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Bridging-ligand-substitution strategy for the
preparation of metal-organic polyhedra

Jian-Rong Li and Hong-Cai Zhou*

Metal-organic polyhedra—discrete molecular architectures constructed through the coordination of metal ions and organic
linkers—have recently attracted considerable attention due to their intriguing structures, their potential for a variety of
applications and their relevance to biological self-assembly. Several synthetic routes have been investigated to prepare
these complexes. However, to date, these preparative methods have typically been based on the direct assembly of metal
ions and organic linkers. Although these routes are convenient, it remains difficult to find suitable reaction conditions or
to control the outcome of the assembly process. Here, we demonstrate a synthetic strategy based on the substitution of
bridging ligands in soluble metal-organic polyhedra. The introduction of linkers with different properties from those of the
initial metal-organic polyhedra can thus lead to new metal-organic polyhedra with distinct properties (including size and
shape). Furthermore, partial substitution can also occur and form mixed-ligand species that may be difficult to access by

means of other approaches.

on coordination-driven self-assembly of relatively simple
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_|_he design and synthesis of supramolecular architectures based

structural units has attracted considerable attention
These supramolecular species not only have structural complexity,
but also functionality in host-guest chemistry contexts. Their rel-
evance in biological self-assembly as well as their impact on
materials science are also significant.

In supramolecular coordination architectures, metal-organic
polyhedra (MOPs) have attracted particular interest due to their
well-defined and confined cavities, high symmetry and stability,
and rich chemical and physical properties and functions'~*511,
In the past two decades, a large number of MOPs have been syn-
thesized using a variety of strategies, including symmetry inter-
action, molecular library, directional bonding, supramolecular
blueprint, molecular panelling, weak-link and reticular chemistry
approaches!?2°. These methods are all based on the spontaneous
self-assembly of generally two, and in a few cases multiple, com-
ponents in a given system. In this context, the steric, geometric
and electronic characteristics embedded within individual com-
ponents have collectively allowed the ‘controllable’ construction,
to some extent, of ‘designed” supramolecular entities.

Controllable coordination-driven self-assembly is most effective in a
two-component assembly system. This restricts, to some extent, the
diversity of the resulting assemblies because of limitations in the avail-
ability of components, particularly those with distinct geometries. In a
multicomponent assembly, the formation of one or several products
involves a series of component self-recognition/selection procedures
under specific conditions?! %%, Preparation and isolation of a particular
desired product is therefore difficult due to the complexity of the
multicomponent  self-assembly process, although the formation
and/or isolation of pure product has been demonstrated as a result of
size selectivity or geometric cooperativity in rare cases?%.

In an alternative strategy, we show that multicomponent MOPs
can be obtained by means of a partial bridging-ligand-substitution
reaction carried out on existing MOPs. Part of the original structural
and functional information can be preserved while some (but not
all) of the bridging ligands are exchanged for alternative ligands
of different sizes and shapes. Similarly, reversible substitution of

all the bridging ligands can lead to interconversion between two
supramolecular assemblies. Isolation of the resulting species as
solid products can then be achieved based on their solubility in a
given reaction solvent system. To the best of our knowledge, the
bridging-ligand-substitution strategy has not yet been explored in
the context of conversion and isolation of these complex discrete
coordination architectures, although multicomponent assembly,
dynamic interconversion and dynamic ligand exchange have been
investigated in related systems?*-2°.

Here, we present a bridging-ligand-substitution reaction as the
synthetic strategy for the preparation and isolation of several
novel MOPs based on a square four-connected Cu,(O,CR), unit
and various carboxylate ligands acting as building blocks (Fig. 1).
One MOP is converted to another based on partial or complete
bridging-ligand substitution of soluble MOP precursors. The result-
ing MOP compounds were isolated as crystalline products in each
individual reaction system.

