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Nanoarchitectonics of Exfoliated Flexible Nanosheet Based
on Laterally Stacked Macrocycles

Nano Shioda, Jung-Moo Heo, Bubsung Kim, Hiroaki Imai, Jong-Man Kim,*
and Yuya Oaki*

2D nanostructures including monolayers and few layers exhibit unique
properties originating from the anisotropic ultrathin nature. Conventional
organic 2D nanostructures, such as covalent organic frameworks, are
comprised of the planar 𝝅-conjugated macromolecules linked and extended
parallel to the layers. The present work shows a new type of exfoliated organic
2D material. The macrocycles are stacked perpendicular to the lateral direction
of the nanosheets. Self-assembly of a designed macrocyclic diacetylene
monomer with a chair conformation forms the laminated structures
containing the layers based on the perpendicularly arranged macrocycles. The
exfoliable layered structures are obtained by the topochemical polymerization
of the diacetylene moieties. The intercalation and subsequent swelling provide
the nanosheets based on the laterally stacked macrocycles in aqueous phase.
The colloidal nanosheets possess structural flexibility with the molecular
motions originating from the ultrathin nature and conformational diversity.
The hydrogel cross-linked with the flexible nanosheets exhibits unique
stretching and thermoresponsive shrinking properties. The present work
implies the potential of the flexible 2D materials based on the macrocycles.

1. Introduction

2D materials are obtained in a variety of inorganic and organic
compounds.[1–5] The precursor layered materials are exfoliated
into the nanosheets, such as monolayers and few layers.[6–11]

N. Shioda, H. Imai, Y. Oaki
Department of Applied Chemistry, Faculty of Science and Technology
Keio University
Yokohama 223-8522, Japan
E-mail: oakiyuya@applc.keio.ac.jp
J.-M. Heo, B. Kim, J.-M. Kim
School of Chemical Engineering
Hanyang University
Seoul 04763, South Korea
E-mail: jmk@hanyang.ac.kr

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/admi.202300521

© 2023 The Authors. Advanced Materials Interfaces published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution License, which permits use, distribution
and reproduction in any medium, provided the original work is properly
cited.

DOI: 10.1002/admi.202300521

Functional organic layered materials,
such as layer-by-layer assembly and
smectic liquid crystals, exhibit dynamic
functions.[12–24] However, the exfoli-
ation of these soft layered materials
was not studied in the previous works.
Although a couple of previous works
showed intercalation of organic layered
materials,[17–20] the exfoliation was not
fully studied compared with inorganic
materials.[21] Exfoliation of soft organic
layered materials has the potentials
for providing flexible nanosheets with
dynamic molecular motion. In recent
years, organic layered materials have
been designed to obtain the exfoliated
2D structures containing functional
molecules. For example, covalent and
metal-organic frameworks (COFs and
MOFs) with the layered structures are
exfoliated into the nanosheets.[22–24] The
resultant nanosheets are comprised of
the planar 𝜋-conjugated macromolecules

linked and extended parallel to the layers. These organic 2D mate-
rials are structurally rigid to induce the dynamic molecular mo-
tions because of the planar covalent networks without the con-
formational variety. The present work shows a new type of 2D
polymer nanosheet comprised of the laterally stacked macrocy-
cles (Figure 1). The molecular motion and conformational variety
of the macrocycles have the potentials for providing the structural
flexibility of the nanosheets (the orange arrows in Figure 1a).
Here we showed nanoarchitectonics of macrocyclic diacetylene
(MCDA), including the synthesis, controlled organization, poly-
merization, and exfoliation (Figure 1).

