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Abstract

Novel thermochromic and vapochromic paper substrates were prepared via screen
printing with anthocyanin extract in the presence of ferrous sulfate mordant, result-
ing in multi-stimuli responsive colorimetric paper sheets. Environmentally friendly
anthocyanin extract was obtained from red-cabbage (Brassica oleracea var. capitata
L.) to function as spectroscopic probe in coordination with ferrous sulfate mordant.
Pink anthocyanin/resin nanocomposite films immobilized onto paper surface were
developed by well-dispersion of anthocyanin extract as a colorimetric probe in a
binding agent without agglomeration. As demonstrated by CIE colorimetric studies,
the pink (Amax = 418 nm) film deposited onto paper surface turns greenish-yellow
(Amax = 552 nm) upon heating from 25 to 75°C, demonstrating new thermochromic
film for anti-counterfeiting applications. The thermochromic effects were investi-
gated at different concentrations of the anthocyanin extract. Upon exposure to
ammonia gas, the color of the anthocyanin-printed sheets changes rapidly from pink
to greenish-yellow, and then immediately returns to pink after taking the gaseous
ammonia stimulus away, demonstrating vapochromic effect. The current sensor strip
showed a detection limit for ammonia gas in the range 50-300 ppm. Both thermo-
chromism and vapochromism showed high reversibility without fatigue. In addition
to studying the rheological properties of the prepared composites, the morphological

and mechanical properties of the printed cellulose substrates were also studied.
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versions of legitimate goods and services [4]. Document falsification
also includes the practice of adding, erasing, or eradicating text from a

Identification papers, travel documents, driver's licenses, currency,
legal documents, birth and death certificates, and court records are all
examples of documents that have been used to secure sensitive infor-
mation [1-3]. Paper documents are very valuable and must be pro-

tected against forgery. Counterfeiting is the practice of making fake

document. Therefore, it is essential to check the legitimacy of docu-
ments. Annually, counterfeiting causes a loss of billions of dollars.
Additionally, human health and safety could be at risk if medical prod-
ucts were made using counterfeited parts. This has increased the need

for innovative, cost-effective, and efficient anti-counterfeiting
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strategies [5]. Numerous indicator materials, including polymer nano-
particles, DNA, metal-based emulsions, and peptides have been
employed to verify the genuineness of products [6-8]. There are
three examination stages of verification that must be considered
before a document can be described genuine. The first step in the
examination procedure involves visual identification, and it occurs
when a person determines whether or not a document has character-
istics like watermarks or holograms. The second phase of examination
employs an ultraviolet supply, a barcode scanning tool, and photolumi-
nescent pigments. In the third phase of examination, specialized
forensic laboratory equipment, including electron microscopic devices
and spectrophotometers are utilized to investigate the finer details of
the document [9-11]. Documents can be protected by embedding an
indicator material in a printed artwork that is then stapled onto paper
sheets. To prevent sensitive information from being erased by chemi-
cals or solvents like bleaching agents, it is possible to include chemical
indicators into the paper-making process as markers. It has been sug-
gested that bleaching might oxidize chemical markers to leave behind
lasting signs that signal a trial of counterfeiting has taken place [12,
13]. The solvent indicator can be inserted onto the document surface
to detect any dyestuff leakage. Counterfeiting can be thwarted by
printing different patterns with chemical markers on the paper sur-
face. Using the three-dimensional printing capability of intaglio as a
concealed image, some protective patterns can expose the validity of
papers when seen from acute angles. Modulations of screen angles
and the dot frequencies are two examples of digital scan traps
employed in today's pattern creation processes [14]. Another type of
document protection is optical image encoding, which safeguards a
series of images that appear progressively when the paper document
is slanted. However, most of the photochromic and fluorescent
methods are costly and complicated. Additionally, the use of ultravio-
let light for the detection of photochromic effects has been very dan-
gerous due to the serious health issues that can be caused by
ultraviolet light, such as skin cancer, genetic defects, immune system
suppression and potentially blinding eye diseases [15-17]. However,
colorimetric thermochromism has been reported as a simple, cheap,
and efficient approach for the development of anti-counterfeiting
documents. The colorimetric thermochromic materials have the ability
to change color when influenced by heat. A simple method of authen-
tication is the use of thermochromic designs to be monitored by
increasing temperature. Protecting contents on the surface of docu-
ments with thermochromic materials is a simple, efficient and reliable
authentication method [18]. The thermochromic compounds can be
used as security agents to prevent the manipulation of vital informa-
tion since they are destroyed when peeled off or scraped. The func-
tionalization of anti-counterfeiting document manufacture relies on
the use of optical patterns on the documents themselves, which are
simple to read and difficult to duplicate [19]. A material thermochro-
mism indicates its capacity to alter its hue in response to exposure to
temperature increase. Some applications of thermochromic materials
include anti-counterfeiting composites for use in creating security bar-
codes [20]. The exposure to a heat source causes a reversible color

shift in this security authentication barcode. The development of

thermochromic smart devices has been reported for various applica-
tions, such as eyeglasses, smart window, and sensors [21, 22].

