Open Access Article. Published on 01 December 2022. Downloaded on 3/19/2026 5:26:44 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials
Advances

W) Check for updates ‘

Cite this: Mater. Adv., 2023,
4, 481

applicationt

Received 7th October 2022,
Accepted 27th November 2022

DOI: 10.1039/d2ma00956k

rsc.li/materials-advances

An efficient and universal method has been developed for the pre-
paration of copper() iodide incorporated organic—inorganic hybrid
coating materials. These materials exhibit potential as solvent-free
anti-counterfeiting inks, with the advantages of facile prepration
method, low-cost, uniform and bright light emissions, long service life,
high stability, water resistance, and strong wearability.

Manufacturers today are increasingly seeking high-quality inks
and coating materials to help produce products that are smal-
ler, lighter, and more technologically advanced. Nowadays,
anti-counterfeiting technology has strengthened information
security protection by taking its unique advantages in photo-
chemistry, electromagnetism, printing and spectral technology,
etc. Modern anti-counterfeiting techniques include materials,
digital information, printing technology, biological characteristics
and other types of anti-counterfeiting methods."” Therefore,
environmentally friendly luminescent inks with low toxicity, good
optical performance, strong stability and mechanical performance
are in great demand.

Organic-inorganic hybrid materials have rich structural types
and can be used in a variety of areas, among which functional inks
and coating materials are one of their important applications.*®
Organic-inorganic hybrid coatings are typically silicon oxide based
resins, which are mainly prepared by sol-gel method.”" In these
hybrid materials, the inorganic component is silicon oxides, the
organic components are polymers."" Such composite structures
maintain the good hardness, scratch resistance, weather resistance
properties from the inorganic species, and the flexibility, compact-
ness and processability properties from the organic compo-
nents.>'* Hybrid coating materials have many advantages, such
as tunable structures and performance, facile synthesis and
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environmental friendliness, showing great potential for large-scale
commercialization.”"?

With the improvement of living standards, coating materials
are required to have more functions and specialties."*™"” Lumi-
nescent coatings are one of the most important functional
coatings since they can be used not only as decorative coatings,
smart coatings, as well as anti-counterfeiting inks."®° Silicon
oxide based resins are generally non-luminescent, and lighting-
emitting coating of this type are typically prepared by adding
luminous substances such as phosphors and organic dye
molecules into the resin materials.>*>* Such mixing process
is physical blending since there is no chemical bond between
the added luminescent compounds and the coating materials,
which may result in many problems, such as uneven lumines-
cence distribution, and easy sedimentation of luminous parti-
cles, etc.?**®

Copper(i) iodide hybrid molecular clusters have excellent
luminescence properties.>*! Generally, the reaction of
copper(i) iodide with organic ligands leads to the formation
of three types of structures, such as Cu,l,(L), dimer based
compounds, Cuyl,(L), cubane based compounds, Cul(L), stair-
case infinite chain based compounds.*> Among them, Cu,I,(L),
cubane clusters are the most common in literature and demon-
strate remarkable photoluminescence behavior.*® Typically,
0D-Cuyl,4(L), molecular clusters emits strong yellow light under
UV irradiation, with impressive internal quantum yields (IQYs)
as high as 100%. Their emissions have been found to result
from a cluster-centered (CC) mechanism, and is due to the
strong Cu-Cu interaction within the Cu,l, core.>**> A bottom-
up precursor approach has been developed with the goal of
keeping the inorganic core intact in the ligand-exchanged
products.®® Typically, a Cuyl; based molecular cluster was
selected as the precursor, and was well-dispersed in the solvent
for ligand substitution. Through the: “bottom-up” method,
small molecules with specific copper(i) iodide clusters can be
used as precursors to controllably synthesize multi-dimensional
hybrid structures with the identical inorganic cluster structure,
and such multi-dimensional hybrid structures can typically
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Fig. 1 Diagram of the synthetic process of the hybrid coatings.

maintain the optical properties of the precursors.’” Under such
method, the copper(1) iodide core can be effectively incorporated
into multidimensional structures, forming hybrid structures
that are both highly luminescent and stable.

