7 ROYAL SOCIETY

Polymer
PP OF CHEMISTRY

Chemistry

View Article Online

View Journal | View Issue

New horizons for carbon dots: quantum
nano-photoinitiating catalysts for cationic
photopolymerization and three-dimensional (3D)
printing under visible light+}
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Herein, the application of various citric acid-based carbon dots (CDs) as efficient photosensitizers of
iodonium salts in initiating the light-induced cationic polymerization process was investigated. Hence,
carbon dots prepared from citric acid only (CA-CDs) and doped with amino (N-doped-CA-CDs) and
sulphur (N,S-doped-CA-CDs) precursors have been utilized as universal iodonium salt photosensitizers
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for the cationic photopolymerization of vinyl and epoxy monomers and the free-radical photo-
polymerization of acrylates including the formation of hydrogels. Furthermore, carbon dots have been
found to be intriguing nano-photoinitiating catalysts that exhibit extraordinary properties and can be suc-
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Introduction

Light-initiated polymerization processes are currently con-
quering the chemical market and are used in many fields
including coating, ink,' and varnishes, and 3D printing
applications.>* > Moreover, safety-related light sources such
as UV-LEDs and Vis-LEDs extend the function of these pro-
cesses to the following fields: medicine,"® dentistry'*'> or
tissue engineering.'®'® Polymerization processes based on
photochemical phenomena have several advantages: consider-
able reaction kinetics, no need for high temperature treatment,
low energy consumption and lack of solvents. The focus is on
photoinitiators and photoinitiation systems, being a pivotal
element in photopolymerization processes. At the same time,
among the most popular initiators available on the market are
iodine salts; However, the relatively small amount of the total
radiation spectrum and the insufficient quantum yield are
factors that hinder the use of these compounds in multi-com-
ponent photoinitiating systems. Scientists around the world
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cessfully applied in 3D printing under visible light.

are currently working on new molecules, the so-called iodine
salt photosensitizers, to efficiently transfer electrons to the
iodine salt and thus effectively trigger light-initiated polymer-
ization."” Many types of compounds are available as effective
photosensitizers of iodine salts, including biphenyl,>*?**
terphenyl,"***® thioxanthone,>* pyridine®*>° or 1,8-naphthali-
mide”” derivatives. However, it is a constant challenge to
develop more “greener” sensitizers derived from natural
resources that are non-toxic and highly effective and can be
successfully exploited in biomedical applications.

Carbon dots are one group among innovative materials that
are attracting more and more scientific attention.>®*>° These
are materials that exhibit unique optical,*® photolumin-
escence’'** and chemiluminescence properties.>***** Due to
their numerous advantages, including exceptional water solu-
bility,*> biocompatibility,*® excellent chemical passivity and
high photobleaching resistance,’”” these materials are
employed, among others, as chemical or biological sensors*®
in bio-imaging®® and in biomedicine.*® The latest reports also
show the elaboration of the fluorophore structures formed
during the synthesis of carbon dots and their role in the fluo-
rescence phenomena.*' ™ Furthermore, as a result of CDs’
intriguing electrochemical properties, they have been applied
in photocatalysis and photopolymerization processes.*®
Carbon dots doped with heteroatoms have been described for
the first time by Matyjaszewski et al. as photocatalysts for
reversible addition-fragmentation chain transfer (RAFT)
polymerization.”” Meanwhile, Strehmel et al. proposed the util-
ization of carbon dots in a two-component initiation system
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together with iodine or sulfonic salt, where Cu" was used as a
ppm scale catalyst for photo-ATRP (Atom Transfer Radical
Polymerization) as well as for free radical photopolymerization
(FRP).*® Thus, until now, the employment of nanodots in
light-initiated polymerization processes has been limited to
RAFT or ATRP,” ie., general radical photopolymerization
processes.

Herein, for the first time, we present the prospect of using
citric acid-based carbon dots, doped with heteroatoms in the
form of amino and sulphur compounds, as photosensitizers of
iodine salts to initiate cationic polymerization processes. For
this purpose, three types of carbon dots were fabricated
CA-CDs, N-doped-CA-CDs, and N,S-doped-CA-CDs, and their
synthesis and detailed purification procedure are reported.
The required spectroscopic and electrochemical properties of
these materials are presented. Moreover, carbon dots were
employed in a binary initiation system for the cationic photo-
polymerization of vinyl monomers along with the cationic
photopolymerization of ring-opening epoxy monomers.
Additionally, the utilization of carbon dots as photosensitizers
of iodine salt in radical photopolymerization processes invol-
ving the fabrication of hydrogel materials was investigated.
Furthermore, the visible properties of C-dots were confirmed,
and the possibility of their use as green photocatalysts was
investigated. Ultimately, 3D printing experiments involving cat-
ionic photopolymerization with the utilization of an initiating
system containing carbon dots for hydrogel materials were per-
formed. The noted research gap in the form of the usage of
carbon dots in cationic photopolymerization processes, along
with the utilization of these materials for 3D printing, includ-
ing printed hydrogels, was the motivation of this study.

Experimental
Materials

The synthesis of carbon dots was conducted using citric acid
(CA) (for the fabrication of CA-CDs, CA and urea (for the fabri-
cation of N-doped-CA-CDs), and CA and thiourea (for the fabri-
cation of N,S-doped-CA-CDs). The following reagents were
used for the carbon dot purification: 1 M NaOH and 1 M HCI
aqueous solutions. All reagents were provided by Sigma
Aldrich and were used as received. For photopolymerization
processes, the following reagents were utilized: bis-(4-t-butyl-
phenyl)iodonium hexafluorophosphate (Iod, Speedcure 938,
Lambson, Wetherby, UK) as a commercial photoinitiator,
methyl diethanolamine (MDEA, Sigma Aldrich) as a co-
initiator in type-ll photoinitiator systems For photo-
polymerization investigation, model monomers were applied:
3,4-epoxycyclohexylmethyl-3,4-epoxycyclohexane-carboxylate

(CADE, Lambson, Wetherby, UK) and tri(ethylene glycol)
divinyl ether (TEGDVE, Sigma Aldrich) for cationic polymeriz-
ation, as well as trimethylolpropane triacrylate (TMPTA, Sigma
Aldrich) for free-radical photopolymerization. Furthermore,
2-hydroxyethyl acrylate (HEA, Sigma Aldrich) was used for the
preparation of photocurable hydrogels. The following additives
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were used to stimulate the polymerization reaction:
N-vinylcarbazole (NVK, Sigma Aldrich) and tris(trimethylsilyl)
silane (TTMSS, Sigma Aldrich). The chemical structures of the
utilized reagents are shown in Fig. S2.t

Carbon dot synthesis

A one-pot bottom-up fabrication method for the synthesis of
carbon dots was developed by the standard procedure for con-
densation reactions:**** CA (0.192 g, 1 mmol) (reaction (1) in
Fig. 1 and S17); CA (0.192 g, 1 mmol) mixed with an amine
precursor: urea (0.600 g, 10 mmol) (reaction (2) in Fig. 1 and
S17); and CA (0.192 g, 1 mmol) mixed with a sulphur contain-
ing precursor: thiourea (0.760 g, 10 mmol) (reaction (3) in
Fig. 1 and S17) was placed in a glass vial reactor and kept at
230 °C for 2 h (Table S1t). Reactions were carried out on a
heating block with a magnetic stirrer at 100 rpm. Afterward,
the products of the synthesis were cooled down to room temp-
erature and subjected to the purification process.

