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ction of monolayer, bilayer,
sandwich bilayer, four-layer, multi-layer and chiral
bilayer 2D pillararene-type supramolecular
networks†

Zhao-Nian Chen,‡a Le-Ping Zhang,‡a Huai-Li Wu,a Qiao-Yan Qi,b Meng Yan,c

Jia Tian, b Guan-Yu Yang, a Zhan-Ting Li *bd and Bo Yang *a

The accurate construction of mono-, bi- and multi-layer networks has been an important challenge,

especially for bi- and multi-layer networks. Monolayer, bilayer, sandwich bilayer, four-layer, and multi-

layer two-dimensional pillararene-type metal–organic coordination networks have been constructed

from functionalized pillar[5]arene and pillar[6]arene by utilizing the coordination interaction of cobalt and

copper ions and combining with temperature control and guest induction. These two-dimensional

coordination networks exhibit the excellent plasticity of pillararenes and structural variety, which are

characterized by X-ray single crystal diffraction and PXRD, confirming that pillararenes units can function

as excellent tunable scaffolds for structural regulation. Two-dimensional chiral double-layer structure

products are also constructed from R- and S-pillar[6]arene, which are obtained by high-performance

liquid chromatography. Atomic force microscopic imaging confirms the thicknesses of these networks.

Moreover, these networks also exhibit high iodine adsorption capacity in aqueous environments at

ambient temperature. The monolayer, bilayer, sandwich bilayer, four-layer and multi-layer structures of

the pillararene-type networks represent a new facile supramolecular self-assembly strategy and platform

for designing more mono-, bi- and multi-layer two-dimensional nanomaterials and chiral two-

dimensional double-layer structures provide a new method for the construction of more two-

dimensional chiral polymers.
Introduction

Since the emergence of graphene monolayer materials,1

research towards developing more types of monolayer two-
dimensional (2D) materials has exploded.2,3 These 2D materials
usually exhibit exceptional performance in diverse applications
due to their distinct structural characteristics of ultrathin
thicknesses, enormously high surface areas, and well-dened
2D extended skeletons. Controlling the arrangement,
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thickness, or number of monolayers also played a crucially
important role, especially when the designed function involves
electron or energy transfer between the adjacent monolayers,4,5

so direct access to mono-, bi- andmulti-layer structures remains
an important challenge in constructing 2D materials. At the
same time, it is more challenging to use one compound to
accurately control monolayers and bilayers, or construct
adjustable double-layer, four-layer and multi-layer structures by
adjusting their structure, especially for bilayer, four-layer and
multilayer structures. Supramolecular host macrocycles are
a special class of ring structures,6–9 which can be modied on
the ring to adjust the size of the cavity according to the size of
the guest molecule, have been used in constructing bilayer
sheets.10–12 Kian Ping Loh and co-workers introduced a viologen
threading unit based on crown ethers and reported that the
formation of a host–guest complex facilitates the self-
exfoliation of covalent organic frameworks (COFs) into crystal-
line monolayers or bilayers.10 Zhao et al. constructed a unique
Janus bilayer 2D supramolecular organic framework through
self-assembly of amphiphilic tritopic molecules and cucurbit[8]
uril.11 We also realized the hierarchical self-assembly of
a bilayer 2D supramolecular organic framework in
Chem. Sci., 2024, 15, 13191–13200 | 13191
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Fig. 1 Compounds P5PhPy4 and P6PhPy4 and the crystal structure of
P5PhPy4 (Rp, Sp) and P6PhPy4 (Rp, Sp).
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View Article Online
a controllable manner through cucurbit[8]uril-encapsulation-
promoted dimerization of 4-phenylpyridinium subunits and
the coordination of rod-like bipyridine ligands with zinc
porphyrin subunits.12

Pillararenes, a relatively new class of macrocycles, have
shown great promise in host–guest molecular recognition and
the fabrication of various materials for divergent applications,
since Ogoshi and co-workers reported the rst pillararene in
2008.13–23 The rims of pillararenes are highly customizable,
enabling them to be tted with different substituents for
different functions, which signicantly facilitates their hybrid-
ization into metal–organic networks or pillars.24–30 Meanwhile
the existing several metal–organic networks or pillars are A1/A2-
difunctionalized or ve para-substituted pillar[5]arenes and the
rigid pillar architectures of pillararenes are all maintained. To
the best of our knowledge, bi- and multi-layer 2D polymeric
architectures by using the cavity of pillararenes as tunable
scaffolds by deforming or adjusting the rigid pillar cavity have
not been accessed to date. Herein, considering the versatile
potential of modication on the rims of pillararenes and the
tunability of cavities of pillararenes, we have incorporated pillar
[5]arene and pillar[6]arene units as excellent tunable scaffolds
into the construction of monolayer, bilayer, and multi-layer
coordination networks. In this system, we report the
controlled self-assembly of 2D monolayer and 2D bilayer
supramolecular coordination networks from a tetrapyridine
functionalized pillar[5]arene with Co(II) through controlling the
temperature, and the accurate construction of 2D bilayer, 2D
sandwich bilayer, 2D four-layer and 2D multi-layer supramo-
lecular coordination polymers from a tetrapyridine functional-
ized pillar[6]arene with Cu(II) by temperature control and guest
induction, and precise chirality control of a 2D R-bilayer and
a 2D S-bilayer supramolecular coordination network by high-
performance liquid chromatography.

