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Introduction

Enhancing the reversibility of thermochromism of
polydiacetylene-based nanostructures embedded
in a natural polymer matrixf

Karolina Bienia$,?® Piotr Wieczorek,
Angelika Kmita, (2 © Xueling Feng,

3 Tomasz Uchacz,*? Alicja Fryc,?
9 Peiyi Wu“ and Szczepan Zapotoczny () *?

We propose an approach to enhance the reversibility of thermochromism in polydiacetylene-based
nanostructures, which are known for switching between blue and red colors in response to temperature
variations. It was achieved by derivatizing 10,12-pentacosadiynoic acid (PCDA) and embedding the
formed self-assembled nanoplatelets in an alginate matrix prior to photopolymerization that leads
to a thermochromic 2D conjugated system. Amide groups were introduced to PCDA by reacting with
(N-aminoethyl)acetamide to strengthen the network of hydrogen bonds between the molecules that
enabled the formation of stable bilayer nanosheets as imaged by AFM and verified by molecular
modeling. The use of alginate as a polymer matrix significantly improved the stability and reversibility of
the thermochromism of dispersed PCDA-based nanosheets likely due to the formation of hydrogen
bonds between them and alginate chains. The best reversibility of the thermochromic behavior was
obtained in 0.001% alginate aqueous medium as followed with bare eyes and quantified using
colorimetric response calculated as the level of recovery of the blue band (“percent blue”, PB = 44%).
Gelation of the system with Ca®* ions increased the reversibility to PB = 68% due to immobilization and
separation of the nanoplatelets in the polymer matrix that was further improved after drying to reach
PB = 70%. The resulting nanocomposites combine high stability with the ability to respond to thermal
stimuli in a controlled manner, making it an attractive system for applications in colorimetric sensors and
smart polymer materials including fibers where reversible thermochromic properties are highly desired.

polymers can exhibit this phenomenon due to the presence
of delocalized = electrons along the macromolecular backbone,
which have the ability to transduce signals, which gives them

Thermochromism is a phenomenon that, among other applica-
tions, has the potential for the fabrication of fluorescent and
colorimetric sensors for detecting biologically and chemically
important molecules,"” electro-thermochromic displays,® anti-
counterfeiting materials* or smart fibers.>® Conjugated
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desirable properties for use in optoelectronics and colorimetric
sensors.” Polydiacetylenes (PDA), first described by Wegner in
1969,% are a type of highly conjugated polymers that undergo
chromatic responses upon exposure to a variety of environ-
mental stimuli, such as pH,” heat,’* solvent,""'* light,'
mechanical stress'* or ligand-receptor interactions.”>*” The
thermochromic properties of these materials are of particular
significance, which in the case of PDA typically manifests itself
as a color change from blue to red upon heating. Amphiphilic
diacetylene monomers (DA) in aqueous solutions tend to form
supramolecular structures as a result of the self-organization
process, such as vesicles,'® nanoplatlets,’® nanofibers,** thin
films*' and also supramolecular crystals.* A favorable geome-
trical and orientational arrangement, referred to as the Schmidt
criterion, satisfying conditions such as the appropriate distance
between the two reactive carbon atoms of DA monomers (4.9 A),
as well as the angle with respect to the acetylene axis (45°)
makes it possible to produce polydiacetylenes by topochemical
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polymerization.>®> PDA is obtained by the addition reaction of
1,4 diacetylene monomers under 254 nm UV light, y-ray
irradiation® or plasma induction,* forming alternate bonds
in the en-yn polymer chain.?® It is this delocalized network
of m electrons that gives PDA its peculiar optical properties.
Polymerization leads to a blue phase of PDA exhibiting a
characteristic absorption peak with a maximum at around
640 nm, which is usually monitored by UV-Vis spectrophoto-
metry. When the materials are exposed to an external stimulus,
the absorption peak shifts hypsochromically to ~540 nm
which is described as the red phase of PDA. Visible to the
naked eye, the color change from blue to red and the change in
the absorption peak are related to the modification of the
energy value required to shift © electrons to the LUMO mole-
cular orbital (PDA transition to the red phase) from the HOMO
orbital (PDA transition from the blue phase). In addition, PDA
in the red phase is characterized by the lowest excited state with
B, symmetry, which produces strong fluorescence with a peak
at about 650 nm as a result of the radiation decay.?” In the case
of the blue phase of PDA, the lowest excited state has A
symmetry, which is dipole forbidden, thus showing very weak
fluorescence.”® The mechanism of the color change has still not
received a full explanation. A number of studies indicate that
conformational changes in macromolecules play a significant
role in thermochromism disrupting the effective conjugation
length in the chain. In addition, evidence from Raman spectro-
scopy studies supports the assumption that PDA alkyl chains
adopt a trans conformation in the blue phase, and under the
influence of a stimulus switch to a gauche conformation in the
red phase.?® Moreover, the report on mechanochromism of
polydiacetylenes showed that the blue-to-red transformation is
caused by shear forces exerted perpendicularly to the PDA
backbone.’® This suggests that the release of mechanical
stresses acting on the side chains during polymerization is
the main factor responsible for thermal color transitions.*"

Thermochromism of most PDA-based assemblies is usually
irreversible while for some applications reversibility is highly
desirable.’** An effective strategy for the fabrication of PDA
systems with reversible thermochromism is to modify the
headgroups of monomers by forming intra- and inter-chain
or aromatic interactions, as well as changing the terminal
carboxyl groups. The resulting stronger m-m interactions or
hydrogen bonds in the chain backbone can control the colori-
metric reversibility of PDA-based materials, as well as modulate
the temperature range over which such a transition occurs.*>’
Recent studies indicate that an important feature of PDA with
reversible thermochromic properties is the existence of an
intermediate state in which electronic relaxation of PDA occurs,
as shown by analysis of frequency-resolved transient absorption
signals.®®

