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KEYWORDS Abstract Novel multi-stimuli responsive cotton fibers were developed via spray-coating with an
Smart textile; acylhydrazone-based polyviologen (AHPV). Polyviologen was prepared by supramolecular conden-
Acylhydrazone-based sation polymerization of bipyridinium dialdehyde with a hydroxyl-substituted aryldihydrazide in an
polyviologen; acidified aqueous medium. Transparent AHPV/resin nanocomposite film was deposited onto the
Temperature-driven fabric; surface of cotton fabric by well-dispersion of AHPV as a chromogenic substance in a resin binding
Ammonia sensor; agent. Increasing the temperature of the AHPV-coated cotton fabric from room temperature to
Photochromism 85 °C reversibly triggered a change in color from pale yellow (437 nm) to green (607 nm), respec-

tively. The transparent layer immobilized onto the white cotton surface transformed into green
under ultraviolet source as demonstrated by CIE Lab parameters. The photochromic impacts were
explored at various AHPV. In addition, the AHPV-coated cotton immediately displayed a vapoc-
hromic activity upon exposure to NHj(,), and then recovered to pale yellow after removing the
ammonia source away. The current AHPV-coated cotton fabric displayed a limit of detection
(LOD) to NHjag) in the range of 50-150 ppm. The spray-coated cotton fabrics demonstrated a
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reversible photochromism, thermochromism and vapochromism with high stability. The produced
AHPYV nanoparticles were also studied by transmission electron microscopy (TEM), demonstrating
particle diameter of 74-92 nm. The mechanical and morphological properties of the spray-coated
cotton fabrics were also explored. The surface morphology of AHPV-finished samples was exam-
ined by Fourier-transform infrared (FTIR) and scanning electron microscopy (SEM). No consider-
able defects were observed in permeability to air and bending length of AHPV-finished samples.
Additionally, high colorfastness was monitored for the AHPV-finished cotton substrates. The cyto-
toxic activity of the AHPV-finished cotton was also examined. Mechanistic study accounting for the
multichromic activity of acylhydrazone-based polyviologen is explored.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Multi-stimuli responsive materials have been able to induce
colorimetric changes in response to one or more external stim-
uli such as light (photochromic), heat (thermochromic), and
vapors (vapochromic) (Fan et al., 2020; Al-Qahtani et al.,
2022a; Libanori et al., 2022). Those have been promising phe-
nomena to create new smart materials for a variety of applica-
tions, such as protective textiles, authentication inks and early-
warning sensors. Temperature-driven chromic materials have
the capability to change reversibly their physical properties
giving immediate colorimetric changes in response to tempera-
ture changes (Cheng et al., 2018; Hakami et al., 2022). Ther-
mochromic materials have been employed for real-time
monitoring of temperature, which is significant for products
that necessitate certain temperature conditions, such as food-
stuffs, vaccines, dairy and drugs (Fabiani et al., 2019;
Fabiani et al., 2020; Gong et al., 2020). Additionally,
temperature-driven sensors have been extended to many other
applications such as smart windows (Aburas et al., 2019),
foodstuff packaging (Sadoh et al., 2021), displays (Yang
et al., 2019), warning signs (Xu et al., 2022), drug delivery
(Gong et al., 2020), and solar control coating (Sun et al.,
2018). Many smart textiles have been developed to respond
to chemical, mechanical, thermal, electrical and/or light stimuli
(Persson et al., 2018; Chen et al., 2020; Ramlow et al., 2021).
Among them, cellulose textiles have been utilized for the devel-
opment of thermochromic products (Atav et al., 2022).
Polymer-finished smart textile fibers have been able to incorpo-
rate additional sensing functionalities (Oliveira et al., 2018).
Viologens (1, 1'-substituted-4, 4'-bipyridinium) have been the
subject of several investigations aimed to develop multi-
stimuli responsive smart materials that respond to external
stimuli such as chemicals, electricity, light, mechanical stress,
and heat. Therefore, acylhydrazone-based polyviologens
(AHPYV) are suitable candidates for the development of smart
materials such as sensors and molecular switches (Ding et al.,
2019; Skorjanc et al., 2019). Using a reduction/oxidation pro-
cess, AHPV have been employed as electrochromic devices
because of their ability to reversibly change color without fati-
gue. Biochemical redox processes can use acylhydrazone-based
polyviologens as suitable colorimetric agents. In comparison
to other redox organic agents, polyviologens have been
reported as highly reversible, inexpensive and very stable redox
agents (Bahari et al., 2020; Blundo et al., 2021). Where, the
indigenous Americans populations had been used colored fiber
cotton. Viologens are materials whose properties can be rever-

sibly switched on and off which contain redox -responsive
molecule, also it is worth mentioned we have found
viologen-based polymers which have several interesting prop-
erties (Li et al., 2021).

