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Abstract: The integration of negatively charged single-metal
building blocks {In(CO,),} and positively charged trimeric clusters
{In;O} leads to three unique cage-within-cage-based porous
materials, which exhibit not only high hydrothermal, thermal, and
photochemical stability but also attractive structural features
contributing to a very high CO, uptake capacity of up to 119.8
L/L at 273 K and 1 atm.

Crystalline porous materials are an important class of materials
due to their large-scale industrial applications in heterogeneous
catalysis, gas separation, and so on.>? In recent years, there has
been an intensive effort aimed at the design of new generations of
porous materials that can be used as high-capacity adsorbents for
gas storage and delivery or CO, sequestration.®> Among many
different types of materials studied for such purposes, metal —organic
framework materials (MOFs) have emerged as one of the favorites
because of their compositional and geometric tunability and very
high surface areas.®”

It has been recognized that high surface area and large pore
volume do not necessarily lead to a high uptake capacity for small
molecules such as CO,, especially under ambient conditions. Recent
studies have indicated severa features that are desirable for
enhancing storage capacity of small gas molecules.®*° One such
feature is the suitable pore size commensurate with the size of a
gas molecule. This makesit necessary to develop synthetic strategies
to generate a pore architecture that allows for efficient use of the
pore space, for example, through pore space partitioning of large
cage structures using methods such asimpregnation and catenation.
Another factor currently receiving considerable attention is the
generation of individual localized binding sites using methods such
as (1) creation of coordinatively unsaturated metal sites (also called
open-metal sites) located on either inorganic nodes or organic
linkers (or as extraframework species, like Li* in zeolite X) and
(2) use of organic linkers with functional groups such as —NH,.*
Furthermore, the solid—gas interactions can also be enhanced using
a somewhat delocalized approach through the generation of the
electric field across the pore space that is capable of polarizing gas
molecules and increasing their interaction with charged interna pore
surfaces or charged extraframework species.™* However, this latter
approach is far less well studied experimentally because the vast
majority of MOFs have an electrically neutral framework.

Here we report three interesting cage-within-cage porous
In—carboxylate frameworks [(CH3),NH2][InsO(BTC)2(H20)3]2-
[Ing(BTC)4] - 7DMF-23H,0 (denoted as CPM-5, CPM = crystdline
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Figure 1. (a—e) Structures of monomeric In®" ion, Iny cage, trimeric
{(Ing0)(H20)3} unit, In;, cage, and In,@I Ny, cage, respectively. The green
solid lines represent BTCs.

porous materials), [(CH3),NH,][InsO(BTC),(H20)3][IN(BTC)43][IN-
(BTC)4/3(H20)] 2° solvent (CPM -5’), and [CH3N H3] [l n30(BTC)2-
(H20)3]2[In3(BTC),] - solvent (CPM-6, BTC = 1,3,5-benzenetricar-
boxylate) that integrate several aforementioned features (e.g., pore
size partition, charged frameworks, and open metal sites) and exhibit
high CO, uptake capacity. CPM-5 crystallizesin ahighly symmetric
and yet noncentrosymmetric cubic space group 143m. As shownin
Figure le, its most fascinating topological feature is the cage-within-
cage structure in which a large Archimedean cage (truncated
octahedral cage, also called sodalite cage, denoted as the Iny, cage
here) encapsulates a small Archimedean cage (truncated tetrahedral
cage, denoted as the Iny; cage here). The outer sodalite cage is
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formed by 24 mononuclear In®" sites, each of which is eight-
coordinated to oxygen atoms, but serves as a four-connected node
because of the formation of the chelate bond (Figure 1a). Any two
adjacent In®* sites on the Iny, cage are bridged by a BTC®™ anion
using two of its three carboxylic groups, forming a sodalite cage
(Figure 1b) that is significantly larger than other MOFs with a
sodalite topology such as ZIF-8 and sod-ZMOF (Table S1).6°12
The third carboxylic group of each BTC serves to interconnect the
outer Iny, cage with the inner Iny, cage (Figure 1€).*3 The Iny,
cage is built from four trimeric {(In;0)(H.O)s} clusters which are
joined together by four BTCs into a truncated tetrahedron {[Ins(H,0)s-
(u3-O)]4(BTC)4} (Figures 1c, 1d).
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Figure 2. View of the 3D structure of CPM-5. Some BTC ligands
interconnecting Iny, and Iny, cages are omitted for clarity.