Diacetylene (DA) derivatives are used for syntheses of
polydiacetylene (PDA) with stimuli-responsive color-change
properties.[24–33] The adjacent DA moieties within a distance
shorter than 0.5 nm are topochemically polymerizable in the
self-assembled condensed states.[34] The tunable color-change
and/or conductive properties of PDA have been extensively stud-
ied for sensing applications.[25–33,35–40] In recent years, ultrathin
2D nanostructures of PDA have been synthesized by bottom-up
and top-down approaches.[41–44] Self-assembly of the specifically
designed amphiphilic and macrocyclic DA monomers formed
the colloidal nanosheets exhibiting the stimuli-responsive color-
change properties.[42–44] Our group reported the exfoliation
methods to obtain the PDA nanosheets consisting of the
linear amphiphilic DA.[41] In the present work, the PDA
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Figure 1. Schematic illustrations for the synthesis of the PMCDA nanosheets. a) Molecular structures of MCDA monomer and its nonpolymerizable
layered crystal structure. b) MCDA-(2-OMe-BA) composites through the intercalation of 2-OMe-BA as a guest. c) p-MCDA obtained by the ion exchange
to proton. d) Topochemical polymerization to PMCDA. e) PMCDA nanosheet through the exfoliation with intercalation of TBA+ and osmotic swelling.

nanosheets based on MCDA were synthesized through exfo-
liation (Figure 1). The MCDA-based nanosheets have poten-
tial for exhibiting the structural flexibility with the conforma-
tional variety. The macrocycle-based PDA nanosheets were ap-
plied to not typical colorimetric sensing but forming the hy-
drogels as the cross-linker. The hydrogel showed the char-
acteristic stretching and thermoresponsive volume-changing
properties.

2. Results and Discussion

2.1. Synthesis of the Macrocycle-Based PDA Nanosheets

The nanosheets of the polymerized MCDA (PMCDA) were ob-
tained through the ion-exchange, polymerization, and exfolia-
tion processes (Figure 1). The MCDA monomer was synthe-
sized and characterized in our previous works (Figure 1a).[45,46]
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Figure 2. Precursor layered materials. a) FT-IR spectra of the original MCDA (i), MCDA-(2-OMe-BA) (ii), and p-MCDA (iii). b) Raman spectra of the
original MCDA (i), p-MCDA (ii), and PMCDA (iii). c) Photographs of the powdered samples. d,e) SEM and TEM images of PMCDA, respectively.

The polymerized layered structure is required to inhibit the dis-
solution during the exfoliation in a dispersion medium. How-
ever, the layered structure of MCDA is not topochemically
polymerized with the irradiation of UV light because the dis-
tance between the adjacent DA moieties is longer than 0.5 nm
(Figure 1a). Our previous work showed that the intercalation of
the guest molecules formed the topochemically polymerizable
layered structure by shortening the distance between the DA moi-
eties through the conformational changes (Figure 1b).[47] How-
ever, the exfoliation was not studied in the previous work. Here 2-
methoxybenzylamine (2-OMe-BA) was used as a guest.[47] Then,
the interlayer guest of MCDA-(2-OMe-BA) was exchanged to pro-
ton to obtain the topochemically polymerizable protonated lay-
ered MCDA (p-MCDA) (Figure 1c). The topochemical polymer-
ization of p-MCDA formed the polymerized layered p-MCDA
(PMCDA) containing the interlayer proton (Figure 1d). PMCDA
was exfoliated into the nanosheets in an aqueous phase through
the intercalation of bulky organic cation, i.e., tetrabutylammo-
nium cation (TBA+), based on acid-based reaction and subse-
quent osmotic swelling with water (Figure 1e). The detailed pro-
cedure was described in the Supporting Information.

