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Abstract
Fluorescence-based materials that are affordable and easy to use for commercial anti-counterfeiting applications are in high 
demand. While exploring new fluorescent pigments, a pyrene-naphthalimide Schiff base, 5-hydroxy-2-((pyren-1-ylmethylene)
amino)-1H-benzo[de]isoquinoline-1,3(2H)-dione (NHPY) with yellow fluorescence under UV light was synthesized. An eco-
friendly flexographic ink prepared with NHPY as the pigment was coated on a UV dull paper and further printed on security 
paper as well as packaging papers and boards. When exposed to UV light, the printed samples showed yellow fluorescence. 
The light fastness, gloss, colorimetric results, and abrasion resistance of the printed samples proved that NHPY is a suitable 
fluorescent pigment for security printing applications.
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Introduction

In today’s fast-developing technological environment, 
counterfeit goods and documents that threaten the value of 
authentic artifacts continue to be a severe problem. There-
fore, it is essential to protect them from falsification. In this 
context, printed non-forgeable security features for use in 
labels with tamper evidence, security tapes, cheques, post-
age stamps, bank notes, passports, stock certificates, and 
identity documents are in high demand (Abdollahi et al. 
2020a; Friškovec et al. 2013; Gangwar et al. 2018; Tobias 
and Everett 2019). It is possible to incorporate non-repli-
cable security components into either the substrate or the 
printing ink (Abdollahi et al. 2020b; Ataeefard and Nourmo-
hammadian 2015; Hrytsenko et al. 2017; Meng et al. 2014). 

Fluorescent, thermochromic, hydrochromic, and photochro-
mic colorants have become more prevalent in various secu-
rity ink applications in the past few decades. However, the 
quest for colorants with desirable properties continues, and 
fluorescent pigments, in particular, have been found help-
ful in a growing number of applications, such as security 
printing and smart and intelligent packaging (Astuti et al. 
2009; Andres et al. 2014; Liu et al. 2019; Abdelhameed 
et al. 2020). Long- and short-wave UV fluorescent inks find 
wide applications in anti-counterfeiting. Different classes 
of fluorophores, including quantum dots, inorganic materi-
als, nanoparticles, complexes of rare-earth elements, and 
polymer dots, were studied as pigments for security printing 
(Nuryadin et al. 2017; Nair et al. 2019).

Pyrene possesses a delightful organic structure that could 
be coupled with various other moieties to create an electron 
donor-acceptor framework with desirable characteristics. 
Various derivatives of this polycyclic aromatic hydrocarbon 
have displayed strong and distinct excimer emission with 
high fluorescence quantum yield. Though the fluorophore 
occasionally experiences quenching due to aggregation 
in solid or concentrated form, pyrene derivatives are used 
extensively in fluorescent probes, food colorants, OLEDs, 
biosensors, biomarkers, corrosion inhibitors, printing inks, 
chemosensors, colorimetric sensors (Kathiravan et al. 2014; 
Domeño et al. 2017; Shen et al. 2019; Srinivasan et al. 
2021; Wang 2021), electroluminescent devices, paints, 
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optoelectronics, (Gowri et al. 2020; Jeyasingh et al. 2021; Kr 
et al. 2021; Uzun 2021; Yao et al. 2021), and anti-counter-
feiting (Maeda et al. 2001; Homa et al. 2017; Mohamed et al. 
2020; Boonnab et al. 2021). Although various colorants are 
available, very few inks, such as bio-ink and tattoo inks, 
have been developed utilizing pyrene, primarily for inkjet 
and 3D printing. The majority of the pyrene-based inks used 
for anti-counterfeiting applications are probed as writing or 
painting ink (Sonawane and Asha 2016; Wakchaure et al. 
2019; Lone et al. 2019; Qiu et al. 2020; Shi et al. 2021), and 
rarely they are screen or inkjet printed (Chen et al. 2019; 
Wang et al. 2021). There are only two detailed reports on 
pyrene derivatives used in water-based flexographic inks 
(Bhagya et al. 2021; Muthamma et al. 2021). Naphthalim-
ide is yet another organic fluorophore reported as a pigment 
in writing and inkjet printing inks. However, most of them 
are just solutions of the pigment in a suitable solvent (Tan 
et al. 2018; Yang et al. 2018; Dwivedi et al. 2018; Ni et al. 
2019; Pati et al. 2020; Rani and Sengupta 2021; Chen et al. 
2022; Kumar et al. 2022) and are not standard ink formula-
tions, except for a report on water-based flexographic ink 
(Muthamma et al. 2022).

