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Revealing the photoredox potential of azulene
derivatives as panchromatic photoinitiators in
various light-initiated polymerization processes
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Herein, the application of previously unknown azulene derivatives as effective panchromatic photosensiti-
zers in the visible light range in the initiation of light-induced cationic and free-radical polymerization
processes was investigated. The presented azulene derivatives showed a high photoreodox potential
allowing the use of these compounds in two-component and three-component photoinitiating systems
for various photopolymerization processes. In addition, within the scope of this manuscript, the effective-
ness of using photoinitiating systems containing the proposed azulene derivatives in 3D printing to obtain
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1. Introduction

Light-induced polymerization processes are currently leading
the way among methods of obtaining advanced polymeric
materials due to the numerous advantages of the process,
including the ability to conduct the reaction at room tempera-
ture and the lack of any need for solvents. In addition, photo-
polymerization is ecologically safe due to the minimal energy
consumption and lesser use of toxic solvents and reduction of
the amount of unreacted monomers and photoinitiators and
with the selection of appropriate substrates, it is also non-
toxic. Furthermore, depending on the mechanism of the
ongoing reactions, it is possible to use a variety of substrates
of synthetic and natural origin, and thus to obtain diversified
products suitable depending on the intended use of the
materials obtained to develop them with the desired para-
meters such as mechanical and biological properties in the
context of their toxicity."® Photopolymerization is used in
various fields of industry, such as photolithography to create
printed circuit boards, the coating industry to photocure
polymer adhesives, medicine to create functional hydrogel bio-
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three-dimensional polymer structures has been confirmed and for the first time proven in the literature.

materials, for the manufacturing of responsive and conductive
materials, as well as nanostructured materials with improved
mechanical properties.”™* In addition, the use of photo-
polymerization as a method for obtaining these functional
polymeric materials provides an opportunity to control the
ongoing process. Studying of the kinetics is possible via real-
time monitoring such as Fourier Transform Infrared spec-
troscopy (FTIR), which enables the study of monomer conver-
sion by tracking the disappearance of the characteristic
vibrational bands of the interacting functional group and is
one of the most widely used techniques for evaluating the con-
version of functional groups of monomers and oligomers.">>°

Undoubtedly, a key role in the photopolymerization process
is played by the photoinitiator, which is not only responsible
for initiating the photopolymerization reaction, but is also
responsible for the reaction kinetics and final properties of the
resulting material. Photoinitiators are divided into Type I
(single-component) and Type II (two- or multi-component)
photoinitiators. The disadvantages of commercially used Type
I photoinitiators, including the incompatibility of the absorp-
tion characteristics of photoinitiators with the emission
characteristics of used light sources, result in the search for
effective photoinitiating multi-component systems currently
being the subject of researchers’ work.>'>* The use of a dye in
such systems, that acts as a light absorber, shifts the absorp-
tion spectrum of the photoinitiating system towards longer
wavelengths, greatly expanding the area of application of the
photoinitiator. The dye molecule acts as a photosensitizer for
the photoinitiator of the other component and it can act as an
electron donor or acceptor depending on the mechanism of
the reaction being carried out. The main step leading to the
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formation of initiating radicals in this type of photoinitiating
system is the electron transfer process.**>*® Significant pro-
gress has been made in the design and synthesis of functional
dyes for efficient photoinduced polymerizations using soft
light LEDs. Meanwhile, the quest for novel functional dyes
that facilitate photopolymerization under blue to red LED light
sources remains a difficult research problem. Dye molecules
that are suitable for this purpose should strongly absorb in the
spectral region corresponding to the emission wavelengths of
Vis-LED light sources and should have relevant electro-
chemical properties.>’ > Despite the fact that metal complexes
(e.g., ruthenium or iridium complexes) have been incorporated
into photoinitiating systems for polymer synthesis under extre-
mely mild irradiation conditions such as sunlight, fluorescent
bulbs, or LED bulbs, these materials are either prohibitively
expensive or difficult to synthesize. A more accessible solution
is the use of organic dyes, which have a simpler synthesis
pathway, are less toxic and exhibit improved stability and solu-
bility.** Some dyes, such as acridine orange,** erythrosin B,*
eosin B,*® rhodamine B,*” rose bengal®® and methylene blue,
have previously been claimed to be employed as visible
light photosensitizers. A wide range of synthetic dyes have
been employed in photoinitiating systems such as acridones,*°
benzophenones,”* camphorquinones,*” carbazoles,”*** chal-
cones,” chromones,*® coumarins,” cyclohexanones,*® fla-
vones,*® ferrocenes,”® helicenes,®® naphthalimides,”® pery-
lenes,” phenothiazines,”® porphyrins,> pyrenes,”® squar-
aines,”” and thioxanthones.>® Coumarins, in particular, absorb
substantially in the near-UV visible region, whereas perylenes
and phthalocyanines typically absorb beyond 550-600 nm.**°*
The tunability of their absorption spectra remains restricted
for the majority of these families (coumarins, perylene, phtha-
locyanines); therefore a red-shift or a blue-shift of their
absorptions may only be produced after significant synthetic
input.®>~%*