2.2. Formation of the Exfoliable Precursor Layered Material

The MCDA monomer showed the absorption ≈1690 cm−1 corre-
sponding to C═O stretching vibration of the dimerized carboxy
group on Fourier-transform infrared (FT-IR) spectrum (band A
of spectrum (i) in Figure 2a). All the other peaks were assigned to
the structures of MCDA (Figure S1, Supporting Information). Af-
ter the intercalation of 2-OMe-BA and polymerization (PMCDA-
(2-OMe-BA)), the absorption ≈1690 cm−1 disappeared (spectrum
(ii) in Figure 2a), and the absorptions ≈1570 and 1390 cm−1 orig-

inating from the carboxylate group appeared (bands B and C).
PMCDA showed the same FT-IR spectrum as that of the origi-
nal MCDA (spectra (i) and (iii) in Figure 2a). The interlayer dis-
tance (d0) characteristic of the layered structure was shifted from
d0 = 1.41 to 1.92 nm with the intercalation of 2-OMe-BA on the
X-ray diffraction (XRD) patterns (Figure S2, Supporting Informa-
tion). The protonation directed the shift of d0 to 1.54 nm for PM-
CDA, even though the weaker peak d0 = 1.41 nm for the original
MCDA remained (Figure S2, Supporting Information). The shift
of d0 indicates that the tilted angle of the MCDA molecules in the
layered structure 48° is changed to 55° with the conformational
change (Figure 1a,c; Figure S2, Supporting Information). The
change in the packing state of the MCDA molecules facilitates
the topochemical polymerization by shortening the distance be-
tween the DA moieties. In our previous works, the similar MCDA
molecules preserved the chair-like conformation in the organized
states (Figure S2, Supporting Information).[45,48,49]

The monomeric MCDA and p-MCDA showed the peaks corre-
sponding to C≡C bond of the DA moiety ≈2250 cm−1 on the Ra-
man spectra (band F of spectra (i) and (ii) in Figure 2b). After the
polymerization of p-MCDA, the peaks ≈1450 and 2100 cm−1 cor-
responding to the ene–yne structure were observed for PMCDA
(bands D and E of spectrum (iii) in Figure 2b). PMCDA showed
the purple color characteristic of PDA (panel (iv) in Figure 2c),
whereas such coloration was not observed on the intermedi-
ates MCDA, MCDA-(2-OMe-BA), and p-MCDA (panels (i)–(iii)
in Figure 2c). The original MCDA was not polymerized with the
UV-irradiation (panels (i) and (v) in Figure 2c; Figure S3, Sup-
porting Information). The Formation of PMCDA was supported
by thermogravimetry (TG) and CHN elemental analyses (Figure
S4, Supporting Information). Alternative to the above route, the
red-color p-MCDA was obtained by the ion-exchange of PMCDA-
(2-OMe-BA).
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The average sizes of the PMCDA nanoribbons were
0.49 ± 0.18 μm for width, 3.44 ± 2.12 μm for length, and
87.6 ± 4.3 nm for thickness on the images of scanning and
transmission electron microscopy (SEM and TEM) (Figure 2d,e;
Figure S5, Supporting Information). In this manner, the ex-
foliable PMCDA was obtained through the intercalation, ion
exchange, and topochemical polymerization (Figure 1a–d).

2.3. Exfoliation into the PMCDA Nanosheets

PMCDA was exfoliated into the PMCDA nanosheets with the
dispersion in an aqueous solution containing tetrabutylammo-
nium hydroxide (TBAOH) at room temperature for 1 h (Figure 3).
The transparent colloidal liquid showed orange color (the in-
set of Figure 3a). The PMCDA nanosheets 14.7 ± 5.8 nm in
the average lateral size (the sample number (n) = 101) were
observed as the white objects in black background by high-
angle annular-dark field of scanning TEM (HAADF-STEM)
(Figure 3a,c; Figure S6, Supporting Information). The anionic
exfoliated nanosheets were collected on a silicon substrate coated
with cationic polyethylenimine (PEI, Mn = 6.0× 104) for the AFM
observation (Figure S7, Supporting Information). The average
thickness was 4.8 ± 7.3 nm on the images of atomic force mi-
croscopy (AFM, n = 88) (Figure 3b,d; Figure S7, Supporting In-
formation). The curvature factor of a cantilever originating from
the factory-default value and the deterioration with the use has
an influence on the length scale of the AFM image in the lat-
eral direction. The lateral size of the nanosheets has differences
in the AFM and TEM images (Figure 3a–c). Therefore, in the
present work, the lateral size was estimated not from the AFM
images but from the TEM images. The exfoliation proceeds with
the intercalation of TBA+ and subsequent osmotic swelling.[50,51]

