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In this article, we described a new group of cationic photoinitiators. The influence of the arrangement of
electron-donating substituents in the coumarin chromophore on their photophysical properties and
photoinitiating activity is analysed. Five new coumarin-based iodonium salts exhibit two patterns of
D—-x-A structure — longer and shorter. They differ in the strength of the push—pull effect, which deter-
mines all properties of such compounds. Due to the intense ICT absorption band, new photoinitiators are
active at 365 nm, 405 nm, and 415 nm. They exhibit excellent photoinitiating activity toward monomers
such as vinyl ethers, epoxides, oxetanes, and glycidyl ethers at room temperature. However, at elevated
temperatures, their activity increases dramatically. This effect is caused by the ability of coumarin salts to

Received 1st April 2023,
Accepted 10th May 2023

DOI: 10.1039/d3py00359k

thermally react with monomers at elevated temperatures. Thus, the new compound exhibits photo-
thermal initiating activity, which helps overcome scattering and shadowing problems during composite
curing. Due to this phenomenon, coumarin-based iodonium salts proved to be excellent photoinitiators
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Introduction

Coumarin and its derivatives are of great interest in the field of
photochemistry. Due to their properties, especially their polar-
ized structure," desirable spectral properties,” and high photo-
activity,> coumarin derivatives have gained interest and appli-
cation in numerous research areas such as dyes for solar
cells (DSSCs)* and optoelectronics,>® fluorescent probes in
materials science’*? and biology,"> components of photore-
sponsive polymers,'* as well as quadrupole dyes.'> The out-
standing photoreactivity has allowed coumarin to find wide
photopolymerization application. Coumarin derivatives are
used as photosensitizers in cationic and radical polymeriz-
ation,'® for example, to polymerize epoxy-silicones.'” A unique
feature of coumarin-containing compounds is their ability to
photodimerize."® When a coumarin sample is illuminated at
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300 nm, a reaction occurs between the double bonds of two
coumarin molecules, leading to their dimerization."®*® This
process has been used in reversible photocrosslinking of poly-
mers, as the dimer dissociates when illuminated at a wave-
length of about 250 nm.>" However, coumarins are particularly
important because they are perfect for one-component photoi-
nitiating systems.

With the growing interest in 3D-VAT printing, two-
photon photopolymerization®**> and photoinduced frontal
polymerization,*®"® there is a need to find new more efficient
photoinitiating systems. Common one-component photoinitia-
tors have disadvantages, such as poor absorption properties
and low reactivity toward some monomers, which limit their
application.?**° The solution to this problem was found to be
coumarin derivatives. Chromophores based on them have
been used as proton abstractors in such photoinitiator types as
carboxylic esters®* and ketones®* as well as in one-com-
ponent photoinitiators as oximes.**’

However, there has been growing interest in cationic
polymerization, particularly ring-opening polymerization,
observed recently. Ring-opening cationic polymerization has
numerous advantages which include low polymerization
shrinkage and high mechanical resistance of the resulting
materials.*® Along with this growing interest there is also an
increased development of cationic photoinitiators, which are
crucial for photoinitiation of this process.***° The most
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efficient type of cationic photoinitiator is onium salts, includ-
ing compounds such as phosphonium,** pyridinium,** and
sulfonium salts.***> Coumarin has also found application as a
chromophore in such photoinitiators. There are known sulfo-
nium and pyridinium salts that are equipped with such
chromophores.*®*” These salts show activity not only in cat-
ionic polymerization, but also in free-radical polymerization.*®

The most active of the onium salts are halonium salts con-
taining a hypervalent halide atom in their structure.*® Along
with the high reactivity of these compounds also goes high
instability, severely limiting their applicability. Only iodonium
salts with hypervalent iodine have found practical application
in photopolymerization from this group of compounds.”
However, since the 1970s when Crivello first used diaryliodo-
nium salts as photoinitiators for cationic polymerization,>
their structures have mostly stayed the same. This has hap-
pened because the strongly oxidizing conditions of the syn-
thesis of these compounds severely limit the range of func-
tional groups that can be used in the chromophore. Thus, this
limited the structures used practically only to diaryliodonium
salts with simple substitutions in one or both phenyl rings.*
Such a simple structure of these compounds makes them
absorb light up to 300-320 nm. This absorption range is
different from the emission of commonly used light sources
and forced the use of a photosensitizer.” This limits the appli-
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cation of this type of compound and makes it necessary to
search for more advanced structures of iodonium salts.

