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Abstract: Fluorescent metal nanoclusters embedded in rigid matrices are attractive for many
applications, such as for use as light-emitting diodes and for optical data storage. Given
the advantages of polycarbonate films, like high transparency and excellent toughness, the
development of metal nanoclusters in these films could further enhance various applications.
Herein, we fabricated fluorescent gold nanoclusters in a polycarbonate film using a photochemical
process. The polymer film is doped with gold chloride and a photoinitiator and then irradiated by
a light-emitting diode (365 nm), leading to the photoreduction of gold ions and the formation of
bright fluorescent nanoclusters with a quantum yield of 15%. The as-formed nanoclusters display
good photostability and retain their emission spectral shape over an extended period of time.
These highly fluorescent structures have potential applications in the fabrication of authenticity
markings and optoelectronic devices.

© 2021 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Metal nanoclusters (NCs) are ensembles of bound metal atoms that are intermediate in size
between single metal atoms and plasmonic nanoparticles (NPs) —i.e., below 2 nm in diameter [ 1-3],
exhibiting quasi-molecule behaviors such as strong absorption and intense photoluminescence
(PL) [4,5]. Given the ultra-small size, low toxicity, large Stokes shift, long lifetime, and good
photostability, NCs find various applications, including sensing, labeling, and imaging [3,5-8].
The synthesis of NCs is a major issue and the subject of interdisciplinary research from chemistry
to photonics. A well-known approach to produce NCs is reducing metal ions (using, for example,
chemical reductants or light) from dissolved metal salts to their neutral states, leading them to
aggregate into several-atom NCs [1,9]. However, stabilization is often a cause for great concern,
and a proper stabilizing agent is required to protect each cluster from further aggregation into
large nanoparticles [9].

A variety of protecting scaffolds have been used to stabilize NCs, from dendrimers, polymers,
DNA, proteins, and peptides in the liquid phase [1,10,11] to glass, zeolite, and polymer in the
solid state [12—14]. Solid-state matrices allow for the spatially controlled generation of localized
NCs with high resolution, enabling compelling applications such as micro-labels in zeolite for
anticounterfeiting applications [15] and optical memories in phosphate glasses [16]. NCs in these
templates are fabricated using direct laser writing (DLW), where a tightly focused femtosecond
laser beam is utilized to locally photo-reduce metal ions through a multi-photon absorption
mechanism. These NCs are highly stable over extended periods and display bright fluorescence
and excellent photostability. Nevertheless, in addition to the expensive high-intensity femtosecond
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laser, the fabrication of NCs in these hosts suffers from the complexity of implementation and
slow processing speed. For the case of phosphate glasses particularly, cumbersome sample
preparation steps are also required.

In contrast, polymeric substrates provide suitable, cost-effective, and versatile alternatives to
encapsulate NCs. Further, the required dose of exposure to generate NCs in the metal-precursor-
containing polymer matrices is far smaller than that needed for the substrates mentioned above
[17]. Despite the potential of polymer films for spatially controlled fabrication of fluorescent
NCs, the synthesis of NCs in rigid polymer matrices using the DLW and light activation
technique is currently limited to only a few polymers. Sakamoto et al. reported photofabrication
of gold nanoclusters (AuNCs) in polyvinyl acetate (PVAc) films [18,19]. Recently, DLW of
silver nanoclusters (AgNCs) and AuNCs in poly(methacrylic acid) (PMAA) and polyvinyl
alcohol (PVA) thin films using femtosecond and continuous-wave (CW) lasers have also been
reported [14,17,20-22]. These NCs manifest bright fluorescence and good photostability. Still,
consideration of the new polymers could lead to the formation of NCs with unique properties,
functionalities, and applications. Polycarbonate (PC) is an intriguing choice among many
polymers available, owing to extreme toughness, durability, high heat distortion resistance, and
excellent compatibility with other polymers. Also, PC is a highly transparent polymer with
transmission to visible light superior to many glasses [23,24].

In this paper, we demonstrate the formation and stabilization of fluorescent AuNCs in PC
films using a photochemical method. We study the optical properties and morphology of the
fluorescent structures. The as-formed AuNCs are highly fluorescent and resistant to aging. We
show the possibility of patterning arbitrary fluorescent markings in the film. These fluorescent
markings reveal good photostability and could enable applications such as anticounterfeiting,
security markings, and optical data storage.

