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A facile synthesis of 1,3,6,8-pyrenesulfonic acid
tetrasodium salt as a hydrosoluble fluorescent ink
for anti-counterfeiting applications+
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In this work, 1,3,6,8-pyrenesulfonic acid sodium salt (PTSA) was successfully synthesized via a one-step
sulfonating reaction. This method is more convenient, effective and eco-friendly than the traditional one.
The as-prepared PTSA exhibits pure blue fluorescence under UV light. Due to its excellent fluorescent
properties and water solubility, PTSA was used to prepare water-soluble invisible inks based on
hydroxyethyl cellulose (HEC) aqueous solution. Notably, the resulting inks possessed acceptable stability
after being stored for 30 days. Besides, the red/green/blue fluorescent inks were obtained by adding
extra pigments, all of which exhibited excellent rheology and thixotropy properties. Subsequently,
various patterns, including a QR code, the logo of Wuhan University, Chinese characters and so on, were
printed on non-background paper through ink-jet and screen printing, and the as-prepared materials
exhibited good water solubility and outstanding fluorescence performances, indicating that the
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1. Introduction

Anti-fake labels are extensively used in ID cards, bills, luxury
items, and goods, and have become more and more important
for public safety.* Traditional anti-counterfeiting technologies
and materials are expensive, complex and can be easily copied.
Hence, it is a significant challenge to develop a kind of anti-
counterfeiting label that is cost-effective and hard to duplicate.

Water-based inks can be printed on substrates as anti-
counterfeiting labels, which are free of organic solvent. Due to
their eco-friendliness, they have aroused wide attention.
Traditional water-based anti-fake materials consist of rare-earth
(Er, Tb, Y et al.)** or other nanophase materials (Au, Ag, CQDs
et al.),>® which not only involve harsh conditions during the
preparation process but are vulnerable to duplication.

To meet the above challenges, the organic materials®'® based
on fluorescence process have wide applications as luminescent
inks, which are featured by longer-wavelength visible emission
when absorbing shorter-wavelength excitation, mostly ultravi-
olet (UV) light. The luminescent materials can be made into
invisible inks,** which show the confidential information when
exposed to UV light. Moreover, the luminescent materials can
be formulated to generate colourful fluorescence inks by mixing
various extra pigments. However, the lipophilicity of organic
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fluorescent PTSA material is a promising candidate for anti-counterfeiting applications.

fluorescence materials would limit its wide application.* So
selecting a type of organic material and modifying it to acquire
hydrophilic property is of great importance.

Pyrene possesses extended m-bond and rigid plane struc-
ture which owns unique fluorescent properties, such as longer
fluorescent life, better luminescence stability, extremely
response to micro-environment and so on.”” Due to the
excellent performance, pyrene and its derivatives have been
extensively used in various areas.*®* To date, some functional
groups such as sulfonic acid groups (-SO;H),** formyl groups
(-CHO)" and other groups'” have been introduced to pyrene
structure to improve its solubility. Among them, it's more
efficient to bring -SO3;H group into pyrene ring to improve its
water solubility.

The traditional synthesis of PTSA was a two-step reaction®*®
shown in Fig. 1a. Firstly, the pyrene-1-sulfonic acid sodium salt
(PyS) was synthesized by sulfonating.>® Then, the as-prepared
PyS was further sulfonated by oleum to obtain PTSA. The two-
step synthesis method needs lots of separation and purifica-
tion procedures which would cause environment damage and
raw materials waste.

Hence, a novel and facile one-step method for synthesizing
PTSA is proposed and the synthesis procedure is displayed in
Fig. 1b and Scheme 1. PTSA can be synthesized via sulfonating
using 50% oleum, which is more facile, cost effective and has
less impact on environment. Subsequently, the structure
analysis is performed to prove the successful synthesis of
PTSA, and the optical properties of PTSA are also investigated,
which displays pure blue fluorescence under UV light. In

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 (a) Traditional synthesis procedure of PTSA. (b) One-step
synthesis process of PTSA.
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Scheme 1 A schematic of the synthesis procedure of PTSA and the
anti-fake application.
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addition, we utilize ink-jet printing to verify the feasibility of
prepared inks containing a certain amount of PTSA and HEC,
which only show secret information under UV light. Moreover,
the red/green/blue (R/G/B) printable inks are prepared by
adding PTSA to HEC/pigments water solution, which are
examined to possess good viscosity and thixotropic. Further-
more, various patterns are printed on non-background paper
via screen printing technology, and the as-prepared materials
exhibited good water solubility and outstanding fluorescence
performances, demonstrating great potential of PTSA in mul-
ticolour anti-counterfeiting.