Carbon dot purification procedure

Proper purification of carbon dots was a crucial point at this
stage of the investigation. Therefore, the solid particles obtained
from the one-pot synthesis were treated with 1 M NaOH solu-
tion (10 mL of alkaline solution was used) and then subjected
to ultrasonication for 30 minutes for dissolution. The obtained
solutions were then neutralized with 1 M HCI, until the pH of
the tested solution dropped down to about 7 (Fig. 2).

The solution containing carbon dots, fluorophores, and
other impurities was then alternately centrifuged and rinsed
using ultrafiltration units (Vivaspin 20, MWCO 10 kDa -
MWCO 100 kDa) to remove the fluorophores and obtain a solu-
tion containing only target CDs (Fig. 3 and S37). Additional
spectroscopic studies on the quality of the carbon dot purifi-
cation procedure are shown in Fig. S4.1 The fine carbon dots
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Fig. 1 Synthesis scheme of carbon dots based on the utilization of
citric acid with amino and sulphuric precursors.

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Preparation of the reaction mixture for the fluorophore carbon
dot purification procedure.

were then frozen and freeze-dried to provide a dry product
characterized by a wadding consistency.

Determination of the size and morphology of carbon dots

The size distribution and the average size of the prepared
carbon dots were directly determined in the aqueous suspen-
sion (0.1 mg mL™") using dynamic light scattering (DLS)
(Zetasizer Nano ZS instrument from Malvern). Due to significant
aggregation of CDs at neutral pH, all measurements were con-
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ducted at pH 10 (NaOH was used for pH adjustment). A trans-
mission electron microscope (TEM) of high resolution (Tecnai
TF 20 X-TWIN (200 kV)) equipped with a field emission gun
(FEG) was employed for the morphology analysis of the CDs.
Time-resolved Tecnai TF 20 X-TWIN microscope provided 0.5 nA
intensity capability in an electron beam focused on a spot of
1 nm diameter (spot resolution capability of 1 nm diameter
(spot resolution <0.22 nm and information limit <0.14 nm)).

Determination of the chemical bonding and chemical
composition of carbon dots

XPS analyses were carried out in a PHI VersaProbell Scanning
XPS system using monochromatic Al K, (1486.6 eV) X-rays
focused to a 100 pm spot and scanned over the area of
400 pm x 400 um. The photoelectron take-off angle was 45° and
the pass energy in the analyzer was set to 117.50 eV for survey
scans and 46.95 eV to obtain high energy resolution spectra for
the C 1s, N 1s, S 2p, Na 1s and O 1s regions. A dual beam
charge compensation with 7 eV Ar" ions and 1 eV electrons was
used to maintain a constant sample surface potential regardless

H,0

LACK OF
FLUOROPHORE

Fig. 3 Carbon dot purification procedure. The process for carbon dot purification was carried out according to the following steps: (1) carbon dot/
fluorophore solution was placed in Vivaspin®20 centrifugal concentrators, 10 000 MWCO (Sartorius, Germany); (2) the product was centrifuged at a
rotation speed of 4200 rpm for 20 minutes; (3) as a result of the centrifugation process, a solution containing carbon dots, the remaining fluoro-
phore and other impurities retained over the membrane, while the low-molecular weight fluorophore fraction passed through it; (4) the fluorophore
layer was transferred to another container and distilled water was poured into the concentrator to rinse off the solution from the above membrane;
(5) a vial refilled with distilled water was then centrifuged; (6) the filtrate content was analysed again; (7) (a and b) stages 4, 5, 6, 7a, and 7b were
repeated until no fluorophore was visible in the filtrate solution; (8) the layer containing pure carbon dots was transferred to a separate pot, frozen

and lyophilized.

This journal is © The Royal Society of Chemistry 2021
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of the sample conductivity. All XPS spectra were charge refer-
enced to the unfunctionalized, saturated carbon (C-C) C 1s
peak at 284.8 eV. The operating pressure in the analytical
chamber was less than 3 x 107° mbar. Deconvolution of spectra
was carried out using PHI MultiPak software (v.9.9.0.8). The
spectrum background was subtracted using the Shirley method.

Electrochemical properties of carbon dots

Voltammetry measurements were conducted at 25 °C using
the Electrochemical Analyser M161 and the Electrode Stand
M164, from MTM-ANKO, Poland with a standard three-elec-
trode cell. Voltammograms were recorded at a scan rate of
100 mV s, unless stated otherwise. The working electrode
was a glassy carbon electrode of 3 mm diameter (Mineral,
Poland) and a platinum wire acted as an auxiliary electrode.
All potentials were measured against the Ag/AgCl (3 M KCI)
electrode, which was placed in a double bridge, filled with 3 M
KCl solution in the upper part and a supporting electrolyte
solution in a given solvent in the lower part. Two solutions
were divided with a cotton wool plug and separated from the
test solution with a dense ceramic frit. The potential of this
reference electrode at 25 °C is +0.209 V against the standard
hydrogen electrode (SHE). 0.1 M KCI in distilled water was
used as the supporting electrolyte. All measurements were
carried out under a dry argon (5.0 Messer) atmosphere.

Standard voltammetry measurements were performed in a
multi-cycle mode, with 10 cycles and 2 minutes of electrolyte
mixing time between cycles. Additionally, the current back-
ground recorded for the electrolyte (0.1 M KCl in water) was
mathematically subtracted from the voltammetry profiles before
the signal analysis. It has been reported that CDs exhibited slow
electron transfer due to structural effects such as a low edge
plane content and a low specific surface area. Therefore, in
order to determine the value of redox potentials on the basis of
standard CD voltammograms, measured in aqueous solutions,
it is necessary to analyse the first derivatives of the obtained vol-
tammetric profiles. Due to the low intensity of the recorded
signals and high noise, the determined values of the redox
potentials may be burdened with a large error. Therefore, a
ferro/ferricyanide redox probe for comparative purpose was
used to investigate the electrochemical properties of the ana-
lysed carbon dots. Potassium ferricyanide was used as a probe
(Eox = 250 mV, Eq = 180 mV). It can be noted that as the con-
centration of carbon dots increases, the intensity of the signals
observed for potassium ferricyanide decreases. By analysing the
first derivatives of the voltametric profiles recorded for carbon
dots and the change in the intensity of signals recorded for pot-
assium ferricyanide while increasing the concentration of
carbon dots, it can be estimated that the oxidation potential of
the analysed carbon dots is about 300 mV, while the reduction
potential is about —200 mV.