Azulene is a naphthalene isomer composed of fused 5- and
7-membered ring structures that is named after its bright blue
color. Azulene, unlike naphthalene, is a non-alternant hydro-
carbon with nodal points at C-2 and C-6 of the HOMO and C-1
and C-3 of the LUMO. Because of the position of these nodes,
there is less electrical repulsion in the singlet excited state (S,),
allowing for a narrow HOMO-LUMO gap. As a result, the Sq —
S, transition results from the absorption in the visible area. In
naphthalene, however, the coefficient magnitudes remain
stable for each location in both the HOMO and LUMO, allow-
ing for higher electron pair repulsion. In the same manner,
there is no variation in the coefficient magnitudes of azulene’s
HOMO and LUMO+1, resulting in a wide S-S, gap (and hence
a big S;-S, gap). This results in a system in which the tran-
sition S, — S, is the predominant mode of fluorescence, violat-
ing Kasha’s rule.®*”’* Azulene and its derivatives have a one-of-
a-kind mix of optical, luminescent, and stimuli-responsive
characteristics. Because of its unusual electrical and optical
characteristics, azulene has gained increased interest in recent
years, and the synthesis of azulene-based functional materials
has become an active subject of study. Electrochromic
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materials,”> anion sensors,”® charge-transfer complexes,”>”*
perovskite solar cells,”> organic conductors,”® nonlinear
optical materials,”®> near-infrared resonance materials,”””
biology’® and medicine’® are just a few of the applications for
azulene derivatives. Azulene derivatives are also used in
organic field-effect transistors (OFETs) and organic light-emit-
ting diodes (OLEDs).””

Within the framework of this manuscript, we have pre-
sented eight previously undiscovered azulene derivatives and
proposed their use in multi-component photoinitiating
systems for various types of polymerization reactions.
Spectroscopic characterization studies confirmed the panchro-
matic properties of the developed compounds. On the basis of
electrochemical studies and thermodynamic calculations, we
proposed the use of the synthesized azulene derivatives in two-
and three-component photoinitiating systems for cationic and
free-radical polymerization reactions. The effectiveness of
these photoinitiating systems was confirmed using Fourier-
transform infrared spectroscopy in real-time (real-time FTIR).
In addition, we have proven for the first time the feasibility of
using azulene derivatives as photosensitizers to obtain three-
dimensional polymeric materials using additive technologies,
more specifically vat 3D printing using digital light processing
(DLP) technology.

2. Materials and methods

2.1. Materials

A series of eight newly-synthesised azulene derivatives:
1-bromo-3-(4-methylsulfanylphenyl)azulene (Az1), 1,3-bis(4-
methylsulfanylphenyl)azulene (Az2), 4-(3-bromoazulen-1-yl)
benzonitrile (Az3), 4-[3-(4-cyanophenyl)azulen-1-yl|benzonitrile
(Az4), 4-[3-[4-(trifluoromethyl)phenyl]azulen-1-yl]benzonitrile
(Az5), 1-(4-methylsulfanylphenyl)-3-(4-nitrophenyl)azulene
(Az6), 1-(4-nitrophenyl)-3-[4-(trifluoromethyl)phenyl]azulene
(Az7), 1,3-bis[4-(trifluoromethyl)phenyl]azulene (Az8), shown
in Fig. 1 were synthesised and evaluated for their role as photo-
sensitizers in cationic and free-radical photopolymerization pro-
cesses. The pathway for the synthesis of these compounds,
along with full NMR and LCMS characterization, is presented in
the ESL.T Commercially available azulene and guaiazulene (both
from Sigma Aldrich) were also studied for their potential usabil-
ity in photoinitiating systems.

Triethylene glycol divinyl ether (TEGDVE, from Sigma
Aldrich) and 3,4-epoxycyclohexylmethyl 3,4-epoxy-cyclohexane-
carboxylate (CADE, from Lambson) were used as a model vinyl
ether monomer and epoxide monomer respectively, for cat-
ionic polymerization. Trimethylolpropane triacrylate (TMPTA,
from Ambeed) was used as a model monomer for free radical
photopolymerization. Proposed azulene derivatives were used
in this study in two- or three-component photoinitiating
systems with various components, namely: bis(4-t-butylphe-
nyl)-iodonium hexafluorophosphate (IOD, from Lambson),
N-vinylcarbazole (NVK, from Sigma Aldrich), tris(trimethyl-
silyl)silane (TTMSS, from Sigma Aldrich), N-methyl diethanola-

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Structures of azulene, guaiazulene and eight new azulene derivatives investigated in this study.

mine (MDEA from Sigma Aldrich) and 2-bromoisobutyryl
bromide (BIBB, from TCI). Structures of the used chemicals
are shown in the ESI in Fig. S.55-5.62.F

2.2. Absorption and fluorescence characteristics

A TEC-X2 spectrometer (from StellarNet, Inc., Tampa, FL,
USA), equipped with a broadband SL5 deuterium halogen
light source (from StellarNet, Inc., Tampa, FL, USA), was used
for the investigation of absorbance properties of azulene
derivatives in acetonitrile, at 25 °C. Measurements were
carried out in a quartz cuvette with an optical path length of
10 mm.

A FluoroMax-4P spectrofluorometer (from Horiba, Kyoto,
Japan) was used in order to investigate the emission and exci-
tation spectra of all the compounds in acetonitrile. Experiments
were conducted using a quartz cuvette with an optical path
length of 10 mm.

2.3. Electrochemical determination of oxidation and
reduction potentials

The oxidation (E. against Ag/AgCl) and reduction potentials
(Erea vs. Ag/AgCl) of azulene and its derivatives were deter-
mined using cyclic voltammetry — electrochemical analyzer
M161 and electrode stand M164 (from MTM-ANKO, Poland).
Tetrabutylammonium hexafluorophosphate (0.1 M) (from
Sigma Aldrich) was used as a supporting electrolyte, a silver

This journal is © The Royal Society of Chemistry 2024

chloride electrode (Ag/AgCl) was used as a reference, and a
platinum disc was applied as the working electrode. The
process parameters are as follows: a scan rate of 0.1 V s,
ferrocene was employed as a reference and potentials were
calculated using half peak potentials. The Gibbs free energy
AG for an electron transfer between the components of
the photoinitiating system was calculated from the obtained
oxidation and reduction potentials using the following
formula:
D A Ze?

