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ABSTRACT Herein, we propose convenient routes to produce hybrid-polymers
that covalently enclosed, or confined, N-doped carbon quantum dots (CQDs). We
focus our attention on polyamide, polyurea—urethane, polyester, and poly- /=
methylmetacrylate polymers, some of the most common resources used to create
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everyday materials. These hybrid materials can be easily prepared and processed to

obtain macroscopic objects of different shapes, i.e., fibers, transparent sheets, and
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bulky forms, where the characteristic luminescence properties of the native N-doped CQDs are preserved. More importantly we explore the potential use of

these hybrid composites to achieve photochemical reactions as those of photoreduction of silver ions to silver nanoparticles (under UV-light), the selective

photo-oxidation of benzylalcohol to the benzaldehyde (under vis-light), and the photocatalytic generation of H, (under UV-light).
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arbon-based nanostructures are cur-

rently the center of much of the

discussion in nanotechnology." This
class of compounds embraces a variety of
carbon allotropes, different from the well-
known pristine diamond and graphite, with
a large number of shapes and sizes. While
the popularity of carbon nanostructures to a
large extent is due to fullerenes and nano-
tubes, other members of the nanocarbon
family are also attracting gradually increas-
ing attention.? Structures, properties, and
numerous applications of nanostructured
graphite, which belongs to a broad group
of the so-called new carbon materials, have
been recently proposed. Among them,
carbon quantum dots (CQDs) represent a
fascinating class of water-soluble carbon
nanostructures, characterized by discrete,
quasi-circular shapes with diameters up to
10 nm.>~® CQDs are nontoxic’ carbon nano-
structures that show peculiar photolumines-
cence (PL) properties, such as multicolor
emission that varies with the excitation
wavelength® They have also been sug-
gested as interesting candidates for sensing,
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bioimaging, and, in general, for applications
where the size, cost, and biocompatibility of
the label are critical issues.”~"* The devel-
opment of new types of CQDs-based mate-
rials will allow control of the fundamental
properties of materials through size/shape
effects, which will further allow new devices
to be developed with distinctive properties
and functions for numerous applications. In
this connection, many interesting phenom-
ena are expected, thanks to their remarkable
quantum-confinement and edge effects.
We recently reported the bottom-up
fabrication of star-shaped hybrid structures
containing poly benzyl-L.-glutamate (PBLG)
chains prolonging outward from a CQD
core.'” In particular we started by the micro-
wave-assisted hydrothermal synthesis of
CQDs, by using arginine (Arg) and ethyl-
enediamine, to obtain highly luminescent
N-doped and amino-terminated CQDs.
The combination of X-ray photoelectron
spectroscopy and elemental analysis al-
lowed for a quantitative chemical charac-
terization of the N-doped CQDs, an aspect
that has been seldom addressed to before.

VOL.9 = NO.4 =

* Address correspondence to
alessandro.moretto.1@unipd.it.

Received for review January 15, 2015
and accepted March 15, 2015.

Published online March 15, 2015
10.1021/acsnano.5b00319

©2015 American Chemical Society

ACKNIANITS
4156-4164 = 2015 WQQJNL_\iJl)

WWwWWw.acsnano.org

4156



Excitation Wavelength (nm)
g
o
8

300.00

475.00
605.70
450.00 e
42500 511.31
46412
4%0.0 416.92
369.73
32253
350.00 275.33
325.00 &4
I 180.94
300.00 133.75
275.00 o
I 39.36
250.00 e

7.84
350.00 400.00 450.00 500.00 550.00 600.00
Wavelength (nm)

Figure 1. Left: HR-TEM image and (upper inset) the proposed chemical structure of N-doped CQDs. Lower inset: The
multicolor emission of a water solution of N-doped CQDs. Right: Emission spectra of N-doped CQDs recorded in a water

solution under different excitation wavelengths.

