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1. Introduction

Carbon dots (CDs) that are zero-dimensional carbonaceous

Yellow emissive and high fluorescence quantum
yield carbon dots from perylene-3,4,9,10-
tetracarboxylic dianhydride for anticounterfeiting
applications¥

Namratha Ullal,® Bibekananda Sahoo,” Dhanya Sunil, @2 *2 Suresh D. Kulkarni, ¢
Udaya Bhat K.* and Anand P. J.¢

Forged products are widespread in the market and there is an immediate need to counter this growing
menace. Anti-counterfeit techniques using fluorescent materials with covert features that appear hidden
under daylight and display characteristic fluorescence upon specific source irradiation have gained popu-
larity. Carbon dots (CDs) that can be prepared through facile synthesis from various raw materials are a
class of fluorescent materials that provide tremendous opportunities to combat counterfeiting. This work
focuses on the fabrication of perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA) derived CDs via the
solvothermal approach and their subsequent purification using column chromatography. The fifth fraction
obtained exhibited remarkable yellow emission (1em = 540 nm) with a high fluorescence quantum yield of
53.22% and a lifetime of 4 ns. The CDs appeared quasi-spherical during TEM imaging with an average dia-
meter of 1-3 nm and appeared polycrystalline from the SAED pattern. The XPS and TEM-EDS results
suggested carbon as the major element along with oxygen and nitrogen as the other heteroatoms. The
water-based ecofriendly ink formulated using the CDs was printed on UV dull paper using the flexography
technique. The print-proof paper samples appeared pale pink under daylight and fluorescent yellow upon
365 nm UV illumination. Moreover, the stability of the print was confirmed upon exposure to strong UV
radiation cycles and abrasion resistance. Besides, the fluorescence emission remained unaltered even
after 5 months of storage under room temperature conditions. The ink was used to print on PVC sheets
and FBB boards with good stability against scuffing, suggesting its applicability in the packaging industry.
The CDs could also serve as fluorescent markers for identifying post-consumer plastic packaging for a
circular economy.

find applications in bioimaging,®” bio-labeling,® metal-ion
sensing,”'’ drug delivery,'"'* light emitting diodes,'® photoca-
talysis and optoelectronic devices."*® The bottom-up

materials with sp® hybridized carbonaceous cores and sp®
hybridized surface functional groups have gained wide popu-
larity mainly due to their facile synthesis from inexpensive pre-
cursors, biocompatibility, and less toxicity."” As these carbon-
aceous nanoparticles have attractive emission features, they
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approach is the most used technique for preparing CDs with
reduced surface defects,’”'® and the use of precursors rich in
carbon (C), nitrogen (N), oxygen (O) and sulphur (S) can facili-
tate the fabrication of CDs with enhanced fluorescence
behavior.’®° A plethora of reports describe different fabrica-
tion routes for CDs with diverse chemical groups and thereby
unique luminescence features from synthetic molecules, food
items, plant and animal biomass, and waste materials.*’
Though nanoparticles obtained through the top-down method
exhibit higher crystallinity and superior fluorescence attributes
compared to bottom-up approaches, these techniques are less
frequently employed due to not only harsh reaction conditions
and chemical environment, but also sophisticated and expen-
sive techniques that add to high cost during large-scale pro-
duction. Among the bottom-up methods, the hydrothermal/

Dalton Trans., 2024, 53,16287-16302 | 16287


http://rsc.li/dalton
http://orcid.org/0000-0002-0727-5125
http://orcid.org/0000-0002-3004-2266
https://doi.org/10.1039/d4dt02219j
https://doi.org/10.1039/d4dt02219j
https://doi.org/10.1039/d4dt02219j
http://crossmark.crossref.org/dialog/?doi=10.1039/d4dt02219j&domain=pdf&date_stamp=2024-10-03
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4dt02219j
https://pubs.rsc.org/en/journals/journal/DT
https://pubs.rsc.org/en/journals/journal/DT?issueid=DT053039

Open Access Article. Published on 23 September 2024. Downloaded on 2/21/2026 12:02:00 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

solvothermal approach is extensively employed due to its scal-
able and simpler process and is considered as one of the
softer approaches for preparing highly fluorescent CDs.**™*°

There are a few studies that report dyes as source materials
for the preparation of CDs. Zheng et al. synthesized NIR emis-
sive CDs from a hydrophobic cyanine dye via the solvothermal
approach for NIR fluorescence imaging and in vitro photother-
mal therapy.®! Gao et al. were successful in the fabrication of
highly coveted red emissive CDs using the neutral red dye via a
hydrothermal method with the application extended to metal ion
sensing and bio-imaging without any background fluorescence
interference.’® Li et al. attempted to prepare blue, green, yellow,
and red dye-based CDs via solvent engineering, and these multi-
color nanomaterials were used in polyvinyl alcohol (PVA) compo-
site films and LED fabrication.>®> However, most of these dye-
derived carbonaceous nanodots exhibited lower quantum yields
(QYs) when used as such without any further purification pro-
cesses. The byproducts generated during their synthesis can sig-
nificantly contribute and influence the fluorescence associated
with CDs, which needs to be eliminated to achieve error-free
results for real-life utility of these nanomaterials. CDs with desir-
able fluorescence properties including narrow and longer wave-
length emission, high quantum yield, a long fluorescence lifetime
and good photostability have versatile practical applications and
are always in demand. The significance of purification, specifi-
cally for luminescence-based characterization studies, is highly
critical and imperative.

Perylene-based polycyclic aromatic dyes have been
implemented in many technological fields due to their out-
standing physical and optical properties as well as their propen-
sity towards self-assembly.’* As they possess captivating optical
and thermal stabilities as well as chemical inertness, they are uti-
lized in solar cells, light-emitting diodes, thin film transistors and
bioimaging. There are a few studies reported on the synthesis of
CDs from perylene dyes for CO, sensing and cell imaging.*®
Wang and group synthesized CDs using PTCDA and polyethyl-
eneimine via a hydrothermal method. As opposed to the hydro-
phobic nature of precursors, the as-prepared CDs could be dis-
persed in water, which displayed a QY (by the absolute method)
of 0.058. Additionally, these CDs were utilized for the anti-bac-
terial effect on common Gram-positive pathogens.*> Another
research group reported the synthesis of greenish-yellow emissive
CDs by a hydrothermal approach with an estimated QY of 26.6%.
They exhibited solvatochromism and long-term photostability
and were utilized in multi-colour cellular bioimaging.*® Different
approaches need to be explored for avoiding aggregation-induced
quenching in solid state applications and improving the fluo-
rescence QY of CDs.