The thickness (t/nm) of the PMCDA monolayer (the layer num-
ber (NL) = 1) is estimated to be ≈2.5 nm on the assumption that
the sizes of MCDA and TBA+ are ≈1.5 and 1.0 nm, respectively
(Figure S8, Supporting Information). The histogram of the thick-
ness indicates the abundance ratio is 50.0% for the monolayers
(NL = 1, 1.0< t ≤ 2.5), 36.4% for the few layers (NL = 2–5, 2.5< t ≤

12.5), and 13.6% for the multilayers (6 ≤ NL, 12.5 < t) (Figure 3d).
The exfoliated anionic nanosheets in the aqueous colloid were
collected with the addition of zinc acetate. The orange precipi-
tate was observed on the bottom of the sample bottle (inset of
Figure 3e). The flakes corresponding to the restacked nanosheets
with zinc ion (Zn2+) were observed by SEM (Figure 3e; Figure S9,
Supporting Information). These results indicate the formation of
the exfoliated PMCDA nanosheets.

The photochemical properties were measured to study the
structural flexibility of the PMCDA nanosheets compared with
that of the other different PDA nanosheets. In the colloidal state,
the differences in the flexibility can be observed in the UV–vis
and photoluminescence spectra. PDA shows color changes in re-
sponse to external stimuli, such as heat, light, and force.[25–33,35–40]

The molecular motion induces the torsion of the PDA main chain
by shortening the effective conjugation length. The color change
in the macroscopic appearance originates from the change in the
torsional angle of the PDA main chain in molecular level. UV–vis
absorption peak has a correlation with the torsional angle of the
PDA main chain (Figure S10, Supporting Information).[52,53] Our

intention here is to study the photochemical properties originat-
ing from the structural flexibility of the nanosheets (Figure 3f,g).
As a reference, the rigid type of the layered PDA was prepared
by the self-assembled linear rod-like amphiphilic DA monomer
(PLDA), 10,12-pentacosadiynoic acid, and then exfoliated into the
nanosheets under the same conditions (Figure S11, Supporting
Information).[41] The original layered PMCDA and PLDA in the
powdered state showed the broadened spectra with the absorp-
tion maxima ≈570 and 670 nm, respectively (Figure 3f). The ex-
foliated nanosheets in the colloidal state showed the shift of the
absorption maxima to ≈480 nm for PMCDA and 540 nm for
PLDA (Figure 3f). As another reference, PMCDA-(2-OMe-BA)
with heating at 230 °C showed a peak ≈490 nm similar to that
of the exfoliated nanosheets. After the exfoliation, the UV–vis
spectra were shifted to the shorter wavelength region. The PDA
main chain is distorted by the dynamic molecular motion of the
nanosheets dispersed in the liquid phase. Moreover, the spec-
trum of the exfoliated PMCDA nanosheets was located at the
shorter wavelength region compared with the PLDA nanosheets.
The PMCDA nanosheets have a more flexible structure ensur-
ing the molecular motion compared with PLDA. The flexibility
originates from the macrocyclic framework with the conforma-
tional diversity (Figure S10, Supporting Information). The inter-
action between TAB+ and PMCDA nanosheets has also effects
on the color change with the exfoliation. The PMCDA and PLDA
nanosheets showed the emission peaks ≈570 and 579 nm on the
photoluminescent spectra, respectively (Figure 3g). The Stokes
shift was calculated to be 92 nm for PMCDA and 43 nm for PLDA.
This fact also implies the structural flexibility of PMCDA.