Results and discussion
The prerequisite for wusing the bridging-ligand-substitution
strategy to synthesize new MOPs is that MOP precursors and new
ligands should be soluble in the same solvent or solvent mixture.
In this report, three soluble MOPs—[Cu,,(A),4(S),4]xS (1),
[Cu,,(B),4(S),4]-xS (2) and NagH,4[Cu,,(C),4(S),4]xS (3), where
S represents a solvent molecule—were prepared as reactants for
the ligand substitution reactions discussed above. The three
MOPs were prepared by direct reaction of Cu,(OAc),-H,O and
three angular di-acids: 5-t-butyl-1,3-benzenedicarboxylic acid
H,(5-t-Bu-1,3-BDC) (A1), where the symbol for the corresponding
deprotonated form is designated as A (Fig. 1) (the other ligands and
their corresponding acid forms have been designated similarly
throughout this paper), 5-hydroxy-1,3-benzenedicarboxylic acid
H,(5-OH-1,3-BDC) (B1) and 5-sulfo-1,3-benzenedicarboxylic
acid monosodium salt NaH,(5-SO5-1,3-BDC) (NaCl), respectively,
at room temperature (Fig. 2).

MOP 1 is soluble in N,N-diethylformamide (DEF) and
N-methylpyrrolidone (NMP), whereas 2 and 3 are soluble in
MeOH. Each of the three compounds is stable in the solution of
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Figure 1| Structures of the building blocks. a, Paddlewheel square four-connected dinuclear Cu, unit, in which R is an organic entity that extends the
inorganic cluster to a complex architecture and S represents a coordinated terminal solvent molecule. b, Carboxylate ligands and their acronyms. All the
ligands are designated by a bold letter from A to I, and their corresponding acid forms by A1 to 11, respectively.

its respective solvent, but seems to decompose in the presence of
water, as indicated in their absorption spectra (Supplementary
Fig. S6). In addition, 3 is soluble in water, but decomposes in
minutes to precipitate a white powder. The terminal groups of
t-Bu, OH and SO; ™ in the three ligands are presumably responsible
for the solubility of these compounds. Structurally, 1-3 have similar
cuboctahedral geometries when the 12 Cu, units are viewed as ver-
tices and ligands as edges. The structural descriptions of 1 and 2
have been reported®®?!; the differences between the structures in
this work and those described in the literature lie in the coordinated
solvent molecules and the polymorphism in crystallization.
Remarkably, 3 is an ionic MOP with 24 SO, groups on the periph-
ery. The SO;™ groups should endow this MOP with potential in the
construction of metal-organic frameworks (MOFs) as a MOP
ligand through coordination with other metal ions.

Reaction of 1 with the newly synthesized 3,3'-(ethyne-1,2-diyl)-
dibenzoic acid H,(3,3’-EDDB) (D1) having a 60° bend angle in DEF
gave a mixed-ligand MOP, [Cu,,(A)4(D)4(S),,]-xS (4), which was
isolated as a crystalline product. X-ray diffraction revealed that 4
consisted of six A ligands, six D ligands and six Cu, units
(Fig. 2). The structure can be described as two trigonal subunits,
each of which comprises three A ligands and three Cu, units,
linked through six D ligands to give a cage molecule with overall
dimensions of ~25 x 28 A and an internal elliptic cavity size of
7 x 13 A (atom-to-atom distance after removing coordinated
solvent molecules and considering van der Waals radii throughout
this paper). When considering all organic ligands as edges and
Cu, units as vertices, this cage has a distorted octahedral geometry
with two types of triangular crevices measuring 4.0 x 4.0 x 4.0 A
and 4.0 x 5.5 x 55 A (atom-to-atom distance along an edge
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determined after considering van der Waals radii, Fig. 3a).
Compound 4 is a unique MOP constructed from two types of brid-
ging angular ligands with bend angles of 60° and 120°, respectively.
Metal-cluster-based MOPs with two types of angular bridging
ligands are very rare; only two examples have been reported (very
recently) from this research laboratory?.

When 1 was reacted in DEF with 2,7-naphthalenedicarboxylic
acid H,(2,7-NDC) (E1), which has a 120° bend angle, another
new MOP, [Cu,,(A),,(E);,(S),4]-xS (5), was obtained as single crys-
tals. Structural analysis revealed that 5 is a quasi-spherical molecule
consisting of 12 A ligands, 12 E ligands, and 12 Cu, paddlewheel
units. It can also be viewed as four trigonal (Cu,);(A); subunits
linked with four (Cu,);(E); subunits through the sharing of their
edges (Fig. 2). The resulting polyhedron is similar to MOP 1, with
some distortion due to their being two types of ligands (Fig. 3b).
The molecule has an approximate diameter of 32 A and an internal
cavity with a diameter of 15 A. Two types of triangular windows are
formed by three A- or three E-linked Cu, paddlewheel units, and
one type of quadrangular window is observed in the structure.
The sizes of these triangular and quadrangular windows are 4.0 x
40x4.0A,62x%x62x62A and 4.0 x 6.2 x 4.0 x 6.2 A, respect-
ively. Compound 5 is unique among the MOPs because of the coex-
istence of two types of ligands that have the same bridging angle
(120°) but different lengths. Additionally, it is interesting to note
that the trigonal subunit constructed by the three A ligands and
the three Cu, units from 1 is conserved in 4 and 5, implying that
such a fragment may be more favourable than others in the
dynamic self-assembly procedure.

