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CQD-loaded photopolymers were efficiently synthesized using commercially available materials in an
easy one step process, combining the fast thermal decomposition of a carbon precursor with the direct
integration into photopolymerizable acrylate formulations. Depending on the polymer matrix, the
nanocomposites exhibited different optical properties as a result of their surface chemistry and
dispersion state, while maintaining similar blue fluorescence in the 425-470 nm region. The CQD@
triacrylate photoluminescent films showed the highest quantum yield (~65%), most likely due to improved
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nanoparticle confinement inside the crosslinked network, compared to the diacrylate or co-polymer
matrixes. The low viscosity of the monomer dispersions allowed them to be used as fluorescent inks for
glass and textile coatings, 2D stenciling/stamping of various shapes or as photocurable resins for 3D
printing in the near visible region. This provides promising future applications in optics, nanomedicine,
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1. Introduction

Ever since their discovery in 2004," carbon quantum dots (CQDs)
have been actively investigated for their excellent stability,> low
toxicity,”* a highly reactive surface’ and tunable fluorescent
properties.*” Top-down and bottom-up synthesis methods®® have
been developed using a variety of carbon-based precursors,'® in
order to maximize the large-scale, cost-effective production of
highly luminescent QDs. Bottom-up approaches, such as
pyrolysis,"* chemical oxidation'> or hydrothermal/solvothermal
reactions,"*'* are usually preferred to top-down options, as they
require relatively inexpensive equipment and raw materials,
while allowing an easy industrial scale-up. Highly water-soluble,
colloidal CQD solutions exhibit remarkable excitation-dependent
fluorescence® but the nanoparticles tend to self-aggregate in
time, which ultimately leads to fluorescence quenching and
limits their possible applications. CQD photoluminescence (PL)
properties can nevertheless be maintained or even improved by
dispersing the nanoparticles inside a solid matrix.'® As such,
polymers are ideal candidates in terms of CQD chemical affinity,
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sensing, anti-counterfeiting or textile functionalization.

allowing excellent nanoparticle dispersion while preventing
fluorescence quenching. Polymeric composite materials are
synthesized via ex situ (blending,"” melt processing'®) or in situ
methods (chemical,"® reverse microemulsion,® sol-gel*" poly-
merizations) followed by various deposition techniques (drop
casting,®” electrospinning,®® spin®*/dip®® coating, printing®®).
Among the latest applications of CQD/polymer composites,
2D or 3D printing of fluorescent materials has emerged as a
promising tool for anti-counterfeiting labelling,>”*® bioimaging,*
energy harvesting®™ and sensing®' technologies. Today, the most
common 3D printing techniques used to print QD-loaded nano-
materials are fused filament fabrication,’® direct ink writing® and
photopolymerization-based methods.>**> Photopolymerization is
particularly attractive owing to fast reaction rates, temporal and
spatial control depending on the chosen irradiation intensity and
wavelength, room temperature conditions and the absence of toxic
solvents. Zhou et al.** mixed orange-emitting CQDs/sodium poly-
acrylate powders with a commercial photopolymer and used
stereolithography as the 3D printing process. The subsequently
printed Statue of Liberty was UV-cured at 365 nm for 2 h and
showed bright orange fluorescence compared to the CQD-free one
(7x = 425 nm). More recently, Tomal et al.** used a dual photo-
sensitizing system containing S/N-doped CQDs and iodine salts for
the cationic and radical photopolymerization of vinyl monomers
and water-soluble acrylates, respectively. 3D resins and hydrogels
printouts, between 0.5 and 2.5 mm thick, were then obtained via
vat photopolymerization using a 405 nm laser printer, although no

© 2023 The Author(s). Published by the Royal Society of Chemistry
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fluorescence measurements were carried out on the printed
samples. In both previous examples, bottom-up i situ approaches
(ultrasonic and magnetic hyperthermia) using citric acid as a
carbon precursor were chosen to prepare the CQDs, which
involved hour-long reaction times followed by several purification
steps.>*?°

Herein, a one-step synthesis involving a 15 minute-pyrolysis
treatment of N-hydroxyphtalimide produced highly lumines-
cent CQDs, which were then directly integrated intopre-cooled
acrylate monomers (24 h at —8 °C). Once completely cooled, the
formulation was stored (in the dark and at room temperature)
for future use. The addition of a photoinitiator and subsequent
UV-induced radical polymerization produced luminescent
CQDs@polymer composites, which were then either used as
photocurable inks (stamping, stencilling) for potential anti-
counterfeiting applications or to print 3D objects.

