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ABSTRACT: Here we propose a simple route for the fabrication of silica
nanodots which are strongly photoluminescent in both solution and the solid
state based on the use of ionic liquids (ILs). It is found that the ILs not only
provides the environment for the reaction but also contributes to the quantum
yield (QY) of the silica nanodots. In particular, the produced silica nanodots
also displayed excitation-dependent photoluminescence and temperature
sensitive properties. Based on the unique optical properties, the as-prepared
nanomaterial was used for anticounterfeiting application and the results
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demonstrated the great potential of the silica nanodots alone or combined

with other fluorescent material of unicolor for an improved anticounterfeiting technology. This simple approach and the resulting
outstanding combination of properties make the prepared silica nanodots highly promising for myriad applications in areas such
as fluorescent anticounterfeiting, optoelectronic devices, medical diagnosis and biological imaging.
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1. INTRODUCTION

Silicon based functional materials have attracted tremendous
attention in the past decades owing to their unique properties
and potential applications, including photonics, adsorption,
separation, catalysis, and biomedicine material, among
others." " For photonics applications, the key goals has been
the development of methods to control the dimensional and
surface state of the silicon material since bulk silicon is a
spectacularly inefficient light emitter.”'* Recent advances in the
synthesis of fluorescent silicon nanomaterial allow them to be
formed from large-size silicon structures (e.g., silicon nanowires
or bulk silicon) by top-down ap roaches, or from silicon
precursors by bottom-up methods.>~** Typically, the resulting
silicon nanocrystals require further modification to render them
stable or water-soluble.”*™** Alternatively, some one-step
reduction strategies have been shown to be efficient in the
synthesis of surface-passivated silicon nanoparticle.”’>* How-
ever, it has been suggested that harsh conditions and/or specific
equipment are necessary to obtain the nanocrystalline silicon
(<5 nm). More recently Hsieh et al. reported the fabrication of
quasi-zero dimensional fluorescent silica (SiO,, silicon oxide)
nanodots from hydrolysis of alkylalkoxysilane under an ambient
““air atmosphere.33 Moreover, the use of the silica nanodots as
multicolor photoluminescence source for intravital imaging has
been demonstrated. While this report has provided a new
insight into the fabrication of silicon-based fluorescent
nanomaterials, the long alky chains on the surface of the silica
nanodots would hinder their use in a wide range of
technologies. Herein for the first time we report a simple
ionic liquid-assisted one-step method to water-soluble, surface-
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covered photoluminescent silica nanodots and further extend
their application as anticounterfeiting inks.

Ionic liquids (ILs) have been widely studied as a new kind of
reaction media due to their high fluidity, low melting
temperature and extended temperature range in the liquid
state, air and water stability, low toxicity, nonflammability, high
ionic conductivity, and importantly no measurable vapor
pressure.’* Significant progress has been made in their
applications to biphasic reactions, chemical synthesis, electro-
chemistry, catalysis, polymerization and biocatalysis.>>~>* In
recent years the synthesis of inorganic nano- and micro-
structures with unique shape and structure in ILs has received
increasing attention.®*™*® It has been demonstrated that ILs-
based synthetic route not only produces materials with
interesting morphologies but also renders them with novel
and improved functionalities.*"*’~*> For instance, uniform
anatase TiO, nanocuboids with extremely high crystalline phase
stability had been successfully prepared using ionic liquid as
solvent.*” Micro silica spheres (~50 um) were also fabricated
with rationally selected ILs, which showed an increase in the
conducting properties.*’ In contrast to their widely application
in organic chemistry, the use of ILs in inorganic synthesis is still
in its primary stage. In the current study we report the synthesis
of highly photoluminescent silica nanodots with water-
dispersity and photostability using choline dihydrogen
phosphate (CDP) as additive. Some fascinating features are
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described in the present work. (i) This method is very simple.
The synthesis of ultrasmall silica is a one-step process that does
not require high temperature or high pressure apparatus. (ii)
The ILs CDP, a green solvent, plays a strategic role on the
surface state and thus the quantum yields (QY) of the silica
nanodots. The CDP of high concentration could also act as
cross-linker for the fluorescent silica nanodot-ILs hybrid gel-like
structure with intense fluorescence in both hydrated and dried
forms. (iii) The luminescence measurements suggest that the
as-synthesized silica nanodots are stable at different pH and
ionic strengths, and possess excitation-dependent emission
properties. More importantly, we have found that the as-
prepared silica nanodots feature a high temperature sensitivity
of both their fluorescence intensity and lifetime. Due to the
unique luminescence properties, a preliminary investigation of
their anticounterfeiting performance has been made. The
results indicate that the luminescent color tuning capability,
temperature sensitivity and high concealment make these
nanoparticles behave in a similar way to chameleons and can
provide a strengthened and more reliable anticounterfeiting
effect.

