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Layered macrocycles with flexibility and tunable dynamic
properties for wide-range thermoresponsive color changes

Layered macrocycles have been designed and introduced
as a new family of layered materials. A macrocycle
containing functional, flexibility, and intercalating units
forms layered materials with structural flexiblity and tunable
dynamic properties. The flexible layered macrocycles
containing intrinsically rigid m-conjugated moiety exhibited
thermoresponsive color changes in a wide temperature
range of =100 to 230 °C with tunability and reversibility.

The paper-based device of the layered macrocyclic
polydiacetylene was applied to real-time visualization of
temperature distribution on cryotherapy using liquid nitrogen.
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Layered macrocycles with flexibility and tunable
dynamic properties for wide-range
thermoresponsive color changesy

Nano Shioda,® Jung-Moo Heo,” Bubsung Kim,? Hiroaki Imai, @2
Jong-Man Kim @*® and Yuya Oaki @ *2

Layered materials exhibit unique properties, such as intercalation and exfoliation, originating from the two-
dimensional anisotropic nanostructures. A variety of inorganic and organic layered materials have been
synthesized for design of functions. However, conventional host layers are static and rigid to induce
dynamic functions originating from the structural flexibility. The present work shows a new dynamic and
flexible host layer based on organic macrocycles. A macrocycle containing functional, flexible, and
intercalating units, namely macrocyclic diacetylene (MCDA), was designed to form a self-assembled layered
structure. After the guest molecules were intercalated in the interlayer space, the host MCDA layers were
topochemically polymerized to obtain polydiacetylene. The
n-conjugated main chain and interlayer guests showed gradual thermoresponsive color changes in a wide

layered macrocycles containing the

temperature range of -100 to 230 °C with variation of the effective conjugation length. The flexible host
layer affords induction of the dynamic motion of the intrinsically rigid n-conjugated main chain in the wide
temperature range. Moreover, the thermo-responsivity was tuned by the intercalated guests. The color-
change properties enabled real-time temperature imaging for medical applications. Flexible layered

rsc.li/sensors

Introduction

Layered structures are found in a variety of materials, such as
inorganic, organic, hybrid, and polymeric materials."™" Two-
dimensional (2D) functional nanoarchitectures are designed
and derived from layered materials through intercalation,
exfoliation, and self-assembly."** The host layers generally
comprise 2D molecular networks based on covalent bonding
and/or noncovalent interaction. The unit layers require an
appropriate rigidity to preserve the 2D anisotropic structures.
Therefore, it is not easy to prepare flexible host layers
exhibiting dynamic properties. The present work shows a new
type of flexible layered material based on macrocycles, its
intercalation behavior, and dynamic properties (Fig. 1). In
previous work, dynamic functions of organic layered materials
were observed on smectic liquid crystals and self-assembled
lamellar structures.””*>*>” However, stacking of the rigid

“ Department of Applied Chemistry, Faculty of Science and Technology, Keio
University, 3-14-1 Hiyoshi, Kohoku-ku, Yokohama 223-8522, Japan.

E-mail: oakiyuya@applc.keio.ac.jp

b School of Chemical Engineering, Hanyang University, Seoul 04763, Korea.

E-mail: jmk@hanyang.ac.kr

 Electronic supplementary information (ESI) available: Experimental methods,
intercalation behavior, and color-change See DOI: 10.1039/
d1sd00024a

properties.
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macrocycles can be a new design strategy of soft materials with dynamic functions.

mesogenic parts and/or assembly of structure-directing alkyl
chains lowers the flexibility. In addition, dynamic motion of
the functional mn-conjugated frameworks is not easily
achieved because of their rigidity and stacking nature. Here
we designed a macrocycle forming the layered structure with
tunable dynamic properties (Fig. 1). The macrocycle, namely
macrocyclic diacetylene (MCDA), comprises three units, ie.
functional, flexible linker, and intercalating units (Fig. 1a).
The diacetylene (DA) moiety as the functional unit provides
the m-conjugated polydiacetylene (PDA) main chain
exhibiting stimuli-responsive color-change properties. In
addition, an appropriate rigidity is ensured to preserve the
layered assembly with stacking and linking of the
macrocycles (Fig. 1b-e). The linker provides the structural
flexibility and stability of the functional units originating
from the conformational diversity and cross-linkage,
respectively. When the functional units are rigid
n-conjugated parts, the flexibility is particularly important to
induce the dynamic motion. In addition to the flexibility,
the original self-assembled structures are stabilized by the
linkers forming the macrocycles. The interlayer space for
accommodation of the guests is generated by the carboxy
group as the intercalating unit (Fig. 1b-d). The structure
flexibility can be tuned by intercalation of the guest
molecules and ions. Therefore, the layered MCDA has