Several synthetic spectroscopic probes, such as tricyanofuran-
hydrazone and boron-dipyrromethene, have been reported as thermo-
chromic chemicals. However, these synthetic spectroscopic probes
are neither biodegradable nor biocompatible. Synthetic spectroscopic
probes are usually harmful to both environment and human health
[23, 24]. Anthocyanins are water-soluble dyestuffs that, relying on the
pH of the surrounding medium, appear in various colors, including
black, blue, purple, green, red and colorless. Food plants are rich in
anthocyanins, such as raspberry, blueberry, red-cabbage and black
soybean. Anthocyanins can be classified as flavonoids that are gener-
ated using the phenylpropanoid procedure [25-27]. They exist in all
tissues of higher plants, including fruits, flowers, roots, stems, and
leaves. Anthocyanins are derived from the anthocyanidin structure by
the inclusion of sugars. Anthocyanins have been used as safe color
additives for foodstuffs, which have been approved by the European
Union. Thus, anthocyanins have no impact on human biology or dis-
eases [28]. However, they have been reported as antioxidant and anti-
cancer agents owing to their capability to quench active oxygen
species. Anthocyanins have been used as colorimetric pH indicators
due to their ability to change color with changing the pH of the sur-
rounding medium [29]. They provide red color in very low acid solu-
tions, pink in low acid solutions, purple in neutral media, greenish-
yellow in low basic media, and colorless in very high basic media.
Research on anthocyanins has been extensively explored because of
their potential use in the creation of multi-stimuli responsive materials
[30, 31]. Because of their capacity to change color upon application of
heat, anthocyanins have found utility in thermochromic devices. Addi-
tionally, anthocyanins have been reported as efficient vapochromic
and biochromic colorimetric agents for the detection of various toxic
agents, such as ammonia and urea [25, 26]. In comparison to other
organic molecular probes, anthocyanins are highly reversible, biode-
gradable, biocompatible, inexpensive, and stable. Thus, it is suggested
that anthocyanin-based spectroscopic active sites are a great option
for delivering thermochromic anti-counterfeiting to paper documents
without affecting the paper key attributes, including mechanical
behavior and appearance [32, 33].

Herein, we present the screen printing of anthocyanin-based
spectroscopic active sites to create thermochromic, and vapochromic,
paper sheets. The printed film was pink under ambient conditions but
became greenish-yellow upon increasing temperature or exposure to
toxic ammonia. Therefore, anthocyanin-printed document can be used
without fear of a counterfeit version being substituted, scratched, or
erased. The anthocyanin sensor was isolated from red-cabbage by a
simple procedure in an acidic aqueous solution [33]. There are polar
functional hydroxyl groups and various molecular switching forms,
including chalcone, flavylium, quinonoidal and carbinol, in the pro-
duced anthocyanin probe [31]. This makes it an excellent candidate
for incorporation into various ink formulations. In order to produce
thermochromic anti-counterfeiting prints onto paper documents, a
combination of binding agent and an anthocyanin probe was applied.

Anthocyanins can be described as direct dyes, which are highly water-
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soluble [26]. Therefore, the deposition of anthocyanins into paper sur-
face can be efficiently carried out using ferrous sulfate mordant. Both
anthocyanin biomolecules and paper-based cellulose biological macro-
molecule are excellent choices as they are environmentally friendly
and non-toxic natural products. The printing process was made in the
presence of ferrous sulfate to fasten the water-soluble anthocyanins
onto the paper surface. Heat fixation was used to form a three-
dimensional coating of crosslinked resin binder onto the paper sur-
face, entrapping the anthocyanin probe. The colorimetric variations of
the printed film were analyzed by absorption spectra and CIELab
parameters, and the findings confirmed an efficient authentication of
the thermochromic film. The vapochromism, thermochromism and
surface morphology were investigated using a range of analytical
approaches. The chemical structure of the extracted anthocyanin was
analyzed by high-performance liquid chromatography (HPLC). Nano-
particle production in an aqueous dispersion of a mordant-
anthocyanin complex was confirmed by transmission electron micros-
copy (TEM) to indicate diameters of 4-19 nm. The rheological,
mechanical, and photostability studies were also conducted. Due to
its promising colorimetric features, anti-counterfeiting stamps can be
developed using the current anthocyanin-based thermochromic

nanocomposite.