Modification of the side chain and main vesicle group of
PDA strongly affects the colorimetric response to temperature
changes. The longer the side chain, the stronger the interac-
tions in the inter- and intra-chain dispersion of the polylayer,
resulting in a slower color change in response to the stimulus.
It turns out that the number of methylene units in the linker
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and hydrophobic tail of PDA is also important in the color
recovery ability.*>** However, despite its many positive aspects,
chemical modification involves many complicated synthetic
procedures. Due to their small size and large surface area,
nanoparticles are increasingly used as nanosubstrates in self-
assembly processes. Their properties enable the effective anchor-
ing of various functional groups, promoting the formation of
organized nanocomposite structures. Interactions between the
active chemical groups on the nanoparticle surface and the
functional groups in organic materials lead to the formation of
stable, ordered systems, where key roles are played by interactions
such as hydrogen bonding, electrostatic interactions, and van der
Waals forces. These organizational processes significantly affect
the physicochemical properties of nanocomposites, including
their ability to undergo reversible temperature changes, which
can result in substantial modification of the material’s thermal
parameters.*' Recent studies also show that self-assembly is
positively enhanced by the generation of electrostatic interactions
between metal cations and negatively charged carboxyl groups of
PDA derivatives. This can be achieved by embedding such cations
as zn**, Ca**, Li*, Na" and Cs" into the structure.**** Dimension-
ality is also important in the development of PDA-based colori-
metric sensing systems. For example, zero-dimensional PDA
liposomes did not provide any response comparable to that of
one-dimensional nanofibers, which are able to form efficient
connection sites with matrices leading to smart chromatic
materials.*’

The thermochromic reversibility of polydiacetylenes can be
controlled by changing the internal amide functional groups in
the monomers, as well as the linker structures of the amide
groups.’®"” This enhances the interaction of PDA chains by
forming multiple hydrogen bonds. It has been shown that the
temperature as well as the reversibility of the process is related
to the number and corresponding orientation of the groups
forming the hydrogen bonds. Moreover, the reversible tempera-
ture range might be increased by incorporation of modified
PDA derivatives into an appropriately selected matrix rich in
hydrogen bond interactions. An example of a matrix compound
is the sodium salt of alginic acid.*®* Alginate (Alg) is a natural
copolysaccharide whose linear chain is built of b-mannuronate
and r-guluronate segments.’® This natural polymer swells rela-
tively quickly in water and has unique gelation properties with
respect to monovalent and divalent ions. Appropriate selection
of the gelation period and gelling agents that are tailored to the
matrix may increase the efficiency of the PDA-based hydrogel
sensor.”® By dispersing thermochromic derivatives of PDA in
hydrogel platforms, advanced composite materials can be cre-
ated through e.g., wet spinning, resulting in smart polymer fibers
that meet the demands of modern sensors.>* Furthermore, it is
important to emphasize that the crosslinking of alginate with
Ca®" ions is a reversible and facile process that does not require
elevated temperatures or toxic reagents.”® This makes it highly
suitable for the encapsulation of sensitive biological or chemical
components. Additionally, alginate hydrogels exhibit excellent
permeability to small molecules and ions, which is essential for
enabling a dynamic sensor response to changes in the

This journal is © The Royal Society of Chemistry 2025
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environment, and concentration of analytes. The use of calcium
as the crosslinking agent not only facilitates the rapid and
spatially controlled formation of a stable gel network but also
enables modulation of the hydrogel’s stiffness and porosity by
adjusting the solution composition. This approach allows for the
fine-tuning of the mechanical and transport properties of the
sensor to meet the demands of specific applications. Thus,
calcium-crosslinked alginate hydrogels represent a promising
platform for the development of modern soft sensors that
combine the advantages of biodegradable and renewable mate-
rials with high functionality and precisely tailored performance
characteristics.>*

In this paper, we show that appropriate modification of PDA
may induce the formation of 2D conjugated nanostructures
that can be incorporated into a polymer matrix leading to a new
material with improved reversibility of thermochromic beha-
vior. PDA-based 2D nanostructures (nanoplatelets) exhibit
enhanced surface area as compared to 3D structures that is
advantageous for their potential sensing applications but is
commonly advantageous also with respect to mechanical prop-
erties or enhanced interactions with the functional groups of
the matrix polymer. As a starting compound, we selected 10,12-
pentacosadiynoic acid (PCDA), which, compared to the fre-
quently studied 10,12-tricosadiylic acid, provides a greater
response to an external stimulus due to its longer hydrophobic
chain. It was modified to introduce more hydrogen bond
forming groups that should affect both interactions between
the monomer units and enhance the integration of the formed
self-assembled conjugated nanostructures in the polymer
matrix. We selected sodium alginate (Alg) as a matrix for the
formation of thermochromic nanocomposites as a common
gel-forming polymer that does not require thermal treatment
during gelation, while the proposed approach may also be used
for other polymer matrices that can form hydrogen bonds.

Experimental

Materials

10,12-Pentacosadiynoic acid (PCDA, >97% HPLC), N-(2-
aminoethyl)acetamide (technical grade, 90%), ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDCI, for
synthesis), N-hydroxysuccinimide (NHS, 98%), chloroform-d
(CDCl;, >99.8 atom% D), water (H,O-HPLC, suitable for
HPLC), calcium chloride (CaCl,, anhydrous, granular,
<7.0 mm, >93.0%), and alginic acid sodium salt (Alg) from
brown algae were all purchased from and delivered by Sigma-
Aldrich (St. Louis, MO, USA). Dichloromethane (DCM, 99.8%,
extra dry) was purchased from Acros Organics (Geel, Belgium).
Chloroform (CH;Cl, amylene as stabilizer), sodium chloride
(NaCl), magnesium sulphate (MgSO,, anhydrous pure p.a.), and
ethyl acetate (AcOEt, pure p.a.) were purchased from Chempur
(Piekary Slaskie, Poland). Silicon with natural silicon oxide
layer (polished wafer: BORON/THK 625 + 15 pm/Res 10.0-
20.0, Onsemi, Czech Republic) was used as substrates.