These results have open new opportunities for the
in-depth synthesis and application of an emerging
class of N-doped CQD-hybrids nanomaterials. In parti-
cular, once we find the type and number of functional
surface groups, we could use a “molecular” approach
to perform chemical reactions like polymerizations,
in which N-doped CQDs can act like branching
monomers.

In this work we address our attention to polyamide,
polyurea—urethane, polyester, and polymethylmeta-
crylate (PMMA) polymers since they represent a large
part of our everyday lives and they can be found in
hundreds of different products. Thus, in this study we
describe synthetic and processing protocols of these
polymer/N-doped CQD hybrids and, more importantly,
we explore their applications by studying optical,
photocatalytic, and magnetic properties®'®'” thanks
to the combination of several spectroscopic tech-
niques such as fluorescence emission spectroscopy
and electron paramagnetic resonance (EPR).

RESULTS AND DISCUSSION

As previously described, we made use of highly
photoluminescent (up to 18% of quantum yield, deter-
mined by the integrating sphere method) N-doped and
amino terminated-CQDs, which were obtained on large
scale via a slight modification (see Sl) of our reported
microwave-assisted hydrothermal protocol, starting
from a mixture of Arg and 1,2-ethylenediamine.” The
proposed chemical structure, the high resolution trans-
mission electron microscopy (HR-TEM) image, and the
photoluminescence spectra in water of the N-doped
CQDs are shown in Figure 1.

By this method, we obtain similar (in term quantum
yields and nanoparticles size distribution) N-doped
CQD:s as those previously reported by us, but in much
higher, gram-scale yield.

Nylon-6,6/N-Doped (QDs Hybrids (Polyamide). We also
focus our study on the covalent inclusion of N-doped
CQDs in polymeric materials.'® To this aim, we
considered the possibility to synthesize nylon-like
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cross-linked fibers from 1,6-hexamethylene-diamine,
sebacoyl chloride, and our amino-terminated CQDs.
We followed the two-phase polymerization (hexane/
water) process, which allows formation of a pale-yellow
material after washing-purification and dried-up steps
(Figure 2 and SI).

Subsequently, the bulk material was electrospun
from a formic acid solution, giving fibers."® We com-
pared pure nylon electrospun fibers with electrospun
fibers obtained from hybrid samples composed by
three different amounts of N-doped CQDs (5, 50, and
100 w/w %, respectively, referred to 1,6-hexamethylene-
diamine). As shown in Figure 2A, pure electrospun nylon
fibers are characterized by almost regular and homo-
geneous filaments. Addition of different amounts of
N-doped CQDs allowed formation of cross-linked elec-
trospun fibers in all of the examined samples as
detected by scanning electron microscopy (SEM)
(Figure 2B—D). In these cases, the electrospun fibers
displayed different morphologies. According to the
increasing amounts of N-doped CQDs, larger fibers
were obtained from the cross-link reactions that in-
volved N-doped CQDs.

The sample that contained 100 w/w % (referred to
1,6-hexamethylene-diamine) of N-doped CQDs electro-
spun fibers was further examined by TEM (Figure 2E).
This analysis shows in detail the cross-linked network
imposed by N-doped CQDs to the polyamide fibers
that generates large strips, in accord with the relative
SEM results. Finally, the PL exhibited by the electrospun
fibers indicated the presence of covalently linked
N-doped CQDs (Figure 2). A higher concentration of
N-doped CQDs in the polymer hybrid resulted in a
nonprocessable material.

Polyurea—Urethane/N-Doped (QDs Hybrid. Within the
polyurea class of polymer, we focus our attention to ob-
tain a processable, up-scalable, and PL polyurethane-urea/
N-doped CQDs hybrid.?° In this case, we made use of a
freshly prepared castor oil-based branched prepoly-
mer, terminated by three isocyanate functional groups
(Figure 3) and N-doped CQDs.
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Figure 2. Top: Two-phase synthesis of nylon-6,6/N-doped CQDs hybrids and the related, macroscopic, electrospun material.
Bottom: (A) SEM image of electrospun fibers from pristine nylon. (B—D) SEM image of electrospun fibers from nylon/N-doped
CQDs hybrids materials obtained by use of increasing amounts of N-doped CQDs (5, 50, and 100 w/w %, respectively, referred
to 1,6-hexamethylene-diamine). (E) TEM image of 100 w/w % (referred to 1,6-hexamethylene-diamine) nylon-6,6/N-doped

CQD electrospun fibers.

