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1. Introduction

Photopolymerization is revolutionizing the way we approach

Effective photoinitiating systems using citric
acid-derived chromophores as photosensitizers
for 3D bio-printing applications+

Katarzyna Starzak,®® Alicja Wysocka,""b tukasz Waluda,®® Patryk Szymaszek,
Wiktor Kasprzyk® and Joanna Ortyl () x4

The growing interest in the use of naturally derived compounds, associated with the increasing focus on
green chemistry principles in various fields of chemical technology, is also evident in the development of
light-cured resins for 3D printing. Therefore, in this work, four fluorophores formed alongside carbon
dots as one of the products of the reaction between citric acid and specific f-amines were comprehen-
sively studied. These studies facilitated the detailed optical characterization of the compounds, which in
turn led to a better understanding of the electron transfer mechanisms accompanying the initiation of
photopolymerization processes. In addition, cyclic voltammetry and photostability studies enabled a pre-
liminary assessment of the applicability of the fluorophores as photosensitizers of commercially available
diphenyl iodonium salts (SpeedCure 938®). FT-IR analyses and supporting photorheology measurements
made it possible to determine the kinetics of the photopolymerization process and demonstrate the
influence of the water content (non-reactive agent) on its course. Finally, it was possible to develop resins
for 3D printing with low viscosity for use in the stereolithography (SLA) method and high viscosity for use
in the direct ink writing (DIW) method enriched with light-curing of the finished pattern.

exposure time.””” Radical photopolymerization is a process in
which photoinitiators generate radicals, which in turn initiate
polymerization reactions.’®*® In this process, the photo-

the production of polymer materials, offering innovative solu-
tions across various industries. This dynamic process enables
the transformation of monomers and oligomers into solid
polymers upon exposure to light, which is driven by the action
of photoinitiators. This process takes place using photoinitia-
tors that absorb light and generate reactive molecules or free
radicals, which are responsible for the initiation of the
polymerization process.'™ Photopolymerization is character-
ized by a fast curing time, which allows fast production
processes.>® It is also an easily controllable process, as the
curing time can be controlled by adjusting the parameters of
the light sources used, such as light intensity, wavelength, and
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initiator undergoes photodegradation upon light exposure and
transitions from the ground state to the excited state.">'* In
radical photopolymerization, photoinitiators generate reactive
radicals that are highly reactive and initiate polymerization
reactions, combining with monomers to form polymer
chains."®"” Nowadays, photopolymerization processes are
widely used in industry, including the production of protective
coatings,'®° paints,>"** adhesives,>* dental materials,”®*’
medicine,?®3° electronics,®'* architecture,®*> as well as
in 3D printing.>¢™*°

The latter process is based on the principle of additive
manufacturing, that is, objects are created by applying succes-
sive layers of material on top of each other, rather than
through traditional material removal methods such as CNC
machining.*"**> The use of naturally derived compounds in
chemistry and chemical technology is important for both
environmental protection and development of new and sus-
tainable production methods.***” Another important aspect is
the wide spectrum of applications of natural compounds. In
organic chemistry, compounds of natural origin are often used
as raw materials for organic synthesis, making it possible to
obtain a variety of chemical products. Natural compounds

This journal is © The Royal Society of Chemistry 2025
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have applications in the production of biodegradable materials
such as polymers and can replace traditional plastics.***® In
addition, natural dyes can be used as sources of interesting
photoactive compounds that cover almost the entire range of
visible and ultraviolet light.**>°

The synthesis of fluorescent materials from natural sources,
such as citric acid, has recently gained much interest, mainly
because of the low cost of their synthesis and high photo-
luminescence (PL) quantum yield.”* > Fluorophores obtained
using citric acid and other natural compounds have been
widely applied in various fields.*® They are used as pH
sensors,””>° biomarkers,**°* fluorescent inks,**"®® materials
for solar cells,**°® fluorescent probes for detection of different
ions and molecules,®”””! and fluorescent tracers for monitor-
ing various processes.”> Owing to their favorable physico-
chemical properties and biocompatibility, they have great
potential for further development and widespread use in
chemistry and chemical technology.”? As has been proven
before, the products of synthesis, including citric acid as one
of the key substrates, can be used as photosensitizers in initiat-
ing systems dedicated to light-induced polymerization
processes.””

Taking into account all the above-mentioned dependences
and factors, it is necessary to further develop safe photosensiti-
zers that absorb electromagnetic radiation from the visible
range. Therefore, the development of initiating systems based
on fluorophores derived from the synthesis of carbon dots
from citric acid as the main precursor of the tested com-
pounds was undertaken for the first time as this has never
been investigated before. Studied compounds except for their
performance as photosensitizers also exhibit excellent water
solubility greater than some of the most common components
of photoinitiating systems of natural origin such as: riboflavin
which is soluble in water only to a limited extent or curcumin
that doesn’t exhibit any solubility in aqueous media. Within
the framework of this study, a series of analyses was carried
out on the application of four fluorophores synthesized from
citric acid and specific p-amines for free-radical photo-

polymerization processes. Spectroscopic studies provided
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information about the optical characteristics of the studied
compounds, while electrochemical studies and thermo-
dynamic calculations made it possible to determine the poten-
tial use of fluorophores for specific two- and three-component
initiating  systems dedicated to free-radical photo-
polymerization. The efficiency of the tested initiating systems
was confirmed using real-time Fourier-transform infrared
spectroscopy (real-time FTIR). Photorheological studies were
used as an additional method to study the kinetics of photo-
polymerization processes and the suitability of the developed
compositions for use in 3D printing processes. Additionally,
the effects of different water contents (non-reactive com-
ponents) on the kinetics of the process and the final conver-
sion were studied. However, it also allows the determination of
the properties of polymeric materials obtained by this method,
such as polymerization shrinkage. The last stage of this
research was to make 3D prints using two different techniques,
stereolithography (SLA) and direct ink writing (DIW), for the
compositions selected on the basis of the aforementioned
studies.

2. Materials and methods

2.1. Materials

A series of four citric acid-derived fluorophores, namely 5-oxo-
2,3-dihydro-5H-[1,3]thiazolo[3,2-a]pyridine-7-carboxylic ~ acid
(cca),  5-oxo-2,3-dihydro-5H-[1,3]thiazolo[3,2-a]pyridine-3,7-
dicarboxylic acid (TPA), 6-oxo-3,4-dihydro-2H,6H-pyrido[2,1-
b][1,3]oxazine-8-carboxylic acid (ODPC), and 3-[(carboxy-
methyl)carbamoyl]-5-ox0-2,3-dihydro-5H-[1,3]thiazolo[3,2-a]
pyridine-7-carboxylic acid (CTPC) (Fig. 1), were synthesized
according to the description given in the ESI.{ The applica-
bility of the obtained fluorophores as iodonium salt photosen-
sitizers for free-radical photopolymerization was assessed
using the numerous methods described in the following sub-
sections. The synthetic procedures for the tested compounds,
along with structural characterization performed using NMR
and LCMS methods, are presented in the ESL{

Fig. 1 Structures of citric acid derived fluorophores investigated in this study.

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Corresponding structures of photoinitiator, reactive part (PEGDA M,, = 700 g mol™?) and non-reactive part (PEG M,, = 2000 g mol™) used in

this study.

The photoinitiating system consisted of bis(4-t-butylphenyl)
iodonium hexafluorophosphate (IOD, from Lambson) as a
model photoinitiator sensitized by the studied compounds.
Poly(ethylene glycol)diacrylate with a number-average molar
mass of M, = 700 g mol™" (PEGDA, from Sigma Aldrich) was
used as the reactive component. Poly(ethylene glycol) (PEG),
with a number-average molar mass of M, = 2000 g mol™" was
also used in certain compositions. The corresponding struc-
tures of all compounds used are shown in Fig. 2. Additionally,
water was used as a non-reactive compound, and its influence
on the entire process was studied.