In this work, we chose PTCDA as the precursor due to its
extensive conjugated structure. A solvothermal approach was
employed to obtain stable yellow emissive CDs. Furthermore,
the photophysical properties of pure CDs were investigated.
Furthermore, an ink formulation was developed by suspending
the CDs in PVA and printed on UV dull paper and packaging
substrates via the flexography technique. The print proofs
exhibited good photostability even after 5 months of storage,
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indicating their inertness under ambient conditions. The
printed samples were studied for use in anti-counterfeiting
and packaging applications.

2. Experimental
2.1. Synthesis and characterization of CDs

About 50 mg of PTCDA in 7 mL N-methyl-2-pyrrolidone (NMP)
and 1 mL ethanol was taken in a Teflon coated autoclave
(25 mL capacity). The reaction setup was fixed at 155 °C for 1,
3 and 5 h durations, and the resultant mother liquor (ML) was
filtered to separate the suspended solids. Silica gel (400--
700 meshwork; SRL Chemicals) was used to achieve wet
packing for column chromatography.

UV-visible spectra were recorded from 200-800 nm at a
scan rate of 4800 nm min~" in a 1cm dimension quartz cuvette
(1.0 nm bandwidth) using an 1800 Shimadzu UV-visible
spectrophotometer.  Fluorescence  measurements
obtained using a JASCO spectrofluorometer FP-8300 with a
path length of 10 mm and varying excitation and emission
bandwidths between 2.5 to 5 nm. QY measurements were per-
formed for excitation and emission bandwidths between 2.5
and 5 nm using the absolute method where an integrating
sphere coated with BaSO, was attached to the PL instrument.
The LC-MS data were collected using an ACQUITY UPLC
H-Class PLUS Bio System. The sample was injected into a C18
LC column with a mesh size of 1.7 pm. The binary elution
system chosen was water + 0.1% formic acid and methanol.
The separated fractions were analysed through positive electro-
spray ionisation time-of-flight mass spectrometry. The ATR-IR
data with 40 scans of 4 cm™" resolution were acquired using a
Shimadzu-IR Spirit instrument. X-ray diffraction patterns were
collected for 20 extending from 10 to 80° on a Malvern
PANalytical, Empyrean 3rd Gen instrument with a Cu Ka
source. The XPS data were obtained for 10 min with spectral
scan from 63.6 to 1253.6 eV using an Omicron XPS system
with non-monochromatic Mg-Ka and Al-Ka excitation sources.
The Raman spectrum was acquired using a Renishaw Compact
Raman spectrometer in a continuous scan mode operation
with 10 s exposure time and the wavelength of the excitation
source corresponded to 785 nm with 0.05% power. The surface
charge of the CDs was estimated using a Malvern Panalytical -
Zetasizer Ver. 7.12 instrument. TEM images were acquired
using a JEM 2100 F model equipment with a 200 kV electron
source. About 10 pL of CDs in 1 mL methanol dropcast and
dried under ambient conditions on a 200 mesh carbon coated
copper grid was used for TEM analysis. A Talos F200 S model
instrument was employed for SAED, TEM-EDS and elemental
mapping and Image-] software was used to analyse the images.
A DeltaFlex TCSPC lifetime fluorimeter equipped with a Mai
Tai laser (Aex = 340-510 nm) as a short-pulse oscillator and
HPPD with conventional PMT design was used to record the
fluorescence lifetime data.

were

2.2. Preparation of flexo-ink and study of print properties

Table 1 summarizes the formulation adopted for ink prepa-
ration using PTCDA-derived CDs for flexography printing.

This journal is © The Royal Society of Chemistry 2024
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Table 1 Composition of the ink formulation

Components Composition (weight %)
Colorant concentrate (CD dispersion) 35.38
8% PVA 51.83
30% glycerol-ethanol mixture 12.23
Ammonia solution 0.56

The grammage (in gsm) of uncoated and coated UV dull
paper used for printing the proofs was measured using a
Digital GSM tester. The ink was coated on UV dull paper
with a zero number K bar coater (wet film deposit = 4 mm).
The flexo-prints were obtained using RK Flexiproof 100 at
50 m min~, 9.5 BCM Anilox roll, chambered doctor blade
inking equipment, and a photopolymer plate. The density
and colorimetric (L*, a*, and b*) values of the printed paper
samples were measured using an Xrite i1 Pro spectrophoto-
meter. The rub resistance of the printed film was tested
using a Sutherland ink rub tester by using a 2 lb weight for
50 and 100 rubs.

2.3. Preparation of PVA-CD films

About 9 g of PVA granules was added to 30 mL de-ionized
water and heated at 90 °C to achieve complete dissolution. The
solution was further cooled under ambient conditions to
obtain 30% PVA solution. CDs (0.4, 0.8, 1.2, 1.6 and 2.0 mL in
7:3 methanol : dichloromethane (DCM)) were dispersed in
5 mL of viscous 30% PVA solution through sonication for 24 h
under room temperature conditions. The resultant hom-
ogenous solution was poured into a petri-plate and dried at
100 °C under vacuum for 8 h. The PVA film without CDs was
also prepared in a similar manner to the control.