Carbon dot spectroscopic characterization

All the absorption properties of carbon dots including sub-
strates were analysed using a SilverNova TEC-X2 spectrophoto-
meter (StellarNet, Inc., Tampa, FL, USA) in the range of
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190-1100 nm. A UV/Vis deuterium/halogen light source
(StellarNet, Inc., Tampa, FL, USA) in the range of 190-2500 nm
was used in all experiments. Fluorescence emission and exci-
tation spectra of CA-CDs, N-doped-CA-CDs and N,S-doped-
CA-CDs were analysed using a FluoroMax-4P spectrofluoro-
meter (Horiba, Kyoto, Japan). All spectra were recorded at varied
excitation wavelengths in the range of 200-800 nm, using a slit
width equal to 4 nm in each measurement, both for excitation
and emission.

Real-time FT-IR photopolymerization experiments

The photopolymerization process induced by light with the
assistance of carbon dots was analysed by the FT-IR method in
real time, using an FT-IR 110 NICOLET™ infrared spectrometer
with a horizontal adapter (Thermo Scientific, Waltham, MA,
USA) (Fig. S151). Components for these experiments were pre-
pared by dissolving appropriate amounts of the initiating
system with different monomers under no-light conditions.
Furthermore, the kinetics measurement included monitoring
of absorbance changes at specified wavelengths corresponding
to the functional group or binding of the utilized monomers.
Therefore, the conversion degree was calculated using the fol-
lowing formula:

Areangter

Conversion[%] = <1 ) x 100%

Areagefore
where Areagpefore — the area of the absorbance peak corres-
ponding to a given group or bond in the monomer before
photopolymerization and Areasg., — the area of the same absor-
bance peak at a given polymerization time. The wavelengths
corresponding to the analysed groups or bonds during the
polymerization are presented separately for each of the mono-
mers in the further course of the investigation (Fig. S177).

Cationic photopolymerization of vinyl monomers

For the light-induced cationic polymerization of vinyl mono-
mers, tri(ethylene glycol) divinyl ether (TEGDVE) was mixed
together with the photoinitiating system: appropriate carbon
dots/iodonium salt (0.2/2 wt%) in a mass ratio to monomer
content. The measurement was carried out in laminate form
for 400 s. The vinyl content was continuously monitored using
an infrared spectrometer FT-IR at about 1625 cm™". As a refer-
ence, the TEGDVE monomer with 2.0 wt% of iodonium salt
was used. Additionally, to increase the speed and degree of
conversion of the polymerization reaction induced by light of
405 nm, an additive in the form of N-vinylcarbazole (2.0 wt%),
under identical measurement conditions as above, was used.

Cationic ring opening photopolymerization process of epoxy
monomers (ROP)

A photocurable composition made of 3,4-epoxycyclohexyl-
methyl-3,4-epoxycyclohexane-carboxylate (CADE) and an appro-
priate initiating system, IOD/TTMSS/C-dots (2/2/0.2 wt%) were
prepared for monitoring ring-opening cationic photo-
polymerization. A drop of the mixture was placed on a BaF,
pallet (the thickness of the composition was around 25 pm).

This journal is © The Royal Society of Chemistry 2021
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The epoxy content was monitored using an infrared spectro-
meter FT-IR at about 790 cm™" for 800 s. As a reference, the
epoxy monomer with 2.0 wt% of IOD and 2.0 wt% of TTMSS
was used.

Free-radical photopolymerization of acrylate monomers

A composition made of trimethylolpropane triacrylate TMPTA,
together with a two component initiating system IOD (2 wt%)
as a photoinitiator and carbon dots (0.2 wt%) as photosensiti-
zers were prepared for the investigation of free-radical photo-
polymerization. A drop of the mixture was placed between two
propylene films to eliminate the oxygen inhibition and then
placed on a horizontal holder in an infrared spectrometer
FT-IR. The thickness of the composition was around 25 pm.
The content of the double bond was continuously monitored
at about 1635 cm™" for 800 s. As a reference, the TMPTA
monomer with 2.0 wt% of iodonium salt was utilized.

Avisible photoinitiator system based on carbon dots for free-
radical polymerization of the water-based coating hydrogel
under air

Free-radical photopolymerization of 2-hydroxyethyl acrylate
(HEA) in an aqueous environment was performed since carbon
dots are known to absorb in a wide range of wavelengths;>°
therefore, the possibility of using them with different light
sources has been investigated. A photocurable composition
was prepared using the following materials: carbon dots
(0.2 wt%), bis-(4-t-butylphenyl)iodonium hexafluorophosphate,
10D (2%) and a mixture of HEA monomer and water in a
1:1 mass ratio. The composition (0.5 mm thick) was applied
on a specially prepared barium fluoride adapter (Fig. S167),
allowing the possibility of monitoring the polymerization reac-
tion despite the presence of water. The double bond conver-
sion was followed on an infrared spectrometer FT-IR at about
6125 cm™ ', As a reference, a mixture of HEA/H,O (1:1) with
2.0 wt% of iodonium salt was used.

Photocatalytic properties of carbon dots during the free-
radical polymerization of the water-based coating hydrogel

The catalytic properties of carbon dots have been confirmed
following the free-radical polymerization reaction of the
mixture of the HEA monomer and water (1:1) in various
systems: I. carbon dots (0.2 wt%) and bis-(4-t-butylphenyl)
iodonium hexafluorophosphate, I0D (2%), II. carbon dots
(0.2 wt%) and methyl diethanolamine, MDEA (2%), and IIIL
carbon dots/IOD/MDEA (0.2/2/2 wt%). The mass ratios of the
components were calculated from the quantity of the
monomer-water mixture. As a reference, I, II, and III compo-
sitions without carbon dots were investigated. The kinetics of
the acrylate monomer polymerization process was monitored
using a Real-Time infrared spectrometer FT-IR following peak
decay at 6125 cm™" for 300 s.

3D-VAT printing of photocurable compositions

3D-VAT printouts were obtained using a laser printer (DK-8-KZ,
NEW) under a laser light source @405 nm (spot diameter

This journal is © The Royal Society of Chemistry 2021
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50 pm) with an intensity of 90 mW cm > VAT photo-
polymerization is an additive manufacturing process in which
the liquid photopolymer in a vat is selectively cured by light-
activated polymerization. For experiments with 3D printing,
the photocurable cationic resin was used based on the vinyl
monomer (TEGDVE) and contains a photoinitiating system
composed of carbon dots as photosensitizers and diphenylio-
donium salts (IOD) at a concentration of 0.2/2 wt%. All
obtained 3D printouts were analysed using the digital micro-
scope DSX1000 with an objective lens DSX10-SXLOB3X with a
magnification of 42-420X (Olympus, Japan).

Three-dimensional printing of the hydrogel model structure

Three-dimensional hydrogels were prepared by visible LED
curing of aqueous solutions containing 50% (w/w) HEA
monomer with a photoinitiating system based on CDs and
diphenyliodonium salt (IOD) at a concentration of 0.2/2 wt%.
A predesigned hydrogel model was 3D printed using a laser
printer (DK-8-KZ, NEW) under a laser light source @405 nm
(spot diameter 50 pm) with an intensity of 90 mW cm™>. After
3D printing, the structures were observed under the digital
microscope DSX1000 with an objective lens DSX10-SXLOB3X
with a magnification of 42-420X (Olympus, Japan).