~ Ered | — Eoo — (1)

AGet = F |Eox - ——
o ™ Dt A ea

where E,, (D/D™") is the oxidation potential of the electron
donor, E..q (A"/A) - the reduction potential of the electron
acceptor, Eo, - the excited state energy, and (Ze*/ea) the
electrostatic interaction energy for the initially formed ion
pair. The parameter (Ze*/ea) is negligible in polar solvents.
The excited state energy was determined from the exci-
tation and emission spectra using a FluoroMax-4P spectro-
fluorometer (Horiba, Kyoto, Japan). All spectra were
recorded at varied excitation wavelengths in the range of
200-800 nm.

2.4. Steady-state photolysis of azulene derivatives

A photolysis experiment was carried out for acetonitrile solu-
tions of azulene and all of the examined derivatives. The

Polym. Chem., 2024, 15, 2931-2948 | 2933
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sample was exposed to UV-LED-365 nm (M365L2, Thorlabs
Inc., USA) emitting at 365 nm wavelength and (CW = 0.7 A
(54.23 mW cm™?)), current, for 30 min. The light source was
powered using a Thorlabs Inc., USA DC2200 regulated power
supply. Throughout the exposure duration, the UV-VIS spectra
were acquired using a broadband beam from a UV/VIS deuter-
ium-halogen light source (SL5, StellarNet USA).

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

The kinetics of light-induced polymerization processes were
studied using the real-time FT-IR technique with a Thermo
Scientific FT-IR"'® NICOLET™ spectrometer with a horizontal
adapter (Waltham, MA, USA). The monomer conversion was
calculated based on the changes in the absorbance of the
examined sample, specifically the decrease in the absorbance
of peaks responsible for functional groups or bonds engaged
in the photopolymerization process, using eqn (2):

Before

Conversion [%] = (1 - %) x 100% (2)
where Apger is the monitored band’s area, and Agerore iS the
starting value of the monitored band’s area.

The characteristic absorbance peaks for the investigated
monomers are described below in detail for each photo-
polymerization individually. Due to the fact that proposed
azulene derivatives exhibit panchromatic properties, the fol-
lowing light sources were used for photopolymerization
studies: 405 nm M405LP1 Vis-LED (CW = 14 A (29.73 mW
em™?)), 415 nm M415LP1 Vis-LED (CW = 2.0 A (32.51 mW cm ?)),
450 nm MA450LP1 Vis-LED (CW = 2.0 A (36.67 mW cm ),
475 nm M470L3 Vis-LED (CW = 1.0 A (12.88 mW cm 2)),
505 nm M505L3 Vis-LED (CW = 1.0 A (7.93 mW cm™2)),
530 nm M530L3 Vis-LED (CW = 1.0 A (6.94 mW cm ™)) and
565 nm M565L3 Vis-LED (CW = 1.0 A (17.44 mW cm™2)) from
Thorlabs Inc., Tampa, FL, USA. A DC2200 controlled power
supply (from Thorlabs Inc., Tampa, FL, USA) was used to regu-
late the power of the light. The sample was irradiated for 10
seconds after the process began. The distance between the
irradiation sources and the formulations was 2.1 cm.

2.5.1. Panchromatic light-sensitization properties of
azulene. A real-time FT-IR technique was employed to deter-
mine the panchromatic light-sensitization properties of
azulene. The compositions consisted of the acrylate monomer
TMPTA with the corresponding photoinitiating system: MDEA
(3.0 wt%), bromide (2.0 wt%) and azulene (0.5 wt%). Cationic
photopolymerization was also conducted using the vinyl ether
monomer TEGDVE and a different three-component photoini-
tiating system: NVK (3.0 wt%), IOD (2.0 wt%) and azulene
(0.5 wt%). Mechanisms corresponding to both photoinitiating
systems are shown in Figure S.63 in the ESI.{ All of the photo-
curable compositions were studied under the irradiation of
different light sources mentioned above. The laminated
samples (between two polypropylene films; thickness 25 pm)
were deposited on a horizontal holder in an FT-IR spectro-
meter and were irradiated. For both photopolymerization pro-
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cesses, the progress of the reaction was monitored at
1620 cm ™" for 800 s, at a constant temperature of 25 °C.

2.5.2. Photoredox processes in the initiation of free-radical
photopolymerization. Compositions consisting of the TMPTA
monomer and MDEA (3.0 wt%), bromide (2.0 wt%) and
azulene and all of its derivatives (0.5 wt%) were investigated.
Quantities of the initiating system were recalculated relative to
the amount of the monomer. A series of reference processes
were performed for mixtures of the TMPTA monomer with
MDEA (3.0 wt%) and bromide (2.0 wt%) used together and
separately. The experiments were conducted using two
different light sources: LED@405 nm with a current of 1.4 A
(29.73 mW cm™>) and LED@450 nm with a current of 2.0 A
(36.67 mW cm™?). The laminated samples (between two poly-
propylene films; thickness 25 um) were deposited on a hori-
zontal holder in an FT-IR spectrometer and were irradiated.
The evolution of the double bond of acrylate was monitored at
1635 cm™" for 800 s, at a constant temperature of 25 °C.

2.5.3. Photoredox processes in the initiation of cationic
photopolymerization

Cationic ring opening photopolymerization process of epoxy
monomers. The kinetics of cationic photopolymerization pro-
cesses were studied using compositions based on two mono-
mers, CADE or TEGDVE. The epoxy monomer CADE was used
together with NVK (3.0 wt%), TTMSS (3.0 wt%), IOD (2.0 wt%)
and azulene derivatives (0.5 wt%). Amounts of photo-initiating
systems were calculated according to the quantity of the used
monomer. For reference, similar compositions but without
azulene derivatives were tested. The mechanisms corres-
ponding to these photoinitiating systems are shown in Fig. 2a
and b. As an irradiation source, an LED@450 nm with a
current of 2.0 A (36.67 mW cm™?) was applied. The experi-
ments were carried out on a BaF, pallet (thickness 25 pm) and
the epoxy content was continuously monitored under air at
about 790 em™" for 800 s, at a constant temperature of 25 °C.