2. Experimental section

2.1. Materials

Both triethylene glycol diacrylate (DA) (viscosity 10-20 mPa s)
and trimethylolpropane triacrylate (TA) (viscosity 100 mPa s)
monomers were purchased from Sartomer Company. Inc.
N-Hydroxyphtalimide, 2-hydroxy-2-methyl-1-phenyl-propan-1-
one and phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide
were purchased from Sigma Aldrich and used as received.

2.2. Methods and characterization techniques

A 365 nm centered LLC UV-lamp from Heraeus Noblelight
America equipped with an H bulb reflector was used to cure
all CQDs@polymers at 400 mW cm ™~ under air.

CQD morphology and size were analysed using transmission
electron microscopy (TEM) on an ACCELARM 200 kV cold FEG
JEOL instrument.

Various spectrophotometers were used to investigate optical
properties, including an Evolution E200 UV-Vis spectrophoto-
meter from Thermo Fisher Scientific to measure absorption
spectra; a Horiba Fluoromax 4P fluorimeter equipped with a
Quanta-¢ integration sphere for steady-state fluorescence, chro-
maticity and absolute quantum yield measurements and a 6600
JASCO spectrophotometer for Infrared Fourier Transform (FT-IR)
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analysis, additionally connected by a fiber-optic cable to a
365 nm-centered Hamamatsu Lightningcure LC8 (Hg-Xe L8252)
UV-lamp (10 mW cm ?) to evaluate photopolymerization
processes.

CQD-loaded formulations were exposed to a 366 nm-centred
UV lamp in order to visually evaluate their fluorescence.

X-ray photoelectron spectroscopy (XPS) measurements were
performed with a VG Scienta SES 200-2 spectrometer using
a monochromatic Al Ko X-ray source. All spectra were measured
at normal incidence corresponding to an 8 nm-depth of analy-
sis. The high resolution and wide-scan spectra were recorded
with pass energies of 100 eV and 500 eV, respectively. The
spectra decomposition into different components was per-
formed with Gaussian-Lorentzian shaped peaks using CasaXPS
software after having subtracted a Shirley-type background.

A low force stereolithography printer was used to print 3D
fluorescent nanocomposites, by replacing commercially available
resins with the developed CQDs-photocurable formulation. Each
100 pm-thick layer was cured with a 405 nm laser delivering 4.5 x
10" mW cm 2.

An Olympus BX51 optical microscope equipped with Olym-
pus ColorView digital camera was used to confirm the layer-by-
layer 3D printing method.

3. Results and discussion

3.1. Synthesis and structural characterisations of
CQDs@monomer and CQDs@polymer nanocomposites

Following the previously published CQD-synthesis technique by
Stan et al.,*® 0.3 g of magnetically stirred N-hydroxyphtalimide
were initially melted in a three-neck Schlenk flask at 98 °C. The
precursor then underwent pyrolysis by increasing the reaction
temperature to 550 °C (10 °C min~') under an inert nitrogen
atmosphere for 15 minutes. At this time, 5 g of the previously
cooled (24 h, —8 °C) selected monomer solutions, namely DA,
TA or DA/TA (50:50) co-monomers, were added to the hot flask.
The subsequently room-temperature-cooled CQDs@monomer
dispersions were obtained and exhibited bright blue photolu-
minescence when excited at 366 nm (Fig. 1).

CQDs@polymer nanocomposites were then obtained using
2-hydroxy-2-methyl-1-phenyl-propan-1-one as a photoinitiator

Photopolymerization pr

U A,=366nm 4

A, =366 nm

Fig. 1 Synthesis of CQDs@monomer and CQDs@photopolymer nanocomposites.
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(0.5 wt%) and by depositing a few drops of each monomer/co-
monomer solution (with and without CQDs) on unadhesive
aluminium substrates, and exposing the samples to a 366 nm
UV lamp, delivering a 400 mW c¢cm ™2 fluence, for 10 s under air.
The same bright blue PL was observed for polymer composites
excited at 366 nm (Fig. 1).