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic illustrations of the layered macrocycles and their flexible polymers. (a and b) Molecular structures (a) and conformations (b) of
the host MCDA and guest 2-OMe-BA. (c) Layered structure of MCDA. (d and e) Layered structures of MCDA-(2-OMe-BA) (d) and PMCDA-(2-OMe-
BA) with topochemical polymerization (e). (f) Layered structure of PMCDA-(2-OMe-BA) with wide-range thermoresponsive and reversible color-
changing properties (light yellow: intercalating units with electrostatic interaction between carboxy and amino groups, dark blue: flexible linker
units preserving the layered structures, red: PDA main chains as the functional units, pink: intercalated guests).

potential for tunable and unique dynamic properties
originating from the intercalation capability and structure
flexibility (Fig. 1b-e). The conjugated PDA main chain in the
layered MCDA and interlayer guest exhibited gradual
thermoresponsive color changes in a wide temperature range
of —100 to 230 °C with tunability and reversibility (Fig. 1f).
The structure flexibility originating from the layered
macrocycles plays an important role in the emergence of the
dynamic properties based on the rigid m-conjugated parts.
The design strategy of layered macrocycles can be applied to
development of diverse soft n-conjugated materials.

PDA exhibits stimuli-responsive color changes with
molecular motion and subsequent variation of the effective
conjugation length.>*® DA moieties with a distance shorter
than 0.5 nm are topochemically polymerized in the
condensed states with irradiation of UV light.** A wide variety
of DA monomers and their assembled structures have been
studied for control of the stimuli responsivity toward sensing
applications.’*™" The macrocycles containing DA moieties
have been synthesized to obtain the self-assembled tubular
PDA exhibiting thermochromism and solvatochromism.**>*
However, control of the stimuli responsivity and structural
flexibility is not easily achieved only by the molecular design.
Another approach to control the stimuli responsivity is
intercalation of the guest ions and molecules in the interlayer
space of layered PDA.°**° An amphiphilic DA monomer,
such as 10,12-pentacosadiynoic acid (PCDA), forms the
lamellar crystal structure with the interlayer space consisting
of dimerized carboxy groups. However, the flexibility of the
layered structures is not fully derived from changes in the

© 2022 The Author(s). Published by the Royal Society of Chemistry

intercalated guests because the rod-like host and guest
molecules form the densely packed assembly via van der
Waals interaction. If more flexible layered structures are
designed, the range of the stimuli responsivity can be
widened by the dynamic motion of the intrinsically rigid PDA
main chain. Therefore, we designed a new MCDA forming
the layered structures with flexibility and intercalation
capabilities.

Results and discussion
Intercalation chemistry of layered macrocycles

MCDA was synthesized according to literature procedures
(Scheme S1 and Fig. S1 in the ESIt).”*®* The powder of
MCDA, 5 mg (8.8 x 10~ mmol), was dispersed in 0.5 cm®
purified water. After 0.5 cm® purified water and 8.8 x 107
mmol organic amines, such as benzyl and alkyl amines (Fig.
S2 in the ESIf), were added, the dispersion liquid was
maintained for 1 h in a sonic bath. The precipitate was
collected, rinsed with purified water, and then dried at room
temperature. The detailed methods are described in the ESLf
Cationic organic amines, such as 2-methoxybenzylamine
(2-OMe-BA), were introduced in the interlayer space (Fig. 2
and S2 and S3 in the ESIt). Here the intercalation of 2-OMe-
BA and its polymerization behavior was described as a
representative result.

The precursor MCDA showed the absorption peak
corresponding to the C=—O stretching vibration of the
intermolecular dimerized carboxy groups at around 1700
em™ in the Fourier-transform infrared (FT-IR) spectrum

Sens. Diagn., 2022, 1,160-168 | 161
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(band A in spectrum (i) in Fig. 2a). On the other hand, the
peaks corresponding to the monomeric carboxylate group
appeared at around 1550 cm™ and 1400 cm ™" for the layered
composites of MCDA and 2-OMe-BA (MCDA-(2-OMe-BA))
(bands B and C in spectrum (ii) in Fig. 2a), even though the
weak original peak corresponding to the dimerized carboxy
group remained. All the other peaks were assigned to the
molecular structures of MCDA and 2-OMe-BA (Fig. S4 in the
ESIY).