2. Experimental
2.1.  Film preparation

Polycarbonate granules (Goodfellow) were dissolved in chloroform (100 mg in 2 mL) and
stirred for 30 min at room temperature. Next, depending on the targeted Au/PC weight ratio, a
photoinitiator (Sigma-Aldrich, 2-Hydroxy-4’-(2-hydroxyethoxy)-2-methylpropiophenone, 0-9
mg) was added to the PC chloroform solution and stirred for another 10 min. A required amount
of Gold(IIT) Chloride Trihydrate (Nanopartz, HAuCls-3H,0, >99.9%) was added to the solution
to obtain the desired weight ratio of Au/PC (0-3%). A glass Petri dish was cleaned by 5 min
ultrasonic bath of acetone and a rinse with isopropyl alcohol and distilled water; it was finally
dried with nitrogen. The resulting solution was then dropcast in the glass Petri dish and heated at
60 °C until the solvent evaporation was complete. An extra 5 min heating at 80 °C was done to
remove the residual solvent, leading to a dry composite film with a thickness of ~18 um.

2.2. Photoreduction

A light-emitting diode (LED) (Thorlabs, 365 nm, M365LP1) was collimated using an aspheric
condenser lens (Thorlabs, 16 mm). A bandpass filter (Semrock, 370/36 nm) was used to avoid
the LED spectrum overlapping the sample fluorescence, enabling in-situ monitoring of the
fluorescence intensity evolution. Au@PC films were mounted on microscope slides and were
exposed to the LED light. The intensity of the light impinging the film was set depending on
the need. We used a collimated beam with an intensity of 180 mW/cm? to activate larger areas.
However, for faster activations, a positive lens was used to focus the LED light into a small region,
leading to an intensity of 1 W/cm?. The fluorescence evolution was concurrently imaged from
the slide’s backside using a CMOS camera (Thorlabs, DCC1545M) equipped with an emission
filter (Semrock, BLPO1-532R-25) and a lens system.
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2.3. Optical characterization

Fluorescence emission and excitation spectra were measured using an FLS1000 Photolumines-
cence Spectrometer (Edinburgh Instruments). The absolute photoluminescence quantum yields
(PLQYs) and the lifetime measurements were carried out using an FS5 Spectrofluorometer
(Edinburgh Instruments). The PLQYs were assessed using an SC-30 module coupled with an In-
tegrating Sphere with an excitation wavelength of 380 nm. The time-resolved photoluminescence
(TRPL) decay was acquired and analyzed using a Time Correlation Single Photon Counting
(TCSPC) system. A picosecond pulsed diode laser (EPL-375, Edinburgh Instruments) with a
pulse width of 64.3 ps and wavelength of 377.6 nm was used to excite the samples.

2.4. Confocal fluorescence microscopy

The distribution of fluorescent NCs throughout the film thickness was studied by Zeiss LSM
800. The excitation laser wavelength was 405 nm. The fluorescence signal was collected by an
oil-immersion objective (Plan-Apochromat 63x/1.4 Oil) in DAPI spectral range. False-color
fluorescence images were plotted based on their raw values using Python.

2.5. Transmission electron microscopy (TEM)

TEM analysis was carried out using a JEM 2800 High resolution-TEM (JEOL Ltd) operated at
200 kV. To prepare the samples, Au@PC film containing fluorescent markings was first dissolved
in chloroform. The as-obtained solution was then dropcast on copper grids that were coated with
a holey carbon film.

2.6. X-ray photoelectron spectroscopy (XPS)

XPS analysis was performed in Kratos Axis Ultra ESCA X-ray photoemission spectrometer,
using Al Ka radiation at E = 1486.69 eV. The operation pressure during the measurement was 8
x 1078 Pa. The binding energy scale was referenced to 284.8 eV as determined by the location of
the adventitious carbon peak in the C Is spectra.