2.2. UV-VIS absorption and photoluminescence
characteristics

The UV-VIS absorption spectra of the studied derivatives in
acetonitrile and distilled water were collected using a Cary 60
UV-Vis spectrophotometer (Agilent, Santa Clara, CA, USA) with
a spectral range of 190-1100 nm. The tests were performed at
25 °C in the range 200-800 nm in a quartz cuvette with an
optical path of 10 mm.

A FluoroMax-4P spectrofluorometer (Horiba, Kyoto, Japan)
was used to obtain PL emission and excitation spectra of the
studied compounds. Measurements were conducted using a
quartz cuvette with an optical pathway of 10 mm. All PL
spectra were obtained using specific excitation and emission
wavelengths and plotted within an appropriate range (the
specific volumes of PL 4., and PL ., and the spectral range
are depicted in the corresponding figures).

2.3. Electrochemical determination of oxidation and
reduction potential

Electrochemical analyses were performed to determine
the oxidation (E,, against Ag/AgCl) and reduction potentials
(Ereq vs. Ag/AgCl) of the studied fluorophores using cyclic vol-
tammetry carried out using an electrochemical Analyzer M161
and Electrode Stand M164 (from MTM-ANKO, Poland).
Tetrabutylammonium hexafluorophosphate (0.1 M) (from
Sigma Aldrich) was employed as supporting electrolyte, a silver
chloride electrode was made as reference (Ag/AgCl) while plati-
num disc was used as a working electrode. A scan rate of 0.1 V
s~' was utilized, and potentials were calculated using half
peak potentials. Ferrocene was used as a reference. Gibbs free
energy AG, calculations for the electron transfer process

2582 | Polym. Chem., 2025, 16, 2580-2599

between the components of the initiating system were per-
formed from the resulting oxidation and reduction potentials
using the following eqn (1):

D A ze?

— Ereq - —Epo —— (1)

AGet = F|Eoy - — ——
o Dt A ea

where E,, (D/D") is the oxidation potential of the electron
donor, E..q (A"7/A) is the electron acceptor reduction potential,
Eq is the energy of the excited state, (Ze*/ea) - the electrostatic
energy of the interaction between the initially formed ion pair.
For polar solvents, the (Ze’/ead) parameter can be neglected.
The energy of the excited state was determined from the exci-
tation and emission spectra obtained via measurements using
a FluoroMax-4P spectrofluorometer (Horiba, Kyoto, Japan).

2.4 Determination of average fluorescence lifetimes

The average fluorescence lifetimes of the fluorophores were
measured using a time-correlated single-photon counting
system (TCSPC) DeltaFlex™ (Horiba, Kyoto, Japan). The experi-
ments were conducted using solutions of the fluorophores in
acetonitrile and distilled water. The samples were excited at
369 nm, and data were collected for wavelengths corres-
ponding to the maximum emission spectrum of each deriva-
tive. Measurements were performed in a quartz cuvette with an
optical path of 10 mm at a constant temperature of 25 °C. An
aqueous solution of Ludox (Sigma Aldrich) was used as a refer-
ence for all measurements.

2.5. Fluorescence quenching and mechanism of electron
transfer from the excited state

To investigate the changes in the PL emission spectra of the
citric acid-based fluorophores in acetonitrile, a FluoroMax-4P
spectrofluorometer (Horiba, Kyoto, Japan) was used.
Experiments were performed using IOD as a fluorescence-
quenching agent for the investigated compounds. This study
involved the determination of PL changes in the intensity of
the emission spectrum of the tested derivatives with the con-
centration of the quenching agent. Tests were performed at
25 °C in a quartz cuvette with an optical path length of
10 mm. The excitation wavelength was chosen individually for
all fluorophores considering the maximum excitation spectra.
Fluorescence quenching measurements enabled the deter-
mination of the electron transfer constant between the photo-

This journal is © The Royal Society of Chemistry 2025
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sensitizer in the excited state and diphenyliodonium salt. The
electron transfer constant (k;) was determined using the
Stern-Volmer equation:

I

=1+ Ksy[IOD] = 1+ kq7o[IOD] (2)
where I, is the fluorescence intensity of the photosensitizer in
the absence of the fluorescence quencher, I is the fluorescence
intensity of the photosensitizer in the presence of the fluo-
rescence quencher, and 7, is the excited-state lifetime of the
photosensitizer in the absence of the fluorescence quencher.

The quantum yield of the electron transfer from the excited

state (Pe(s1)) was calculated using the following equation:

Ksy[IOD]

1+ Ksy[IOD] )

(Det(Sl) =

2.6. Steady state photolysis of citric acid derived fluorophores

Photolysis measurements were performed for all the fluoro-
phores in acetonitrile and water. The samples were individu-
ally exposed to UV-LED 365 nm (M365L3, CW = 1.0 A (880 mW
em™?)) and Vis-LED 405 nm (M405L1,CW = 1.0 A, (1000 mW
em™?)) (Thorlabs Inc., Tampa, FL, USA). The power of the light
source was controlled using a DC2200 (Thorlabs, Inc., USA).
During exposure, UV-VIS spectra were acquired using a Cary 60
UV-Vis spectrophotometer (Agilent, Santa Clara, CA, USA).

2.7. Monitoring the photopolymerization processes by real-
time FT-IR

A Thermo Scientific FT-IRi'® NICOLET™ spectrometer with a
horizontal adapter (Waltham, MA, USA) was used to monitor
photopolymerization kinetics. The conversion of the monomer
was calculated based on absorbance changes, specifically the
decrease in the area of bonds corresponding to the presence of
specific functional groups or bonds (involved in the light-induced
polymerization process of the examined sample), using eqn (2):

A
Conversion [%] = (1 —Aai) x 100% (4)

before
where A,qer iS the area of the monitored band, and Apefore iS
the starting value of this area of monitored band.

The light sources used were selected based on the absorp-
tion characteristics of the studied fluorophores and their
potential use in 3D printing. The following light sources were
used to study the photopolymerization process kinetics:
365 nm M365LP1 UV-LED (CW = 1.7 A (26.76 mW cm™2)) and
405 nm M405LP1 Vis-LED (CW = 1.4 A (29.73 mW cm?))
(Thorlabs Inc., Tampa, FL, USA). A DC2200 controlled power
supply (Thorlabs Inc., Tampa, FL, USA) was used to control the
power of the light. The irradiation of the sample was started 10
s after the monitoring process began. The measured distance
between the sample and the light source was 2.1 cm.

2.7.1. Free-radical photopolymerization processes with the
use of multicomponent photoinitiating system and different
water concentrations. The compositions for the study of the

This journal is © The Royal Society of Chemistry 2025
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photopolymerization process kinetics using the real-time
FT-IR method were prepared based on PEGDA. The oligomer-
to-water ratios of the prepared resins ratio (8:2, 7: 3, 6: 4, and
5:5). The photoinitiating systems used in this case were based
on 1.0 wt% of I0D and 0.1 wt% of each of the studied fluoro-
phores. All compositions were examined under irradiation by
the two light sources listed above (section 2.7). The experi-
ments were carried out on a BaF, pallet with a 0.5 mm gouge
to monitor samples of the same thickness. To ensure repeat-
ability, all measurements were performed thrice, and the
corresponding error bars were added when analyzing the
results. The acrylate content was continuously monitored via
FT-IR spectroscopy at approximately 6165 cm™" for 600 s in air
at 25 °C.

2.8. Monitoring of photopolymerization processes via photo-
rheology measurements

Photo-rheological measurements were used to study the kinetics
of photopolymerization processes through the change in vis-
cosity of the system during irradiation using an MCR302e
Rheometer with an adapter from Anton Paar Poland, which
allows photo-rheological measurements. The experiments were
conducted at a constant temperature of 25 °C maintained by a
thermostat. A light source in the form of a 405 nm M405LP1
Vis-LED (CW = 1.4 A (13.37 mW cm™?)) was used for the
measurements. To control the power of the light a DC2200 con-
trolled power supply (Thorlabs Inc., Tampa, FL, USA) was used.