C

Figure 3. (A) Schematic representation of the molecular structure of the novel polyurea—urethane/N-doped CQDs hybrid.
(B,C) Bulky form (hemisphere, radius = 3 cm) obtained after aging in the appropriate mold under irradiation at vis light (B) and

at 365 nm (C).

Castor oil-based prepolymer was obtained by react-
ing pure castor oil with hexamethylene-diisocyanate
under mechanical stirring while heating at 75 °C
in nitrogen atmosphere. Then, dibutyltin dilaurate
(DBTDL) was added to promote the prepolymer
formation. After 30 min at 75 °C, CQDs dissolved in
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DMF/THF (tetrahydrofuran) mixture were added to the
trisisocyanate solution (Figure 3). Mechanical stirring
was continued for additional time to obtain a viscous
mixture, which was placed in the appropriate mold.
After 1—2 days of aging, the material was removed
from the mold (Figure 3, right part) and characterized.
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Figure 4. Upper part: Processed polymeric material (in sheet form, 30 x 50 x 0.3 cm) irradiated at different wavelengths.
A = solar light, no filter; B = 405 nm, 427 nm cut-on filter; C = 465 nm, 500 nm cut-on filter; D = 500 nm, 515 nm cut-on filter;

E =585 nm, 615 nm cut-on filter.
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Figure 5. (A) Typical EPR spectrum of the polyurea—urethane/N-doped CQD hybrid. The spectrum shown is the difference
between the spectrum recorded before sample illumination and that recorded under illumination of the sample using vis
light. The difference allows elimination of the background signals arising from stable radicals. (B) Two-dimensional TREPR
spectrum of the polyurea—urethane/N-doped CQDs hybrid. (C) One-dimensional TREPR spectrum taken at 0.5 us after a vis
laser pulse (black line) and best fit spectrum (red line) from which the D,E parameters of the triplet state are obtained.

We processed this polymer in a sheet form. The result-
ing material is shown in Figure 4 under illumination at
different wavelengths, with the appropriate cut-on
filters to attenuate the LED reflected light.

We applied EPR spectroscopy to check the capabil-
ity of N-doped CQDs to generate paramagnetic spe-
cies, such as radicals or long-lived excited triplet states,
upon light absorption. Under vis-light absorption, all of
the N-doped CQDs, either in solution or embedded in
polymeric matrices, show photoinduced formation of
radicals, as demonstrated by the appearance of weak
lines in their EPR spectra (Figure 5A). The light-induced
EPR spectra are composed of a single, slightly asym-
metric line with a g-factor of about 2.003, typical of an
organic radical. As the line width, g-factor, and micro-
wave saturation behavior are very similarin all samples,
we assign the EPR spectra to radicals localized in the
N-doped CQD. The formation of radicals after light
absorption could be due to photoinduced electron
transfer processes from the N-doped CQD to the

MOSCONI ET AL.

surrounding molecules to produce a radical cation in
the carbon material and other radicals in the polymeric
matrix. The latter, however, are expected to be
unstable and to easily undergo fast reactions, which
scavenge the radicals and prevent their EPR detection.
Photoinduced electron transfer is probably not an
efficient process in our samples because of the lack
of a suitable electron acceptor. However, the demon-
stration of a photochemical activity of N-doped CQD in
the polymeric matrix represents a promising result
toward the application of N-doped CQD and their
composites in photoactive materials where a good
electron acceptor is added.