View Article Online
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3. Results and discussion

3.1. Synthesis of CDs

PTCDA with abundant oxygen atoms and low solubility in aro-
matic solvents was used as the precursor material for preparing
the CDs. The stable organic molecule displays high molar absorp-
tivity, excellent optical and thermal stability, reversible redox fea-
tures, and self-assembly behaviors.”” The 5-membered lactam
NMP was used as a colorless, nonvolatile dipolar aprotic organic
solvent, which is stable at room temperature. However, at elevated
temperatures and in the presence of certain reagents (acids or
alkali) it is susceptible to ring opening hydrolysis reactions.*® Five
absorbance peaks at 303, 460, 490 and 527 nm were noticeable in
the precursor spectra (Fig. 1a). The solution of PTCDA in NMP
and ethanol was subjected to a solvothermal reaction at 155 °C for
1, 3 and 5 hours as mentioned in the Synthesis and characteriz-
ation of CDs section to obtain the respective ML-1, ML-3 and
ML-5. The UV-visible spectra of a few aliquots of these three MLs
were analysed and compared with that of the precursor. The
absorption of all ML samples appears similar to that of the precur-
sor, probably due to the possession of similar chemical groups.

3.2. Purification of CDs using column chromatography

Before carrying out large scale separation of MLs, thin layer
chromatography (TLC) was performed for ML-1, ML-3 and
ML-5 using different ratios of DCM-methanol solvent systems.
Fig. Sla-ct depict the TLC separations for the three samples,
respectively. Based on the separations observed on the TLC
plate, the DCM : methanol elution system with the following
ratios: 9:1, 7:3, 6:4 and 3:7 was chosen to ensure efficient
separation of the ML samples.

Column chromatography is one of the efficient techniques
to separate the products from redundant reactants and the
byproducts generated. A few aliquots of the ML sample were
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Fig. 1

(a) UV-Visible spectra of PTCDA in NMP. (b) Graphical representation for the retention time for different fractions corresponding to ML-1, 3 and 5

to elute from the column. UV-Visible spectra of purified fractions in comparison to the corresponding spectra of (c) ML-1 (d) ML-3 and (e) ML-5.
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added to the top of the column and different elution systems
with increasing polarity were allowed to run through the column.
Fig. S2-4t1 depict the photographs of column chromatography
separation of ML-1, ML-3 and ML-5 along with different fractions
observed under daylight and UV illumination. On increasing the
polarity of the solvent, gradually different fractions eluted from
the column. Six, four and three fractions respectively were eluted
based on the polarity differences for ML-1, ML-3, and ML-5. The
purity of the fractions obtained was evaluated based on TLC
observations, which displayed a single spot. The purified fractions
corresponding to different reaction durations vary along with the
time taken to exit the column. The number of fractions eluted
decreased with increasing reaction duration. Fig. 1b pictorially
portrays the retention time for different fractions corresponding
to ML-1, ML-3 and ML-5 to elute from the column and Table S17
lists the retention time values. As no significant difference in
absorbance wavelengths was noticed in the UV spectra of these
three MLs, it can be assumed that a longer duration ensures
fewer by-products. This assumption was confirmed during the
column separation as only 3 fractions were obtained from ML-5
compared to 4 and 6 in the case of ML-1 and ML-3. Moreover, the
retention time does not show a major difference and further sub-
stantiates that these eluted fractions of ML-1, 3 and 5 could have
similar chemical behaviour.

3.3. Electronic spectral analysis of column-separated
fractions of MLs

As discussed in the earlier section, the absorption bands of all
the three MLs are analogous to that of the precursor PTCDA in

View Article Online
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NMP, irrespective of their absorption intensities. Post syn-
thesis the ML samples retained the perylene group framework
and similar chemical groups, irrespective of the reaction dur-
ation. Furthermore, the UV spectra of the different fractions
recorded after column purification were compared with those
of the respective MLs. As evident from Fig. 1c, the UV absorp-
tion peaks at 295-304 nm of all six fractions of ML-1 corres-
pond to the NMP moiety. The peaks in the fourth and fifth
fractions centred at 460, 490 and 527 nm were predominately
observed in the precursor and ML-1.>° All four fractions of
ML-3 display bands at 295-307 nm due to the presence of the
NMP moiety (Fig. 1d). In addition, the third and fourth frac-
tions also display peaks at 460, 490 and 527 nm akin to ML-3
and precursor samples. Similar observations were found for
the second and third fractions of ML-5 with absorption bands
at 460, 490 and 527 nm (Fig. 1e). Thus, the latter fractions of
all the three MLs exhibited similar absorptions as the precur-
sor PTCDA.

Initially, the 3D photoluminescence spectrum of PTCDA in
NMP was analysed to evaluate the changes observed in the ML
samples after subjecting it to solvothermal treatment. The 3D
spectrum (Fig. 2a) shows the major emission at 580 nm for
excitations at 380 nm (marked as A) and 430 nm (marked as
B). Accordingly, the 2D spectrum (Fig. 2b) depicts a minor
emission at 632 nm for the same excitations (i.e., 380 and
430 nm) in addition to the major emission at 580 nm. The ML
samples corresponding to 1, 3 and 5 h display different emis-
sive regions indicating the successful chemical changes after
adopting a solvothermal approach. The 3D (Fig. 2c¢) and 2D

Fig. 2
of (e) ML-3 and (f) ML-5.
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Fig. 3 Emission spectra of (a) first, (b) second, (c) third, (d) fourth, (e) fifth and (f) sixth fractions of ML-1.

spectra of ML-1 show emissions centred at 440, 540 (major
emission) and 577 nm for excitation wavelengths corres-
ponding to 380, 450, 480 and 520 nm (Fig. 2d). Interestingly,
with prolonged duration of the solvothermal reaction, the
emission intensity at 540 nm decreases significantly, which is
evident in the 2D spectra of ML-3 and ML-5 samples exhibiting
maximum emission at 600 and 640 nm respectively (Fig. 2e
and f). Furthermore, to check the contribution of the solvent,
the 3D spectrum (Fig. S51) of NMP was also recorded, which
exhibits a major emission at 412 nm (e, = 350 nm) and a less
intense emission at 532 nm (¢ = 380 nm).

The emission features of purified fractions corresponding
to ML-1, ML-3 and ML-5 were also analysed. The six fractions
that were eluted from ML-1 exhibited varying emissive pro-
perties. The first fraction (Fig. 3a) displayed major emissions
at 411 and 435 nm, while the second fraction (Fig. 3b) exhibi-
ted emission at 530 nm. The third fraction (Fig. 3c) also
showed similar peaks with intense emissions at 490, 540 and
590 nm. Moreover, the fourth and fifth fractions (Fig. 3d and
e) exhibited emissions at 540, 577 and 630 nm. The sixth frac-
tion (Fig. 3f) emitted majorly at 540 and 577 nm. The emission
profiles of the latter three fractions are analogous to that of
ML-1 indicating similar transitions.

