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The cooperative non-covalent interactions arising from structurally integrated multiple molecules have
emerged as a powerful tool for the creation of functional supramolecular structures. Herein, we
constructed cyclic dipeptide (CDP)—polydiacetylene (PDA) conjugate (CDP-DA) by introducing cyclo(L-
Phe-L-Lys) to the 10,12-pentacosadiynoic acid. Owing to extensive hydrogen bonding
characteristics, together with structural chirality of cyclo(L.-Phe-L-Lys) and strong m-m stacking

linear

diacetylenic template, CDP-DA generated supramolecular nanotubes. The structural visualization using
scanning and transmission electron microscopy revealed chloroform/methanol co-solvent polarity tuned
morphological transformation of intrinsic lamellar assemblies into nanotubes comprising single-wall and
multi-wall structure. The mechanistic understanding by X-ray diffraction patterns confirms bilayer
organization in lamellar structure, which forms nanotubes via a gradual lamellar curling-to-scrolling
process. The supramolecular CDP-DA nanotubes are transformed into the rigid covalently cross-linked
blue-phase polydiacetylene (CDP-PDA) by UV irradiation. Very interestingly, the blue-phase nanotubes
display reversible thermochromic changing temperature up to 150 °C with excellent repeatability over
a dozen thermal cycles. This work provides an efficient strategy for precise morphological control and
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Introduction

The propensity of self-assembly extended to create hierarchical
supramolecular polymer architectures has attracted increasing
interest recently.'~® Self-assembled polymer architecture reflects
the integrated structural and functional features of monomer
components. The self-assembly mechanism is an autonomous
molecular organization with high geometric precision and it is
strongly governed by the cooperative multiple non-covalent
interactions.”® These interactions serve as a binding force
across multiple self-assembling subunits and ensure the degree
of sequence-specificity to generate stable supramolecules. More
importantly, the reversible and tunable nature of non-covalent
interactions endows these supramolecules with intriguing
properties of stimuli-responsiveness and reversibility. The
judicious modulation of the molecular framework affords
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aiding the perspective for development in nanostructures for functional devices.

dynamic architecture that can generate an assembly-related
functional response.”™®  Particularly, controlling the
hydrophobic/hydrophilic balance, nature of the connectivity
and structure of the hydrophobic/hydrophilic components in
molecule provides new opportunities for designing smart
materials for advanced application in biomedical and
nanotechnology.” "’

Polydiacetylenes (PDAs) are intrinsically supramolecular
polymers generated via hierarchical self-assembly of mono-
meric diacetylene (DAs).”**> Importantly, these self-assembled
DAs can integrate into robust covalently linked PDAs by facile
UV-induced topochemical polymerization. PDAs are typically
chromophoric due to the extended m-conjugated network and
absorb visible light. Owing to the non-covalent interactions
promoted self-assembled structure, PDAs exhibit colorimetric
(typically blue-to-red) and optical transitions in response to
external stimuli, and these unique properties of PDAs have been
extensively applied for sensing applications.>*** In addition,
a wide array of structural morphologies of PDAs can be con-
structed by the precise introduction of head groups to DAs.**"°

Cyclic dipeptides (CDPs) are the simple cyclic peptide scaf-
folds with a rigid 2,5-diketopiperazine (DKP) as a basic skeleton,
and generally explored as a versatile scaffolding component in
the field of supramolecular chemistry.”’*” The cis-amide func-
tionality of CDPs induces sequential organization of adjacent
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molecules via hydrogen bonding (N-H:--O) as well as other non-
covalent interactions, thus leading to the generation of higher-
ordered artificial functional superstructures. The rich structural
diversity of amino acids and with recent advances in the
synthetic strategies utilizing combinatorial chemistry, an
extended library of symmetric and asymmetric CDPs are easily
accessible.”®* CDP based supramolecular architectures are
widely explored for a variety of applications ranging from
therapeutics to materials.®*-*

Supramolecular assemblies of linear monomers offer a facile
protocol for the creation of polymer architecture of various
morphologies, however, the construction of covalently connected
nanotubes is challenging and often limited to certain molecular
structure and polymerization techniques. The reason for this
limitation is that nanotube formation generally requires a higher-
ordered molecular packing and definite directionality. In order to
induce favorable molecular organization for nanotube forma-
tion, amphiphiles consist of hydrophobic and hydrophilic
components are often utilized. Previously we reported chromo-
genic nanotubes generated from CDP-PDA conjugates prepared
by coupling cyclo(-Gly-Ser) and cis-cyclo(-Ser-Ser) with 10,12-
pentacosadiynoic acid (PCDA).* To further explore the design
diversity and structural influence of CDP on morphology and
functional property of integrated CDP-PDA system, herein we
constructed a new CDP-PDA derivative by introducing cyclo(t-
Phe-1-Lys) to the PCDA via an amide linkage. The results of this
study show co-solvent polarity tuned morphology transformation
from lamellar structure to nanotubes via scrolling mechanism.
The morphological features were studied by scanning and
transmission electron microscopy, and X-ray diffraction analysis.
The CDP-DA supramolecular nanotubes undergo UV-induced
topochemical polymerization, leading to blue-phase covalently
crossed-linked PDA nanotubes. Most importantly, the blue-phase
CDP-PDA nanotubes generated a brilliant eye-sensitive reversible
blue-red-blue colorimetric sensory response to heat for up to
150 °C. The tendency for topochemical polymerization and
thermo-responsive colorimetric responses was observed by
spectral analysis.