However, the situation changed radically with the appear-
ance of new methods for the synthesis of iodonium salts.>®
The last decade has seen the emergence of many new
structures of iodonium salts equipped with sophisticated
chromophores such as naphthalimide,>>® benzylidene
derivatives,*®>” BODIPY>® or anthraquinone, and flavone.*®
Nevertheless, despite this progress, one of the first salts with a
coumarin chromophore remains one of the most active solu-
tions, absorbing to the desired range and undergoing photo-
bleaching.®® Thus, further work on coumarin chromophore
salts could yield promising results.

Previously, the use of a 4-methyl-7methoxycoumarin deriva-
tive as a chromophore red-shifting the absorption bands of an
iodonium salt was described. Due to the polarized D-n-A struc-
ture of the chromophore and the efficient ICT-type electron
transition in the salt molecule, the compound shows outstand-
ing photoinitiating properties.®" Beside the description of the
new chromophores, the effect of electron-acceptor and donor
groups in the phenyl ring of these salts on their photophysical
and photochemical properties has also been investigated
(Fig. 1).°

This article presents new structures of iodonium salts
equipped with coumarin chromophores with additional substi-
tuents at positions 5 and 8. These modifications affect the
hypervalent iodine binding site and the properties of the final
iodonium salts. Beside analysing properties such as absorp-
tion spectra, the efficiency of photolysis and photoacid gene-
ration or electrochemical properties, the photoinitiation
process has also been studied in detail. As described in this
paper, the compounds we prepared are perfect for nano-
composite 3D-VAT printing photoinitiators.

Experimental
Materials

The following monomers were applied to measure the kinetics
of photopolymerization processes by infrared spectroscopy:
3,4-epoxycyclohexylmethyl 3,4-epoxycyclohexanecarboxylate
(CADE, from Sigma Aldrich) and tri(ethylene glycol)divinyl
ether (TEGDVE, from Sigma Aldrich), while for differential
scanning calorimetry the following were employed: TEGDVE
(thermal measurements), bis[1-ethyl(3-oxetanyl)|methyl ether
(OXT-221 from Tagosei Co.) and bisphenol A diglycidyl ether
(BADGE, D.E.R. 332, from Sigma Aldrich) (photo measure-
ments). Photo-curable polymer composites were obtained from
the CADE monomer and NANOPOX A 611 (7-oxabicyclo[4.1.0]
heptane-3-carboxylic acid with 5.0 wt% of 20 nm SiO, nano-
particles, Evonik). Their structures are shown in Fig. S1,T and
they were used without further purification. As a reference, two
diaryliodonium salts HIP and IOD, from Lambson Ltd, were
used (Fig. S1f). The IUPAC names and structures of all new
coumarin-based iodonium salts and their chromophores are
presented in the ESL{ The synthetic pathways that lead to the
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Fig. 1 Development of new coumarin iodonium photoinitiators — from chromophore exchange and phenyl ring modification to extended push—

pull chromophores and the substituent impact analysis.

presented compounds and NMR and liquid chromatography-
mass spectrometry (LC-MS) structural analysis results are pre-
sented in the ESI.{ All reagents and solvents used during syn-
thesis were purchased from Sigma-Aldrich, Alfa Aesar, Acros
Organics, and Fluorochem and used without further purifi-
cation. The reagents used in quantum efficiency measure-
ments were purchased from Acros Organics (Rhodamine B
base) and Merck (Tosylic acid monohydrate). Analytical-grade
acetonitrile used in spectral, photolysis and quantum
efficiency measurements was purchased from Fischer
Chemicals.

Characteristics of absorption properties

UV-VIS absorption spectra of samples prepared in acetonitrile
were recorded using a SilverNova TEC-X2 spectrometer
(StellarNet Inc., Tampa, FL) in the range of 190-1100 nm
equipped with a broadband tungsten-deuterium UV-VIS light
source SL5 (StellarNet Inc., Tampa, FL). A quartz cuvette with a
1.0 cm optical path was used for measurements.