2. Experimental section
2.1 Materials

Pyrene (97%), oleum (50%), nitrobenzene (AR), calcium
hydroxide (AR), sodium carbonate (AR), n-butanol (AR), sodium
chloride (AR), chitosan and hydroxyethyl cellulose (HEC) were
purchased from Sinopharm Chemical Reagent Co., Ltd and
used as received. DISPercoll U54 was obtained from Bayer Co.,
Ltd and WPU-538 purchased from Jitian Chemical Reagent Co.,
Ltd. Pigments (red, green and blue) and the non-background
paper free of fluorescer and other colours (210 x 297 mm,
95 g m™ %) were purchased from commerce. Deionized water was
used during the experiment.

2.2 Synthetic procedures of PTSA

Scheme of one-step method to synthesize PTSA was shown in
Fig. 1b. First, 3.5 mL of 50% fuming sulfuric acid was added in
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batches into the solution of pyrene (1.01 g, 5 mmol) in nitro-
benzene (20 mL). The mixture was stirred at 30 °C for 6 h. The
well-mixed materials were heated up to 60 °C and kept stirring
at a high speed for 12 h until a greenish yellow precipitate
formed. Then, the resultant mixture was poured into ice water.
After that, the calcium hydroxide slurry was added slowly to
neutralize materials followed by filtration. Subsequently, the
sodium carbonate was added in the filtrate. n-Butanol was used
to extracted nitrobenzene from the mixture completely. Finally,
the subnatant was treated with rotary evaporator at 60-80 °C.
The raw product was purified using saturated sodium chloride
solution for recrystallizing to obtain the expected PTSA, as
a yellow crystalline solid. "H NMR (500 MHz, d¢-D,0) 6 9.170-
9.150 (s, 4H); 9.150-9.130 (s, 2H). *C NMR (101 MHz, D,0)
6136.83,128.78, 126.98, 125.39, 124.57. MS (ESI) 587.2 [M-Na'].

2.3 Ink-jet printing process of the PTSA fluorescent ink

The non-background paper was chosen as a printing substrate.
The hydrosoluble PTSA materials were mixed with HEC solution
to serve as a colourless ink. Then, the viscosity of ink was tested
and the value was only 0.005 Pa s, which is lower than the
standard viscosity requirement of ink-jet printing (0.100 Pa s),
indicating that the prepared ink can be applied. Various
patterns were printed by the EPSON L301 Printer. After the
patterns were dried, the images can be displayed under irradi-
ation of an UV (365 nm) analyser.

2.4 Screen printing process of the R/G/B fluorescent ink

R/G/B fluorescent inks were formulated by adding PTSA to as-
prepared R/G/B pigments-HEC solution, respectively, where
HEC acted as ink binder, increasing the viscosity of inks. The
non-background paper was chosen as a substrate for printing.
Screen printing was carried out using a mesh (300 mesh-counts)
with different patterns. The three kinds of fluorescent inks were
forced to the mesh and transferred onto the paper. The designs
of different colours were dried under atmospheric environment
and can be displayed by UV analyser.

2.5 Viscosity under shear rate ramp

The rheometer (KINEXUS PRO: Malvern, Shanghai, China) was
used with parallel plate to clarify the viscosity of inks under
shear rate ramp. The shear ramp ranged from 0.1 to 1000 s~ .
The relationship between viscosity and shear is calculated using
following equation:**

na (v) = (W)l (1)

where 7, () is viscosity, () is shear stress, and v is shear rate.

2.6 Rheological tests during printing process

In the process of screen printing, the shear rate was changed
constantly during the damage and recovery of ink structure.?
To examine the rheological properties during printing process,
the printing simulation was implemented at 25 °C with 50%
relative humidity. There were three process: first, the applied
shear rate maintained at 0.1 s~* for 30 s, which was close to the
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situation before operation; second, the shear rate was increased
to 1000 s~ " for 60 s, which was similar to the printing speed
during printing; third, the shear rate fell to 0.1 s~* for 120 s,
corresponding to the viscosity recovery.

2.7 Measurement of colour parameters and optical density

The optical density was collected from a CH8105 Gre-
tagMacbeth SpectroEye. Colour parameters of samples were
measured on an Xrite SP64 colour meter. L (lightness),
a (redness-greenness) and b (yellowness-blueness) were ob-
tained to evaluate the property of colour. The total colour
difference (AE) was calculated as follows:

AE = (AL* + Ad® + AK?)'? (2)

where AL =L — Ly; Aa = a — ag; Ab = b — by. Ly, ay, by are colour
values under white light; L, a, b are colour values under UV light.