Herein, we report on the development of smart cotton fab-
rics with thermochromic, photochromic and vapochromic
characteristics without adversely affecting on the handle, flex-
ibility, and breathability of the cotton fabric. Cotton fabrics
were chosen due to their biodegradability, high abundance,
low cost and other desirable characteristics (Wang et al.,
2018; Dan et al., 2020; Eid and Ibrahim, 2021).
Acylhydrazone-based polyviologen was prepared by simple
and environmentally friendly condensation reaction in an acid-
ified aqueous medium. The prepared acylhydrazone-based
polyviologen was spray-coated onto cotton fabrics using alkyd
resin as a binding agent. Colorimetric shift from light yellow to
green were monitored on the AHPV-finished textiles with
increasing temperature (thermochromism) in the range of
25-85 °C, exposure to ammonia gas (vapochromism) with
LOD of 50-150 ppm, and/or ultraviolet light (photochromic).
As proved by CIE Lab parameters and absorption spectra, the
AHPV-finished textiles exhibited two absorbance band at
437 nm (pale yellow) and 593 nm (green) under vapochromic
and photochromic activities. On the other hand, two absor-
bance bands were detected at 607 nm (45 °C) and 514 nm
(85 °C) under thermochromic activity. The current multi-
stimuli responsive cotton fibers displayed high reversibility
without fatigue. The morphology of AHPV nanoparticles
was studied by TEM demonstrated to show diameters of 74—
92 nm. The morphology properties of the AHPV-finished tex-
tiles were studied by SEM, EDX, and FTIR analyses. The
mechanical and colorfastness performance was also reported
for the chromogenic cotton fabrics. The current strategy can
be reported as an easy and affordable nanocomposite spray-
coating method onto cotton fabrics with high durability for
a wide range of applications, such as functional clothing, anti-
counterfeinting, packaging, as well as medical and healthcare
textiles.

2. Experimental

2.1. Reagents and materials

Cotton samples were supplied from Misr-Helwan Spinning
and Weaving Co., Egypt. The supplied cotton fabric was char-
acterized with thickness of 0.40 mm, warp 36 yarn/cm, weft 30
yarn/cm, plain weave (150 g/m?), micronaire (3.88 Apg/inch)
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and micronaire (3.88 Apg/inch). The fabrics were scoured and
bleached relying on previous procedure (Al-Qahtani et al.,
2021). TLC (silica gel 60 Fs4) was used to follow up the reac-
tion progress. The generated compounds were purified by silica
gel 60 through column chromatography. Both of dialdehyde 1
and dihydrazide 2 were synthesized depending on previous
procedures (Ciepluch et al., 2012; Li et al., 2013). The resin
binder was provided by Dystar (Egypt). The acetylene diol,
mineral oil, and oleoresin were supplied from Fluka and
Sigma-Aldrich (Egypt).

2.2. Preparation of AHPV

The acylhydrazone-based polyviologen (AHPV) was prepared
using previous method (Al-Qahtani et al., 2022b) as shown in
Scheme 1. The dihydrazide compound 1 was subjected to
supramolecular condensation polymerization with the w-
electron deficient dialdehyde bipyridinium compound 2 in
aqueous medium (pH = 2-3). A solution of compound 1
(302.4 mg, 1.44 mmol) in a acetic acid/de-ionized water (1:5
mL) was added to a solution of compound 2 (804 mg,
1.44 mmol) in de-ionized water (20 mL). The provided mixture
was stirred at 95 °C, and then left to settle for 24 hrs under
ambient conditions. The produced mixture was decanted into
a Petri dish, frozen in a refrigerator at —80 °C, and then
freeze-dried at —50 °C (0.1 mbar) employing freeze-dryer
equipment (Christ Alpha 1-2 LD Plus) to provide the solid-
state acylhydrazone-based polyviologen xerogel as a yellow
powder (78%); GPC (DMF): Mp, Mn, Mw, Mz, (Mz + 1),
Mv, and polydispersing index were reported at 12,100 g mol ™",
9,200 g mol ™, 10,400 g mol™!, 10,900 g mol~", 12,100 g mol !,
11,100 g mol ™', and 1.08, respectively.