Using the time-resolved EPR technique (TREPR)
with microsecond time resolution, we observed well-
defined EPR spectra shortly after a vis laser pulse on
samples of N-doped CQDs both in solution and in the
polyurea—urethane/N-doped CQD hybrid (Figure 5B).
The absence of TREPR spectra in the solid-state
N-doped CQD sample (powder) can be attributed to
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Figure 6. (A) Schematic representation of the molecular structure of the novel polyester—amide/N-doped CQDs hybrid.
Lower part. (B) Polyester—amide/N-doped CQDs hybrid material in its hard and porous form. (C) Bulk material under UV light.
(D) SEM image showing the porous polyester—amide/N-doped CQDs matrix. (E) Solid-state PL spectra of the polyester—

amide/N-doped CQD hybrid material.

efficient quenching of the excited states promoted
by intermolecular interactions. The TREPR spectra
obtained in the polyurea—urethane/N-doped CQD
hybrid can be assigned to the molecular excited triplet
state of the N-doped CQDs, whose decay time is about
20 us at low temperature (T = 130 K). From spectral
simulation (Figure 5C) we could obtain the parameters
D and E, which define the magnetic dipolar interaction
between the two unpaired electrons of the triplet
state.?’ In particular, the D value, related to the mean
distance between the electrons in the excited state,
provides an estimate of the spatial extension of the
excited state wave function. The value obtained (D =
1430 MHz) is comparable with those of aromatic or aza-
aromatic systems with 4—5 condensed rings (e.g., pen-
tacene, D = 1390 MHz; porphyrin, D = 1310 MHz).2* This
observation suggests that the long-living triplet ex-
cited state is confined in only a small part of the
extended N-doped CQD structure. Indeed, from the
size distribution of our N-doped CQDs we found an
average diameter of 2.4 nm. This value approximately
corresponds to a mean surface area of 452.4 A% per
N-doped CQD (considering a circular disk approxi-
mation). Instead, an aromatic system like pentacene
has an approximate area of 25.1 A%, which corresponds
to the 5.6% of the total area of the N-doped CQD. The
possibility that our rather strong TREPR triplet spectra
originated from impurities composed of small poly-
cyclic aromatic compounds is excluded because of the
repeated washing procedure of CQDs, which eliminates
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most of the soluble small aromatic molecules. As a
consequence, it is conceivable that a generation of
multiple excitons within a single N-doped CQD takes
place, thus opening the way to further photophysical
processes, such as energy upconversion. Moreover, our
results indicate a significant triplet state quantum yield
in the N-doped CQDs, suggesting the possibility to
exploit the photochemical reactivity of the excited
triplet states toward oxygen in photoinduced oxida-
tions, in photodynamic therapy, or for applications, e.g.
in photovoltaics by inducing charge separation of
electrons involved in triplet states.> 2> Importantly,
the TREPR spectra obtained in all of the polymer/
N-doped CQD hybrids studied in this work (poly-
amide, polyurea—urethane, and polyester—amide
polymers, next discussed below) are all very similar,
and in all cases, the EPR signal can be assigned to the
molecular excited triplet state of the N-doped CQDs.
Polyester—Amide/N-Doped CQDs Hybrid. With the aim at
obtaining hard and porous materials covalently enclos-
ing N-doped CQDs, we explored the microwave-
assisted synthesis of polyester—amide polymers start-
ing from citric acid, pentaerythritol, and N-doped
CQDs.?® Thus, following the schematic representation
shown in Figure 6A, we were able to produce polyester—
amide/N-doped CQDs hybrid materials in hard and
porous form (shown in Figure 6B—D). Interestingly, this
matrix induces a dramatic change in the PL properties of
the pristine N-doped CQDs by shifting up to 100 nm, the
maximum emission to the vis region (Figure 6E).
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Figure 7. Left:Image of a transparent PMMA/N-doped CQD material under irradiation at vis light and at 365 nm. Right: Solid-
state emission spectra of a PMMA/N-doped CQD hybrid material under different excitation wavelength.