Therefore, in this study a new pyrene-naphthalimide 
hybrid molecule: NHPY is prepared via a two-step syn-
thetic approach as a fluorescent pigment. The structural, 
photophysical, and thermal features of NHPY are explored 
for its possible use as a pigment in a water-based security 
ink formulation. Further, the ink prepared was printed using 
flexography on different substrates such as security papers, 
packaging papers, and boards. The prints obtained using 
NHPY ink offered good light fastness, gloss, photolumi-
nescence, colorimetric properties, and abrasion resistance. 
The eco-friendly flexographic inks find their role in Pantone 
colors, security, and other anti-counterfeiting applications.

Experimental

Synthesis and characterization

The solvents and chemicals utilized in this investigation were 
procured from Sigma, Spectrochem, and Finar Chemicals.

2‑amino‑5‑hydroxy‑1H‑benzo[de]
isoquinoline‑1,3(2H)‑dione (OHNH)

Hydrazine hydrate (1.86 mmol) was added to 3-hydroxy-
1,8-naphthalic anhydride (0.37 mmol) dissolved in 30 mL 
ethanol. The reaction mixture was refluxed for 1 h, quenched 
with distilled water, and left aside overnight. The precipitate 
formed was filtered and washed with distilled water to obtain 
OHNH.

5‑hydroxy‑2‑((pyren‑1‑ylmethylene)
amino)‑1H‑benzo[de]isoquinoline‑1,3(2H)‑dione 
(NHPY)

An equimolar mixture of OHNH and 1-pyrene carbaldehyde 
in 20 mL of ethanol was refluxed for 6 h at 80 °C. The pre-
cipitate formed was filtered and washed with hot ethanol 
(15 mL) to obtain yellow-colored NHPY. The synthetic path-
way is depicted in Scheme 1.

The melting points of OHNH and NHPY were deter-
mined by the open capillary method. The chemical struc-
tures of both molecules were validated by recording the IR 
(Shimadzu IR Spirit spectrophotometer), NMR (400 MHz 
Bruker spectrophotometer), and mass spectra (Agilent 6430 
Triple Quad with electrospray ionization). The chemical 
structures of OHNH and the NHPY were confirmed using 
spectral techniques and are presented below. The IR,1H, 
and 13C NMR spectra confirmed the molecular structures. 
The D2O exchange spectra helped to recognize the presence 
of labile protons. Mass spectra established the molecular 
weight of the naphthalimide derivatives.

2‑amino‑5‑hydroxy‑1H‑benzo[de]
isoquinoline‑1,3(2H)‑dione (OHNH)

Yellow powder (75.67%); m.p: > 250 °C; ATR-IR (cm−1) 
3613, 3254 (O–H & N–H str.), 3037 (Ar. C–H str.), 1694 
(C=O str.) (Supplementary Figure, Fig. S1); 1H NMR 
(DMSO, 400 MHz): δ 10.57 (s, OH, 1H), 8.289–8.270 (d, 
1H, 7.6 Hz), 8.263–8.241 (d, 1H, 8.8 Hz), 8.038 (s, 1H), 
7.775–7.737 (t, 1H, 7.6 Hz), 7.669 (s, 1H), 5.77 (s, NH2, 2H) 
(Fig. S2); 1H NMR (D2O exchange, 400 MHz) (Fig. S3); 13C 

Scheme 1   Synthetic route for 
NHPY
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NMR (DMSO, 100 MHz): 161.12, 160.72, 156.62, 133.75, 
133.25, 128.06, 127.84, 123.53, 122.29, 121.98, 121.22, 
116.33 (Fig. S4); MS C12H8N2O3 (ESI, m/z): 228.20 (cal-
culated), 227.00 (experimental) (Fig. S5).

5‑hydroxy‑2‑((pyren‑1‑ylmethylene)
amino)‑1H‑benzo[de]isoquinoline‑1,3(2H)‑dione 
NHPY

Yellow powder (70.60%); m.p: > 250 °C; ATR-IR (cm−1) 
3288 (O–H), 1662 (C=O) (Fig. S6); 1H NMR (DMSO, 
400 MHz): δ 10.65 (s, OH, 1H), 9.814 (s, CH=N, 1H), 
9.026–9.003 (d, 1H, 9.2 Hz), 8.795–8.775 (d, 1H, 8 Hz), 
8.498–8.324 (m, 8H), 8.215–8.140 (m, 2H), 7.851–7.813 
(t, 1H, 7.6 Hz), 7.757 (s, 1H) (Fig. S7); 1H NMR (D2O 
exchange, 400  MHz) (Fig. S8); 13C NMR (DMSO, 
100 MHz) (Fig. S9): δ 171.89, 161.14, 160.76, 156.69, 
134.18, 133.93, 133.41, 131.16, 130.71, 130.47, 130.11, 
129.99, 128.42, 127.96, 127.85, 127.33, 127.20, 127.07, 
126.92, 125.64, 125.33, 124.42, 124.26, 123.95, 123.36, 
122.70, 122.60, 122.10, 116.57; MS C29H16N2O3 (ESI, m/z): 
440.45 (calculated), 439.05, 440.10 (experimental) (Fig. 
S10); Elemental analysis: % calculated C-79.08, H-3.66, 
N-6.36; % found C-77.05, H-3.95, N-6.27.