The first fractions of ML-3 and ML-5 (Fig. S6a and S7at)
show peaks positioned at 407, 432-433 and 460 nm with less
intense emissions extending towards higher wavelengths. The
second fractions of both ML-3 and ML-5 (Fig. S6b and S7bt)
exhibit emissions at around 533, 574 and 624 nm. The latter
fractions of both ML-3 (Fig. S6c and df) and ML-5 (Fig. S7ct)
have predominant emissions at 540 nm with less intense emis-

This journal is © The Royal Society of Chemistry 2024

sions at 577 and 632 nm. In general, the first and second frac-
tions of all MLs of less polarity have major emissions corres-
ponding to lower wavelengths, while more polar fractions have
major emissions corresponding to the yellow region.

3.4. Mass spectral studies

Initially, it is imperative to understand the individual contri-
bution of the precursor materials in fluorophore formation
during the solvothermal reaction. The contribution of NMP
towards the formation of fluorophores in the ML-1 sample was
investigated using LC-MS. The chromatogram of the ML-1
sample was compared with that of the product obtained after
the solvothermal reaction of NMP alone under the same con-
ditions. The chromatogram of ML-1 (Fig. S8at) indicates the
presence of 11 peaks which were analysed for mass spec-
trometry (Fig. S8bt). The absence of a peak at m/z = 392.32 g
mol™" corresponding to the molecular weight of PTCDA
suggests the absence of the precursor pigment in the solvo-
thermal product, whereas the LC separations of the solvo-
thermal product of NMP exhibited three fractions as shown in
the chromatogram (Fig. S9at). The mass spectra (Fig. S9b¥)
acquired for the three components showed peaks at m/z =
171.1 and 207.1 (Peak ID 1 & 2 in Fig. S9bt) and only 207.1
(Peak ID 3 in Fig. S9bt) suggesting the ring opening process in
addition to polymerization and oxidation reactions of NMP
during the solvothermal reaction.*®*° Notably, the chromato-
gram of ML-1 also displayed peaks at similar m/z values of
171.1 (Peak ID 1 & 2 in Fig. S8bt) and 207.1 (Peak ID 10 in
Fig. S8b¥), indicating contributions from NMP.
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3.5. Fluorescence QY and lifetime measurement studies
PTCDA and NMP precursors exhibited characteristic fluo-
rescence. PTCDA showed emission at 580 nm (A = 380 nm),
whereas NMP displayed maximum emission at 412 nm (dex =
350 nm). The solvothermal product of NMP showed maximum
emission at 530 nm (A, = 440 nm) (Fig. S10t). Song and group
have already investigated the fluorescence properties of com-
pounds with pyrrolidone ring(s)."® Compounds in the innate
form exhibit weak fluorescence and on derivatization show
strong fluorescence. PTCDA and NMP afforded absolute QYs
of 3.76% and —-2.60% respectively. However, ML-1 and the
solvothermal product of NMP alone (1 h at 155 °C) exhibited
QYs of 9.78% and 1.27%. It can be noted that NMP showed
weak fluorescence with a very low QY, but post solvothermal
treatment displayed green emission (4em = 530 nm) with a rela-
tively increased QY.

As the reaction duration does not induce major changes in
the emission region, fourth, fifth and sixth fractions of ML-1
were chosen for further analysis. Absorption of light (107 s)
involves two non-radiative processes taking place simul-
taneously, namely (i) vibrational and (ii) solvent relaxation
(107*? s) followed by radiative fluorescence (107° s).** Steady
state measurements are not sensitive to molecular dynamics
associated with conformational changes. Time-resolved fluo-
rescence (TRF) serves as an important tool to understand the
formation of excitons (electron-hole pair) during radiative
decay (S;—S).*> TRF was facilitated via the time correlated
single photon count (TCSPC) technique equipped with a high
repetition rate picosecond or femtosecond laser source. The
conditions were adjusted such that less than one photon was
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detected per laser source.*” Fluorescence lifetime refers to the
time when a molecule remains in the excited state before
reaching the ground state. Previous studies have reported CDs
exhibiting multiple lifetime values with either bi- or triple-
exponential decay, which are due to the presence of diverse
chemical groups on the surface of CDs.** This leads to a more
complicated de-excitation pathway leading to multiple life-
times. There are a few reports that state the mono-exponential
decay nature of CDs.”**® In our findings, we report the pres-
ence of mono-exponential decay observed in the fourth, fifth
and sixth fractions due to the presence of single photo-
luminescence centres or emissive traps.’® The lifetime plots
were fitted using the mono-exponential function represented
by Iy = A-eC%) ) where Iy is the lifetime, A is the normalized
amplitude and 7 is the decay time constant. Tables S2-4F list
the lifetime (z;) and pre-exponential factor (4,) along with the
average lifetime (7,,)."” The fourth (Fig. S1la-cf) and fifth
(Fig. 4a—c) fractions showed a lifetime value of 4.0 ns for
different emitters. This can indicate that surface states of CDs
mainly have a single emission centre, and excited electrons
return to the ground state via a radiative transition.*® Similar
observations were recorded for the sixth fraction with constant
lifetime values (Fig. S12a-ct) for different excitations. Lower
lifetime values of 1.39 and 1.67 ns for emissions at 435 and
487 nm, respectively are observed for excitation at 370 nm. For
emissions at 488 nm, the measured lifetime is 3.95 ns,
whereas emissions at 540 and 580 nm (yellow and orange
emission) have notably higher lifetime values of 4.35 and 4.34
ns. Therefore, for a single excitation, one species (487 nm)
exhibits faster decay in comparison to a longer decay (540 and
580 nm) component.
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1 — IRF b 1 —IRF c 1 —IRF
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Fig. 4 Time-resolved fluorescence spectra of the fifth fraction recorded at (a) 455 nm, (b) 490 nm and (c) 520 nm with mono-exponential decay.
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Post column chromatography separation, the fourth, fifth
and sixth fractions exhibited QY values of 4.94, 53.22 and
43.76%, respectively as presented in Fig. S13.1 The purification
enabled separation of individual components which can show
their actual photostability. Considering the estimated QY (¢r)
and average fluorescence lifetime (z¢), the fluorescence rate
constant (k) values of CDs were calculated (k; = ¢p/zc).*® A
higher radiative rate constant is observed for the fifth fraction
compared to the fourth and sixth fractions (Table S5%). The
increase in radiative rate constant is highly desirable due to
the increase in radiative centers because of stronger
transitions.*®>® The fifth fraction exhibited a considerably
higher rate of radiative constant along with a higher QY and is
hence chosen for further spectroscopic studies and formu-
lation of security ink.