2.9. Kinetic studies of high-viscous compositions dedicated
to extrusion-based 3D printing techniques

The compositions for kinetic studies of the photo-
polymerization process using the real-time FT-IR method were
made based on PEGDA (70 wt%) in the role of the reactive
part, and PEG (30 wt%) was used to increase the viscosity of
the composition. The initiating system used in these compo-
sitions consisted of (1.0 wt%) of IOD and (0.1 wt%) of TPA and
CCA fluorophores. The experiments were conducted in analogy
to the previous ones under the irradiation of 405 nm M405LP1
Vis-LED (CW = 1.4 A (29.73 mW cm™?)) and on the BaF, pallet
with a 0.5 mm gouge. The acrylate content was continuously
monitored via FT-IR spectroscopy at approximately 6165 cm™*
for 600 s in air at 25 °C.

The compositions described above were studied using rheolo-
gical and photorheological measurements. Tests were performed
using an MCR302e Rheometer (Anton Paar, Graz, Austria). The
experiments were conducted at 25 °C. Additionally, photo-rheo-
logical measurements included the use of an adapter from
Anton Paar Poland that allowed photo-rheological measure-
ments and a DC2200 controlled power supply (Thorlabs Inc.,
Tampa, FL, USA) to control the power of the light source
(M405LP1 Vis-LED) (CW = 1400 A (13.37 mW cm?)).

2.10. 3D printing experiments

The 3D printing experiments were conducted using a laser
encoder printer (NEJE DK-8-KZ) equipped with a laser with a
wavelength of 405 nm and an intensity of 1500 mW at a dis-

Polym. Chem., 2025, 16, 2580-2599 | 2583
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tance of 7 cm (spot diameter, ~75 pum). Stereolithography
(SLA) printing was applied to low-viscosity compositions based
on PEGDA (70 wt%) and water (30 wt%). The photoinitiating
system consisted of 1.0 wt% IOD and 0.1 wt% CCA or TPA
fluorophores. A light-sensitive resin with a thickness of 1 mm
was placed on microscope glass.

For compositions showing higher viscosity, (70 wt%
PEGDA, 30 wt% PEG, photoinitiating system: 1.0 wt% IOD and
0.1 wt% CCA or TPA fluorophore), a BioX™ printer (CELLINK,
Goethenburg, Sweden) was applied. The studied compositions
were transferred into a 3 ml plastic cartridge that was
equipped with a corresponding tip-dispensing needle (with a
diameter of 25 G = 0.5 mm). The extrusion parameters applied
for the printing process were as follows: a pressure of 180-200
kPa and a speed of 20 mm s™'. Photocrosslinking was per-
formed using a built-in 405 nm emitting diode with an
9.88 mW cm™ 2 intensity at the sample.

To observe and analyze the final resolution of the obtained
3D printed objects a numerical optical microscope DSX-HRSU
(Olympus, Tokyo, Japan) equipped with a DSX10-SXLOB3X
objective lens with a magnification of 42-420x was utilized.

3. Results and discussion

3.1. UV-VIS absorption and photoluminescence
characteristics

The greatest challenge currently posed to photosensitizers is to
properly match their absorption spectra with the emission
spectra of the LEDs used or the light source incorporated in
the 3D printer, so that they can enhance the efficiency of the
entire photopolymerization process. The absorption character-
istics of the fluorophores were studied in acetonitrile and
water (Fig. 3). The intention of applying the studied derivatives

10000 -
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in compositions dedicated to the preparation of polymeric
hydrogel materials, 3D printing from compositions containing
the addition of water as a non-reactive agent, and the solvents
were dictated by a more accurate reflection of the reaction
environment. All studied compounds exhibited absorption
ranging from 300 to 410 nm. All fluorophores showed a minor
bathochromic shift (16-27 nm) upon switching from water to
acetonitrile. However, for aqueous solutions, the UV-Vis
spectra exhibited a hyperchromic effect owing to the increase
in molar extinction coefficients by 2000 [dm® mol ™" em™"] with
the spectra of the ODPC derivative, where the ¢ value exceeded
10000 [dm® mol™* ecm™']. The fact that the spectra of all
derivatives reach the visible range enables the use of light
sources of higher wavelengths, making them safer and more
suitable in the context of 3D printing applications. Owing to
the broad UV-Vis absorption spectra of the studied derivatives,
a wide range of UV and Visible light sources can be used to
carry out the following measurements. The summarized spec-
troscopic properties of the investigated fluorophores in both
solvents are shown in Table 1, emphasizing the molar extinc-
tion coefficients corresponding to the wavelength of the
absorption maxima at 365 nm and 405 nm, taking into
account further analyses using light sources that emit light at
these wavelengths.

3.2. Electrochemical determination of oxidation and
reduction potential

Cyclic voltammetry studies of the investigated fluorophores
were conducted to determine their photooxidation and photo-
reduction potentials, as well as the following calculation
describing the probability of an effective electron transfer
process based on the probability and efficiency of light-
initiated polymerization. Examples of cyclic voltammetry
curves obtained for CCA derivatives are shown in Fig. 4a and c,

14000
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] —CCA_H,0
12000 - —CTPC_H,0
11 —ODPC_H,0
1 |
— 10000 -
£ ]
(3] i
< 8000
[e] 1
E ]
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Fig. 3 UV-Vis absorption spectra of studied fluorophores in (a) acetonitrile and (b) distilled water.
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Table 1 Spectral characteristics of newly synthesized fluorophores studied in acetonitrile and distilled water

Acetonitrile Water
Amax  €max €365 €405 Amax  €max €365 €405
Acronym [nm] [dm®mol™*em™] [dm®mol™ em™] [dm®mol™*em™] [nm] [dm’®mol™ em™] [dm®mol™ em™] [dm® mol ' em™]
TPA 364 4240 4237 296 348 6986 5134 112
CCA 364 4973 4967 394 345 5699 3485 28
CTPC 366 2948 2942 266 347 4839 3439 35
ODPC 363 6558 6515 450 336 10634 3592 24
88 10 — — 1,0 100 -
A 1
09 | \‘\ Fo9 50 1
0.8 1 Excitation “J \ Emission [ 0.8 0 1
\
To7 spectra ““ \ spectra 07 FEI'I ]
S \ o 1
= w06 \ | / 62 o 07
E 3 | s % !
2 805 ‘\ \\ F05 e = -100 ] :
i R 48 s |
803 \ Fo3® 1 .
E | \ E‘ -200 i
ur 02 | \\ £ 02 — =
0,1 | 0,1 K ]
/ N 1
-2 T T 0,0 7 P : ————+ 0,0 -300 —— T -
0 1000 2000 3000 200 270 340 410 480 550 620 -2000 -1500 -1000  -500 0
E [mV] Wavelength [nm] E [mV]
(@) (b) ©)
Fig. 4 (a) Cyclic voltammetry for oxidation process (CVox, vs. Ag/AgCl) experiments in ACN (containing 0.1 M tetrabutylammonium hexafluoropho-

sphate) for CCA; (b) excitation and emission spectra for the determination of the excited singlet state energy for CCA for the solution in acetonitrile;
(c) cyclic voltammetry for reduction process (CVred, potential vs. Ag/AgCl) experiments in ACN (containing 0.1 M tetrabutylammonium hexafluoro-

phosphate) for CCA.

along with the excitation and emission spectra determined for
solutions of these compounds in acetonitrile (Fig. 4b).
Complementary cyclic voltammetry curves for the rest of the
studied compounds are shown in Fig. S22-S27 in the ESIL.}
Citric-acid-derived fluorophores have been proposed as
photosensitizers in photoinitiating systems based on electron
transfer via photo-oxidation mechanisms. In this case, the
studied compounds acted as electron donors and were sub-
jected to oxidation during the process. In the described elec-

tron transfer process, iodonium salt, on the other hand,
undergoes reduction, which makes it an electron acceptor
during the process. Electrochemical assessments and sub-
sequent thermodynamic calculations were performed to
confirm the validity of the designed photoinitiating systems. A
summary of the results is presented in Table 2.