3. Results and discussion

A PC film doped with gold salt (the precursor for AuNCs) and photoinitiator (the source of
electron donors) was first prepared. Both gold salt and photoinitiator were uniformly dispersed
in the polymer to inhibit partial overconcentration, which would cause the formation of large
particles after the photochemical reaction. The weight ratio of gold source to PC varied from 0
to 3%. The Au@PC film was colorless and transparent, with a thickness of about 18 um. Higher
concentrations resulted in crystallization and opacity. Figure 1 illustrates the photosensitized
reduction [25] and in-situ formation of AuNCs in an Au@PC film. Upon exposure to UV light,
the photoinitiator produces active free radicals, which reduce Au(IIl) ions to Au(II) and Au(0)
[26]. Then, absorption of the UV light raises the local temperature of the exposed area of the
film, leading to the diffusion of Au(0) atoms and the formation of AuNCs [27]. The as-obtained
AuNC:s in PC film give out blue-green fluorescence when excited by a 365 nm light source. A
more detailed understanding of the photophysical phenomena arising from Au@PC and UV light
interaction is left for future work.

Figure 2(a) shows the UV-Vis absorption spectra of an Au@PC film (Au/PC of 2%) before and
after exposure to UV light. After 30 min exposure to UV light with an intensity of 180 mW/cm?,
the absorption at 300-380 nm reveals a notable drop due to the reduction of HAuCly (Ayax at
325 nm) and consumption of photoinitiator (Ayax at 274 nm). Nevertheless, the characteristic
absorption at 500-550 nm for plasmonic AuNPs cannot be observed in the spectrum, ruling out
the presence of larger AuNPs (see Fig. S1) [28,29]. This change in the absorption spectrum
suggests the formation of gold entities (i.e., AuNCs) that are smaller than plasmonic AuNPs.
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Fig. 1. In-situ generation of AuNCs in Au@PC film by UV light irradiation

Figure 2(b) shows the fluorescence excitation/emission of an Au@PC film (Au/PC of 3%) that
was exposed for 5 min to UV light with an intensity of 1 W/cm?. The excitation and emission
spectra peak at 390 nm and 480 nm, respectively, corresponding to a Stokes shift of 90 nm. We
find that the fluorescence is highly related to the gold particles, rather than PC or photoinitiator,
in the composite film. Unexposed PC films doped with gold salt and photoinitiator and exposed
PC films with no gold loadings with and without photoinitiator barely show any fluorescence,
demonstrating the indispensable role of the gold element and the light irradiation (see Fig. S2).

The exposed film was stored in room condition for one month to assess the effect of aging.
Neither the absorption nor the fluorescence of the Au@PC film has experienced changes during
such period. As shown in Fig. 2(a), there is no observable shift in the absorbance spectrum after
6 weeks of storage, and the peak ascribed to plasmonic AuNPs remains absent, implying that
the AuNPs formed within the film are scarce. This is further supported by the film retaining its
transparent characteristics, confirming that the formation of larger gold particles is negligible.
The emission spectrum after the long-time storage also verifies the stability of the AuNCs in the
PC film (see Fig. 2(b)). The unchanged peak wavelength in the emission plots, which results in a
fixed fluorescence color, suggests that the as-formed NCs do not tend to aggregate to form larger
AuNCs emitting different colors. In fact, the PC matrix well confines the AuNCs from mobility
and aggregation, thus exhibiting a superior anti-aging effect compared to a similar structure
in a PVAc matrix [19]. It should be noted that fluorescence emission spectra in Fig. 2(b) are
normalized since it was not practical to obtain identical alignments in fluorometer apparatus for
measurements before and after aging. Still, the stability of the fluorescence intensity is studied
using fluorescence microscopy and is discussed below.

Besides good storage stability, the AuNCs in PC film are highly fluorescent. Their absolute
PLQYs were measured to be around 15%, remarkably higher than similar AuNCs in other
polymers when no capping ligands are used [30]. Figure 2(c) exhibits the fluorescence decay
curve of AuNCs generated in an Au@PC film, which determines the average fluorescence lifetime
of 4.4 ns. The relatively short lifetime and Stokes shift (90 nm) suggest that the photoluminescence
stems from the singlet intraband transitions within the metal core [31], rather than the charge
transfer between the surface ligands and surface metal atoms [32].