Experimental
Synthesis

Synthesis and characterization of CDP-DA is described in the
ESLTY

Specimen preparation

Fabrication of supramolecular assemblies CDP-DA (3 mg) was
dissolved in 300 pl of solvent by means of sonication and
heating (~55 °C) to clarity. The resulting clear solution was
cooled in the refrigerator (—7 °C) for self-assembly and then
drop-casted on a slide glass. The specimen was dried at room
temperature.

Thermochromic sensing

The monomeric CDP-DA was transformed into a blue-phase
PDA by irradiating with 254 nm UV light (2 mW cm™") for
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5 min. The blue-colored test slides were heated on a hot plate at
the rate of 10 °C per min and monitored for the colorimetric
response.

Results and discussion
Design and synthesis of CDP-DA supramolecule

The strategy for the fabrication of the covalently linked chro-
mogenic nanotubes was achieved by coupling the chiral
hydrogen-bonding motif, CDP, with a photopolymerizable DA
template. As seen in Fig. 1, the CDP-DA represents a typical
amphiphilic molecular frame in which a semi-rigid cyclo(r-Phe-
-Lys) is connected to the linear 10,12-pentacosadiynoic acid
(PCDA) chain vig an amide linkage in a head-to-tail fashion. The
cis-amide functionality in cyclo(it-Phe-L-Lys) with 2H-bond
acceptor and 2H-bond donor sites forms sequential intermo-
lecular amide-amide (N-H:--O) hydrogen bonds between adja-
cent molecules, and thus enable 2,5-diketopiperazine core to
take up-regulated molecular structures with a high degree of
order. The m-m stacking characteristic of the diacetylene
template and complementary hydrogen bonding interactions of
the amide linkage directs the PCDA tail to adopt optimal
orientation for topochemical polymerization. A clear illustra-
tion from Fig. 2 indicates that the initial step of the CDP-DA
self-assembly is the formation of a sequential H-bonded
network via a cooperative mechanism of non-covalent
hydrogen bonding interactions and w-m stacking. The chiral
and conformationally constrained CDP head group serves as
powerful inducers, which restrict the local accessible structural
conformations and induces helicity in the supramolecular
association to generate the tubular structure.

For the synthesis of CDP-DA, first, an asymmetric DKP-
scaffold, cyclo(i-Phe-L-Lys) was synthesized by following the
previously reported procedures.” The CDP finally coupled with
PCDA via an amide bond (see the ESI{ for the scheme and
experimental details). The structures of the synthesized prod-
ucts were confirmed by using IR, 'H, **C NMR, and MALDI-TOF
spectral methods (see Fig. S1 and S2 in ESIf). The precisely
positioned chiral center of the head group induces the helical
aggregation process to generate nanotubular structures. In the
subsequent step, these supramolecular nanotubes are expected
to undergo UV promoted topochemical polymerization to form
chromogenic m-functional superstructures.

Fabrication and morphological characteristics of the self-
assemblies

Self-assembly study of CDP-DA was carried out in different
solvents such as chloroform, dichloromethane, ethanol,

H-bonding template

Polymerizable template

Fig. 1 Molecular structure of cyclic dipeptide—diacetylene conjugate
(CDP-DA).

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Illustration of the self-assembled CDP-DA via hydrogen bond
interactions and UV-induce PDA formation. (a) Structure of CDP-DA.
(b) Self-assembled CDP-DA. (c) Formation of polymerized CDP-PDA
upon UV irradiation.

tetrahydrofuran, and in binary chloroform/methanol mixes at
varying volume ratios (Table S1t). The self-assembled nano-
structures are fabricated by employing a simple drop-casting
technique on a glass substrate.

To investigate the solvent assisted self-assembled
morphological diversity of CDP-DA and to access the infor-
mation on structural features, scanning electron microscopy
(SEM) and transmission electron microscopic imaging (TEM)
was performed. Furthermore, X-ray diffraction analysis (XRD)
was used to determine the self-assembly behavior and packing
pattern of supramolecular structures. Examining SEM images
reveals the formation of a variety of nanostructures for the self-
assembled aggregates of CDP-DA (Fig. S3 in ESIf). An inter-
esting co-solvent polarity tuned morphology transformation
behavior was observed for CDP-DA in a chloroform/methanol
solvent system. As seen in Fig. 3, multiple self-assembled
structures consisting of fibrous xerogel to perfect tubular
morphology evolved for CDP-DA at the varying ratio of
chloroform/methanol mixes facilely by drop-casting on a glass
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substrate. In less polar chloroform, CDP-DA assembled into
xerogel having a porous network-like external structure. The
addition of polar methanol to the chloroform solution in the
ratio of 3:1 and 2 : 1 (v/v chloroform : methanol) modulated
the morphology of aggregates into intertwined nano-fibrous
gel network. In both samples, the nanofiber structures with
the high aspect ratio are observed. Interestingly, at an equiv-
alent ratio of chloroform-methanol, 1:1 v/v, a sharp gel-to-
solid transition was observed. Examining the SEM image
shown in Fig. 4 revealed a new morphology having dandelion-
like micron-scale spheres. Upon closer examination of the
SEM image displayed in Fig. 4a, microspheres were observed
to contain two different kinds of coexisting structures (regions
separately marked with blue and yellow colors). As seen in the
magnified images of marked regions displayed in Fig. 4b and
¢, dandelion-like microsphere consists of clearly identifiable
wrinkled sheet-like (lamellar sheet-like arrangement) and
tubular structure.