Cationic photopolymerization of the vinyl ether monomer. For
compositions based on the vinyl ether monomer TEGDVE fol-
lowing initiation systems were used: MDEA (3.0 wt%), IOD
(2.0 wt%) and azulene derivatives (0.5 wt%). Quantities of initi-
ating systems were recalculated in relation to the amount of
the used monomer. The initiation mechanism with the pro-
posed photoinitiating systems can be found in Fig. 2d. As an
irradiation source an LED@450 nm with a current of 2.0 A
(36.67 mW cm™?) was applied. The laminated samples
(between two polypropylene films; thickness 25 pm) were de-
posited on a horizontal holder in an FT-IR spectrometer and
were irradiated. The evolution of the double bond was moni-
tored at 1620 cm™" for 800 s, at a constant temperature of
25 °C.

2.6. 3D printing experiments

In order to obtain 3D printed objects a Lumen X+™ printer
(from CellInk Inc., USA, supplied by Sygnis SA, Poland) was
used. The printer uses digital light processing (DLP) techno-
logy and is equipped with a projector with a 405 nm light
emission wavelength. Autodesk Fusion 360 was used to create

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 UV-visible absorption spectra of azulene, guaiazulene, (a) Az1-Az4 derivatives and (b) Az5—-Az8 derivatives in acetonitrile shown in the
200 nm-800 nm range and zoomed in the 400 nm-800 nm range for (c) AzZ1-Az4 derivatives and (d) Az5—-Az8 derivatives.

the printed designs. The numerical optical microscope
DSX-HRSU (OLYMPUS Corporation, Japan) equipped with a
DSX10-SXLOB3X objective lens using a magnification of
42-420x was used to examine the created 3D objects. A high-
resolution scanning electron microscope Apreo 2 S LoVac
(Thermo Fisher Scientific) equipped with X-ray energy disper-
sive spectrometers — EDS detectors UltraDry (Thermo Fisher
Scientific) and Octane Elect (EDAX Ametek GmbH) - was used
to produce high-resolution images of the obtained printouts.

3. Results and discussion

3.1. Determination of the spectroscopic properties of the
investigated azulene derivatives

The absorption properties of the investigated azulene deriva-
tives are shown in Fig. 2 as a function of the molar extinction
coefficient against the wavelength. All of the studied com-

This journal is © The Royal Society of Chemistry 2024

pounds exhibit outstanding extinction coefficients in the
visible range with e-values exceeding almost 10 000 [dm® mol™*
em™'] in numerous cases. Furthermore, the newly synthesized
azulene derivatives have an absorption spectrum that is signifi-
cantly pushed towards longer wavelengths when compared to
azulene, which makes it possible to effectively use these
derivatives with various light sources from a safe visible range.
The Aonset Of these photosensitizers reaches up to even 800 nm
for a lesser intensity absorption band. Because of the broad
absorption range of these compounds, light sources in the UV
and visible ranges up to 405 nm can be used, as well as those
corresponding to further absorption bands ranging from
around 450 nm to even 800 nm. The spectroscopic properties
of azulene derivatives determined in acetonitrile are summar-
ized in Table 1 - the values of the molar extinction coefficients
were also determined for the wavelengths corresponding to the
wavelengths emitted by the light sources used later in the
study.

Polym. Chem., 2024, 15, 2931-2948 | 2935


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4py00275j

Open Access Article. Published on 17 June 2024. Downloaded on 3/9/2026 9:19:33 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

View Article Online

Polymer Chemistry

Table 1 Spectral characteristics of azulene derivatives studied in acetonitrile

S 3 N 3 N 3
€365 nm [dM €405 nm [dM €455 nm [dM

. 3
€470 nm [dM

) 3 , 3 , 3 . 3
€400 nm [dM €505 nm [dM €530 nm [dM €565 nm [dM

Acronym mol " em™] mol'em™] mol'em™] mol™em™] mol'em™] mol'em™] mol'em™] moltem™]
Azulene 29 13 18 44 73 101 166 250
Guaiazulene 2315 97 83 85 108 135 208 323
Az1 4614 2600 1391 1160 926 775 556 383
Az2 6083 3933 663 570 486 469 443 445
Az3 9358 3037 388 374 392 412 471 552
Az4 6880 4102 363 355 350 361 376 397
Az5 9248 5291 47 48 90 101 184 277
Az6 10019 7351 5450 3526 1605 849 319 255
Az7 8057 8371 3704 1953 718 355 221 199
Az8 6074 1588 125 105 127 135 206 255
3.2. Electrochemical determination of oxidation and The conventional Rehm-Weller equation was used to deter-

reduction potentials

Cyclic voltammetry studies of the investigated azulene deriva-
tives have been performed in order to determine their photo-
oxidation and photo-reduction properties. Exemplary cyclic
voltammetery curves for azulene derivative - Az6 are shown in
Fig. 3a and c, together with absorption and fluorescence
spectra determined in acetonitrile (Fig. 3b).