2. EXPERIMENTAL SECTION

2.1. Chemicals. Choline hydroxide and phosphoric acid
were obtained from Beijing Chemical Reagent Co., Ltd.
(China). (3-Aminopropyl) trimethoxysilane (97%) (APTMS)
was purchased from Sigma-Aldrich. Ultrapure water (18.2 MQ;
Millpore Co., USA) was used throughout the experiment.

2.2. Synthesis of ILs. The synthesis involved (1:1 mol
ratio) neutralization reaction of choline hydroxide and the
phosphoric acid. The resulting reaction mixture was evaporated
at reduced pressures to obtain crude product. Activated
charcoal was then added to the crude compound, stirred with
water and filtered. The filtrate was again evaporated to obtain
the pure liquid in 98% yield. The product was characterized by
electrospray mass spectroscopy and only the expected anion
and cation were observed. Electrospray mass s pectroscopy
analysis: ES*, 103.7 (Me3N*CH2CH20H, 100); ES, 96.7
(dihydrogen phosphate, 100).

2.3. Synthesis of silica nanodots. ILs with the designed
concentration was first dissolved in water (15 mL) at room
temperature. APTMS (5 mL) was added dropwise to the above
solution and stirred at 90 °C for 8 h. Subsequently the reaction
solution was cooled to room-temperature naturally. The
resulting fluorescent product was subjected to dialysis in
order to obtain the pure silica nanodots. For the fluorescent
silica xerogel, the resulting gel-like structure was frozen at —20
°C for 1 h and then lyophilized for the optical analysis.

For a control experiment, the products were prepared with
diluted HCI and sodium dihydrogen phosphate under identical
conditions.

2.4. Quantum yield (QY) measurements. The quantum
yield (QY) of silica nanodots was measured by comparing the
integrated photoluminescence intensities and the absorbency
values with the reference quinine sulfate (QS). The QS
(literature Q = 0.54) was dissolved in 0.1 M H,SO, and the
silica nanodot was dissolved in distilled water. The optical
density is kept below 0.05 to avoid inner filter effects. The QYs
of the silica nanodots are calculated using following equation:

I ODR l'l2
Iy OD nj

IQ=Q,
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Where Q is the QY, I is the integrated intensity, OD is the
optical density, and n is the refractive index. The subscript R
refers to the reference fluorephore of known quantum yield.

2.5. Measurements and characterizations. FT-IR
analyze was carried out on a Bruker Vertex 70 FT-IR
Spectrometer. SEM images were obtained with a Hitachi S-
4800 FE-SEM. UV—vis spectra were recorded with a JASCO-
V550 spectrofluorometer. TEM images were recorded using a
FEI TECNAI G2 20 high-resolution transmission electron
microscope operating at 200 kV. Fluorescence measurements
were carried out on a JASCO FP-6500 spectrofluorometer at 25
°C.