TEM images show the homogeneous distribution of sphe-
rical nanoparticles inside the DA physical matrix (Fig. 2(a) and
(b)). The CQD size dispersion slightly increased after the
photopolymerization process, with average sizes ranging from
2.2 to 2.4 nm and 2.2 to 4 nm for the monomer dispersions and
confined photopolymer networks, respectively (Fig. 2 insets). This
phenomenon may likely have occurred post-curing, as the polymer
chains relax somewhat, or during TEM sample preparation, where
the crushed polymers were redispersed in ethanol to decrease the
thickness of the film deposited on the copper grid. Clear lattice
fringes can be observed in Fig. 2(c), showing interplanar spacings
of 0.23 nm, typically corresponding to the (100) plane of graphitic
carbon.?” The existence of this particular plane was confirmed by
the electron diffraction pattern in Fig. 2(d), indicating the crystal-
line nature of the CQDs.

The chemical composition of the DA monomer dispersion
and polymer matrix, both with and without CQDs, was investigated
by FT-IR analysis. Although nearly identical in terms of absorption
band positions (Fig. 3), the polymer spectra showed significantly
reduced C=C absorption bands at 1620 and 1635 cm™’, as
evidence of the crosslinking process. In a previous paper, Stan
et al.*® reported the FT-IR spectrum of the pyrolysis-obtained CQDs
dispersed in chloroform. By comparing it with the experimental
data in Fig. 3, few absorbance bands can definitively be attributed to
the CQDs, with the possible exception of the 1192 and 1276 cm ™+
bands, which could be linked to C-N and C-C stretching modes.
The structural rearrangement of monomer-stabilized CQDs
could explain the observed shift in wavenumbers compared to
chloroform-dispersed ones.*® Chemical bonds specific to CQDs
were most likely lost amid those of the polymer matrix. Based
on the well documented polyethylene glycol diacrylate FT-IR
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Fig. 3 FTIR spectra of the DA monomer, with and without CQDs, and
CQDs@DA photopolymer.

spectrum,*®*° the absorption bands at 1353, 1453 and 1731 cm ™"

were assigned to the C-O asymmetric bending, CH, symmetric
bending and C—O stretching modes, respectively, of the DA
matrix. The broad bands in the 2850-2950 and 3400-3600 cm ™
regions were attributed to C-H and OH stretching vibrations,
respectively.

CQD influence on the crosslinking process was then determined
by plotting the photopolymerization profiles of monomers, with and
without nanoparticles (Fig. 4(a)). Conversion degrees were calcu-
lated by measuring the 1635 cm ™" double band area as a function of
irradiation time, in oxygen-free conditions (Fig. 4(b)). For all three
photosensitive formulations, the final conversion degree is slightly
higher for CQD-containing systems, reaching 87%, 69% and 71%
for DA, TA and DA/TA respectively. The DA/TA conversion profile is
intuitively situated between the DA and TA ones.

Tomal et al.>® observed a similar trend when mixing CQDs
(0.2 wt%) and iodonium salts (2.0 wt%) with the TA monomer

51/nm

9
22242628 3 32343638 4
Particle diameter (nm)

Fig. 2 Bright field TEM images of: (a) DA monomer-dispersed and (b) photopolymer-confined CQDs, along with (c) showing a single crystalline CQD
and (d) the associated Fast Fourier transform (FFT) pattern. The insets show histograms of the CQD size distributions inside the DA monomer (a) and

polymer (b).
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Fig. 4 (a) Photopolymerization profiles for CQD-free and CQD-

containing monomers under irradiation at 365 nm and 10 mW cm™2

fluence; (b) represents the acrylate function evolution vs. irradiation time
for the DA polymer with and without CQDs.

and subsequently exposing the solution to a 365 nm UV lamp
for 800 s, also under oxygen-free conditions. The CQDs efficiently
co-initiated the photopolymerization reaction, alongside the iodo-
nium salts. Indeed, CQDs have been investigated as co-initiators to
various photosensitizing systems in lightinduced free radical
polymerizations such as reversible addition fragmentation chain
transfer.""™ In addition, as the TA monomer contains three
functional groups, a densely crosslinked network is created at
the onset of UV exposure, which reduces the mobility and diffu-
sion of the remaining monomers and accounts for the lower
conversion degree compared to the DA system.**