According to the X-ray diffraction (XRD) pattern, the
interlayer distance was shifted from 1.41 nm for MCDA to
1.92 nm for MCDA-(2-OMe-BA) (Fig. S5 in the ESIf). CHN
elemental analysis indicates that the molar ratio of MCDA: 2-
OMe-BA was calculated to be 1.00:1.68. The ideal molar ratio
of MCDA: 2-OMe-BA is 1:2 on the assumption that the guest
is fully intercalated with the bilayer interdigitated state,
namely an occupancy of 100% as shown in Fig. 1b and d.
Therefore, the occupancy of the guests was 84% to the host
MCDA. As the remaining original peak corresponding to the
dimerized carboxy groups disappeared with the prolongation
of the intercalation time for 90 min (Fig. S6 in the ESIT), the
occupancy reached 100%.
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Fig. 2 Intercalation and polymerization behavior of the layered macrocycles. (a) FT-IR spectra of MCDA (i) and MCDA-(2-OMe-BA) (ii). (b) Raman
spectra of MCDA (i), MCDA-(2-OMe-BA) (ii), and PMCDA-(2-OMe-BA) (iii). (c) Photographs of MCDA (i), MCDA-(2-OMe-BA) (ii), PMCDA-(2-OMe-
BA) (iii-v) at room temperature (iii), =190 °C (iv), 200 °C (v), and MCDA with irradiation of UV (vi). (d) Relationship between time for the intercalation
and Acoomn)2/Ac-o-c- (e-h) SEM (e and g) and TEM (f and h) images of MCDA (e and f) and PMCDA-(2-OMe-BA) after the intercalation for 60 min (g
and h).

The resultant MCDA-(2-OMe-BA) was polymerized with
irradiation of a UV-LED at 265 nm for 1 min at 20 °C. Raman
spectroscopy of MCDA and MCDA-(2-OMe-BA) showed a peak
at around 2260 cm™" assignable to the C=C group of the DA
moiety (band G in spectra (i) and (ii) in Fig. 2b). After the
polymerization, the Raman bands corresponding to the ene-
yne structure in the PDA main chain appeared at around
1500 and 2100 cm ' (bands E and F in spectrum (iii) in
Fig. 2b). The original color of MCDA and MCDA-(2-OMe-BA)
was white (images (i) and (ii) in Fig. 2c). The color of the
polymerized MCDA-(2-OMe-BA) (PMCDA-(2-OMe-BA)) was
reddish purple at room temperature, blue at =190 °C with
cooling, and orange at 200 °C with heating (images (iii)-(v) in
Fig. 2c). The coloration with irradiation of UV light
corresponds to the formation of the PDA main chain with
polymerization of MCDA. The thermoresponsive color change
originates from the shortening of the effective conjugation
length of the PDA main chain with molecular motion in
response to thermal stress. These color changes are
characteristic of PDA. In contrast, MCDA itself was not
polymerized with irradiation of UV light under the same
conditions because the characteristic coloration and its

© 2022 The Author(s). Published by the Royal Society of Chemistry
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thermoresponsive changes were not observed (image (vi) in
Fig. 2¢). In general, topochemical polymerization proceeds in
the condensed states when DA moieties are arranged with a
distance shorter than 0.5 nm.** The DA moieties are not
arranged for the topochemical polymerization in the layered
structure of the pure MCDA (Fig. 1c and S5 in the ESIf). The
intercalation of 2-OMe-BA changes the self-assembled layered
structure enabling the topochemical polymerization (Fig. 1c-
e).

