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Silicon nanocrystals (SiNCs) have attracted considerable attention in
many advanced applications due to silicon’s high natural abundance,
low toxicity, and impressive optical properties. However, little atten-
tion has been paid to fluorescence anti-counterfeiting applications
based on lipophilic silicon nanocrystals. Moreover, it is also a chal-
lenge to fabricate aging-resistant anti-counterfeiting coatings based
on silicon nanocrystals. Herein, this paper presents a demonstration of
aging-resistant fluorescent anti-counterfeiting coatings based on red
fluorescent silicon nanocrystals. In this work, lipophilic silicon nano-
crystals (De-SiNCs) with red fluorescence were prepared first by
thermal hydrosilylation between hydrogen-terminated silicon nano-
crystals (H-SiNCs) and 1-decene. Subsequently, a new SiNCs/PDMS
coating (De-SiNCs/DV) was fabricated by dispersing De-SiNCs into
reinforcing PDMS composites with vinyl-capped silicone resin. Inter-
estingly, the De-SiNCs/DV composites exhibit superior transparency
(up to 85%) in the visible light range, outstanding fluorescence
stabilities with an average lifetime of 20.59 ps under various conditions
including acidic/alkaline environments, different organic solvents,
high-humidity environments and UV irradiation. Meanwhile, the
encapsulation of De-SiNCs is beneficial to enhancing the mechanical
properties and thermal stability of De-SiNCs/DV composites. Addi-
tionally, the De-SiNCs/DV coating exhibits an excellent anti-
counterfeiting effect on cotton fabrics when used as an ink in
screen-printing. These findings pave the way for developing innova-
tive flexible multifunctional anti-counterfeiting coatings in the future.

1. Introduction

Science and technology is a double-edged sword. While we
enjoy the convenience of an abundance of modern goods that
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New concepts

Fabricating aging-resistant anti-counterfeiting coatings based on silicon
nanocrystals (SiNCs) is a huge challenge. H-SiNCs are easily oxidized when
exposed to air and moisture conditions, leading to quenching of photolumi-
nescence. The unstable fluorescence properties greatly limit their potential
applications. Therefore, surface modification or passivation of silicon
nanocrystals plays a vital role in improving their optical properties. Herein,
we present a demonstration of aging-resistant fluorescent anti-counterfeiting
coatings based on red fluorescent silicon nanocrystals by a combination of
hydrosilylation and polymer encapsulation. To retain the optical transparency
of the PDMS matrix, the vinyl-terminated MQ silicone resin is used as a
reinforcing agent, which is expected to further enhance the mechanical and
wear-resistant properties of the PDMS coating. Meanwhile, new cross-linking
networks are further formed by Pt-catalyzed hydrosilylation between the Si-H
groups on surfaces of silicon nanocrystals and vinyl groups on MQ silicone
resin/PDMS, which hypothetically retard surface migrations of passivated
silicon nanocrystals and further stabilize the fluorescence of the composite
coating. These findings pave a way for developing innovative flexible trans-
parent coatings and films for anti-counterfeiting and packaging applications
based on hydrophobic silicon nanocrystals in the future.

have been made possible by scientific and technological inno-
vations, counterfeiting goods have also flourished on markets,
presenting a huge threat to the social community. Thus,
various stakeholders such as governments, enterprises, and
customers need advanced anti-counterfeiting technologies with
robust security features, intelligent multi-level authentication,
and sophisticated mechanisms to protect their interests.”
Nowadays, a variety of anti-counterfeiting technologies have
emerged, such as watermarks,® holograms,” metal threads,"’
barcodes,"" radio frequency identification'” and so on. Among
the existing anti-counterfeiting technologies, fluorescence
labeling technology has received considerable attention due
to its convenience and low cost. In particular, the pivotal
compositions of fluorescent labels are mainly focused on
water-borne photoluminescent materials."*'* Water-borne
photoluminescent materials badly affect service life when
encountering water or in a high-humidity environment. Mean-
while, cellulosic substrates with a high hydroxyl content are
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highly hydrophilic and easily degrade when exposed to moisture.
Lipophilic anti-counterfeiting materials can effectively prevent
water from reacting with photoluminescent materials, thus
ensuring the long-term storage of information."® Therefore, it
is highly desirable to exploit lipophilic anti-counterfeiting mate-
rials to develop security labels. However, most of the available
photoluminescent materials have their shortcomings. For exam-
ple, the preparation of organometallic complexes is complex and
costly. Organic luminescent materials have many disadvantages
such as poor photostability, potential toxicity, cumbersome
preparative processes and so forth."®"”

Recently, silicon nanocrystals (SINCs), as emerging nano-
photoluminescent materials, have attracted widespread atten-
tion in light-emitting diodes,'® solar cells,'® anti-counterfeiting,
bio-imaging®®*' and other fields due to their outstanding
advantages such as high natural abundance, low cytotoxicity,
and excellent optical properties. It is well-known that SiNCs can
exhibit fascinating optical phenomena when their size reaches the
Bohr scale.?* However, H-SiNCs are easily oxidized when exposed
to air and moisture conditions, leading to quenching of the
photoluminescence.> The unstable fluorescence properties greatly
limit their potential applications. Therefore, surface modification
or passivation of silicon nanocrystals plays a vital role in improving
the optical properties. To date, varieties of strategies such as
thermal hydrosilylation, thiol ligand capping, thiol-ene click chem-
istry, and polymer encapsulation have been commonly used to
protect the surface of H-SiNCs from oxidation and to improve their
photoluminescence properties.” Among these approaches, ther-
mal hydrosilylation is the most promising strategy for fabricating
various desirable functional polymer composites.