This journal is © The Royal Society of Chemistry 2025
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Methods

Synthesis of N-(2-acetamidoethyl)pentacosa-10,12-diynamide
(PCDA-NH). PCDA (400 mg, 1.07 mmol) was introduced into
a pressure reactor filled with 10 mL of anhydrous DCM.
The mixture was placed in an ice bath and N-(2-
aminoethyl)acetamide (1.17 mmol), EDCl (2.78 mmol) and
NHS (2.78 mmol) were added. The reaction mixture was stirred
overnight at room temperature and the process was terminated
by adding 20 mL of ice-cold water. After that, the reaction
mixture was extracted with AcOEt, NaCl(aq) and dried over
anhydrous MgSO,. Combined organic layers were evaporated
under reduced pressure to provide the desired product as a
white solid (349.8 mg; 71.4%). "H NMR (400 MHz, CDCl;); &
(ppm): 6.30 (s, 1H), 6.18 (s, 1H), 3.38 (dt, J = 4.8, 3.4 Hz, 4H),
2.22 (t,J = 7.0 Hz, 4H), 2.16 (t, ] = 7,6 Hz, 2H), 1.97 (s, 3H), 1.61-
1.39 (m, 32 H), 0.86 (t, J = 6.9 Hz, 3 H). ">*C NMR (101 MHz,
CDCLy); & (ppm): 174.70, 171.49, 77.73, 77.54, 65.36, 65.27,
40.53, 40.13, 36.75, 32.00, 29.73, 29.71, 29.69, 29.56, 29.43,
29.25, 29.22, 29.18, 28.99, 28.95, 28.83, 28.43, 28.36, 25.72,
23.30, 22.77, 19.29, 19.26, 14.22. HRMS (ESI+): 458.3761.

Formation of nanostructures based on PCDA or PCDA-NH.
3.75 mg (0.01 mmol) of PCDA or 4.59 mg (0.01 mmol) of PCDA-
NH was dissolved in 10 mL of CH;Cl, then filtered through a
0.45 pm H-PTFE syringe filter into a vial. The solvent was then
evaporated with a stream of argon to form a film at the bottom
of the vial, and then 20 mL of H,O-HPLC or Alg aqueous
solution (0.01%, 0.001% or 0.0001%) was added, followed by
pulsed sonication (pulse 2 s, pause 2 s) for 15 minutes using a
3 mm diameter sonication probe (Sonics Vibracell 130 W)
(Newtown, CT, USA) set at 60% of the maximum power. The
obtained dispersion (final concentration of PCDA or PCDA-NH
equal to 0.5 mM) was left in a fridge at 4 °C for 18 h and then
exposed to 254 nm hand-held lamps (Intensity: 0.25 mW cm )
for 3 min to photopolymerize the diacetylene groups. The
nanostructures thus produced were named respectively: disper-
sion in water (PCDA-3D, PCDA-NH-2D), dispersion in: 0.01%
Alg (PCDA-NH-2D-Alg-0.01%), 0.001% Alg (PCDA-NH-2D-Alg-
0.001%), 0.0001% Alg (PCDA-NH-2D-Alg-0.0001%).

Preparation of the dispersion of PCDA-NH nanostructures in
alginate gel. 0.2 g of Alg was added to 10 ml of a 0.5 mM
dispersion of PCDA-NH in a 0.001% Alg solution, reaching a
final concentration of Alg of about 2% (m/v). The mixture
prepared in this way (PCDA-NH-2D-Alg) was sonicated for
3 min and then poured evenly into a Petri dish and poured
over a 2% (m/v) CacCl, solution to completely cover the Alg
solution. After 10 min, the gel was transferred to another Petri
dish filled with 2% (m/v) CaCl, solution for another 10 min.
The formed gel (PCDA-NH-2D-Gel) was then washed with dis-
tilled water. Both PCDA-NH-2D-Gel and PCDA-NH-2D-Alg were
irradiated at 254 nm for 3 min using a hand-held lamp before
further measurements.

Apparatus and methods. Nuclear magnetic resonance (NMR)
spectra were recorded using Jeol 400 (*H NMR at 400 MHz and
3C NMR at 101 MHz). Chemical shifts () were reported in ppm
and coupling constants (/) in Hz. All chemical shifts were
analyzed in reference to the solvent residual signal of CDCl;.

J. Mater. Chem. C
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FTIR spectra were recorded using a Nicolet iS10 spectro-
meter with an MCT/A detector (Thermo Fisher ScientificTM,
Waltham, MA, USA) with an ATR accessory (Smart iTX) applied
(number of scans: 128, range: 750-3500 cm ', resolution:
4 cm™ ', gain: 2.0).

HRMS analysis was performed using a MicroTOF II mass
spectrometer (Bruker, Bremen, Germany) equipped with the
time of flight (TOF) analyzer. The MS detection was performed
using the positive ion mode (ESI+), and the profile spectra
were acquired within the mass range of 50-3000 m/z. The ESI
conditions were as follows: nebulizer pressure 0.4 bar, dry gas
4.0 L min~ " heated up to 180 °C, and capillary voltage —4500 V.
Mass calibration was carried out using sodium formate clusters
according to the procedure given by a manufacturer. Data were
collected by Compass DataAnalysis 3.2 software (Bruker).
Expected ions attributed to analytes were predicted by the
IsotopicPattern software (Bruker, Germany). Prior to the analysis
samples were dissolved in chloroform (>99.8%, Sigma-Aldrich).

Atomic force microscopy (AFM) topography images were
obtained on a Dimension Icon microscope (Bruker, Santa
Barbara, CA, USA) operating in air in PeakForce Tapping
(PFT) QNM® mode, using standard silicon cantilevers with a
nominal elastic constant of 0.4 N m™", a triangular tip geometry
and a nominal tip radius of 2 nm. Samples were prepared by
applying a drop of the appropriate aqueous dispersion onto a silicon
wafer (previously cleaned by sonication for 30 min in isopropanol),
and then blowing off the solution with an argon stream.