2.3. Preparation of multichromic textiles

A mixture of alkyd resin (25%; w/w), ammonium hydroxide
(1% w/w), mineral oil (10%; w/w), oleoresin (50%; w/w), dry-

ing agent (0.5%; w/w), and acylhydrazone-based polyviologen
(AHPV) was stirred for 2 hrs to accomplish a consistent dis-
persion. The solution was homogenized (25 kHz) for 20 min,
followed by the addition of acetylene diol (1%; w/w) with stir-
ring. Different composites were developed using different
ratios of AHPV, including 0, 0.1, 0.3, 0.6, 0.9, 1.2, 1.5, 1.8
and 2.1% w/v. The formulated composites were spray-coated
onto cotton fabrics (15 x 15 cm) employing automatic spray
gun (Lumina; STA6R; Fuso Seiki; Japan). The AHPV-
finished cotton samples were air-dried, and represented by
AHPV,, AHPV,, AHPV,, AHPV;, AHPV,, AHPV;s, AHPV,,
AHPV,, and AHPVjg, respectively. Fig. 1 shows a schematic
diagram for the preparation steps of multichromic cotton
fabrics.

2.4. Methods and devices

Bruker Avance (400 MHz) was employed at room temperature
to record the NMR spectrum. The morphology and elemental
content of the AHPV-finished cotton samples were examined
using Quanta SEM FEG250 (Czech Republic) coupled to
TEAM-EDX. The AHPV-finished cotton fabrics were
annealed for 12 h at 45 °C, and then sputtered with gold film
(10 nm) for SEM analysis. We measured the diameters of
AHPYV nanoparticles using a transmission electron microscope
(TEM; JEOL 1230; Japan). A suspension of AHPV nanopow-
der in distilled water was homogenized for 5 min, and then
dropped onto a Cu-grid for TEM analysis. Nicolet Nexus
670 FTIR spectroscopy (United States) was utilized to analyze
the substituents on the AHPV-finished cotton surface. Gel Per-
meation Chromatography (GPC; Agilent PL-220; USA) was
employed to study the AHPV nanoparticles in DMF. PANa-
Iytical Pro XPert XRD with CuK, was utilized to record the
solid AHPV crystallographic structure. The thermal properties
of the AHPV nanoparticles were studied by Perkin Elmer
TGA STA6000. In order to evaluate the comfort properties
of the AHPV-finished cotton fabrics, both of bend length
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Preparation steps of AHPV; R = C;H.
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Fig. 1  Schematic diagram displaying the preparation steps of multichromic cotton fabrics.

and air-permeability were studied by Shirley Stiffness under
the British 3356:(1961) standardized test, and Textest
FX3300 wunder the ASTM D737 standard method,
respectively.

2.5. Colorfastness and colorimetric properties

UltraScan Pro (HunterLab; United States) was utilized to
report both CIE Lab and color strength (K/S) data of
AHPV-finished fabrics before and after exposure to the chro-
mic activity, including heat (thermochromic), UV light (pho-
tochromic), and ammonia (vapochromic). The CIE
(International Commission on Illumination or known as Com-
mission Internationale de L’éclairage) Lab parameters were
used to describe colors as 3D numerical values; where L*
describes colors from brightest white (100) to darkest black
(0); a* describes colorimetric data from green (-a*) to red
(+a*); and b* describes colorimetric data from blue (—b*) to
yellow (+b*). The thermochromic behavior of the AHPV-
finished fabric was monitored with raising the temperature
(25-85 °C), while recording the absorbance spectra. The
vapochromism was studied by exposure to gaseous ammonia
liberated from a test tube full of NH4OH,4, while recording
the absorbance spectra by using UltraScan Pro (HunterLab;
United States). Similarly, the absorbance spectra of the
AHPV-finished fabric were collected under visible and UV
lights.

2.6. Reversibility and durability

For several cycles, the absorbance spectra of the AHPV-
finished fabric were collected under air and gaseous ammonia
(vapochromism), under visible and UV lights (pho-
tochromism), and under 25 °C and 85 °C (thermochromism).
The colorfastness properties of the AHPV-finished fabrics
were determined under ISO105 (B02:1988) for light, ISO105
(C02:1989) for washing, ISO105(X12:1987) for rubbing, and
ISO105(E04:1989) for perspiration. Photographs demonstrat-
ing the photochromic, vapochromic and thermochromic
behaviors of cotton fabrics were taken by Canon A710IS.

2.7. Cytotoxicity assay

The in vitro cytotoxicity of the AHPVg-finished fabric with the
highest concentration of AHPV was examined under MTT
proliferation (Sigma-Aldrich) utilizing epithelial cell lines

(Al-Qahtani et al., 2022a). The cytotoxicity (%) was reported
by equation (1).