To determine the Gibbs free energy (AG), the conventional
Rhem-Weller equation was used, which is based on the oxi-
dation potentials of the fluorophores. The negative values of

Table 2 Electrochemical and thermodynamically properties of citric acid derived fluorophores in terms of their use in photo-oxidation mechanism

in light induces electron transfer process

Singlet state energy

Electrochemically determined

potentials

Photo-oxidation

Photo-reduction

Acronym Eoo [eV] Eox [mV] Ereq [mV] AGiop “ [eV] AGypea “ [eV]
CCA 3.22 1484 —700 —-1.10 —-1.66
TPA 3.24 1696 —825 —-0.90 —-1.55
CTPC 3.21 1621 —532 —0.95 —-1.81
ODPC 3.24 1383 —688 —-1.22 -1.69

“Calculated from the classical Rehm-Weller equation: AGe = F[Eox (D/D'") — Ereq (A" /A)] — Ego — <

Na e?
Amenera

)~ Eo(D/D™) - electron donor’s

electrochemically determined oxidation potential (0.864 V for MDEA vs. Ag/AgCl).”> E,.q(A""/A) - electron acceptor’s electrochemically determined
reduction potential (—0.64 V for IOD vs. Ag/AgCl).”®”” E,, - sensitizer’s singlet state energy determined based on emission and excitation spectra.
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AG obtained for the photoinitiating systems based on the
studied derivatives and iodonium salt indicate that the devel-
oped systems can work effectively in the case of initiating the
light-induced polymerization process, as they are thermo-
dynamically acceptable. The most outstanding and lowest
values were obtained for CCA and ODPC derivatives, namely
for derivatives with the simplest structure, which, compared to
the others, have only one carboxyl group in their structure.
However, in comparison, they differ in the number of carbons
in the second aliphatic ring and built-in electrophiles, which
are sulfur and oxygen, respectively. The lower AG value for
CCA is perfectly understandable and justified by the presence
of sulfur in the structure, which has a higher electron-donor
potential than the oxygen embedded in the CCA structure.

The studied derivatives were also tested electrochemically
for type II photoinitiating systems, where they act as electron
acceptors, because this type of photoinitiating system corres-
ponds to electron transfer between electron acceptors and
another molecule, namely the co-initiator. A two-component
system based on MDEA and the investigated fluorophores can
effectively work in this type of initiating system, where the
citric acid derivatives act as electron acceptors and are reduced
during the process, while MDEA acts as a co-initiator, being an
electron donor that undergoes oxidation due to electron trans-
fer. The results of the electrochemical analyses performed to
assess the electron transfer abilities and thermodynamic pro-
perties of the studied compounds are summarized in Table 2.

The Gibbs free energy (AG) was determined for type II
photoinitiating systems. Owing to the negative values of AG
obtained after appropriate calculations, it was possible to
confirm the thermodynamic acceptability of the studied elec-
tron transfer process. The lowest AG values were obtained for
ODCP, CTPC, and TPA derivatives (in ascending order). In the
case of the ODPC derivative, we deal with the least complicated
structure, whereas in comparison with the other two, it has
more carbons in the second aliphatic ring, and the embedded
atoms are nitrogen and oxygen, not nitrogen and sulfur, as in
the other cases. In the case of CTPC and TPA derivatives, com-
pared to the one for which the lowest value was obtained, they
stand out because they have two electron acceptor carboxyl
groups. The presence of such groups can negatively affect the
electrochemical properties, which may explain why they have
higher AG values than other fluorophores in the case of an oxi-
dative cycle. In addition, the complexity of the structure may
negatively affect the obtained values.

In summary of the results obtained and their interpret-
ations, it is possible to conclude that the studied fluorophores
are preliminary suitable for the role of iodonium salt (IOD)
photosensitizers (which are the subject of the following
research) as well as type II initiating systems.

3.3. Determination of average fluorescence lifetimes

A time-correlated single-photon counting system (TCSPC) was
used to investigate the average fluorescence lifetimes of the
citric-acid-derived fluorophores. The average lifetimes are not
only a complementary element for the spectroscopic character-
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ization of the compounds studied, but in combination with
appropriate studies, such as fluorescence quenching, they
allow the determination of the parameters of the electron
transfer process and the identification of its mechanism. The
curves of the decay, reference (Ludox), and fit for the CCA
derivative are shown in Fig. 5a and b, alongside the residuals
obtained for the calculated fit. The remaining curves are
shown in Fig. S34-S39 in the ESL.{ The results obtained for the
samples in distilled water and acetonitrile are presented in
Table 3 together with the wavelength corresponding to the
maximum emission.

The obtained values of the average time for which the inves-
tigated fluorophores ended in the excited state before return-
ing to the ground state varied between 8 and 13 ns. The
highest values were obtained for the ODPC fluorophore, which
is the simplest structure, and the lowest value for the most
complex of the studied derivatives, CTPC. For the two remain-
ing compounds that were most similar in structure, the one
designated as TPA showed higher average fluorescence life-
times. Thus, this correlation can be attributed to the presence
of an additional carboxyl group in the aforementioned mole-
cule compared with the less complex analog CCA. All com-
pounds showed higher values when acetonitrile was used as
the solvent than when acetonitrile was used in distilled water.
The accuracy of the measurements was validated by the low-
deviation values in the residual curves. Additionally, it is
important to note that the chi-square test values used to calcu-
late the corresponding fits in all cases varied from 1.00 to 1.20,
suggesting a statistically acceptable correlation.

Spectrofluorimetric analysis of the emission spectra of the
studied chromophores was performed to evaluate and
compare the emission intensities of the studied chromophores
and to correlate them with other spectroscopic properties. The
emission spectra for all compounds in acetonitrile and dis-
tilled water are shown in Fig. 6a and b. The normalized exci-
tation and emission spectra for each chromophore are shown
in Fig. S15-S21 in the ESI.f The A, of the emission spectra,
as well as the corresponding intensities, are shown in Table 4.

The chromophores with the acronyms CCA and TPA
achieved the lowest emission intensities of over 10° for both
solutions. However, the additional carboxyl group present in
TPA appears to have slightly increased the intensity. Further
expansion of the basic structure allows the emission intensity
values to reach almost four times higher. However, the highest
values in both cases were achieved for the compound with the
acronym ODPC, which is the only compound with oxygen in
its structure instead of sulfur. Analogous to the earlier studies
of absorption properties, in the case of emission, we observed
a shift of the spectral maximum towards longer wavelengths
for solutions in acetonitrile.

3.4. Fluorescence quenching and mechanism of electron
transfer from the excited state

Fluorescence quenching measurements complementary to
average fluorescence lifetime studies were carried out to define
the mechanism of electron transfer from the excited state. The

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Fluorescence lifetimes measurements conducted for CCA fluorophore in (a) distilled water and (b) acetonitrile showing sample’s decay,
reference and model fit used to calculate the precise fluorescence lifetimes along with model residuals obtained for each of the curves respectively.