UV-Vis absorption spectra were measured in a quartz cuvette
1QS2 or 21QS10 (Biosens, Warszawa, Poland) at various tem-
peratures using a U-2900 dual-beam spectrophotometer (Hita-
chi, Tokyo, Japan). For solution measurements, cuvettes with
an optical path of 10 mm were used, while for gel measure-
ments cuvettes with an optical path of 2 mm were used. Parts of
appropriately cut gel were placed in such a cuvette that was
later filled with H,O-HPLC. The spectra were measured with
800 nm min ' scan speed and 1.0 nm sampling interval then
smoothened and baseline-corrected.

Zeta potentials were measured for the dispersions of nanos-
tructures without any dilution at 25 °C with a Zetasizer Nano
Series instrument (Malvern Instruments, Malvern, UK).
Dynamic light scattering (DLS) measurements were performed
using the same instrument and measurement conditions. The
reported data represent the averages from three series of
measurements (10-100 runs each).

The colorimetric response to temperature changes was
recorded using a TRACER FHD WEB007 USB-A webcam (reso-
lution: 1920 x 1080; 30 frames per second). The actual tem-
perature was measured using an electronic thermometer with
thermocouple sticking to the surface of the studied gel. For the
measurements of a wet gel sample it was placed between two
microscope glass slides that were sealed with scotch tape. This
system was then placed on a hot plate of a magnetic stirrer. A
dry gel sample was heated locally with a blow of hot air
delivered through a glass tube from a heat gun. In both cases
the samples were cooled down to room temperature sponta-
neously after switching off the heaters. The frames from the
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video were analyzed using the RGB analyzer built into Image]
software (open source license).

CHARMM-GUI*® and Packmol®® software were used to create
initial 8 x 8 bilayer systems with a 45 A thick layer of water
molecules (TIP3P — model) and also with a 50 A thick layer of
sodium alginate aqueous solution (16 alginate chains, 12 mers
each) above and under the bilayer (see further for the details of
the system). CHARMM general force fields provided the force
field for the PCDA-NH model and classical molecular dynamics
(MD) were performed using the LAMMPS®” (large-scale atomic/
molecular massively parallel simulator). Utilizing the conjugate
gradients approach, the system was initially reduced. The
Lennard-Jones potential used to represent van der Waals inter-
actions had a cutoff radius of 12 A, and force-switching began at
10 A. The long-range particle-particle-mesh approach was used
to account for electrostatic interactions with 10~ ° accuracy. After
the system had been pretreated, MD simulations were run for
6.5 ns in water and 8 ns for the system in Alg solution. For
further calculations only the data after stabilization of the total
energy (1.5 ns for water and 4.0 ns for Alg solution) were
considered. The thickness of the PCDA-NH bilayer was deter-
mined by analyzing the average density profile of nitrogen atoms
along the z-axis, using 4 A intervals. The absolute thickness was
calculated as the distance between the points on the z-axis where
the nitrogen atom density reached 10% of its maximum value.

Differential scanning calorimetry (DSC) measurements were
performed using a Q20 instrument (TA Instruments, New
Castle, DE, USA) equipped with alumina crucibles. DSC mea-
surements were performed according to the following tempera-
ture program: I heating: Ramp 5.00 °C min~* to 80.00 °C; I
cooling: Ramp 5.00 °C min " to 30.00 °C; II heating: Ramp
5.00 °C min~ ' to 80.00 °C; II cooling Ramp 5.00 °C min"' to
30.00 °C. The measurements were performed in a controlled
inert gas atmosphere (gas flow 100 mL min~") with a heating/
cooling rate f =5 °C min™ .

Powder diffraction data were collected using a Malvern
Panalytical Empyrean Series 3 diffractometer in Bragg-Bren-
tano (reflection) mode. A copper X-ray source (4 = 1.5419 A) and
a GaliPIX3D detector were employed for all measurements. The
sample was placed in a sample holder within an Anton Paar
TTK 600 non-ambient chamber, and the following temperature
program was applied, with diffraction measurements per-
formed at each temperature: 298 K, then in the cycle 288-
323-288 K in 5 K steps, and finally it was heated to 353 K and
cooled down to 288 K.

Results and discussion

Synthesis of the PCDA derivative and its self-assembly into
nanoplatelets

A PCDA derivative was first synthesized and then its ability to
self-organize into nanostructures that exhibit thermochromic
behavior was tested (see Fig. 1).

In order to increase the number of groups in the monomer
structure capable of forming intermolecular hydrogen bonds,

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Schematic presentation of the topochemical polymerization of
diacetylenes and their typical color changes after stimulation.

the carboxylic acid group of PCDA was modified by reaction
with N-(2-aminoethyl)acetamide leading to a new compound
with two amide groups (Fig. 2). "H NMR and **C NMR spectra
of the compound (see the ESI,} Fig. S1 and S2) showed signals
at 6.30 and 6.18 ppm, characteristic of the hydrogen atoms of
N-H groups, and signals at 174.70 and 171.49 ppm corres-
ponding to the carbon atoms of amides, respectively, confirm-
ing successful synthesis of PCDA-NH. This was further
corroborated by the FTIR spectroscopy (Fig. S3, ESIt) and
HRMS results (Fig. S4, ESIt).

As a result of the application of ultrasound, PCDA self-
organized in a solution forming commonly observed vesicles
(PCDA-3D). Characterization of the structures formed using
PCDA-NH revealed a change in morphology, as a consequence
of the modification of end groups of PCDA. The use of sonica-
tion led to the generation of nanosheet structures (PCDA-NH-
2D), which are likely more favorable for the exploration of
mechanochromic or thermochromic properties, due to implied
anisotropy.

