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ABSTRACT: The use of simple self-assembly methods to direct or
engineer porosity or channels of desirable functionality is a major challenge
in the field of metal−organic frameworks. We herein report a series of
frameworks by modifying square ring structure of [{Cu2(5-dmpy)2(L1)2-
(H2O)(MeOH)}2{ClO4}4]·4MeOH (1·4MeOH, 5-dmpy = 5,5′-dimethyl-
2,2′-bipyridine, HL1 = 4-pyridinecarboxylic acid). Use of pyridyl
carboxylates as directional spacers in bipyridyl chelated Cu(II) system
led to the growth of square unit into other configurations, namely, square
ring, square chain, and square tunnel. Another remarkable characteristic is
that the novel use of two isomers of pyridinyl−acrylic acid directs
selectively to two different extreme tubular formsaligned stacking of
discrete hexagonal rings and crack-free one-dimensional continuum
polymers. This provides a unique example of two extreme forms of
copper nanotubes from two isomeric spacers. All of the reactions are performed in a one-pot self-assembly process at room
temperature, while the topological selectivity is exclusively determined by the skeletal characteristics of the spacers.

■ INTRODUCTION

Metal−organic frameworks (MOFs) and related supramolecu-
lar assemblies are new materials of rich potential in selective gas
sorption, solute transport and delivery, shape-directed nano-
synthesis, small molecule and ion exchanges, etc.1 Among the
synthetic methods developed for these materials, the most
common one is spontaneous self-assembly of metals and
spacers.1g,2 Since the porosity or channel characteristics can be
adjusted by the spacer dimension and the functional groups it
carries,3 a major challenge in self-assembly is the use of this
simple way to direct or engineer channels of desirable shape,
porosity, and morphology.4 One of the best-known MOF
systems is assembled by carboxylate ligands in taking advantage
of their diverse coordination modes.5 Continuous interests in
these modified MOF systems are on carboxylate-based hybrid
ligands that would lead to diverse functional MOFs.6

Encouraged by these and as part of our continual
investigations on pyridyl carboxylate hybrid ligands,7 we herein
report the self-assembly of pyridyl carboxylates with Cu(II) in
giving five new MOFs with different configurations (Chart 1).
First, we isolated three MOFs based on square unit, that is,
square ring (1), square chain (2), and square tunnel (3),
supported by an ancillary bipyridyl, in a one-pot self-assembly
process. CO2 sorption analysis of these three materials revealed
that the highly packing tubular structure 3 showed the highest
CO2 adsorption capacity. Encouraged by this finding, we
subsequently designed and constructed another two tubular
structures, by modifying the ligands used in 3. This approach
demonstrated that two isomers of pyridinyl−acrylic acid could

yield a common hexagonal ring but two different material
formsstacking of discrete rings and intertwine of 1D spirals.
The self-assembly of polygonal conduits of two extreme forms,
namely, aligned stacking of polygons and intertwine of 1D
polymers, in giving continuum and “crack-free” channels
represents a convenient and powerful entry to molecular
materials of desirable features. There are many examples of the
stacked form,6a,8 but much less is known on the continuum
relative.9 There is also no simple ligand system that can direct
to both forms through self-assembly. All the five materials are
synthesized under ambient conditions from the solutions of
Cu(ClO4)2·6H2O, bipyridyl chelate, and pyridyl carboxylate
linkers. This discovery of an unusually simple method with
readily available synthons fuels the optimism that designed
assembly of polygonal frameworks or conduits (“coordination
nanotube”) of targeted morphological features is within sight.