As reported in the literature, the photolumines-
cence of CQDs could be quenched efficiently by elec-
tron acceptor or donor molecules in solution, namely,
that photoexcited CQDs are together excellent elec-
tron donors and excellent electron acceptors, thus
offering new prospects for their potential use in photo-
catalytic applications.?’ In this contest, we took advan-
tage of our polyester—amide/N-doped CQDs com-
posite to run heterogeneous photocatalysis under vis
light for the “green” oxidation of benzyl alcohol to
benzaldehyde. In brief, following a reported protocol
applied on pristine CQDs,*® we mixed in a quartz
reactor benzyl alcohol, polyester—amide/N-doped
CQDs, and hydrogen peroxide (slowly added under
syringe pump) and kept the mixture under irradiation
with a LED at 405 nm (see SI). This wavelength was
chosen after taking into account the optical properties
of our system. As noticeable from UV—vis absorption
spectrum (see Sl), N-doped CQDs are optically active in
a range that spreads from about 200 to 450 nm, but
hydrogen peroxide undergoes photolysis if irradiated
with 365 nm or shorter wavelengths. Moreover, LEDs
with emission at 405 nm are cheap and easy to find in
commerce, and this is an important feature in the case
of the scaling-up process. The reaction proceeded for
10 h, resulting in a 83% conversion and 93% selectivity
(results by GC—MS and "H NMR) in accord with the
reported data (the rest of the selectivity result in the
production of 7% benzoic acid).?® Moreover, from our
porous polyester—amide/N-doped CQDs hybrid we
were able to detect photocatalytically generated H,
from a 2:1 solution of methanol/water.?® Reported data
were obtained by using a laser illumination set up,
which allowed a two-photon process during the
photocatalytic reaction to take place. To this aim, we
dispersed polyester—amide/N-doped CQDs in the sol-
vent mixture and kept it under a monochromatic
(365 nm) UV-light irradiation (see SI), which was chosen
to have a similar photon energy to the reference
experiment. Even by using a less efficient light source,
we could observe H, generation after placing the
reactor output in a CuSO, aqueous solution. The
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qualitative H, formation (in the form of bubbles) was
confirmed by precipitation of metallic copper particles,
thanks to the redox reaction between H, and Cu®"
cations to give 2H™ and Cu(0).>° To confirm indepen-
dently the formation of H,, we run a selective hydro-
genolysis, catalyzed by Pd/C, of a fully protected amino
acid derivative Z-Phe-OMe (Z = benzyloxycarbonyl;
Phe = phenylalanine; OMe = methylester). Although
the deprotection of the Z group was not quantitative,
the formation of NH,—Phe—OMe gives a strong
evidence of the effective production of H, (see SI).
Even if more accurate studies are needed in this area,
N-doped CQDs appear to be very promising low-cost
catalysts even if embedded in polymeric matrices
(which can be, i.e., shaped in appropriate forms). These
findings open the way to new applications in the
design of photocatalysis devices.

PMMA/N-Doped CQDs Hybrid. With its excellent UV re-
sistance and clarity, high gloss, scratch resistance, and
superior outdoor weatherability with respect to glass, a
PMMA film is turning out to be an ideal candidate as a
support for solar cells. We decided to dope PMMA
by adding different amounts of N-doped CQDs via
noncovalent embedding in the already formed poly-
mer. Starting from a solution of PMMA (350 000 Da) in
dichloromethane (DCM), we prepared a set of samples
with different PMMA/CQD ratios by varying the relative
amount of N-doped CQDs. These N-doped CQDs are
well soluble in water, MeOH, and DMF, but mostly
insoluble in apolar organic solvents. In particular, when
added to a DCM solution, they precipitate immediately.
We found that tetraethylene glycol is able to complex
N-doped CQDs with a similar mechanism as that
proposed for polyethylene glycol (PEG), which is re-
ported to solubilize CQDs in organic media.®' Thus,
N-doped CQDs were first dissolved in tetraethylene
glycol with the help of the sonication procedure at
60 °C. This protocol allowed to obtain a dark and homo-
geneous solution, which was later on diluted by use of
DCM under vigorous stirring to obtain a tinted, clear,
and strongly photoluminescent DCM solution of CQDs.
This last solution was subsequently combined with a
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Figure 8. Left: PMMA/Ag/N-doped CQDs material prior (white) and after (pink/red) irradiation at 365 nm. This sample is
opaque because of the silver nitrate saturation, which is necessary to emphasize the chromatic change caused by
photoreduction. Center: TEM images of an inner layer of PMMA/AgNPs/N-doped CQDs (diluted polymer in AgNO3) showing
AgNP “islands” formed after UV-irradiation and details of the corresponding AgNPs. Right: thin-film UV—vis spectra of PMMA/
AgNps/N-doped CQD materials prior (black line) and after (red line) irradiation at 365 nm.