Fig. 4 SEM images of the two co-existing morphologies of CDP—-DA
in chloroform : methanol mixture at 1:1 v/v ratio (a) dandelion-like
microsphere structures generated. (b) Magnified image of the blue
marked region in panel-a. Hollow nano tubular structures. (c) Magni-
fied image of the yellow-marked region in panel-a. Sheet-like struc-
ture. (d) Magnified image of the panel-b.

Polarity §
\|7Chloroform

Fig.3 SEM images of the different morphologies of CDP-DA at varying chloroform : methanol polarity ratio. (@) Chloroform, (b) 3: 1, (c) 2 : 1, (d)

1:1,(e)1:2, (f)1:3, (g) methanol.
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Next, upon changing the volume ratio of chloroform/
methanol by the incremental addition of methanol to chloro-
form solution in the ratio 1:2 v/v (chloroform : methanol),
CDP-DA self-assembled into microspheres with densely packed
tubular structures (Fig. 5). These hierarchical microspheres’
structures can be seen associated as a bunch. The higher ratio
of methanol believes to increase the stability of the assemblies
in solution by controlling the non-covalent interactions and
assist in the uniform tuning of the morphology into nanotubes.
The image displayed in Fig. 5c reveal the tubes with ‘open
mouth’ ends of a nanometric diameter. In order to get further
insight into the morphological evolution of nanotubes,
magnified SEM visualizing was performed. As seen in Fig. 5d,
the nanotubes are formed of single-wall and multi-wall struc-
tures, which indicate the rolling-up process of lamellar sheet-
like structure into tubes. The consistent formation of long
and more perfect tubular morphology of microsphere confirms
that the addition of polar methanol in a two-fold increment to
chloroform solution of CDP-DA (1 : 2 v/v) is appropriate ratio
added to stabilize aggregates in process of supramolecular self-
assembly.

Morphology analysis by imaging with TEM was performed to
further confirm the tubular characteristic and to determine the
structural dimensions of CDP-DA assemblies. The corre-
sponding TEM micrographs are shown in Fig. 6. As can be seen,
nanotubes with a hollow interior of nanometric diameter are
visible. Careful assessment reveals the varying thickness of the
tubular wall, which has a range with a minimum of 8.5 nm to
a higher value of 18 nm. The powder X-ray diffraction study of
CDP-DA provides a clear insight into the self-assembly behavior
and possible packing structure of nanotube formation from
intrinsic lamellar structures. The X-ray diffraction patterns of
pure nanotube structure showed six peaks at 26 = 2.12, 4.36,
6.56, 8.76, 10.82, 13.2 (Fig. S4 in ESIf). The interlamellar
distance was calculated using Bragg's law, which was found to
be 4.06 nm. With the length of CDP-DA being 4 nm, a bilayer
lamellar self-assembly of the molecules can be proposed, which

Fig. 5 SEM images of the CDP-DA in chloroform : methanol mixture
at1: 2 v/vratio (a) dandelion-like microsphere structures associated as
bunch. (b) Magnified image of the panel-a. Microspheres composed of
densely packed nanotubes. (c and d) Magnified image of the panel-b.
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Fig. 6 TEM images of CDP-PDA nanotubes generated in mixed
chloroform and methanol solution at the ratio of 1 : 2 (v/v). Nanotube
thickness (a) 8.5 nm and (b) 18 nm

intern formed into a tubular structure. Notably, the calculated
length is in agreement with the thickness of the tubular wall
observed in TEM images.

Furthermore, by increasing the methanol content in chlo-
roform solution in a ratio of 1 : 3 v/v (chloroform : methanol) no
morphology change was observed. A similar type of dandelion-
like microsphere morphology with densely intertwined nano-
tubes formed, which has open-end single-wall and multi-wall
structures (Fig. 7). Finally, the self-assembly of CDP-DA in
highly polar methanol displays a self-assembled flower-like
aggregate with inconsistent tubular structures (Fig. 8a). Close
inspection of SEM images shows that the tubes are loosely
packed and relatively shorter in length than that obtained in
chloroform/methanol solvent mixture in ratios at v/v 1: 2 and
1 : 3 (Fig. 8b and c). Moreover, it predominately consists of the
curved and bends plate-like structures (Fig. 8d), which under-
lines again the sensitivity of the polarity of the solvent system
for favourable non-covalent interactions. These morphological
observations suggest that chloroform/methanol ratio of 1 : 2 v/v
is a good co-solvent system to produce uniform nanotubular
morphology with consistently high quality.