Similarly, 2 reacted with 1,3-benzenedicarboxylic acid H,(1,3-
BDC) (F1) in MeOH to give another mixed-ligand MOP,
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Figure 2 | Schematic of the syntheses and crystal structures of compounds 1-10. MOPs 1-3 were obtained by mixing Cu,(OAc),-H,0 and the
corresponding carboxylic acid ligands in a MeOH/DMA mixed solvent at room temperature. Compounds 4-10 were synthesized by mixing an excess
amount of the acid form of the ligands with related soluble MOP starting materials in a suitable solvent at room temperature. After several days, single
crystals were collected and characterized (DMA, N,N-dimethylacetamide; DEF, N,N-diethylformamide). In the structural views of 1-10, all H atoms,
uncoordinated solvent molecules, part atoms of coordinated terminal solvent molecules, and Na™ ions in 3 have been omitted for clarity. Colour scheme for
Cu atoms, cyan; for O atoms in MOPs 1-10, red; for N atoms in 7 and 8, blue; for S atoms in 3, yellow; and for C atoms, the same colour as the
corresponding ligands (all atoms in each ligand have the same colour, but different ligands have distinct colours) have been assigned in each MOP structure.

The yellow sphere represents the free space inside each molecular cage.

[Cu,,(B)g(F),4(S),4]-xS (6), with a structure similar to that of 2
(Fig. 2). An X-ray diffraction study indicated the co-existence of B
and F ligands in 6, which are crystallographically disordered,
making a precise assignment of the two ligands in the structure dif-
ficult. However, a ratio of about 1:2 of B and F was revealed by 'H
nuclear magnetic resonance (NMR) measurements of the ligand
mixture from the degradation of 6 (Supplementary Fig. S1).

It should be pointed out that, in the formation processes of
MOPs 4-6, there are a multitude of oligomeric species in the reac-
tion solution. The formation and isolation of 4-6 with mixed
ligands can also be attributed partly to the geometric and steric
cooperativity of participating ligands or subunits. If the geometries
of two ligands are not compatible with one another, a single-ligand

NATURE CHEMISTRY | VOL 2 | OCTOBER 2010 | www.nature.com/naturechemistry

MOP will be isolated easily. For instance, in a MeOH/DEF mixed
solvent, the reaction of 2 or 3 with another newly designed bridging
ligand acid, 3,3'-(2-amino-5-iso-propyl-1,3-phenylene)bis(ethyne-
2,1-diyl)dibenzoic acid H,(2-NH,-5-i-Pr-3,3-PBEDDB) (G1), with
a ‘parallel’ geometry (herein the bend angle can be viewed as 0’),
did not give a mixed-ligand MOP, but a single-ligand one,
[Cu,(G),(S)4]-xS (7). This molecule has a lantern-type structure
comprising four ligands bridging two Cu, units, with a height of
18 A and diameter of 29 A, as well as an internal cavity of 5.2 x
9.5 A (Fig. 2). It is interesting that the four NH, groups
decorate the inner surface of this molecular cage, leading to
potential utility in size-selective catalysis by using the basic
NH, groups inside the cavity. In addition, the isopropyl group
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Figure 3 | Polyhedral representations of MOPs 4 and 5. a, Compound 4.
b, Compound 5. The polyhedra were drawn by considering di-copper units
as vertices and bridging ligands as edges. Metal clusters: Cu, cyan; O, red.
All the C atoms of one ligand are shown in the same colour, but different
ligands have distinct colours.