- Readi f 1
Cytotoxicity% = cacilg o Sampe

Reading of negative control B
x 100 (1)

3. Result and discussion
3.1. Morphological properties

The acylhydrazone-based polyviologen (AHPV) was prepared
by polycondensation of bipyridinium dialdehyde 1 with dihy-
drazide 2 in an acidic de-ionized water. '"H NMR spectrum
of AHPV was difficult to analyze owing to its poor solubility
in deuterated solvents. Broad peaks were monitored by carry-
ing out the polycondensation in deuterated water (D,0O), and
in the presence of a deuterated acetic acid (aceticacid dy). '"H
NMR spectrum demonstrated peaks for O-H and N-H at
10.36 and 12.06 ppm, respectively. The phenyl protons were
detected as multiplet signal at 7.89-7.49 ppm. The viologen
protons, (N = C-H) and (C = C-H), were detected at 9.45
and 8.70 ppm, respectively. A broad signal was monitored at
5.98 ppm due to the methylene (CH,) protons. Both of poly-
dispersity index and molecular weight of the acylhydrazone-
based polyviologen were reported by GPC in DMF to indicate
an average molecular weight. Fig. 2 shows TEM images of
acylhydrazone-based polyviologen (AHPV) nanoparticles,
demonstrating average diameters of 74-92 nm. This miniatur-
ized particle size of the acylhydrazone-based polyviologen
nanoparticles helped to create an even distribution of AHPV
nanoparticles onto the finished fabrics.

Fig. 3 illustrates the XRD analysis of the acylhydrazone-
based polyviologen nanoparticles’ crystallinity. A d-spacing
allowed us to monitored wide bands at 20 = 6.89, 14.77 and
34.51°. Thus, multiple n-stacking attraction forces were
included inside the substance; but the material was mostly
amorphous (Al-Qahtani et al., 2022b). Sharp peak was
detected at 20 = 22.76°, which could be reported as signatures
of ion-paired bromide counter ions (Ma et al., 2020; Al-
Qahtani et al., 2022b).

Improved dispersion of the AHPV-encapsulated cross-
linked resin film onto the finished cotton fabric surface was
achieved by using acylhydrazone-based polyviologen in the
nanoparticle form. The multichromic nanocomposite was
applied onto cellulose cotton fabrics by spray-coating. Spray-
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Fig. 3 X-ray diffraction of acylhydrazone-based polyviologen
nanopowder.

coating technology has been characterized by high deposition
efficiency and rate, low cost, and maintaining flexibility, per-
meability and appearance of the coated substrate (Samanta
and Bordes, 2020). It is shown in Fig. 4 that the surface mor-
phology of the AHPV-finished cotton fabrics was investigated
by SEM microscopy. The micrographs taken with a scanning
electron microscope showed that the AHPV nanoparticles
were successfully deposited onto the fabric surface as com-
pared to blank cotton (Zhang et al., 2021). The AHPV
nanoparticles were successfully dispersed throughout the fin-
ished cotton fabrics by the spray-coating technology. The

TEM images of acylhydrazone-based polyviologen nanoparticles.

excellent dispersion of the AHPV nanoparticles onto cotton
surface could be explained by the development of hydrogen
bonding between the AHPV polymer chains and the cellulosic
hydroxyl groups (Al-Qahtani et al., 2022b). Despite the disper-
sion of the composite particles onto the fabrics surface, the
cotton surface displayed the same fibrous morphology as
blank cotton without deformation. The AHPV distribution
in resin film immobilized into cotton surface was shown to
be uniform by EDS (Table 1). Bromine and nitrogen were
found to be minor compositions due to AHPV in comparison
to carbon and oxygen which are major compositions in the cel-
lulosic cotton fabric and resin binder.

Both homogeneous coating and elemental contents of the
AHPV-finished cottons were studied by EDAX. The distribu-
tion of AHPV nanoparticles onto AHPV-finished cottons was
found to be uniform, since the elemental contents were almost
identical at the three scanned sites on the sample surface. The
EDAX analysis was found to match with the molar ratios of
elements utilized in the preparation of AHPV and finished fab-
rics. In order to study the chemical functional groups on cot-
ton surface, the FT-IR technique has proven a key analytical
tool. Thus, FTIR spectroscopy could be utilized to determine
the mechanism of the chromic composite’s attachment onto
the cellulose cotton fabric. Fig. 5 shows the FT-IR spectro-
scopic data for AHPV,, AHPV,, and AHPVg. The hydroxyl
substituents on blank cotton cellulose were identified by the
absorbance intensity at 3431 cm~!. To validate the existence
of the glucose aliphatic units, the absorption at 2924 cm™!
was detected (ElI-Newehy et al., 2021). Cellulosic cellulose
and resin bond strongly once the nanoparticles of AHPV are
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Fig. 4

Table 1 Chemical compositions of AHPV,, AHPV, AHPVj,
and AHPVjg at three scanned points (a;, a, and a3) on cotton
surface.