The overall 3D structure can be understood as a body-centered
cubic packing of the larger In,4 cages, each of which contains one
In;, cage at the center (Figure 2). Although a number of
metal —organic polyhedral frameworks have been reported,*®* so
far there are few examples of the cage-within-cage-based 3D
polyhedral framework. The formation of the core—shell-type
In,@Iny, 3D structure has the potential to enhance sorption
properties of small gas molecules such as CO,. First, the In,4 cage
which isabout 25.7 x 25.7 x 25.7 A3in dimension is far too large
for the storage of small gas molecules. The interconnection between
the Iny, cage (dimension ~0.9 nm) and the In,4 cage (~2.5 nm)
(Figure 1c) by 12 BTCs serves to partition the pore space of the
large sodalite cage into multiple domains with the pore radius in
the range of 4.00—1.68 A (volume: 268—19.9 A3) (Table S2).1°
Even with the small In;, cage within the Iny, cage and the BTC
interconnectors between In;, and Iny, cages, CPM-5 still possesses
arelatively large guest-accessible volume of 8141 A3 per unit cell
(47.9% of the total unit cell volume). The formation of the cage-
within-cage structure is related to two distinctly different In3*
configurations: a monomeric four-connected [IN(O,CR)4] ~ site and
trimeric [In3(O)(0:CR)6(H,0)3] * clusters. Currently, the design and
synthesis of single metal-based zeolite-like MOFs or MBB-based
(MBB = molecular building block) porous MOFs are two active
areas. In comparison, MOFs that integrate both single-metal and
metal-cluster building units are less well-known and represent a
fruitful route for the design of novel porous materias. In CPM-5,
both single metal {In(O,CR),} units and the trimeric
{Inz(O)(O,CR)s(H,0)3} MBBs are present. Since the I/COO™ ratio
in the structure differs greatly depending on whether the indium
sites exist in the monomeric form or trimeric forms, a systematic
synthetic exploration of the In/COO™ ratio represents a viable
strategy for the selection of the desired In form, even if the In/

COQO™ ratio in the crystal structures does not necessarily correspond
to aparticular range of In/COO™ ratios in the synthesis mixture. It
is of particular interest that the outer cage made from single metal
{In(O,CR),4} units is negatively charged whereas the inner cage
made from trimeric {In3(0)(O,CR)e¢(H,0)s} MBBs is positively
charged, leading to an electric field within the shell region between
Iny, and Ing, cages. In addition to the pore space partitioning and
the electric field effect associated with the cage-within-cage
architecture, CPM-5 integrates another desirable feature, open meta
sites. Attached to each indium ion of the inner Iny, cage (67% of
al indium sites in CPM-5) is a dangling water ligand which upon
removal serves to generate open In®" sites, as supported by IR
spectra of the CPM-5 sample before and after degassing (Figure
S4).

A large quantity of pure CPM-5 (gram-scale) can be readily
prepared. Powder X-ray diffraction (PXRD) indicates CPM-5 is
stable in water at room temperature and remains highly crystalline
even after being in boiling water for 8 h (Figure S5). Furthermore,
CPM-5 is stable photochemically and retains its crystallinity after
exposure to strong UV radiations for 10 h (Figure S6). Thermo-
gravimetric analysis of CPM-5 shows that the removal of solvent
molecules occurs in the temperature range of 40—230 °C and no
further weight loss up to 300 °C (Figure S7). PXRD further confirms
that the desolvated sample retains its crystallinity up to about 320
°C (Figure S8).
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Figure 3. (&) N and H; adsorption isotherms of CPM-5 and CPM-6. (b)
CO, and CH, adsorption isotherms of CPM-5 and CPM-6.