in the ligand makes 7 soluble in DEF, which allows it to react with
other ligands in solution. The reaction of 7 with 9H-3,6-carbazole-
dicarboxylic acid H,(9H-3,6-CDC) (H1), which has a 90° bend
angle, in MeOH/DEF also did not give a mixed-ligand MOP, but pro-
duced a single-ligand one, [Cu,,(H),,(S),,]-xS (8) (Fig. 2). Similarly, 2
or 3 reacted with H1 in a MeOH/DEF mixed solvent to also give 8,
but not a mixed-ligand MOP. MOP 8 has been reported recently
by this laboratory®?, and is insoluble in MeOH but soluble in
DMA and DEEFE. The solubility of 8 also allowed us to explore its
reaction with F1 in DMA, which gave another known MOP,
[Cu,,(F),4(S),,]xS (9) (Fig. 2)**34, Finally, a mono-topic carboxylic
acid, 4-nitrobenzenecarboxylic acid H(4-NO,-BC) (I1), terminated
the formation of MOPs through a ligand substitution reaction with
2 or 3 in a MeOH/EtOH mixed solvent to give a simple dinuclear
compound, [Cu,(I),(EtOH),] (10)*.

We have therefore realized the conversion of one MOP to
another based on a bridging-ligand-substitution reaction strategy.
The versatility of this newly discovered synthetic strategy has also
been demonstrated by the formation of a variety of MOPs. In par-
ticular, several novel MOPs with mixed ligands have been obtained
as pure crystalline products. However, for the synthesis of mixed-
ligand MOPs, a ‘one-pot’ reaction self-sorting approach (self-
sorting: the mutual recognition of complementary components
within a mixture?, that is, the ability to efficiently distinguish self
from non-self within complex mixtures during a self-assembly
process) is also possible. For comparison, ‘one-pot’ reactions from
mixed ligands and metal salts have also been performed for the
synthesis of MOPs 4-6 (see Supplementary Information).
Experiments have shown that under suitable conditions they can

be obtained as crystals, together with an uncharacterized amor-
phous solid. Although the reaction conditions have not been opti-
mized, the power of self-sorting cannot be underestimated, even in
such a multicomponent self-assembly system. It also implies that
the formation of such discrete polyhedral cages with mixed
ligands is favoured thermodynamically or kinetically in the brid-
ging-ligand-substitution reactions®®. As demonstrated in the fore-
going discussion, such a bridging-ligand-substitution synthetic
strategy is generally applicable in the preparation of MOPs. It is
also evident that the variation in solubility of these MOPs in differ-
ent solvents or solvent combinations and the matching geometries
of the bridging ligands lead to the isolation of pure crystalline
product in each case.

It should be stressed that ligand substitution has long been used as
a general synthetic strategy in inorganic and coordination chem-
istry’”%. A representative example is the substitution of carboxylate
ligands on the periphery of the Mn,,-acetate single-molecule
magnet, leading to a number of new Mn;, clusters*®. When making
comparisons with its use in other systems, the most distinct character-
istic of the substitution reaction discussed herein is that the bridging
ligands, which define the shape and size of a MOP, have been
replaced, leading to MOPs with not only different compositions but
also distinct sizes and geometric shapes. This is quite different from
ligand substitutions in classic coordination complexes or the Mn,,
clusters, in which molecular skeletons are usually preserved and
the only change arises at the periphery of the molecules or clusters.

It is also important to contemplate the underlying reaction
mechanism in this system on the basis of experimental observations,
even though this may be very preliminary*’. When considering the
polygons formed by ligands linking the dimetal nodes and corre-
sponding arrangements of ligands in a MOP, the ‘polyhedral projec-
tion labelling’ method could be proposed in studying the formation
of these MOPs. In this work, two types of MOPs have been
observed, with metal nodes being viewed as vertices and ligands
as edges: the cuboctahedron found in MOPs 1-3, 5, 6 and 9, and
the octahedron associated with 4 and 8. The cuboctahedrons
include two types of polygonal windows that are trigonal and quad-
rangular in shape, respectively, whereas the octahedron has only tri-
angular windows. The arrangements of ligands can thus be labelled
in succession and linked to form new polygonal rings (3-, 4-, 6- or
8-membered rings), with each corner of each ring corresponding to
one ligand. Starting from ‘1’ at any corner of the top ring, the label
increases by ‘1’ clockwise until the ring is closed. Labelling con-
tinues to the closest corner of the next ring below until the
bottom ring is fully labelled (Fig. 4). The cuboctahedral MOP there-
fore has two types of polyhedral projection arrays, [3,6,6,6,3]