Fabric C (0] Br N
AHPYV, 66.17 33.83 0 0
AHPV, a; 66.84 33.54 0.27 0.35
a, 66.90 33.64 0.25 0.41
0 a3 66.78 33.37 0.35 0.50
AHPV a; 65.54 33.04 1.15 1.23
a, 65.40 33.16 1.13 1.31
as 65.37 33.18 1.24 1.21
AHPVy a; 65.00 32.87 1.44 1.65
a, 65.14 32.72 1.44 1.70
a3 65.03 32.78 1.55 1.64

embedded in the transparent layer (Al-Qahtani et al., 2022b).
The resin carbonyl ester displayed an absorption band at
1709 cm™". The hydroxyl absorbance peaks were found to shift
from 3431 cm™' for blank cotton to 3357 cm™" for the finished
cotton fabrics. Likewise, the absorbance band of the resin car-
bonyl ester was observed to shift from 1709 cm ™' for blank
cotton fabric to 1610 cm™' for the finished cotton fabrics
(Ghasemzadeh et al., 2022). Furthermore, decreases in the
absorbance peaks of cellulosic hydroxyl and resin carboxyl
groups were detected after spray-coating. This could be
ascribed to the formation of H-bonds between alkyd resin
hydroxyl groups and hydroxyl groups on cotton cellulose poly-
mer chains (Al-Qahtani et al., 2022b). Similarly, the absorp-
tion intensity of these hydroxyls decreased when the AHPV
ratio was increased.

TGA was used to better understand AHPV nanoparticles’s
thermal stability, which is significant during the exploration of
the thermochromic activity. When heated to 285 °C, the
AHPYV nanopowder showed thermal stability with two major

SEM images of AHPV, (a-c), and AHPVj (d-f).

Transmittance (%)

T T T T T T T T T T T T T T 1
500 1000 1500 2000 2500 3000 3500 4000
-1
Wavenumber (cm )

Fig. 5 FTIR spectra of AHPV-finished cotton fabrics; AHPV,
(a), AHPV; (b), and AHPVg (c).

stages of thermal properties, suggesting three distinct thermal
states. Temperatures in the first phase ranged from 25 °C to
190 °C due to evaporation of moisture. In the second phase,
temperatures ranged from 190 °C to 340 °C,
demonstrating ~ 45% loss of weight due to thermal decompo-
sition of AHPV.

3.2. Vapochromism of cotton

Materials that can alter their physical characteristics, like
color, responding to one or more external stimuli are referred
to as “smart products”. Photochromic, thermochromic and
vapochromic materials can alter their colors when exposed
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to one or more external stimuli, including light, heat and
vapor, respectively. Chromic materials can be used as early
warning devices for security alerts, sensors and anticounterfeit-
ing applications, which have lately received more attention.
The development of colorimetric sensors capable of detecting
both gaseous and aqueous ammonia has proven to be a diffi-
cult challenge. Ammonia as a Lewis base, while the bipyri-
dinium part of AHPV functions has been reported as a
Lewis acid (Skorjanc et al., 2019). This induced the transfer
of electrons from ammonia to bipyridinium, inducing the color
switch from pale yellow to green by forming a bipyridinium
radical-cation. Microfibrous cellulosic fabric has a large sur-
face area, allowing easy adsorption of ammonia molecules
onto cotton surface and diffusion through the mesh to offer
excellent detection sensitivity (Bahari et al., 2020; Blundo
et al., 2021; Li et al., 2021). The color of the gaseous ammonia
rapidly changed from pale yellow to green in less than a second
of exposure. Strong absorption band appeared at 593 nm was
shown to be correlated to this color change (Figs. 6-7). When
the ammonia gas source was shielded from the sprayed cotton
sample, the color quickly returned to pale yellow at 437 nm.
When the ammonia exposure/shielding procedure was
repeated numerous times, the results in Fig. 8§ showed good
reversibility and fatigue resistance. The current ammonia
detection tool can be applied for various fields, including
human and environmental protection, as well as foodstuffs
quality control.

Air

Fig. 6 Photographs showing reversible color change under
atmospheric and NHj .

(a)
—(b)
()
— ()

Absorbance

400 450 500 550 600 650
Wavelength (nm)

Fig. 7 Absorbance spectra of cotton fabric immobilized with
acylhydrazone-based polyviologen (AHPVy) using different NH;
(aq) concentrations; 0 (a), 50 (b), 100 (c), and 150 (d) ppm.
Increasing the aqueous ammonia concentration demonstrated a
considerable effect on both absorption wavelength and intensity of
the chromogenic fabric.
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Fig. 8 Variations in absorption intensity of AHPV, at 437 and
593 nm demonstrating a reversible colorimetric change under
gaseous ammonia (green) and atmospheric (pale yellow)
conditions.