The formation of spherical structures with a diameter of
about 50 nm (Fig. 3a and Fig. S5a, b, ESIT) made of unmodified
PCDA, as well as 2D nanostructures made of PCDA-NH (Fig. 3b
and Fig. S5¢, d, ESIt) was confirmed by AFM (the structures were
imaged before photopolymerization). PCDA-NH-2D nanosheets
exhibit lateral sizes at the level of several hundred nanometers
(200-700 nm) and thicknesses of only 5 nm (Fig. 3b; some
additional bilayers are situated on top of each other), which is
in accordance with the values observed previously for PCDA-
based polymerized bilayers.® The plotted height profile of a
single nanosheet (Fig. S6a, ESI{) indicates its height of about
5 nm. Based on this, the formation of a PCDA-NH-2D polymer
bilayer may be proposed, in which the hydrophilic groups are
arranged on surfaces of the formed 2D assemblies. This enables
the formation of intermolecular hydrogen bonds while some free
head groups are able to form additional hydrogen bonds with
the polymer matrix groups (see below for details). To maintain a
height of PCDA-NH-2D equal to 5 nm, PCDA-NH hydrophobic
chains from two oppositely situated molecules must interpene-
trate and interact with each other. The establishment of the
aforementioned polymer bilayer ensures that the appropriate

o o

[e] EDCI (2.6 equiv.) n
AN on - AN/\/NHz NHS (26 equiv.) % ”/\/ e
// H DCM, 0°C, // (o]
(1.1 equiv.) m24h 1

PCDA PCDA-NH

Fig. 2 Scheme for the synthesis of PCDA-NH.
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Fig. 3 AFM images in air PCDA-3D (a), PCDA-NH-2D - before polymer-
ization (b), and PCDA-NH-2D - after polymerization (c) deposited on a
silicon surface.

distances and angles between adjacent diacetylene groups are
maintained, satisfying the Schmidt criterion mentioned earlier.
Performing the appropriate topochemical reaction (photopoly-
merization) enables formation of the system of conjugated
bonds (-C=C-C=C-).

The structures of PCDA-NH-2D after polymerization were
also investigated via AFM (Fig. 3c). It was observed that poly-
merization results in compression of the bilayer to a height of
approximately 4 nm (Fig. S6b, ESIt) likely due to induced
conformational changes.

To validate the architecture of the nanoplatelets imaged by
AFM, MD simulations of the bilayer solvated with water mole-
cules were performed (Fig. S7, ESI1).>*®" The stabilized struc-
tures (Fig. S7f and i, ESI{) were analyzed to check the density of
nitrogen atoms present in the system. Based on this, the thick-
ness of the bilayer was determined to be equal to 51 A for the
water system and 45 A for the alginate solution system (Fig. S7c,
ESIT), which correlates with the thickness measured using AFM.

XRD data indicate the existence of a crystalline phase. The
powder diffraction patterns at room temperature exhibit a
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prominent dominant zone effect, with clear 001 (2.212°) and
003 (6.614°) peaks corresponding to an interlayer distance of ca.
40 A (Fig. S8, ESIT). However, the 002 peak is weak and overlaps
with a signal from the instrument optics. Both the position (i.e.,
interlayer distance) and the intensity ratio of the first maxima
are consistent with data reported for similar compounds.®

Thermochromism of an aqueous dispersion of PCDA-NH-2D

Aqueous dispersions of PCDA-3D and PCDA-NH-2D were
exposed to light with a wavelength of 254 nm for a defined
period of time (Fig. 4). The solutions changed to a blue color as
a result. This observation can be assigned to the formation of
-C—=C-C=C- conjugated bonds in the 2D structures due to
polymerization of the modified monomer units.

To evaluate how the introduction of the amide groups and
implied increase in the number of hydrogen bond interactions
affects the reversibility of the thermochromic behavior, a series
of temperature-dependent UV-Vis spectra were collected in the
10-50 °C temperature range. The absorption spectra of PCDA-
3D (Fig. 5a) and PCDA-NH-2D (Fig. 5b) (after photopolymeriza-
tion) in the 450-700 nm range were analyzed. It was observed
that as the temperature rises, the absorption of the low energy
band (550-700 nm; blue form) decreased and the absorption of
the higher energy band (450-550 nm; red form) increased for
both PCDA-NH-2D and PCDA-3D. However, when the systems
were cooled back to 10 °C, only partial recovery of the band at
around 640 nm was observed for PCDA-NH-2D, while for PCDA-
3D, this blue recovery was so small that the process was
considered irreversible.

The reversibility of the process can be quantified based on
the absorption spectra as the relative change in “percent blue”
(PB) that is defined in eqn (1):*

Ablue

PB=——"7—""—
Ared + Ablue

x 100% (1)

where A is the absorbance at the maximum of the band
characteristic of the blue (Apye) Or red (Aeq) form. It is clear
that for the blue form before heating the value of A,.q measured
at around 540 nm is nonzero so the starting PB value is below
100% but it is normalized to this value for clarity of the
presentation (Fig. 5c). Analysis of the temperature dependence
of PB values revealed that the reversibility of the thermochro-
mic switching of colors is on the level of 7% only for PCDA-3D
(Fig. 5¢). It was demonstrated that the attachment of the N-2-
acetamidoethyl group to PCDA and implied increase of the
hydrogen bond interaction in PCDA-NH-2D assembly resulted
in increases of the PB value to 26% (Fig. 5c). These interactions
may disrupt the synclinal conformation adopted by the red

NP

Fig. 4 Schematic photopolymerization within PCDA-NH-2D assembly.
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Fig. 5 UV-Vis absorption spectra of aqueous dispersions of PCDA-3D (a)
and PCDA-NH-2D (b) during heating (red arrows) and cooling (blue
arrows) in the 10-50 °C range and the respective changes of normalized
PB (percentage of blue) versus temperature (c).

form as a result of maintaining the conjugated bond system in
the strained planar conformation of the blue phase.