3. RESULTS AND DISCUSSION

The silica nanodots were synthesized by hydrolysis of (3-
Aminopropyl) trimethoxysilane (APTMS) at 90 °C in the
presence of CDP. The atomic force microscopy (AFM) and
transmission electron microscopy (TEM) measurements were
used for characterization of structure and morphology of the
silica nanoparticles, revealing the products appeared as spherical
particles with good monodispersity (Figure 1). The size
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Figure 1. (a) AFM image of silica nanodots on a mica substrate. (b)
Height profile along the line in (a). (c) Height distribution of silica
nanodots measured by AFM. (d, e) TEM and high resolution TEM
images of the silica nanodots. (f) Diameter distribution of silica
nanodots measured by DLS.

distribution in Figure lc calculated by measuring more than
200 particles, showed an average size of 3.0 nm. The diameter
measured by dynamic light scattering (DLS) further confirmed
the small size of the products with a hydrodynamic diameter of
3.9 nm (Figure 1f). FT-IR spectra of the silica nanodots
showed absorption bands at 1570 and 957 cm™" associated with
bending vibrations of N—H and stretching vibration of P—O,
indicating the existence of amino groups and ILs ligand on the
products (Figure 2a). The EDX pattern and XPS spectra
revealed that the silica nanodots contained Si, O, N and P
elements (Figure 2b, Figure S1), further demonstrating the
presence of ILs on the materials. The UV—vis absorption
spectrum of the material exhibited a clear adsorption feature at
ca. 270 and 305 nm, suggesting the production of silica
nanodots as neither the ILs nor APTMS displayed typical
absorption at these regions (Figure S2). When excited at 350
nm, the product displayed strong blue PL centered at
approximately 445 nm, with a QY determined to be 20.04%
(Table S1).
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Figure 2. FT-IR spectrum (a) and EDS spectrum (b) of the material
prepared with ILs.

Reaction parameters were investigated, including the reaction
temperature, time and ILs concentration. Clear solutions with
weak PL were observed at room temperature and at 50 °C
whereas highly luminescent product formed in the case of 90
°C (Figure S3), suggesting that temperature accelerated the
rate of reaction and played an essential role in the formation of
the luminescent silica nanodots. At 90 °C, the PL intensity of
the products increased over a time range of 2—8 h (Figure $4),
which might be ascribed to the gradual hydrolysis of precursor
molecules. When the initial ILs concentration was increased
from 0 to 1.8 M, the QY of the obtained products increased
from 1.5% to 20. 04% (Figure 3a, Table S1), indicating that ILs
played a role on the material synthesis. We proceeded to
investigate the exact role that the ILs played for the resulting
luminescent materials. The acidic environment of the ILs was
first probed by performing experiment in the presence of
aqueous solution with pH adjusted in accordance with ILs by
HCI (0.01 M). From the spectra, it appeared that the pH of the
ILs influenced the production of the materials and the QY of
the product was determined to be 9.64% (Figure SS, Table S1).
Based on the QY of the solution with ILs (20.04%), it was clear
that CDP-based ILs, through a combination of charged
dihydrogen phosphate anionic group and choline cationic
group, could not only provide the acid environment for
hydrolysis but also contribute to the QY of the products. It was
likely that the anionic dihydrogen phosphate group, bounded to
the amino group of —Si—O-Si- network and facilitated
clustering by hydrogen bridging, which was in accordance
with the previous reports.” The choline group may also bound
to the dihydrogen phosphate group and, through it, to the
—Si—0O-C—0-Si network. In this respect, we propose that the
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Figure 3. (a, b) PL spectra (4., = 350 nm) and photograph of silica
nanodots solution (under 365 nm irradiation) prepared with
increasing concentration of ILs. (c) Photograph of dried silica gel
under daylight (up) and UV irradiation (bottom). (d) Photograph of
silica gel dispersed in aqueous solution with increasing time.