Results and discussion

The published literature showed that A1/A2-difunctionalized
pillar[5]arene is an excellent assembly motif for constructing
metal–organic hybrid materials.24–30 We also found that the
dipyridine-functioned pillar[5]arene ligand P5PhPy2 (ref. 27),
which exhibits a compact packing manner in the solid state,
could be coordinated with transition metals Cu(II) and Co(II) to
afford 1D single-line (P5PhPy2Cu-1 and P5PhPy2Cu-2) at room
temperature and parallel double-line (P5PhPy2Cu-3) and
ladder-like double-line coordination polymeric arrays
(P5PhPy2Cu-4 and P5PhPy2Co-1) at 80 °C with good crystallinity
under enclosed conditions (Fig. S1–S4†). To extend 1D coordi-
nation polymeric arrays to various 2D structures, a symmetrical
tetrapyridine functionalized pillar[5]arene ligand (P5PhPy4)
and pillar[6]arene ligand (P6PhPy4) were designed and
prepared (Fig. 1), to investigate their coordination with Co(II)
and Cu(II), respectively, to afford 2D monolayer, bilayer and
multi-layer pillararene-type metal–organic coordination
networks (PMOCNs). For the preparation of P5PhPy4 (Scheme
S1†), 2 (ref. 31) was rst reduced with NaBH4 and then reacted
with triic anhydride to produce 3 and then further coupled
13192 | Chem. Sci., 2024, 15, 13191–13200
with 4-(4-pyridyl)phenylboric acid to give rise to P5PhPy4 in 48%
yield. The compound P6PhPy4 was prepared through coupling
of 4 (ref. 32) and 4-(4-pyridyl)phenylboric acid in 40% yield
(Scheme S2†).

Crystals of free P5PhPy4 were obtained as enantiomers (Rp,
Sp) via slow evaporation from the solution of dichloromethane
(Fig. 1) and the cavity of P5PhPy4 was a perfect well-maintained
pentagonal macrocycle. The molecular arrangements of
P5PhPy4 from the top view demonstrated a compact packing
manner in the (1,0,0), (0,1,0), and (0,0,1) directions (Fig. S5†).
Meanwhile, the pillar[5]arene units of P5PhPy4 could be used as
height adjustable stands to allow for the formation of mono-
and bilayer networks (ml-2D-P5MOCNs and bl-2D-P5MOCNs)
under the coordination of Co(II).

The coordination of P5PhPy4 with Co(II) nitrate in DMF in
the presence of acetic acid at 80 °C afforded crystalline prod-
ucts, a monolayer compact coordination network (ml-2D-
P5MOCNs) (Fig. S6†). X-ray diffraction analysis revealed that the
rigid cavity of P5PhPy4 collapsed to some extent due to the
coordination interaction between cobalt and pyridine. The
structure of P5PhPy4 in the crystal of ml-2D-P5MOCNs was
different from that in the crystal of free P5PhPy4; the congu-
ration of two 1,4-dimethoxybenzene units was reversed under
coordination at 80 °C, while they were still enantiomers. The
two straight ligands of P5PhPy4 adopted a misaligned parallel
orientation, and the torsional angle of the two straight ligands
of free P5PhPy4 changed from 43.26° to close to 0° under
coordination interaction (Fig. 2a). There were two types of
monolayer structures with three coordinated forms of cobalt in
the single crystal of ml-2D-P5MOCN: six-coordinate, ve-
coordinate, and four-coordinate. One type of monolayer
network showed Co(II) atoms take six-coordinate and ve-
coordinate, Co(II) atoms linked two P5PhPy4 ligands through
Co–N bonds (2.102–2.165 Å) to form a –Co–P5PhPy4–Co–
P5PhPy4– rail and such parallel rails were cross-linked by Co–O
contacts (1.894–2.222 Å) as “rungs”, O atoms from CH3COO

−

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) The transformation of P5PhPy4 (Rp, Sp) in ml-2D-P5MOCN.
(b) The top view of a single layer 2D coordination of the polymer ml-
2D-P5MOCN. (c) The side view of the alternate –Rp–Sp–Rp–Sp–
arrangement of the polymer ml-2D-P5MOCN. (d) The stacking
structure of ml-2D-P5MOCN. Noncoordinated solvent molecules are
omitted.

Fig. 3 (a) The transformation of P5PhPy4 (Rp, Sp) in bl-2D-P5MOCN.
(b) The crystal structure and diagram of a bilayer 2D coordination of
the polymer bl-2D-P5MOCN. (c) The stacking structure of a bilayer 2D
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(Fig. 2b). The other type of monolayer network showed Co(II)
atoms take ve-coordinate and four-coordinate form (Fig. S7†),
Co(II) atoms linked two P5PhPy4 ligands through Co–N bonds
(2.076–2.199 Å), one type Co–O contacts (1.914–2.312 Å) as
“rungs”, O atoms from CH3COO

− and HCOO−, another type
Co–O contacts (1.692–2.331 Å) independent, O atoms from
CH3COO

− and H2O. To be exact, it was the four parallel line
group formed by four parallel pillararenes and Co(II), which
then formed a 2D structure through hydrogen bonds (Fig. S7b–
d†). All these results revealed that two types of independent 2D
monolayer structures with Co–N bonds as longitudinal linkers
along with a collapsed macrocycle, and Co–O bonds or Co–O
bonds and hydrogen bonds (2.105–2.306 Å) as transverse
linkers, and the pillar[5]arene units exhibited an alternate –Rp–