Temperature-dependent powder diffraction revealed two
phase transitions (Fig. S8, ESIt). The first transition, occurring
at 318-323 K, results in the formation of another crystalline
phase and is reversible. The second transition, observed below
353 K, leads to an amorphous phase and is irreversible. The
thermal annealing up to 328 K results in the increased con-
tribution of the crystal phase. Heating at 353 K leads to a
completely amorphous phase, but crystallinity is restored after
cooling. However, the diffraction resembles the one at 323 K
characteristic of the red form. Analogous outcomes were noted
for the pure PCDA-NH monomer (Fig. S9, ESIt), suggesting
comparable structural alterations for PCDA-NH-2D and PCDA-
NH in crystalline form.

In order to determine whether unreacted monomer mole-
cules are still present in the polymerized nanostructures,
thermal analyses of the PCDA-NH monomer and PCDA-NH-
2D were performed and compared (Fig. S10, ESIT). The results
revealed that the phase transition temperature in the polymer-
ized material is lower compared to the monomer form by about
5 °C (with both cooling and heating). Such observations mainly
indicate the lack of non-polymerized monomers in the PCDA-
NH-2D nanostructures. Based on this, it can be concluded that
all monomers were combined to form the polymer structure,
indicating that the system was fully cross-linked which also
explains its enhanced thermal stability.

Effect of Alg on the thermochromism of PCDA-NH-2D

As mentioned above, PCDA-NH self-organizes into bilayer
structures with the inner phase composed of hydrophobic tails.
Thus, the hydrophilic heads may be involved not only in mutual

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Procedure for manufacturing alginate gel.

interaction but also in the formation of intermolecular hydro-
gen bonds with the functional groups of the matrix, in which
they can be dispersed. Thus, we applied Alg as a hydrogel
matrix of natural origin (Fig. 6). Moreover, developing a stimuli-
responsive material by combining a PCDA-NH-based sensory
material as the signal-generating component with a responsive
hydrogel as the matrix would also broaden its applicability. Due
to the high swelling ability of Alg, using it as a matrix should
enable the effective transfer of the force of volumetric expan-
sion to the PCDA-NH sensory molecules. In addition, the
individual hydrogen bonds of Alg further enhance the interac-
tions which can have a positive effect on increasing the level of
colorimetric reversibility.

Thermochromism of PCDA-NH-2D in Alg dispersion

The thermochromic behavior was also studied for dispersions
of PCDA-NH-2D in Alg solutions with concentrations of
0.0001%, 0.001%, and 0.01%, before polymerization. UV-Vis
spectra were recorded for those dispersions during heating and
cooling in the temperature range of 10-50 °C (Fig. S11, ESI¥).
The highest recovery of the absorption band maximum at
650 nm (blue form) and 550 nm (red form) after heating and
subsequent cooling processes were observed for PCDA-NH-2D-
Alg-0.001% (Fig. S11b, ESIt).

Following the variations of PB values in the heating-cooling
cycle (Fig. 7) one may conclude that reversibility of the thermo-
chromic behavior of PCDA-NH-2D is the best in the 0.001% Alg

—a—PCDANH-2D
—ar—PCDANH-2D-Alg-0.0001%
—p—PCDANH-2D-Alg-0.001%
——o—PCDANH-2D-Alg-0.01%

100%

80%

60% |

PB [%]

40% -

20%

0%

Tem perature (°C)

Fig. 7 Changes of normalized PB values for dispersions of PCDA-NH-2D
in water and various Alg solutions as determined based on UV-Vis spectra
(heating — red arrow; cooling — blue arrow).
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medium as recovery of the PB value after cooling was found to
be as high as 44% - almost twice higher than in pure water
(24%). Interestingly, a significant decrease in colorimetric
reversibility was observed for the other two solutions. Reducing
the concentration of Alg to 0.0001% leads to a reduction in PB
recovery to ca. 14%, while for the 0.01% solution the recovery
reached only about 12%. To explain these observations zeta
potentials were measured for aqueous dispersions of PCDA-3D,
PCDA-NH-2D and Alg solution as well as for dispersions of
PCDA-NH-2D in Alg solutions (Table S1, ESI{). Similar zeta
potential values were obtained for PCDA-NH-2D-Alg-0.001%
(—26.5 mV) and PCDA-NH-2D in water (—28.9 mV) indicating
the highest stabilities of such dispersions. At both PCDA-NH-
2D-Alg-0.01% and PCDA-NH-2D-0.0001% the modules of zeta
potential values were smaller: —19.9 mV and —21.7 mV, respec-
tively, that correlate with the greatest stability of the dispersion
in 0.001% Alg. In addition, correlograms (DLS measurements)
were collected to determine the particle size distribution in the
system and their dynamics in the studied medium (Fig. S12a,
ESIt). A poor quality correlogram for PCDA-NH-2D particles
dispersed in pure water was collected indicating broad distri-
butions of smaller and larger aggregates (Fig. S12b, ESIT), while
for the highest Alg concentrations only large aggregates were
formed (the shortest correlation times). Reasonable correlo-
grams and respective size distributions were observed for both
PCDA-NH-2D-Alg-0.001% and PCDA-NH-2D-Alg-0.0001% but for
further studies PCDA-NH-2D-Alg-0.001% was selected due to the
highest absorbance of the starting dispersion (Fig. S11b, ESIT)
and the mentioned stability issues. It appears that this medium
provides adequate conditions for optimum nanosheet-matrix
interactions and limiting excessive aggregation. Decreasing the
concentration of Alg leads to a reduction of the interactions
between Alg and the nanosheets while higher Alg concentrations
may increase the chance of “glueing” the nanosheets by macro-
molecules and result in their flocculation. It is worth mentioning
that the calculated (MD simulations) average area occupied by a
molecule in the PCDA-NH bilayer in the sodium alginate
solution is roughly 10% smaller than in water. This compression
may lead to increased stability of the system due to denser
packing of the monomers which in turn enables higher conver-
sion of the polymerization and stronger electronic absorption.