3.6. Structural and chemical studies

XRD analysis was performed to investigate the crystallinity of
the sample. The XRD spectrum presents a broad peak centred
at 22.1 along with other sharp peaks (Fig. 5a). The appearance
of a broad peak can be due to the contribution from the glass
slide (Fig. 5b). Notably the sharp peaks recorded are overlaid
with graphite-2H as the standard reference. Table S67 lists the
26 values and the respective diffraction planes for the reference
sample. The peak at 26.3 belongs to the (002) plane of diffrac-
tion. However, the appearance of sharp peaks at 43.1 and 44.0
(marked as b & ¢ in the reference) corresponds to the (100) and
(101) plane of diffraction. In addition, the less intense peak at
50.2 overlaps with the peak (marked as d in the reference)
belonging to the (102) plane of diffraction. A closer match of
the XRD spectrum with the reference can infer the arrange-
ment of lattice points akin to graphite carbon. In accordance
with Bragg’s equation, the d-space values of 26.3, 43.1 and
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50.2 were estimated to be 0.34, 0.21 and 0.18 nm. Raman
spectra were collected for the fifth fraction under 785 nm exci-
tation (Fig. 5¢). The Raman spectrum of the fifth fraction exhi-
bits a prominent D-band and a less intense G-band at 1380
and 1607 cm™ " respectively due to contributions from sp® and
sp®> hybridised carbon groups.”® Raman spectra were also
recorded for PTCDA and NMP. PTCDA exhibits a peak at
1054 cm™*, which can be ascribed to the out-of-plane C-C-H
deformation and two distinct peaks at 1310 and 1381 cm™*
correspond to in-plane C-H bending and C-H stretching
vibrations. The presence of C=C in aromatic groups is evident
from the peak at 1456 cm™". Moreover, the bands at 1576 and
1595 cm™ " appear due to the strong contribution of C-C in the
perylene group. The anhydridic C=O in PTCDA appears as
weak bands at 1776 and 1877 cm™".’*** NMP displays peaks at
622, 749 and 930 cm ™" corresponding to N-C-C bending, H-
C-H bending and C-C-C symmetric stretching vibrations. In
addition, the peaks at 1026, 1228, 1430 and 1670 cm™" belong
to out-of-plane C-C-H deformation, C-N stretching, -CHj,
bending and C=O stretching vibrations.® Thus, we can
confirm that post synthesis, the fifth fraction possesses dis-
tinct distorted carbon groups (sp®) and a perylene core (sp?).
In addition, a broad peak at 1894 cm™" can be assigned to the
C=O0 stretching vibration. Table S7f summarizes the Raman
shift values for PTCDA, NMP and the fifth fraction acquired
under 785 nm excitation.

Furthermore, ATR-IR spectra recorded for the fifth fraction
are compared with PTCDA powder and NMP (Fig. 5d). The
PTCDA spectrum presents numerous bands between
734-860 cm™' attributed to out-of-plane and in-plane C-H
bending vibrations. The peaks at 1017 and 1120 cm™" are
mainly due to C-H in-plane bending and -CO-O-CO-C
stretching vibrations observed in the anhydride group.”®° The
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C-O stretching peak is centred at 1300 cm™ ', whereas the
occurrence of distinct signals for C=C of the perylene ring can
be found at 1409-1594 cm™'. The distinct C=0 and =C-H
group stretches are observed at 1764 and 3118 cm™'. The
absorption spectrum of NMP has characteristic peaks at
984 cm ™' ascribed to out of plane C-H bending vibrations.
The peak for C-N stretching vibrations is found at 1295 cm™".
In addition, the peaks at 1398 and 1505 cm™" correspond to
CH; and CH, bending vibrations and the amide C=0O bond
appears at 1665 cm™'. The C-H symmetric and asymmetric
stretches are observed at 2875 and 2957 cm™' in the
spectra.”*®” ML-1 and the fifth fraction display various absor-
bance peaks for C-H, C-O, C-N and C=O vibrations like the
precursor and NMP. The ML obtained after solvothermal syn-
thesis exhibits a peak at 1660 cm™ due to the presence of
NMP. Post column purification of the ML sample, the fifth
fraction exhibits peaks at 1650 and 1764 cm™" corresponding
to C=0 of amide and anhydride as observed in NMP and
PTCDA. However, the FT-IR spectrum of the fifth fraction pos-
sesses functional groups analogous to PTCDA moieties.
Table S8 summarizes the ATR-IR peaks corresponding to the
precursor, solvent, ML-1 and the fifth fraction.

The elemental composition and hybridization status of fifth
fraction CDs can be determined via XPS analysis. The survey
spectrum provides an entire scan of elements in terms of
binding energy from 63.6 eV to 1200 eV (Fig. 5e). The peaks
positioned at 285, 399, 532 and 1072 eV correspond to C, N, O
and sodium (Na), respectively. Moreover, the peaks at 990 and
746 eV correspond to auger electrons of C and O belonging to
the KLL subshell. Na can be considered as impurity as it is not
a constituent element of the precursor and appears due to the
glass substrate. The full scan spectrum of C 1s was deconvo-

3
Diameter (nm)

Fig. 6

500 nm
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luted by fitting three peaks at 284.2, 285.5 and 289.8 assigned
to C-C/C=C, C-O and O=C-O groups, respectively as shown
in Fig. 5f. The peaks obtained after the deconvolution of O1s
spectra centered at 530.7 and 532.6 eV belong to C=0 and C-
O groups (Fig. 5g). The elemental composition is also obtained
using component ratio analysis from the XPS data, C (53.37%)
and O (31.77%) being the major elements with N (4.25%) as
the minor constituent.