DCM solution of PMMA (at different ratios of PMMA/
N-doped CQDs) with the aim at including N-doped
CQDs within PMMA polymers chains. After evaporation
of the solvent, in all cases transparent, from light yellow
to light brown (depending on the amount of N-doped
CQD:s), glassy materials were obtained. Importantly,
these N-doped CQDs are homogeneously dispersed in
the PMMA solution and eventually in the bulk. Thus,
the typical fluorescence quenching effect occurring in
CQDs at the solid state is prevented. These hybrid
materials retained the characteristic mechanical prop-
erty of native PMMA, combined with the specific PL
property of N-doped CQDs (Figure 7).

It has been proposed that photocurrent enhance-
ment by metal particles incorporated into or on solar
cells is related to two main basic mechanisms, light
scattering and near-field concentration of light. Thus,
we exploited PMMA/N-doped CQD hybrid material to
grow silver nanoparticles (AgNPs) in the form of “giant
islands”*? directly into to the polymeric hybrid matrix.
To this aim, we exploited the electron-donating capa-
bilities of photoexcited CQDs, which eventually en-
able the reduction of silver salts to the corresponding
AgNPs on the surface of the CQDs themselves.®®* A THF
solution of silver nitrate was directly mixed to a DCM
solution of PMMA/N-doped CQDs. After evaporation of
the solvent, the hybrid material was directly photo-
excited with UV radiation (365 nm) over a period of 1 h.
In our previous work, the same photoreduction was
carried out in aqueous solution using 254 nm radiation,

METHODS

Synthesis of Carbon Quantum Dots (N-Doped (QDs). Chlorohydrated
arginine (10.2 g, 484 mmol) and ethylenediamine (3.56 mL,
53.3 mmol) are introduced in a 100 or 250 mL beaker containing
26.6 mL of ultrapure water. The solution was stirred at r.t. until
complete dissolution of reactants, and then it was irradiated in a
domestic microwave oven for 4 min at 1000 W. During this lapse
of time, white-gray aqueous vapor came out from the vents of
the oven. A porous black-reddish solid was obtained, and it was
washed in a gooch filter with 4 x 20 mL aliquots of acetonitrile
and 4 x 20 mL of diethyl ether. The solid was dried for several
minutes in air and dissolved in the minimum volume of ultra-
pure water to obtain a dark and turbid solution, which is filtered

MOSCONI ET AL.

but in this case, a longer wavelength was indicated to
minimize photon absorption of the PMMA matrix.
Formation of AgNPs brought about a change in color
(Figure 8). As expected, AgNPs were formed inside the
hybrid polymeric matrix, as demonstrated by TEM and
UV—vis absorption spectra analyses of the resulting
irradiated material (Figure 8).

In particular, to recover TEM images the irradiated
hybrid material was cut in thin layers, and the layers
were examined independently (see Sl). We found silver
nanoparticles in all of the layers analyzed. These find-
ings provided a clear evidence for the existence of
reduced silver cluster islands in the interior part of the
polymeric material.