Using colorimetric screening under exposure to atmo-
spheric and gaseous ammonia, the AHPV-finished cottons
were evaluated upon varying the concentration of
acylhydrazone-based polyviologen as shown in Table 2. It
was noticeable that the AHPV-finished cotton textiles had a
pale yellow color. When the AHPYV ratio was increased under
atmospheric conditions, the K/S ratio remained almost
unchanged. When exposed to ammonia gas and increasing
the AHPV ratio from AHPV; to AHPV, the K/S value
was found to significantly increase. With the further increase
of the AHPV ratio from AHPV¢ to AHPVyg, there was a
modest rise in K/S in the presence of ammonia gas, suggest-
ing that the AHPV{ cotton sample had the best colorimetric
data. Exposure to ammonia gas caused the absorbance wave-
length to shift from 437 nm to 593 nm (Bathochromic shift),
which resulted in a dramatic change in color. When the
AHPV ratio was increased under atmospheric conditions,
the effect on L* was minimal. A colorimetric switch from yel-
low to green was monitored following exposure to ammonia,
which results in a considerable decrease in L*. Both a* and
b* of the AHPV-finished cotton textiles showed positive val-
ues under atmospheric conditions, indicating a pale yellow
color. The + a* values change to —a* after exposure to
ammonia gas, indicating a color shift from pale yellow to
green.

The chromogenic fabric (AHPV) was immersed for 5 s in
different concentrations of NH4OH,q to measure the LOD
of NHjq). After air-drying, the colorimetric changes in
absorption intensity of the AHPV¢-finished cotton fabric was
explored. The absorption intensity rose from 437 to 593 nm
when the ammonia content increased from 50 to 150 ppm, as
depicted in Fig. 7. The absorbance peak at 593 nm was firstly
appeared at an ammonia concentration of 50 ppm. The
absorption intensity (593 nm) increases as the NHj,q) concen-
tration increases. For ammonia concentrations more than
150 ppm; however, no additional increases in absorbance
intensity were observed. Thus, the detection limit was moni-
tored between 50 and 150 ppm for NHj,q).
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Table 2 Colorimetric screening chromogenic fabrics at various ratios of acylhydrazone-based polyviologen under air and NHs,g.
AHPV JL& a* b* K|S
Conss air NH;,, air NH;,, air NH;,, air NHy,,
Blank 94.35 94.78 0.06 0.10 1.18 1.30 0.13 0.17
AHPV, 86.83 67.49 2.05 -12.17 20.58 16.01 0.32 2.14
AHPV, 85.19 66.32 3.14 —13.51 18.27 15.37 0.51 2.61
AHPV; 84.52 65.74 5.34 —15.72 15.65 13.19 0.81 3.38
AHPV, 84.28 64.63 8.91 -18.47 12.94 9.32 1.06 4.58
AHPV; 81.05 63.11 11.07 -26.06 9.88 6.01 1.19 5.12
AHPVy 80.02 61.60 12.29 -27.15 7.84 4.87 1.39 6.13
AHPV;, 79.29 60.04 12.78 -29.30 7.07 3.84 1.61 6.837
AHPVy 78.33 59.25 13.92 —34.69 5.99 3.27 1.83 8.09

3.3. Thermochromic activity of AHPV-coated cotton

To produce the green radical cation, the charge transfer
between the AHPV bipyridinium dication part and its counter
anion could be activated by heating (Skorjanc et al., 2019;
Bahari et al., 2020; Blundo et al., 2021; Li et al., 2021). The
thermochromic properties of the AHPV-finished cotton are
shown in Fig. 9. Both of CIE Lab and absorbance spectra were
used to illustrate thermochromic activity to green of the yellow
colored AHPV; as shown in Table 3. Considerable differences

0.75
0.70
0.65
0.60 -
0.55
0.50
0.45
0.40 -
0.35
0.30
0.25 -

0-20 T T T T T T T T 1
425 450 475 500 525 550 575 600 625 650

Absorbance

Wavelength (nm)

Fig. 9  Absorption spectra of AHPV at 45 (a), 55 (b), 65 (c), 75
(d), and 85 (e) °C.

Table 3 Color screening of AHPVg as a function of
temperature.