2.8 Characterisation

FT-IR spectra were obtained on a Nicolet 5700 spectrometer.
UV-Vis absorption spectra were carried out using a Shimadzu
3600 spectrophotometer. The fluorescent spectra was recorded
on a Hitachi F-4600 5]J2-0004 spectrophotometer with an addi-
tional CNI (2 W) 980 nm laser. "H and "*C nuclear magnetic
resonance (NMR) spectra were recorded on a 400 MHz Bruker
Advance. Electrospray ionization mass spectrometry (MS) was
used on a Finnigan LCQ advantage ESI-MS. Multicolour images
under sunlight and UV irradiation were taken by using a Nikon
D5200 camera with an UV-IR-cut filter. The ink-jet printing was
performed with an EPSON L301 printer. The excitation light
source for obtaining the fluorescence images was a ZF-20D UV
analyser with three types of light (254 nm, 365 nm and white
light).

3. Results and discussions

FT-IR spectra was carried out in order to identify the structure of
PTSA. The groups of PTSA and pyrene were examined as shown
in Fig. S1.T Comparing curve a with b, the resemblance of peaks
at 3036 cm™ " and 1625 cm ' were assigned to the C-H and
C=C bonds stretching vibration of benzene, respectively. The
broad band in the region of 3400 cm ™" was attributed to the
stretching vibration of O-H bonds by residual adsorbed water.
The successful grafting was confirmed by the characteristic
bands at 1203 ecm™ %, 1173 ecm %, 665 cm™ ' and 591 cm ™’
attributed to the -SO;Na group.”® Otherwise, the peaks at
750 cm ™! was ascribed to the para-substituted of the benzene.
According to the above results, the sulfonic acid groups were
successfully grafted in pyrene ring. This result was also
confirmed by NMR and MS spectra (Fig. S2-S4+).

S'O;H was confirmed to be a kind of electrophilic reagent
that can replace -H with -SO;H in pyrene ring, which ionized
from concentrated sulfuric acid. Comparing with H,SO,, oleum
owns great mass of SO;, which possesses stronger ability to
sulfonate.” It's the reason that PTSA can be synthesised with
50% oleum by one step method.
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Fig. 2 (a) UV-Vis spectra and (b) fluorescence spectra of PTSA with
concentrations ranging from 1.41 to 45.00 mg L~* under UV light in
H,O.

The optical properties of PTSA in water were investigated by
UV-vis spectra and Fluorescence spectra. As shown in Fig. 2a,
the PTSA has two prominent absorption bands corresponding
to the m-m* transition of pyrene monomer.>> Comparing the
spectrum of pyrene in Fig. S5,T there are some red shifts from
272.6 t0 284.0 nm and 335.0 to 375.8 nm, respectively. It's due to
the -SO3;Na groups in pyrene ring reduce the energy of the
excited state. Obviously, the intensity of bands increased
without other bands appearing as the concentration increasing
from 1.41 to 45.00 mg L™, indicating that the stable structure of
PTSA can against aggregation.” In Fig. 2b, the hydrophilic PTSA
showed strong blue fluorescence under 284 nm exciting light,
with emission at 396 and 404 nm.

Screen printing inks generally consist of pigments, binder,
and solvent. Among them, binder plays an important role in
protecting the pigment from damage by external force and
facilitating the process of printing.>

In this paper, water was selected as solvent by reason of its
eco-friendly character and simplicity, four kinds of water-
soluble ink binders were blended with PTSA and the undis-
solved solid was separated through centrifugation. After being
placed for 24 h, the ink's appearance, pH, stability, and fluo-
rescence were measured (Table 1 and Fig. S61).

In No. 3 ink, chitosan is strict with the solvent that can be
dissolved in dilute acid, because of the free amino and
hydroxyl.>* In consideration of the storage of ink, chitosan was
not employed as ink binder. In No. 2 ink, some solids were
observed after being placed for 12 h, and the fluorescence
decreased because of the white colour of DISPercoll U54. As an
ink vehicle, WPU-538 showed good solubility and the appear-
ance of No. 1 ink was translucent. Unfortunately, there is no
thixotropic phenomenon in No. 1 and No. 2 ink, leading the ink
to flow around in the process of printing. It's notable that after
exposure in 365 nm light, No. 4 ink exhibited strong blue
fluorescence while the fluorescence of No. 1 and No. 2 inks
became weak and have a little shift. Therefore, HEC was suit-
able for ink binder due to the hydrophilic hydroxyl groups in
submissive long chain can wrap pigments and help to produce
a homogeneous ink.** Moreover, there was no influence on
fluorescence when HEC was added into inks, revealing that
HEC was beneficial to show a refined structure during printing
process.