The intercalation and polymerization behavior were
studied using different guest amines (Fig. S2 and S3 in the
ESIf). The blue-color PMCDAs were obtained by
topochemical polymerization when the following amines,
such as benzylamine and thiophene derivatives, were
intercalated: = benzylamine (BA), 4-methylbenzylamine
(Me-BA), 4-fluorobenzylamine (F-BA), 3-OMeBA, 4-OMeBA,
m-xylylenediamine (m-Xy), p-xylylenediamine (p-Xy), and
3-thiophenemethylamine (Tp-CH,NH,). These small guest
molecules form the topochemically polymerizable self-

View Article Online
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red-color PMCDAs were observed with intercalation of more
bulky and aliphatic amines, such as hexylamine,
3-phenylpropylamine, and 1-naphthylmethylamine (Fig. S2
and S3 in the ESI{). In these cases, the DA moieties are not
self-assembled with the intercalation of the bulky guests. In
this manner, the topochemically polymerizable layered
structures are obtained by the intercalation of the smaller
guest molecules.

The intercalation of the guest in the layered MCDA
gradually proceeded within 60 min (Fig. 2d and S6 in the
ESIf). The time for the intercalation of 2-OMe-BA was
changed to be 10, 30, 60, and 90 min. When the cationic
guest is intercalated in the interlayer space, the interlayer
dimerized carboxy group is changed to the carboxylate one.
In the FT-IR spectra, the absorbance corresponding to the
stretching vibrations of the dimerized carboxy groups
(A(coom)2, peak A in Fig. 2a) decreased compared with that of
the C-O-C bond in the MCDA ring (Ac_o-c, peak D in
Fig. 2a). The ratio of the absorbance (Acoomp/Ac-o-c)

assembled layered structures (Fig. 1d). On the other hand, represents the intercalation rate (Fig. 2d). The time-
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Fig. 3 Thermoresponsive color-changing properties. (a) Color-change behavior of PMCDA series with repetitive heating at a certain temperature
and subsequent cooling at -50 °C, as indicated by the arrows. (b) Color-change behavior of PMCDA-(2-OMe-BA), PMCDA-(3-OMe-BA), and
PMCDA-(4-OMe-BA) with repetitive heating and subsequent cooling at -190 °C. (c) Color-change behavior of PLDA and PLDA-(2-OMe-BA) as the
references. (d) Relationship between T and Ax of PMCDA-(2-OMe-BA) with heating (red) and cooling at -190 °C (blue) and PLDA-(2-OMe-BA)
(black). (e) Temperature-dependent changes of UV-vis spectra of PMCDA-(2-OMe-BA) with heating from -190-300 °C.
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dependent changes in Aoonp/Ac-o-c indicate that the
intercalation of 2-OMe-BA gradually proceeded and
completed within 60 min. Whereas aggregates of nanoflakes
around 100 nm in size were observed on the precursor MCDA
by scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) (Fig. 2e and f), PMCDA-(2-OMeBA)
showed nanoribbons ca. 500 nm in width and several
micrometers in length after the intercalation of the guests for
60 min (Fig. 2g and h). The ratio of the nanobelts increased
with the prolongation of the time for the intercalation (Fig.
S6 in the ESIf). Nanoribbons were observed in the TEM
image of the MCDA-(2-OMe-BA) sample before the
polymerization (Fig. S7 in the ESIt). The morphology change
implies that the intercalation of the guests induces large
structural changes originating from the flexibility of the
macrocycles, such as conformation and packing state
(Fig. 1c and d).

Wide-range thermoresponsive color-change properties with
reversibility

The color of the layered PMCDA with intercalation of the
guests was gradually changed with heating in a wide
temperature range (Fig. 3a and b). The upper and lower
rows of each sample show the colors with heating at a
certain temperature and cooling at -50 or -190 °C,
respectively (Fig. 3a and b). PMCDA with intercalation of
BA, Me-BA, F-BA, p-Xy, and 4-OMe-BA exhibited
thermoresponsive gradual color changes from blue to
orange via purple and red in a wide temperature range (the
upper rows in Fig. 3a). The reversibility of the color
changes was partially observed with cooling at -50 °C in a
certain temperature range (the lower rows in Fig. 3a). The
color-changing properties, such as temperature responsivity
and reversibility, depended on the guests. As the color-
changing temperature range of 4-OMe-BA was the widest,
the effects of the isomers on the responsivity were studied
using 2-, 3-, and 4-OMe-BA in the wider temperature range
of =190-300 °C (Fig. 3b). The widest thermoresponsivity in
the range of —100-230 °C and reversibility in the range of
-100-100 °C were observed for PMCDA-(2-OMe-BA) (Fig. 3b).
Thermogravimetric (TG) analysis indicates that the
disappearance of thermoresponsivity and reversibility
corresponds to the combustion of the host MCDA and
volatilization of the guest 2-OMe-BA with deintercalation,
respectively (Fig. S8 in the ESIf). Nanograins were formed
inside of the PMCDA-(2-OMe-BA) nanoribbons with cracking
after the color changes with heating at 200 °C (Fig. 1c and
S7 in the ESIf). The reference layered PDA was prepared
with a linear DA (LDA) monomer.>® The polymerized LDA
(PLDA) with the intercalation of organic amines showed a
similar morphology variation after the color changes with
heating in our previous work.”” The elimination of the
guests from the host layered PDA causes the morphology
changes with volume shrinkage. Moreover, the reversibility
of the color changes between -100 and 100 °C was stably
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observed for 10 cycles and after the long-term heating for 1
h (Fig. S8 in the ESIt). The color changes were achieved in
real time within 0.1 s upon changes in temperature (Fig. S9
in the ESIf). The PLDA with intercalation of the guests
were obtained by topochemical polymerization. The initial
blue color of the layered PLDA without the interlayer guests
and with 2-OMe-BA irreversibly turned red at the threshold
temperature of around 65 °C (Fig. 3c). Although the color-
transition temperature varied depending on the types of
the guests (Fig. 3c and S10 in the ESIf), the wide-range
thermoresponsive gradual color changes were not observed
for the PLDA series.