The fluorescence intensity of AuNCs generated within Au@PC films depends on the intensity
of the UV light source and the time of the exposure. While under-exposure could not reduce
all gold ions in the film, over-exposure would lead to the formation of larger AuNPs that are
not fluorescent. The non-optimal exposure results in fluorescent markings that do not have the
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Fig. 2. (a) UV-Vis spectra of a 2% Au@PC film before and after exposure to UV light.
The exposure was performed for 30 min with an intensity of 180 mW/cm?. The spectrum
of the film 1.5 months after the exposure is also shown. (b) Fluorescence emission and
excitation spectra of a 3% Au@PC film exposed for 5 min to UV light with an intensity of 1
W/cm?. The emission spectrum of the film after one month of storage is also plotted. (c)
Fluorescence decay (at 512 nm) of a 3% Au@PC film that was exposed for 5 min to UV
light with 1 W/em?. (d) Fluorescence intensity evolution of Au@PC films with different
Au/PC ratios exposed to UV light with power set for 180 mW/cm? intensity.

maximum possible brightness or are discolored due to the formation of NPs. Therefore, for
better utilization of Au@PC films for fluorescent markings, it is crucial to investigate the time-
dependence response of the fluorescence when exposed to UV light. Figure 2(d) illustrates the
fluorescence intensity evolution of different Au@PC films that were exposed to UV light with an
intensity of 180 mW/cm?. While the film with no gold loading displays no fluorescence build-up,
the fluorescence intensity of the films with gold additives grows with UV light irradiation. This
growth further attests that the as-generated AuNCs give out the fluorescence emission. As seen,
the process seems to be faster and brighter for higher gold loadings. Intuitively, in films with
higher gold loading, reduced metal atoms are more likely to absorb one another, leading to a
faster formation of AuNCs.

Interestingly, the as-generated AuNCs remain stable even when Au@PC film is fully dissolved
in organic solvents (e.g., chloroform). As compared to the solid polymer matrix, there is much
less steric confinement to inhibit aggregation. However, fluorescence from AuNC:s still exists and
can remain stable after dissolving a fluorescent Au@PC film in chloroform (see Fig. S3). This
stability not only increases flexibility in practical applications but also enables direct observation
of the micromorphology of AuNCs using TEM analysis. Figures 3(a) and (b) show the TEM
image and EDX spectrum of the AuNCs in the Au@PC film chloroform solution. There are
spherical particles with a size of 1.68 +0.51 nm. These particles are mainly composed of Au
elements (Cu comes from the TEM grids). In contrast to fluorescent films, over-exposed films
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contained large AuNPs, and unexposed films show no AuNPs unless damaged by the electron
beam in TEM (see Fig. S4).
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Fig. 3. Micromorphology and composition of the as-prepared AuNCs. (a) TEM image,
and (b) EDX spectrum of the AuNCs in the film. Those ultra-small particles (~1.68 nm) are
mainly composed of gold elements. (c) Binding energies of Au 4f in exposed (purple) and
unexposed (black) Au@PC films. The difference in binding energies suggests Au(III) are
reduced to Au(0) after exposure to UV light.

The valence state of Au in the fluorescent Au@PC film is investigated by XPS characterization
(Fig. 3(c)). Binding energies of Au 4f in the Au@PC film exhibit a notable difference before
and after UV light irradiation. In the unexposed film, the binding energies of Au 417/, and Au
45, are 87.1 eV and 90.8 €V, respectively, which are assigned to Au(III) [33]. In contrast, in the
exposed sample, Au 4f7/, and Au 4f5;, possess much lower binding energies of 83.8 eV and 87.6
eV, respectively, which are assigned to Au(0) [34]. Clearly, exposure to the high-intensity UV
light has triggered a complete reduction of Au(Ill) ions in the film, giving rise to zero-valent
gold nanoclusters. The full consumption of Au(IIl) ions was further confirmed by the binding
energies remaining consistent after over-exposing the Au@PC film (see Fig. S5).