Sp–Rp–Sp– arrangement (Fig. 2b and c and S7a–c†). Longitudinal
side views indicated that the monolayer structures were stacked
in the form of dislocation and back to back, due to the outer-
surface action of the pillar[5]arene (Fig. 2d). The lateral side
view showed that the pillar[5]arene units in the laminated
structure were arranged in a micro-helix-like S-shaped curve
(Fig. S8†). This result conrmed that pillar[5]arene units could
be used as excellent tunable scaffolds to accurately control the
monolayer by adjusting the rigid pillar cavity.
© 2024 The Author(s). Published by the Royal Society of Chemistry
As excellent tunable scaffolds, the deformation of the cavity
of pillar[5]arene may vary, so we cultured P5PhPy4 and cobalt
nitrate under the same conditions at room temperature. The
reaction of P5PhPy4 with Co(II) nitrate in DMF in the presence
of acetic acid at room temperature afforded another different
crystalline product, a double-layer metal–organic network bl-
2D-P5MOCN (Fig. S9†). The X-ray single-crystal structure of bl-
2D-P5MOCN revealed that this rigid cavity of P5PhPy4 was
greatly deformed due to the coordination interaction between
cobalt and pyridine. The torsional angle of the two straight
ligands of P5PhPy4 was changed from 43.26° to 100.78°
(Fig. 3a). Due to the existence of the deformed cavity, the two
straight ligands of P5PhPy4 showed a form of parallel up and
down crossing, and then a bilayer structure was formed under
the coordination of Co(II) (Fig. 3b and S10†). In the bilayer 2D
network of bl-2D-P5MOCN, the top view presented a quadrilat-
eral grid structure with two layers in the (1,1,0) direction, the
upper and lower square-grid windows presented a parallel
dislocation form, and the dimensions of the upper and lower
square-grid windows were all 24.35 × 24.01 Å. Each of these
square-grid windows was constructed from one side ligands of
two enantiomers (Rp, Sp) (Fig. 3a). The Co(II) atom was six-
coordinate, bonded by four pyridine N atoms from four
different P5PhPy4 ligands (Co–N, 2.156–2.163 Å), one oxygen
donor from H2O (Co–O, 2.096 Å), and another oxygen donor
from nitrate ions (Co–O, 2.153 Å) (Fig. 3b). H2O and NO3

− were
located above and below the cobalt, and the upper layer was
coordination of the polymer bl-2D-P5MOCN. Noncoordinated
solvent molecules are omitted.

Chem. Sci., 2024, 15, 13191–13200 | 13193
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Fig. 4 (a) The crystal structure and diagram of P6PhPy4 (Rp, Sp) inmtl-
2D-P6MOCN. (b) The crystal structure and diagram of a multi-layer 2D
coordination of the polymer mtl-2D-P6MOCN. (c) The stacking
structure of a multi-layer 2D coordination of the polymer mtl-2D-
P6MOCN. Noncoordinated solvent molecules were omitted.
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NO3
− (up) and H2O (down), while the lower layer was H2O (up)

and NO3
− (down). The side views presented a clear double-layer

form in the (0,0,1) direction. This bilayer structure was an
independent 2D bilayer structure with deformed macrocycles as
scaffolds. It is worth noting that 2D bilayer networks stacked in
a pile-up of dislocations manner (Fig. 3c), presenting a stag-
gered overlapping arrangement of bilayers. The bilayer network
further conrmed that pillararene units were excellent tunable
scaffolds and could form 2D monolayer and bilayer supramo-
lecular coordination polymers by controlling the temperature.

Crystals of free P6PhPy4 were obtained as enantiomers (Rp,
Sp) via slow evaporation from the solution of dichloromethane/
methanol (2 : 1), while P6PhPy4 showed a twisted hexagonal
structure (Fig. 1), and the molecular arrangements of P6PhPy4
were similar to those of P5PhPy4, from the top view demon-
strating a compact packing manner in the (1,0,0), (0,1,0), and
(0,0,1) directions (Fig. S11†). Following the single crystal culture
method, P5PhPy2 with Cu(II) or Co(II), P5PhPy4 with Co(II), and
P6PhPy4 with Cu(II) nitrate in DMF in the presence of acetic acid
at 80 °C for 24 h afforded the crystalline product mtl-2D-
P6MOCN (Fig. 4a and S12†). The crystal structure of mtl-2D-
P6MOCN revealed that the cavity of P6PhPy4 was changed from
a twisted hexagonal structure to a perfect well-maintained
hexagonal macrocycle under the coordination interaction
between copper and pyridine and the modulation of disordered
water molecules (Fig. 4a). Due to the perfect well-maintained
13194 | Chem. Sci., 2024, 15, 13191–13200
hexagonal cavity, the two straight ligands of P6PhPy4 showed
a form of parallel up and down crossing, and P6PhPy4 (Rp, Sp)
showed a regular up and down arrangement under coordina-
tion interaction, and then a multi-layer structure with staggered
and parallel connections of pillararenes was formed (Fig. 4b
and S12†). The top view of the structure presented a regular
diamond structure in the (1,0,0) direction and each of these
diamond windows was constructed from one side ligands of two
enantiomers (Rp, Sp) (Fig. 4b). The Cu(II) atom was six-
coordinate, bonded by two pyridine N atoms from two
different P6PhPy4 ligands (Co–N, 2.020–2.023 Å), three oxygen
donors from CH3COO

− ions, and one oxygen donor from H2O
(Co–O, 1.788–2.336 Å) (Fig. 4b). The side view showed a parallel
multi-layer with a parallel staggered arrangement of P6PhPy4 in
the (0,1,0) and (0,0,1) directions (Fig. 4b). Although this multi-
layer structure was formed with perfect well-maintained
hexagonal macrocycles as scaffolds, the multi-layer structure
stacked in a four-fold interpenetrating form, and the stacking of
pillararenes presented multiple metal–organic pillar arrange-
ment forms (Fig. 4c and S13†). The reasonable explanation of
the occurrence of such structural interpenetration of mtl-2D-
P6MOCN was driven by the minimization of the systematic
energy through the optimal lling of the void space,33 which
reected the law that nature abhors a vacuum.