Irradiation sources

For real-time FTIR experiment, the following sources of light
were used: a 365 nm M365LP1 UV-LED diode (I, = 24.8 mW
em™?, Thorlabs, Tampa, FL, USA), a 405 nm M405LP1 LED
diode (I, = 22.0 mW cm™2, Thorlabs, Tampa, FL, USA), a
415 nm M415LP1 LED diode (I, = 24.0 mW cm™?, Thorlabs,
Tampa, FL, USA) and a 450 nm M450LP1 LED diode (I, =
27.1 mW cm™2, Thorlabs, Tampa, FL, USA). All LEDs were
powered using a DC2200 controller (Thorlabs, Tampa, FL,
USA). The distance between the irradiation sources and
sample was 2.1 cm.

Results and discussion

High-performance technologies require materials that are
required for clean production and normal individual appli-
cations.”® Moreover, environmental and socio-economic sus-
tainability based on new nanotechnologies combines the
maximum efficiency with a minimum cost of substrates con-
sumed in photopolymerization processes.”> In photocatalytic
developments, the employment of carbon dots recently
showed their effectiveness and efficiency.””*® Therefore,
carbon dots formed as a result of the “bottom-up” conden-
sation reaction of citric acid with amino and sulfuric
promoters®'™* appear to be a suitable alternative to current
photoinitiators, guaranteeing appropriate properties for light-
induced processes.

In this study, we synthesized CDs via “bottom up” conden-
sation from CA alone and using amino and sulphur dopants
i.e., urea and thiourea, respectively. The reaction products were
then purified to obtain structurally different CDs from citric
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acid containing various dopants including nitrogen and
sulphur atoms (ESIT). The bottom-up approach for the fabrica-
tion of these materials needs to be carefully examined in terms
of possible interactions of the dopant with citric acid.
Therefore, a detailed analysis of the purification process of the
synthesized CDs was conducted. Purification of the CDs is
essential for removing free low-molecular compounds, ligands,
or other substrates potentially triggering side effects. For this
reason, we used the ultrafiltration process to purify, concen-
trate and separate CDs from the substrates and other small
organic molecules. This study showed that CDs were treated by
ultrafiltration using Vivaspin® 20 centrifugal concentrator
twin vertical membranes. Due to the vertical construction of
the membrane, high flow and recovery values were achieved.
Noteworthy is that purification and concentration steps were
performed simultaneously.

Determination of the chemical bonding and chemical
composition of carbon dots

Surface concentrations of chemical bonds obtained from
fitting XPS data for all analyzed samples are listed in Table 1.
The C 1s spectra for all samples can be fitted with five com-
ponents: the first line at 284.0 eV arising from C=C type
bonds (sp?), the second line at 284.8 eV originating from C-C
type carbon bonds (sp?), the third line at 286.6 eV from C-O-C
and/or C-OH and/or C-NH bonds, the fourth line at 288.3 eV
coming from C=O and/or O-C-O and/or N-C-O bonds and
the last line centered at 289.1 eV from the O-(C-0)-O and/or
N-C=O0 and/or shake-up satellite from aromatic-type rings.>?
Spectra collected for all samples in the N 1s region show a
single peak centered at 399.7 eV which originates from the
imine C=N-R and/or CH2-NH2 and/or pyridine form and/or
imide (C=0)-N-(C=0) and/or -NH-(C=0)-O or -NH-
attached to the aromatic ring.**>* Spectra collected in the O 1s
region are similar for all samples and can be fitted with two
lines centered at 531.2 eV and 532.8 eV. The first peak can be
attributed to O=—C-N and/or C=0 bonds, whereas the second
to O=C-O* and/or O-C-O and/or C-OH-type bonds.>*>* The S
2p spectra for all samples show a doublet structure (doublet
separation p3/2-p1/2 equals 1.2 eV) with the main line 2p3/2
centered at 163.4 eV which indicates either C-S-C sulfide or
C-SH thiol-type bonds.”>”® Sodium was found on all samples
and the corresponding Na 1s spectra were fitted with the
single line centered at 1071.1 eV which indicates the presence
of Na' ions in either NaOH or oxides and/or sub-oxides or its
salts.”® The result of XPS analysis is shown in detail in the ESI
(Fig. S6-S117).

Furthermore, the morphology of the CDs was imaged by
transmission electron microscopy: the quantum dots were irre-
gular in appearance (@, = 10 + 5nm; Fig. 4b).

High quality TEM images are difficult to obtain, because
the samples at the final stage of synthesis were lyophilized and
then they probably aggregated. Therefore, the size of the
obtained CDs in aqueous solution was additionally measured
by dynamic light scattering. The obtained results confirm that
the sizes of the obtained CDs vary around 10 nm. TEM ana-
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ticle size distribution histogram of CA-CDs.

lysis, together with XPS and DLS analysis is exemplified for
CA-CDs in Fig. 4.

The size distribution and the average size of the prepared
carbon dots were directly determined in the aqueous suspen-
sion (0.1 mg mL™") using dynamic light scattering (DLS)
(Zetasizer Nano ZS instrument from Malvern). Due to signifi-
cant aggregation of CDs at neutral pH, all measurements were
conducted at pH 10 (NaOH was used for pH adjustment)
(Fig. S12-5141).

Determination of the spectroscopic properties of carbon dots

In order to determine the spectroscopic properties of the
monitored carbon dots, their absorbance and fluorescence
using water as a solvent were investigated. The absorbing pro-
perties of carbon dots are characteristic of this group of
materials® exhibiting strong light absorption in the UV region
with a tail extending into the visible range reaching above
800 nm. The maximum absorption peak in the UV-C range
may correspond to a m-m* transition involving aromatic sp?
carbons, and the tail starting from 300 nm can be assigned to
an n-n* transition involving functional groups with electron
lone pairs. The red-shifted absorption spectrum is directly
attributed to the addition of a heteroatom e.g., nitrogen, into
the carbon sp® lattice because the nitrogen centres can inject
excess electrons into the unoccupied n* orbitals and markedly
reduce the HOMO-LUMO gap and the energies of the corres-
ponding optical transitions.>® The visible absorption of CDs
make them perfect materials for photocatalytic applications.
For comparison, the absorbance of carbon dots was compared
with the absorbance of substrates used in their synthesis in
Fig. 5.

The photographs of CA-CD, N-doped-CD and N,S-doped-CD
aqueous solutions exposed to different conditions are pre-
sented in Fig. 6: in daylight as well as with light exposure at

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 UV-visible absorption spectra of the synthesized citric acid-
based CDs (CA-CDs, N-doped-CA-CDs, N,S-co-doped-CA-CDs) dis-
solved in water (0.01 g mL™) and the organic molecular precursors for
the synthesis of CA-CDs.