Recently, Chen et al. prepared near-infrared (NIR) photolumi-
nescent PDMS composites with decyl-terminated silicon nano-
crystals (De-SiNCs) fabricated by a combination of hydrosilylation
and polymer encapsulation. In particular, the De-SiNCs/PDMS
composite exhibits impressive photoluminescence.”®> However,
the poor mechanical properties severely retard the anticounter-
feiting application of the De-SiNCs/PDMS composite. To date,
various reinforcing fillers have been introduced to improve the
mechanical properties of PDMS composites including carbon
fibers, carbon black, silica, CaCO3;, and POSS. However optical
transmittance of PDMS composites with reinforcing fillers signifi-
cantly decreases due to light scattering and absorption. These
improvements in mechanical properties are at the cost of optical
transmittance of PDMS composites, which is adverse to the
photoluminescence of SiNCs/PDMS composites during practical
applications.

To address the issues mentioned above, vinyl-capped MQ
silicone resin with a low molecular weight (V-MQ) was intro-
duced into the PDMS matrix as a reinforcing agent, which was
expected to maintain the high optical transmittance of the
original PDMS matrix. At the same time, De-SiNCs were further
encapsulated into the PDMS matrix by Pt-catalyzed hydrosilylation.
Therefore, the following work is mainly based on the afore-
mentioned hypothesis. Firstly, lipophilic silicon nanocrystals
were prepared by thermal hydrosilylation between H-SiNCs
and 1-decene, and their optical properties were characterized.
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Then, De-SiNCs were dispersed into a mixture of V-MQ and V-
PDMS (DV), to fabricate a new anti-counterfeiting coating
(De-SiNCs/DV coating). Subsequently, different patterns were
fabricated by curing the De-SiNCs/DV coating screen-printed
on a cotton fabric. Finally, the optical properties and mechan-
ical properties of the De-SiNCs/DV coating were characterized,
and the practicability of the De-SiNCs/DV coating for anti-
counterfeiting applications was examined and discussed.

2. Experimental section
2.1. Materials

SiO (300 mesh) was obtained from Beijing Huangqiu Jinxin
International Technology Co., Ltd (Beijing, China). 1-Decene
(De) was purchased from Aladdin Bio-Chem Technology Co. Ltd
(=99.0%, Shanghai, China). Absolute ethanol, n-hexane, pet-
roleum ether (30-60 °C), and hydrofluoric acid (40%) were
supplied from Sinopharm Chemical Reagent Co., Ltd (Shang-
hai, China). Vinyl terminated polydimethylsiloxane (V-PDMS)
[viscosity, 10 000 cSt, vinyl content, 0.25 wt%], and polymethyl-
hydrogenosiloxane (PMHS, viscosity, 50 cSt, hydrogen content:
0.5 wt%) were kindly provided by Shandong Dayi chemical co.,
Ltd. Vinyl terminated MQ silicone resin (V-MQ) [the molar
ratio of M to Q is 1.1:1, viscosity, 750 cSt] and Karstedt
catalysis (platinum divinyl tetramethyl disiloxane complex)
were prepared in our laboratory. The structure and molecular
weight characterization of the synthesized MQ are shown in
Fig. S1-S4 (ESIY).

2.2. Synthesis of the De-SiNCs

De-SiNCs were prepared according to the literature method.**>”
The detailed procedure is described as follows: 0.15 g of the SiO
powder was ground for around 1 h before being transferred to a
plastic beaker, and then absolute ethanol (10 mL) and HF (40%,
20 mL) were added to the plastic beaker, respectively (personnel
should be well-trained in the handling of HF). The H-SiNCs were
liberated from the silicon-oxide powder by HF etching for 6 h in
a fumed hood with stirring. Then, the resultant H-SiNCs were
extracted from the aqueous solution by petroleum ether (30—
60 °C, 25 mL). The extracted dispersion of H-SiNCs was trans-
ferred into a Teflon-lined autoclave (100 mL capacity), and 1-
decene (10 mL) was added into the Teflon autoclave. The mixture
was ultrasonically dispersed for 5 min. Then the mixture was
purged with highly pure argon three times. Finally, the Teflon
autoclave was sealed and placed in an oven at 170 °C for 6 h. The
synthetic procedures are described in Scheme 1a.

After the reaction, the resultant De-SiNCs were collected by
centrifugation at 8000 rpm for 5 min in an ambient environ-
ment. The precipitate was taken out and washed three times
using methanol and n-hexane as polar and antipolar solvents
(volume ratio: 1:3), respectively, until the supernatant could
not emit fluorescence under a UV lamp. Finally, the collected
precipitate was dried in a vacuum oven to afford the purified
De-SiNCs for the following experiment.