Intrinsic features of NHPY

The absorption (1800 Shimadzu UV–visible spectrophotom-
eter) and emission spectra JASCO spectrofluorometer FP 
8300) of NHPY were recorded. Photoluminescence meas-
urements were conducted at 370 nm excitation wavelength. 
All theoretical simulations were performed in a vacuum 
using a 6-31G +  + basis set and the B3LYP functions of 
Schrödinger’s materials science suite. Hitachi simultaneous 
thermogravimetric analyzer (STA7000 series) was used to 
analyze the thermal stability of NHPY.

Ink formulation and flexo print features

Kamicryl 2077 and 2074 (Kamsons Chemicals) were used as 
acrylic emulsions. The OT 75 (Spak Organochem) and Jon-
cryl 35 (BASF) were used as wetting and dispersion agents, 
correspondingly. Tego foamex 0843 and carbitol (Diethylene 
glycol monoethyl ether) were supplied by Evonik and DOW 
chemicals, respectively. The NHPY pigment was milled 
using a Lloyds pigment miller (92 N at 40 Kgf). The fine-
ness of the grind of NHPY in ink was determined using the 
Zehntner grind meter.

The thickness (Mitutoyo thickness gauge) and gram-
mage (Digital GSM tester) of the substrates: UV dull paper 
(Manipal Technologies), Kraft papers (Mysore Kraft), and 
Chrome art (Sun paper), Duplex board (West coast) and 
Ivory boards (Bilt) were measured. The substrate surfaces 

were coated with the ink using a K bar coater (zero num-
ber), and 10.5 cm × 29.7 cm patches were printed with RK 
Flexiproof 100 at a speed of 50 m/min using 9.5 BCM anilox 
roll, chambered inking system, and a photopolymer plate. 
The XRD (X-Ray Diffraction) plots of the dried ink layer 
were recorded with Rigaku Miniflex 600 at 2θ range of 5  to 
80° and a scan rate of 4° per minute using CuKα radiation at 
a wavelength of 1.54 Å. The colorimetric values (color den-
sity, L, a, b, and ΔE) were evaluated using an Xrite I1 Pro 
spectrophotometer. The light fastness (Hari Impex LAB UV 
83,002) and gloss (Truesize gloss meter) of the ink film were 
assessed. Sutherland ink abrasion tester was used to check 
the abrasion resistance of printed ink film on substrates at 50 
rubs using 2 lb weight. The surface morphological proper-
ties of the printed sample were examined using a secondary 
electron mode detector analytical scanning electron micro-
scope (Carl Zeiss EVO 18 SEM).

Results and discussion

The absorption spectrum of 1 × 10–5 M solution of OHNH 
and NHPY in DMSO was recorded, and the absorbance 
maxima were observed at around 338 and 392 nm, and 
340 and 398 nm, for π − π* and n − π* transitions, respec-
tively (Fig. S11). The solid-state photoluminescence studies 
revealed maximum excitation wavelength (λex) for both the 
molecules at 370 nm (Fig. S12) and maximum fluorescence 
emission (λem) at 597 nm for OHNH and 549 nm for NHPY 
(Fig. S13). As NHPY was found to show intense emission 
compared to OHNH, further studies were performed using 
the pyrene-naphthalimide derivative.

The flexographic ink must withstand the heat applied to 
the substrate, which can extend up to 200 °C during various 
finishing operations such as heat sealing and lamination (for 
plastic substrates), ironing (for textile substrates), etc. There-
fore, the thermogravimetric analysis (TGA) of NHPY was 
performed. The TGA plots (Fig. 1a) did not show any weight 
loss up to 300 °C revealing the thermal stability, which is 
adequate for a pigment in printing ink.