254 nm and 365 nm. When using light at 365 nm, the aqueous
solutions of carbon dots showed emission from blue to green
luminescence, which was the most intense for carbon dots
enriched with nitrogen and sulphur dopants (Fig. 6).
Moreover, carbon dots are characterized by controllable photo-
luminescence, and their emission characteristics have a direct
correlation with the excitation wavelength.>® Therefore, we
have examined the emissions of the synthesized carbon dots
using different excitation wavelengths in the range from
approximately 400 nm to 500 nm. The results of the performed
studies are presented in Fig. 6.
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Fig. 6 Fluorescence spectra of aqueous solutions of (1) CA-CDs, (2) N-doped-CA-CDs, and (3) N,S-doped-CA-CDs determined with the use of

various excitation wavelengths.

Real-time FT-IR experiments

Cationic photopolymerization of the vinyl monomer.
Carbon dots among nanomaterials in the field of polymer
chemistry and photopolymerization processes are well known.
Nevertheless, their application focuses exclusively on free-
radical polymerization, including in particular the RAFT or
ATRP reaction, as proven by scientific reports.””~*° Herein, for
the first time, we propose carbon dots for use as green photo-
sensitizers of iodonium salt in cationic photopolymerization
processes with the chain growth mechanism including ring
opening photopolymerization (ROP).

However, the spectroscopic properties of currently used
commercial one component cationic photopolymerization
initiators do not match the emission range of lamps used as
the basic light sources in the photochemical industry. There is
only a slight overlap between the absorption and emission
bands. This makes the initiation process very inefficient and
most of the electrical energy supplied to the lamps is wasted.
Hence, the development of new cationic photoinitiators, which
require shifting their absorption characteristics to longer wave-
lengths with increased efficiency of cationic photo-
polymerization processes, is a major industrial problem.
Another important aspect in the exploration for new cationic
photoinitiators is the reduction of the environmental impact
of polymerization processes.®® Thus, the development of
highly efficient cationic photoinitiators for visible light
polymerization has become an extensive study focusing on
synthesis through structural modifications and improvement
of spectroscopic properties, as well as their application in the
rapidly growing 3D printing. For this reason, this paper
focused on the fundamental study of new multicomponent cat-
ionic photoinitiating systems composed of iodonium salts and
appropriate bio-based photosensitizers in the form of CDs,
acting via a photoinduced electron transfer process. The first
step was to use CDs as a photosensitizer of iodonium salts
during the chain growth cationic polymerization of the vinyl
monomer TEGDVE. Considering that CDs are nanomaterials
sensitive to visible light, this study has been undertaken to

3668 | Polym. Chem., 2021, 12, 3661-3676

reveal their ability to initiate the polymerization of new photoi-
nitiating systems based on carbon dots and iodonium salts as
bimolecular photoinitiating systems (2/0.2 wt% in relation to
the weight of the used monomer). As a reference, a mixture of
TEGDVE monomer and iodonium salts (2 wt%) was used. The
reactions were carried out in air. Conversion-time profiles
using two light sources: UV-LED @365 nm and Vis-LED
@405 nm are shown in Fig. 7, while the obtained conversion
degrees are listed in Table 2.

The proposed initiating system I0D/CDs effectively initiates
the process of the cationic photopolymerization of the vinyl
monomer TEGDVE using UV-A light, guaranteeing relatively
high degrees of monomer conversion. Disturbing kinetic
curves were obtained while using light from the visible range
(LED @405 nm), where the proposed initiating system proved
to be insufficient. Therefore, it was proposed to use an acceler-
ating additive in the form of N-vinylcarbazole, when exposed
to light at 405 nm.

The time-conversion relationship for a system containing
diaryliodonium salt (IOD) (2.0 wt%), N-vinylcarbazole
(2.0 wt%) and N,S-doped-CA-CDs (0.2 wt%) is shown in Fig. 8
together with the scheme of the initiation photocatalytic cycle
involving CA-CDs as photocatalysts for cationic polymerization
in an oxidative process at a low light intensity. The proposed
solution to the problem caused by the use of light from the
visible range has been effectively proved. The wuse of
N-vinylcarbazole accelerates the IOD/CD initiating system and
thus provides a high degree of conversion as well as an
increased rate of the polymerization reaction (increase in curve
slope).®©1:62

Cationic photopolymerization of the epoxy monomer.
Accordingly, the possibility of application of carbon dots as
sensitizers for the ring opening cationic photopolymerization
of the epoxy monomer CADE was investigated. Therefore, we
decided to study the effectiveness of the developed I0D/CD
initiating systems in light-initiated polymerization of epoxy
monomers. For this kind of polymerization, we chose the initi-
ating system supported by a silane additive: IOD (2.0 wt%),
TTMSS (2.0 wt%) and various carbon dots (0.2%) calculated in

This journal is © The Royal Society of Chemistry 2021
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relation to the content of the epoxy monomer CADE. As a
source of light an LED from the safe UV range @365 nm was
used, and the reactions were carried out in air for 800 s. The
dependence of the conversion on time is shown in Fig. 9, and
a summary of the obtained conversion degrees is given in
Table 1. The TTMSS radical has been characterized for appli-
cations in photoinitiation systems due to a high inherent
activity for the addition to double bonds and the ionization
potential which is associated with an oxidation process and
the formation of silylium cations. The photoinitiator systems
based on TTMSS exhibited a high reactivity in free-radical pro-
moted cationic polymerization (FRPCP). Moreover, the ability
to efficiently consume oxygen is a particularly interesting
feature of the photoinitiating system (PIS) based on TTMSS.**
From the obtained results, it is clear that the proposed three-
component initiating system containing carbon dots based on
the precursor of citric acid successfully initiates the reaction of
ring opening cationic photopolymerization of epoxide mono-
mers. In this type of reaction, non-doped carbon dots proved
to be the most effective, ensuring a high reaction speed,
minimum induction time and sufficient conversion of the
epoxy monomer. Although we did not optimize the procedures
to obtain the highest possible conversion rates, this study pro-
vides a new perspective on the application of CDs in cationic
polymerization processes; therefore, taking into consideration
the variety of possible carbon dots, additional research on the
optimization of the process and structure of CDs will be
carried out in order to develop highly efficient photoinitiators.
As kinetic research has proven, the investigated carbon dots
can be applied as photosensitizers for both the free-radical
photopolymerization of acrylate monomers and the cationic
photopolymerization of vinyl and epoxy monomers. In these
processes, the carbon dots initiate the electron transfer reac-
tion from the photo-excited state through an oxidation process
in conjunction with iodine salt (IOD). Due to their excellent
spectroscopic properties and ability to absorb light from
almost the entire spectral range, carbon dots can be easily oxi-
dized in this process. In turn, IOD shows strong electron-
accepting properties and as a result electron transfer is
reduced, and the radicals formed in this process then decom-
pose into secondary radicals, which undergo further reactions.
Another mechanism that allows initiating the polymerization
reaction is the photo-reduction mechanism. In this case, the
process of electron transfer takes place from the molecule

Table 2 Summary of the final functional group conversions of different monomers polymerized in cationic photopolymerization processes, with

the use of carbon dots and IOD as the photoinitiating system (PIS)

Conversion [%]

EPOXY monomer

VINYL monomer

VINYL monomer

(PIS with TTMSS) (PIS without NVK) (PIS without NVK)
Acronym @405 nm @365 nm @405 nm
CA-CDs 42 79 6
N-Doped-CA-CDs 21 83 4
N,S-Doped-CA-CDs 23 87 3

This journal is © The Royal Society of Chemistry 2021
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(a) Cationic photopolymerization profiles (epoxy function conversion vs. irradiation time) initiated by a photoinitiating system based on 10D

(2.0 wt%), TTMSS (2.0 wt%) and CDs (0.2 wt%) under irradiation at 405 nm. (b) Schematic cycle of operation of the initiating system consisting of

10D, TTMSS and CDs.

called the co-initiator, for example amines, to the excited indi-
vidual in this case carbon dots. The analysis of the initiation
process according to the mechanism of photo-oxidation and
photo-reduction was carried out by examining the oxidation
and reduction potentials using cyclic voltammetry and by cal-
culating thermodynamic data for these processes. The
obtained results are presented in Table 3.