We redissolved the mtl-2D-P6MOCN crystals and recultured
them under the same conditions at 80 °C for 72 h, affording
a new bilayer structure product bl-2D-P6MOCN. X-ray diffrac-
tion analysis revealed that the pillar[6]arene units of P6PhPy4 in
bl-2D-P6MOCN showed a twisted hexagonal structure similar to
that of free P6PhPy4 in the solid state. The two straight ligands
of P6PhPy4 showed a form of parallel up and down crossing
similar to bl-2D-P5MOCN, and the torsional angle of the two
straight ligands approached 120° (Fig. 5a), and then a bilayer
structure was formed under the coordination of Cu(II) (Fig. 5b
and S14†). The Cu(II) atoms linked P6PhPy4 ligands through
Cu–N (2.162–2.171 Å), Cu–O (1.958–1.992 Å), and Cu–Cu bonds
(2.640 Å) to form a –P6PhPy4–Cu–Cu–P6PhPy4– rail, with O
atoms from acetate. Each Cu(II) atom was six-coordinate, with
Cu(II) bound to one nitrogen donor from one P6PhPy4 ligand
and four CH3COO

− ions in a monodentate manner. The Cu–Cu
contact completed the six-coordinate Cu center. It is worth
noting that this bilayer structure featured an ordered cross
arrangement of two sets of parallel lines and the metal coordi-
nation was the junction between the ligands, whereas pillar[6]
arene played an important role in isolation and linkage.
Although bl-2D-P6MOCN was also an independent 2D bilayer
structure with a deformed macrocycle as scaffolds similar to bl-
2D-P5MOCN, each independent 2D bilayer network was con-
structed by single chiral pillararenes (R- or S-) (Fig. 5c), one 2D
bilayer network was constructed by R-P6PhPy4 and another 2D
bilayer network was formed through S-P6PhPy4, presented an
antiparallel dislocation stacking arrangement of R-bl-2D-
P6MOCN and S-bl-2D-P6MOCN. This behaviour may provide
more ideas for the construction of 2D single chirality bilayer
planar structures (2D-R and 2D-S) by chiral separation.

To further investigate the possible effect of reaction time, we
cultured P6PhPy4 and copper nitrate under the same conditions
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) The crystal structure and diagram of P6PhPy4 (Rp, Sp) in bl-
2D-P6MOCN. (b) The crystal structure and diagram of a bilayer 2D
coordination of the polymer bl-2D-P6MOCN (2D-Rp). (c) The stacking
structure of a bilayer 2D coordination of the polymer bl-2D-P6MOCN.
Noncoordinated solvent molecules were omitted.

Fig. 6 (a) The crystal structure and diagram of P6PhPy4 (Rp, Sp) in fl-
2D-P6MOCN. (b) The crystal structure and diagram of a four-layer 2D
coordination of the polymer fl-2D-P6MOCN. (c) The four-layer
braided two-dimensional network of fl-2D-P6MOCN with the up and
down entanglement pattern and interlocking pattern. Noncoordinated
solvent molecules were omitted.
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at 80 °C for 10 days, which afforded a new four-layer structure
product -2D-P6MOCN. The crystal structure revealed that
pillar[6]arene units in -2D-P6MOCN also showed a twisted
hexagonal structure in the solid state, while the torsional angle
of the two straight ligands of P6PhPy4 appeared nearly 90°
(Fig. 6a and S15†). We have drawn a slightly exaggerated sche-
matic for ease of presentation (Fig. 6b). The two straight ligands
of each P6PhPy4 in -2D-P6MOCN showed a form of parallel up
and down crossing similar to bl-2D-P5MOCN, and two P6PhPy4
molecules, one R-P6PhPy4 and the other S-P6PhPy4, were
arranged in an antiparallel order under the coordination of
Cu(II), and then a four-layer structure was formed. There were
two linkmodels of Cu(II) in this crystal structure; one linkmodel
of Cu(II) atoms and P6PhPy4 was the same as that of bl-2D-
P6MOCN, in which Cu(II) atoms linked P6PhPy4 ligands
through Cu–N (2.170–2.183 Å), Cu–O (1.776–1.916 Å), and Cu–
Cu (2.654 Å) bonds to form a –P6PhPy4–Cu–Cu–P6PhPy4– rail,
with O atoms from acetate, and there were two such parallel
rails at the top and the bottom of the four-layer structure. The
other link model of Cu(II) atoms and P6PhPy4 was a ladder-like
model in the middle of the four-layer network, in which the
Cu(II) atoms linked P6PhPy4 ligands through Cu–N bonds
(2.010–2.019 Å) to form a –Cu–P6PhPy4–Cu–P6PhPy4– rail and
two such parallel rails of different P6PhPy4 were cross-linked by
Cu–O contacts as “rungs” (1.989–2.328 Å), with O atoms from
the acetate ion (Fig. 6b). The Cu(II) atom of the –Cu–P6PhPy4–
Cu–P6PhPy4– rail was also six-coordinate, with Cu(II) bound to
two nitrogen donors from two P6PhPy4 ligands, and the Cu–O
contact (1.965–2.711 Å) of Cu(II) and four oxygen donors of three
© 2024 The Author(s). Published by the Royal Society of Chemistry
CH3COO
− ions completed the six-coordinate Cu center. It is