2 | EXPERIMENTAL

21 | Materials

Hydrochloric acid (HCI; ACS Reagent; 37%) and ferrous sulfate were
obtained from Aldrich (Egypt). The resin acid binding agent was sup-
plied from Dystar (Egypt). The acetylene diol, mineral oil, and oleo-
resin were purchased from Merck (Egypt). In order to print the
thermochromic patterns, off-white Whatman sheets were supplied
from Sigma-Aldrich (Egypt) with diameter of 240 mm, weight of 87 g/
m?, and a pore size of 11 um, and thickness of 180 pm. The red-
cabbage was obtained from the local market (Egypt).

2.2 | Preparation of anthocyanidin extract

According to previous procedures [33], Brassica oleracea L. var. capi-
tata (600 g) was exposed to crushing and maceration in a 300 mL mix-
ture of methanol and distilled water (3:1). Aqueous HCI (1 mol/L) was
poured into the solution to decrease the pH value to 2. The mixture
was stored in a fridge at 4°C for 3 days. The combination was then fil-
tered, and centrifuged (2200 rpm) for 10 min. The solid residues were
removed, and the remaining red solution was subjected to an extrac-
tion process using chloroform. The chloroform was then evaporated
by rotary-evaporator at 45°C. The obtained solution was refluxed
with concentrated HCl in a water bath to yield a reddish-violet color.
The provided solution was chilled till a deep brown powder (anthocya-
nidin chloride) precipitated. The mixture was filtered under vacuum,

and dried in a desiccator. Methyl alcohol was utilized as eluent in the
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Sephadex LH-20 refinement method. In order to explore its chemical
composition, the provided anthocyanidin solid powder was dissolved
(1.5 mg) in methanol (5 mL) to afford a standard solution that was
cooled in a fridge for an hour to reach equilibrium. The anthocyanidin
extract methanolic solution was studied by HPLC Agilent 1100
(Waldborn, Germany). The flavonoid nature of anthocyanidin was
tested by Shinoda experiment [25], whereby a tiny piece of magne-
sium ribbon and HCI (1 mL) were added to the standard methanolic

solution of anthocyanidin to generate a red color.

2.3 | Preparation of thermochromic documents

A mixture of ammonium hydroxide (NH,OH, 1% w/w), oleoresin (55%
w/w), mineral oil (10% w/w), alkyd resin (20% w/w), dryer (0.5%
w/w), and anthocyanin probe were stirred for 2 h to achieve a homo-
geneous distribution. The alkyd resin was employed to enhance the
print transferring process and the print gloss appearance. The dryer
was applied to fasten the print drying, whereas NH4OH was
employed to amend the pH of the printing composite. Several printing
pastes were developed utilizing various ratios of the anthocyanin
probe, including O (blank; INKp), 0.1% (INK;), 0.25% (INK,), 0.5%
(INK3z), 0.75% (INK,), 1% (INKs), 1.5% (INK¢), 1.75% (INK5), and 2%
(INKg) (w/v). Ferrous sulfate mordant (5%) was then added to the pre-
pared mixtures to develop mordant-anthocyanin complex nanoparti-
cles. The mixtures were exposed to homogenization (35 kHz) for
15 min to accomplish a homogeneous distribution. Acetylene diol dis-
persing agent (1% w/w) was added to the prepared mixtures with stir-
ring to afford a yellowish milky suspension. The produced inks were
screen-printed onto paper substrates using a stencil design on a flat
silkscreen surface. The printed paper substrates were then air-dried.

24 | Methods

The morphologies of prints were analyzed using scanning electron
microscopy (SEM) (VEGA3; TESCAN Co. Ltd, Brno, Czech Republic)
coupled with TEAM-EDX. TEM (JEOL-1230; JEOL, Tokyo, Japan) was
used to measure the particle sizes of the synthesized mordant-
anthocyanin complex nanoparticles. The functional groups on the
paper surface were analyzed using Fourier-transform infrared (FTIR)
spectroscopy (Nicolet Nexus 670). Zwick-Universal testing system
(Zwick, Ulm, Germany) was used to measure the mechanical proper-
ties of the printed papers. The rheology was studied, and viscosity
was calculated at different shear rates using a Brookfield DVIII

Rheometer.

2.5 | Thermochromic measurements
The thermochromic behavior of the printed sheets was explored by
changing the temperature between 25 and 75°C using a heat gun, and

reporting the absorption spectra. The temperature was forced back
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and forth in the range 25-75°C to examine the reversibility of ther-
mochromism. The absorbance spectra were measured after every

heating/cooling cycle.