Changes in the free energy of electron transfer are an
important parameter (AGe) between the individual com-
ponents of the photoinitiating system, which requires a nega-

3670 | Polym. Chem., 2021, 12, 3661-3676

tive value for the thermodynamically permitted processes. This
value can predict the CDs’ potential applicability as the com-
ponent of the photoinitiator system. The calculation could
obtain the electron transfer (AG) value from the AG,; equation.
The values of E,x and E,.q are determined by cyclic voltamme-
try (Fig. S20-S237). The excited singlet state energy, Eg;, could
be calculated by the intersection of normalized absorption
and emission spectra (Fig. S197). It has been reported that
CDs exhibited slow electron transfer due to structural effects
such as low edge plane content and low specific surface area.

This journal is © The Royal Society of Chemistry 2021
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Table 3 Electrochemical and thermodynamic properties of CA-CDs, N-doped-CA-CDs,
photo-reduction mechanisms

and N,S-doped-CA-CDs in the photo-oxidation and

Acronym ESI* [eV] Estimated Eox vs. Ag/AgCl [mv] AGet(ox)lz [ev] Estimated Ered vs. Ag/AgCl [mV] AGet(red]b [ev]
CA-CDs 3.05 300 -2.11 —200 -1.99
N-Doped-CA-CDs 2.65 300 -1.71 —200 -1.59
N,S-Doped-CA-CDs 3.05 300 —2.06 —200 -1.99

“ Calculated from the classical Rehm-Weller equation:

— NA€2
AGe¢ = F[Eox(D/D™") — Erea(A™ /A)] — Ey —
= FlE(D/D™) ~ Ba /)] ~ B — )
Eoy (D/D™) - electrochemically determined oxidation potential of the electron donor. E.q (A"/A) - electrochemically determined reduction poten-
tial of the electron acceptor (—0.64 V for the diphenyliodonium salt vs. Ag/AgCl).***® Eg; - singlet state energy of the sensitiser determined based
on the excitation and emission spectra, while using an excitation at a wavelength of 405 nm (in accordance with the wavelength of light used in
the majority of kinetic studies). * Calculated from the equation:

NAeZ
AGet = F[Epx(D/D™") — Erea(A™ /A)] — E1 —
= FlEa(D/D") = Bal&™ /A)] - B — ()
Eqx (D/D") - electrochemically determined oxidation potential of the electron donor (—1.058 V for amine EDB vs. Ag/AgCl).%° E,.q (A""/A) - electro-
chemically determined reduction potential of the electron acceptor. Es; - singlet state energy of the sensitiser determined based on excitation
and emission spectra, while using an excitation at a wavelength of 405 nm (in accordance with the wavelength of light used in the majority of

kinetic studies).

Therefore, in order to determine the value of redox potentials
on the basis of standard CD voltamperograms, measured in
aqueous solutions, it is necessary to analyze the first deriva-
tives of the obtained voltammetry profiles. Due to the low
intensity of the recorded signals and high noise, the deter-
mined values of the redox potentials may be burdened with a
large error. Therefore, a ferro/ferricyanide redox probe for com-
parative purpose was used to investigate the electrochemical
properties of the analysed carbon dots. Potassium ferricyanide
was used as a probe (E,x = 250 mV, E,.q = 180 mV). It can be
noted that as the concentration of carbon dots increases, the
intensity of the signals observed for potassium ferricyanide
decreases. By analysing the first derivatives of the voltam-
metric profiles recorded for carbon dots and the change in the
intensity of signals recorded for potassium ferricyanide while
increasing the concentration of carbon dots, it can be esti-
mated that the oxidation potential of the analysed carbon dots
is about 300 mV, while the reduction potential is about
—200 mV. The E..q, and Eg values of CDs are summarized in
Table 3. The presented calculations clearly show that the elec-
tron transfer process, according to both the photo-oxidation
and photo-reduction mechanisms, is thermodynamically
allowed - AG. values are negative.

Free-radical photopolymerization of acrylate monomers.
Free-radical photopolymerization is one of the most popular
processes of obtaining polymeric materials, guaranteeing the
speed of photopolymerization, control over the kinetics of the
process or adjustment to a wide group of monomers based on
acrylate or methacrylate.’””°® In addition, this type of polymer-
ization is highly tolerant to the presence of water in the
system, which makes the radical photopolymerization reaction
widely applicable on an industrial scale, not only using the
classic method of polymerization, but also using the emulsifi-
cation or suspension technique.®®”! The use of various types

This journal is © The Royal Society of Chemistry 2021

of carbon dots for free-radical photopolymerization was first
described by Jiang and others,”” and they used carbon dots as
photosensitizers in the RAFT (Reversible Addition-
Fragmentation Chain Transfer) polymerization process. Later,
Kutahya and others used carbon dots as a “green photo-
catalyst” in the radical polymerization process, using them in
a photocatalytic system based on iodonium or sulphonium
salt as a coinitator and carbon dots as a photosensitizer.*®
However, for the effective operation of such a system, the use
of catalytic amounts of Cu" is necessary. Therefore, in this per-
spective, this system cannot be fully reliant on green systems.
Our group has attempted to develop a system that does not
require an additional component in the form of a transition
metal, thus creating more “eco-friendly” conditions. Therefore,
we proposed a system consisting of carbon dots (0.2 wt%) and
iodonium salt (IOD 2.0 wt%) to initiate the free-radical photo-
polymerization reaction of the acrylic monomer TMPTA. As a
reference, we used a mixture of TMPTA monomer and iodo-
nium salt (2.0 wt%). The reaction was conducted under
oxygen-free conditions for 800 s, using two types of light:
UV-LED @365 nm and Vis-LED @405 nm, respectively.
Conversion-time profiles for both sources of light are given in
Fig. 10. The results clearly show that the proposed bimolecular
photoinitiating systems based on carbon dots and iodonium
salt effectively initiate the free-radical polymerization reactions
of an acrylate monomer TMPTA. The doping of carbon dots
with heteroatoms significantly affects the degree of conversion
of the monomer, but does not affect the induction time or the
slope of the kinetic curve. The best results were obtained with
nitrogen and sulphur-doped carbon dots for both light
sources.