Due to the use of polychromatic light sources in the form of
light emitting diodes (LEDs), there was a need to determine a
value that better describes the absorption of this type of light
than the molar extinction coefficient. Therefore, the amount of
light emitted by the LED that is absorbed by the iodonium salt

3020 | Polym. Chem., 2023, 14, 3018-3034

in the sample (I,) was calculated based on spectral data and
eqn (1):

; jj: Io(2) - (1 — 1074@w)d2 W
o [ 1o(2)da

where I, is the normalized emission spectra of the used LED,
A is the absorbance of the analysed sample, and 4 is the wave-
length. Values analysed in this article were calculated for a
25 pm coating containing iodonium salt at a concentration of
0.037 M as well as emission spectra of UV-LED M365L2 (Apax =
365 nm) and VIS-LED M405L4 (A = 405 nm) at the maximal
power. Normalized emission spectra of all used LEDs are given
in Fig. S15.F

Steady-state photolysis measurements

Photolysis of the described iodonium salts was measured in
acetonitrile. 20 min irradiation of iodonium salt solutions was
performed in a quartz cuvette with a 1.0 cm optical path with
continuous stirring, after degassing the sample. UV-LED
M3651.2 (I, = 3.60 mW cm™2), VIS-LED M405L3 (I, = 88.50 mW
cm™?), and VIS-LED M41514 (I, = 117.00 mW cm™>) from
Thorlabs Inc. (Tampa, FL, USA) were used as light sources for
sample irradiation. They were powered by a DC2200 regulated

This journal is © The Royal Society of Chemistry 2023
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power supply (Thorlabs Inc., Tampa, FL, USA). UV-VIS absorp-
tion spectra were obtained using the same spectrometer as for
absorption measurements.

Determination of redox potentials

The redox potentials of the described compounds were
determined by cyclic voltammetry measurements. They
were conducted using an Electrochemical Analyzer M161
and an Electrode Stand M164 (MTM-ANKO, Poland).
Tetrabutylammonium hexafluorophosphate in acetonitrile (0.1
M, Sigma-Aldrich) was used as a supporting electrolyte. A plati-
num disk and silver chloride (Ag/AgCl) electrode were used as
the working and reference electrodes, respectively. The
obtained data were recalculated and they are presented vs. the
saturated calomel electrode (SCE) as the reference.

Determination of the quantum yield of photoacid generation

The quantum yield of acid generation was determined accord-
ing to previous literature.”®”” As a light source for irradiation,
the UV-LED M340L4 (intensity I, = 53 mW cm™>) powered by a
DC2200 regulated power supply (both from Thorlabs Inc.) was
used. The irradiated solutions of iodonium salts in acetonitrile
were prepared so that their absorbance was 2.5 or more over
the entire emission of the LED used for measurements (for
absorption of nearly all incident photons). The irradiation was
performed in a quartz cuvette with a 1.0 cm optical path.
Samples were degassed with argon before irradiation. The
dose of incident photons was small enough to photodecom-
pose less than 5% of iodonium salt molecules. The generated
acid was detected using Rhodamine B base®® as an acid indi-
cator and its concentration was determined using the cali-
bration curve prepared by the gradual protonation of the solu-
tion of the Rhodamine B base in acetonitrile with p-toluenesul-
fonic acid solution. The amount of incident photons was
determined using a ferrioxalate actinometer according to the
IUPAC procedure.®*® Absorption of Rhodamine B was
measured as described above.

Real time FT-IR monitoring of the progress of cationic
polymerization

FT-IR measurement was performed using an FT/IR-6700
spectrometer from Jasco, equipped with an attachment dedi-
cated to measuring photopolymerization processes. Each
measurement was carried out at 25 °C. UV-LED M365L2,
VIS-LED M405L3 and VIS-LED M415L4 from Thorlabs Inc.
(Tampa, FL, USA) were used as light sources. The process time
was 800 s; the initial 10 s of the measurement was carried out
without light. The conversion of the oxirane and vinyl groups
was determined based on the following equation:

" o
,w) x 100 [%)

Conversion = (1
Abpefore polymerization

where Apefore polymerization iS the absorbance peak area charac-
teristic of epoxy, vinyl or oxetane groups before the photo-
polymerization process; Aager polymerization 1S the absorbance

This journal is © The Royal Society of Chemistry 2023
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peak area characteristic of epoxy, vinyl or oxetane groups after
the photopolymerization process.

