.54 nm for 2a (Fig. S7), and the mainly pores
distributions of the two compounds is ca. 4.78~8.25 A for 1a and
ca. 4.43~8.65 A for 2a, respectively. The cage size of 1 measured
from the crystal data is ca. 16.52x16.52 A (measured between the
two opposite carbon atoms subtract their radius, Fig. 1f). The
pore of 2 is measured from the crystal data ca. 9.63x10.67 A
(measured between the centers of the two opposite faces deduct
their thickness in cube cage, Fig. 2d). In their pores,
dimethylamine cations also occupy part of the space. So the gases
are not filled the whole cavities and have some weak interactions
with the internal surface of the pores. H, sorption isotherms of 1a
and 2a were also carried out to explore their potential storage
application for this attractive energy carrier gas. As shown in Fig.
3a and 3c, the isotherm shows typical type-I behaviours with
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good reversibility. The H, uptake of 1a and 2a reaches ca. 209
cm?*/g (STP) and 118 cm®/g (STP) at 77 K and 1 atm, respectively.
This storage capacity is comparable with that of many previous
MOFs under the same conditions.'* The H, adsorption enthalpies
were estimated from the H, isotherms at 77 and 87 K by using
virial equation." The enthalpies of the adsorption are 7.6~6.2
kJ/mol for 1a (Fig. S8a) and 8.1~6.5 kJ/mol for 2a (Fig. S8b),
which can compare to the values of many reported MOFs.'?
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Fig. 3 (a) (c) Ar/H, sorption isotherms for 1a and 2a; (b) (d) selective
uptake of CO, over CH4 and N, for 1a and 2a.

The relatively higher H, adsorption capacity and the abundant
host-guest active sites encourage us to further perform other
gases sorption for 1a and 2a. We expected that there will be
better selectivity of CO, over CH; and N,, owing to the
significant quadrupole moment of CO, might induce a stronger
interaction with the open metal sites and dimethylamine cations
dual active sites for 1a (only dimethylamine cations active sites
for 2a) as revealed in other MOF materials.*'>* So CO,, CH,
and N, adsorption studies have been systematically carried out at
273 K and 1 atm. Indeed, as the experiment reveal, the
compounds 1a and 2a both show interesting selective gas
adsorption for CO, over CH, and N, at 273 K and 1 atm. As
shown in Fig. 3b and 3d, they show comparatively high
adsorption amount of CO, at 273 K and 1 atm (ca. 99 cm’/g (STP)
for 1a and 61 cm’/g (STP) for 2a ), while only limited amount of
CHy (ca. 32 cm3/g (STP) for 1a and 23 cm’/g (STP) for 2a) in
the same condition, respectively. In contrast, they are found
almost no N, uptake (ca. 8 cm’/g (STP) for 1a). The CO, uptakes
are nearly 3.1 times higher than that of CH, for 1a and 2.7 times
for 2a at 273 K, while 12.4 times higher than that of N, for 1a at
273 K. These selectivities of CO, over CH, are a little higher than
that in the famous MOF-5 and MFI zeolite which the reported
values are 2 and 2.5, respectively.'® Meanwhile, the adsorption
amount of CH, for 1a are also a little higher than that of N,
which are attributed to the higher polarizability of CH, vs. N,.2%f
Furthermore, by careful analysis the structure of 1, we find that
there also exist the uncoordinated carboxyl groups dangling on
the surface of the pores. As references illustrated, as an electron-
donating group, the uncoordinated carboxyl group can strengthen
the distribution of the electrostatic field in the pores of MOFs to

emphasize the CO,—framework interactions, which may also
enhance the adsorption selectivity of CO,/CH; mixture in
MOFs.'>!"7 The strong interaction between CO, and the
framework is further confirmed from the isosteric heat of CO,
adsorption value (Qy=29~13.6 kJ/mol for 1a and Qy=34.7~29.6
kJ/mol for 2a), as calculated from the adsorption data at 273 and
298 K (Fig. $9)." The Qy of the two compounds can compared to
many reported MOFs.!” These selective adsorptions of CO, over
CH, and N, promise their utilization in binary CO,/CH, and
CO,/N, separation or ternary CO,/CH,4/N, separation, which may
be applied in natural gas purification for energy production and
greenhouse gas capturing for environmental protection.

To evaluate the CO,/CH; and CO,/N, binary mixture
selectivities of 1a and 2a under mixture gas conditions with
single-component isotherms at 273 K, the ideal adsorbed solution
theory (IAST)'® calculation coupled was employed to predict
multi-component adsorption behaviors. The predicted adsorption
selectivities in 1a and 2a for binary CO,/CH4 and CO,/N, (only
for 1a) with mole ratios of 50:50 and 15:85 as a function of total
bulk pressure are shown in Fig. 4. The calculated CO,/CH,
selectivities of 1a and 2a are 7.7 and 11.7, respectively, which are
a little higher than some reported famous MOFs under similar
conditions, such as ZIF-100 (5.9),'® MOF-177 (4.4),” and
CNT@Cu;BTC), (5.6)."° The initial value of selectivity for
CO,/N, is 23 for 1a and the selectivity is 30 at 1 bar, respectively.
The values are comparable to those high selectivities MOFs
functionalized with the OMSs.'*%
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Fig. 4 IAST adsorption selectivities of (a) (b) 1a and (c) 2a.

In order to explain the selectivity of CO, adsorption for 1a and
2a, CO, binding sites were simulated with grand canonical Monte
Carlo (GCMC) using Materials Studio.”*'***! As shown in Fig.
S12 and S13, the most preferential binding sites of the two
compounds are different. In 1a, the CO, molecules locate around
both of the OMSs hanging on the dimeric Zn(II)-cluster (Fig.
S12a) (C++-Zn = 4.17 A) and the [NHy(CH;),]" (C+*N = 4.23 A)
(Fig. S12b), indicating that there are stronger binding interactions
for both of them than the other active sites. While in 2a, the CO,
molecules locate around the [NH,(CH;),]" (C---N = 3.95 A)
which embedded in the small neck (Fig. S13), suggests there is
stronger binding interaction between them. These simulated
results show good agreement with the experimental values.

In conclusion, two microporous MOFs have been constructed
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from different metal clusters SBUs. The PMOF 1 represents a
{Zn304(BTC);,} rhombic dodecahedron cages-based 3D
microporous structure constructed from classical paddle-wheel
dimeric  {Zn,(CO,)4(H,0),} and p3-0xo centered trimeric
{Zn;0(CO,)¢} clusters as two distinct SBUs, while the PMOF 2
displays a microporous 3D structure built by non-classical
paddle-wheel dimeric {Cdy(CO,)s} clusters as SBUs. Moreover,
they both exhibit highly selective uptake for CO, over CH,4 and
N, owing to abundant active sites, which provides insight into the
potential applications of this material in binary CO,/CH, and
CO,/N, separation or ternary CO,/CH4/N, gas separation.
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Graphic Abstract

Two microporous MOFs constructed from different metal clusters SBUs
for selective gas adsorption
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Two microporous MOFs have been constructed from different metal clusters SBUs. Both PMOFs exhibit highly

selective uptake for CO, over CH4 and N, owing to abundant active sites.
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