2.6 | Colorimetric properties

The printed sheets were subjected to thermochromic and vapochro-
mic studies by analyzing their color strength (K/S) and CIELab coordi-
nates utilizing an UltraScanPro spectrophotometer (HunterLab,
Reston, VA, USA). We examined the print reversibility by taking
absorption spectra both before and after several cycles of exposure to
heat and ammonia gas. Photographs of printed paper (INKy) were
obtained with a Canon A710IS under vapochromic and thermochro-

mic conditions.

3 | RESULT AND DISCUSSION

3.1 | Morphological features

Anthocyanins can be defined as water-soluble direct dyes. Thus, fer-
rous sulfate mordant was applied to fix the anthocyanidin spectro-
scopic probe into the paper surface. The mordant-anthocyanidin
nanoparticles were produced by the direct addition of ferrous sulfate
into an aqueous solution of anthocyanidin in distilled water. Figure 1
shows that the average diameter of the produced mordant-
anthocyanin complex nanoparticles lies between 4 and 19 nm, as
measured by TEM. The homogeneous distribution of the mordant-
anthocyanin complex particles over the document surface can be
attributed to their nano-scale size. According to previous procedure
[33], both HCI and methanol were used to extract the anthocyanidin
chromophore from Brassica oleracea L. var. capitata (red-cabbage). The
flavonoid and phenolic nature of anthocyanidin were verified by the
Shinoda test. The term “smart products” is used to describe materials
that can alter one or more of their physical characteristics, such as
color, responding to external stimuli. Thermochromic materials, for

instance, can alter their appearance in response to heat [20, 21].

Thermochromic anti-counterfeiting paper documents have lately
attracted more interest because of their potential usage in several
sectors, such as sensors and security alerts.

The Shinoda test [25] was also employed to verify the anthocya-
nin flavonoid nature, displaying a red color. HPLC analysis was applied
to evaluate the anthocyanin extract, indicating the presence of bioac-
tive phenols as summarized in Table 1. The maximum absorption
wavelength of a printed paper sheet changed from 418 nm (pink) to
552 nm (greenish-yellow) with rising the temperature from 25 to
75°C, respectively. Anthocyanidin undergoes deprotonation with rais-
ing the temperature to result in molecular switching associated with
delocalization of electrons. This protonation-deprotonation process is
highly reversible under cooling-heating conditions. Four isomeric
forms of anthocyanidin were detected upon heating, including quinoid
anion, carbinol anion, chalcone, and flavylium cation [31, 32]. At high
temperatures, the flavylium positive ion (red) is the dominant

isomeric form.

TABLE 1 Phenolic contents of red-cabbage extract as reported by
high-performance liquid chromatography (HPLC).
Phenol content Quantity (wt%)
Catechin 0.75
Chlorogenic acid 2.24
Rutin 20.76
Chrysin 0.82
Acacetin 0.76
Quercetin-7,3'-dimethylether 5.05
Vanillin 0.96
Caffeic acid 0.97
Kaempferol 47.17
Ferulic acid 15.15
Quercetin 3.23
Gallic acid 0.81
Quercetin-7-methylether 0.85
Cinnamic acid 1.48
p-Coumaric acid 2.49

FIGURE 1 Transmission electron
microscopy (TEM) images of mordant-
anthocyanin complex nanoparticles.
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The use of mordant-anthocyanin complex in the nano-scaled par-
ticle form is useful to better distribute the mordant-anthocyanin
chromogenic active sites in the crosslinked resin matrix generated on
the paper surface. Screen printing was used to apply the thermochro-
mic nanocomposite onto cellulose paper sheets, and then the printed
pattern was thermally fixed. The morphologies of the thermochromic
prints were analyzed using SEM, as shown in Figure 2. The scanning
electron micrographs show that the mordant-anthocyanin complex
nanoparticles were successfully deposited on the paper surface. The
microscopic SEM images also proved that the mordant-anthocyanin
nanoparticles were uniformly dispersed across the paper surface by
the screen-printing method. This uniform distribution of the mordant-
anthocyanin nanoparticles can be explained by the creation of coordi-
nation bonds between the iron mordant, and the lone pairs of elec-
trons on both the cellulose hydroxyl groups from one side and the
anthocyanin hydroxyl groups from the other side. Fibrous morphologi-
cal structures identical to blank paper were observed in the screen-
printed sheets, with the ink particles instead being evenly dispersed
throughout the fibrous paper surface. Using energy-dispersive X-ray
spectroscopy (EDS) (Table 2), we can see that the deposited resin
layer has a uniform distribution of the mordant-anthocyanin nanopar-
ticles over the document surface. Both the cellulosic sheets and the
binder are composed of carbon and oxygen, while the mordant-
anthocyanin nanoparticles are composed of carbon and oxygen with
trace amounts of iron.