This journal is © The Royal Society of Chemistry 2024
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Scheme 1 (a) Schematic diagrams of the synthetic process of De-SiNCs, and (b) preparation of De-SiNCs/DV sheets and fabric labels.

2.3. Preparation of the De-SiNCs/DV coating

V-PDMS and V-MQ were mixed in a mass ratio of 1:0.03 by
mass, by mechanically stirring at a speed of 230 rpm for 3 h.
After mixing, a colorless and transparent fluid (DV fluid) was
obtained. Then, desirable amounts of Pt catalyst, PMHS and
De-SiNCs (mass fractions of 0.1, 0.3, 0.5, 0.7, and 1.0 wt%) were
added to a certain amount of DV fluid with mechanical stirring
for 10 min, respectively. After stirring, the De-SiNCs/DV coating
was obtained by removal of low volatiles under vacuum at room
temperature for 30 min. Detailed formulations of De-SiNC
coatings are listed in Table 1.

2.4. Fabrication of De-SiNCs/DV sheets and fabric labels

The De-SiNCs/DV coating was dripped on the acrylic plate and
cured at 100 °C for 1 h. Similarly, different customized patterns
were screen-printed on a cotton fabric that was cured at 100 °C
for 1 h, as shown in Scheme 1b.

2.5. Characterization

Th high resolution transmission electron microscopy (HRTEM)
image of De-SiNCs was acquired with an FEI Talos F200X at an
accelerating voltage of 200 kV. Fourier-transform infrared
(FTIR) spectra (4000-500 cm™ ") of specimens were recorded

This journal is © The Royal Society of Chemistry 2024

Table 1 Detailed formulation of De-SiNCs/DV coatings

Pt-Karatedt PMHS Dispersion Weight percentage
Sample DV (g) catalysis (uL) (g) of De-SiNCs (g) of De-SiNCs (g)

0 2.5 6 0.25 0 0

0.1 2.5 6 0.25 0.25 0.1
0.3 2.5 6 0.25 0.75 0.3
0.5 2.5 6 0.25 1.25 0.5
0.7 2.5 6 0.25 1.75 0.7
1.0 2.5 6 0.25 2.50 1.0

using a Nicolet 5700 FT-IR spectrometer (Thermo Electron
Corporation, Waltham, MA). X-ray diffraction (XRD) patterns
of De-SiNCs were recorded on an Ultima IVX-ray diffractometer
(Rigaku Corporation) using Cu Ka radiation, and the step size
and scanning rate were 0.02° and 5° min~ ", respectively. The
X-ray photoelectron spectroscopy (XPS) spectrum of De-SiNCs
was obtained using a Thermo Scientific system (K-Alpha, USA)
with a scanning X-ray photoelectron spectrometer microprobe.
UV-Vis absorption spectra of liquid and solid specimens were
recorded using a UV-2700 UV-Vis spectrophotometer (Shi-
madzu Company). The fluorescence spectra of specimens were
recorded using an F-4700 fluorescence spectrophotometer
(Hitachi, Japan) with a xenon lamp as the source of excitation.

Mater. Horiz., 2024, 11, 3573-3584 | 3575
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The absolute photoluminescence quantum yield of coatings
was measured using an FLS-1000 spectrophotometer with an
integrating sphere (Edinburgh, UK). The optical measurements
required for the experiment were all operated at room tempera-
ture under ambient conditions. All photos and videos were
taken using a smartphone. Thermogravimetric analysis (TGA)
was performed on a TG 209F1(NETZSCH Instruments) under a
gas flow of 50 mL min~*. About 10 mg of sample cut as small
pieces was heated in a platinum crucible in a nitrogen atmo-
sphere from ambient temperature to 800 °C at a constant rise of
temperature (10 °C min~'). Mechanical tensile tests were
performed on a universal testing machine (Instron 8871, UK,
capacity 25 kN) at 25 °C. The tensile strength, elongation at
break, and modulus were measured using a crosshead speed of
10 mm min . The tensile stress—strain test of each coating was
performed according to the GB/T 528-2009 standard. The
adhesion test of each coating was carried out according to the
GB/T 7124-2008 standard. Dynamic mechanical analysis (DMA)
was carried out on a Q800 DMA analyzer (TA Instruments, USA)
in the dual-cantilever bending mode with a specimen size of
50 mm X 16 mm x 3 mm. For each measurement, at least three
specimens were tested under the same conditions.