Interestingly, CPM-5’, a tetragonal variation of cubic CPM-5,
can be prepared in the presence of 4,4-bipyridine (Figure S9). The
only difference between CPM-5 and CPM-5’ isin the coordination
of the monomeric indium site on the outer Iny, cage. In CPM-5,
H,0 only attaches to the inner Iny; cage whereas, in CPM-5’, two-
thirds of In®* sites on the Iny, cage are aso bonded to H,O (in
addition to H,O on the Iny, cage). PXRD shows that CPM-5" can
be converted to CPM-5 after H,O on the Iny, cage is removed at
230 °C (Figure S10).

Hydrothermal, thermal, and photochemical stability, coupled with
open indium sites, pore space partitioning, and favorable charge
separation in CPM-5 render it a good candidate for the study of
gas sorption properties. The measurements (N, H,, CH,, and CO,)
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were performed on a Micromeritics ASAP 2020 surface-area and
pore-size analyzer. No sample activation was applied, and the as-
synthesized sample was directly degassed at 230 °C for 48 h under
vacuum prior to the measurement. CPM-5 exhibits a type |
adsorption isotherm typical of materials of permanent microporosity
(Figure 3a). The Langmuir and BET surface areas were 733 and
580 m?/g, respectively. A micropore volume of 0.258 cm®/g (using
Horvath—Kawazoe method) and the median pore size of 4.89 A
were also calculated. The small pore size is clearly the effect of
the pore size partition resulting from the unique In;,@I ny4 topology.

CPM-5 exhibits a very high CO, uptake capacity of 81.3 cm®/g
(91.3 L/L) at 273 K and 1 atm (Figure 3b). At room temperature
(299 K) and 1 atm, CPM-5 has a CO, uptake of 54.5 cm®g (61.2
L/L). It isworth noting that even though numerous MOF structures
have been reported, few exhibit a CO, uptake of more than 60 L/L
at 298 K and 1 atm.*>*¢*7 Clearly, the unique structural factors of
CPM-5 described above contribute significantly to its high CO,
uptake. For H, gas, the adsorption isotherms revealed that CPM-5
can adsorb 139.2 cm®g of H, (1.24 wt %) at 77 K and 1 atm.

To further improve the gas uptake capacity, we also varied the
size of extraframework organic cations and prepared an isostructural
compound CPM-6 with smaller organic cations (CH3NHz*, Figure
S11). As expected, CPM-6 exhibits significantly improved gas
sorption properties. While the improvement in the surface area is
moderate (the Langmuir and BET surface areas of CPM-6 are 931
and 596 m?/g, respectively), the CO, and H, uptake capacities of
CPM-6 are remarkably enhanced (for CO, at 1 atm: 106.7 cm®/g
(119.8 L/L) at 273 K and 65 cm®/g (73 L/L) at 299 K; for H, at 1
atm: 210.6 cm®/g (1.88 wt %) at 77 K). In comparison, the
adsorption of CH, gas on both CPM-5 and CPM-6 are markedly
lower than that of CO,. At 273 K, the CO,/CHj, ratios of uptake
are ca. 7.5—3.2 between 0.01 and 1 bar.

In conclusion, the integration of negatively charged single-metal
building blocks {In(CO,)4} and positively charged trimeric clusters
{InzO} leads to an exceptional porous material in which the large
In,, sodalite cage encapsulates and interconnects a small In,, cage
laden with open In®" sites. The cage-within-cage architecture
partitions the pore space into small charge-separated domains that
are among key desirable features needed for enhanced gas sorption
through a better size match and stronger charged-induced forces.
These integrated structural features (i.e., open metal sites, pore size
partition, and electric field) contribute to a very high CO, uptake
capacity. Furthermore, the material exhibits a high hydrothermal,
thermal, and photochemical stability.
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