XPS surface analysis of the CQDs@DA monomer dispersion
and polymer (Fig. 5) revealed the presence of two main elements,
namely carbon and oxygen. The small silicium peaks correspond
to the glass substrate. The carbon and oxygen peaks can be further
deconvoluted into several components, representing the different
chemical bonds. The increasing percentage of C-C bonds from
29% to 45% proves the formation of a crosslinked polymer
network. The initial 29% of C-C bonds is probably the result of
the monomer’s thermal polymerization upon addition to the still-
hot CQDs, post-pyrolysis. The additional 45% of C-C bonds,
created during the photopolymerization process, enables the over-
all conversion degree to reach 74%, which is close to that of the FT-
IR-measured one (87%). As FT-IR conversion measurements were
recorded during a 10 minute UV irradiation at 10 mW ¢cm ™2, while
those characterized by XPS and shown in Fig. 1 were cured in 10 s
at a higher Uv-intensity (400 mW cm ™ 2), the XPS-analysed samples
probably still contained some monomer fragments, trapped inside
the crosslinked network.

3.2. Optical properties

The optical properties of CQD@monomer dispersions and
polymers were first characterized in terms of absorption,
steady-state photoluminescence (Fig. 6) and photoluminescent
quantum yields (PLQY, Tables 1 and 2). The emission spectra
were recorded by exciting the samples from 310 to 410 nm, with
10 nm increments as the absorption spectra showed subtle
variations in that range (Fig. 6).

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

View Article Online

Materials Advances

(@) cQDs@DA_M (b) CcQDs@DA_P
Name At% O1s Wide scan Name At% O1s Wide scan
O1s  30.66% O1s  26.45%
C1S  67.55% C1S  73.00%
si2p  1.78% Si2p  0.55%

Intensity (CPS)
Intensity (CPS)

si2s Si2p
N2
1000 800 600 400 200 1000 800 600 400 200
Binding Energy (eV) Binding Energy (eV)

C1s Name % Area C1s Name % Area
CCCH 29.5% CCCH 45.7%
c-0 56.7% c-0 c-0 39.1%

3 0=C-0  13.8% [~ 286.5 eV 0=C-0  12.4%
3
H co H c=0 2.8%
> 286.3 eV - N
£ £ CcCCH
£ CCCH g Cc=0 285.0 eV
2| oc=0 285.0eV (2 [ . o 2879eV
288.9 eV 289.1 eV
N
P alS
202 200 288 286 284 282 200 288 286 204 282
Binding Energy (eV) Binding Energy (eV)

O1s Name % Area O1s Name % Area
c-0 35.8% c-o 34.1%
0=C-0  29.3% 0=C-0  31.9%

= 0=C-0 293% |T 0=C-0  31.9%
3 5°3'2°3 v si-0 55% |= c-0 si-0 2.05%
> . = 532.5 eV
2 0=C-0 2 0=C-0
£ 0-c=0 532.32 eV £ 0-c=0 532.4 eV
= 533.4eV = | s336ev
Si-0 Si-0
5321ev 532.1 eV

538 53 534 532 530 528 538 536 534 632 530 628
Binding Energy (eV) Binding Energy (eV)

Fig. 5 Wide scan and Cls, Ols, Si2p core-level XPS spectra of (a)
CQDs@DA monomer and (b) CQDs@DA polymer nanocomposite.