Water-based flexographic ink with improved eco-friendli-
ness was formulated using NHPY as the fluorescent pigment 
to replace solvent-based inks and thereby reduce the volume 
of VOC emission. The ink was prepared in two stages: In 
step 1, the NHPY pigment, Kamicryl 2074 Acrylic emul-
sion, wetting and dispersing agent (OT 75), and thinner 
(Carbitol) were weighed and milled in the Lloyds pigment 
miller to produce the ink concentrate. In step 2, the pig-
ment concentrate and remaining components as mentioned 
in Table 1 were mixed in a magnetic stirrer to obtain the 
final ink for flexographic printing (Elsawy et al. 2021). The 
% composition of NHPY ink is presented in Table 1.
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The resin constituents of acrylic emulsions can influence 
the physical and chemical properties of ink as well as the 
ink film. These resins wet the pigment properly and bind it 
to the substrate. Resins enhance the drying properties, rub 
resistance, and gloss of the printed ink. The silicone-based 
surfactant OT 75 was used as the wetting and dispersing 
agent to improve pigment wetting and decrease surface ten-
sion. The rub resistance and surface slip of the printed ink 
film are enhanced with Joncryl 35 wax. Carbitol is used as a 
thinner to control the ink viscosity. Tego foamex 0843 pre-
vents foaming and subsequent printing defects. Emulsions 
and acidic acrylic resins were stabilized using the charge 
repulsion technique in the water-based system using aqueous 
ammonia. De-ionized water acted as the solvent.

The NHPY ink was prepared as per the standard for-
mulation used in the industry for water-based flexographic 
printing. The pH of the prepared ink was found to be 8.7 
(the standard range for water-based ink is 8.5–9.5). Fur-
ther, the viscosity of the NHPY ink was measured using 
Ford cup B4 and was found to be 25 s (the standard range 
for water-based ink is 25–30 s). An even pigment disper-
sion is required for the ink’s performance on the printing 

machine. Particle agglomerates can have a variety of 
effects on both the printing procedure and the print quality. 
Consequently, the particle size of NHPY was determined 
using a grind gauge and was found to be < 5 µm. To find 
the nature of the ink, XRD plots of the dried ink film (Fig. 
S14) were analyzed, which showed that the ink particles 
were crystalline. The external quantum efficiency of the 
NHPY ink was 1.56%.

The drawdown method was used to assess the ink’s color 
mixing, drying characteristics, and performance on the sub-
strate. The coating using NHPY ink on a UV dull paper 
appeared yellow under daylight and showed greenish-yellow 
fluorescence on exposure under 365 nm UV light (Fig. S15). 
The influence of fluorescence intensity on coating thickness 
was studied by coating different layers of NHPY ink and 
evaluating its photoluminescence. The fluorescence spectra 
shown in Fig. 1b for the multiple coats using NHPY ink 
depicted the highest fluorescence for three layers. However, 
insignificant changes in the emission intensity observed in 
the coats suggest that ink film thickness does not impact 
the fluorescence emission when viewed with the naked eye 
under UV illumination.

Fig. 1   a Thermogravimetric 
plots of NHPY and b emission 
spectra of different coating lay-
ers (λex = 370 nm)

Table 1   Formulation of pigment 
concentrate and final ink

Components Mass (grams) % composition

Ink concentrate
 NHPY 0.62 12.09
 Kamicryl 2074 (Acrylic emulsion 1) 3.78 73.68
 OT 75 (Wetting and Dispersing agent, WDA) 0.05 0.97
 Carbitol 0.68 13.26

Ink formulation
 Pigment concentrate 5.13 56.19
 Kamicryl 2074 (Acrylic emulsion 1) 1.5 16.43
 Kamicryl 2077 (Acrylic emulsion 2) 1.5 16.43
 Joncryl 35 (Wax) 0.17 1.85
 Tego foamex 0843 (Defoamer) 0.03 0.33
 Water 0.7 7.67
 Aqueous ammonia 0.1 1.1
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Five different substrates were printed on Ivory and 
Duplex board, Chrome art and Kraft papers, and UV dull 
paper using flexography. All flexographic printing sub-
strates must comply with ISO 12647-6 and possess color 
values L ≥ 90, a ≤ 3, and b ≤ 5 (Tipsotnaiyana et al. 2015). 
All the substrates comply with ISO 12647-6 requirements, 
excluding the Kraft paper, (Elsawy et al. 2021) due to its 
brown color. Supplementary Table 1 (Table ST1) lists the 
characteristics of these substrates. The developed NHPY 
ink was printed on all five substrates using the flexographic 
technique. The photographs of the print on UV dull secu-
rity paper in daylight (Fig. 2a) and under UV light (Fig. 2b) 
depict visual appearance. A security paper lacking optical 
brighteners will not interfere with fluorescence emission or 
other security features of the ink. Thus, the blue emission 
on the blank paper is minimal and negligible compared to 
the printed substrate emission. (Fig. 2c).