3. Results and discussion
3.1. Preparation and characterization of De-SiNCs

During the chemical etching process, HF continuously removed
surface silicon-oxide species, and H-SiNCs are liberated.
However, H-SiNCs are easily corroded when exposed to air or
water. To prevent them from corroding, 1-decene is used as a
ligand to passivate the surface of H-SiNCs by thermal hydro-
silylation, as shown in Fig. 1a. The TEM image shows that the
De-SiNCs appear in the form of monodispersed spherical
particles, as observed in Fig. 1b. The inset in Fig. 1b exhibits
that the resultant De-SiNCs have an average size of 2.90 £

Etching 170 c 6h

HE E ‘*’
sio, 0/,) EtOH/HF

H

(b) §

Fig. 1 (a) Schematic diagram of the preparative process of De-SiNCs. (b)
TEM image of De-SiNCs. The inset is the size distribution of SiNCs
determined based on the statistical analysis of over 30 dots in the TEM
image. (c) HRTEM image of De-SiNCs. The inset is the magnified region
circled with the white dashed-line domain.
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0.03 nm, which is in good agreement with the results of SINCs
reported in previous literature.”®** Meanwhile, DLS analysis
shows that the diameter of the De-SiNCs dispersed in petro-
leum ether (5.53 £+ 1.15 nm) is larger than that of the TEM
result as shown in Fig. S5 (ESIt), which is attributed to the
interaction between the solvent and the surface ligand.*® The
HRTEM image reveals that the spherical De-SiNCs have a
discernible lattice fringe spacing of 0.31 nm, which matches
with the d-spacing of the (111) plane of the diamond cubic
lattice of Si,?° as shown in Fig. 1c.

To gain insight into the surface composition, the FTIR
spectra of SiO, 1-decene and De-SiNCs were recorded, respec-
tively. As shown in Fig. 2a, compared to those of the starting
materials including SiO and 1-decene, the characteristic
absorption bands located at 2850-2922 and 1456, 1056, and
796 cm ! are attributed to the stretching and deformation
vibrations of C-H, the Si-O-Si and Si-C stretching vibrations,
respectively, confirming that 1-decene is successfully covalently
bound to the surface of H-SiNCs via thermal hydrosilylation,
which was consistent with previous reports.*" Notably, a small
peak at 2092 cm ™' is attributed to the Si-H stretching vibration,
indicating that the surfaces of silicon nanocrystals were partly
passivated by 1-decene.*” Moreover, a broad absorption band
at 3500 and a small peak at 932 cm™"' are assigned to the
stretching vibration of Si-OH and the asymmetric deformative
vibration of Si-H, respectively. In this case, Si-OH stems from
the adventitious oxidation of Si-H on the surface of De-SiNCs
in ambient air. As displayed in Fig. 2b, XRD patterns of the De-
SiNCs and SiO show a similar broad diffraction angle centered at
about 21°, which is attributed to the diffraction feature of
amorphous SiO,. Additionally, some discernible diffraction
angles located at 28, 47, and 56° are indexed to the (111),
(220), and (311) planes of the diamond cubic lattice of silicon,
respectively, proving that De-SiNCs are present in the diamond
cubic structure.”®

XPS spectroscopy was employed to further characterize the
surface chemical compositions of the De-SiNCs. The full XPS
survey spectrum of the resultant De-SiNCs demonstrates that
four elements of O, C, Si, and F with atomic percentages of
33.98%, 18.03%, 27.45%, and 4.34% are observed in Fig. 2c.
Meanwhile, the EDS mapping of De-SiNCs further verifies that
the De-SiNCs are composed of mainly O, Si, C and F elements,
as shown in Fig. S6 (ESIt). The corresponding peaks of O 1s, C
1s, Si 2s, Si 2p, and F 1s are located at 532.78, 284.54, 154.49,
104.51, and 687.82 eV, respectively. Subsequently, the high-
resolution spectrum of O 1s (Fig. 2d) is deconvoluted into a
major peak at 532.78 €V, which is attributed to the Si-O
group.®® The fitting peak also demonstrates the presence of
oxygen-containing groups, as confirmed by FTIR. Fig. 2e pre-
sents the C 1s spectrum of De-SiNCs that is deconvoluted into
two peaks at 286.43 and 284.79 eV, attributed to C-Si and C-C,
respectively,*® confirming that 1-decene is successfully bound
onto the surface of H-SiNCs by thermal hydrosilylation. Mean-
while, the Si 2p spectrum of De-SiNCs is fitted into four peaks
at 104.18, 103.88, 100.78 and 99.18 eV, which are attributed
to Si-O-Si, Si-OH, Si-C and Si-Si,>**" respectively, as shown in

This journal is © The Royal Society of Chemistry 2024
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corresponding high-resolution XPS fitting results for the O 1s, C 1s, and Si 2p spectra of De-SiNCs.

Fig. 2f. Collectively, H-SiNCs are successfully passivated with 1-
decene by thermal hydrosilylation.