As illustrated in previous literature, the rheological and
thixotropic properties of screen printing inks are of vital factor
for their application.”® To investigate the relationship between

This journal is © The Royal Society of Chemistry 2019
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Table 1 Influence of different ink binders on PTSA ink's appearance and properties®

No. Binder H,O : PTSA : binder (wt%) Appearance Thixotropism Stability Impact on fluorescence
1 WPU-538 90:9:1 Translucent No >6 months No

2 DISPercollU54 90:9:1 Milky — 12 h Decrease

3 Chitosan 90:9:1 Undissolved — — —

4 HEC 50:0.5:1 Transparent Yes >6 months No

4« was represented no test.

HEC and viscosity, we made an adjustment of the dosage with
ink binder contents of 25, 30 and 35 g L' in R/G/B inks,
respectively. The inks were agitated strongly for 2 h to obtain the
final stable inks.

The viscosity tests at different shear rate ranging from 0.1 to
1000 s ' were shown in Fig. 3. We can find that the shear
thinning thixotropic phenomenon arose in all inks. It's
concluded that the viscosity of inks decreased as the shear rate
increased. The reason was that the force between HEC and PTSA
was broken by the increasing shear rate, resulting in an
unstable ink system. Under the same mass percentage of PTSA,
with the increase of the content of HEC, the viscosity of all inks
augmented at the same shear rate. It was the result of the great
mass percentage of HEC, giving rise to the augment of inter-
molecular force.”

During the screen printing process, ink's viscosity will
decrease owing to the shearing of squeegee, which help ink
transfer smoothly and homogeneously.>” Great mass percentage
of HEC may cause the difficult movement of inks which will
result in the jam of mesh. In contrast, small viscosity may lead
to the sedimentation of pigment. Therefore, it's vital for us to
select a suitable viscosity. In summary, 30 g L™ of HEC is
appropriate for screen printing. The viscosity of red ink: the
maximum was 7.9 Pa s and the minimum was 0.4 Pa s, green
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Fig. 3 Viscosity under shear rate ramp for PTSA inks with different
HEC concentrations (a) red ink, (b) green ink and (c) blue ink.

This journal is © The Royal Society of Chemistry 2019

ink: the maximum 6.9 Pa s and the minimum 0.4 Pa s, blue ink:
the maximum 7.7 Pa s and the minimum 0.4 Pa s.

When the external force disappear, the viscosity of ink will
increase and its mobility decreases, ensuring the inks fixing on
the substrate.”® Thus, it's necessary to examine the rheological
behaviour of inks using peak hold step (PHS) method at
different shear rates in three intervals as shown in Fig. 4. In first
interval, the shear rate was kept at 0.1 s for 40 s, then
increased to 1000 s~ for 30 s, finally dropped to 0.1 s~ and
held for 120 s to facilitate the viscosity recovery.

It's clear that viscosity of all inks dropped rapidly when the
shear rate changed from 0.1 to 1000~ ", as a result of the damage
of ink structure by shear stress, which was similar to the
research of Wang et al.>>* After the shear rate declined to 0.1
s, the viscosity went up and the ink structure was restored.
The viscosity of all inks could recover to its original level, whose
recovery rates near 100%. The recovery time was calculated as
the time required for the viscosity of prepared ink to revert to
the original. As shown in Table S1,} the recovery time of green
ink and blue ink were 45 and 47 s, respectively, which was fitted
for inks to dry and level on the substrate. Among them, red ink
needs more time to resume, reaching 106 s. It's likely that red
pigment hindered the movement of inks because of its great
structure, which should take more time for inks to rebuild the
original structure.

As above, we have demonstrated that the PTSA possesses
strong blue fluorescence under UV light and large-scale
synthesis can be easily achieved by one-step method. The

blue ink
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Fig. 4 Rheological behaviour of R/G/B inks during screen printing
with 30 g L™! of HEC.
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Fig. 5 Two anti-counterfeiting patterns and ink-jet printing inks on
the non-background paper under (a) white light and (b) 365 nm UV
light.