11
612 5
15 11 8 7 ‘ 8
\ 6 9
14 13 12
16 17 18 20
18 17 13
11 10
22
28 =23 2@1

Figure 4 | Polyhedral projection labelling of MOPs. a,b, Cuboctahedral. ¢, Octahedral. The polyhedral projection labelling was proposed only to simplify the
discussion in our attempts to analyse the underlying reaction mechanism in this system. Based on the positions and arrangements of bridging ligands in a
MOP, each ligand is represented by a number and acts as a corner, which is linked across a di-copper node in succession to form a set of polygonal rings
(3-, 4-, 6- or 8-membered rings). Projection from one of the windows formed by ligands bridging the di-copper units will give the corresponding polyhedral
projection labelling array. Thus, for a cuboctahedral MOP, there exist two types of projection arrays, [3,6,6,6,3] (a) and [4,8,8,4] (b), whereas for an
octahedral MOP, only one type is found, [3,6,3] (c).
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(projected from one of the trigonal windows, Fig. 4a) and [4,8,8,4]
(projected from one of the quadrangular windows, Fig. 4b), whereas
the octahedral MOP only has a single projection array of [3,6,3]
(Fig. 4c).

Based on the above simplification, in the formation of MOP 4 from
the ligand substitution of 1, the ligands in the two 3-membered rings
were conserved (Fig. 4a), while those in all three 6-membered rings
were substituted. Geometrically, the conversions of 2 or 3 to 8 as
well as 8 to 9 are similar to that of 1 to 4, with 3-membered ring
units preserved but 6-membered ring units substituted. However, in
the conversion of 1 to 5, the situation becomes more complex: three
ligands in the top 3-membered ring are conserved completely, and
those in the first 6-membered ring (the second layer) are substituted
completely. Half of the ligands (three) in the second 6-membered
ring (the third layer) are substituted alternately, those in the third
6-membered ring (the fourth layer) are conserved completely, and
the three ligands in the bottom 3-membered ring are substituted com-
pletely. Along the same lines, although the positions of two different
types of ligands in 6 cannot be determined from X-ray structural analy-
sis due to crystallographic disorder, based on the ratio of 1:2 of the two
types of ligands, we can surmise that the ligand substitution of 2 to
form 6 may occur according to the geometric positions shown in
Fig. 4b, with all ligands in the two 4-membered rings conserved and
those in the two 8-membered rings substituted completely. Although
such an analysis seems arbitrary, the polyhedral projection labelling
method can also be used conveniently in the analysis of other
alternative substitution mechanisms.

Preliminary gas adsorption measurements of 1 were carried
out at low temperatures. The results demonstrated the guest-evac-
uated 1 has the ability to selectively adsorb H, and O, over N, and
Ar, and CO, over CH, (Fig. 5). It should be pointed out that the
0, adsorption isotherm exhibits a two-step uptake at low pressure,
and adsorption/desorption hysteresis loops were observed in the
isotherms for all the gases tested (Supplementary Fig. S31).
These phenomena, coupled with selective adsorption, can be
attributed to the ¢-Bu groups in the MOP, which may partly
block the windows of neighbouring molecular cages in the solid
state, but are flexible due to weak van der Waals interactions®*!.
Indeed, after guest removal, the sample became amorphous, as
verified by powder X-ray diffraction (PXRD) (Supplementary
Fig. §7). This may be attributed to the position rearrangement
of the molecular cages of 1 with respect to one another upon acti-
vation. However, at the molecular level, the individual cage struc-
ture of 1 and thus its porosity should be maintained. It is unique
for a MOP material showing selective gas adsorption. This type of
material may consequently find application in gas separation and
purification. Detailed investigations of the gas adsorption of all
aforementioned MOPs, including the effects of coordinated term-
inal solvents and activation methods on the adsorption properties,
will be reported elsewhere.