FIGURE 2 Scanning electron
microscopy (SEM) micrographs of INK (a,
b), and INKg (c, d).
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As reported in Table 2, EDS conducted research to determine the
elemental composition and dispersion uniformity of the mordant-
anthocyanin complex nanoparticles onto paper surface. Using EDS
spectra, the chemical compositions were validated at the three inves-
tigated sites to indicate relatively identical contents for the same sam-
ple, suggesting that the distribution of the mordant-anthocyanin
nanoparticles on the printed sheets is homogeneous. The ratios
employed in the preparation of the thermochromic inks matched
those found in the EDS elemental analysis of the screen-printed films.
FTIR spectroscopy has been an important analytical tool for identify-
ing functional groups on a certain surface. FTIR spectroscopy can be
used to determine how the thermochromic composite is attached to

TABLE 2 Chemical contents of INKg, INK4, and INKg at three
separate spots on the sample surface.

Print Carbon Oxygen Iron
INKo 62.26 38.74 0
INKy Spot 1 62.58 37.57 0.85
Spot 2 62.88 37.00 0.78
Spot 3 62.71 37.41 0.88
INKg Spot 1 62.73 37.47 0.76
Spot 2 62.35 37.82 0.83
Spot 3 62.48 37.80 0.73
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FIGURE 3 Fourier-transform infrared (FTIR) spectra of screen-

printed samples: INKo, INK4, INK, and INKg.

the cellulose sheet surface. The FTIR spectroscopic information for
INKo, INK4, and INKg is shown in Figure 3. The existence of cellulose
was verified by the strong absorbance intensity of the hydroxyl
groups detected at 3312 cm™?. The aliphatic C-H substituents in the
glucose units were detected by their absorbance at 2958 cm™2. After
encapsulating the mordant-anthocyanin nanoparticles in the resin
film, a strong binding is established between binder and cellulose. The
absorption band by the resin carbonyl ester is measured at
1691 cm~L. The anthocyanin-printed samples had a change in the
position of the hydroxyl absorbance peak, which moved from
3312 cm™ ! for INK; to 3299 cm™? for the printed sheet from INK; to
INKg. The screen-printing technology also caused a decrease in the
absorbance band caused by the resin carboxyl groups and cellulose
hydroxyl groups [34], which can be explained by the formation of
hydrogen bonds between the hydroxyl groups of the paper surface
and the alkyd resin. A similar trend of diminishing hydroxyl group
intensity was seen when the mordant-anthocyanin nanoparticles con-

centration was raised.

3.2 | Thermochromic measurements

A simple strategy was developed for the preparation and application
of a print onto paper surface with the ability to switch color in
response to temperature increase. Multiple concentrations of
mordant-anthocyanin nanoparticles were utilized to create the ther-
mochromic nanocomposite layer on the paper surface. The alkyd resin
binder was used to entrap the mordant-anthocyanin nanoparticles
onto the paper surface. The nanoparticles-containing alkyd binding
agent crosslinks during thermofixation [35]. The printed samples
exhibited thermochromism with high reversibility without fatigue. All
printed samples had the same absorption wavelength detected at
418 nm. As the amount of the mordant-anthocyanin nanoparticles
was raised, so was the strength of the absorption band. The layer

printed on the paper sheet changed color from pink (25°C) to

greenish-yellow (75°C) when exposed to heating. The color change is
due to the thermochromic effect. For the naked eye, the temperature-
induced greenish-yellow (75°C) color (Ajax = 552 nm) of the printed
sample stood out against the paper's pink (25°C) background
(Amax = 418 nm), displaying an isosbestic point at 502 nm. All printed
samples showed reversible thermochromic switching when exposed
to a heating source at 25 and 75°C. It was found that increasing the
temperature from 25 to 75°C caused a change in color from pink to
greenish-yellow. This colorimetric change was reversible without
fatigue over several cycles by cooling back to 25°C. By analyzing the
colorimetric results, we were able to gauge the thermochromic activ-
ity of the anthocyanin-printed sheets. The findings of colorimetric
experiments done using the CIELab parameters to detect the colori-
metric shifts when exposed to various temperatures are shown in
Table 3. All anthocyanin-printed paper sheets exhibited the same pink
color. The blank paper sample (INK) displayed an off-white color. This
indicates a translucence appearance of the thermochromic screen-
printed film, designating a slight variation in the colorimetric measure-
ments after printing showing the formation of a pale pink color for
INK;. This can be ascribed to the low ratio of the required
mordant-anthocyanin nanoparticles dispersed through the homoge-
nous nanocomposite matrix. Significant shifts in K/S and CIELab
were monitored when the concentration of the mordant-
anthocyanin complex nanoparticles was raised from INK; to INKg,
suggesting the production of a deeper pink hue. As the concentra-
tion of the mordant-anthocyanin nanoparticles increased from INK;
to INKsg, significant shifts were monitored in K/S and CIELab upon
increasing the temperature, suggesting the production of the paler
greenish-yellow hue. The colorimetric alteration from pink to
greenish-yellow was shown by an increase in L* upon increasing the
temperature. Upon exposure to higher temperatures, both +a* and
—b* values shifted to —a* and +b* values, respectively. As the
mordant-anthocyanin ratio increases, the intensity of the greenish-
yellow absorption increases; however, once the concentration of
the mordant-anthocyanin nanoparticles is greater than INKg, the
color strength remains constant. As compared to paper sheets with
lower concentrations of mordant-anthocyanin nanoparticles (weaker
greenish-yellow absorption band) (INK; to INKs), and paper sheets
with higher concentrations of mordant-anthocyanin nanoparticles
(INK5 and INKg), the screen-printed INKg sample had the optimum
thermochromic colorimetric properties.