Fig. 7 SEM images of the CDP-DA in chloroform : methanol mixture
at1: 3v/vratio (a) dandelion-like aggregates composed of nanotubes.
(b) Magnified image of the panel-a. Aggregates composed of densely
packed nanotubes and curled sheets. (c and d) Magnified image of the
panel-b.

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 SEM images of the CDP-DA in pure methanol (a) flower-like
aggregates composed of nanotubes. (b) Magnified image of the panel-
a. Aggregates composed of densely packed nanotubes and bend/
curved sheets. (c and d) Magnified image of the panel-b.

Based on collective information on structural characteristics
and theoretical calculation, it could be inferred that the
formation of CDP-DA nanotubes assumes a polarity-driven two-
step self-assembly process combining lamellar packing and
scrolling-behavior. A schematic model is proposed for the
formation of nanotubes from CDP-DA bilayer assemblies
(Fig. 9). First, the CDP-DA adopts a bilayer structure orientated
in a tail-to-tail interface and concurrently assemble into
a lamellar sheet-like structure before assembly into nanotubes.
The extensive hydrogen bonding interaction arising from CDP
moieties and bridging amide functionality, and -7 stacking
characteristics of the diacetylene template serve as a stitching
force to organize CDP-DA into highly ordered lamellar sheets
(Fig. 9a). Next, the lamellar sheets start to curl when the ratio of
methanol to chloroform increased in a two-fold amount (1 : 2 v/
v chloroform/methanol). These curled/curved sheets continue
to roll up and finally assembled into the hollow nanotubular
structure. Considering the dimensions of the tubular wall from
microscopic analysis and packing pattern from XRD study, and
the theoretically predicted bilayer length, two possible scrolling
pathways for the generation of single-wall structure and multi-
wall structure can be proposed (Fig. 9b and c).

Fig.9 Schematic representation of self-assembly process of CDP-DA
nanotubes. (a) Bilayer assembly of CDP-DA. (b) Single-wall structure.
(c) Multi-wall structure.

This journal is © The Royal Society of Chemistry 2020
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Covalently linked PDA nanotubes

After identifying the ideal co-solvent polarity to induce favorable
non-covalent interactions for the consistent production supra-
molecular CDP-DA nanotubes, and characterization of tubular
morphology, the topochemical polymerization was attempted
to integrate supramolecular CDP-DA nanotubes into covalently
cross-linked rigid polymeric nanotubes (CDP-DA) by facile UV
irradiation (UV 254 nm, 2 mW cm 2). Upon exposure to UV
light, the white color CDP-DA solid turns to typical blue color
because of polymerization. The resulting material was charac-
terized by reflection-absorption spectroscopy and Raman spec-
troscopy. The absorption peak at 630 nm appeared on the UV-
vis spectra assign the formation of the conjugated ene-yne
PDA chain (Fig. 10a). Further insight on the PDA formation was
confirmed by using Raman spectroscopic analysis (Fig. 10b).
The two distinct bands associated with the conjugated ene-yne
template appeared at 1465 (C=C) and 2081 (C=C) cm '
respectively, while, the yne-yne band at 2264 cm ™" (C=C) for
monomer DA disappeared. These results indicate that the
presence of intermolecular non-covalent interactions facilitated
the formation of hierarchical self-assemblies, which is adequate
to provide an optimal geometry for the DA monomers to
undergo the efficient photopolymerization. Since the PDA has
critical solubility issues, it was difficult to determine the
molecular weight of the polymer by GPC analysis. However, the
theoretical calculation for the linear PDA to absorb at 640 nm,
which appears typically as a blue color, predicts the existence of
approximate 40 conjugated carbons (10 DA monomers) in
a polymer.”* Hence, it is presumed that blue-phased PDA ob-
tained with CDP-DA is the result of at least 10 cross-linked
conjugated DA monomers.

Reversible thermochromism

The blue-phase PDAs known to possess tunable sensitivities to
stimuli, as a result, produces a colorimetric response of brilliant
blue-to-red color transition accompanied by optical changes.
Since the blue phase PDA for CDP-DA nanotubes can be readily
prepared by facile UV irradiation, subsequently, the
temperature-dependent colorimetric response was investigated.
The response of the CDP-DA nanotubes towards heat stimulus
was evaluated in the solid phase by subjecting pristine material
to gradual heating starting from 30 °C to 200 °C on a hot plate.
The blue-phase PDA at 30 °C transformed into sharp red color at

a b 2081

630 nm 1465

Intensity
Intensity

2264

500 600 700 500 1000 1500 2000 2500
Wavelength (nm) Raman Shift (cm™)

Fig. 10 Topochemical polymerization of CDP-DA in chlor-
oform : methanol mixture at 1:2 v/v ratio. (a) UV-vis (b) Raman
spectra of CDP-DA before (black line) and after (blue line) 254 nm UV
irradiation.
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Fig. 11 Reversible thermochromic property of CDP-DA in chloroform : methanol mixture at 1:2. (a) Digital images of thermochromic
behaviour of polymerized CDP—-PDA upon gradual heating from 30 °C to 150 °C. (b) Absorbance spectra of CDP—PDA showing thermochromic
properties upon heating and cooling. (c) Raman spectra of CDP—PDA upon heating and cooling. (d) Plots of absorbance intensity at 650 nm as

a function of thermal cycles (30 < 150 °C).