emitting states originate from the introduction of defect in the
silica network, which was in accordance with the previous
reports.*® In addition, gel-like product was obtained when the
concentration of ILs reached 1.8 M (Figure 3b). To investigate
the role that the CDP played during the process, the material
was first prepared in the presence of dihydrogen phosphate
solution of the same pH. As shown in Figure S6, the
dihydrogen phosphate displayed similar effects but a lower
QY (15.1%) as compared to the CDP. To further explore this
result, choline chloride solution of the same pH was used to
carry out the same experiment. In striking contrast, the product
produced was weakly luminescent solution with QY of 10.41%
(Table S1), which further confirmed that the dihydrogen
phosphate played a major role in the synthesis. Previous report
has shown that CDP could be used as biocompatible cross-
linking agents for various types of biomaterials through
hydrogen bonding.>® Based on the observation that gel-like
product could only be obtained when the concentration of
CDP reached 1.8 M, it was likely that the CDP (dihydrogen
phosphate) functionalized on the surface of silica nanodots and
in the aqueous solution could act as cross-linking agents to get
the gel-like product. In addition, the dried product also
exhibited bright PL under UV-light excitation (Figure 3c),
which was beneficial for photonics and luminescent displays.
The stability of the silica gel was further assessed. The gel
retained its stability for two months when kept in ILs solution
and the dried silica gel was also stable for more than two
months at room temperature (Figure S7, Figure S8). However,
the luminescent gel-like structure was gradually dissolved when
placed in water (Figure 3d), which could be ascribed to the
diffusion of the cross-linker (CDP) to the upper aqueous
solution.

Next, the optical properties of silica nanodots were
investigated. Figure 4a and 4b showed the PL of the material
were generally broad and dependent on excitation wavelengths,
which as in their silicon counterparts may reflect not only
effects from particles of different sizes in the sample but also a
distribution of different emissive sites on each protected silica
nanodot. The PL of the silica nanodots was stable with respect
to photoirradiation, exhibiting no meaningful reduction in the
observed intensities in the experiment of continuously
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Figure 4. (a) Photograph of silica nanodots solution excited from 350
to 560 nm. (b) 2D excitation—emission topographical maps of silica
nanodots.

repeating excitations for several hours (Figure Sa). Further
studies showed that there were no changes in PL intensity at
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Figure S. PL intensity of silica nanodot with(a) increasing UV
irradiation time and (b) dispersed in PBS under various pH values.

different pH (Figure Sb), which was significant for silica
nanodots to be used in the practical applications. The PL
lifetime (7) of the silica nanodots was assessed by time-resolved
PL measurements. As seen in Figure S9, the decay curves of the
products fitted well to triple-exponential and an average lifetime
was calculated to be 9.01 & 0.05 ns, which was comparable to
reported values.>®

We further searched the effect of temperature on the PL of
the silica nanodots. Figure S10 in the Supporting Information
displayed pronounced temperature dependence of the fluo-
rescence emission spectra of the silica nanodots solution, with
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the PL decreasing upon increasing the temperature. Different
from QDs that displayed remarkable temperature-dependent
spectral shifts, the emission spectra of silica nanodots did not
shift within the investigated temperature window. The PL
intensity of the silica nanodots film also decreased upon
increasing the temperature, revealing similar temperature-
dependent PL properties with the solution when excited at
360 nm (Figure 6a, Figure S11 in the Supporting Information).
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Figure 6. (a) PL spectra of a silica nanodots solution and film at
various temperatures. (b) PL decays curve of an interval silica
nanodots film at various temperatures. Inset to a: PL intensity of silica
nanodots versus temperature and the corresponding linear fit (line).

The PL wavelengths of the films were slightly different from
those of the silica nanodots solutions, which was most likely
because of energy transfer among the inhomogeneously
distributed emitting species in the solid film. The linearity
and inverse relationship between the temperature and the PL
intensity was evident in an Arrhenius plot (see Figure S10 in
the Supporting Information and Figure 6a, inset), which
revealed the constant thermal sensitivity of the silica nanodots.
Concomitant with the intensity decrease, the fluorescence
decay of the silica nanodots accelerated with increasing
temperature (Figure 6b). The main contribution to the thermal
response of silica nanodots may be attributed to the dominating
role of nonradiative recombination.® Figure S12 in the
Supporting Information showed that the temperature-depend-
ent quenching processes was reversible, suggesting the great
potential for using our silica nanodots in the fabrication of
temperature-sensitive devices.