3.2. Optical properties of the De-SiNCs

The photos of the resultant colloidal dispersion of the De-SiNCs
are shown in Fig. 3a. Under daylight, the colloidal dispersion of the
De-SiNCs is present in a clear and transparent solution, indicating
that the De-SiNCs were uniformly dispersed, while the De-SiNCs
can emit bright red fluorescence under UV lamp (254/365 nm)
irradiation. To gain insight into the optical properties of De-SiNCs,
their UV-Vis absorption and PL spectra were recorded. Fig. 3b
clearly shows that De-SiNCs have almost no observable absorbance
at 400-800 nm, which is attributed to the indirect bandgap
transition of silicon. Significantly, the absorption bands can be
seen at 200-400 nm. In particular, a distinct absorption peak at
207 nm and a broad peak at 280 nm in the UV-Vis absorption
spectrum are observed, which should be attributed to the intrinsic
direct bandgap transition of the silicon core and the I' point,
respectively.”***° As shown in Fig. 3c, the PL emission spectra of
the De-SiNCs distinctly exhibit the emission maximum shifts from
613 nm to 633 nm with an increase in the excitation wavelength
from 250 to 370 nm, implicating the excitation-dependent proper-
ties of the De-SiNCs. The CIE 1931 diagram in Fig. 3d shows that
the color coordinates of the De-SiNCs show a clear redshift in color
with an increase in the excited wavelength. To evaluate storage
stability, the zeta potential of the resultant De-SiNCs was mea-
sured. Fig. 3e presents the zeta potential of the De-SiNCs dispersed
in petroleum ether, which is —32.93 £ 0.36 mV, indicating the
presence of some negatively charged hydroxyl groups on the
surface of silicon. It is emphasized that the negative electrostatic
repulsion between the De-SiNCs imparts the dispersion of the De-
SiNCs in petroleum ether with excellent colloidal stability.*”

This journal is © The Royal Society of Chemistry 2024

To examine their storage stability, the particle size and surface
potential of the De-SiNCs before and after storage for 7 days are
shown in Fig. S7 (ESIt), which shows no significant change in
particle size and surface potential of De-SiNCs before and after
storage for 7 days. In addition, the pH fluorescence stability of De-
SiNCs was also examined. Fig. 3f presents that dispersion of the
De-SiNCs has better fluorescence stability in acidic and neutral
environments. With an increase in the pH value, the fluorescence
intensity of the De-SiNCs monotonously decreases, and no shift in
the PL emission maximum can be observed. It is reasonable that
under alkaline conditions, a large amount of OH™ captures H
from the Si-H bonds on the surface of De-SiNCs, leading to the
corrosion of the silicon surface.*® The surface corrosion results in
a decrease in the luminescence efficiency of the De-SiNCs.

As shown in Fig. 3g, the polarity of different organic solvents
cannot change the maximum emission of De-SiNCs. However,
there are obvious differences in the intensity of the emission peak
of the De-SiNCs, which is attributed to the dispersibility in
different organic solvents. Fig. 3h shows that the fluorescence
intensity of De-SiNCs gradually decreases with an increase in
time, which should be attributed to water corrosion of De-SiNCs
under the 90% humidity environment. Similarly, the fluorescence
intensity of the De-SiNCs gradually decreases with an increase in
the UV irradiation time, as shown in Fig. 3i. The decreasing
intensity is attributed to the formation of dangling bonds on the
De-SiNCs by photocleavage and adventitious oxidation in air.””

3.3. Fabrication, optical properties and water-repellency of
De-SiNCs/DV films

Obviously, after curing, the disappearance of vinyl groups (3060
and 1598 cm™ ') from V-MQ and Si-H groups (2152 cm™ ") from
PMHS corroborates that cross-linking De-SiNCs/DV films were

Mater. Horiz., 2024, 11, 3573-3584 | 3577
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Fig. 3 (a) Photos of the as-prepared De-SiNCs dispersed in petroleum ether under daylight and UV lights (365/254 nm). (b) Normalized UV-Vis

absorption, PL excitation, and emission spectra. (c) The PL emission spectra under the varying excitation wavelengths ranging from 250 to 370 nm. (d) CIE
1931 chromaticity diagram for the photoluminescent color coordinates of the dispersions of De-SiNCs under irradiation of changeable wavelengths. (e)
Zeta potential of the aqueous dispersion for the resultant De-SiNCs in petroleum ether. (f) Fluorescence stability of De-SiNCs under different pH
conditions. (g) Fluorescence intensity of the De-SiNCs dispersed in different organic solvents. The fluorescence intensity of the De-SiNCs powder (h) in a

90% humidity environment and (i) UV light irradiation for variable times.

successfully fabricated by Pt-catalyzed hydrosilylation, as
shown in Fig. 4a. At the same time, the color of De-SiNCs/DV
films becomes dark with the mass fraction of De-SiNCs after
curing, as shown in photographs in Fig. 4b. It is noteworthy
that the fluorescence intensity of the De-SiNCs/DV film
becomes stronger when the mass fraction of De-SiNCs
increases to 0.5%. However, it begins to become weaker when
the weight fraction of De-SiNCs continuously increases from
0.5% to 1.0% as displayed in Fig. 4c. The decreasing fluores-
cence intensity of the De-SiNCs/DV films should be attributed
to the synergistic effect of light scattering and transmittance.
The increasing amount of the De-SiNCs would result in strong
light scattering and low transmittance of the De-SiNCs/DV
films. As a result, the limited light energy at a wavelength of
290 nm cannot efficiently excite the De-SiNCs/DV films.