worth noting that two four-layer structures formed a more
dense four-layer braided two-dimensional structure through
interpenetration (Fig. 6c), and the four-layer braided two-
dimensional network was stacked in the form of dislocation
stacking arrangement layer by layer (Fig. S16†). The molecular
woven network adopted the overlying weaving mode with the
up-and-down entanglement pattern and innovative interlocking
pattern at the same time due to the presence of P6PhPy4,34

which was extremely signicant for enriching the weaving types
and entanglement patterns of molecular woven structures.
Similar to mtl-2D-P6MOCN, the structures of -2D-P6MOCN
could also transform into bl-2D-P6MOCN through redissolving
the crystals of -2D-P6MOCN and reculturing them under the
same conditions at 80 °C for 7 days, while bl-2D-P6MOCN could
not be returned to -2D-P6MOCN and mtl-2D-P6MOCN and
maintained the same structure, meaning that bl-2D-P6MOCN
may be a more stable form, which may be attributed to the
structure of P6PhPy4 in bl-2D-P6MOCN being closest to the free
P6PhPy4 without solvent molecules, representing its lowest
energy state.

The pillar[6]arene units of P6PhPy4 in bl-2D-P6MOCN and -
2D-P6MOCN all exhibited twisted hexagonal structures and to
transform them into a perfect well-maintained hexagonal
macrocycle, we modulated the coordination network by
Chem. Sci., 2024, 15, 13191–13200 | 13195
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adopting guest induction.35 We cultured P6PhPy4, adiponitrile
and copper nitrate under the same conditions at 80 °C for 3–10
days and then afforded an amazing sandwich bilayer structure
product sbl-2D-P6MOCN (Fig. 7a and S17†). Unlike -2D-
P6MOCN andmtl-2D-P6MOCN effected by reaction time, from 3
days to 10 days, it is still a sandwich bilayer structure, except
that the molecules DMF or disordered adiponitrile in the cavity
of pillar[6]arene units had changed (Fig. 7 and S18†). X-ray
diffraction analysis revealed that the two straight ligands of
P6PhPy4 showed a form of parallel up and down crossing and
the coordination pattern of Cu(II) in sbl-2D-P6MOCN was
similar to that of mtl-2D-P6MOCN, a –Cu–P6PhPy4–Cu–
P6PhPy4– model, where the Cu(II) atom was six-coordinate or
ve-coordinate, bonded by two pyridine N atoms from two
different P6PhPy4 ligands (Cu–N, 1.973–2.066 Å) and four or
three oxygen donors from CH3COO

− ions or CH3COO
−, COO−

and H2O (Cu–O, 2.045–2.660 Å). While the arrangement of
P6PhPy4 in sbl-2D-P6MOCN was different from that of mtl-2D-
P6MOCN, P6PhPy4 showed a coplanar parallel arrangement
under coordination interaction, and then an unusual sandwich
bilayer structure was formed. Similar to bl-2D-P6MOCN, each
independent 2D sandwich bilayer structure was constructed
from single chiral pillararenes; one was constructed from R-
P6PhPy4 and the other was formed from S-P6PhPy4, and this
coordination network also presented an alternating dislocation
stacking arrangement of R-sbl-2D-P6MOCN and S-sbl-2D-
P6MOCN (Fig. 7c, S17 and S18†). The behaviors of sbl-2D-
P6MOCN and bl-2D-P6MOCN not only represented the adjust-
ability of pillar[6]arene, but also further conrmed the
Fig. 7 (a) The transformation of P6PhPy4 (Rp, Sp) in sbl-2D-P6MOCN.
(b) The crystal structure and diagram of a sandwich bilayer 2D coor-
dination of the polymer sbl-2D-P6MOCN (2D-Rp). (c) The stacking
diagram of a sandwich bilayer 2D coordination of the polymer sbl-2D-
P6MOCN (2D-Rp and 2D-Sp). Noncoordinated solvent molecules
were omitted.

13196 | Chem. Sci., 2024, 15, 13191–13200
feasibility of forming 2D single chirality bilayer planar polymer
structures (2D-R and 2D-S).

The experimental powder X-ray diffraction (PXRD) patterns
of ml-2D-P5MOCN, bl-2D-P5MOCN, bl-2D-P6MOCN, sbl-2D-
P6MOCN, -2D-P6MOCN and mtl-2D-P6MOCN matched well
with the simulated data satisfactorily, conrming their crystal-
linity (Fig. S19†). An interesting phenomenon is that the
congurations of four 1,4-dimethoxybenzene units of P5PhPy2
in P5PhPy2Cu-3, two 1,4-dimethoxybenzene units of P5PhPy4 in
ml-2D-P5MOCN and two 1,4-diethoxybenzene units of P6PhPy4
in -2D-P6MOCN were reversed under the coordination at 80 °
C. Pillararene host structures in P5PhPy2Cu-3, ml-2D-P5MOCN
and -2D-P6MOCN were also relatively rare partially reversed
crystal examples of pillararene derivatives at high
temperatures.36–38 1H NMR variable-temperature experiments
were carried out to get insight into the transformation of
P5PhPy2 and P5PhPy4 in DMSO-d6 and P6PhPy4 in DMF-d7 by
changing temperature (Fig. S20–S22†). 2D NOESY and COSY
experiments were recorded for P5PhPy2 and P5PhPy4 in DMSO-
d6 and P6PhPy4 in DMF-d7 to assign the signals at room
temperature (Fig. S23–S28†). The changes in the signals of 1,4-
dimethoxybenzene or 1,4-diethoxybenzene units andmethylene
groups were very obvious, while the signal change of the phe-
nylpyridine groups was relatively small, which may be ratio-
nalized by considering that 1,4-dimethoxybenzene and 1,4-
diethoxybenzene units in part were rotated sharply and alter-
nately, and the phenylpyridine units of P5PhPy2, P5PhPy4 and
P6PhPy4 were shaking violently with increasing temperature.
1H NMR variable-temperature experiments for P5PhPy4 in
CDCl3 and P6PhPy4 in CDCl3 and DMSO-d6 (low solubility)
were also performed (Fig. S29–S31†). The variable-temperature
results showed that whether in CDCl3, DMSO-d6 or DMF,
P5PhPy4 and P6PhPy4 showed similar chemical shi changes.
The adiponitrile@P6PhPy4 in DMF-d7 was also tested at room
temperature and 80 °C (Fig. S32†), and the experiment results
showed that the introduction of guests can inhibit the rotation
of 1,4-diethoxybenzene units. The variable-temperature experi-
ments conrmed that the mechanism of this inversion was
related to factors such as temperature and guest molecules.
While with the introduction of coordination, guests and
solvents, as the number of bulky conjugated moieties on pil-
lararenes increases, these rotations may be limited, fewer repeat
units turned over at high temperatures, and some did not even
turn over, which was why the pillar[6]arene units of bl-2D-
P6MOCN, sbl-2D-P6MOCN and mtl-2D-P6MOCN did not
undergo partial switching at 80 °C.