Cationic photopolymerization of the epoxy monomer CADE

The reactivity of oxirane rings of the following epoxy resins
was measured: 2.0 wt% of the corresponding iodonium salt
and CADE. Measurements were carried out on a barium fluor-
ide pastille. The reaction progress was monitored by the dis-
appearance of the band characteristic of the epoxy groups
(790 em™"). LEDs were employed as the light source: a Amay =
365 nm diode (M365L2 Thorlabs; light intensity on the sample
surface: 4.89 mW cm ?); a Apax = 405 nm diode (M405L3
Thorlabs; light intensity on the sample surface: 1.47 mW cm™2).

Cationic photopolymerization of the vinyl monomer TEGDVE

The following polymerizing resins were prepared for kinetics
measurements according to the cationic mechanism: 1.0 wt%
of the corresponding iodonium salt and TEGDVE. The
measurements were carried out without the presence of atmos-
pheric oxygen, between two pieces of polypropylene foil. Vinyl
group conversion was determined by the disappearance of the
band located between 1570 and 1700 cm ‘. Measurements
were carried out with UV and Vis-LEDS: A, = 365 nm diode
(M365L2 Thorlabs; light intensity on the sample surface:
1.51 mW cm?), a Amax = 405 nm diode (M405L3 Thorlabs;
light intensity on the sample surface: 1.47 mW cm™?), and a
Amax = 415 nm diode (M415L4 Thorlabs; light intensity on the
sample surface: 7.29 mW cm™?).

Hybrid cationic photopolymerization of epoxy, vinyl and
oxetane groups

In addition, hybrid resins that polymerize according to the cat-
ionic mechanism were also prepared and subsequently exam-
ined for 3D printing experiments. The composition of the
hybrid resins was as follows: 2.0 wt% 7M-P and CADE/
OXT-221/TEGDVE (4/3/3 wiw/w); 2.0 wt% 7M-P and NANOPOX
A 611/OXT-221/TEGDVE (4/3/3 w/w/w). A 405 nm diode
(M405L3 Thorlabs; light intensity on the sample surface:
1.47 mW cm™?) was applied as the light source. During the
measurement, changes in the bands characteristic of epoxy
(790 ecm ™), oxetane (980 cm™') and vinyl (1640 cm™") groups
were observed in the FT-IR spectrum. The measurements were
carried out on a pastille under oxygen conditions.

Photo-DSC measurements

DSC (Differential Scanning Calorimetry) measurements with a
photo attachment were performed on a Photo-DSC 204 F1
Phoenix® from Netzsch-Gerdtebau GmbH (Germany). The
attachment dedicated to photopolymerization measurements
contained 2 optical fibers, one of which exposed the test
sample, while the other exposed a reference sample. The
measurement system was equipped with a spot cure system
Bluepoint LED eco (production by Honle UV Technology,
Germany): 365 nm diode (light intensity at the end of the
fiber: 281 mW cm™?); 405 nm diode (light intensity at the end
of the fiber: 307 mW cm™2). Light intensity was measured with

Polym. Chem., 2023, 14, 3018-3034 | 3021
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an OmniCure R2000 radiometer (produced by Excelitas
Technologies, Ontario, Canada). The light source was turned
on 10 s after the start of the measurement. The following
compositions were prepared for photo DSC measurements:
1.0 wt% of the corresponding iodonium salt and OXT-221;
1.0 wt% of the corresponding iodonium salt and BADGE. A
drop (2-2.5 mg) of each of the prepared resins was placed in
an aluminum crucible and as a reference a crucible with the
corresponding monomer was used (OXT-221 or BADGE).
Photo-DSC measurements were carried out in an open cruci-
ble. The temperature of the measuring system for the compo-
sitions containing the oxetane monomer OXT-221 was 25 °C,
while the temperature during the measurements for the
monomer BADGE was 60 °C. Measurements were carried out
in an atmosphere of inert gas N,; the flow of nitrogen during
photo measurements was 20 ml min~". Based on the measure-
ments, the cationic monomer conversion (Cpsc) and polymer-
ization rates (R,) were determined. The conversion was calcu-
lated according to the following equation:

1 Jt H(t) dt

AHO to msg

Cpsc = 7

M

where f - functionality of the monomer; M - molecular mass

of the monomer; AH, is the enthalpy of the polymerization of

the given monomer (for oxetane monomers - 107 000 ] mol ™

and for glycidyl monomers - 80600 J mol™"); H - heat flow
[W]; ms — mass of the sample.