Intramolecular charge transfer on the molecular structure of
anthocyanin can be triggered by heat, leading to the formation of the
corresponding highly extended molecular form [30-33]. Figure 4
shows the thermochromic properties of a paper sheet printed with
the mordant-anthocyanin complex nanoparticles. Examining the CIE-
Lab parameters and absorbance spectra of the pink INK¢ was done to
elucidate the thermochromism of the anthocyanin-printed sheet. Sig-
nificant shifts in K/S and CIELab values were seen when the tempera-
ture was raised from 25 to 75°C, suggesting the production of a
greenish-yellow hue (Figure 5). Using alternate heat and cold cycles, it
was found that the anthocyanin-printed paper sheet was very resilient

to thermal stress.
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thermochromic prints with various ratios k/s L a b

of mordant-anthocyanin nanoparticles at Prints 25°C 75°C 25°C 75°C 25°C 75°C 25°C 75°C

25 and 75°C. INKo 0.23 0.19 91.25 91.61 0.08 0.11 1.51 1.45
INK{ 1.16 0.70 79.82 88.13 1.27 —-12.70 —1.62 5.24
INK, 1.28 0.81 79.40 86.57 1.66 -12.00 -1.70 6.43
INK3 1.33 0.92 78.93 85.45 2.02 -10.31 -1.93 8.30
INKy4 1.61 1.07 77.84 83.96 246 —9.55 -2.15 10.50
INK5 2.76 1.30 75.93 82.44 2.90 —8.86 —2.56 13.99
INK¢ 2.82 1.45 75.47 80.06 3.72 -8.34 -2.81 17.03
INK5 2.03 1.34 75.10 79.72 4.02 —6.70 -3.00 21.40
INKg 217 1.52 7491 78.85 4.09 —6.01 -3.14 21.78

Absorbance

0.0

450 500 550 600 650

Wavelength (nm)

350 400

FIGURE 4 Ultraviolet-visible (UV-vis) absorbance spectra of INKg
at 25°C (a), 35°C (b), 45°C (c), 55°C (d), 65°C (e), and 75°C (f).

To test the fatigue resistance of the thermochromic prints, we
subjected it to repeated heating (75°C) and cooling (25°C) conditions
for a set number of cycles. Several cycles of colorimetric changes
were completed without any signs of fatigue (Figure 6). With their
interesting thermochromic property, the printed sheets are well-
suited for use in anti-counterfeiting purposes.

The hydroxyl functional groups on both cellulose and anthocyani-
din form a coordinated mordant-anthocyanidin complex [31-33]. The
level of coordination was found to decrease when the temperature
increases. Therefore, a number of distinctive colorimetric shades were

observed with increasing the temperature as shown in Figure 7.

3.3 | Rheological and mechanical studies
As reported in Figure 8, the rheological flow profile of INK fluid was
explored. The composite ink was not viscous because its flow profile

was observed to conform to Newton's equations. The viscosity was

found to drop down linearly when the shear stress was increased. The
relationship between viscosity and shear rate was monitored to be lin-
ear. It was observed that the fluid viscosity quickly decreased, nearing
equilibrium, both at high and low shear rates.