The crystal structure of bl-2D-P6MOCN and sbl-2D-P6MOCN
showed that a single chiral two-dimensional plane could be
formed through a single chiral pillararene (Rp or Sp), and the
symmetrical tetra-functionalized pillar[6]arene may also
provide one platform for the construction of multiple 2D chiral
bilayer polymers (2D-R and 2D-S). Due to the bulky conjugated
moiety on P6PhPy4, the interconversion of enantiomers of
P6PhPy4 was inhibited and then the enantiomers R-P6PhPy4
and S-P6PhPy4 were obtained by chiral high-performance liquid
chromatography. Two peaks with nearly equal areas were
observed by chiral HPLC, and these two fractions were collected
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) Resolution of the enantiomers of P6PhPy4 by chiral HPLC.
(b) CD spectra of S-P6PhPy4 (blue line) and R-P6PhPy4 (red line) in
dichloromethane. (c and d) The crystal structure bilayer 2D coordi-
nation of the polymers R-bl-2D-P6MOCN and S-bl-2D-P6MOCN. (e
and f) The up and down entanglement pattern of R-bl-2D-P6MOCN
and S-bl-2D-P6MOCN. Noncoordinated solvent molecules were
omitted.
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as optically pure P6 enantiomers (Fig. 8a and b and S33–S35†).
The P6 enantiomers had a consistent NMR spectrum and
similar UV and uorescence spectra (Fig. S36 and S37†). We
cultured R-P6PhPy4 or S-P6PhPy4 with Cu(II) nitrate in DMF
under the same conditions as bl-2D-P6MOCN, and then we got
two chiral two-dimensional bilayer structure products R-bl-2D-
P6MOCN and S-bl-2D-P6MOCN (Fig. 8c and d), respectively. The
arrangement patterns of R-bl-2D-P6MOCN and S-bl-2D-
P6MOCN were similar to that of bl-2D-P6MOCN, and the
torsional angle of the two straight ligands approached 120° with
a form of parallel up and down crossing (Fig. 8c–f) and pillar[6]
arene units showed a twisted hexagonal structure, while the
coordination pattern of Cu(II) in R-bl-2D-P6MOCN or S-bl-2D-
P6MOCN was similar to that of sbl-2D-P6MOCN and mtl-2D-
P6MOCN, a –Cu–P6PhPy4–Cu–P6PhPy4– model, where the
Cu(II) atom was six-coordinate, bonded by two pyridine N atoms
from two different P6PhPy4 ligands (Cu–N, 1.986–2.008 Å) and
four oxygen donors from two COO− ions (Cu–O, 2.006–2.565 Å).
Two bilayer structures formed a denser bilayer braided two-
dimensional structure by interpenetration, which means that
the molecular woven network adopted the overlying weaving
mode with the up-and-down entanglement mode, and the
bilayer braided two-dimensional network was stacked in the
form of AB stacking arrangement layer by layer (Fig. S38†). The
p/p interaction between the benzene ring of pillar[6]enes in
© 2024 The Author(s). Published by the Royal Society of Chemistry
the upper layer and the pyridine ring of the ligand in the lower
layer and the C–H/p interaction betweenmethylene of pillar[6]
enes in the upper layer and the benzene ring of the ligand in the
lower layer were the main reasons to form the AB stacking
arrangement (Fig. S38†). The experimental powder X-ray
diffraction (PXRD) patterns of R-bl-2D-P6MOCN and S-bl-2D-
P6MOCN not only had the same diffraction peaks but also
matched with the simulated data satisfactorily, conrming their
crystallinity (Fig. S39†). The CD spectra of R-bl-2D-P6MOCN
(red line) and S-bl-2D-P6MOCN (blue line) in the solid state
further conrmed the single chiral 2D structure (Fig. S40†). The
assembly of two-dimensional chiral pillararene-type structures
provided a new method for the construction of 2D mono-, bi-,
and multi-layer chiral planar polymers and chiral molecular
woven structures.