Thermochromism of PCDA-NH-2D in crosslinked Alg gel

The formation of nanocomposites containing 2D nanoplatelets
in a hydrogel matrix expands the potential applications of such
thermochromic systems and also increases the stability and
resistance of the material to external conditions. Thus, the
obtained dispersion was subjected to gelation by simple addi-
tion of a crosslinking solution containing Ca®" ions leading to
the formation of PCDA-NH-2D-Gel. To evaluate the effect of the
divalent ion on the thermochromism of the system, the
temperature-dependent UV-Vis absorption spectra were
recorded for PCDA-NH-2D-Alg (Fig. 8a) and PCDA-NH-2D-Gel
(Fig. 8b). In both cases, a similar trend in the red and blue
bands, as observed previously for PCDA-NH-2D (Fig. 5b), was
noticed.
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Fig. 8 UV-Vis absorption spectra of PCDA-NH-2D-Alg (a) and PCDA-
NH-2D-Gel (b) during heating (red arrows) and cooling (blue arrows) in the
10-50 °C range and the respective changes of normalized PB values
versus temperature (c). For clarity regarding (b), the spectra captured
during heating are drawn with a dotted line and solid lines indicate the
spectra captured during cooling.

However, the degree of recovery of the blue band after the
cooling was significantly enhanced, especially for the cross-
linked PCDA-NH-2D-Gel sample. Furthermore, the thermal shift
of the wavelength was not observed indicating restoration of the
system after a heating—cooling cycle that is structurally similar to
the native one. However, the red form also remains populated
after cooling as the respective band does not disappear. This
reversibility seems to be enhanced thanks to integration of the
nanoplatelets in the polymer matrix through hydrogen bonds.
Gelation using Ca®" further strengthens the immobilization of
the nanoplatelets and integration within the polymer matrix.
This seems to promote the restoration of primary hydrogen
bonds in the absence of thermal disorder. The changes of PB
during the heating-cooling cycle (Fig. 8c) indicated that for the
uncrosslinked PCDA-NH-2D-Alg system the recovery of PB was
found to be 48%, while it substantially increased to 68% for the
cross-linked system (PCDA-NH-2D-Gel).

It is likely that in the uncrosslinked Alg, during heating the
dispersed nanoplatelets, in addition to internal rearrangement,
may migrate leading to some aggregates after subsequent
cooling. In the nanocomposite hydrogel such spontaneous
movement is limited, which reduces the likelihood of aggrega-
tion of PCDA-NH-2D nanoplatelets that implies different local
environments for thermoresponsive nanostructures. These
observations strongly support the hypothesis on the correlation
between the number and strength of intermolecular hydrogen
bonds and the degree of colorimetric reversibility of the PCDA-
based materials.**

Dispersed PCDA-NH-2D nanosheets in cross-linked Alg were
subjected to measurements of their colorimetric response to
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temperature changes. Hydrogel fragments of appropriate sizes
were subjected to heating and subsequent spontaneous cooling
processes, which was recorded as movies (see the ESI, T Movies
S1 and S2). The analysis of the thermochromism in PCDA-NH-
2D-Gel (Fig. 9a) and PCDA-NH-2D-GelDry (Fig. 9b) was per-
formed on the basis of the time-lapsed images. Histograms
showing the distribution of colors in the collected images were
prepared. They depict the number of pixels corresponding to
each component in the three-dimensional RGB space (R-red,
G-green and B-blue). The final color of the material is the
resultant of these three components. Based on histograms

—=— PCDA-NH-2D-GelDry

—s— PCDA-NH-2D-Gel 100

20 25 30 35 40 45 50 5 10 15 20
Temperature (°C) Cycle

Fig. 9 Visual observation of wet PCDA-NH-2D-Gel (a) and dry PCDA-
NH-2D-GelDry (b) samples during heating and subsequent cooling; the
temperature transition curves (dependence of normalized CR on tem-
perature changes) for PCDA-NH-2D-Gel and PCDA-NH-2D-GelDry (c);
dependence of normalized NB on the heating—cooling cycles for PCDA-
NH-2D-GelDry (d).

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5tc01233c

Open Access Article. Published on 23 July 2025. Downloaded on 8/3/2025 4:58:15 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry C

obtained from the photographs of PCDA-NH-2D-Gel (Fig. S13a,
ESIT), it was determined that both the brightness and the
number of blue pixels are the highest. At 50 °C, there is an
increase in the intensity and frequency of red pixels (Fig. S13b,
ESIT). When the wet gel is cooled to the initial temperature
(26 °C), the intensity of the blue color is not fully recovered, and
the green color reaches its highest pixel frequency (Fig. S13c,
ESIt). However, the brightness of the blue pixels is still the
highest, which may indicate the predominance of blue in the
final color of the sample. In the case of PCDA-NH-2D-GelDry,
already in the histogram determined for the initial temperature
we observe a small contribution of the red pixels (Fig. S14a,
ESIt). At 50 °C, there is an increase, however, compared to the
dry gel, and it is close to the value of the intensity of the blue
color pixels (Fig. S14b, ESIt). Cooling PCDA-NH-2D-GelDry
results in compensation of red and green pixels with simulta-
neous restoration of the intensity and reduction of the fre-
quency of blue pixels (Fig. S14c, ESIt). As a result, the PCDA-
NH-2D-GelDry takes on a blue color which is a noticeable
change compared to the dark purple coloration of the PCDA-
NH-2D-Gel.