The  color-change  properties were  quantitatively
characterized by image analysis of the photographs and UV-vis
spectroscopy (Fig. 3d and e and S11 in the ESI}). The red-color
intensity (x) was estimated from the R, G, and B values of the
photographs using an international standard, namely ITU-R
BT. 709.°> The differences in x (Ax = x — x,) were calculated
from x at varied temperature and x at the initial temperature
(xo), such as =190 °C for the PMCDA series and 20 °C for the
PLDA series. The relationship between temperature (7) and Ax
was determined with repetitive heating at a certain temperature
and subsequent cooling at -190 °C (Fig. 3d and S11 in the
ESIf). Whereas the Ax of PMCDA-(2-OMe-BA) gradually
increased with heating (red circles in Fig. 3d), PLDA-(2-OMe-
BA) showed the transition of Ax at the threshold temperature
(black triangles in Fig. 3d). The Ax values of PMCDA-(2-OMe-
BA) recovered with heating followed by cooling at =190 °C (blue
circles in Fig. 3d). Whereas the other PMCDA series with
intercalation of BA, Me-BA, F-BA, p-Xy, and 4-OMe-BA also
showed similar thermoresponsive gradual color changes with
partial reversibility, the color transition at the threshold
temperature was observed for the PLDA series (Fig. S9 and S10
in the ESIT). The starting (Tsear) and ending (Te.nq) temperatures
of the color change, upper temperature limit of the reversibility
(Trev), and temperature range of the reversibility (ATy.,) were
defined and calculated from the relationship between T and Ax
for the layered PMCDA and PLDA series (Table 1 and Fig. S11
in the ESIT). The photographs corresponding to Tsear, Tend, and
Tyey Were surrounded by yellow, purple, and green, respectively
in Fig. 3a-c. These results indicate that the PMCDA series
exhibits a wider color-change temperature range with partial
reversibility compared with the PLDA series. The temperature
range for the color changes of PMCDA-(2-OMe-BA) is the widest

Table 1 Summary of Tgart, Tend: Trew and AT, of the PMCDA series with
intercalation of the different guests

Guests Tstare/ °C Tena/°C Tyey/°C ATy /K
BA -40 210 140 180
Me-BA 10 190 180 170
F-BA 20 180 130 110
DXy 70 260 160 90
2-OMeBA -100 230 190 290
3-OMeBA -30 210 170 200
4-OMeBA -60 250 190 250

© 2022 The Author(s). Published by the Royal Society of Chemistry
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for thermoresponsive color-changing materials containing rigid
n-conjugated chromophores in previous studies (Fig. S12 in the
ESI).56’58’59‘61‘63_67

The UV-vis spectra indicate the gradual motion of the
n-conjugated main chain originating from the flexibility
(Fig. 3e). The UV-vis spectrum of PMCDA-(2-OMe-BA) was
gradually shifted from 585 nm at -190 °C to 480 nm with
heating to 300 °C (Fig. 3e). The spectra with heating below
110 °C recovered to the original position after cooling at -190
°C (Fig. S13 in the ESI{). The reversibility was gradually
decreased after the heating in the range of 110-190 °C (Fig.
S13 in the ESIY).