Regardless of the type of photosensitizer used, satisfactory
degrees of conversion were obtained without the use of a tran-
sition metal as a catalyst for the process. The list of conversion

Polym. Chem., 2021, 12, 3661-3676 | 3671
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Fig. 10 Free-radical photopolymerization profiles (acrylate function
conversion vs. irradiation time) for TMPTA with the bimolecular photo-
initiating system based on 10D (2.0 wt%) and CDs (0.2 wt%) (a) under
irradiation at 365 nm; (b) under irradiation at 405 nm. Irradiance was
measured at a distance of 210 mm for all sources.

rates obtained during the photopolymerization of the acrylic
monomer is presented in Table S2.}

Free-radical photopolymerization processes of acrylate-water
resin - formation of hydrogels. As mentioned in the above con-
siderations, free radical polymerization is insensitive to the
presence of water, which makes it possible to use it to obtain
hydrogel materials. Hydrogels are extremely interesting in
terms of biomedical applications, due to the fact that their
structural and biochemical properties are similar to the extra-
cellular matrix (ECM) of most tissues.”” In addition, they have
a high porosity, which ensures high permeability to nutrients,

3672 | Polym. Chem., 2021, 12, 3661-3676
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oxygen and metabolic products.”’ Most frequently, water-
soluble monomers of synthetic origin, e.g., polyethylene glycol
or methacrylate or acrylate monomers, e.g., 2-hydroxyethyl
acrylate HEA™ or of natural origin e.g., chitosan’® or collagen”®
were used in this context. The promising properties of hydro-
gel materials make it an attractive research topic for scientists
around the world, especially in the field of developing new
initiators and initiating systems. In this case, the use of
carbon dots as sensitizers in the initiation process is particu-
larly justified - they are characterized by good solubility in
water, they work effectively with iodonium salt and are derived
from natural, non-toxic sources. In addition, their character-
istic absorption covering a broad wavelength range makes
carbon dots a promising candidate as photosensitizers with
the use of safe sources of light in the visible range.

Carbon dots as effective photosensitizers at visible wave-
lengths under oxygen conditions and in an aquatic environ-
ment. CDs present a broad absorption spectrum that spreads
from the UV to the red region. Therefore, PISs based on CDs as
photosensitizers could be an efficient initiating system that
would ensure polychromatic light excitation (thereby allowing
the collection of a large number of visible photons) or selected
monochromatic excitations delivered by different sources of
LEDs. To the best of our knowledge, the ability of CDs to be
involved in panchromatic PISs was never investigated. The
ability of CDs to act as free-radical photoinitiator systems is
exemplified by the conversion curves in Fig. 11 and Table 4,
which show the values of rates of conversion and final conver-
sions at the different wavelengths.

80

wn (o)) ~
o o o
R ENE B R

Conversion [%]
D
o

I T O O

w
o

* LED @365

LED @405
o LED @415
e LED @450

N
o

T T |

10

e s e L | ) T

0 50 100 150 200 250 300 350 400 450 500
Time [s]

Fig. 11 Free-radical photopolymerization profiles (double bond con-
version vs. irradiation time) during the manufacturing of hydrogels,
initiated by a two-component photoinitiating system based on 10D
(2.0 wt%) and CA-CDs (0.2 wt%) under irradiation at 365 nm, 405 nm,
415 nm and 450 nm. Irradiance was measured at a distance of 240 mm
for all sources.
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Table 4 Summary of acrylate monomer conversion rates compared
with the basic parameters of the light sources used during the pro-
duction of hydrogel materials

Conversion Absorption

during the at a given Source

formation da/dt wavelength of light Intensity
of hydrogels [s7"] [a.u.] [nm] (mW ecm™2)
73% 0.84 0.265 @365 24.8

43% 0.34 0.197 @405 22.0

59% 0.38 0.184 @415 24.0

52% 0.30 0.143 @450 271

Rates of conversion were determined as the maximum
slope of the conversion curves obtained by RT-FTIR. Based on
the obtained results, we prove the excellent visible light
absorption and photosensitizing properties of carbon dots to
iodonium salts in light-emitting diodes (LEDs) at visible wave-
lengths under low light intensity sources during the free-
radical photopolymerization processes for the production of
hydrogel materials. For this purpose, a composition of HEA
acrylate monomer and water in a 1:1 mass ratio was prepared,
where IOD/CDs (2/0.2 wt%) were used as the initiating system.
Four light sources with different nominal powers were used
and the process was conducted in air for 500 s (Fig. S77),
where the composition thickness was 0.5 mm.

The obtained results undoubtedly prove the excellent
visible light absorption of C-dots based on the precursor of
citric acid, which makes it possible to use them, among
others, for the production of hydrogel materials using safe
light sources from the visible range. Moreover, the analysis of
the data compiled in Table 4 shows that the degree of
monomer conversion decreases as the wavelength of light
increases.

The main factor affecting the photopolymerization speed
and maximal conversion is the light absorption capacity of
photo-initiating systems and their value of the molar extinc-
tion coefficient at the working light source wavelength.
Therefore, the obtained results are consistent with the
decrease of the molar extinction coefficient of CDs at longer
wavelengths.

In addition, we have shown that we can easily prepare
hydrogels via the visible light-photopolymerization of acrylates
in water. Moreover, we prove that the synthesized bio-based
CDs from citric acid can play a crucial role as photosensitizers
under visible light in the above-mentioned experiments. CDs
can absorb visible light and transfer energy to the iodonium
salt under the working light source and initiate polymeriz-
ations at room temperature, under oxygen conditions and even
in an aquatic environment. This work provides new perspec-
tives for the generation of radicals in water using bio-based
materials and easy-to-set-up reaction conditions.

Proving the catalytic properties of carbon dots. In this work,
we present the role of CDs as photocatalysts in photo-
polymerization reactions. Particularly marked special empha-
sis is placed on photoredox catalysts leading to highly efficient
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photoinitiating systems (PISs) for polymerization at low light
intensity for use in light-emitting diodes (LEDs) and the possi-
bility of using these PISs based on CDs as a component of
photocurable resin for the fabrication of 3D objects creating
the potential to revolutionize computer-guided fabrication of
biomaterials as well as design and manufacturing of custo-
mized objects tailored to meet the demands of individuals and
specific applications. The above studies have proven the possi-
bility of using carbon dots as photosensitizers of iodine salt in
hybrid photopolymerization processes by concomitant cationic
and free-radical mechanisms. Such an initiating system works
according to the photo-oxidation mechanism, where iodine
salt as a strong electron acceptor is reduced during the elec-
tron transfer process, while carbon dots after light absorption
become electron donors in this process. However, in the
course of our research, we asked ourselves whether the carbon
dots we are considering can also be used in photoinitiating
systems, reacting according to the photo-reduction mecha-
nism. In such a system, we need the so-called co-initiator par-
ticle (this role is successfully played by tertiary amines), which
will be an electron donor for the excited acceptor particle, in
our case carbon dots. Popular co-initiators are amines, e.g.,
methyl diethanolamine which has a low oxidation potential
(864 mvV (ref. 12)). Consequently, a type II free-radical photo-
initiator based on carbon dots and amine (CA-CDs/MDEA)
(0.2/2.0 wt%) was proposed to initiate the free-radical photo-
polymerization reaction of the HEA monomer in water in a
1:1 mass ratio. The study was carried out in air for 300 s,
using a LED light source at a wavelength of 405 nm in the
visible range. The graphs showing the dependence of the
degree of conversion on time are shown in Fig. 12a, and the
values of conversion of acrylate monomers are listed in
Table S3.f As can be observed, the polymerization process
takes place (blue continuous line), but the monomer conver-
sion values and the kinetics itself are not satisfactory. This has
prompted us to further research whether to use carbon dots in
a full catalytic cycle, in a three-component system consisting
of: iodine salt IOD (2.0 wt%), amine MDEA (2.0 wt%) and
CA-CDs (0.2 wt%). As a reference, the composition of HEA/
water (1:1 wt) and IOD/MDEA (2.0/2.0 wt%) was used
(Fig. 12a). The values of conversion of acrylate monomers are
listed in Table S3.7