2.4. Hydrogel Based on PMCDA Nanosheets

The resultant PMCDA nanosheets were used as a cross-linker
of poly(N-isopropylacrylamide) (PNIPAAm) hydrogel (Figure 4).
Monomer N-isopropylacrylamide (NIPAAm), N,N,Nʹ,Nʹ-
tetramethylethylenediamine (TMED) as an accelerator, and
potassium persulfate (KPS) as an initiator were dissolved in
the aqueous colloid containing the PMCDA nanosheets. The
hydrogel showed light yellow (Figure 4a). The two reference hy-
drogels were prepared using the different cross-linkers, namely
the PLDA nanosheets exfoliated under the same conditions
and a typical organic cross-linker N,Nʹ-methylenebisacrylamide
(MBAAm) (Figure 4b,c). In these samples, the molar ratio of
the cross-linking site to the NIPAAm monomer was adjusted
to 0.176%. When the concentration of the cross-linker was
changed, the stretchable hydrogel was not obtained for both
PNIPAAm-PMCDA and PNIPAAm-PLDA (Figure S12 in the
Supporting Information).

The PNIPAAm-PMCDA hydrogel was stretched to the exten-
sion ratio (𝜆) 44.0–52.8 times (the sample number n= 3) and then
fractured (Figure 4d,f; Figure S13, Supporting Information). On
the other hand, the hydrogel containing PLDA nanosheets was
stretched to 𝜆 = 3.6–7.7 (n = 3) and then fractured (Figure 4d,e).
The hydrogel cross-linked with MBAAm was fragile and bro-
ken during gripping by the jigs of the tester (the right panel
in Figure 4c). The PNIPAAm-PMCDA hydrogel showed distinc-
tive stretching properties compared with other reference gels.
The PNIPAAm chain is cross-linked with the carboxy groups
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Figure 3. PMCDA nanosheets. a) HAADF-STEM image and photograph of the colloidal liquid (inset). b) AFM image with the height profiles.
c,d) Histograms of the lateral size (c, n = 101) and thickness (d, n = 88) with the average sizes. e) SEM image of the restacked PMCDA nanosheets
with zinc ion and photograph of the precipitate (inset). f) UV–vis spectra of the layered PLDA (blue) and PMCDA (purple) in the powdered state,
their exfoliated PLDA (red) and PMCDA (orange) nanosheets, and PMCDA-(2-OMe-BA) with heating at 230 °C (yellow). g) UV–vis (dashed line) and
photoluminescent (solid line) spectra of the PLDA (red) and PMCDA (orange) nanosheets.

Adv. Mater. Interfaces 2023, 2300521 2300521 (5 of 8) © 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 4. PNIPAAm hydrogels cross-linked by the PMCDA nanosheets, PLDA nanosheets, and MBAAm. a) Photographs of the PNIPAAm-PMCDA gel
(left: top view, center: gripped by the jigs, and right: side view). b) Photographs of the PNIPAAm-PLDA gel (left: top view and right: gripped by the jigs).
c) Photographs of a conventional PNIPAAm-MBAAm gel (left: top view and right: gripped by the jigs). d) Stress–strain curves of the PNIPAAm-PMCDA
(orange) and PNIPAAm-PLDA (red) gels. e,f) Photographs (right panels) and schematic structure models (left panels) of the PNIPAAm-PLDA (e) and
PNIPAAm-PMCDA (f) gels with stretching using tester, respectively. g) Relationship between temperature and V V0

−1 for the thermoresponsive volume
changes of the PNIPAAm-PMCDA (orange), PNIPAAm-PLDA (red), and PNIPAAm-MBAAm (blue) hydrogels (left) and the photographs at 20 and 60 °C
(bottom right).