New azulene derivatives have been proposed for use in
photoinitiating systems, where electron transfer occurs via a
photo-oxidation mechanism. In such a cycle, the azulene
derivative acts as an electron donor and undergoes oxidation
during the process. The role of the electron acceptor in this
case can be played by an iodonium salt or BIBB, among
others, which undergoes reduction during the process.
Electrochemical experiments and thermodynamic -calcu-
lations were performed to confirm the validity of the pro-
posed systems, and the data obtained are summarized in
Table 2. Compounds such as I0D**® and BIBB and their
analogs®®*® are well known in the literature as components
of initiator systems dedicated to light-induced polymerization
processes.

mine the Gibbs free energy (AG) based on the observed oxi-
dation potentials of newly synthesized azulene derivatives.
Because AG is negative, the obtained results clearly show that
the photoinduced electron transfer process in the initiating
system consisting of the given azulene derivatives and I0OD, as
well as BIBB is thermodynamically acceptable. However, the
results for the Gibbs free energy obtained for IOD-based
systems are slightly lower than for BIBB-based systems; there-
fore, it is suspected that initiating systems based on iodonium
salt will be more effective.

New azulene derivatives were also proposed for initiating
systems based on MDEA, NVK and TTMSS. This sort of photoi-
nitiating system is based on electron transfer from one mole-
cule, known as the co-initiator, to another, defined as the elec-
tron acceptor. Two-component systems including MDEA>>%*%
or NVK*?™% or TTMSS®"'%7'%® and azulene derivatives can
operate in this type of photoinitiating system along with the
aforementioned compounds acting as co-initiators and being
oxidized through electron transfer, and azulene derivatives
acting as an electron acceptor and being reduced due to elec-
tron transfer. Electrochemical studies were performed to
assess the reduction abilities of the proposed compounds in
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Fig. 3

(a) Cyclic voltammetry for the oxidation process (CVy, vs. Ag/AgCl); experiments in ACN (containing 0.1 M tetrabutylammonium hexafluoro-

phosphate) for the Az6 derivative; (b) absorption and fluorescence spectra for the determination of the excited singlet state energy for the Az6
derivative; (c) cyclic voltammetry for the reduction process (CV,.q4, potential vs. Ag/AgCl) experiments in ACN (containing 0.1 M tetrabutylammonium

hexafluorophosphate) for the Az6 derivative.
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Table 2 Electrochemical and thermodynamical properties of azulene derivatives in terms of their use in the photo-oxidation mechanism in light

induces the electron transfer process calculated for compositions

Electrochemically

Singlet state determined

energy potentials Photo-oxidation Photo-reduction
Acronym Eqo [eV] Eox [mV] Ereq [MV] AGiop “ [eV] AGgrompre “ [eV] AGyipra “ [eV] AGnvk “ [eV] AGrrmss “ [eV]
Azulene 3.50 987 —337 —-1.87 -1.71 —-2.30 —-1.94 —2.73
Guaiazulene 3.36 742 —348 —-1.98 —-1.82 -2.15 -1.79 —2.58
Azl 3.00 776 —1351 —1.58 —1.43 —0.78 —0.43 —1.21
Az2 3.13 835 —1381 —-1.65 -1.50 —-0.88 —0.53 -1.31
Az3 3.06 1057 —1249 —-1.36 —-1.20 —0.95 —0.59 —-1.37
Az4 3.05 1123 —1295 -1.29 —-1.13 -0.89 —-0.54 —-1.32
Az5 3.22 1091 —1325 —1.49 —1.33 —1.03 —0.68 —1.46
Az6 2.95 951 —-1035 -1.36 -1.20 -1.05 —-0.70 —1.48
Az7 2.98 1105 —1069 —1.23 —1.08 —1.05 —0.69 —1.47
Az8 3.24 1068 —1355 —-1.53 -1.37 -1.02 —-0.67 —1.45

“ Calculated from the classical Rehm-Weller equation: AGet = F[Eox(D/D"") — Ereda (A’ /A)] — Ego — ( Npe?
chemically determined oxidation potential (0.864 V for MDEA vs. Ag/AgCl);>° (1.219 V for NVK vs.

T a) . Eoy (D/D™) - electron donor’s electro-
Ag/AgCl); (0.436 V for TTMSS vs. Ag/AgCl).”!

Ered (A"7/A) - electron acceptor’s electrochemically determined reduction potential (—0.64 V for IOD vs. Ag/AgCl);’>°* (—0.798 V for BIBB vs. Ag/
AgCl). Ey - sensitizer’s singlet state energy determined based on emission and excitation spectra.

order to establish their utility in these types of photoinitiating
systems, and the results are presented in Table 2.

Gibbs free energy (AG) has been determined using the
measured reduction potentials for the analyzed azulene deriva-
tives. Because AG is negative, the electron transfer processes
in the photoinitiating systems consisting of azulene derivatives
and MDEA/NVK/TTMSS respectively are thermodynamically
acceptable. The most favourable, i.e. lowest, Gibbs free energy
values were obtained for systems based on TTMSS, and the
least favourable ones from the thermodynamical point of view
are systems with NVK for which the highest values were
obtained. Nonetheless, the acquired values allow us to con-
clude that the examined derivatives are suitable for all of the
studied initiating systems. In addition, it is possible to claim
that the studied derivatives can also find application in three-
component photoinitiating systems based on both reducing
and oxidizing compounds mentioned before.

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

Considering that azulene and its derivatives have very broad
absorption spectra up to 800 nm, FT-IR experiments were
carried out using an LED light source in the visible range to
determine the potential of the tested derivatives to initiate

light-induced free radical and cationic polymerization
processes.
3.3.1. Panchromatic light-sensitization properties of

azulene. The aim of the study was to exploit the panchromatic
spectroscopic properties of azulene to photosensitize the iodo-
nium salts for free-radical and cationic photopolymerization
processes using different light sources compatible with the
absorption range of this compound. For the determination of
panchromatic light-sensitization properties of azulene for free-
radical polymerization processes the following acrylate compo-
sition was used: TMPTA with an initiating system containing