On comparing the polymerization kinetics of the acrylate
monomer during the production of hydrogels for different
initiating systems, it is clear that carbon dots are most
effective in the full catalytic cycle, where both photo-oxidation
and photo-reduction take place and the obtained conversion
rate is almost full.

3D printing experiments

3D printing is undoubtedly a relevant topic not only among
scientists, but also globally. Application of the 3D printing
process is no longer limited to the chemical industry, but
increasingly conquers other fields, including modern medi-
cine.”” That is why we decided to test various carbon dots for
their application in 3D printing as a part of initiation systems.
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Fig. 12 (a) Free-radical photopolymerization profiles (double bond
conversion vs. irradiation time) during the manufacturing of hydrogels,
initiated by various photoinitiating systems based on 10D (2.0 wt%) and
CA-CDs (0.2 wt%) (continuous line), together with appropriate refer-
ences (dotted line). As a control reference, a mixture of HEA/water
(1.1 wt%) and MDEA amine (2.0 wt%) was used. Irradiation source:
405 nm and (b) full catalytic cycle with the use of CDs.

In this study, we have proven for the first time the possibility of
using carbon dots as an effective component of the photoinitiat-
ing system for 3D printing application, using cationic photo-
polymerization of vinyl monomers. For this purpose, we pre-
pared a composition consisting of a vinyl monomer TEGDVE
and the IOD/N-doped-CA-CD initiating system (2.0/0.2 wt%) and
performed 3D printing under a laser source of light @405 nm
(spot diameter 50 pm) with an intensity around 90 mW cm™2,
The photo of the obtained printout is shown in Fig. 13 and
Photo S2.7 C-DOT inscription with a significant thickness of
~0.5 mm and excellent spatial resolution (only limited by the
size of the laser diode beam: spot of 50 pm) was achieved.

3D printing of hydrogels in aqueous plotting media

As mentioned above, the use of 3D printing is currently not
only limited to the chemical industry, but is also increasingly
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Fig. 13 3D inscription made by the cationic photopolymerization of a
TEGDVE monomer in the presence of a two-component photoinitiating
system based on N-doped-CA-CDs (0.2 wt%) and 10D (2 wt%).

used in biomedicine. Hydrogel materials can be produced
through photopolymerization in several ways, e.g. vat polymer-
ization, using fast prototyping techniques, such as photolitho-
graphy or 3D printing. However, due to its high precision, high
efficiency for a single product and convenient operation, 3D
printing has recently become the main method of producing
hydrogel materials (Photo S17).

The challenge in 3D printing of hydrogel materials is to
choose the suitable photosensitive composition and the type
of initiating system, which should be well soluble in an
aqueous medium, ensuring the use of visible light sources.
Therefore, we created a system of the acrylate monomer HEA
and water in a 1:1 mass ratio together with the initiating
system IOD/CDs (2/0.2 wt%) to produce hydrogel materials
with a defined structure under a laser source of light @405 nm
(spot diameter 50 um) with an intensity around 90 mW cm™>.
The photos of the obtained hydrogel printout are shown in
Fig. 14. In the results of this experiment, a hydrogel printout
of ~2.5 mm thickness and excellent optical resolution was
obtained. Therefore, water soluble nano-photoinitiating
systems based on carbon dots hold great promise for environ-
mentally-benign synthesis of useful hydrogel materials under
low intensity visible irradiation with light emitting diodes
(LEDs). We believe that these results can provide insights into
the research done in this field so far, which can pave the way
for further progress in this topic of far-fetched social signifi-
cance. Therefore, carbon dots (C-Dots) are promising new
materials for the development of biocompatible photosensiti-
zers for hydrogel production in aqueous solution.

Fig. 14 3D hydrogel inscription made by the free-radical photo-
polymerization of a HEA/water (1/1 wt%) mixture in the presence of a
two-component photoinitiating system based on CA-CDs (0.2 wt%) and
10D (2 wt%).
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Conclusions

Herein, the first utilization of carbon dots (CDs) as an efficient
component of photoinitiating systems (PISs) and photo-
initiator catalysts (PICs) for visible-light-induced cationic
photopolymerization under a source of low intensity LED
irradiation was investigated. A series of structurally different
CDs based on citric acid as a precursor (CA-CDs) and contain-
ing heteroatom dopants including nitrogen (N-doped-CA-CDs)
and sulfur atoms (N,S-co-doped-CA-CDs) were prepared via a
‘bottom-up’ pyrolysis approach. Moreover, the full path from
the synthesis of citric acid-based CDs to their various appli-
cations was developed, with special attention paid to the
importance of the purification process. Taking advantage of a
heteroatom-modulated bottom-up synthetic protocol, CDs
were obtained, enabling cationic photopolymerization pro-
cesses of unsaturated monomers that undergo chain polymer-
ization through the carbon-carbon double bonds, and cyclic
monomers that undergo ring-opening polymerization (ROP).
This approach links two-component photoinitiating systems
(PISs) with further technologies such as coating and 3D print-
ing based on LED sources. Additionally, photopolymerization
at different wavelengths covering the electromagnetic spec-
trum was performed, demonstrating the ability of CDs to act
as a component of visible photoinitiating systems (PISs)
(Fig. S247). An interesting aspect of this study is also the
description of the 3D printing experiment of cationic photo-
polymerization processes initiated by PISs and PICs based on
CDs, which offer new opportunities for broadening their appli-
cations. Moreover, the development of new and efficient metal-
free photoinduced electron transfer (PET) photoinitiator cata-
lyst (PIC) systems regulated by visible light based on CD struc-
tural engineering was introduced. Moreover, PICs based on
CDs could be used in the production of 3D hydrogel materials
using the acrylate monomer HEA and water. Thus, such
systems also have great potential in biomedical applications,
including the production of hydrogel materials both in situ
and via 3D printing, using safe light sources in the visible
range. These findings will be assisting researchers in moving
forward and exploring the hidden potential of CDs for the
development of new photoinitiating systems and in other
areas of photochemistry, including interdisciplinary research
in 3D printing, which is one of the key pillars of Industry 4.0.
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