The morphologies of ml-2D-P5MOCN, bl-2D-P5MOCN, bl-
2D-P6MOCN, sbl-2D-P6MOCN, -2D-P6MOCN, mtl-2D-
P6MOCN, R-bl-2D-P6MOCN and S-bl-2D-P6MOCN, which were
prepared by using the ultrasonic diffusionmethod, were further
investigated by transmission electron microscopy (TEM) and by
tapping-mode atomic force microscopy (AFM). Interestingly, the
TEM images of these 2D PMOCNs showed clear sheet
morphology structures in the form of multilayer stacking and
the clear lattice fringes further indicated that these 2D PMOCNs
had high crystallinity (Fig. 9a–h and S41–S48†). Aliquots (10 mL)
of the micellar solution prepared by the ultrasonic diffusion
method as described were deposited on a single-face-polished
silicon wafer substrate and dried at room temperature in
vacuo (Fig. 9i–p and S49–S56†). Height-vs-distance analysis
indicated that the akes ofml-2D-P5MOCN, bl-2D-P5MOCN, bl-
2D-P6MOCN, sbl-2D-P6MOCN, -2D-P6MOCN, R-bl-2D-
P6MOCN and S-bl-2D-P6MOCN exhibited a thickness of around
0.9 nm, 0.9 nm, 1.0 nm, 1.5 nm, 2.5 nm, 0.9 nm and 0.9 nm,
respectively, which well matched with the calculated height
(1.0 nm, 1.0 nm, 1.2 nm, 1.3 nm, 2.1 nm, 1.1 nm and 1.1 nm) of
the set of PMOCNs. Due to the multilayer structure of mtl-2D-
P6MOCN, the thickness (10.0–17.0 nm) was signicantly higher
than that of other networks. The thickness of these coordina-
tion polymeric arrays also validated that the structure of the
networks constructed from macrocycles provided an excellent
method to control the thickness of the akes.

The networks of ml-2D-P5MOCN, bl-2D-P5MOCN, bl-2D-
P6MOCN, sbl-2D-P6MOCN, -2D-P6MOCN and mtl-2D-
P6MOCN changed easily with temperature in the thermal
analysis experiment (Fig. S57†) and showed no adsorption effect
of nitrogen at 77 K (Fig. S58†). The adsorption capacity of
carbon dioxide of ml-2D-P5MOCN, bl-2D-P5MOCN, bl-2D-
P6MOCN, sbl-2D-P6MOCN, -2D-P6MOCN and mtl-2D-
P6MOCN was 14.46, 10.99, 24.66, 5.58, 9.56, and 6.38 cm3 g−1 at
273 K, respectively (Fig. S59†). Because these networks were able
to maintain order in H2O, acetone and methanol for 12 h
(Fig. S60†) and considering the solubility of P5PhPy4 and
P6PhPy4 in methanol, we chose to directly carry out the
adsorption experiment of the aqueous phase aer obtaining
crystals. The crystals ofml-2D-P5MOCN, bl-2D-P5MOCN, bl-2D-
P6MOCN, sbl-2D-P6MOCN, -2D-P6MOCN and mtl-2D-
P6MOCN were all subjected to iodine adsorption experiments
Chem. Sci., 2024, 15, 13191–13200 | 13197
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Fig. 9 TEM images of ml-2D-P5MOCN, bl-2D-P5MOCN, bl-2D-P6MOCN, sbl-2D-P6MOCN, fl-2D-P6MOCN, mtl-2D-P6MOCN, R-bl-2D-
P6MOCN and S-bl-2D-P6MOCN (a–h). AFM images of ml-2D-P5MOCN, bl-2D-P5MOCN, bl-2D-P6MOCN, sbl-2D-P6MOCN, R-bl-2D-
P6MOCN, S-bl-2D-P6MOCN, fl-2D-P6MOCN, andmtl-2D-P6MOCN flakes with a thickness of around 1.0 nm, 1.0 nm, 1.2 nm, 1.3 nm, 1.1 nm, 1.1
nm, 2.1 nm and 15.6 nm, respectively (i–p).
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in water at room temperature (Fig. S61–S64†). A time-dependent
UV/vis experiment showed that upon the addition of 1.0 mg of
ml-2D-P5MOCN, bl-2D-P5MOCN, bl-2D-P6MOCN, sbl-2D-
P6MOCN, -2D-P6MOCN and mtl-2D-P6MOCN, the aqueous
solution of I2 (1.0 mM, 2.5 mL) changed from yellowish brown
to colourless transparent, and the crystals changed from pink
and green or blue to reddish-brown, the adsorption rates of I2
were 96.59%, 93.36%, 95.42%, 93.59%, 93.32% and 97.12%,
respectively, and the nal adsorption capacity was 1.83 mg
mg−1, 1.80 mg mg−1, 1.73 mg mg−1, 1.84 mg mg−1, 1.53 mg
mg−1 and 1.90 mg mg−1, respectively, demonstrating their
excellent iodine adsorption properties (Fig. 10a and S65†). More
interesting, the PXRD proles of I2 3ml-2D-P5MOCN and I2 3
bl-2D-P5MOCN suggested that the two networks were trans-
formed from a crystalline form to an amorphous form, with no
diffraction peak observed at 3–50° (Fig. S66a and b†). These
results indicated that the structures of ml-2D-P5MOCN and bl-
2D-P5MOCN may have been interrupted upon I2 adsorption,
which may be attributed to the deformed cavity of pillar[5]arene
and N/I, O/I and Co/I bonding interactions.39,40 The
diffraction peak of I2 3 P6MOCNs can still be observed
(Fig. S66c–f†), conrming that the crystalline form of these
P6MOCNs was maintained with higher stability compared to
P5MOCNs, which may be related to the cavity of P6PhPy4, since
the twisted hexagonal structure and perfect well-maintained
hexagonal structure were the structures in which they could
exist stably. Fortunately, we obtained the crystal structure of
13198 | Chem. Sci., 2024, 15, 13191–13200
mtl-2D-P6MOCN aer iodine adsorption in water, and the cell
parameters were consistent with mtl-2D-P6MOCN (Table S5†).
Due to the solvent exchange of the crystal, the main structure of
the network had not changed except that the anion coordinated
with Cu(II) had become a water molecule (Fig. 10b), and the
disordered iodine ions were distributed in the cavities and
pores (Fig. 10c and d and S67†), which further conrmed the
stability of P6MOCNs relative to P5MOCNs in water. The crystal
structure showed that one reason for iodine adsorption may be
the host–guest interaction of the cavity of pillararenes. To
obtain more information on the interaction between the
PMONs and iodine species, FT-IR spectra, X-ray photoelectron
spectroscopy (XPS) and Raman spectroscopy were employed.
The FT-IR spectra showed an obvious change in the area of the
stretching vibration peaks of the C]O bonds of the coordinate
carboxylate group and the peaks of the C]C/C–H bonds of the
benzene rings in all the PMONs aer iodine adsorption, indi-
cating that there are strong interactions between the adsorbed
iodine and the C]O bonds and aromatic rings within the
PMONs (Fig. S68†). The XPS spectra of these PMONs aer
iodine adsorption showed characteristic peaks, further indi-
cating the interactions between PMONs and the adsorbed
iodine species (Fig. S69†).41,42 Two prominent peaks located at
629.0 and 616.9 eV for ml-2D-P5MOCN, 625.9 and 613.9 eV for
bl-2D-P5MOCN, 628.9 and 616.9 eV for -2D-P6MOCN, and
628.9 and 617.9 eV for mtl-2D-P6MOCN, one weak peak at
614.9 eV for bl-2D-P6MOCN, and two weak peaks located at
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 (a) The final iodine adsorption capacity (1.0 mM, 10 mL) ofml-
2D-P5MOCN, bl-2D-P5MOCN, bl-2D-P6MOCN, sbl-2D-P6MOCN,
fl-2D-P6MOCN and mtl-2D-P6MOCN in aqueous solution (the
amount of each network was 1 mg). (b–d) The crystal structure ofmtl-
2D-P6MOCN after iodine adsorption in water. Noncoordinated
solvent molecules were omitted.
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628.9 and 617.9 eV for sbl-2D-P6MOCN were observed, which
can be assigned to the I 3d3/2 and I 3d5/2 orbitals of iodine
molecules, indicating that the captured iodine species in the
PMONs were mainly in their molecule form. Raman spectro-
scopic measurements were conducted to further detect the
adsorbed iodine species. No visible peaks were observed in the
Raman spectra of these networks before iodine adsorption. Two
characteristic peaks at 110 and 168 cm−1 for ml-2D-P5MOCN,
bl-2D-P5MOCN, sbl-2D-P6MOCN, -2D-P6MOCN and mtl-2D-
P6MOCN and 108 and 170 cm−1 for bl-2D-P6MOCN were
observed aer iodine capture (Fig. S70†). These peaks were
attributed to the symmetric and asymmetric stretching vibra-
tions of polyiodine anions (I3