During the past decades, anticounterfeiting has attracted
much attention because of the widespread forgery in all kinds of
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paper documents, package, or certificates. Many technologies
against counterfeiting or for detection of forgery have been
developed.**™>® Among them, fluorescent anticounterfeiting
technologies have received significant attention and have
become indispensable in this field by virtue of their high
concealment properties. Currently, intensive research has been
concentrated on exploring novel fluorescent nanomaterials with
unique properties that are too difficult for counterfeiters to
replicate.’’~®' Herein by taking advantage of the excitation-
dependent and temperature-sensitive fluorescence, we explored
the potential of the as-prepared silica nanodots for improving
anticounterfeiting effect (see Figure S13 in the Supporting
Information). Counterfeiting of stamps which are specific to
certain departments is a very widely used artifice by
counterfeiters. Thus, a stamp carved with a pattern on the
surface was first prepared to explore whether the silica nanodots
could be used in field of anticounterfeiting stamps by the
excitation-dependent luminescence. The stamp was dipped in
the dispersion of silica nanodots and then stamped on
transparent glass substrates. As shown in Figure S8 in the
Supporting Information, no obvious pattern could be observed
from the transparent glass in daylight. When part of the
stamped region was exposed to UV, blue, and green light, clear
strokes with multiple colors were observed (Figure 7a). These

Figure 7. (a, b) Fluorescence microscope images of the selected zone
of the stamp and fingerprint by using fluorescent silica nanodots ink
under UV (left), blue (middle) and green light (right) excitation. (c)
Fluorescent microscope images of pattern composed from silicon
nanodots solutions (triangle) and commercially available green
fluorescent ink (circle) under designated excitation light and
temperature. Inset to a, b: Macroscopic photographs of stamp and
fingerprint taken by a digital camera under UV lamp. The scale bar is
100 pm.

finding indicated that the silica nanodots-based fluorescent ink
could be used as a novel material for anticounterfeiting
technology with multiemission features that were difficult for
counterfeiters to replicate. Furthermore, the water-soluble silica
nanodots-based fluorescent ink could replace traditional inks to
safely form clear, adelomorphic multifluorescent fingerprints
and would no longer contaminate fingers (Figure 7b).
Moreover, the printed characters and fingerprints retained
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their stability after one month in an indoor environment, which
is beneficial for practical applications.

We further extended our study by combining the
thermosensitive fluorescence and excitation-dependent emis-
sion together for a multifunctional pattern. As shown in Figure
7¢, the pattern consisted of a triangle made from silicon
nanodot and circle with commercially available green
fluorescent ink. Under UV light excitation and room temper-
ature, a fluorescent pattern with blue triangle and green circle
was observed. In contrast, the dual-colored pattern changed to
a single one upon the blue-light excitation. Only a red triangle
could be observed while the excitation light changed from blue
to green. When the temperature of the pattern increased (70
°C), the PL intensity of the triangle under UV illumination
decreased significantly. Finally, pattern with highly luminescent
blue triangle and green circle was again observed as the sample
was cooled to room temperature. These results suggested the
great potential of the as-prepared silica nanodots to be acted
like chameleons that could respond to changes in their
surroundings and adjust their skin color for an improved
anticounterfeiting technology. Furthermore, the fluorescent
pattern is expected to be easily changed to a different one for
the anticounterfeiting technology by combination of materials
of other optical properties with the prepared silica nanodots.

4. CONCLUSIONS

In conclusion, we have demonstrated an easy IL-assisted
solution route to prepare water-soluble silica nanodots with
good photostability, excitation-wavelength-dependent lumines-
cence, and temperature sensitivity with both their fluorescence
intensity and lifetime. This one-pot approach does not require
specific equipment as well as harsh conditions. The ILs used in
the present study not only provided the environment for the
reaction but also contributed to the bright photoluminescence
of the silica nanodots. We further extended the use of this
highly luminescent nanomaterial for anticounterfeiting applica-
tion and the results demonstrated the great potential of the
silica nanodots alone or combined with fluorescent material of
unicolor for an improved anticounterfeiting technology. This
simple approach and the resulting outstanding combination of
properties make the prepared silica nanodots highly promising
for myriad applications in areas such as fluorescent anti-
counterfeiting, optoelectronic devices, medical diagnosis, and
biological imaging.
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