Temp. (°C) L* a* b* K|S
25 80.02 12.29 7.84 1.39
35 80.07 12.37 7.43 1.51
45 76.35 ~15.08 481 2.67
55 71.34 ~17.01 4.34 2.93
65 67.00 ~19.10 3.92 3.41
75 63.54 -23.29 3.8 4.29
85 60.87 ~26.47 271 4.85

in CIE Lab and K/S were monitored when temperatures were
raised from 25 to 85 °C, suggesting the development of a green
color. L* decreased when the temperature was raised to
demonstrate a color shift from pale yellow to green. The ther-
mal stability and durability of the AHPV-finished cotton was
studied by exposure to alternative heating/cooling cycles to
designate high reversibility and durability (Fig. 10). Both a*
and b* of AHPV, showed positive values at room tempera-
ture, indicating a pale yellow color. The + a* value changed
to —a* with raising the temperature from 25 °C to 85 °C, indi-
cating a colorimetric shift to green. However, no considerable
changes in either the absorption wavelength or intensity were
detected with increasing the temperature from 25 to 35 °C as
the initial changes in the colorimetric properties were detected
at 45 °C. Additionally, the absorption wavelength was detected

1000050000090 00
0.60
0.55
0.50 4

0.45

Absorbance

0.40

0.35 N H N

00000P03500000000°

0.30

0 1

56 7 8 9 1011 12 13 14 15 16
Cycle Number

2 3 4

Fig. 10  Absorbance intensity of AHPVg at 607 nm (45 °C) and
514 nm (85 °C).

Table 4 Colorimetric screening of AHPV, as a function of
temperature.

Condition L* a* b* K/S
Visible 80.02 12.29 7.84 1.39
Ultraviolet 67.24 —-18.02 3.81 3.06
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Fig. 11 Normalized absorbance spectra of AHPV¢ underneath
visible (b), and ultraviolet lights (b).
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Fig. 12 Absorbance intensity of AHPV, at 593 nm under visible
and ultraviolet lights.

Table 5 Colorfastness of spray-coated fabrics.

to shift from 607 nm to 514 nm with increasing the tempera-
ture from 45 to 85 °C, respectively. Similarly, the absorption
intensity was detected to increase with increasing the tempera-
ture from 45 to 85 °C.

3.4. Photochromism of AHPV-finished cotton

The color change of the pale yellow spray-coated fabrics to
green under UV irradiation was studied using CIE Lab and
K/S screening as illustrated in Table 4. In the absence of
acylhydrazone-based polyviologen, AHPV, exhibited the same
light yellow color as compared to the AHPV-finished cottons
(AHPV,| — AHPVy). Increasing the AHPV concentration from
AHPV| to AHPVj resulted in a little deeper yellow color under
daytime light. With increasing AHPV concentration, the CIE
Lab and K/S displayed significant shifts under UV as com-
pared to those under daytime light that indicated deeper green
color. The L* value decreased, suggesting that the color had
changed from light yellow to green as a result of UV irradia-
tion. Both a* and b* of AHPV, showed positive values under
daytime light to indicate a pale yellow color. However,
the + a* shifted to —a* under UV light to designate a color
switch to green.

The maximum absorption wavelength demonstrated a
bathochromic shift to a longer wavelength from 437 nm to
593 nm upon exposure to ultraviolet light. All AHPV-
finished cotton fabrics showed reversible photochromism with
the same absorption wavelength at 593 nm (Fig. 11). All
sprayed yellow fabrics displayed rapid and reversible pho-
tochromic green color upon irradiation with UV light. This
green color was reversed upon removing the ultraviolet supply.

The bipyridinium dication electron-deficiency produces
radical cations due to photocatalyzed transfer of electrons
from the counter anions to the AHPV bipyridinium part. Gen-
erally, the green color arises due to intramolecular charge
transfer among positively charged nitrogen (+) and neutral
nitrogen. Moreover, the absorbance intensity at 593 nm was
monitored to increase with raising the irradiation interval time
owing to accumulation of radical cations intensity (Skorjanc
et al., 2019; Bahari et al., 2020; Blundo et al., 2021; Li et al.,
2021). In order to evaluate the fatigue resistance to ultraviolet
light, the absorbance spectra of AHPV-finished fabric were
collected under visible and UV lights for several cycles to indi-
cate high photostability as shown in Fig. 12.

AHPVConc. Washing Perspiration Crocking Sublimation Light
Alt* St™ acid Base Dry Wet 180 °C 210 °C
Alt St Alt St

AHPV, 4-5 4-5 4-5 4-5 4-5 4-5 4-5 4-5 4-5 4-5 67
AHPV, 4-5 4-5 4-5 4-5 4-5 4-5 4-5 4-5 4-5 4-5 67
AHPV; 4-5 4-5 4 4-5 4-5 4-5 4-5 4-5 4-5 4-5 6-7
AHPV, 4 4 4 4-5 4-5 4-5 4-5 4-5 4-5 4 6-7
AHPV; 4 4-5 4 4-5 4 4-5 4-5 4 4-5 4 6
AHPV 4 4 4 4 4 4-5 4-5 4 4-5 4 6
AHPV; 4 4 34 4 4 4 4 34 4-5 4 6
AHPVy 34 34 34 34 34 4 34 34 3-4 3 5-6

" Alt describes alteration of fabric color; St describes staining to cotton.
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Table 6 Effect of AHPV concentration of bending length
(BL) and air-permeability (AP) of spray-coated fabrics.