In order to examine the mechanical performance, the produced
nanocomposite ink was used to completely cover the sheet sample.
The prints on the paper sample resulted in slightly greater tensile
strength than blank Whatman sheets (INKp), despite the absence of
the mordant-anthocyanin nanoparticles. Thus, the anthocyanin-free
composite fluid was found to be responsible for the observed strain
percent. The anthocyanin-free composite fluid was mostly composed
of an organic-based alkyd resin binder. The percentage of strain in
INKg was slightly higher than in INK;. The Young's modulus of INKg
was shown to decrease at or around the strain percent. This could be
due to the tensile/strain dependency of Young's modulus [36]. The
flexibility and adherence of INKy were shown by the alkyd binder, a
critical component of the nanocomposite ink that was applied onto
the paper surface. The increased concentrations of mordant-
anthocyanin nanoparticles were shown to alter the mechanical perfor-
mance of the printed sheets (Figure 9). An increase in the mordant-
anthocyanin concentration from INK; to INKg resulted in a rise in
Young's modulus and tensile strength. Although the ratio of the
mordant-anthocyanin nanoparticles in the coated samples increased
from INKg to INKg, the value remained almost the same. Minor shifts
in strain percent at break were seen once the mordant-anthocyanin
concentration rose from INK; to INKg. Interfacial crosslinks between
the positively charged mordant-anthocyanin complex and the nega-
tive charges created on the cellulose surface by treating with aqueous
NH4OH to slightly deprotonate the cellulose hydroxyl groups. Coordi-
nation binding of the positively charged mordant-anthocyanin com-
plex with the negative charges on the cellulose enhanced the
crosslinking between cellulose fibers when the mordant-anthocyanin
complex was immobilized on the paper surface. Up to INKg, the ten-
sile strength rose proportionally with increasing the total concentra-
tion of the mordant-anthocyanin complex nanoparticles. Due to the
coagulation of the mordant-anthocyanin nanoparticles, which caused
the expansion of the inter-fiber gaps, there was no difference in ten-

sile strength between INKg, INK; and INKg. Using screen-printing
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FIGURE 5 Thermochromism of INKg4
demonstrating a change in color from pink
to greenish-yellow upon heating from

. ——— 25 to 75°C, respectively. The same
COQI behavior was detected demonstrating a
reversible color change under air and
\N }Ha ammonia gas conditions.
—h._
air
technology, the nanocomposite inks were included onto paper sheets,
1'10_. (25 OC) creating anti-counterfeiting prints with the smoothest surface con-
1'05__ ©) 0) © [©) 090 O o ceivable without sacrificing the document pliability.
1.00] 5109 Q Q
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& 0.90 34 | Vapochromic measurements
S 085
8 0.80—- It has been crucial to design sensor materials capable of detecting gas-
g 0_75_' eous and aqueous ammonia [37-40]. The microfibrous cellulose has a
0.70_' large surface area, making it ideal for absorbing and diffusing analytes
1 like ammonia quickly across the mesh, resulting in excellent sensitivity
g:z: ! L 54 L. o) 5000 'e) [41-46]. INKg displayed a rapid color change from pink
e (75 OC) (Amax = 418 nm) to greenish-yellow (A.x = 552 nm) upon exposure
0.55 0 " + T é " é " "1 " é " é " + T é " é '1'0'1'1'1'2'1'3'1'4' 1'5 to ammonia gas, correlating to the emergence of a prominent absor-
Cycle number bance peak in the absorption spectra at 552 nm as illustrated in
Figure 10. An isosbestic point was detected at 502 nm. A fast reversal
FIGURE 6 Fatigue resistance to reversibility of the absorption to pink occurs when the printed test strip is shielded from the ammo-

intensity at 552 nm (INKy) under repeated heating (75°C) and cooling
(25°C) conditions for several cycles.

nia source. Once the paper strip has been exposed to ammonia again,

it will regenerate the greenish-yellow color. Figure 11 shows a color

FIGURE 7 Suggested thermochromic
mechanism for the formation-dissociation
reversible process of a mordant-anthocyanidin
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change of INKg from dark pink to light pink, dark green, light green,
and greenish-yellow upon increasing ammonia concentration in aque-
ous medium from 0 to 50, 100, 200 and 300 ppm, respectively. The
test dipstick reversibility to ammonia gas was determined by reporting
the absorbance at 552 nm after 1-5 s of exposure to ammonia gas
over several cycles. Based on the findings, the reversible colorimetric
switching was shown to be fatigue-free across several cycles. There
are several possible uses for the existing simple and effective ammo-
nia sensor, including monitoring human health, protecting the environ-
ment, and improving manufacturing processes.

The detection limit for agueous ammonia was investigated by
submerging the anthocyanin-printed paper strip in solutions of varying
ammonia concentrations for 1-5 s. After the paper had air-dried, the
variations in absorption wavelength were reported. When the quan-

tity of aqueous ammonia is raised from 50 to 300 ppm, we can see
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FIGURE 8 Viscosity of INKg ink versus shearing rate.
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that the absorbance wavelength changes from 418 to 552 nm, indi-
cating a bathochromic shift as illustrated in Figure 12. At 50 ppm of
agueous ammonia, an absorption band appeared at 552 nm. The
absorption at 552 nm rises linearly with increasing aqueous ammonia
content. When the ammonia concentration was increased to above
300 ppm; however, no increment was monitored in the absorbance
intensity. Thus, 50-300 ppm is given as the detection range for aque-
ous ammonia.