The polymerization rate was calculated from the formula:

R, =d; E L
P " \ms ) AH,
where d; - density of composition [g ml™']; H - heat flow [W];

ms - sample mass [g]; AH, — enthalpy of polymerization
[J mol™"] (calculated in one functional group).

DSC measurements

Thermal measurements were performed with DSC technology.
For this purpose, a DSC 204 F1 Phoenix® from Netzsch-
Geréitebau GmbH (Germany) equipped with a special attach-
ment dedicated to thermal measurements was employed. For
thermal measurements, the following compositions were pre-
pared: 1.0 wt% of the corresponding iodonium salt and
TEGDVE. The neat TEGDVE monomer was used as a reference.
The measurements were carried out in a closed crucible
(aluminum lid pierced). In the next stage of the study, the
thermal behavior of the iodonium salts was also checked. An
empty crucible was used as a reference for these tests. Thermal
measurements of the neat iodonium salt (without the added
monomer) consisted of heating the powder in a closed crucible
to 200 °C (the heating time was 90 minutes) and then cooling
the measurement system to 20 °C. Thermal measurements of
the composition consisting of the initiator and vinyl monomer
TEGDVE consisted of heating the system to 120 °C for
50 minutes, followed by cooling to 20 °C for 10 minutes.
Measurements were carried out in an atmosphere of inert gas

3022 | Polym. Chem., 2023, 14, 3018-3034
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N,; the flow of nitrogen during thermal measurements was
1

50 ml min~".
Determination of 3D printing parameters and 3D printing
experiments with digital light processing technology (DLP)

The determination of the optimal 3D printing parameters was
to set the critical energy E. and the depth of light penetration
D,,. For this purpose, the following formula was applied:**°”

Cq = Dp In [%2:|
where Cq - thickness of the cured resin layer [um]; E, - light
energy at the surface [mJ cm™].

The critical energy (the point of intersection of the graph
with the X-axis) and the light penetration depth (the slope of
the obtained curve) were determined based on the Cq = f(E,)
diagram. A Lumen X+™ 3D printer was employed to obtain 3D
prints (the intensity of light applied to the cured resin was
9.95 mW cm?). The 3D designs to be printed were properly
prepared using Fusion360® software (from AutoDesk). The fol-
lowing photo-curable resins were prepared for the 3D printing
experiments: 2.0 wt% 7M-P and CADE/OXT-221/TEGDVE (4/3/3
w/w/w); 2.0 wt% 7M-P and NANOPOX A 611/0XT-221/TEGDVE
(4/3/3 wiw/w).

Visual analysis of the obtained three-dimensional objects

An OLYMPUS DSX1000 optical microscope was deployed to
obtain the images of the 3D obtained objects.

Results
New iodonium salt design

Coumarin has a very favourable arrangement of functional
groups in the structure, which guarantees the desired photo-
physical and photochemical properties.®® The ester group
located in the core of coumarin ensures the proper polarity of
the molecule even without additional substitutions. It is
because the ester group behaves as an electron-acceptor at the
double bond while slightly electron-donating at the aryl ring.*’
Thus, the coumarin core has a D-n-A structure (a conjugated
bond system ensured by a styryl core), providing a push-pull
effect. In the absorption spectrum of such molecules, an
intense band appears at the longer wavelengths, corresponding
to the intramolecular charge transfer (ICT) transition.”®

The coumarin molecule can be more polarized by modify-
ing it with additional electron-donating groups in the aryl
ring. Such modification improves its absorption properties by
red-shifting the ICT band further towards longer wavelengths.
This approach led to 4-methyl-7methoxycoumarin, which was
successfully used as a chromophore in the iodonium salt struc-
ture, ensuring the outstanding photochemical activity of this
compound.®® Therefore, it is possible to improve absorption
properties by further using other methoxy groups (o, = —0.27)
or weaker methyl groups (o, = —0.17) in appropriate positions
at the aryl ring.*

This journal is © The Royal Society of Chemistry 2023
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To investigate the influence of electron-donating substitu-
ents at the aryl ring in the coumarin structure on iodonium
salt properties, we prepared a group of five new coumarin-
based iodonium salts (Fig. 1, blue frame). Each chromophore
differs in the type and arrangement of substituents.