This journal is © The Royal Society of Chemistry 2024

azulene (0.5%), MDEA (3.0%) and BIBB (2.0%) and the results
along with the photo-redox mechanism of the given initiating
systems are shown in Fig. 4. For cationic polymerization the
vinyl ether monomer TEGDVE with an initiating system con-
taining azulene (0.5%), NVK (3.0%) and IOD (2.0%) was
applied, and the obtained results along with the photo-redox
mechanism of the given initiating systems are shown in Fig. 5.
An overview of the used diodes containing their wavelengths
along with the light intensity at the sample can be found in
the ESI in Table S.3.}

Final conversion of acrylate and vinyl ether monomers,
along with other data such as the photopolymerization rate
determined as the slope of the kinetic curve, induction time,
absorption intensity for azulene at a given wavelength, light
source and light intensity on the sample, are summarized in
Table 3. In the case of azulene, as the wavelength increases,
the absorption value of electromagnetic radiation also
increases. This relationship is partly reflected in the conver-
sion results obtained for the compositions tested using light
sources of different wavelengths. However, it should be noted
that the conversion results obtained for a diode emitting light
at 470 nm and 505 nm reached by far the lowest values for
both compositions, but this is caused by the lower intensity of
light radiating on the sample combined with relatively low
absorption values. Namely, in the case of diodes emitting light
of a lower wavelength, there is a significantly higher light
intensity value on the sample and a lower absorption value for
azulene. For higher wavelengths, on the other hand, we dealt
with the opposite relationship. However, the final conversion
values obtained at 405-470 nm and 530-565 nm are
significant.

Taking into account the obtained results and the deter-
mined values, such as the slope of the curve and the induction
time, the conclusion can be drawn that azulene shows good
panchromatic light-sensitization properties, thanks to that it

Polym. Chem., 2024,15, 2931-2948 | 2937
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Fig. 4 (a) Free-radical photopolymerization profiles (double conversion vs. time) for the acrylate monomer TMPTA and the three-component initi-
ating system: azulene (0.5%), MDEA (3.0%) and BIBB (2.0%). (b) A catalytic cycle involving azulene derivatives (Az) as photocatalysts for polymeriz-
ation in an oxidative and reductive process.

R-Br=BIBB R* + Br-

£ ®LED @405nm ®LED @415nm Ph.I*
] eLED @ o LED @470nm < X
50 ] °LED@505nm ©LED @530nm Az
oLED @ O
g 40 \VK-H
| =
ke
v 30
Q
>
=
[S)
O 20
PhH
10
Phol*
0 ‘ ) Ph*
0 100 200 300 400 500 .
Time [s] Ph,1* =10D

(@) (b)

Fig. 5 (a) Cationic photopolymerization profiles (double conversion vs. time) for the vinyl ether monomer TEGDVE and the three-component initi-
ating system: azulene (0.5%), NVK (3.0%) and IOD (2.0%). (b) A catalytic cycle involving azulene derivatives (Az) as photocatalysts for polymerization
in an oxidative and reductive process.

can act effectively as a photosensitizer in the case of processes 3.3.3. Determination of the suitability of photoinitiating
carried out using LEDs with wavelengths in the range of systems containing azulene derivatives for initiating cationic
405 nm to 565 nm, which allows the use of safer light sources photopolymerization reactions. The suitability of using
for potential applications of this type of composition. azulene and its derivatives as photosensitizers for cationic
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Table 3 Summary of acrylate and vinyl monomer conversion values compared with the basic parameters of the light sources used during the

photopolymerization

Molar extinction coefficient corresponding to

Conversion of the da/dt the emission wavelength of the light source [a. ~ Source of Intensity
Composition monomer (a) [%)] s u] light nm]  [mW cm™]
Azulene (0.5%), MDEA (3%), 39 0.472 13 405 29.7
BROMIDE (2%), TMPTA 11 0.043 18 415 32.5
36 0.189 44 450 36.7
16 0.146 73 470 12.9
6 0.010 101 505 7.9
29 0.132 166 530 6.9
38 0.150 250 565 17.4
Azulene (0.5%), NVK (3%), 44 0.280 13 405 29.7
10D (2%), TEGDVE 50 0.219 18 415 32.5
23 0.105 44 450 36.7
9 0.096 73 470 12.9
23 0.167 101 505 7.9
21 0.126 166 530 6.9
30 0.205 250 565 17.4

da/dt - the slope of the kinetic curve of the photopolymerization process.

polymerization processes was tested using compositions based
on the vinyl ether monomer TEGDVE or the epoxy monomer
CADE together with the respective initiating systems. The com-
ponents of these systems were as follows, for the vinyl
monomer: azulene derivative (0.5%), IOD (2.0%) and MDEA
(3.0%), and for the epoxy monomer: azulene derivative (0.5%),
IOD (2.0%), TTMSS (3.0%) or NVK (3.0%). Results for the
photopolymerization of the vinyl ether monomer can be found
in Fig. 6a and for the expoxy monomer in Fig. 7a. Kinetic pro-
files obtained for the studied compositions are shown in
Figure S.64 for the vinyl ether monomer and Figure S.65 for
the epoxy monomer in the ESL{

The highest conversion values for the tested vinyl monomer-
containing formulations reaching up to 50% for Azl and Az2

derivatives. In the case of the Az2 derivative, the high conver-
sion result as well as its ability to act as an electron donor can
be explained as a combined effect of both the significant value
of the molar extinction coefficient at the studied wavelength
(405 nm) and the obtained lowest value of the Gibbs free energy
for the photo-oxidation process among the tested derivatives,
the obtained kinetic profiles are shown in Fig. 6b. However,
when using a three-component photoinitiating system with the
Az2 derivative, uncontrolled polymerization in the vial occurred.
The reason for this may be the combined effect of the reactivity
of the Az2 derivative and the addition of MDEA, due to which
the number of active sites in the reaction medium increases. A
summary of the conversion of vinyl ether monomer-based com-
positions is shown in Table S.4 in the ESL}
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Fig. 6