The surface charge of CDs determines the ability to resist
agglomeration. The zeta potential of CDs estimated as
—19.21 mV (Fig. 5h) through DLS measurements indicates the
presence of a considerable amount of negatively charged moi-
eties and a lower amount of nitrogen containing functional
groups on the surface of the CDs. The CD dispersion could be
stored for 4 months without any agglomeration.

3.7. Morphological studies

A dilute dispersion of the fifth fraction under TEM enabled us
to view quasi-spherical CDs (Fig. 6a) having a diameter in the
range of 1-6 nm (Fig. 6b). SAED was performed along with
TEM imaging over a specific region. The diffraction patterns
appear in the form of bright spots and rings (Fig. 6¢) which
indicate the polycrystallinity of the CDs. In addition, the
measured diffraction patterns confirm the results of XRD
studies. A high-resolution TEM scan image (Fig. 6d) reveals
CDs having lattice infringes measured as 0.24 and 0.30 nm
which matches with the (100) and (002) planes of diffraction of
graphitic carbon. Besides, carbon rods that are also formed
along with CDs as a by-product during the synthesis process
are visible in the lower magnification TEM images (Fig. 6e).
Qualitative elemental analysis along with imaging (inset of
Fig. 6e) was performed using TEM-EDS. Carbon is found as

500 nm

(a) TEM image of CDs. (b) Size histogram of CDs having a diameter ranging between 2—4 nm. (c) SAED diffraction indicating the polycrystal-

line nature of CDs. (d) HRTEM image of CDs with lattice infringe. (e) TEM image depicting the presence of carbon nanorods. TEM-EDS (inset image)
showing the elemental composition. (f) HAADF image with different elemental distributions and individual elemental mapping of (g) carbon and (h)

oxygen.
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the major element followed by O, while N is present in the
minor composition. Elemental mapping further confirms the
composition with carbon and oxygen as highly populated
elements (Fig. 6f-h).

3.8. Fluorescence properties of CDs in the solid state

Though CDs in the liquid state display emissions at 540, 577 and
630 nm for different excitations at 455, 487 and 523 nm, the
emission characteristics may differ in the solid state. Hence, CD
dispersion was coated on UV dull paper and fluorescence spectra
were recorded. The UV dull paper (control) exhibited major emis-
sions at 440 and 532 nm for excitation at 370 nm (Fig. 7a). The
CD coated paper sample exhibited additional peaks at 540 and
585 nm for the same excitation (Fig. 7b and c), which belong to
the CDs. Besides, the emissions arising from the paper are
masked by excitation at 460, 500 and 530 nm, which fascinatingly
demonstrate analogous emissions at 540, 585 and 640 nm. To
support these findings, the same excitations were also used on
the UV dull paper and as expected they did not show any emis-
sion beyond 530 nm, further validating the results. Thus, it can
be noted that there is minimal change in the emission wave-
lengths of CDs in the solid state.

Furthermore, the fluorescence lifetime of the CD coated
paper samples was recorded for excitations at 460, 500 and
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520 nm (Fig. 7d-f). The CDs in the liquid state exhibit a con-
stant lifetime value independent of excitation as mentioned in
the earlier section. Although the CDs on the paper sample
exhibit mono-exponential decay (dem, = 540 and 590 nm) with
insignificant decline in lifetime values indicative of resonance
energy transfer prevalent in solid samples; in the case of emit-
ters corresponding to 640 nm a significant decline in fluo-
rescence lifetime with bi-exponential decay is observed. A
better fit for the bi-exponential decay plot is acquired using
the equation, Iy = A,-eT7™) + A,-e""), where I, represents the
intensity of decay at the recorded time ¢, A; and A, correspond
to amplitude fitting constants and 7, and 7, represent individ-
ual lifetime values.?” To obtain the average lifetime value (7ay)
using two lifetime values (r; and 7,) and pre-exponential
factors (4; and A,) the following expression 7, = Ayt + Ayt
Ayty + Ayr, is applied. The CDs (4en, = 640 nm) coated on paper
exhibit two lifetime values indicative of two different de-exci-
tation pathways. We observe that z; for all excitations (460, 500
and 520 nm) show faster decay in comparison to 7, with
longer decay. Generally, the average lifetimes (z,,5) are weakly
dependent on the excitation used and greatly depend on the
individual time constants.*® Therefore CDs (i = 640 nm)
appear to undergo quenching to a greater extent in compari-
son to other emitting species (dem, = 540 nm and Ay, =
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Fig. 7
escence spectra of the CD coated paper sample recorded under (d) 460,
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(a) Fluorescence spectrum of UV dull paper. (b) 3D and (c) 2D fluorescence spectra of the CD coated paper sample. Time-resolved fluor-

(e) 500 and (f) 520 nm excitation.
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590 nm). The emissions centered at 540 and 590 nm are stable
in the solid state. The individual lifetime value along with the
average lifetime values of CDs coated on UV dull paper corres-
ponding to different excitations and emissions are listed in
Table S9.7

3.9. Ink formulation using the CDs

A flexo-ink was formulated using PVA as the binder as it
enables us to achieve the desired viscosity and serves as a
binder due to good adhesion and film-forming features upon
drying.”® PVA granules were added to de-ionized water and
heated at 90 °C along with continuous stirring. The viscous
PVA melt obtained was allowed to cool at room temperature.
Furthermore, an ink was formulated by dispersing the CDs in
PVA and a 30% glycerol-ethanol mixture which serves as a co/
solvent. A few drops of ammonia were added to adjust the
desired pH of 9 for the formulation. The ink appears pale
yellow under daylight, while it exhibits bright yellow fluo-
rescence under 365 nm UV illumination (Fig. S14a and bf¥).
The fluorescence spectra of both the control (without CDs)
and ink formulation are collected as depicted in Fig. S15a-d.f
A 3D plot of the control displays spectral regions ranging
between 370-532 nm (Fig. S15af). The 2D spectra of the
control formulation have emissions centered at 440 and
532 nm for excitation at 370 nm (Fig. S15bf}). The spectral
region for the ink lies between 460-630 nm wherein the emis-
sion from the control remains masked (Fig. S15ct). Similarly,
the 2D spectra of the ink obtained showed emission peaks at
540 and 580 nm for excitations corresponding to 460, 490 and
520 nm (Fig. S15d7). The presence of CDs induces changes in
the formulation to exhibit emissions in the visible region and
can be therefore utilized for printing purposes.