Table 3 Summary of the obtained average fluorescence lifetimes for
the studied fluorophores in distilled water and acetonitrile as solvents 3
together with chi-squared test values of the corresponding fit curves
used for average fluorescence lifetimes calculations

Acronym T(s1) ACN [ns] 1> ACN T(s1) H,O [ns] ¥ H,0
CCA 9.63 1.15 8.26 1.11
TPA 10.04 1.17 9.94 1.08
CTCP 9.44 1.08 7.45 1.16
ODPC 10.88 1.12 12.57 1.06

changes in the emission spectra depending on the concen-
tration of the fluorescence quenching agent in the form of the
diphenyliodonium salt (IOD) for the CCA fluorophore, along
with the Stern-Volmer plot for all compounds, are shown in
Fig. 7a and b. The remaining results for all fluorophores are
shown in Fig. S31-S33 in the ESL.}

For all derivatives, a linear relationship was apparent
between the increasing fluorescence quencher concentration
and the ratio of the initial intensity to the intensity obtained
with subsequent IOD addition. The Stern-Volmer plots for
each of the fluorophore solutions were characterized by a cor-
relation coefficient of R*> > 0.99, so that the results can be
described as statistically acceptable and valid. Therefore, it was
possible to calculate the quantum yields of electron transfer
from the excited state (P.¢s1)) and electron transfer constant

This journal is © The Royal Society of Chemistry 2025

(kq) for all fluorophores. The calculation results are presented
in Table 5. The obtained quantum yields differed only slightly;
however, it is possible to assume that the CCA fluorophore par-
ticipated most effectively in the studied electron transfer
process. The electron transfer constants indicate that, in all
the cases studied, static quenching takes place at kq < 2 x 10'°,
which means that quenching occurs because of the formation
of a complex between the fluorophore and the quenching
molecule.

3.5. Steady state photolysis of citric acid derived fluorophores

Photostability measurements were carried out to determine
the possibility of using the designated fluorophores as photo-
sensitizers of diphenyliodonium salt in free-radical photo-
polymerization processes. Measurements carried out for all
fluorophore solutions using 405 nm VIS-LED are shown in
Fig. 8a and those containing an additionally 1.86 x 10™* mol
dm™ of IOD. The results of the complementary photostability
studies using LED at 365 nm and for aqueous solutions of the
studied chromophores are shown in Fig. $28-S30 in the ESL7
The ability of a specific compound is dictated by the pres-
ence of electron-donor groups in the structure of the com-
pounds investigated, where in the case presented within the
framework of this paper we are dealing with electron-donors in
the form of oxygen in hydroxyl and carbonyl groups or sulfur
and nitrogen in heterocyclic systems. However, the key role on
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Fig. 6 Emission spectra of all the studied chromophores in (a) distilled water and (b) acetonitrile showing fluorescence intensity of the studied

compounds.

Table 4 Summary of the maximum of emission for all of the chromo-
phores in acetonitrile and distilled water together with the corres-

ponding intensities

Acronym  Amax ACN [nm] Iy ACN Amax H,O [nm]  Iyax H,O
CCA 433 1.27 x10° 420 1.19 x 10°
TPA 434 1.35x10° 423 1.27 x 10°
CTCP 434 5.32x10° 422 4.79 x 10°
ODPC 432 6.13 x10° 412 7.26 x 10°
6,0E+05
—0 mol/dm?®
—0,0006 mol/dm?
5,0E+05 —0,0013 mol/dm?

i

4,0E+05
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Fluorescence intensity [a.u.]
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380
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the susceptibility to photodecomposition during irradiation
with a light source emitting electromagnetic radiation of a par-
ticular wavelength is played by the value of the molar extinc-
tion coefficient obtained for that particular wavelength.
Photostability studies showed that all the studied derivatives
underwent photodegradation when exposed to irradiation at
365 nm. This is mostly due to the fact that the maximum
absorption bands for all of the studied fluorophores in this
case correspond to the wavelengths of the light source, so the
process can occur more effectively. In the case of irradiation
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Fig. 7 Fluorescence quenching measurements shown by (a) change in intensity of emission spectrum for CCA derivative under increasing concen-
tration of quenching agent — 10D. (b) Stern—Volmer plot showing dependence of normalized maximum emission intensity on concentration of

quenching agent.
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Table 5 Summary of the obtained parameters form Stern—Volmer
equation (Ksy), quantum yields of electron transfer from the excited
state (Pet(s1)), average fluorescence lifetimes (z(sy)) and electron transfer
constant (kg) for the studied fluorophores in acetonitrile

Acronym Ksy [M7] Dey(s1) 7(s1) [n8] kgMts™
CCA 116.21 0.71 9.63 1.21 x 10*°
TPA 85.16 0.64 10.04 8.48 x 10°
CTPC 87.91 0.65 9.44 9.31 x 10°
ODPC 107.41 0.69 10.88 9.87 x 10°

with lower energy (405 nm), the changes in absorption spectra
are minimal in most cases; only the ODPC fluorophore shows
significant changes in acetonitrile, although in this case the
spectra are shifted towards higher wavelengths compared to
other compounds. Overall, these results indicate that the studied
fluorophores have the potential to be applied in photoinitiating
systems based on IOD for free-radical photopolymerization.

3.6. Investigation of photopolymerization processes by real-
time FT-IR

Taking in account the absorption spectra of studied derivatives
and the potential 3D printing applications the photo-
polymerization processes were carried out using 365 nm
UV-LED (CW = 1.7 A (26.76 mW cm™?)) and 405 nm VIS-LED
(CW = 1.4 A (29.73 mW cm™?)). An additional objective of
FT-IR analysis was to determine the effect of the water content
of the composition on the kinetics of the photopolymerization
process and the possibility of using the developed systems to
obtain hydrogel materials.

3.6.1. Free-radical photopolymerization processes with the
use of multicomponent photoinitiating system and different
water concentrations. The applicability of the citric acid fluoro-
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phores as photosensitizers of IOD was first tested using hydro-
gel compositions based on the PEGDA oligomer with a
number-average molar mass of M, = 700 g mol~" and water as
the non-reactive component in appropriate weight ratios. The
photoinitiating system tested in these cases contained 1.0 wt%
10D, 0.1 wt% photosensitizer, each of the fluorophores tested,
and the matrix content was an oligomer (80 wt%, 70 wt%,
60 wt%, 50 wt%) with a corresponding water content (20 wt%,
30 wt%, 40 wt%, 50 wt%). The tested reference compositions
differed only in the photoinitiating system, which contained
only 1.0 wt% IOD. The results, specifically the final conver-
sions obtained for all the compositions tested, are shown in
Fig. 9a-d. Kinetic profiles for the respective compositions are
presented in the ESI in Fig. S40-S47.+

The aim of this part of the research was mainly to deter-
mine the suitability of the studied compounds as photosensiti-
zers of IOD and to select systems that would show the best
efficiency of the initiation process, leading to final conversion
values that allow the use of the developed compositions to
obtain hydrogel materials by 3D printing methods. The sec-
ondary objective was to determine the influence of the water
content as a non-reactive component on the course of the
process, particularly on the final conversion values of the
double bonds present in the acrylate oligomer.