CQDs typically show strong absorption from 200 to 400 nm,
where the observed absorption bands are attributed to n-n* or
n-m* transitions of the C—=C and C=0 bonds, respectively.*>
The oxygen-rich monomers allow the easy creation of C—0
bonds before and after the photopolymerization process, which
explains the observed absorption bands around 450 nm and 330~
380 nm of the CQDs@monomer dispersions and CQDs@poly-
mers, respectively, as a result of n—-r* transitions. The emission
peaks were both excitation and matrix-dependent, where the
monomer dispersions required a higher excitation wavelength
(390-400 nm) than the polymerized samples (360-370 nm) in
order to reach the highest emission intensities. As with the
conversion profiles in Fig. 4(a), the highest emission peak of the
co-monomer/polymer formulations (Fig. 6(c)) was intuitively situ-
ated between those of the DA (Fig. 6(a)) and TA (Fig. 6(b)) matrixes
(427 nm against 466 and 427-441 nm, respectively). In addition,
CQDs confined in the polymer matrixes exhibited much larger
Stokes shifts compared to the monomer dispersions, which is
mostly in agreement with the PLQY investigation. Indeed, in the
case of the TA and copolymer matrixes, the PLQY increased from
13.88 to 64.57% and 4.0 to 14.58%, respectively. The polymeriza-
tion process thus limited non-radiative recombination pathways,
due to possible self-absorption and inner filter effects existing in
the monomer dispersions. The opposite phenomenon was
observed for the DA matrix, where the PLQY went from 27.81 to
14.99% post-polymerization, which could be linked to the slight
aggregation phenomenon observed in the TEM image (Fig. 2(b)).
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Fig. 6 UV-visible absorption and PL emission spectra (within a 310-410 nm excitation range, step 10 nm) of CQD-free and CQD-dispersed monomers
and polymer films: (a) DA, (b) TA and (c) DA/TA (50 : 50). Insets are the photographs of monomer solutions and polymer films under a 366 nm excitation.

Table 1 Recorded PLQY values for CQDs dispersions in DA, TA and DA/
TA monomers

Sample (Agx = 400 nm) CQDs@DA CQDs@TA CQDs@DA/TA

Abs. PLQY (%) 27.81 13.88 4.0

Table 2 Recorded PLQY values for CQDs trapped in DA, TA and DA/TA
polymers

Abs. PLQY (%)

Excitation (nm) 350 360 370 380 390 400

CQDs@DA 5.29 6.53 8.55 10.25 14.31 14.99
CQDs@TA 5.47 7.47 11.72 16.35 36.98 64.57
CQDs@DA/TA 4.19 5.73 6.97 8.87 13.03 14.58

The previously solvent-dispersed CQDs synthesized by Stan
et al.*® showed PLQYs ranging from 3 to 70% when excited at
400 nm, the highest PLQYs being recorded for CQDs dispersed

5144 | Mater. Adv., 2023, 4, 5140-5148

in polar aprotic solvents. As the chosen monomers are also
polar and aprotic, the significant PLQY difference observed
between the monomer dispersions could instead be the result
of steric hindrance. Indeed, the co-monomer formulation con-
tains relatively long DA monomers and large TA ones, which
could become entangled and ineffectively passivate the CQD
surface. Contrarily, the DA monomer can wrap around the
nanoparticles more easily than both its TA and co-monomer
counterparts. The PLQY order is as follows: DA > TA > DA/TA,
which is in agreement with the associated steric effect of each
monomer. Enhanced particle stabilization was then achieved in
the case of the TA polymer matrix as a result of its high
functionality. Indeed the three functional groups create a
densely crosslinked network upon photopolymerization, which
successfully stabilizes the CQD surface and limits their possible
aggregation. On the other hand, both the DA and DA/TA
polymer networks afford more CQD mobility, resulting in more
particle interaction and thus lower PLQY values.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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All emission spectra exhibited multiple shoulders after
500 nm for CQDs@monomer dispersions excited between
370 and 410 nm, and in the 330 to 400 nm range for the
polymer-confined CQDs excited between 310 and 340 nm. It is
well known that CQD fluorescence is strongly dependent on
their surface chemistry, where hybridized carbons and func-
tional groups acts as exciton capture centers, leading to the
creation of intragap energy levels. XPS analysis performed by
Stan et al.*® on the freeze-dried CQDs revealed the presence of
various chemical bonds post-pyrolysis, mainly C—=C, C-C/C-H,
C-N, C—=0 and OH-N. It can be assumed that similar surface
chemistry was present herein, before the addition of the
monomer solutions. Consequently, the acrylate monomers
can interact with the CQD surface via hydrogen and van der
Waals bonds.