3.10. Analysis of printing properties

The inkjet printing technique is utilized to print CDs on paper
and flexible substrates. Deng and group utilized CDs syn-
thesized via the solvothermal approach for r-ascorbic acid in
inkjet ink formulation. The letter inscribed on bond paper
appeared fluorescent blue under a UV source.’® Another report
stated the use of plant dye-based CDs in inkjet formulation. A
specific pattern was printed on cotton cloth which was invis-
ible under daylight but showed distinct fluorescence under UV
illumination.®® Li et al synthesized trichromatic CDs and
incorporated them in an inkjet formulation.®* Specific infor-
mation can be inscribed on PVA film via inkjet printing to
store crucial information. The prints on PVA appeared fluo-
rescent blue, green, and red under a UV source. As CDs are
more prone to undergo aggregation-induced quenching in the
solid state,*>®* they can be dispersed in salt or a polymeric
matrix. The present work focuses on the suspension of CDs in
a PVA matrix and the preparation of standardized flexo formu-
lation. The flexo-ink was printed via the flexography technique
and the print proofs obtained were assessed for photostability
and abrasion resistance for real time application.

Initially drawdown of the ink was done to achieve a coating
on UV dull paper. The coated sample appears as a pale pink
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patch under daylight and exhibits yellow fluorescence under
365 nm UV light (Fig. S16a and bt). The 2D spectrum
(Fig. S16ct) for the control ink (without CDs) printed sample
shows major emission at 435 nm, partly contributed by the UV
dull paper. The fluorescence spectra obtained for the coated
paper show distinct peaks at 540, 585 and 640 nm irrespective
of different excitations (Fig. S16dt). The control exhibits emis-
sions confined between 370-530 nm indicating that the emis-
sion peaks lying in the visible region (540, 585 and 640 nm)
are due to the CDs. Furthermore, the ink was printed on the
UV dull paper using the flexography technique. The emission
behaviour exhibited by the printed proofs is analogous to that
of the coated paper as depicted in Fig. 8a.

To assess the photostability, the printed samples of (1.0 cm
x 1.0 cm) were placed under intense UV light at the rate of 300
W/30 m min~' in a UV curing unit for 10, 20, 30 and 40
exposure cycles. The emission plots obtained for the printed
sample subjected to different exposure cycles were monitored
at inherent excitations of 370, 460, 500 and 530 nm (Fig. 8b
and c). The unexposed (zero pass) and UV-exposed (10, 20, 30
& 40 passes) samples have similar emission peaks centred at
540, 585 and 640 nm but the difference lies in the relative
emission intensities. When the samples are exposed to
370 nm excitation, emissions are also observed from the blank
paper at 440 nm. As the region of interest lies beyond 530 nm
where the emissions are due to the CDs, peak intensities at
540, 585 and 640 nm are studied. The printed samples after
UV irradiation underwent a certain degree of fluorescence loss
when compared with the unexposed/zero pass sample.
Moreover, the emissions at 640 nm are more affected by UV
exposure indicating that emitters corresponding to 540 and
585 nm tolerate a certain degree of photo-bleaching. Although
the print is prone to minimal degree of photo-bleaching, there
is no deteriorating effect on the print. Moreover, the coated
and printed paper samples stored under ambient conditions
displayed minimal changes in the emission intensity indicat-
ing good stability over a period of 5 months (Fig. S17a-f}).

The International Commission on Illumination states the
utilization of 3D CIELAB colour spaces where the colours per-
ceived by the human eye is imitated. The parameters used are
L* with values lying in the range of 0-100 which describes the
whiteness of the sample as well as a* and b* components of
the colour space which have values from —120 to 120. The
positive and negative values of a* indicate the red and green
colour of the sample, whereas the positive and negative b*
values represent yellow and blue colours. In addition to these
parameters, AE provides insight into the colour perceived by
the naked eye. The print is invisible if the value is 0-2 and
requires the assistance of a colour specialist, whereas the print
can be deciphered by the human eye if the value of AE is
greater than 3. L*, a*, b* and density of the UV dull paper are
91.79, —0.64, 4.85 and 0.13, respectively, whereas the measured
values of the printed sample are 88.6, 1.2 and 3.8. The slightly
lower L* value indicates yellowing of the print, while the posi-
tive a* and b* values signify reddening and yellowing of the
printed sample. In the case of UV-exposed print samples, there
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Fig. 8 (a) Photoluminescence spectra of the Flexo-printed sample recorded under different excitations. Fluorescence spectra of the UV-exposed

print at (b) 370 nm and (c) 460, 500 and 530 nm. 3D photoluminescence spectra of (d) PVA and (e) composite films. (f) CIE plots for PVA and compo-

site films with varying CD compositions under 370 nm excitation.

is no significant changes in L* values while the a* value shifts
to a negative scale indicating a shift to green colour, whereas
the b* value becomes more positive indicating yellowing upon
exposure to a greater number of exposure cycles. Table S10
and Fig. S18af present the L*, a*, b* and density values and
graphical presentation of the blank, printed, and UV-exposed
samples.

The adhesion of ink to paper is checked via the abrasion
test wherein a print is attached to the basal stand and sub-
jected to mechanical brushing using a rubber block for a
certain duration. In this experiment, a weight block of 2 lbs
was placed on the rubber pad and subjected to 50 and 100
rubs. After each stroke the color parameters and density of the
prints are evaluated and are depicted in Table S11{ and
graphically presented in Fig. S18b.T The L* values of the rub-
tested samples are closer to 100 implying whiteness of the
sample, which might be due to the removal of few layers of the
ink film. The positive values of a* and b* indicate redness and
yellowness of the abrasion tested samples.