110 °C through a transition bluish-purple phase during the
heating temperature range between 80-100 °C, and reaches to
the yellow phase when heated continuously further to 200 °C
(Fig. S5 in ESIt). Very interestingly, the naked eye observations
suggested that the thermochromic response of CDP-DA is fully
reversible from a temperature of 150 °C (Fig. 11a). The revers-
ible blue-to-red color transition during the thermal cycle at 30
< 150 °C was assessed by UV-vis absorbance profiles. As seen in
Fig. 11b, the maximal absorbance at 630 nm for the initial blue
phase (30 °C) shifted to 544 nm upon heating to the red phase
(150 °C). Upon cooling to 30 °C, a perfect reversible process with
initial blue color regeneration for CDP-DA and absorption
spectrum overlapping with the initial blue phase spectrum can
be seen. The thermochromic reversibility of CDP-DA was
further verified by the Raman spectroscopy. Raman spectra of
CDP-DA recorded during consecutive blue-red-blue phase
transition at respective 30-150-30 °C show complete reversibility
(Fig. 11c). Furthermore, the repeatability of the reversible blue-
red-blue color transition as a function of consecutive heating
and cooling was feasible for more than a dozen of repetitive
cycles without noticeable loss of absorption intensity (Fig. 11d).
The morphological integrity of the CDP-PDA nanotubes during
the thermal cycle was investigated with SEM, which showed
retention of tubular features (Fig. S6 in ESIY).

Hydrogen bonding

The robust intermolecular hydrogen bonding interactions
originating from amide functionality is believed to act as a non-
covalent ‘clamps’ to retain initial structural arrangement even if
distortion among alkyl side chains on the PDA main chain upon
heating at a higher temperature. This indicates that the
hydrogen bonds are crucial to direct the self-assembly and the
polymerizable orientation of DA chains in the nanotubular
structures, and to induce thermochromatic reversibility via
reversible conformation transformation mechanism. The pres-
ence of intermolecular hydrogen bonding interaction between
the amides groups is validated by concentration-dependent "H

35394 | RSC Adv, 2020, 10, 35389-35396

NMR measurements (Fig. S7a in ESIf). Upon increasing the
CDP-DA concentration from 1 mM to 15 mM in chloroform-d,
the two amide-NH protons of CDP head group display signifi-
cant downfield shifts from the original chemical shift of 5.51,
5.77 and 6.17 ppm to 5.55, 5.90 and 6.32 ppm, respectively. Also,
the amide-NH protons of CDP-PCDA linkage display a notice-
able downfield shifts pattern upon increasing the concentra-
tion. Additionally, the hydrogen bonding was evidenced by the
change in the amide N-H and carbonyl C=O0 stretching peak in
FT-IR spectra when recorded in solid and solution state. The
N-H stretching frequency of both cyclic and terminal amide
group shifted to the lower frequency from 3348 and 3390 cm ™'
in the solution state to 3301 and 3190 cm™* in solid powder
state (Fig. S7b in ESIT). Also, the amide carbonyl group is
strongly affected by hydrogen bonding. A shift in the frequency
for the amide carbonyl group was observed from 1678 cm™ " in
the solution to 1685 and 1641 cm ™" in the powder state (Fig. S7c
in ESIt). On the basis of these results, it can be concluded that
the self-assembly and reversible thermochromism of CDP-DA is
driven by intermolecular hydrogen bonding interactions.

Conclusions

In summary, reversible high temperature thermochromic
covalently-linked nanotubes were fabricated from amphiphilic
CDP-PDA conjugate. This study demonstrates the concept of
facile transformation of intrinsic supramolecular nanotubes of
self-assembled linear CDP-DA molecules into rigid covalently
cross-linked chromogenic nanotubes by UV induce top-
ochemical polymerization. A linear structure, CDP-DA,
comprising polar CDP head group linked to the diacetylene
chain was synthesized and studied for supramolecular struc-
tures in different solvent systems. The CDP-DA-1 forms self-
assembled architectures through cooperative non-covalent
interactions involving intermolecular hydrogen bonding and
-7 stacking character. Interestingly, different supramolecular
architectures, including xerogel, dandelion-like microspheres