All the substrates used for printing in the present study 
had low gloss, except the duplex board and chrome art paper. 
NHPY print on UV dull paper had a gloss value of 5.2 GU 
(Gloss Unit) at 60° measurements, which is less than 10 
as per the standard for low gloss paper. High gloss papers 
have a gloss rating of over 70 GU, whereas medium gloss 
papers are those with a gloss rating range between 10 and 
70 GU(Sönmez and Arslan 2021). Table 2 illustrates the 
color density, L, a, and b values of the NHPY ink layer on 
different printed substrates. Since all the b values were posi-
tive, yellow is shown by print proof. Except for Kraft paper, 
all papers had values around 10, indicating an ashen shade 
of yellow. Further, the L values exceeded 90, which speci-
fied the nearest match to white. As a result, the ink layer is 
intensely yellow.

To check the light fastness of the ink layer, the colorimet-
ric values for the substrates printed with NHPY ink were 
measured with a UV curing apparatus at 10, 20, 30, 40, and 
50 passes as per industry standards. The measured color-
imetric values are tabulated in Table 3. Compared to the 
strength of typical UV radiation (around 6.5 mW/cm2), the 
lamps used in the Hari Impex lab UV dryer have an intensity 
of 15–25 W/cm2. The study was conducted for 50 cycles, 
a reasonably long exposure time. The emission spectra of 
the UV-exposed and unexposed samples were obtained as 
depicted in Fig. 2d. The fluorescence of the UV-exposed 
samples did not show any significant difference in emis-
sion intensity, which revealed that the pigment had good 

Fig. 2   Photographs of UV dull paper printed with NHPY ink observed a in daylight, b under UV light. c The emission spectra of blank and 
printed UV dull paper and d print proof subjected to light-fastness test (λex = 370 nm)

Table 2   Colorimetric values of printed NHPY ink layer

Substrate Colorimetric values

Density L a b

UV dull paper 0.36 91.66 − 16.51 41.19
Chrome art paper 0.38 89.51 − 17.31 40.72
Kraft paper 1.07 53.94 − 1.35 37.1
Duplex board 0.43 87.1 − 16.82 42.88
Ivory board 0.44 86.91 − 19.21 44.21

Table 3   Light fastness of 
NHPY ink printed on UV dull 
paper

Colorimetric values Paper reference No. of passes

0 10 20 30 40 50

Density 0.61 0.61 0.60 0.60 0.59 0.60 0.60
L 93.4 93.5 93.4 93.3 93.3 93.0 92.9
a − 9.7 − 9.5 − 8.9 − 8.6 − 8.4 − 8.3 − 8.3
b 38.6 39.1 38.9 39.1 38.6 38.6 38.4
ΔE 17.5 17.3 17.2 17.2 17.0 17.0 17.0
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photostability. Additionally, the prints displayed good light 
stability even after being exposed to ambient conditions for 
6 months.

The abrasion test illustrates the damage that might result 
if the paper rubs against a printed image while being trans-
ported. The colorimetric values measured after the rub test 
on the printed substrates are listed in Table 4. The ΔE values 
were calculated using the equation: (Ozcan 2019)

where ΔL = L2 − L1, Δa = a2 − a1 and Δb = b2 − b1. L1, a1, b1, 
and L2, a2, b2 are the values before and after the abrasion test. 
Normally, a ΔE value of 0–2 is typically impossible for the 
human eye to detect, while a color specialist can recognize 
a value of 2–3, and if ΔE > 3 it can be noticed easily by 
everyone. For most papers printed using NHPY ink, ΔE < 3, 
as revealed in Table 4, indicating good ink film abrasion 
resistance (Sönmez and Arslan 2021).

Conclusion

Very few studies have been reported on naphthalimide-based 
inks and they are mere writing and inkjet printing inks. 
Moreover, all these reported inks were just solutions of pig-
ments using a suitable solvent. A new pyrene-naphthalimide 
pigment NHPY with intense yellow fluorescence was syn-
thesized. The structural, photophysical, and thermal proper-
ties of NHPY were investigated. A water-based flexographic 
printing was prepared using this pigment, bar-coated, and 
printed on several substrates. The ink demonstrated good 
adhesion, light fastness, gloss, fluorescence, and abrasion 
resistance on paper and paperboard substrates. The NHPY 
ink has promising security printing, packaging, and anti-
counterfeiting applications.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s11696-​023-​02827-y.

ΔE =

√

(ΔL)
2 + (Δa)2 + (Δb)
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