In accordance with previously obtained results of analyses
of the potential efficiency of the studied photosensitizers, such
as cyclic voltammetry and studies of the electron transfer
mechanism based on fluorescence quenching, as well as
measurements of average fluorescence lifetimes, the CCA
fluorophore showed the highest efficiency in the case of cata-
lyzing the initiation of radical photopolymerization according
to the radical mechanism. Compositions containing the initi-
ating systems based on CCA and TPA fluorophores showed the
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CCA
£ 0,70 1 o TPA
< » CTPC
< 0,605 ODPC
£ 0,50 1
<
< 0,40 ]
0,30 1
0,20
oo WITH QUENCHER = IODONIUM SALT
"o 600 1200 1800
Time [s]

(b)

Fig. 8 Photo-decomposition of (a) all of the chromophores in acetonitrile and (b) the same solutions with the addition of 10D (1.86 x 10™* mol
dm™) carried out for 30 minutes during irradiation with 405 nm UV-LED at 1.0 A (1000 mW cm~2) shown as the corresponding absorbance corre-

lation at the absorbance maximum (Amax)-

This journal is © The Royal Society of Chemistry 2025

Polym. Chem., 2025, 16, 2580-2599 | 2589


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4py01409j

Open Access Article. Published on 01 May 2025. Downloaded on 1/24/2026 2:46:53 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper
100
Oy -OH ©CCA+OD@365 nm
90 I / 0lOD@365 nm
o 1] AL sccation@40s nm
L @10D@405 nm
70 ) =
T o ) !
c 1
S
® 50
% 87
5 40
o 69 66
30 60
20 41
31
10 o = )
allil 7| -
0 T
20 30 40 50

Water concentration [wt%]

@)
100
0__OH TCTPC+OD@365 nm
%0 0loD@365 nm
80 07 - g BCTPCHOD@405 nm
- 5 ©10D@405 nm
=] N
) 60
c i s
S
® 50
o I
2
5 40
o 67
30 60
20 e #
10 21 1
8 9 5
0 4
20 30 40 50

Water concentration [wt%)]

©

View Article Online

Polymer Chemistry

O OH OTPA+IOD@365 nm
90 g olOD@365 nm
80 || ®TPA+IOD@405 nm
O7N""S mI0D@365 nm
70 m i ”°W
T [T M/ ° =
= 60
c
L
@ 50
o
H
§ 40 |
30 e o
20 a1
32
10 .
T
0 -
20 30 40 50
Water concentration [wt%]

£ ODPC+OD@365 nm

20 ﬁvj\ o10D@365 nm

. A gl icooeim
nm

- N

60

50

40

Conversion [%]

30

20

15 * 15
20 30 4 50

Water concentration [wt%]

(d)

Fig. 9 Comparison of maximum conversions of acrylate oligomer (PEGDA M, = 700 g mol™) during photopolymerization process occurring
according to radical mechanism obtained using various initiating systems using respectively 0.1 wt% of the photosensitizers, respectively, (a) CCA, (b)
TPA, (c) CTPC and (d) ODPC and 1.0 wt% photoinitiator — IOD are displayed on the data bars. The results were grouped according to the water
content in the formulation. The results were obtained during irradiation with a light-emitting diode with a wavelength of 365 nm (CW = 1.7 A
(26.76 mW cm™2)) and 405 nm (CW = 1.4 A (29.73 mW cm™2). As references, photopolymerization processes involving a citric acid chromophore-
free inking system are shown (grey). The results were grouped according to the quantity of water in the light-curable composition and shown
together with the corresponding error bars for the three repeated measurements.

highest final conversion values, as indicated by the presence
of sulfur in the structures of both photosensitizers. The lower
values obtained for CTPC may be related to the complexity of
this structure, specifically, the group attached to the carbon in
the third position. As can be seen, the simplest chromophore
shows the highest efficiency, the substitution of the carboxyl
group causes a slight decrease in the efficiency of the initiation
process. In the case of a larger substituent containing atoms
and groups of different natures, the potential is significantly
reduced, possibly indicating intramolecular processes that
may lead to a decrease in the efficiency of catalysis of the
initiation process. In the case of the ODPC chromophore, the
lowest values were obtained, although this was not indicated
by previous analyses, in which it showed the best properties,
apart from CCA. However, it could already be concluded that it
may have the lowest efficiency owing to the presence of oxygen
in the structure, which indicates a lower probability of electron
transfer than that in the case of sulfur, which is incorporated
into the other chromophores. However, based on other results

2590 | Polym. Chem., 2025, 16, 2580-2599

in which this chromophore showed very good spectroscopic
and electrochemical properties, it would indicate a much
higher efficiency. The conversion values were also higher when
light of shorter wavelengths was used, which is related to the
fact that all the compounds studied exhibit significantly
higher molar extinction coefficient values at this wavelength.

A secondary aim of these analyses was to determine the
influence of the water content of the composition on the final
conversion values, and possibly the course of the photo-
polymerization process. Regarding the course of the process,
specifically the kinetic profiles included in the ESI in Fig. S40-
47,7 no conclusive differences were observed. However, the
differences in the final conversion values were significant. In
the case of both diodes and all initiating systems, the final
conversion values decreased with increasing water content in
the composition. This relationship may be related to the lower
content of the reactive component, the PEGDA oligomer,
which affected the lower intensity of the observed band associ-
ated with the lower content of reactive double bonds, the clea-

This journal is © The Royal Society of Chemistry 2025
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vage of which was monitored. Increasing the dilution of the
composition negatively affects the process, leading to lower
conversion values. In some cases, this dilution is preferred
because it eliminates excessive crosslinking of the compo-
sition, which can cause problems in the case of 3D printing
using an acrylate oligomer with significant reactivity. On the
basis of the results obtained, it was determined that a water
content of 30% allowed the composition to be crosslinked
effectively without negatively affecting the final conversion
values.

3.7. Monitoring of photopolymerization processes via photo-
rheology measurements

The aim of the photorheology studies was to validate the
results obtained from the preceding analyses of the photo-
polymerization process using the real-time FT-IR method and
to determine parameters such as polymerization shrinkage
and gel time (z41), which are crucial for the use of the investi-
gated compositions in 3D printing processes. The results of
polymerization shrinkage for all of the compositions based on
the initiating system are presented in Fig. 10a, and the corres-
ponding changes in the storage modulus for the compositions

View Article Online

Paper

based on CCA chromophore in the role of photosensitizer are
shown in Fig. 10b. The gel times for the respective initiating
systems per composition are shown in Table 6.
Complementary results obtained for other photoinitiating
systems are shown in Fig. S48-S50 in the ESL.{

The photorheology measurements enabled the determi-
nation of polymerization shrinkage, which is one of the key
parameters in the application of the compositions studied in
3D printing. The excessive shrinkage percentage, that is, the
difference in the thickness of the composition before and
during the photopolymerization process, affects the accuracy
of the structure obtained as a result of 3D printing and its
compliance with the initial digital project. For the studied
samples, the polymerization shrinkage increased as a result of
increasing dilution of the composition. The latter is because
photopolymerization reactions are highly exothermic pro-
cesses, and the irradiation itself also increases the temperature
of the sample, which makes it possible for the diluent in the
form of water to partially evaporate, resulting in a change in
the volume of the sample tested during measurements. The
percentage of final shrinkage was not significant (0.3% for a
water content of 50 wt%); however, for a potential application
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Fig. 10

(a) Polymerization shrinkage final values for compositions containing all of the chromophores (0.1 wt%) and 10D (1.0 wt%) with PEGDA oli-

gomer (80 wt%, 70 wt%, 60 wt%, 50 wt%) and water (20 wt%, 30 wt%, 40 wt%, 50 wt%) monitored for 600 s, under irradiation with a light source of
405 nm at an intensity of 1.4 A (13.37 mW cm™2). The results were grouped according to the quantity of water in the light-curable composition. (b)
Changes in the storage modulus (G') during photopolymerization depicted for compositions with different water concentrations and containing a
photoinitiating system with CCA (0.1 wt%) and 10D (1.0 wt%).

Table 6 Summary of gel times (r4e) Obtained for all initiating systems containing 0.1 wt% fluorophore, 1.0 wt% IOD and respective amounts of
PEGDA oligomer and non-reactive component in the form of distilled water, respectively

Tger [8]

80 wt% PEGDA 70 wt% PEGDA 60 wt% PEGDA 50 wt% PEGDA

Photoinitiating system 20 wt% H,O 30 wt% H,O 40 wt% H,O0 50 wt% H,O
0.1 wt% CCA + 1.0 wt% IOD 108 112 169 203
0.1 wt% TPA + 1.0 wt% IOD 88 93 105 108
0.1 wt% CTPC + 1.0 wt% IOD 104 146 225 284
0.1 wt% ODPC + 1.0 wt% IOD 146 155 196 357
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in 3D printing, it was necessary to select a composition with
the lowest possible polymerization shrinkage using the
highest possible diluent content. In the case of a composition
containing 30 wt% distilled water and 70 wt% PEGDA oligo-
mer, the polymerization shrinkage remains at the same level
as that of the least diluted sample, increasing only towards the
end of the process. However, by using a shorter exposure time
in the printing process, a lower shrinkage value can be main-
tained during the 3D printing process.