(COOH) on the surface of the PMCDA and PLDA nanosheets
via the hydrogen bonding, whereas the covalent bond is formed
with MBAAm. As the molar ratio of the cross-linking site to the
monomer is constant for the three hydrogels, the nanosheets
provide the spatially concentrated cross-linking sites on the sur-

face. In contrast, the cross-linking sites of MBAAm are dispersed
throughout the hydrogel at molecular level. The nanosheets af-
ford the longer stretching length of the PNIPAAm chains be-
tween the cross-linking sites compared with MBAAm. As the
lateral size of the nanosheets was 14.7 ± 5.8 nm for PMCDA

Adv. Mater. Interfaces 2023, 2300521 2300521 (6 of 8) © 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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and 91.8 ± 50.5 nm for PLDA (Figure 3a,c; Figure S11, Support-
ing Information), the longer distance between the cross-linking
sites was prepared in the PNIPAAm-PLDA hydrogel. In fact, the
PNIPAAm-PMCDA hydrogel showed more stretchable proper-
ties (Figure 4e,f). The PLDA nanosheets have a lamellar struc-
ture based on the densely-packed amphiphilic DA molecules and
their interlayer van der Waals interaction (the orange arrows in
Figure 4g).[41] On the other hand, the PMCDA nanosheets con-
sist of the covalently linked macrocycles with a conformational
variety. The structural stability and conformational variety of PM-
CDA contribute to the stretching properties of the PNIPAAm
chains on the assumption that the monolayered nanosheets are
homogeneously dispersed in the hydrogel in the same states
(Figure 4f). The lateral size, thickness, and dispersibility of the
nanosheets can be actually involved in the stretching proper-
ties. In previous works, the similar highly stretchable hydro-
gels were obtained using inorganic clay nanosheets as the cross-
linkers.[54,55] In the present work, the organic nanosheets enable
the similar stretchable properties. If the blue-colored PMCDA
nanosheets are obtained even after the exfoliation process, it can
be applied to prepare a variety of new sensing materials.

The PNIPAAm-PMCDA gel showed the characteristic ther-
moresponsive volume changes (Figure 4g; Figure S14, Support-
ing Information). The gel samples were heated in the range
of 20–40 °C by 1 K and in the range of 40–100 °C by 5 K.
The PNIPAAm-PMCDA gel was crowded ≈27 °C, whereas
such crowding was observed in the range of 32–35 °C for the
PNIPAAm-PLDA and 39–40 °C for PNIPAAm-MBAAm gels
(Figure S14, Supporting Information). The volume of the gels
shrank with increasing temperatures. The ratio (V V0

−1) of the
volume at a certain temperature (V) to the initial volume at
20 °C (V0) was calculated from the photographs (Figure 4g;
Figures S14 and S15, Supporting Information). The PNIPAAm-
PMCDA gel exhibited the largest thermoresponsive volume
changes compared with the reference samples. The smaller PM-
CDA nanosheets with the structural flexibility afford the large
volume changes with the shrinkage of the gel through the ag-
gregation of the PNIPAAm chains. In contrast, the larger PLDA
nanosheets with the structural rigidity inhibit such aggregation
of the PNIPAAm chains. In this manner, the conformational va-
riety, structural stability, and flexibility of PMCDA provide the
unique properties of the hydrogel.

3. Conclusion

An organic 2D material based on the laterally stacked macro-
cycles was synthesized by the designed layered structure and
its exfoliation. The intercalation, ion-exchange, and polymeriza-
tion formed the exfoliable layered structure. The layered PM-
CDA was exfoliated into the nanosheets through the interca-
lation of the bulky ions and osmotic swelling in aqueous me-
dia. The PMCDA nanosheets were flexible compared with the
PLDA nanosheets because of the conformation diversity of the
macrocycles. The PNIPAAm hydrogel cross-linked with PMCDA
nanosheets showed the highly stretchable over the extension ra-
tio 44.0. The characteristic thermoresponsive volume shrinkage
was also observed with heating. If macrocycles containing a va-
riety of functional molecular units are designed, similar flexible
organic 2D materials can be obtained by exfoliation through the

formation of exfoliable layered structures. Macrocycle-based 2D
materials can be applied as a nanoscale building block to obtain
soft materials, such as liquid crystals, gels, and composites, with
more flexible structures and dynamic functions.
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Supporting Information is available from the Wiley Online Library or from
the author.
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