■ EXPERIMENTAL SECTION
All chemicals used in the synthesis were of reagent grade from
commercial sources and used as received. Elemental analyses were
performed on a PerkinElmer PE 2400 elemental analyzer.
Thermogravimetric analyses (TGA) were performed on TA Instru-
ments SDT 2960 Simultaneous DTA-TGA equipment from room
temperature (r.t.) to 1000 °C under N2 atmosphere at a heating rate of
10 °C·min−1. Infrared spectra were recorded on the Varian 3100 FT-
IR spectrometer using KBr pellets. Powder X-ray diffraction (PXRD)
spectra were recorded on Bruker D8 General Area Detector
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Diffraction System (GADDS) XRD microdiffractometer equipped
with a VANTEC-2000 area detector with Φ rotation method. The X-
ray generated from a sealed Cu tube was monochromated by a
graphite crystal and collimated by a 0.5 mm MONOCAP (λ Cu Kα =
1.541 78 Å). The tube voltage and current were 40 kV and 40 mA. Gas
sorption isotherms were measured with a Micromeritics ASAP 2020
Surface Area and Porosity Analyzer. An oven-dried sample tube
equipped with a TranSeal (Micromeritics) was weighed. The sample
was transferred into the sample tube, which was then capped by a
TranSeal. The sample was heated to 120 °C under a vacuum of 2
mTorr for 16 h. The evacuated sample tube was weighed again, at
which point the outgas rate was less than 2 mTorr/min, and the
sample mass was determined by subtracting the mass of the previously
weighed tube. The N2 and CO2 isotherms were measured using a
liquid nitrogen bath (77 K) and dry ice/acetone (195 K), respectively.
Caution! Cu(ClO4)2·6H2O is explosive and should be handled with care!
Preparation of 1. A solution of 5,5′-dimethyl-2,2′-bipyridine (18.4

mg, 0.10 mmol) in CH2Cl2 (5 mL) was added to the solution of
Cu(ClO4)2·6H2O (36.9 mg, 0.10 mmol) in MeOH (5 mL) dropwise
with stirring. The solution was further stirred at ambient temperature
for half an hour. A solution of isonicotinic acid (12.3 mg, 0.10 mmol)
in MeOH (5 mL) was then subsequently added dropwise. The
resultant clear solution was stirred at ambient temperature for another
half an hour and then filtered. The clear filtrate was allowed to stand at
ambient temperature for a few days to provide blue crystals, which
were filtered, washed with MeOH, and dried in air. Yield: 36.5 mg,
74%. Anal. Calcd (%) for C75.5H79Cl7Cu4N12O28: C 43.08, H 3.78, N
7.99; found C 42.95, H 3.55, N 8.26%.
Preparation of 2. 2 was synthesized using a similar procedure as

that of 1 but using 4,4′-di-tert-butyl-2,2′-bipyridine (26.8 mg, 0.10
mmol) in MeOH (5 mL), Cu(ClO4)2·6H2O (36.9 mg, 0.10 mmol) in
MeOH (5 mL) and (E)-3-(pyridin-4-yl)acrylic acid (14.9 mg, 0.10
mmol) in MeOH (5 mL) instead. 2 was isolated as blue crystals,
washed with MeOH, and further air-dried prior to elemental analysis.
Yield: 37.0 mg, 64%. Anal. Calcd (%) for C104H152Cl4Cu4N12O40: C
47.93, H 5.88, N 6.45; found C 47.52, H 6.12, N 6.32%.
Preparation of 3. 3 was synthesized using a similar procedure as

that of 1 but using 5,5′-dimethyl-2,2′-bipyridine (18.4 mg, 0.10 mmol)
in EtOH (5 mL), Cu(ClO4)2·6H2O (36.9 mg, 0.10 mmol) in H2O (5
mL), and (E)-3-(pyridin-3-yl)acrylic acid (14.9 mg, 0.10 mmol) in
H2O (5 mL) instead. 3 was isolated as blue crystals, washed with H2O
and EtOH, and further air-dried prior to elemental analysis. Yield: 34.0
mg, 69%. Anal. Calcd (%) for C80H88Cl4Cu4N12O32: C 45.20, H 4.17,
N 7.91; found C 45.04, H 4.36, N 8.18%.
Preparation of 4. 4 was synthesized using a similar procedure as

that of 1 but using 5,5′-dimethyl-2,2′-bipyridine (18.4 mg, 0.10 mmol)
in EtOH (5 mL), Cu(ClO4)2·6H2O (36.9 mg, 0.10 mmol) in H2O (5
mL), and (E)-3-(pyridin-4-yl)acrylic acid (14.9 mg, 0.10 mmol) in

H2O (5 mL) instead. 4 was isolated as blue crystals, washed with H2O
and EtOH, and further air-dried prior to elemental analysis. Yield: 33.0
mg, 64%. Anal. Calcd (%) for C120H150Cl6Cu6N18O57: C 43.02, H 4.51,
N 7.52; found C 43.15, H 4.29, N 7.44%.