CONCLUSIONS

In this work, we reported the synthesis and proper-
ties of novel processable materials (polyester—amide,
polyurea—urethane, polyamide, and PMMA polymers)
that enclose covalently or noncovalently linked
N-doped photoluminescent CQDs. Since the PL prop-
erties of pristine N-doped CQDs are preserved in the
polymeric matrix, transfer of these properties to bulk
materials, following different routes, is an actual pos-
sibility. We successfully explored the potential of these
hybrid composites to undergo photochemical reac-
tions, e.g., as those of photoreduction under UV light of
silver ions to silver nanoparticles within the polymer
matrix or the selective photo-oxidation under vis light
of benzyl alcohol to benzaldehyde.

through a cellulose syringe filter (0.45 um cutoff). The purified
solution was frozen using a bath of acetone and solid carbon
dioxide (T ~ —78 °C) and then dried under vacuum through a
lyophilization process, which brought on a brownish final
compound.

Nylon-6,6/N-Doped CQDs Hybrid. A solution of 1,6-hexamethylene-
diamine (2.2 g, 18.9 mmol) in 25 mL of ultrapure water and a
solution of Sebacoyl chloride (1.5 mL, 18.9 mmol) in 50 mL of
n-hexane were prepared. The desired amount of N-doped CQDs
(5, 50, and 100 w/w %, referred to 1,6-hexamethylene-diamine)
were dissolved in the aqueous solution. The denser aqueous
phase is poured in a 100 mL beaker, and the organic phase is
slowly added above. A polymer filament can be extracted from
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phase interface using tweezers, and then it is rolled up on a glass
rod. The obtained solid was washed several times using ultrapure
water and ethanol, and successively, it was dried in an oven at
100 °C for 2 h. Besides, samples were rewashed with ethanol and
newly dried in oven. Electrospinning was carried out on a 15 w/w %
nylon-6,6/N-doped CQDs hybrid solution, and the others were
added with N-doped CQDs, in formic acid with an applied voltage
of 18 kV, tip to collector distance of 20 cm, and solution flow rate
of 0.003 mL/min.

Polyester—Amide/N-Doped (QDs Hybrid. Citric acid (154 g,
53.3 mmol), pentaerythritol (5.44 g, 40 mmol), and N-doped
CQDs (1 g) were dissolved under vigorous stirring at 50 °C in
26.6 mL of ultrapure water in a 100 mL beaker. Then, the
solution was irradiated for 4 min at 1000 W in a domestic
microwave oven. The so-obtained polymer was removed from
the beaker and washed with water and ethanol.

Polyurea—Urethane/CQDs Hybrid. Castor oil (6 g, 6.43 mmol) was
placed in a three-neck flask, which was equipped with mechan-
ical stirrer, N, influx, and CaCl, tube. Castor oil was heated at
75 °C in nitrogen atmosphere for 15 min. Hexamethylene-
diisocyanate (3.5 mL, 21.79 mmol) was added and the mixture
was left in the same conditions for an additional 15 min. Then,
dibutyl-tin-dilaurate (4 uL, 0.04 w/w % on total reactants weight)
was added, and the reaction was carried out for 30 min to allow
the formation of the prepolymer. Meanwhile, an N-doped CQD
solution (0.060 mg in 2 mL of anhydrous DMF) was prepared
with the help of sonication, and successively, it was diluted with
10 mL of THF. This mixture was then mixed with the prepolymer,
causing a significant lowering of viscosity. After several minutes
of additional stirring, the so-obtained solution was placed in the
appropriate mold, and it was allowed to age for 1—2 days.

EPR. The EPR spectra were recorded on a Bruker ER200D
X-band spectrometer, equipped with a nitrogen flow cryostat
for sample temperature control. EPR spectra are obtained as the
difference between spectra with and without illumination of the
sample. The illumination was achieved using white light from a
300 W xenon lamp. TREPR experiments were performed on a
modified Bruker ER200D spectrometer, recording the EPR signal
after a short laser pulse (Nd:YAG, Quantel Brilliant, 532 nm, 5 ns)
with a LeCroy LT344 digital oscilloscope. At each magnetic field
position, an average of about 200 transient signals was usually
recorded. EPR spectral simulations were carried out using the
Matlab toolbox Easyspin.
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