As shown in Fig. 4d, the De-SiNCs/DV films exhibit lowering
transmittance with the loading of De-SiNCs from the UV region
to the visible region. Most notably, the transmittance of the De-
SiNCs/DV film is above 85% in the wavelength range of 500 nm
to 800 nm, as shown in Fig. 4e. Significantly, the transmittance
of the composite film with 0.5% De-SiNCs can reach more than
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90%. The high transmittance can be attributed to the organic/
inorganic hybridized nanophases, which prevent light scatter-
ing caused by phase separation. Afterwards, the hydrophobic
properties of the De-SiNCs/DV films were assessed by static
water contact angle (WCA) measurements. As shown in Fig. 4f,
the WCA values of the De-SiNCs/DV films with De-SiNCs are
much higher than that of the composite film without De-SiNCs.
The hydrophobicity of the De-SiNCs/DV film is attributed to the
synergistic effect between the low-surface-energy PDMS matrix
and the oleophilic De-SiNCs. Importantly, the composite film
with 0.5% De-SiNCs exhibits the maximum WCA of 125°,
indicating excellent water-repellence. Therefore, the De-SiNCs/
DV film with 0.5% De-SiNCs was used for the following
applications.

To gain insight into the optical properties of the De-SiNCs/
DV film, its UV-Vis absorption and PL spectra were recorded,
respectively. Obviously, a hypochromic shift (20 nm) in the PL
excitation maximum is found as compared to that of the De-
SINC dispersion, as shown in Fig. 5a and 3b. The striking blue-
shift phenomenon should be attributed to the synergistic effect
of adventitious oxidation on the surfaces of the De-SiNCs, and

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (a) FTIR spectra of V-MQ, PMHS and the De-SiNCs/DV film. (b) Photos of De-SiNCs/DV films with different mass fractions of De-SiNCs. (c) The PL
emission spectra of De-SiNCs/DV films at an excitation wavelength of 290 nm. (d) Transmittance spectra of De-SiNCs/DV films. (e) Enlarged
transmittance spectra in the wavelength range of 500 nm to 800 nm. (f) Static water contact angle of De-SiNCs/DV films with different mass fractions
of De-SiNCs.

the restriction of the cross-linking PDMS chains. Meanwhile, a  hydrosilylation between De-SiNCs and PDMS. As shown in
pronounced bathochromic shift (30 nm) in the PL emission Fig. 5b, the PL emission spectra of the De-SiNCs distinctly
maximum is observed, compared to that of the De-SiNC dis- exhibit an unchanged emission maximum located at about
persion. The red-shift phenomenon in PL emission maximum 650 nm with an increase in the excitation wavelength from
could be due to further passivation resulting from Pt-catalyzed 240 to 300 nm, implicating excitation-independent property for
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Fig. 5 (a) Normalized UV-Vis absorption, PL excitation, and emission spectra of the De-SiNCs/DV film. (b) The PL emission spectra of the De-SiNCs/DV
film excited at variable wavelengths ranging from 240 nm to 300 nm. (c) Time-resolved PL decay curves of the dispersion of the De-SiNCs. (d) Time-
resolved PL decay curves of the De-SiNCs/DV film. (e) PL quantum yield of the De-SiNCs/DV films irradiated with UV light and stored under dark
conditions for variable times. (f) PL quantum yield of the De-SiNCs/DV films immersed in 80 °C water and stored under dark conditions for variable times.
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the De-SiNCs/DV film. Subsequently, the fluorescence lifetime
of the De-SiNCs and the De-SiNCs/DV film was determined by
measuring the PL decay at the emission maximum. As shown in
Fig. 5¢ and d, the fluorescence decay cures can be fitted using a
biexponential function, indicating dual emission channels in
both the De-SiNCs and the De-SiNCs/DV film. Interestingly, the
average lifetime of the De-SiNCs/DV film was calculated to be
20.59 ps, which is higher than 19.65 ps for the De-SiNCs
dispersion. The increasing fluorescence lifetime indicates that
the fluorescence stability of the De-SiNCs was further enhanced
by Pt-catalyzed hydrosilylation and polymer encapsulation.

To further evaluate the fluorescence stability, the De-SiNCs/
DV films were subjected to hydrothermal treatment at 80 °C
and UV irradiation, and the PL quantum yield of the De-SiNCs/
DV films was recorded. As shown in Fig. 5e, the quantum yield
of the De-SiNCs/DV film gradually decreases with an increase in
the UV irradiation time. As compared with the reference sample
with dark conditions, the quantum yield of the De-SiNCs/DV
films decreases by 50% when the UV irradiation time reaches
24 h. The decreasing PL quantum yield is attributed to dangling
bond formation on the De-SiNCs by photocleavage,”” and
adventitious oxidation in air. Additionally, the De-SiNCs/DV
films were treated with hot water at 80 °C for several days, and
their absolute PL quantum yield was also determined. To avoid
interference of daylight, the De-SiNCs/DV film was also stored
under dark conditions for the same time intervals, the absolute
PL quantum yield was also determined as a reference.
Most notably, comparing the reference, the absolute PLQY of
the De-SiNCs/DV film is about 10.3%, remaining unchangeable
with an increase in the immersion time, corroborating that the
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De-SiNCs/DV film has excellent fluorescence stability even in
high-humidity environments.