PTSA powder can facilely dissolve into aqueous solution, the
colourless and stabilized solution is formed. Furthermore, the
stability of ink was investigated after being placed at room
temperature for 30 days. Obviously, the ink was transparent
under sunlight, and blue fluorescence can be observed after
being exposed in UV light (Fig. S77). Surprisingly, it can still be
printed on substrate and only displays the secret pattern under
excitation light, indicating the prepared material is suitable for
secure UV-to-visible printing. These result showed that the
prepared inks can keep some secret information and be used
for anti-fake technology.*

To verify this statement, PTSA inks were printed upon non-
background paper via ink-jet method, the composition of col-
ourless ink was displayed in Table S2.f Transparent and
homogeneous aqueous solution (Fig. 5a3) with 3 ¢ L™" of PTSA
was injected into the ink cartridge on an Epson printer, and it
showed blue fluorescence under UV light (Fig. 5b3). As we can
see, blue words and Chinese characters emerged under 365 nm
UV lamp (Fig. 5b1). Besides, the inks were also adapted to other
patterns, such as QR code (Fig. 5b2). The margin of the code was
clear and the details were obvious. More importantly, we could
not find any printed information on the surface of the paper
(Fig. 5a1 and a2), and the patterns can be stored for several
months. These results imply that the PTSA inks are suitable for
anti-fake measures.*

In practical applications, colourful and designable patterns
for anti-counterfeiting were difficult to simulate and duplicate.
To demonstrate the suitability of PTSA inks for multi-coloured
patterns, they were printed on the flexible non-background
paper using screen printing, the composition of prepared inks
could be found in Table S2.F

The diverse patterns and R/G/B inks under white light and
365 nm UV light were presented in Fig. 6(I) and (II), respectively.
Under white light, we can see that the red (Fig. 6(I)a4), green
(Fig. 6(I)b4) and blue (Fig. 6(I)c4) inks were vivid and uniform.
After exciting by 365 nm UV light, they show different colours
due to the overlay of previous tints and fluorescence.** The
colour of red ink changed to amaranth (Fig. 6(I)a4), while the
green ink switched to jade green (Fig. 6(II)b4) and the blue ink
became baby blue (Fig. 6(II)c4). It's of great significance to
observe that three types of patterns with different colours
appeared on non-background paper, including four-leaf clover

480 | RSC Adv., 2019, 9, 476-481
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Fig. 6 Multicolour graphs of screen-printing patterns and R/G/B inks
on the non-background paper under white light (I) and the 365 nm UV
light (ll). Screen printing patterns of (a) red inks, (b) green inks, and (c)
blue inks.

(Fig. 6(I)1), Chinese characters (Fig. 6(I)2), and flower (Fig. 6(I)
3). After the 365 nm UV light excitation, the fluorescence
patterns with different colours emerged, which was similar to
their own colour under sunlight (Fig. 6(II)1, (II)2 and (II)3). We
can find the subtle and clear margin of designable and multi-
coloured patterns, which indicates the as-prepared R/G/B inks
are suitable for screen printing technology.

To further study the optical density and colour parameters of
above printing samples, the optical density, L*, a*, b* and AE
are presented in Table S3.7 The optical density was an assess-
ment of the thickness of dried ink layer. The highest value of
optical density was observed for green ink, which could be
relative to the wettability of paper substrate and the distribution
of PTSA inks in the printing unit.*® It's obvious that the value of
AE of screen printing samples after being exposed to UV light
were greater than 4, indicating that the differences were visible
to the naked eye. However, the sample of ink-jet printing was
colourless and unable to be detected, but we can find that the
colour change in Fig. 5 was evident under 365 nm UV light.*

This journal is © The Royal Society of Chemistry 2019
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4. Conclusions

In summary, we reported a convenient, low-cost, and high-
throughput organic fluorescence material for invisible and
visible anti-fake and security application based on water-soluble
inks. PTSA was successfully synthesized by sulfonic reaction via
one-step method, which was more eco-friendly and straight-
forward than traditional procedure. The evaluation of optical
property displayed that the as-prepared sample was a blue
fluorescence material. Subsequently, HEC was employed as ink
binder, which can protect the pigments and increase ink's
viscosity. The colourless ink containing PTSA and HEC aqueous
solution was coated on paper, which can be detected under
365 nm UV light while nothing appears under white light.
Moreover, R/G/B inks were prepared by mixing PTSA with HEC/
pigment solution. The results of viscosity test showed that 30 g
L~ of HEC was suitable for inks, which displayed good thixo-
tropic behaviour at the same time. When the as-prepared stable
R/G/B inks were used to print various patterns via screen
printing, these patterns could show pigment's colours under
white light, and the fluorescence could be detected under
365 nm UV light. These water-soluble fluorescence materials
could be a promising candidate for anti-counterfeiting label.
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