From the application point of view, knowledge about the spatial distribution of the AuNCs
throughout the thickness of the PC film is crucial. To this end, confocal fluorescence imaging
was performed on 3% Au@PC samples. Parts of the film were exposed for 30 min to UV light
with intensity of 180 mW/cm?. The exposed and unexposed regions of the film were examined
by a laser scanning confocal fluorescence microscope with an excitation wavelength of 405 nm.
The emission spectra were recorded in the DAPI spectral region. Fluorescence images were
false-colored based on their intensity values using Python and are shown in Fig. 4 in XY and XZ
planes. Compared to exposed areas, the fluorescence in the unexposed regions is negligible. The
white dashed lines in Figs. 4(b) and (d) mark the edges of the fluorescence areas on the Z-axis
in Fig. 4(d). This region corresponds to 18 pm thickness, which is equal to the film thickness,
confirming that the fluorescent features form throughout the film with no tendency towards any
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parts. Therefore, it is impossible to remove the markings by scratching the surface of the film,
as opposed to fluorescent inks, making it a reliable host to keep the markings protected against
counterfeiters or harsh handling. It should be noted that more precise images could be obtained
by deconvolution of the point spread function of the microscope objective and the film thickness.
However, given the high NA of the objective (1.4) and the wavelength (405 nm) used for imaging,
the axial resolution of the images is well below 1 um, enabling quite an accurate estimation
of the film thickness according to the cross-sections of in XZ planes of the fluorescent images.
Besides, considering the small absorbance at 405 nm, one can assume the excitation intensity
was consistent throughout the film thickness.

-300

PL (a.u.)

Fig. 4. Confocal fluorescence microscopy images of a 3% Au@PC film that was (a,b)
unexposed and (c,d) exposed for 30 min to UV light intensity of 180 mW/cm?. (a.c)
correspond to the central plane of the film in XY planes, and (b,d) are cross-sections in XZ
planes. The white-dashed lines represent the approximate position of the film marked based
on the edges of the fluorescent area in (d).

The light-induced processing of fluorescent NCs in Au@PC films enables spatially controlled
photo-reduction of gold ions and the generation of permanent fluorescent patterns of arbitrary
shapes. To demonstrate a proof-of-principle of the light patterning technique, we exposed a 3%
Au@PC film through a photomask to UV light with an intensity of 1 W/cm?. As discussed above,
the exposure was stopped after 5 minutes elapsed to ensure reaching maximum fluorescence
intensity and having minimum bleaching. Figure 5(a) shows a false-color fluorescence microscopy
image of a flower made using the photomask. As can be seen, detailed fluorescent markings
can be made in areas as small as 1 mm?. Here, the resolution is determined by the photomask.
However, the minimum fluorescent feature size (d) that can be made in Au@PC films is limited
by the diffraction of light and is given by d = 0.61M/NA [35], where A is the wavelength of the
light source used for photofabrication, and NA is the numerical aperture of the lens focusing
the light onto the film. Therefore, in principle, it is possible to pattern fluorescent markings
with resolution beyond micrometer scale [17], which outperforms fluorescent inks with spatial
resolution in the range of 100-500 um [36]. Furthermore, the light intensity used to activate
fluorescent AuNCs in PC films is several orders of magnitude lower than that needed in other
solid-state matrices like glass [27], where a complex optical setup and expensive femtosecond
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laser are required. In fact, the low-intensity requirement for activation of NCs in Au@PC film
enables the parallel patterning through the photomask without the need for the typical scanning
approach of the DLW technique. Clearly, using a light source with appropriately high power, the
parallel patterning can be done in a much shorter time scale. Thus, the proposed material system
allows low-cost and straightforward photofabrication of fluorescent markings that can be used as
authenticity markings for important documents and valuable products.

(o2 |
==

Intensity (a.u.)
5 &g

’ A 1‘( A “. -“\'1'1‘1"5‘ v

20 0

o

0 50 100 150 200 0 30 60 90 120 150 180
X (pum) Time (min)

Fig. 5. (a,b) False-color fluorescence microscopy images of a pattern (a) before and (b)
after 6-hour exposure to UV light of a banknote scanner with an intensity of 3.5 mW/cm?.
The patterns were made by 5-min exposure of the Au@PC film through a photomask with
an intensity of 1 W/cm?. (c) Intensity profiles of single-pixel values along the red dashed
lines in (a) and (b). (d) Fluorescence intensity evolution of a 3% Au@PC film exposed to
365 nm LED with an intensity of 180 mW/cm?.