It is also important to select a composition with process
initiation efficiency that would allow rapid production of poly-
meric materials by 3D printing methods. The gel point and
the corresponding gel time corresponded to the point at which
the rheological properties of the sample changed; thus,
polymerization and crosslinking of the tested composition
occurred. For a composition that was preselected for printing
and contained 30 wt% water, the lowest gel times corre-
sponded to compositions with a photoinitiating system con-
taining the fluorophores TPA and ODPC as photosensitizers.
However, considering the previously obtained results from
real-time FT-IR measurements and the effectiveness of the
system in terms of the final conversion values obtained for the
double bonds present in the acrylate oligomer, the initiating
system containing the fluorophore ODPC did not allow the for-
mation of suitable values. Therefore, compositions based on
an initiating system containing 0.1 wt% of the photosensitizer
CCA or TPA and 1.0 wt% IOD, respectively, as well as the oligo-
mer PEDGA 70 wt% and distilled water 30 wt% were selected
for the 3D printing process. The choice of composition was
dictated by both photorheology and real-time FT-IR results
included in Fig. 11. Although the induction time in the case
of photorheology studies was considerably higher than for
FT-IR analyses, the main purpose of the studies presented in
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this section was to determine polymerisation shrinkage. In
addition, the induction times are higher in this case due to
the light intensity on the sample being less than twice as high
as for FT-IR studies due to the specifics of the measurement
system.

3.8. Kinetic studies of high-viscous compositions dedicated
to extrusion-based 3D bioprinting techniques

Having in mind the possible application of the investigated
initiation systems in 3D bioprinting based on pressure extru-
sion of photocurable materials, i.e. in DIW (direct ink writing)
technology, the compositions were modified in such a way as
to meet the criteria for bioinks used in this 3D printing
technology. In order to achieve this, PEG with an average
molar mass of M,, = 2000 g mol™" in the same amount as dis-
tilled water i.e. 30 wt%, was applied instead of distilled water
as a diluent and 80 wt% of PEGDA oligomer with an average
molar mass of M, = 700 g mol™", while the initiator IOD
(1.0 wt%) and the fluorophore CCA or TPA (0.1 wt%) served as
the initiating system. In the context of applying the proposed
compositions to DIW 3D printing processes, it is crucial to
determine the changes in rheological properties during
sample exposure to light. Classic rheological studies were
carried out to examine the viscosity of the compositions com-
pared to commercially used bioinks to determine the useful-
ness of extrusion, where viscosity is of key importance in deter-
mining the printing parameters. A graph showing the time
dependence of the storage modulus, loss modulus and normal
force for the composition containing 30 wt% PEG and 70 wt%
photoinitiating system with 0.1 wt% CCA and 1.0 wt% IOD is
shown in Fig. 12a and the viscosity obtained for each compo-
sition tested and commercial CELLINK START are shown in
Fig. 12b.

3685,85

2569,6 2686,42

CCA+IOD+PEGDA+PEG TPA+IOD+PEGDA+PEG CELLINK START

(b)

(a) Kinetic curves obtained from rheological measurements for the compositions containing PEGDA (70 wt%) in the role of the reactive part

and PEG (30 wt%) as a non-reactive part with a corresponding initiating system consisting of (1.0 wt%) 10D and (0.1 wt%) CCA and TPA fluorophore,
respectively. The samples were monitored for 600 s, under irradiation with a light source of 405 nm at an intensity of 1.4 A (13.37 mW cm™2). (b)
Viscosity of the composition containing CCA or TPA (0.1 wt%) and 10D (1.0 wt%) with PEGDA oligomer (70 wt%) and PEG (30 wt%) along with the
obtained final viscosity value and the value obtained for the commercially used bioink CELLINK START.
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Fig. 12 (a) Kinetic profiles obtained for the monitored band at wavenumber 6165 cm™ for compositions containing, respectively, CCA or TPA
(0.1 wt%) and 10D (1.0 wt%) with PEGDA oligomer (70 wt%) and PEG (30 wt%) as the non-reactive component. (b) Comparison of final conversions
of acrylate oligomer (PEGDA M,, = 700 g mol™Y) during photopolymerization process occurring according to radical mechanism. The results were
obtained during irradiation with a light-emitting diode with a wavelength of 405 nm (CW = 1.4 A (29.73 mW cm™2)).

From the photo-rheological studies carried out, it was poss-
ible to determine the gel time for the application of 405 nm
light of an appropriate intensity to the sample (13.37 mW cm™>),
which is a key parameter in terms of the use of the compositions
studied in 3D printing, as it allows us to determine the exposure
time of the structure obtained by extrusion of the high-viscosity
bioink for its cross-linking. In the case of a composition contain-
ing an initiating system based on the fluorophore TPA as a
photosensitizer, it was possible to significantly reduce the time
needed to reach the gel point, so that the exposure time of the
obtained structure could be shortened compared to the other
compositions. In this case, the gel point was determined as the
point of inflection of the loss modulus and storage modulus,
and not as the point of intersection, as these moduli are far
apart because of the high viscosity of the material.

To determine the usefulness of the compositions tested for
3D printing, real time-FT-IR analyses were also carried out to
thoroughly investigate the possibility of post-curing of the
extruded structure and thus confirm the results obtained by
photo-rheology measurements. Rheological studies
carried out to examine the viscosity of the compositions com-
pared to commercially used bioinks to determine the useful-
ness of extrusion, where viscosity is of key importance in deter-
mining the printing parameters. The results of the FT-IR ana-
lyses are shown in Fig. 13.

Investigations into the kinetics of the photopolymerization
of highly viscous photocurable compositions have shown that
initiating systems with photosensitizers in the form of fluoro-
phores derived from citric acid significantly improve the kine-
tics and quality of materials prepared using photochemical
methods. Both systems are characterized by high efficiency
and short induction times. Although a much higher final con-
version value was obtained with the TPA fluorophore-based

were

This journal is © The Royal Society of Chemistry 2025

system, which would allow more efficient crosslinking of the
structure in a shorter period of time, compositions containing
both initiating systems were used to further investigate print-
ing possibilities.

The aim of the viscosity tests was to compare the compo-
sitions of the commercially available bioinks to determine
their initial feasibility for printing and to pre-define the print-
ing parameters. Both compositions developed in this study
have very similar viscosity values, but are lower than that of
the commercial bioink CELLINK START. For both compo-
sitions, the viscosity exceeded 2500 mPa s. Therefore, it was
concluded that they were suitable for extrusion-based printing.
In this case, the differences between the developed compo-
sitions and the commercial bioink should be considered when
adjusting the printing parameters.