Preparation of 5. 5 was synthesized using a similar procedure as
that of 1 but using 4,4′-dimethyl-2,2′-bipyridine (18.4 mg, 0.10 mmol)
in EtOH (5 mL), Cu(ClO4)2·6H2O (36.9 mg, 0.10 mmol) in H2O (5
mL), and (E)-3-(pyridin-3-yl)acrylic acid (14.9 mg, 0.10 mmol) in
H2O (5 mL) instead. 5 was isolated as blue crystals, washed with H2O
and EtOH, and further air-dried prior to elemental analysis. Yield: 37.0
mg, 75%. Anal. Calcd (%) for C120H156Cl6Cu6N18O60: C 42.33, H 4.62,
N 7.41; found C 42.48, H 4.24, N 7.52%.

X-ray Crystallography. The crystallographic measurements were
performed on a Bruker SMART CCD diffractometer for 1 and 3−5 at
100 K and a Bruker APEX II for 2 at 123 K. The two instruments were
both equipped with graphite-monochromated Mo Kα radiation (λ =
0.710 73 Å). The program SMART10 was used for collecting frames,
indexing reflections, and determining lattice parameters, SAINT for
integration of the intensity of reflections and scaling, SADABS11 for
absorption correction, and SHELXTL12 for space group and structure
determination and least-squares refinements on F2. The relevant
crystallographic data and refinement details are shown in Supporting
Information. The region of disordered electron density was removed
from the structure, and the data were treated with the SQUEEZE
routine in PLATON.13

■ RESULTS AND DISCUSSION
Mixing three solutions, namely, Cu(ClO4)2·6H2O in MeOH,
5,5′-dimethyl-2,2′-bipyridine (5-dmpy) in CH2Cl2, and 4-
pyridinecarboxylic acid (HL1) in MeOH in a single reaction
pot at r.t. resulted, upon workup, in the isolation of a blue solid
formulated as [{Cu2(5-dmpy)2(L1)2(H2O)(MeOH)}2-
{ClO4}4]·4MeOH (1·4MeOH). X-ray single-crystal crystallo-
graphic analysis revealed a Cu(II) metallo-square. The four
copper atoms in the ring are bridged by L1 ligand with a head-
to-tail arrangement, using its monodentate carboxylate oxygen
and pyridyl nitrogen donors (∠O1−Cu1−N2 89.42(9)°,
∠O3A−Cu2−N1 87.75(9)°; Figure 1a). The four Cu(II)
centers within the metallomacrocycle are positioned within the
same plane (deviation of 0.000 Å). A chelating bipyridyl at the
equatorial position and an axial O atom (O5 from MeOH and
O6 from H2O) completes a distorted square pyramidal
geometry of Cu(II).
The cation of 1 is assembled as a macrocycle with +4 charge.

The electronic neutrality is met by perchlorate anions outside
the metallosupramolecular cavity and at the intersection of four

Chart 1. Ligands for the Construction of Frameworks
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connecting squares (Figure S2, Supporting Information). The
four Cu(II) atoms are divided into two sets (Cu1 and Cu2;
Figure 1a) coordinated with MeOH (O5) and H2O (O6),
respectively. This difference is amplified in the two slightly
unequal sides of the square (8.84 and 8.76 Å, denoting the
Cu···Cu distances). The higher steric effect of MeOH is
manifested in weak π−π interactions14 between the neighbor-
ing bipyridyls at Cu1, while significant π−π interactions
between those at Cu2 (distance between two neighboring
bipyridyls of 3.41 Å) were observed.
The bipyridyl serves two key functionsto provide a shield

on each copper to prohibit secondary coordination to give

three-dimensional network and to provide the axis for π−π
contact whereby individual quadrangular cupro-macrocycle
rings can be stacked and aligned. This intermolecular
interaction is strengthened by H-bonding between the aqua
(O6) and neighboring carboxylates (O4A′) (H6X···O4A′ 1.977
Å; ∠O6−H6X-O4A′ 156.4°; Figure S3, Supporting Informa-
tion). They collectively help to juxtapose the rings to stack
upon each other to give a quadrangular conduit (Figure 1b).
This is different from the most common pyridyl-based square
ring in which the π−π interactions between pyridyl rings are
central to conduit formation.15

To clarify the relationship between the ligands used and the
construction outcome, we optimized the ligands used in 1 and
successfully isolated another two materials based on square
units, namely, 2 and 3. Replacing 5-dmpy by more bulky
supporting ligand 4,4′-di-tert-butyl-2,2′-bipyridine (4-dbpy) and
HL1 by longer spacer HL2 ((E)-3-(pyridin-4-yl)acrylic acid)
leads to the isolation of [Cu4(4-dbpy)4(L2)4(ClO4)4]n (2).
Replacement of L1 by HL3 ((E)-3-(pyridin-3-yl)acrylic acid) in
the synthesis gives [{Cu2(5-dmpy)2(L3)2}2{ClO4}4]n·
3n(EtOH) (3·nEtOH) with a square tunnel structure.
Similar to 1, the four copper atoms in each repeating ring of