Fluorescent markings in security applications should survive numerous readings without fading
out. Here, the fade-out can occur either due to the bleaching of the fluorescent patterns or the
activation of fluorescent NCs in the background. To study the effect of the reading, the fluorescent
markings shown in Fig. 5(a) were placed under a UV banknote scanner (Safescan 50, 365 nm) for
6 hours. The intensity of the scanner was estimated to be around 3.5 mW/cm?. Figure 5(b) shows
a false-color fluorescence microscopy image of the flower pattern after exposure to the banknote
scanner. Figure 5(c) illustrates the intensity profiles along the red dashed lines in Figs. 5(a)
and (b). From these profiles, one can estimate that the contrast of the markings has declined
from 48% to 35% after the 6-hour reading. The reduction in the contrast arises both from the
activation of AuNCs in the background regions and from the decay of the fluorescence of the
patterns. Despite this, the fluorescent codes were still clear and readable.

The photostability of AuNCs in PC film is further investigated by prolonged exposure and
in-situ recordings of fluorescence intensity evolution. We used a 3% Au@PC film and exposed it
for 180 min to an intensity of 180 mW/cm?, which is the intensity used to generate AuNCs. This
level of intensity is significantly higher than the intensity of typical UV scanners used to detect
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fluorescent markings. Figure 5(d) shows the evolution of the fluorescence intensity pertaining to
prolonged exposure. While the growing part of the curve is related to the consumption of gold
ions and the production of AuNCs, the decline can be mainly attributed to the transformation
of AuNCs into larger non-fluorescent AuNPs —there might also be other mechanisms involved
in the bleaching of fluorescence, which will be studied in future work. A single exponential
term with a time constant of 7; can well describe the rising part of the fluorescence curve.
In contrast, the decaying part exhibits fast and slow decay components, corresponding to two
time constants of 7, and 73. Similar two-term exponential decay is previously reported for
fluorescence bleaching of silver nanoclusters in polymer films [14]. The dynamics of the in-situ
production and bleaching of fluorescent AuNCs can be modelled with a function y(¢) = ag (-
exp(— t/11) + by exp(— t/12) + (1- bg) exp(— t/13)), where ag and by are amplitude parameters.
Figure 5(d) shows an excellent fit between the model and the fluorescence evolution data with
a coefficient of determination of R2~0.997 using 7| ~16 min, 7o ~40 min, and 73 ~428 min.
According to these time constants, part of the as-formed AuNCs grows to AuNPs with a fast rate
being still 2.5 times slower than the AuNCs formation rate. The other part of the fluorescence
decays ~10 times slower than the fast rate, making the fluorescence stable for a significantly
extended time. The rise and decay time constants are intensity-dependent: the higher the intensity
used to irradiate Au@PC film, the faster the rate at which the fluorescence intensity develops and
fades out. Similar behavior was also shown for AuNCs in PVA films [17]. Considering that the
reading of the as-fabricated fluorescent markings is typically done using a significantly lower
intensity (~3-6 mW/cm?) than what used here to generate AuNCs, one can conclude that the
AuNC:s developed in PC films are highly photostable and could maintain the fluorescence for a
long period, enabling reading of thousands of times without being fade out.

4. Conclusion

We demonstrated that polycarbonate, an essential polymer for industrial applications, can be
used as a flexible matrix for in-situ photofabrication of fluorescent AuNCs. The fabrication can
be made using a low-cost LED and requires remarkably lower light intensity than those made
in other rigid templates like glass and zeolite. The low required dose of light for activation of
AuNCs in PC film enables the parallel light patterning of fluorescent markings, eliminating the
need for slow point-by-point scanning and cumbersome implementation of the DLW technique.
The AuNCs made in PC film are stable and can withstand several hours of reading by standard
UV scanners. In addition, the emission spectral shape of these NCs does not change by aging,
and their fluorescence color remains consistent. Besides, the markings are made through the
whole film thickness and cannot be scratched away from the surface. The proposed bright and
photostable features could find various applications, for example, in anti-counterfeiting and
security markings.
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