The thermal motion of the layered structures induces the
torsion of the PDA main chain. The color is changed with
shortening of the effective conjugation length. The layered
macrocycle in the PMCDA series has a more flexible structure
to enhance the dynamic motion of the rigid m-conjugated
main chain. Therefore, the thermoresponsive gradual color-
changing behavior is observed in a wide temperature range (-
Fig. 3a-c). As the flexibility is tuned by the intercalated
guests, the responsivity is different depending on the
structures of the guest molecules. In addition, the flexible
but confined PDA main chain with the linker ensures the
appropriate stability of the original structures enabling the
reversible color changes (Fig. 3a and b). In contrast, PLDA
has a layered structure based on the densely packed linear
amphiphilic DA monomers via van der Waals interaction.
The layered structure is more rigid to induce the thermal
motion in the wide temperature range. As the PDA main
chain is not linked in the LDA series, the reversibility
originating from the stability of the original structure is not
achieved. In this manner, the layered macrocycles can be
regarded as a new design concept providing the flexibility
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Fig. 4 Mechanoresponsive color-change properties of PMCDA-(2-
OMe-BA) and PLDA-(2-OMe-BA). (a) Scheme for measurement of the
color changes (Ax + Ay) with an increase in the amount of applied
friction force (ng). (b) Photographs of PMCDA-(2-OMe-BA) and PLDA-
(2-OMe-BA) on filter paper with the application of a friction force of
7.07 N at each ng. (c) Relationship between ng and Ax + Ay.
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and tunability of dynamic properties based on the functional
n-conjugated molecules.

Mechanoresponsive color-changing properties

In addition to the thermoresponsivity, PMCDA-(2-OMe-BA)
and PLDA-(2-OMe-BA) showed the color change with the
application of friction force (Fig. 4). A friction force of 7.07 N
was applied to PMCDA-(2-OMe-BA) and PLDA-(2-OMe-BA) on
filter paper (Fig. 4a). The changes in the red- and green-color
intensity (Ax and Ay), the increment of x and y with respect
to the original state, were calculated in the area of the traced
line on the paper (Fig. 4a and b). According to our previous
reports, the color change is not ascribed to the friction
heat.””*® Fig. 4c shows the relationship between the amount
of the applied friction force (nr) and Ax + Ay. The color was
gradually changed for both PMCDA-(2-OMe-BA) and PLDA-(2-
OMe-BA) with an increase in ng. On the other hand, the Ax +
Ay value of PMCDA-(2-OMe-BA) was smaller than that of
PLDA-(2-OMe-BA) at the same ng (Fig. 4¢). This finding means
that the responsivity of PMCDA-(2-OMe-BA) was lower than
that of PLDA-(2-OMe-BA). The Ax + Ay values are increased
with an increase in np because the red-colored area is
expanded. The color changes to red with the application of
friction force correspond to the irreversible color transition
observed with heating (Fig. 3). PMCDA-(2-OMe-BA) and PLDA-
(2-OMe-BA) showed the irreversible color transition to red at
190 °C and 65 °C, respectively (Fig. 3b and c). This finding
means that the flexible PMCDA-(2-OMe-BA) needs more stress
to induce the irreversible color changes. Therefore, the
responsivity of PMCDA-(2-OMe-BA) to the shear stress is lower
than that of PLDA-(2-OMe-BA) (Fig. 4c). When weaker friction
forces, such as 1.39 and 2.52 N, were applied to PMCDA-(2-
OMe-BA), the Ax + Ay values were smaller than those of 7.07
N at each ng (Fig. S14 in the ESIT). The mechanoresponsivity
is similar to that of the layered PLDA in our previous work.”®
In contrast, the stronger friction force (9.35 N) was not
accurately visualized because the PMCDA-(2-OMe-BA) powder
was removed from the paper substrates.