2 and 3 are connected by a singly bridging L2/L3 ligand with a
head-to-tail arrangement using its monodentate carboxylate
oxygen and pyridyl nitrogen donors (Figure 2c,d). In 2, a
chelating bipyridyl and O atoms from H2O (O1W and
O1WA)/μ-O type carboxylate (O2 and O2A) completes a

Figure 1. Framework of 1 showing (a) cationic square with
coordinated H2O and MeOH, the bipyridyl and hydrogen atoms are
removed, and (b) stacked and aligned quadrangular conduit.
Symmetry code: A −x + 1, −y, −z + 2.

Figure 2. (a) Framework of 2 showing side topological view of the continuum of the stair-stepping chain; (b) framework of 3 showing side
topological view of the continuum of the nanotube; (c) repeating square unit of 2 with the coordination mode of the Cu center (bipyridyl ligands are
omitted), and (d) repeating square unit of 3 with the coordination mode of the Cu center (bipyridyl ligands are omitted). Symmetry codes: A −x +
2, −y + 2, −z (2); A x, −y, z + 1/2 (3).
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distorted square pyramidal geometry (Figure S5, Supporting
Information). With μ-O carboxylate donor, it resulted in a stair-
stepping chain by a continuum of discrete Cu4 square ring
(9.97 × 10.84 Å2, measured between the Cu centers; Figure
2a). In 3, a conduit lined by a continuum of square pyramidal
Cu2 interconnected by bridging carboxylate and terminal
pyridyl is evident (Figure 2b). The electroneutrality of the
compound is maintained by the presence of perchlorate anions
located inside and in-between the square structures of 2 and 3
(Figures S7 and S12, Supporting Information), which
resembles that found in 1.
The change of the nitrogen disposition from 4- (or para- in

HL2) to 3- (or meta- in HL3) position with respect to the
acrylate alters the direction of polymeric propagation from
horizontal (in 2) to diagonal (in 3), thus allowing four
orthogonal points of interconnection in every Cu2 node in 3.
This resulted in a novel matrix of continuum spirals that define
the wall of the nanoconduit with a side-to-side distance of 11.44
× 9.04 Å2. The π−π interaction14 between bipyridyl ligands
(plane distance 3.66 Å; centroid distance 4.42 Å) of
neighboring channels adds strength to the tubular network
(Figure S11, Supporting Information). The steric effect of tert-
butyl group in HL2 does not support π−π interactions between
bipyridyl ligands, and there is no other significant interaction
found between neighboring chains in 2, resulting in chains that
are independent from each other (Figure S6, Supporting
Information).
Another remarkable characteristic is that the novel use of two

isomers of pyridinyl−acrylic acid direct selectively to two
different extreme tubular formsaligned stacking of discrete
hexagonal rings, 4 (Figure 3a), and crack-free 1D continuum

polymers, 5 (Figure 3b). Mix of three solutions, namely,
Cu(ClO4)2·6H2O in H2O, 5-dmpy in EtOH, and HL2 in H2O
in a one-pot reaction at r.t. resulted, upon workup, in the
isolation of a blue crystal formulated as [{Cu(5-dmpy)(L2)-
(H2O)}{ClO4}]6·15H2O (4·15H2O). X-ray single-crystal crys-
tallographic analysis revealed a hexacationic and hexagonal
Cu(II) metallomacrocycle (diagonal Cu···Cu 20.30 Å) in which
the six copper atoms are connected in a ring by a singly
bridging L2 using its monodentate carboxylate oxygen and
pyridyl nitrogen donors (∠O−Cu−N 90.79 (9)°). The six
Cu(II) centers within a metallomacrocycle are uniformly
positioned below and above the central plane with the
deviation of 2.6241 Å (Figure 4a). An equatorial chelating
bipyridyl and axial aqua (O1W) completes a distorted square
pyramidal geometry (Figure S13, Supporting Information).
Replacement of 5-dmpy by 4-dmpy and L2 by L3 in the