In addition, as the viscosity of the TA monomer was higher
than that of the DA one, CQDs are possibly better stabilized and
undergo less surface chemistry changes, which could explain
the fewer shoulders present in the PL emission spectra.
Similarly, once the photopolymerization process ends, CQD-
confinement inside the crosslinked networked also prevents
surface chemistry variations. The shoulder multiplicity in the
330 to 450 nm region may be linked to the n-n* transitions of
the abundant C=0 groups, as suggested by Hu et al.*® Indeed,
they postulated the creation of new energy levels between
bandgaps, caused by an increase in the oxygen content at the
CQD surface.

In terms of chromaticity, CIE 1931 coordinates were
recorded at maximum PLQY (Fig. 7) and the chromatic para-
meters were nearly identical for the CQDs@polymers due to the
closely situated emission peaks (440 nm CQDs@DA, 451 nm for
CQDs@TA and 458 for CQDs@DA/TA).

Sample name CIE 1931 coord.

CQDS@DA_M X=0.247
- Y=0.330
CQDS@TA_M X=0.213
- Y=0.281
caps@pA/TAM o2t
Colorcoorvdmates‘ ) - Y=0.330
CQDs@DA_P X=0.185
- Y=0.229
CQDs@TA_P i
- Y=0.194

X=0.182

CQDs@DA/TA_P v=0.234

Fig. 7 Chromatic diagrams recorded for (a) CQDs dispersed in mono-
mers and (b) CQDs confined in the polymer matrixes. (c) Tabulated CIE
1931 coordinates for both monomer and polymer CQD-containing
composites.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The time-resolved PL traces of CQDs@monomer dispersions
and CQDs@polymer nanocomposites (Fig. 8) were fitted with
tri-exponential functions, having three distinct lifetime compo-
nent under 10 ns. This suggests the existence of three emissive
processes, namely radiative relaxations within the CQD core or
arising from surface traps sites caused by the presence of
functional groups and possible defects.

The average lifetimes, calculated using:

0617.'12 + 0621'22 + O(3‘L'32

0T 4 00Ty + o373

Tavg =

were higher for CQDs confined inside polymers/copolymers,
than for CQDs dispersed the monomer/comonomer formula-
tions (Table 3). The formation of a crosslinked network limits
CQD aggregation and increases surface passivation by immo-
bilizing surface functional groups, which effectively extends the
overall fluorescence lifetime.

The overall PL results are in accordance with those published
by Stan et al.>® and more generally in the literature, with the
added benefit of a one-pot, fast and easy to implement synthesis
technique for both CQD synthesis and polymerization process.
Kalytchuk et al.”” added hydrothermally-obtained (5 h, 200 °C)
citric acid-based CQDs to a poly(vinyl alcohol) matrix in order to
produce fluorescent inks for anti-counterfeiting application.
The printed and dried inks emitted in the 350-550 region
(Zex = 365 nm), with fluorescence lifetimes between 4 and
6 ns. Bai et al.?’ produced a CQD-containing thermoplastic
polyurethane elastomer (0.5 wt%) for silver ion detection,

(a) CcQDs@monomers (b) CcQDs@polymers
1000 IRF 1000 RF
CQDs@DA_M CQDs@DA_P
——Fit —— Fit
100
12
2
c
=]
S
104}
8 10 12 14 16 18 20 22 24 26 28 30 o 20 30 40 =0
Time (ns) Time (ns)
1000 RF 1000 A T RF
CQDs@TA_M it CQDs@TA_P
1 — Fit
2
100 PR
2 : R
c
3
8 E
1045
8 10 12 14 16 18 20 22 24 26 28 30 ' 1o 20 30 40 o
Time (ns) Time (ns)
1000 RF \RF
CQDs@DA/TA_M - CQDs@DATA_P
— Fit — Fit
100
[2]
i)
c
=]
o
O |
104}
8 1012 14 16 18 20 22 24 26 28 30 ' 10 0 a0 40 5o 60
Time (ns) Time (ns)

Fig. 8 PL decay curves recorded for CQDs dispersed in DA, TA, DA/TA
monomers/polymers.
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Table 3 Lifetimes recorded for the CQDs dispersed in DA, TA, DA/TA
monomers (M) and polymers (P)