Application of the wide-range thermoresponsive color-
changing properties

The gradual thermoresponsive color-changing properties of
PMCDA-(2-OMe-BA) were applied to real-time temperature
imaging (Fig. 5). Cryotherapy is a method for medical
treatment of warts.®®®® The affected part is immediately
cooled with liquid nitrogen using a cotton bud or spray and
then restored to body temperature. The relationship between
the temperature changes and their effects is not fully
clarified. Visualization of the temperature distribution and
history around the affected part can be helpful for
understanding the method. However, the temperature range
is lower than that detectable using typical infrared
thermography. In the present work, the temperature rising
behavior after the cooling was visualized with the PMCDA-(2-
OMe-BA)-coated paper (Fig. 5a), because the reversible color
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Fig. 5 Real-time temperature imaging during simulated liquid-nitrogen cryotherapy using the PMCDA-(2-OMe-BA) paper-based device. (a)
Cooling of the PMCDA-(2-OMe-BA)-coated paper for ty, (1, 2, 5 s) using a cotton bud immersed in liquid nitrogen (N3). (b) Calibration curve of the
relationship between T and Ax. (c) Photographs of the color-changing behavior and temperature readings from the photographs using the
approximation curve within t = 0-10 s. (d) Relationship between t and Ax (left axis) and relationship between t and T (right axis) for ty, = 1, 2, and 5
s. (e) Photographs of the paper-based device at t = 0, 1, and 5 s for ty, = 2 s. (f) Relationship between positions 1-8 in the z axis and Ax at t = 0, 1,

and 5sforty, =2s.

changes were observed in the range of -100-190 °C
(Fig. 3a and b and Table 1). An aqueous dispersion liquid
containing MCDA-(2-OMe-BA) was filtered to collect the
particles on a square piece of filter paper 2 cm length on
each side. After the polymerization, the filter paper with
coating of PMCDA-(2-OMe-BA) was obtained (Fig. 5a). The
paper-based device was set on a temperature-controlled
stage at 36 °C assumed as body temperature. A cotton
bud was immersed in liquid nitrogen for ca. 10 s and
then immediately pressed on the center part of the paper-
based device with a contact area of 9.6 mm? for tn, = 1,
2, and 5 s. Then, the cotton bud was removed from the
surface at ¢t = 0. The processes including cooling and
warming were recorded by a video camera. The image
analysis was performed on the frames at certain ¢.

Prior to the temperature imaging, the calibration curve
was prepared using the relationship between T and Ax (= x -
Xo) within -100-50 °C (Fig. 5b), where x, is defined as x at 36
°C in this demonstration. The relationship was represented
by a linear regression. The time-dependent color-change
behavior was monitored at the central cooled part 2.5 mm
square (Fig. 5c). The photographs indicate that the color of
the cooled part was gradually changed from blue to purple
within ca. 5 s (Fig. 5¢ and S15 in the ESIt). The average Ax
values increased with an increase in ¢ (Fig. 5d). The observed
Ax values were converted to T using the calibration curve and
its linear approximation formula (Fig. 5b and c). The Ax
values in the left vertical axis are directly converted to 7T in

166 | Sens. Diagn., 2022, 1, 160-168

the right vertical axis using the relationship based on the
approximation formula (Fig. 5d). The warming behavior to 36
°C was not so different for ty,. The temperature distribution
around the cooled part, namely positions 1-8 with square
areas 2.5 mm in length, was studied using Ax in the z axis
(Fig. 5e). The disappearance of the temperature gradient was
visualized and quantified with an increase in ¢ (Fig. 5e and f).
In this manner, the temperature distribution in the range of
-100-50 °C can be visualized by the characteristic color-
changing properties of PMCDA-(2-OMe-BA). The device based
on layered macrocycles enables temperature imaging in the
range unsuitable for application of conventional infrared
thermography.

Conclusions

Layered macrocycles were designed and synthesized as a
new class of self-assembled functional soft materials. A
designed macrocyclic monomer comprising functional,
flexible linker, and intercalating units formed the self-
assembled layered structures. Layered MCDA accommodated
the guests in the interlayer space through intercalation. The
topochemical polymerization provided the layered PMCDA
with tunable stimuli-responsive color-changing properties
depending on the guests. The PMCDA series showed
thermoresponsive gradual color-changing properties in a
wide temperature range (maximum at 330 K) with partial
reversibility. The structural flexibility of the layered

© 2022 The Author(s). Published by the Royal Society of Chemistry
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macrocycles affords induction of the dynamic motion of the
rigid m-conjugate moiety in a wide temperature range. The
characteristic color-change properties were applied to real-
time temperature imaging. The design strategy of the
layered macrocycles, distinguished from conventional
layered materials, can be applied to other soft materials for
the emergence of dynamic functions based on intrinsically
rigid n-conjugated macromolecules.
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