This journal is © The Royal Society of Chemistry 2020
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consisting of plate-like and perfect tubular structures were
observed during the solvent-polarity-tuned process, which were
found to have different molecular arrangements. Solvent mix-
ing is believed to exert a significant influence on the assemblies
of the CDP-DA structures, which could tune the balance
between the hydrogen bonding interactions of amides and m-m
stacking of the DA template effectively and governs the final
morphology of the CDP-DA. Detailed mechanistic studies using
SEM, TEM, and XRD techniques illustrate that the self-assembly
of CDP-DA forming into hollow nanotubular architecture is
driven by the co-solvent polarity of chloroform/methanol
mixture. At an optimized volume ratio of chloroform/
methanol mixture (1:2 v/v), the bilayer lamellar CDP-DA-1
assemblies in nanosheet-like configuration undergo a scroll-
ing mechanism to form single-/multi-wall supramolecular
nanotubes. Eventually, the transition of supramolecular to rigid
covalent polymer structure of CDP-DA nanotubes was achieved
via UV-induced topochemical polymerization. As a result of
polymerization forming extended conjugated PDA chain, CDP-
DA displayed a brilliant blue color. The formation of polymeric
CDP-PDA was confirmed by UV-vis and Raman spectral anal-
ysis. The SEM imaging of PDA tubes upon solvent exposure test
evidences the high structural rigidity without any structural
distortion. Very interestingly, the CDP-PDA displays a naked-
eye detectable reversible thermochromic response. The ther-
mochromic reversibility and repeatability of CDP-PDA-1 was
demonstrated using UV absorption and Raman spectroscopic
methods. The presence of intermolecular hydrogen bonding
responsible for self-assembly and reversible thermochromic
behavior was confirmed by "H NMR and FT-IR studies.

The current study provides a facile avenue towards the
creation of rigid covalently linked organic nanotubes of linear
molecular hybrids from their supramolecular precursors. Also,
signifies the role of co-solvent polarity interplay in regulating
non-covalent interactions to tune the morphology. We hope
that the temperature-dependent reversible color-change prop-
erty of CDP-DA nanotubes has the potentials for application to
the real-time temperature-sensing devices.

Conflicts of interest

The authors declare no competing financial interest.

Acknowledgements

This study was supported financially by the National Research
Foundation (NRF) of Korea (NRF-2012R1A6A1029029) and
BRICS Multilateral R&D Projects grant (DST/IMRCD/BRIC/
PilotCAll2/EPNAPT/2018(G)), the Department of Science and
Technology (DST), Govt. of India.

References

1 L. Brunsveld, B.]J. B. Folmer, E. W. Meijer and R. P. Sijbesma,
Chem. Rev., 2001, 101, 4071-4097.

2 Y.-K. Tian, Z.-S. Yang, X.-Q. Lv, R.-S. Yao and F. Wang, Chem.
Commun., 2014, 50, 9477-9480.

This journal is © The Royal Society of Chemistry 2020

View Article Online

RSC Advances

3 L.Yang, X. Tan, Z. Wang and X. Zhang, Chem. Rev., 2015, 115,
7196-7239.

4 S.1. Stupp and L. C. Palmer, Chem. Mater., 2014, 26, 507-518.

5 C. Li, Chem. Commun., 2014, 50, 12420-12433.

6 D. Chang, D. Han, W. Yan, Z. Yuan, Q. Wang and L. Zou, RSC
Adv., 2018, 8, 13722-13727

7 ]J.-H. Deng, J. Luo, Y.-L. Mao, S. Lai, Y.-N. Gong, D.-C. Zong
and T.-B. Lu, Sci. Adv., 2020, 6, 9976.

8 W. Liu, Q.-Q. Wang, Y. Wang, Z.-T. Huang and D.-X. Wang,
RSC Adv., 2014, 4, 9339-9342.

9 C. Rest, R. Kandanelli and G. Fernandez, Chem. Soc. Rev.,
2015, 44, 2543-2572.

10 Q. Wang, P. Zhang, Y. Li, L. Tian, M. Cheng, F. Lu, X. Lu,
Q. Fan and W. Huang, RSC Adv., 2017, 7, 29364-29367.

11 K. Liu, Y. Kang, Z. Wang and X. Zhang, Adv. Mater., 2013, 25,
5530-5548.

12 Z.Jiang, A. Bhaskaran, H. M. Aitken, I. C. G. Shackleford and
L. A. Connal, Macromol. Rapid Commun., 2019, 40, 1900038.

13 D. G. Rodriguez and A. P. H. J. Schenning, Chem. Mater.,
2011, 23, 310-325.

14 J. Hatai, C. Hirschhéuser, J. Niemeyer and C. Schmuck, ACS
Appl. Mater. Interfaces, 2020, 12, 2107-2115.

15 R. ]J. Wojtecki, M. A. Meador and S. J. Rowan, Nat. Mater.,
2011, 10, 14-27.

16 X. Yan, F. Wang, B. Zheng and F. Huang, Chem. Soc. Rev.,
2012, 41, 6042-6065.

17 S. Ahmed, K. N. A. Sankar, B. Pramanik, K. Mohanta and
D. Das, Langmuir, 2018, 34, 8355-8364.

18 L. Zhao, R. Qu, A. Li, R. Mab and L. Shi, Chem. Commun.,
2016, 52, 13543-13555.

19 O. J. G. M. Goor, S. I. S. Hendrikse, P. Y. W. Dankers and
E. W. Meijer, Chem. Soc. Rev., 2017, 46, 6621-6637.

20 C.-C. Cheng, F.-C. Chang, J.-K. Chen, T.-Y. Wang and
D.-J. Leed, RSC Adv., 2015, 5, 101148-101154.

21 D. Wang, G. Tong, R. Dong, Y. Zhou, ]J. Shen and X. Zhu,
Chem. Commun., 2014, 50, 11994-12017.

22 T. Shimizu, W. Ding and N. Kameta, Chem. Rev., 2020, 120,
2347-2407.

23 T. Shimizu, Bull. Chem. Soc. Jpn., 2018, 91, 623-668.

24 M. Liu, L. Zhang and T. Wang, Chem. Rev., 2015, 115, 7304~
7397.

25 T. G. Barclay, K. Constantopoulos and ]. Matisons, Chem.
Rev., 2014, 114, 10217-10291.

26 L. A. Abramovich and E. Gazit, Chem. Soc. Rev., 2014, 43,
6881-6893.

27 1. W. Hamley, Angew. Chem., Int. Ed., 2014, 53, 6866-6881.