(a) Comparison of maximum conversions of the vinyl ether monomer during the photopolymerization process occurring according to the

cationic mechanism obtained using various initiating systems containing azulene derivatives obtained during irradiation with a light-emitting diode
with a wavelength of 405 nm; (b) cationic photopolymerization profiles (double conversion vs. time) for the vinyl ether monomer TEGDVE and
photoinitiating systems consisting of Az2 (0.5%), MDEA (3.0%) and 10D (2.0%), accordingly.
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Fig. 7 (a) Comparison of maximum conversions of the epoxy monomer during the photopolymerization process occurring according to the cat-

ionic mechanism obtained using various initiating systems containing azulene derivatives obtained during irradiation with a light-emitting diode with
a wavelength of 450 nm; (b) cationic photopolymerization profiles (double conversion vs. time) for the epoxy monomer CADE and photoinitiating
systems consisting of Az2 (0.5%), NVK (3.0%), TTMSS (3.0%) and IOD (2.0%), accordingly.

The efficiency of initiating cationic ring-opening photo-
polymerization (ROP) processes using the developed multi-
component photoinitiating systems based on azulene deriva-
tives was also investigated. The results of these studies are
shown in Fig. 7a.

Considering the conversion results obtained for compositions
with the epoxy monomer CADE, it can be concluded that the
most effective systems are the ones containing the Az2 derivative
for which the kinetic profiles are shown in Fig. 7b. This is
explained by the high values of both photo-oxidation and photo-
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reduction obtained for this derivative compared to the syn-
thesized compounds, as well as high value of molar extinction
coefficient at the tested wavelength. The Az2 derivative in the
case of such systems can act both as a reducing agent and as an
oxidant agent in the photo-initiating system accompanied by
appropriate compounds in the form of IOD, NVK or TTMSS. A
summary of the conversions for all the epoxy monomer compo-
sitions evaluated can be found in Table S.5 in the ESL

3.3.2. Determination of the suitability of photoinitiating
systems containing azulene derivatives for initiating free-

70
{ eMDEA

©oBIBB
©BIBB + MDEA

©Az2 + MDEA
©Az2 + BIBB
OAz2 + BIBB + MDEA

2]
o
L

n
o
L

Conversion [%]
w »
o o

N
o

00000000

10
o)
0 )
0 200 400 600 800
Time [s]
(b)

(a) Comparison of maximum conversions of the acrylate monomer during the photopolymerization process occurring according to the

radical mechanism obtained using various initiator systems containing azulene derivatives obtained during irradiation with a light-emitting diode
with a wavelength of 405 nm; (b) free-radical photopolymerization profiles (double conversion vs. time) for the acrylate monomer TMPTA and
photoinitiating systems consisting of Az2 (0.5%), BIBB (2.0%), and MDEA (3.0%), accordingly.
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radical photopolymerization reactions. The suitability of using
azulene and its derivatives as photosensitizers for free-radical
photopolymerization processes was tested using compositions
based on the acrylate monomer TMPTA. The components of
these systems were as follows: azulene derivative (0.5%), BIBB
(2.0%) and MDEA (3.0%). The conversion results for the
studied formulations obtained for free-radical polymerization
using a 405 nm light source are shown in Fig. 8a and Table S.6
in the ESIT along with kinetic profiles for all the tested compo-
sitions in Figure S.66,17 while the corresponding results, using
a 450 nm light-emitting diode, are shown in Fig. 9a and
Table S.7 in the ESI along with kinetic profiles for all the
tested compositions in Figure S.67.7 Kinetic profiles obtained
for compositions based on the Az2 derivative are shown in
Fig. 8b for measurements using a light source with a wave-

View Article Online

Paper

length of 405 nm and in Fig. 9b for measurements using a
light source with a wavelength of 450 nm.

In the case of studies using compositions where the
process occurs according to a free-radical mechanism, it can
be noted that the highest conversion rates for three-com-
ponent compositions were obtained for the commercial deriva-
tive Guaiazulene and for a new derivative with the acronym
Az1. For both of these compounds, thermodynamic calcu-
lations yielded sufficiently low Gibbs free energy values for
both photoreduction and photooxidation, from which their
effectiveness in photosensitizing the described light-initiated
polymerization process follows. Comparable results were
obtained for compositions using the Az2 derivative, while this
effect has already been described above in the case of cationic
compositions. Moreover, the results obtained for the photo-
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Fig. 9

(a) Comparison of maximum conversions of the acrylate monomer during the photopolymerization process occurring according to the

radical mechanism obtained using various initiator systems containing azulene derivatives obtained during irradiation with a light-emitting diode
with a wavelength of 450 nm; (b) free-radical photopolymerization profiles (double conversion vs. time) for the acrylate monomer TMPTA and
photoinitiating systems consisting of Az2 (0.5%), BIBB (2.0%), and MDEA (3.0%), accordingly.
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Images of the first 3D object obtained by 3D printing including a panoramic photo of the print, a panoramic photo showing the differences

in the heights of individual layers and 3D visualization of the heights of individual parts of the print.
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polymerization process occurring according to the free-radical
mechanism are higher than for the cationic process, which is
influenced by the higher reactivity of the acrylate monomers.
In the case of using a longer wavelength of 450 nm to irradi-
ate the tested compositions during real-time FT-IR measure-
ments, the final conversion values obtained for the tested com-
positions based on the acrylate monomer reached lower values
than those in the case of using light of a shorter wavelength
which is directly related to the values of the molar extinction
coefficient characterizing these sensitizers, obtained for both
wavelengths. This value is the highest for the Az1 derivative,
while the conversion results come out most favourably in the
case of using the derivative with the acronym Az2 as one of the
components of the initiating system, but in this case the

View Article Online

Polymer Chemistry

values of the Gibbs free energy reached lower values which is
more beneficial.