Based on the previous studies, an efficient “bottom-up”
synthetic strategy has been developed to synthesize cross-
linked organic-inorganic hybrid coatings with unique lumines-
cent properties while the emissive Cuyl, core has been incor-
porated into the resin materials through Cu-P coordination
bonds (Fig. 1).>**® A Cu,l, based precursor, Cugl,-dpes, has
been synthesized by using Cul and a phosphine ligand
2-(diphenylphosphino)ethyltriethoxysilane (dpes). Then, four
different kinds of such coatings (represented by c-TEOS,
¢-VTES, ¢-MTES, c-PTES respectively) have been prepared by
ligand exchange of the precursor molecules Cu,l,;-dpes with the
coupling reagents of tetraethyl orthosilicate (TEOS), triethoxy-
vinylsilane (VTES), methyltriethoxysilane (MTES) and phenyl-
triethoxysilane (PTES) (Fig, S1, ESIT and Fig. 1), proving the
universality of this synthetic method. In such multi-core based
organic-inorganic hybrid functional coating materials, the
inorganic components include both silicon oxide clusters and
copper(i) iodide clusters with specific structures. The former
species maintain the superior protection performance of the
original hybrid resin and the high stability of the silicon-based
coatings, while the latter gives the coatings superior optical
properties. These hybrid coatings all emit strong yellow light
under UV-light irradiation (Fig. 1). These novel hybrid materials
are facile to prepare free-standing luminescent films on differ-
ent substrates, displaying potential as a new type of anti-
counterfeiting inks.

SEM image of the cross section of glass-based ¢-PTES pre-
pared by spin coating (3000 rpm, 30 s) demonstrates the
thickness of the coating is about 3 um (Fig. S2, ESIt). The
X-ray diffraction (XRD) analyses (Fig. 2a) show that the as-made
crosslinked networks of all four coatings are totally amorphous
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structure. No peak of Cul is detected, indicating that Cul has
been successfully incorporated into the resin structures. The
Fourier transform-infrared (FT-IR) spectroscopy spectra were
obtained by testing the powdery samples of coatings. As shown
in Fig. 2b, each of the coatings has an obvious absorption peak
at about 3418 cm™ ', which corresponds to intramolecularly
associated ~OH. The absorption peaks at about 2980 cm ™" and
2930 em™" correspond to the antisymmetric stretching vibra-
tions of -CH; and -CH,-. Affected by different silane coupling
agents involved in the reactions, the absorption peak of ¢c-VTES
at 3062 cm ™' should correspond to the terminal C=CH, and
several absorption peaks near 3072 cm ™' of ¢-PTES should
correspond to the stretching vibrations of =—CH in the phenyl
within PTES. In addition, four spectra show strong absorption
peaks at about 1091 cm ™', 770 em ' and 443 cm ™', corres-
ponding to the antisymmetric stretching vibration of Si-O-Si,
symmetric stretching vibration of Si-O and bending vibration
of Si-OH, respectively. The UV-vis absorption spectra (Fig. 2c)
indicate that four coatings show no absorption in the visible
light region, corresponding to their transparency as films under
nature light. Their thermal stability has been evaluated by the
thermogravimetric analyses, which is shown in Fig. 2d. The
thermogravimetric analysis plots demonstrate that the decom-
position temperature (Tp) of ¢-TEOS, c¢-VTES, ¢-MTES, and
¢-PTES are 370 °C, 406 °C, 455 °C and 400 °C, respectively.
The room temperature solid-state photoluminescence spec-
tra of the four coating materials were recorded. As shown in
Fig. 2e all four coating materials exhibit a single-band emis-
sion, with emission peaks at around 560 nm. The full width at
half maximum (FWHM) of the spectra are around 120 nm. The
Commission International de L’ Eclairage (CIE) chromaticity
coordinates (Fig. 2f) of ¢-TEOS, c-VIES, ¢-MTES and c-PTES
were calculated to be (0.49, 0.48), (0.49, 0.48), (0.46, 0.49) and
(0.45, 0.49) respectively, confirming their yellow light emis-
sions. The lifetime values of ¢-TEOS, c-VTES, ¢-MTES and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) XRD patterns, (b) FT-IR spectra, (c) UV-vis absorption spectra and (d) TG plots of c-TEOS, c-VTES, c-MTES, and c-PTES. (e) PL excitation and

emission spectra of ¢c-TEOS (1), c-VTES (2), c-MTES (3), and c-PTES (4). (f) CIE coordinates of c-TEOS, c-VTES, c-MTES, and c-PTES. (g) Plots of PL
intensity ratios of c-PTES over time (/o and / are luminescent intensity measured on day 0 and every 20 days, respectively). Insets are the images taken on

day 0 and day 180 in the air under 254 nm UV irradiation.