In summary, a bridging-ligand-substitution reaction strategy has
been used successfully in the synthesis of MOPs with one or mixed
ligands from soluble MOP precursors. By virtue of their insolubility
in a given solvent or solvent mixture, the resulting novel MOPs can
be isolated as pure crystalline products. In principle, by judiciously
selecting a suitable solvent system, this method can be applied to the
preparation of many novel MOPs. This general approach is also
useful in constructing and isolating other complex metal-organic
supramolecular architectures that may be difficult to access using
the synthetic methods reported previously. Further work is being
directed towards the design and synthesis of other angular ligands
and their soluble coordination supramolecular entities, as well as
their bridging-ligand-substitution reactions. These MOP materials
may also play an important role in clean-energy-related gas separ-
ation, such as carbon dioxide capture, air separation and
methane purification.
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Figure 5 | Gas adsorption isotherms of activated MOP 1. a, N, H,, O, and
Ar adsorption isotherms measured at 77 K, showing selective adsorption of
H, and O, over N, and Ar. b, CO, and CH,, adsorption isotherms measured
at 195 K, showing selective adsorption of CO, over CH,.

Methods

Syntheses and reactions. 9H-3,6-Carbazoledicarboxylic acid H,(9H-3,6-CDC)
(H1) was synthesized according to a reported procedure®?. 3,3'-(Ethyne-1,2-
diyl)dibenzoic acid H,(3,3'-EDDB) (D1) and 3,3'-(2-amino-5-iso-propyl-1,3-
phenylene)bis(ethyne-2,1-diyl )dibenzoic acid H,(2-NH,-5-i-Pr-3,3'- PBEDDB)
(G1) were newly designed and synthesized using palladium-catalysed Sonogashira
coupling reactions. Compounds 1-3 were synthesized as crystals by the reaction of
Cu,(0Ac),,H,0 with corresponding carboxylic acid ligands in a MeOH/DMA
mixed solvent at room temperature. MOPs 4-10 were synthesized typically by
mixing excess acid ligands with correlative soluble MOP starting materials in a
suitable solvent at room temperature. After several days, the crystals were collected
and structurally characterized. Phase purity of the products was evaluated by PXRD,
and general characterizations including infrared, absorption spectra and
thermogravimetric analysis (TGA) were carried out. Detailed descriptions of all
syntheses and characterizations are given in the Supplementary Information.

X-ray single-crystal diffraction. Data were collected on a Bruker-AXS APEX-II
charge-coupled device (CCD) diffractometer with a fine-focus sealed-tube X-ray
source (Mo-K,), and the structures were solved by direct methods. Details are
provided in the Supplementary Information. In the crystal structure of 6, two types
of ligands, OH-1,3-BDC*~ and 1,3-BDC?", are of disordered distribution and a near
1:2 ratio was evaluated by "H NMR. Eight OH groups were refined in 16 positions,
each having a 0.5 occupancy. In all the structures except 10, solvent molecules and
Na™ ions in 3 were highly disordered, and attempts to locate and refine the solvent
molecule and cation peaks were unsuccessful or imperfect. Diffused electron
densities resulting from these solvent molecules (except the O atoms of coordinated
solvents) or cations were removed from the data set using the SQUEEZE routine of
PLATON and refined further using the data generated*. For the coordinated
solvents, only O atoms were left and refined. The contents of the removed solvent
region and cations (in 3) are not represented in the unit cell contents in the crystal
data of 1-9. Attempts to determine the final formulae of these compounds from the
SQUEEZE results combined with elemental analysis and TGA data were not
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successful because of the volatility of the crystallization solvents during
measurements; therefore, an accurate data set could not be obtained.
Crystallographic data have been deposited with the Cambridge Crystallographic
Data Centre: CCDC 755921 (MOP 1); CCDC 755922 (MOP 2); CCDC 755923
(MOP 3); CCDC 755924 (MOP 4); CCDC 755925 (MOP 5); CCDC 755926 (MOP 6);
CCDC 755927 (MOP 7); CCDC 755928 (MOP 8); CCDC 755929 (MOP 9); CCDC
755930 (MOP 10). These data can be obtained free of charge from The Cambridge
Crystallographic Data Center via www.ccdc.cam.ac.uk/data_request/cif.

Adsorption measurements. Gas adsorption measurements were performed using
an ASAP 2020 volumetric adsorption analyser. Before adsorption, the sample was
activated by solvent exchange followed by degassing as detailed in the
Supplementary Information.
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