As shown in Fig. 6a, both the pure DV composite film and
the De-SiNCs/DV film show good resistance to the organic
solvents. Toluene, tetrahydrofuran, and petroleum ether have a
significant swelling effect on both the DV film and the De-SiNCs/
DV film, but the residual mass of the film remains above 95%
after solvent swelling. The solvent resistance of the De-SiNCs/DV
film is attributed to the successful cross-linking and the invading
prevention effect of the V-PDMS.?® Interestingly, the De-SiNCs/
DV film retains excellent fluorescence stability after being
immersed in different organic solvents for 24 h, as shown in
Fig. S8 (ESIt). The De-SiNCs/DV film impregnated in toluene
shows blue fluorescence under a UV lamp, which recovers to the
original red fluorescence after toluene evaporation.

To determine water absorption (WA), the cured DV film and
De-SiNCs/DV film were placed in an environment with 90%
humidity at different times, respectively. As shown in Fig. 6b,
the WA mass of the DV film and De-SiNCs/DV film gradually
increases with time, and finally achieves equilibration after
exposure to moisture for 4.5 h. The WA of the DV film is
0.93% because of the intrinsic hydrophobic property of PDMS.
When De-SiNCs (0.5%) were added, the WA of the De-SiNCs/DV
film further decreased to 0.37% implying that the addition of De-
SiNCs is beneficial for lowering the WA of the De-SiNCs/DV film.

3.4. Mechanical properties and thermal behavior of
the De-SiNCs/DV films

Subsequently, the mechanical properties of De-SiNCs/DV film
were examined, such as bonding strength and tensile properties.
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Fig. 6 Properties of De-SiNCs/DV films. (a) Solvent resistance test of the DV film and De-SiNCs/DV film (residue weights of the film after soaking in
different solvents for 24 h). (b) Water absorption of the DV film and De-SiNCs/DV film in 90% humidity for different times. (c) The adhesion of the uncured
DV and the De-SiNCs/DV as the adhesive. (d) Stress—strain curve of the DV film and De-SiNCs/DV film. TGA curves (e) and DTG curves (f) of the DV film

and De-SiNCs/DV film in a nitrogen atmosphere.
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To assess bonding strength, the uncured DV and the De-SiNCs/ mechanical properties of the De-SiNCs/DV film are ascribed to
DV have been used as adhesives for glass and aluminum sheets. the crosslinking three-dimensional networks among V-PDMS
As shown in Fig. 6c, the adhesion of the DV film and De-SiNCs/  chains, V-MQ and De-SiNCs.>>*' As shown in Fig. S$10 (ESIt), the
DV film on aluminium plates is only 0.67 + 0.08 MPa and 0.72 +  storage modulus of the De-SiNCs/DV film is larger than that of the
0.06 MPa, respectively. However, the adhesion of the DV filmand DV film at room temperature, which corresponds to the results of
De-SiNCs/DV film on glass sheets can reach 1.25 + 0.02 MPa and the tensile testing of the De-SiNCs/DV films. As the temperature
1.33 £ 0.06 MPa, respectively. Due to the existence of Si-OH groups  decreases, the storage modulus of the De-SiNCs/DV film is lower
on the glass surface, plentiful Si-O-Si groups are formed by Pt- than that of the DV film. In addition, the addition of De-SiNCs has
catalyzed polycondensation during the curing process, leading to  no significant impact on the glass transition temperature of the
high bonding strength to glass sheets as compared to aluminum PDMS materials, which remains around —120 °C.**

plates.*® Fig. 6d shows the stress-strain curves of the DV film and Additionally, the thermal behavior of De-SiNCs/DV films was
the De-SiNCs/DV film. It is clearly found that the tensile strength evaluated by TGA under a nitrogen atmosphere, as shown in Fig. 6e
and Young’s modulus of the De-SiNCs/DV film increases by 25% and f. Obviously, all the PDMS composites have two degradative
(1.62 £ 0.02 MPa) and 50% (1.21 + 0.01 MPa), respectively, steps in thermal degradation. The De-SiNCs/DV film has higher
compared to those of the DV film, confirming that incorporation decomposition temperatures than the DV film when they lost the
of De-SiNCs improves the mechanical properties of PDMS compo- same weight percent of the initial mass at less than 580 °C. During
sites, as shown in Fig. 6d and Fig. S9 (ESIf). The reinforced the whole degradation, the temperature at the first maximum
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Fig. 7 (a) Photographs of the customized labels including campus QR codes, the campus logo, the number “6" and the rose screen-printed on cotton
fabrics using the De-SiNCs/DV composite as the coating. (b) The PL emission spectra of the De-SiNCs/DV coating on cotton fabric at the excitation
wavelength ranging from 240 to 300 nm at room temperature. (c) Wet and dry fastness of the De-SiNCs/DV coating printed on cotton fabrics. The inset
is a photo of the fabric label with campus QR codes printed on cotton fabric under 365 nm irradiation, the white dashed square is the rubbed area for
measurements. (d) Fluorescence response of the De-SiNCs/DV coating to different pH values. The printed QR codes were immersed in different pH
solutions for 24 h, and the fluorescence intensity was measured after drying at room temperature.
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degradation rate was delayed from 495 °C to 510 °C as the De-SiNCs
were added into the PDMS matrix. The delayed degradation tem-
perature is ascribed to entanglement interactions between PDMS
chains and hydrocarbon chains capped on the surface of De-
SiNCs."! However, the residual yield of the De-SiNCs/DV film at
800 °C decreased to 36.4%, which is lower than that of the DV
composite (52.5%). The decreasing residual yield should be ascribed
to fewer 3D cross-links as compared with the DV film because the
De-SiNCs took part in Pt-catalysed hydrosilylation during the curing
process. The degradation activation energies of the De-SiNCs/DV
films at a heating rate of 10 °C min " are also calculated by
Van Krevelan’s method.*>** It is found that the degradation activa-
tion energy increases from 45.97 kJ mol~' for the DV film to
97.63 k] mol ! for the De-SiNCs/DV film, as shown in Table S1
(ESIT). The increasing degradation activation energy indicated the
strong interaction between PDMS chains and nano-micro particles.*!
These results further demonstrate that adding De-SiNCs is beneficial
for improving the thermal stability of the PDMS composites.