28 L. Verstraete, B. E. Hirsch, J. Greenwood and S. D. Feyter,
Chem. Commun., 2017, 53, 4207-4210.

29 J. Huo, Q. Deng, T. Fan, G. He, X. Hu, X. Hong, H. Chen,
S. Luo, Z. Wang and D. Chen, Polym. Chem., 2017, 8, 7438-
7445.

30 M. Zhu, L. Yin, Y. Zhou, H. Wu and L. Zhu, Macromolecules,
2018, 51, 746-754.

31 Y. K. Choi, S. Y. Lee and D. J. Ahn, J. Mater. Chem. C, 2019, 7,
13130-13138.

32 D. Takajo and K. Sudoh, Langmuir, 2019, 35, 2123-2128.

RSC Adv, 2020, 10, 35389-35396 | 35395


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ra05656a

Open Access Article. Published on 24 September 2020. Downloaded on 2/8/2026 2:17:50 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

33 Y.J. Gwon, C. Kim and T. S. Lee, Sens. Actuators, B, 2019, 281,
343-349.

34 X. Qian and B. Stiadler, Chem. Mater., 2019, 31, 1196-1222.

35 J. P. Lee, H. Hwang, S. Chae and J.-M. Kim, Chem. Commun.,
2019, 55, 9395-9398.

36 T. Kim, D. Moon, J. H. Park, H. Yang, S. Cho, T. H. Park and
D. J. Ahn, Nanoscale, 2019, 11, 7582-7587.

37 W. Jeong, M. I Khazi, D.-G. Lee and J.-M. Kim,
Macromolecules, 2018, 51, 10312-10322.

38 Y. Wang, H. Pei, Y. Jia, J. Liu, Z. Li, K. Ai, Z. Lu and L. Lu, J.
Am. Chem. Soc., 2017, 139, 11616-11621.

39 D. H. Kang, K. Kim, Y. Son, P.-S. Chang, ]J. Kim and
H.-S. Jung, Analyst, 2018, 143, 4623-4629.

40 Y. Meng, J. Jiang and M. Liu, Nanoscale, 2017, 9, 7199-7206.

41 M. Nakamitsu, H. Imai and Y. Oaki, ACS Sens., 2020, 5, 133—
139.

42 M. Weston, A. D. Tjandra and R. Chandrawati, Polym. Chem.,
2020, 11, 166-183.
43 T. C. Pham, Y. K. Kim, J. B. Park, S. Jeon, J. Ahn, Y. Yim,
J. Yoon and S. Lee, ChemPhotoChem, 2019, 3, 1133-1137.
44 D. Jang, S. K. Pramanik, A. Das, W. Baek, J.-M. Heo, H.-J. Ro,
S. Jun, B. J. Park and J.-M. Kim, Sci. Rep., 2019, 9, 15982.
45 T. A. Villarreal, S. R. Russell, J. J. Bang, J. K. Patterson and
S. A. Claridge, J. Am. Chem. Soc., 2017, 139, 11973-11979.
46 H. Jiang, X.-J. Pan, Z.-Y. Lei, G. Zou, Q.-]. Zhanga and
K.-Y. Wangbm, J. Mater. Chem., 2011, 21, 4518-4522.

47 M. Nieuwland, N. van Gijzel, J. C. M. van Hest and
D. W. P. M. Lowik, Soft Matter, 2015, 11, 1335-1344.

48 V. Haridas, S. Sadanandan, P.-Y. C. Dutilleul, S. Gronthos
and N. H. Voelcker, Biomacromolecules, 2014, 15, 582-590.

49 M. Assali, J.-J. Cid, I. Fernandez and N. Khiar, Chem. Mater.,
2013, 25, 4250-4261.

50 G. Wang, N. Goyal, H. P. R. Mangunuru, H. Yang, S. Cheuk
and P. V. Narasimha Reddy, J. Org. Chem., 2015, 80, 733-743.

51 A. D. Borthwick, Chem. Rev., 2012, 112, 3641-3716.

52 S. Manchineella, N. A. Murugan and T. Govindaraju,
Biomacromolecules, 2017, 18, 3581-3590.

53 A.K.Barmana and S. Verma, RSC Adv., 2013, 3,14691-14700.

35396 | RSC Adv, 2020, 10, 35389-35396

View Article Online

Paper

54 M. Yanga, R. Xinga, G. Shena, C. Yuana and X. Yana, Colloids
Surf,, A, 2019, 572, 259-265.

55 T.-]J. M. Luo and G. T. R. Palmore, J. Phys. Org. Chem., 2000,
13, 870-879.

56 Z.Xie, A. Zhang, L. Ye and Z. Feng, Soft Matter, 2009, 5, 1474~
1482.

57 J. F. Gonzélez, L. Ortin, E. Cuesta and J. C. Menéndez, Chem.
Soc. Rev., 2012, 41, 6902-6915.

58 I. L. Rodionov, L. N. Rodionova, L. K. Baidakova,
A. M. Romashko, T. A. Balashova and V. T. Ivanov,
Tetrahedron, 2008, 58, 8515-8523.