3.11. CDs in composite film and security ink for flexible
packaging

Food packaging mainly involves the use of synthetic plastic
materials derived from petroleum products and their increas-
ing use poses serious environmental concerns. PVA, approved
by the FDA for use in clinical trials is utilised as an additive in
coatings due to their ability to form an oxygen barrier,
enhanced film-forming ability and attractive mechanical pro-

This journal is © The Royal Society of Chemistry 2024

perties.®® The incorporation of fluorescent CDs in PVA can
facilitate the fabrication of functional composites with lumine-
scence features.’®®” Though emission properties can be
realised in the liquid state, these nanomaterials suffer from
fluorescence reduction in the solid state due to aggregation-
induced quenching. However, the aggregation leads to exces-
sive resonance transfer and can be avoided by incorporation
into solid matrices like silicone, PVP or epoxy resin.®®*””" CDs
with high fluorescence QYs are desirable and hence PTCDA-
derived CDs were used to prepare PVA-CD composite films.
CD solutions of varying volumes were dispersed in 30% PVA
(10 mL) to prepare five different films. As shown in Fig. S19,}
the PVA film appears translucent under daylight and exhibits
blue fluorescence under UV illumination. Interestingly, the
transparent composite films exhibit yellow fluorescence under
UV light. The 3D fluorescence spectra of the PVA film as
depicted in Fig. 8d have the spectral region confined at
450-500 nm (region marked as A). The 3D spectra of the PVA-
CD composite film (Fig. 8e) exhibit their characteristic emis-
sions at 540, 580 and 640 nm upon excitation at 370 nm
(marked as A), 460 nm (marked as B), 490 nm (marked as C)
and 520 nm (marked as D). The effect of varying the concen-
tration of CDs on the fluorescent films is also analysed via
fluorescence measurements. Fig. S20a-df show the emission
peak corresponding to the composite film with 0.8 mL CDs.
The CIE plots for the films were obtained for excitation at
370 nm as depicted in Fig. 8f. Interestingly, the colour coordi-
nates of the composite films (0.8 mL, 1.2 mL and 1.6 mL CDs)
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at (0.3157, 0.3679), (0.3123, 0.3586) and (0.3162, 0.3616)
correspond to white colour (encircled region). The production
of white light can be realised by mixing blue and yellow emis-
sive species and these films could be used in the fabrication of
white LEDs, which may be explored further. The composite
films could also be used as flexible packaging materials.
Moreover, target marker-based sorting of smart packaging
polymer materials could facilitate plastic waste management
practices to meet high recycling rates.”” The fluorescent CDs
could also serve as fluorescent marker materials for identifi-
cation of post-consumer plastic packaging for a circular
economy.

The security printing applications of the PVA-based CD ink
in different commercially available packaging materials such
as PET films, PVC sheets, FBB boards and metalized boards
are explored. Using the Flexo proofing technique, multiple
coats (1%, 2x and 3x) of the ink showed good adherence to PVC
sheets and FBB boards. Under daylight the print appears pale
pink. However, due to the presence of certain brighteners in
substrates they appear bright blue fluorescent. The authen-
ticity of the proofs can be checked using UV block filters by
the user to observe fluorescent yellow prints on PVC sheets
and FBB cardboards. Furthermore, the emission profiles for
the PVC print proofs (Fig. S21a-ct) exhibit prominent peaks at
540 and 580 nm (4 = 370 and 500 nm excitations) while the
peak at 440 nm belongs to PVC sheets. The FBB printed board
also shows similar emissions (Fig. S21e and f}) at 540 and
580 nm (dex = 500 excitation), while emission at 440 nm
belongs to the FBB board (Fig. S21dt). The ability of the ink
film to combat peeling was also evaluated for both PVC and
FBB printed samples (Fig. S22a-f}). The ink printed on both
the substrates demonstrates stability up to 50 rubs and an
additional mechanical force induces a decline in intensity.
The colorimetric values and density for both the printed sub-
strates were also estimated as shown in Fig. S23a, b and Tables
$12, 13.1 The printed PVC sheet exhibited an L* value closer to
100 indicating the whiteness of the sample. The positive and
negative values of a* and b* indicated red and blue colours of
the printed PVC sheet. The printed FBB boards too exhibited
an L* value closer to 100 with proximity towards white colour.
Based on positive and negative values of a* and b* the printed
boards showed red and blue colours. The minimal changes in
colour parameters and density in printed PVC and FBB sub-
strates (for 100 rubs) indicated resistance to peeling (Fig. S23c,
d and Tables S14, 151) of ink film. Therefore, this ink can be
printed in flexible substrates exhibiting a security feature and
desired stability towards scuffling. The print appears pale pink
under daylight but under a UV source yellow fluorescence is
evident. The uniqueness lies in the difficulty for the counter-
feit to replicate similar features.

4. Conclusion

Yellow emissive CDs were synthesized using a solvothermal
approach from perylene tetracarboxylate dianhydride and sep-
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arated using column chromatography. Efficient purification
was evidenced through superior fluorescence features of the
resultant fifth fraction of interest with a QY as high as 53.22%
compared to the precursor (3.76%) and mother liquor (9.78%).
Moreover, the time-resolved fluorescence spectra of the fifth
fraction exhibited an excitation independent lifetime value
with mono-exponential decay indicating the presence of single
emissive centres on the surface of the CDs. The ink formu-
lation prepared using these fluorescent CDs and printed on
UV dull paper via the flexography technique exhibited yellow
fluorescence under UV illumination which can be used for
security printing application. The ink could be used in smart
packaging as the ink film deposited on PVC sheets and FBB
boards exhibited good stability against scuffing, suggesting its
use in the packaging industry. Moreover, the CDs when incor-
porated into the PVA matrix exhibited different emissions, and
the corresponding colour interpretation can be decoded via
CIE colour space plots. The CDs could also serve as fluorescent
markers for further identification of post-consumer plastic
packaging for a circular economy. The CD-PVA composite
films have colour coordinates close to white colour for exci-
tation at 370 nm. Hence, these composite films could also
serve as functional materials for fabrication of white LEDs.
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