¢c-PTES have been determined to be 2.93, 4.04, 6.16 and 5.99 us
by monoexponential fitting, respectively (Fig. S3, ESIt). The
decay lifetimes in microseconds suggest that they are phos-
phorescent emission. The results are consistent with other
reported Cu,l, based structures.””****> The major photophysi-
cal properties of these coating materials have been summarized
in Table 1. The IQYs of ¢-TEOS, ¢-VTES, c-MTES, and c-PTES are
measured to be 17.6%, 24.5%, 53.3% and 57.1% respectively
under 300 nm excitation, indicating that different coupling
reagents affect the luminescent properties of the coatings and
aromatic groups could increase emission intensity of the hybrid
coatings. The stability of the coatings have been evaluated by
placing the coated pattern in the air. The “SYSU” (logo pattern
of Sun Yat-sen University) pattern was printed on the glass
sheet, and the luminescent intensity of the pattern lost ~20%
after being placed in the moist air at room temperature for
180 days (Fig. 2g), indicating the good stability of the coating
materials.

These coatings have the advantages of uniform film
formation, bright luminescence, facile preparation method,

Table 1 Photophysical properties of the hybrid coatings

Coating c-TEOS c-VTES c-MTES c-PTES
EXpax (NM) 260 245 240 265

EMy,ay (Nm) 595 580 580 575

7 (us) 2.93 4.04 6.16 5.00

CIE (0.49,0.48)  (0.49, 0.48)  (0.46, 0.49)  (0.45, 0.49)
1QY 17.6% 24.5% 53.3% 57.1%

Tp (°C) 370 406 455 400

© 2023 The Author(s). Published by the Royal Society of Chemistry

low-cost and large-scale preparation, and have the potential
to be the solvent-free anti-counterfeiting inks. We chose ¢-PTES
with the strongest luminescence among the four coatings as the
solvent-free hybrid anti-counterfeiting ink material. Screen
printing is an economical and widely used thin film deposition
technology, which has been commonly used in various decora-
tive printing and flexible electronic products, biosensors, intel-
ligent security and other fields.*® Screen printing is applicable
to various types of inks and is not limited by the size and shape
of the substrate. Fig. 3a is an illustration of screen printing
process. The ¢-PTES ink was poured into one end of the screen
printing plate, and a certain pressure on the ink part of the
screen printing plate was applied with a scraper. The scraper
was moved towards the other end of the screen printing plate at
a constant speed. During the movement, the ink has been
pressed by the scraper from the mesh of the patterned part onto
the substrate. The solvent-free ¢-PTES ink can take glass,
poly(ethylene terephthalate) (PET), paper, cloth and other
materials as substrates and a variety of patterns can be painted
on these substrates.

After curing, the patterns emit uniform and bright yellow
light under ultraviolet light of 254 nm in the dark, while they
are colorless and transparent under natural light, displaying
strong concealment properties (Fig. 3b). Even in the daytime,
they emit distinct yellow light under ultraviolet light of 254 nm
(Fig. S4, ESIt). The logo pattern of Sun Yat-sen University is
printed on the transparent and flexible PET polyester film, and
it can be seen that the pattern is clear and bright under UV light
(Fig. S5a, ESIT). After 500 times of manual bending, there is no
damage of the pattern, indicating that the printed pattern has

Mater. Adv., 2023, 4, 481-485 | 483
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(a) Schematic diagram of the process of screen printing by using hybrid luminescent anti-counterfeiting inks c-PTES. (b) Photos of fluorescent

patterns printed on different base materials (commercial glass, PET, paper and cloth) under natural light (left) and 254 nm UV light (right).

strong mechanical performance (Fig. S5a, ESIf). The pigeon
pattern printed on the paper was rubbed with eraser for
100 times, and there was no damage and no obvious change
in brightness of the pattern, indicating that the printed pattern
had strong friction resistance (Fig. S5b, ESIt). The water
stability of anti-counterfeiting ink is also very important in
the application of flexible textile anti-counterfeiting labels. As
shown in Fig. S5c¢ (ESIt), the small bee pattern printed on the
textile has not been damaged or deformed after 10 times of
scrubbing with detergent and water, indicating that c-PTES ink
has excellent water and chemical stability.

Conclusions

In this work, a new type of anti-counterfeiting ink is prepared,
which is very different from the traditional anti-counterfeiting
inks. By synthesizing the luminescent precursor with specific
structure, the crosslinked photoluminescent coating materials
are obtained by the sol-gel method. In the coating structures,
the light-emitting substance is combined with the cross-linked
resin material through covalent bonds, so that the coatings
have uniform light emission and high brightness. The hybrid
coatings have the advantages of strong mechanical perfor-
mance, strong water stability and friction resistance, showing
the potential to be a new type of solvent-free anti-
counterfeiting ink.
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