There is a theory that gaseous ammonia serves as a Brgnsted
base (proton acceptor), whereas anthocyanin biomolecule functions
as a Brgnsted acid (proton donor) [26-31]. This results in deprotona-
tion of anthocyanidin chromophore to allow electrons to flow on the
anthocyanin molecular system. This creates an extended conjugate
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Wavelength (nm)

T T T T
350 400 450 500

FIGURE 10 Absorption spectra of INK4 under air and ammonia
gas conditions: O ppm (a), 50 ppm (b), 100 ppm (c), 200 ppm (d), and
300 ppm (e).
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FIGURE 9

Effect of mordant-anthocyanin complex nanoparticles content on the mechanical performance of printed documents.
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FIGURE 11
yellow (300 ppm) upon increasing ammonia gas.
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TABLE 4 ClELab coordinates of INKy in the presence of amine
vapors released by boiling.

(O] .
o Amine (vapor) L* a* b*
c e
T 0.4- PAY Ammonia 86.05 —9.54 18.95
§ 03] Ethylamine 77.32 ~263 8.60
2 ) i n-Butylamine 78.21 —2.84 8.93
0.2 Piperidine 80.60 -2.70 11.75
| Diethylamine 79.05 —2.62 10.40
014 W Y
i Triethylamine 77.79 —2.87 8.72
0.0 T T T T T T T T T T T T T Tributylamine 76.13 —2.56 8.32
0 50 100 150 200 250 300 "
C fNH Aniline 75.37 4.33 —2.87
onc. o 3(aq) Pyridine 75.70 3.82 —2.63
FIGURE 12 Absorption intensity of INK, as a function of
aqueous ammonia concentration.
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H OH mechanism for detection of ammonia by
:\N—H - OH O O anthocyanidin.
/
1
—_—
7 OH
OH Chalcone
@
-H tautomerism
OH
: )
HO O\
Z OH

OH  Flavylium cation

molecular system, which triggers the colorimetric change (Scheme 1).
Thus, the printed paper sheet (INK¢) can be used for visual detection
of ammonia vapor and aqueous phases.

In order to explore the sensor selectivity, INKs was exposed to
various amines and organic solvents. The aromatic amines were unde-
tectable as shown in Table 4. The sensor selectivity was found to

depend on the relative basicity of various amines in the order of

OH Carbinol

secondary > primary > tertiary amines. CIELab coordinates were
unchangeable upon the exposure of INK, to the fumes of various sol-
vents, including dichloromethane, acetic acid, cyclohexane, methanol,
ethanol, acetone, formic acid, toluene, chloroform, water, dimethyl
sulfoxide, and benzene. Thus, it can be concluded that there is no evi-
dence of interference between INK, and the detection of ammonia in

the presence of those solvents.
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4 | CONCLUSION

In conclusion, after being exposed to gaseous ammonia for a second,
and heat at 75°C, the multi-stimuli responsive paper sheets showed
vapochromic and thermochromic activities, respectively. Anthocyanidin
chromic agent was extracted from red-cabbage, and used as active
detection sites for the preparation of composite ink using ferrous sul-
fate as mordant. The anthocyanidin-printed sheets displayed fatigue
resistance to reversibility. Color changes were monitored from pink to
greenish-yellow upon exposure to ammonia or heat. Paper strips
printed with mordant-anthocyanin complex nanoparticles were sub-
merged in aqueous solutions of varying concentrations of ammonia to
show a detection range of 50-300 ppm. The papers were printed with
a composite ink that included mordant-anthocyanin complex nanopar-
ticles. The mechanical and physical characteristics of the printed papers
were not altered by the addition of mordant-anthocyanin complex
nanoparticles; however, they were found to be useful in the construc-
tion of authenticating nanocomposite films used in anti-counterfeiting
applications. An alkyd binder was used as a bulk to attach the
mordant-anthocyanin complex nanoparticles onto the paper surface.
This approach can be utilized to produce a simple and low-cost authen-
tication print with great durability without compromising the mechani-
cal qualities of the printed sheet. Two absorption peaks, 418 and
552 nm, were detected in the screen-printed paper sheets. TEM analy-
sis of dispersed mordant-anthocyanin nanoparticles showed spherical
morphology with diameters between 4 and 19 nm. SEM, FTIR, EDS,
CIELab, and absorbance spectra were all used to analyze the printed
paper sheets. Off-white papers were screen-printed with pink ink, and
became greenish-yellow when exposed to heat or ammonia. The rheol-
ogy of the nanocomposite ink was investigated. The current nanocom-
posite films were developed for a range of potential products, including

anti-counterfeiting and sensing purposes.
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