59 K. Hanabusa, M. Matsumoto, M. Kimura, A. Kakehi and
H. Shirai, J. Colloid Interface Sci., 2000, 224, 132-244.

60 S. Manchineella and T. Govindaraju, ChemPlusChem, 2017,
82, 88-106.

61 M. Yang, C. Yuan, G. Shen, R. Chang, R. Xing and X. Yan, /.
Colloid Interface Sci., 2019, 557, 458-464.

62 A. Jeziorna, K. Stopczyk, E. Skorupska, K. Luberda-Durnas,
M. Oszajca, W. Lasocha, M. Gorecki, J. Frelek and
M. J. Potrzebowski, Cryst. Growth Des., 2015, 15, 5138-5148.

63 S. Khanra, M. A. Mamun, F. F. Ferreira, K. Ghosh and
S. Guha, ACS Appl. Nano Mater., 2018, 1, 1175-1187.

64 P. Regenass, S. Riché, F. Péron, D. Rognan, M. Hibert,
N. Girard and D. Bonnet, Org. Biomol. Chem., 2016, 14,
8859-8863.

65 1. Bellezza, M. ]. Peirce and A. Minelli, Trends Mol. Med.,
2014, 20, 551-558.

66 C. Madhu, C. Voshavar, K. Rajasekhar and T. Govindaraju,
Org. Biomol. Chem., 2017, 15, 3170-3174.

67 S. Manchineela, V. Prathyusha, U. D. Priyakumar and
T. Govindaraju, Chem.-Eur. J., 2013, 19, 16615-16624.

68 M. B. Avinash, D. Raut, M. K. Mishra, U. Ramamurty and
T. Govindaraju, Sci. Rep., 2015, 5, 16070.

69 M. ]. Seo, J. Song, C. Kantha, M. I. Khazi, U. Kundapur,
J.-M. Heo and J.-M. Kim, Langmuir, 2018, 34, 8365-8373.

70 C. Balachandra and T. Govindaraju, J. Org. Chem., 2020, 85,
1525-1536.

71 M. Bruschi, P. A. Limacher, J. Hutter and H. P. Liithi, J.
Chem. Theory Comput., 2009, 5, 506-514.

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ra05656a

	Co-solvent polarity tuned thermochromic nanotubes of cyclic dipeptidetnqh_x2013polydiacetylene supramolecular systemElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra05656a
	Co-solvent polarity tuned thermochromic nanotubes of cyclic dipeptidetnqh_x2013polydiacetylene supramolecular systemElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra05656a
	Co-solvent polarity tuned thermochromic nanotubes of cyclic dipeptidetnqh_x2013polydiacetylene supramolecular systemElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra05656a
	Co-solvent polarity tuned thermochromic nanotubes of cyclic dipeptidetnqh_x2013polydiacetylene supramolecular systemElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra05656a
	Co-solvent polarity tuned thermochromic nanotubes of cyclic dipeptidetnqh_x2013polydiacetylene supramolecular systemElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra05656a
	Co-solvent polarity tuned thermochromic nanotubes of cyclic dipeptidetnqh_x2013polydiacetylene supramolecular systemElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra05656a

	Co-solvent polarity tuned thermochromic nanotubes of cyclic dipeptidetnqh_x2013polydiacetylene supramolecular systemElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra05656a
	Co-solvent polarity tuned thermochromic nanotubes of cyclic dipeptidetnqh_x2013polydiacetylene supramolecular systemElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra05656a
	Co-solvent polarity tuned thermochromic nanotubes of cyclic dipeptidetnqh_x2013polydiacetylene supramolecular systemElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra05656a
	Co-solvent polarity tuned thermochromic nanotubes of cyclic dipeptidetnqh_x2013polydiacetylene supramolecular systemElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra05656a
	Co-solvent polarity tuned thermochromic nanotubes of cyclic dipeptidetnqh_x2013polydiacetylene supramolecular systemElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra05656a
	Co-solvent polarity tuned thermochromic nanotubes of cyclic dipeptidetnqh_x2013polydiacetylene supramolecular systemElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra05656a

	Co-solvent polarity tuned thermochromic nanotubes of cyclic dipeptidetnqh_x2013polydiacetylene supramolecular systemElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra05656a
	Co-solvent polarity tuned thermochromic nanotubes of cyclic dipeptidetnqh_x2013polydiacetylene supramolecular systemElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra05656a
	Co-solvent polarity tuned thermochromic nanotubes of cyclic dipeptidetnqh_x2013polydiacetylene supramolecular systemElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra05656a