3.5. Anti-counterfeiting applications of De-SiNCs/DV coatings

To examine the practicability of the De-SiNCs/DV coatings, the
campus QR codes, school logo, the number “6” and the rose
are printed on cotton fabrics using the De-SiNCs/DV coatings,
respectively. The patterns on fabric labels seem to be virtually
invisible by the naked eye under daylight due to the inherent
high transmittance of the De-SiNCs/DV coating. However, these
customized labels can exhibit different patterns with red
fluorescence under UV light irradiation at different wavelengths
(365 nm and 254 nm), as shown in Fig. 7a. Meanwhile, the
printed fabric label with the campus QR code can be quickly
recognized as the homepage of Wuhan Textile University by a
smartphone, demonstrating exceptional anti-counterfeiting
practicability for the De-SiNCs/DV coating.

To further evaluate the anti-counterfeiting performance of
the De-SiNCs/DV coating, the ‘“campus QR Codes” are chosen
as the evaluation object. As shown in Fig. 7b, the PL emission
maximum of the campus QR code is unchangeably centered at
around 650 nm as the excitation wavelength increased from
240 nm to 300 nm, implicating the excitation-independent
optical property of the De-SiNCs/DV coating. In addition, the
fluorescence durability of the anti-counterfeiting coating was
also examined by sandpaper. During the rubbing experiment,
sandpaper (1200 mesh) was used as an abrasive surface, the
representative pattern printed on cotton fabric was placed face
down under a 500 g weight on sandpaper and the specimen was
dragged in a straight line of 10.4 cm. One back-and-forth
movement defines a time period.”® The fluorescence intensity
of the anti-counterfeiting patterns on dry fabric labels gradually
decreases with rubbing times. In the meantime, the fluores-
cence intensity of the wetted campus QR codes on fabric labels
also decreases significantly with an increase in the friction time
as shown in Fig. 7c. Notably, the dry QR codes printed on
cotton fabrics exhibit slightly higher fluorescence intensities as
compared to the wetted QR codes on cotton fabrics at the same
rubbing times. The lowering fluorescence intensity of the
wetted fabric label should be attributable to the enhanced
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non-radiative decay by absorption of small molecule water after
the friction experiment. Overall, the De-SiNCs/DV coating has
excellent fluorescence fastness. Moreover, the pH-response to
the fluorescence of the campus QR code on the fabric label was
also examined to further evaluate the service durability of the
De-SiNCs/DV coating. As shown in Fig. 7d, both in acid and
alkaline environments, the printed campus QR code on the
fabric label still exhibits a high fluorescence intensity, and no
change in the PL emission maximum is observed, verifying
excellent resistance to acidic and alkaline environments. This
excellent acid-base resistance should be attributed to the
superior water-repellency of the PDMS composite.

4. Conclusion

In summary, lipophilic De-SiNCs were successfully synthesized
by hydrosilylation between H-SINCs and 1-decene. The
morphologies, chemical compositions, stability, and optical
properties of the De-SiNCs were characterized. Interestingly,
the resultant De-SiNCs are present in a stable mono-dispersed
colloid in petroleum ether with a uniform particle size
(~2.9 nm), and exhibit bright red fluorescence under 365 nm
light illumination. Subsequently, a new SiNCs/PDMS coating
(De-SiNCs/DV) was fabricated by dispersing De-SiNCs into
reinforcing PDMS composites with vinyl-capped silicone resin.
Interestingly, the De-SiNCs/DV composites exhibit superior
transparency (up to 85%) in the visible light range, outstanding
fluorescence stabilities with an average lifetime of 20.59 ps
under various conditions such as acidic/alkaline solutions,
different organic solvents, high-humidity and UV irradiation.
Meanwhile, the incorporation of De-SiNCs is beneficial to
enhancing the mechanical properties and thermal stability of
De-SiNCs/DV composites. Additionally, the De-SiNCs/DV coat-
ing exhibits excellent practicability on cotton fabrics when used
as an ink in screen-printing. These findings pave the way for
exploiting innovative flexible transparent anti-counterfeiting
coatings in the future.
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