Sample T a, T, a, T3 as Tavg
(Aem=450nm) (ns) (%) (ns) (%) (ns) (%) (ns) »*
CQDs@DA M 1.02 21.26 0.28 55.81 3.60 22.93 2.69 1.12
CQDs@TA_M 1.33 28.29 0.22 51.58 5.20 20.12 3.89 1.15
CQDS@DA/TAiM 1.36 29.71 0.24 51.21 4.80 19.08 3.44 1.15
CQDs@DA_P 1.71 17.43 6.51 13.62 0.04 68.95 5.17 1.09
CQDs@TA_P 1.75 13.79 7.46 7.35 0.10 78.85 5.18 0.97
CQDs@DA/TA_P 2.39 40.17 7.49 25.01 0.30 34.81 5.56 0.96

showing a broad 470 nm-centered emission when excited at
400 nm, with a 68% PLQY and an average lifetime around 9 ns.
The CQDs were also synthesized via the hydrothermal method
(3 h, 170 °C) and the composites required a 24 h-long UV curing
period.

3.3. Proof of concept applications

Fig. 9 shows proof of concept applications of photocurable
CQDs@monomer/co-monomer dispersions such as textile
functionalisation (Fig. 9(a)), potential anti-counterfeiting flor-
escent ink applications: stamping and stenciling (Fig. 9(b)), as
well as 3D-printed fluorescent objects (Fig. 9(c)) via the stereo-
lithography printing technique, all easily transferable to an
industrial scale. The direct addition of the monomers to the
pyrolysis-obtained CQDs limits nanoparticle aggregation, while
preventing the user from handling volatile nanopowders.
Concerning the 3D printed objects, the successive 100 um-
thick photopolymerized layers can clearly be observed in Fig. 9(c).
In order to ensure complete and fast photopolymerization in the

(a) Surface functionalization
(textile, glass)

(b) Stamping/stenciling

Excited

(c) Stereolithography 3D
printing

View Article Online

Paper

UV and near visible regions, phenylbis(2,4,6-trimethylbenzoyl)-
phosphine oxide (2 wt%) was used to initiate the printing process.
However, as the natural yellow tint of this particular photoinitiator
competes with the blue CQD fluorescence when excited at 366 nm,
further tests need to be carried out in order to choose the optimal
photoinitiating system and associated amount.

As demonstrated above, CQD-based composites can be
synthesized using a variety of photopolymers, and the choice of
matrix will depend on the final application. In the case of the
polyester textile functionalization (Fig. 9(a)), the CQDs@DA, TA or
DA/TA coating provided full substrate coverage, while rigidifying the
initially flexible textile. In addition, photopolymer viscosity will have
a significant impact on the printed details of 2D and 3D objects.

4. Conclusion

The one-step combination of pyrolysis-obtained CQDs with photo-
curable acrylate monomers led to the successful synthesis of blue
emitting-nanocomposites, having a wide range of possible 2D or 3D
applications. The overall process, including CQD formation and
confinement inside a polymer matrix, involves short reaction times,
commercially available starter materials and atmospheric condi-
tions, all of which are attractive at an industrial level. As the
monomers are directly added to the still-hot CQDs, the polymer
matrix can be chosen as a function of the desired final properties,
provided that no phase segregation occurs during the addition. In
addition, this direct integration limits CQD aggregation, since the
three developed formulations showed efficiently dispersed and
crystalline CQDs, with differing properties in terms of monomer
conversion and optical characteristics, depending on the chemical

Uncoated side !
\
|

Non-excited

1000pm |

Fig. 9 Potential applications of CQDs@polymer nanocomposites. (a) Functionalized polyester textile and glass slide; (b) ink stamping and stenciling on a
glass substrate; (d) stereolithography-3D printed objects; all excited by a 366 nm UV lamp.
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environment of the confined nanoparticles. Typically, a higher
conversion degree was reached with the DA monomer but its lower
crosslinking degree could explain the lower PLQY (~15%) of the
cured composite, compared to the TA matrix (~65%). All formula-
tions exhibited bright blue fluorescence, with highest emission
peaks in the 425-470 nm region, both excitation and matrix-
dependent. In addition, typical lifetimes under 10 ns were recorded
for both monomer dispersions and polymers. Among the possible
applications, the composites were used for textile functionalization,
as fluorescent inks for stamping or stenciling and as curable resins
to print 3D objects.
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