synthesis gives a different material [{Cu(4-dmpy)(L3)}-
{ClO4}]6n·2nEtOH (5·2nEtOH) whose X-ray crystallographic
analysis gave a conduit lined by a continuum of square
pyramidal Cu2 interconnected by bridging carboxylate and
terminal pyridyl.
Similar to 1, the π−π interaction between bipyridyls and H-

bonding between the aqua and neighboring carboxylates
collectively help to juxtapose the individual hexagonal
cupromacrocycle rings to stack upon each other (distance
between two neighboring bipyridyls 6.942 Å) to give a
hexagonal conduit with secondary aqua filling the void to
give a water channel (Figures 3a and 4b). The effect of the
change of the nitrogen disposition from 4- (or para- in HL2) to
3- (or meta- in HL3) position was also found in 5, which allows
four orthogonal points of interconnection in every Cu2 node
(Figure 4c), resulting in a matrix of continuum spirals (Figure
3b) that define the wall of the nanoconduit with a side-to-side
distance of 15.46 Å. The π−π interaction between bipyridyl
ligands (3.46 Å) of neighboring rings adds strength to the
tubular network (Figure S18, Supporting Information). In both
4 and 5, the perchlorate anions are located outside the metallo-
supramolecular cavity but at the intersection of three of the
connecting nanotubular structures (Figures S14 and S17,
Supporting Information).
Each cupro-macrocyclic cavity of 4 contains 12 secondary

hydrate molecules arranged as an intercalation of a nearly
flattened sheet of six aqua oxygen (O2W) with a chair of six

Figure 3. (a) Top view of 4 showing a water channel within a
macrocyclic stack-sheet structure. (b) Top view of 5 showing
hexagonally packed EtOH molecules within a nanotubular structure.

Figure 4. Side view of 4 showing (a) the chair-like formation of the
copper hexagons; (b) two sets of crystallographically unique water
molecules assembled in form of intercalation of a flattened hexagonal
oxygen (O2W) ring (green) and a chairlike oxygen (O3W) ring
(purple); (c) side topological view of 5 showing the connectivity of
nanotube among the Cu2 nodes and the carboxylate ligands, and (d)
crystallographically unique EtOH molecules located within the
nanotubular structure, forming double triangle layer hexagonal rings
(blue-green dotted line shows the triangle layer, and purple dotted line
shows the hexagonal chair configurations, respectively).
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oxygen (O3W), each with half occupancy (Figure 4b). A large
portion of spatially delocalized electron density in the inner
sphere of the channel was found, but its refinement did not give
definitive results. A total of 271 electrons were found in each
cell, which may suggest additional 27 H2O molecules. These 27
water molecules correspond to 9 H2O for each Cu6 unit (Z =
3). The O2W and O3W separation of 2.350(15) Å (∠O3W−
H1W3−O2W 130.2°) suggests H-bonding between the two
water rings. The primary aqua (O1W) molecules are not
pointed toward the center of the cavity, thus limiting their
participation in H-bonding with the secondary aqua in the
channel. Short separations between the coordinated carboxylate
O atoms (O1) and the channel water (O2W) (O2W···O1
2.736(3) Å; ∠O2W−H2W2−O1 167.8°) suggest additional
hydrogen bonding between the secondary water and the
carboxylate ligands. The distance between O2W and O3W is
2.350(15) Å, which also makes the H-bonding between O2W
and O3W possible (O3W···O2W 2.350(15) Å; ∠O3W−
H1W3−O2W 130.2°). This is reminiscent of the water
molecules in single-walled carbon nanotubes.6a This hydrate
channel is related but different from the most common
polymorph of ice, namely, hexagonal ice I (ice Ih),

16 which
consists of sheets of tessellating hexamers in chair conforma-
tions linked together through an extensive H-bonding network
(average O−H···O distance of 2.75 Å and H−O−H angle of
109° for ice Ih).
The EtOH solvate in 5 are evenly distributed inside and in-

between the tubular cavity. The symmetry-equivalent positions
of the Cu2 node suggests that the EtOH solvates inside the
tubular cavity form double triangle layer hexagonal rings with
chair configurations (Figure 4d). Unlike 4, there is no obvious
H-bonding among the EtOH in the channel, which is
somewhat surprising.
To differentiate the thermal stability of the five materials, we

performed TGA under a nitrogen gas flow. All of these five
materials are thermally stable up to ∼225−280 °C (1, ∼280
°C; 2, ∼245 °C; 3, ∼255 °C; 4, ∼225 °C; 5, ∼245 °C; Figure 5

and Figures S19−S21, Supporting Information). Figure 5
shows the thermogravimetric curves of 4 and 5. In 4, the initial
mass loss from 34 °C corresponds to the complete removal of
the crystalline water molecules, whereas the weight loss from
∼110 °C is due to the loss of coordination water. From ∼250
°C, the organic constituents disintegrate. The water extrusion
pattern is similar to that of other related inorganic materials and
topological structures.17 According to the formula obtained
from single-crystal XRD, 4·15H2O is [{Cu(5-dmpy)(L2)-