− and I5
−),41,42 and the generation

of iodine polyanions also indicated that charge transfer
occurred, because of the strong interactions between the
structures of PMONs and iodine. FT-IR, XPS, and Raman
spectra demonstrated that there were strong interactions
between PMONs and the adsorbed iodine species. More
importantly, the set of P6MOCNs could adsorb iodine directly
from the aqueous environment at ambient temperature and
maintain the same structure, expanding the application and
research of pillararene-type metal–organic coordination
networks.
Conclusions

In summary, we have achieved 2Dmonolayer, bilayer, four-layer
and multilayer coordination polymeric arrays via facile
© 2024 The Author(s). Published by the Royal Society of Chemistry
supramolecular self-assembly processes using two conjugated
pillararenes P5PhPy4 and P6PhPy4. Pillar[5]arene and pillar[6]
arene units were used as excellent tunable scaffolds for struc-
tural regulation to precisely construct ladder-like monolayer,
square-grid bilayer, sandwich bilayer, four-layer and multi-layer
supramolecular networks. Single crystal structures conrmed
changes in the conguration of pillararenes as the network
changes. Single crystal structures also conrmed that the
repeating units of pillar[5]arene and pillar[6]arene could be
partially rotated in the networks under heating conditions and
coordination. The enantiomers R-P6PhPy4 and S-P6PhPy4, ob-
tained by high-performance liquid chromatography, could also
be used as excellent units to precisely construct a 2D bilayer
chiral polymer array. Atomic force microscopy imaging
conrmed the ultrathin thicknesses of these 2D materials. The
structures of 2D P5MOCNs and P6MCONs exhibited excellent
iodine adsorption properties in the aqueous phase at room
temperature; especially pillar[6]arene-type networks were able
to maintain the frame structure aer iodine adsorption. From
a crystal engineering and supramolecular chemistry perspec-
tive, this work not only provided a new strategy for developing
more sophisticated and functional mono-, bi-, three-, four-, and
multi-layer 2D materials and chiral two-dimensional materials
but also provided reference models for the construction of
complex bilayer networks with a specic thickness or number of
layers, enriching the studies in supramolecular self-assembly of
multiple types of multi-layer 2D nanomaterials. From a prac-
tical point of view, in addition to the adsorption function as
adsorbents, we also hope that this eld further develops
towards the integration of pillararenes and functional ligands
or modules into frameworks that can be responsive to pH, ions,
light and electrons and then make progress in the elds of
catalysis, energy conversion and biological functions.
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