3.4. Determining the suitability of photoinitiating systems
containing azulene derivatives in 3D-VAT printing technology

The compositions whose photopolymerization process proved
to be the most efficient in the above studies, that is, the one
based on the vinyl monomer TEGDVE and a two-component
initiating system containing a derivative with the acronym Az2
(0.5%) and IOD (2.0%), was selected for manufacturing 3D
objects by vat 3D printing using DLP technology. A LUMEN
X+™ printer with a projector that emits light of 405 nm wave-
length with the power set at 80%, with an exposure time of 30
seconds for each layer and 150 seconds for the base layers, was
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Fig. 11 Photographs of a print made from an Az2 derivative-based resin obtained using an optical microscope and a scanning electron microscope.
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used to manufacture the 3D printouts. In the first stage, an
attempt was made to print a simple material with the shape of
a low-height pentagon in the form of a pyramid. Fig. 10 con-
tains optical microscope images obtained for the first printed
object. The completed print has excellent resolution, which is
particularly evident in the 3D visualization obtained by analys-
ing the print with an optical microscope as well as the SEM
images shown in the ESI in Figure S.68.7 It can be seen that
the respective heights of the individual layers are maintained
as included in the initial digital design.

The print presented in Fig. 10 shows slight local over-cross-
linking in the bottom layer, and some of the resins that
remained on the print could not be washed off because they
had time to pre-polymerize between printing and removing the
print from the platform, which from our observations is due to
the extended exposure time, especially for the first layer,
though it had to be extended due to the poor adhesion of the
print to the printer’'s work platform. A potential solution to
this problem would seem to reduce the power of the projector
or reduce the exposure time. However, conducting these steps
would involve a lack of adhesion of the print to the working
platform, which was tested before the final print was made.
Satisfied with the results of the printing of a simple computer
model using the proposed composition, we attempted to print
another polymeric material, which was characterized by an
increased number of precision parts, which were used to deter-
mine the final suitability of the developed azulene derivative
based resin for use in 3D printing. The overall print shown in
Fig. 11 was 20 mm wide, 20 mm long and 4 mm high.
However, the dimensions of the individual elements were
much smaller. The Az2 inscription was 3 mm high, 12 mm
wide and 5 mm long, while the pyramid, on the other hand,
having the same overall height, was designed so that each step
was 1 mm high where the diameters were respectively 5 mm
for the largest circle, 3 mm for the middle circle and 1 mm for
the smallest circle. The preservation of such intricate details at
good resolution demonstrates the satisfactory performance of
the developed resin based on azulene derivative Az2. It should
also be noted that this is the first study of its kind to show the
applicability of azulene and its derivatives as components of
an initiating system for obtaining high-resolution 3D prints.

Using scanning electron microscopy, it was possible to actu-
ally determine the resolution of the printout. As shown in
Fig. 11, the pixels are clearly visible, and their dimensions are
about 50 pm x 50 pm, indicating that the selected composition
based on an initiator system containing an Az2 derivative
acting as a photosensitizer of iodonium salt can be success-
fully used for 3D printing.

4. Conclusions

Within the framework of this article, 8 new azulene derivatives
were synthesized. Comprehensive spectroscopic studies,
together with electrochemical investigations, made it possible
to determine the spectroscopic, electrochemical, and thermo-

This journal is © The Royal Society of Chemistry 2024
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dynamic properties of the studied compounds and to prequa-
lify them as potential components of multicomponent initiat-
ing systems. Four of the eight newly synthesized azulene
derivatives (1-bromo-3-(4-methylsulfanylphenyl)azulene (Az1),
1,3-bis(4-methylsulfanylphenyl)azulene (Az2), 4-(3-bromoazu-
len-1-yl)benzonitrile (Az3), and 4-[3-(4-cyanophenyl)azulen-1-
yl]benzonitrile (Az4)) proved to be suitable for use as photosen-
sitizers for polymerization processes occurring according to
both free-radical and cationic mechanisms. FT-IR studies con-
ducted in the first part confirmed the panchromatic light-sen-
sitization properties of azulene in the context of the appli-
cation of diodes in the visible range, while the second part
made it possible to determine the suitability of the studied
derivatives for photoinitiating systems for free-radical and cat-
ionic photopolymerization processes. The most promising of
all the tested derivatives turned out to be the derivative with
the acronym Az2, whose performance is related to the struc-
ture of this compound, and mainly the presence of two
sulphur atoms in its structure. This shows that the inclusion
of electron-donor groups to the core allows one to improve the
photosensitizing properties of azulene derivatives. These com-
pounds are difficult to optimize however, with unusual absorp-
tion properties. Nevertheless, the electron lifetimes in the
triplet state are mostly not sufficient to effectively photosensi-
tize the described processes. These properties are improved,
however, when electron-donors are added. This leads to a wide
absorption range of this derivative and high values of the
molar extinction coefficient for the applied diodes emitting
the selected wavelength, as well as low values of the Gibbs free
energy for both photo-oxidation and photo-reduction pro-
cesses. Therefore, a composition with this derivative was
selected to assess the applicability of this type of composition
in 3D printing. As a result of the 3D printing tests, 3D objects
with definitely satisfactory resolution were obtained, so it can
be concluded that the newly synthesized azulene derivatives
can be used as components of initiating systems in photo-
curable compositions for 3D printing. In addition, the excel-
lent properties of the developed azulene sensitizers provide a
good perspective for the development of 3D-VAT printing
technology, which is currently focused on devices using
405 nm light, but looking at the development of this techno-
logy, the proposed derivatives will be good candidates for
photoinitiating polymerization reactions in printers equipped
with sources of visible light reaching beyond 405 nm.
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