AHPV BL (cm) PA

Conc. it . (em® [em?.s)
Blank 2.60 £ 1.2 297 £ 1.0 52.82 + 1.4
AHPV, 295 £ 1.2 3.15 £ 1.7 52.14 £ 1.0
AHPV, 3.01 £ 1.0 323 £ 1.3 51.95 £ 1.1
AHPV; 312 £ 1.3 334 £ 1.1 51.73 £ 1.2
AHPV, 324 £ 13 341 £ 1.2 51.57 = 1.0
AHPV; 335 £ 1.1 3.50 £ 1.1 51.30 + 1.1
AHPV, 342 £ 1.5 3.60 £ 1.0 51.02 £ 1.3
AHPV, 3.56 £ 1.4 375 £ 1.2 50.87 = 1.4
AHPVy 3.84 £ 1.0 390 £+ 1.1 50.75 £ 1.2

Table 7 Cytotoxic screening of AHPV-finished cotton fabrics
at 100 ppm.

Notes Fabric

AHPV,
AHPV,
AHPV;
AHPV,
AHPVg
Negative control
DMSO

ICso (ppm) ICyy (ppm)

SO OO o oo
|
|

3.5. Durability and comfort characteristics

Excellent softness to touch was detected for the cotton textiles
finished with the acylhydrazone-based polyviologen. Both of
tinctorial strength and colorfastness of AHPV-finished cotton
fabrics demonstrated good to excellent results as shown in
Table 5. Good colorfastness to sublimation was monitored,
and no considerable discriminations were observed among
the heat-press temperatures at 180 °C and 210 °C. However,
the poorest colorfastness was detected when using higher con-
centrations of the acylhydrazone-based polyviologen; AHPV,
and AHPVg. In order to assess the physico-mechanical and
comfort properties of the spray-coated cottons, both air-
permeability and flexibility were reported as shown in Table 6.
The AHPV-finished fabrics showed almost no negative
impacts on their air-permeability; however, a slight decrease
in fabric flexibility was monitored with increasing the concen-
tration of the acylhydrazone-based polyviologen.

3.6. Cytotoxicity screening

The MTT test was used to measure the cytotoxic activity
(in vitro) because the present diagnostic cotton assay could
be used in different clinical and foodstuff packaging purposes
(Al-Qahtani et al., 2022a). As shown in Table 7, no cytotoxic-
ity was observed even for the cotton biosensor with the highest
concentration of acylhydrazone-based polyviologen.

4. Conclusion

Smart cotton textiles having thermochromic, photochromic
and vapochromic characteristics, as well as high reversibility
without fatigue, were developed. The acylhydrazone-based
polyviologen (AHPV) copolymer was synthesized by simple
and eco-friendly supramolecular polycondensation in an acid-
ified aqueous medium. To develop efficient multi-stimuli
responsive composite films for protective textiles, AHPV was
deposited onto cotton fabrics without significantly impacting
the treated cotton fabrics’ mechanical and physical character-
istics. AHPV was deposited by the spray-coating technology
onto cotton fabrics using alkyd resin as a trapping binder.
Colorimetric shifts from pale yellow to green were observed
on the produced textiles as a result of increasing temperature
(thermochromic) from room temperature to 85 °C. Similarly,
exposure to ammonia gas (vapochromic) and UV light (pho-
tochromic) triggered the color change of the chromogenic tex-
tiles. The AHPV-finished cotton textiles were soaked in
different concentrations of aqueous ammonia to indicate a
limit of detection in the range of 50-150 ppm. The spray-
coated cotton fabrics exhibited two absorbance peaks at
437 nm (pale yellow) and 593 nm (green) under vapochromic
and photochromic activities, while two absorbance peaks were
detected at 607 nm (45 °C) and 514 nm (85 °C) under ther-
mochromic activity. By using TEM, the morphology of AHPV
nanoparticles demonstrated diameters of 74-92 nm. There
were no noticeable variations in the fibrous structure of the
AHPV-finished cotton textiles as compared to the blank fabric,
as shown by SEM, EDX, and FTIR analyses. CIE Lab and
absorption spectra proved the ultraviolet-, temperature-, and
ammonia-dependent colorimetric shifts from pale yellow to
green. The physico-mechanical characteristics of the spray-
coated samples differed slightly from those of the blank cot-
ton. Good to excellent colorfastness performance was reported
for the chromogenic fabrics. An easy and affordable composite
coating with great durability was developed and spray-coated
onto cotton fabrics for a wide range of applications, such as
functional clothing, anticounterfeinting, medical and packag-
ing textiles.
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