3.9 3D printing experiments

The final stage of the research was to fabricate 3D printouts of
the tested photocurable compositions to assess their potential
in 3D printing and the resolution of the structures obtained in
this manner. Stereolithography (SLA) 3D printing was the first
photochemical technique chosen to produce three-dimen-
sional structures. Images of prints made using a composition
containing 70 wt% PEGDA and 30 wt% distilled water and an
initiating system consisting of 0.1 wt% CCA and 1.0 wt% IOD
are shown in Fig. 14, while prints made from a similar compo-
sition only changing the fluorophore to TPA as a photosensiti-
zer are shown in the ESI in Fig. S55.F

The 3D printouts obtained with the SLA technique, using a
compact device dedicated to the production of small struc-
tures, are characterized by a relatively good resolution. The
lack of visible pixels on the printout surface may be because of
the use of a hydrogel composition containing water, whereby
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Fig. 13 Microscopic images of obtained 3D prints manufactured using laser engraver printer machine (NEJE DK-8-KZ) equipped with a laser of a
wavelength of 405 nm and intensity of 1500 mW using a composition consisting of poly(ethylene glycol)diacrylate (70 wt%) and water (30 wt%). The
photoinitiating system consisted of (1.0 wt%) of IOD and (0.1 wt%) of CCA fluorophore.
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Fig. 14 Microscopic images of obtained 3D prints manufactured using BioX™ printer equipped with a diode of a wavelength of 405 nm and inten-
sity at the sample of 9.88 mW cm™2 using a composition consisting of poly(ethylene glycol)diacrylate (70 wt%) and poly(ethylene glycol) (30 wt%).
The photoinitiating system consisted of (1.0 wt%) of IOD and (0.1 wt%) of CCA fluorophore.
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the composition is diluted with a non-reactive component.
The latter may lead to the migration of polymer chains formed
during the printing process, thus affecting the irregularities
and subtle curvatures of the plane surface that are visible in
the images. The printouts also show good resolution at the
bottom layer contacting the glass, which is very promising con-
sidering the high light penetration depth of the sample, as evi-
denced by printout heights of 2.23 mm for the printout with
the 0.1 wt% CCA and 1.0 wt% IOD initiating system and
1.91 mm for the printout with the 0.1 wt% TPA and 1.0 wt%
10D initiating system.

An additional investigated printing technique was DIW
(direct ink writting), which was intended to show another
potential application of the developed initiating systems,
which, using a resin with appropriate rheological parameters,
would allow a completely different type of material, allowing
for possible cell cultivation to be obtained. Images of the
resulting material for a composition containing 70 wt%
PEGDA, 30 wt% PEG, and an initiating system consisting of
0.1 wt% CCA and 1.0 wt% IOD are shown in Fig. 14.

The structures obtained by extrusion were characterized by
reasonably good resolution and consistency with the design
generated by the 3D bioprinter system. Possible shortcomings
could be corrected by changing the PEG content; however, in
this case, the tests involved using the same PEGDA oligomer
content only with a change in the type of non-reactive com-
ponent. As regards the resolution of the prints obtained using
the DIW 3D printing method, the viscosity and homogeneity
of the photo-curable composition play a major role here,
which, for the purposes of determining the suitability of the
investigated initiating system, was definitely sufficient.
However, when it comes to developing the matrix composition
of the photo-curable composition, a number of studies would
need to be conducted to find the right parameters for both the
resin and the print. Regarding the usability of the initiating
system, after cross-linking of the extruded structure, all lines
present in the structure were fully cured during 120 s of illumi-
nation with a diode with a wavelength of 405 nm and an inten-
sity of 9.88 mW cm 2. The structure exhibited good resolution,
and most importantly, from the point of view of the research
carried out in this study, the initiating system tested worked
well for the cross-linking of the finished 3D structures. One
conclusion that can already be drawn at this stage is that it is
possible to use the investigated derivatives as initiating
systems for 3D bioprinting to obtain porous structures on
which cells can be deposited. However, it is crucial to further
elaborate the composition in terms of monomer/oligomer and
non-reactive components.

4. Conclusions

Within the scope of this article, four fluorophores derived
from citric acid-based synthesis were investigated, specifically
5-0x0-2,3-dihydro-5H-[1,3]thiazolo[3,2-a]pyridine-7-carboxylic
acid (CCA), 5-oxo0-2,3-dihydro-5H-1,3]thiazolo[3,2-a]pyridine-

This journal is © The Royal Society of Chemistry 2025
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3,7-dicarboxylic acid (TPA), 6-oxo-3,4-dihydro-2H,6H-pyrido
[2,1-b][1, 3]oxazine-8-carboxylic acid (ODPC) and 3 [(carboxy-
methyl)carbamoyl]-5-ox0-2,3-dihydro-5H-[1,3]thiazolo[3,2-a]
pyridine-7-carboxylic acid (CTPC). In-depth analyses of the
spectroscopic characteristics, electron transfer mechanism
investigated by spectroscopic and electrochemical methods,
and process kinetics and applicational studies of the devel-
oped initiating systems were carried out. From spectroscopic
studies, it was possible to make a preliminary determination
of the suitability of the investigated compounds for 3D print-
ing because of the broad absorption bandwidth that reaches
the visible range. The Gibbs free energy (AG) for the electron
transfer process was calculated from the electrochemical
studies, from which it was possible to determine that AG was
negative for all compounds; that is, both the oxidation and
reduction cycles were thermodynamically acceptable. For both
these results and those obtained from the determined average
fluorescence lifetimes and quenching of the PL emission spec-
trum, the chromophore CCA showed the best potential as a
photosensitizer for diphenyliodonium salt (IOD).

The hypothesis put forward in this way was confirmed by
photopolymerization kinetics studies, where an initiating
system containing this photosensitizer allowed the highest
final conversion values to be achieved compared to the others.
The ODPC derivative also showed great potential for possible
application in the first stage of the study but was found to be
the least effective during kinetics testing. Given the structure
of this compound, which is the only one with an oxazine ring
instead of a thiazole ring, this suggests that the electron trans-
fer process should occur with lower efficiency. TPA and CTPC
derivatives, on the other hand, when used in the study of kine-
tics in photocurable resins, showed significantly better pro-
perties and higher efficiency in catalyzing the initiation
process than the initial analyses suggested. The electro-
chemical, absorption, and fluorescence results may be influ-
enced by the number and type of substituents in the structure
in these two cases. The CTPC and TPA derivatives, compared
to the one for which the lowest value was obtained, were dis-
tinguished by the presence of two electron acceptor carboxyl
groups. The presence of such groups may negatively affect the
electrochemical properties, which may explain why they have
higher G values than the other fluorophores during the oxi-
dation cycle. In addition, the complexity of the structure can
negatively affect the obtained values.

However, investigations into the kinetics and rheological
properties of the material have enabled the selection of suit-
able initiating systems for use in 3D printing as well as the
determination of the composition in terms of the content of
the non-reactive component (water). In this case, the aim was
to maintain the highest possible dilution, best final conversion
results, shortest gel time, and lowest possible shrinkage.
Therefore compositions consisting of 70 wt% PEGDA, 30 wt%
distilled water and an initiating system consisting of 0.1 wt%
CCA or TPA, respectively, and 1.0 wt% IOD were selected. The
objects obtained from the 3D printing tests using the SLA tech-
nique had a good resolution, particularly given the small size
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of the overall object. Therefore, these compounds are suitable
photosensitizers for initiating systems dedicated to 3D print-
ing of hydrogel structures.

An additional aim of this study was to determine the possi-
bility of using the developed initiating systems in 3D bioprint-
ing based on material pressure extrusion, that is, the DIW
technique. To this end, photocurable compositions were devel-
oped with appropriate viscosity using the same initiation
systems as in previous studies. PEG was used as a non-reactive
component to alter the rheological properties of the tested for-
mulations. Based on FTIR, classical rheology, and photorheol-
ogy analyses, it was possible to determine the initial print
parameters. The obtained structures were characterized by very
good resolution and excellent back-crosslinking, demonstrat-
ing that the developed systems can be used to cure thicker
layers of materials, such as those produced during extrusion
printing.

The main and most important finding of this study is that
the tested fluorophores can be successfully used in initiating
systems operating in the ultraviolet and visible light ranges
dedicated to 3D SLA printing and 3D DIW bioprinting.
Photoinitiating systems containing the proposed photosensiti-
zers show significantly higher efficiencies than iodonium salt
references and open up the possibility of using these materials
for a wide range of applications.
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