The colorimetric response (CR) characterizes the percentage
conversion to the red phase at a given temperature and time,
which is the proportion of blue color in the total color of the
material and can be calculated using eqn (2):

Bluepean

CR =
Redmean + Bluemean

x 100% 2)

where Blueyean/Redmean i the final percentage of blue/red
color (mean contribution of blue/red channel in the RGB
histogram) after thermochromic transition. Thus, for an ideal
colorimetric response of the material CR = 100%. The colori-
metric response of the heating—cooling cycle for the wet and dry
gel (Fig. 9c) was determined based on the images in Fig. 9a and
b. The final CR value obtained after cooling the gel to the initial
temperature determines the degree of reversibility. Based on
the CR curves, it was shown that the reversibility of the process
for PCDA-NH-2D-Gel was 59% while for PCDA-NH-2D-GelDry
an increase in CR value to 70% was observed. It seems that
embedding the thermochromic nanosheets into the matrix
strongly interacting with them helps to restore the original
conformation and backbone strains after the heating/cooling
cycle. The observed differences between dry and wet gel may be
explained taking into account various contents of water. The
presence of water in the Alg matrix may provide larger freedom
of movement of PCDA-NH-2D nanosheets as compared to the
dry gel. What is more, better integration of the nanosheets with
the matrix can be achieved if less water molecules competing
for the formation of hydrogen bonds with the nanoplatelets is
present in the nanocomposite. In addition, the change in the
colorimetric response of the dry gel as a function of the
heating-cooling cycle was followed (Fig. 9d). For that purpose,
the normalized value of the percentage of blue (NB) in the
three-dimensional space consisting of red, green and blue

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

colors, was calculated following eqn (3):

Bluemean
Redmean + Greenmean + Bluemean

NB = x 100% 3)

Moreover, it showed that the percentage of blue in relation
to red and green was monotonically decreasing with successive
heating/cooling cycles but the difference between NB values for
the heated and cooled gel remained practically constant
between successive cycle. This reflects the fact that the blue
band can be perfectly restored after the heating/cooling (see
Fig. 8b for comparison), while the residual red band builds up
in each cycle.

Conclusions

We presented here novel nanocomposite materials composed
of thermochromic PCDA-based nanostructures embedded in an
alginate matrix that exhibit enhanced reversibility of thermo-
chromic behavior. This was achieved by appropriate modifica-
tion of PCDA molecules using (N-aminoethyl)acetamide that
resulted in the introduction of amide groups capable of form-
ing hydrogen bonds stabilizing the desired interaction. Such
obtained PCDA-NH were shown to self-assemble into 2D
nanosheets (PCDA-NH-2D) with 5 nm thickness, typical for
bilayers, and a few hundred nanometers in lateral dimensions
as determined by AFM. Molecular modeling was also per-
formed confirming the proposed architectures of PCDA-NH-
2D while for native PCDA only spherical vesicles were observed.
Based on the analysis of UV-Vis absorption spectra of the
dispersions of thermochromic nanostructures, we showed that
the introduction of an amide group into the polydiacetylene-
based monomer (PCDA-NH) increased the restoration of the
original blue color in the self-assembled nanostructures after
heating/cooling cycles from 7% for PCDA-3D to 26% for PCDA-
NH-2D as measured using a “percent blue”, PB, parameter.
This can be attributed to the stabilizing effect of numerous
hydrogen bonds formed between PCDA-NH molecules in the
2D nanostructure. XRD and DSC measurements for PCDA-NH-
2D indicated the existence of a crystalline phase, as well as the
absence of non-polymerized PCDA-NH monomers in the mix-
ture. Importantly, the presence of alginate polymer (Alg) in the
dispersion further increased the reversibility of thermochromic
behavior reaching PB = 44% for the dispersion of PCDA-NH-2D
in 0.001% Alg. This indicated that the nanoplatelets can be
further stabilized by Alg, which is capable of forming inter-
molecular hydrogen bonds with PCDA-NH-2D. Moreover, Cross-
linking the system using Ca®" as a gelling agent increased the
degree of blue band reversibility to 68%. In this case, gelation
seems to lead not only to immobilization of the nanoplates but
also to their limited aggregation that could otherwise drive the
whole nanocomposite to irreversible thermochromic behavior.
In such loosely bound fillers the interactions with the matrix
would be not sufficient to restore the original conformation and
backbone strains in the thermochromic nanoplatelets after
heating/cooling cycles. The highest reversibility of the
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thermochromic behavior was demonstrated in dry crosslinked
gel for which the colorimetric response (the parameter deter-
mined from the image analysis) reached a very high value of
70%. This can be attributed to the formation of even stronger
hydrogen bonds between PCDA-NH-2D and carboxylic groups in
the Alg matrix due to the lower contribution of interactions with
water molecules allowing the restoration of the original intermo-
lecular hydrogen bonds PCDA-NH-2D to the greatest extent lead-
ing to original conformation and backbone strains defining the
blue form. The formed nanocomposite material is characterized
by incomplete colorimetric reversibility. While the chromatic
response is not fully reversible over multiple heating-cooling
cycles, we consider this feature to be an advantageous character-
istic in the context of developing smart sensing platforms. Speci-
fically, the reproducible difference between the initial and final
colorimetric states of the material after each thermal cycle
remains consistent, which enables the use of this shift as a
reliable indicator of cumulative thermal exposure. This property
opens up the possibility of designing sensors that not only
respond to temperature changes in real time but also serve as
cumulative thermal history indicators, effectively reporting the
degree of material fatigue or thermal degradation. This kind of
feature is particularly valuable in applications where monitoring
the lifespan or operational safety of thermally sensitive compo-
nents is critical. Our colorimetric response (CR) analysis was
based on the evaluation of optical images captured using a
standard camera. Importantly, this imaging-based approach can
be easily implemented using widely available mobile devices, such
as smartphones, without the need for specialized instrumenta-
tion. This provides a cost-effective, accessible, and user-friendly
method for material diagnostics, enabling end users to perform
in situ assessments of material performance or wear using open-
source or commercially available applications. Moreover, we have
identified that the transition from reversible to irreversible ther-
mochromic behavior occurs beyond a critical threshold tempera-
ture of approximately 60-70 °C. This delineation provides a clearly
defined operational window for safe and reversible sensor func-
tion, beyond which irreversible changes serve as a built-in thermal
warning or damage signal. In summary, the partial irreversibility
of the thermochromic response not only does not limit the
usability of the material but actually extends its functional
relevance by enabling the detection of material wear and thermal
stress accumulation. The integration of this feature with simple
imaging tools supports the development of next-generation, low-
cost, and broadly accessible diagnostic systems for industrial,
environmental, or biomedical applications.
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