(H2O)}{ClO4}]6·15H2O; the observed weight drop due to
water loss (∼12%) is consistent with the calculated loss of
∼11% (primary hydrate of 3% + secondary hydrate of 8%). The
initial solvate loss in 5 is consistent with the two sets of EtOH
found in and between the cavities. Notably, because of the
explosive property of perchlorate, these complexes should be
handled with care, and the TGA profiles may take an abrupt
dive. Grinding small quantities of these samples into fine
powder for our cases provides a solution to this issue.
Gas sorption studies were made on these five materials. All

frameworks show significantly higher selectivity of CO2 over
N2. The Brunauer−Emmett−Teller (BET) surface areas
calculated from N2 sorption data for 1−5 suggest that these
frameworks are not active toward N2 even at 77 K. This may be
explained by the 1D channels that prevent effective N2
diffusion; in other words, the channels are not open pores.18

However, the sorption of CO2 at low pressures and 195 K is
notable (Figure 6 and Figures S22−S25, Supporting

Information), which revealed a type IV behavior typical for
microporous materials with hysteresis between sorption/
desorption curves.19 As mentioned above, the tubular structure
(3) shows higher overall CO2 uptake capacity (59.1 cm3·g−1),
while the maximum capacities of another two square structures
are ∼12.3 (1) and 28.9 cm3·g−1 (2), respectively (Figure S25,
Supporting Information). The different gas sorption behaviors
of these three materials suggest the influence of spacers on both
topology and porosity. In addition, the capacity of 4 and 5
shows up to 87 (4) and 109 cm3·g−1 (5) (3.92 and 4.88 mmol·
g−1 at standard temperature and pressure, respectively). This is
comparable to the reported carboxylate- and phosphonate-
based MOFs reported by Zhou et al. and Costantino et al.20 In
addition, different from the other four materials 1−4, a gating
pressure at ∼250 mmHg was found in 5, resulting in abrupt
changes in the sorption isotherms of CO2. The continuum
nature of the nanotube in 5 is probably responsible for its
higher uptake and retention of the gases. Their stronger
sorption of CO2 over N2 suggests the advantage of using the
polarity of the carboxylate groups to attract small molecules
with quadrupolar moments such as CO2.

20a,21 Possible H-
bonding between CO2 and H-bearing group at the conduit may
also contribute to the selectivity toward CO2.

21b It is notable
that the powder pattern changed dramatically after the gas
sorption. This might be caused by the structural change or
structural destruction upon activation.

Figure 5. TGA profiles of 4 (black) and 5 (red).

Figure 6. CO2 absorption (■) and desorption (□) isotherms (195 K)
and N2 absorption (▲) and desorption (△) isotherms (77 K)
measured for 4 (red) and 5 (black).
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■ CONCLUSIONS
Self-assembly of pyridyl carboxylates with Cu(ClO4)2 and
bipyridyls has produced two sets of related but distinctive forms
of coordinative frameworks and nanotubes. This study
demonstrated that a straight to obtuse change in the relative
donor orientation and length of the spacer is sufficient to guide
the assembly from a ring stack to a continuum nanotube to a
continuum ring chain. This is achieved by changing from a
horizontal 4- (or para-) to 3- (or meta-) polymeric propagation.
A crack-free structure is achieved through multipoint
orthogonal interconnections of metals and spacers. Their
different structural forms are manifested in different affinity
toward solvates (especially water versus ethanol channels of 4
and 5) and their sorption affinity toward CO2. Their
production from simple one-step and one-pot spacer-driven
self-assembly methodology offers a distinct advantage over
other engineering materials. Their water stability offers an
additional incentive for these materials to be used in
applications such as flue gas sorption and cleansing. This
paves a forward path in tuning of materials porosity through
molecular engineering of spacers.
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