Theoretically, the more donating group at one side of the
molecule should have improved the spectral, electrochemical,
and photoinitiating properties of iodonium salts by increasing
molecule polarization. However, some modifications have an
undesired impact. Methyl and methoxy groups at positions 5
and 7 activate the aryl ring too strong, and hypervalent iodine
binds to position 8, which was too low activated in other
derivatives to undergo electrophilic substitution during iodo-
nium salt synthesis. Therefore, in the case of 5,7M-P and 5Me-
7M-P derivatives, the hypervalent iodine is located at 8 posi-
tion instead of 3. Such substitution shortens the distance
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between the donor groups and the strong acceptor, hyper-
valent iodine. This reduces the molecule’s polarity and
increases its excitation energy (Fig. 2).

All presented iodonium salts were equipped with the hexa-
fluorophosphate anion (PF¢~). This anion generates a supera-
cid during photolysis, which is strong enough to initiate ring-
opening cationic polymerization”"”* efficiently and is also low
toxic.”> The same anion in all derivatives allows focusing on
the impact of the chromophore structure on the photoinitia-
tion process.

Absorption properties

All the prepared coumarin-based iodonium salts have better
absorption properties than simple diaryliodonium salts HIP
and IOD (Fig. 3A). They absorb at longer wavelengths, which is
caused by a coumarin chromophore. However, there is a differ-

Low polarized iodonium salt
X
O

+

o O

Weak ICT transition across
only aryl ring

ICT

Fig. 2 Design of new iodonium salts equipped with modified coumarin chromophores. Red — electron-donating groups, black — n-bond system,

and blue - electron-accepting groups.
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Fig. 3 Absorption spectra of the new coumarin based iodonium salts in the UV-VIS region measured in acetonitrile: (A) spectra comparison of new
salts and diaryliodonium counterparts; (B) comparison of 7M-P salts with its chromophore.
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ence in the band location between 5,7M-P and 5Me-7M-P
derivatives and the rest of the compounds. When hypervalent
iodine is located at a double bond (position 3), the strong elec-
tron-accepting character of this substituent highly polarized
salt structure strengthens the push-pull effect. As a result, the
intense bathochromic shift is observed between 7M-P, 7,8M-P,
7,8ED-P, 7M-8Me-P and their chromophores (Fig. 3B and
Fig. S16-S197%). The effect overwhelmed the impact of substitu-
ents at the aryl ring; thus, all position three derivatives have
nearly the same absorption characteristics (4., between 348
and 350 nm) and the effects of methoxy and methyl groups are
unobservable (Table 1).

On the other hand, hypervalent iodine at position 8 has no
such significant impact. This is caused by lower polarization
of the salt molecule and near donating group locations. In the
case of derivatives 5,7M-P and 5Me-7M-P the impact of substi-
tuents is visible, exchanging the methoxy group with a weaker
donating methyl group leading to absorption at shorter wave-
lengths (305 nm compared to 297 nm for 5,7M-P and 5Me-
7M-P respectively). Also, the close location of the donating
group neglected the polarizing effect of hypervalent iodine.
There is no bathochromic shift between derivatives 5,7M-P
and 5Me-7M-P and their chromophores. Moreover, the hypso-
chromic shift is observed, which is undesirable because it
moves absorption away from the visible range and prevents the
photobleaching of salt (Fig. S20 and S217).

Slight differences in absorption spectra can be more notice-
able when considering the amount of emitted light absorbed
by the salt in the sample (I, values, Table 1). This value better
describes the absorption of polychromatic light than the com-
monly used molar extinction coefficient (¢). Hypothetical
25 pm thick coatings containing iodonium salts in 37 mM con-
centration can absorb light differently, especially at longer
wavelengths. Diaryliodonium salts cannot absorb light in all
three investigated ranges where their coumarin counterparts
exhibit absorption. The light emitted by LED@365 nm is effec-
tively absorbed by all four entire push-pull derivatives (7M-P,
7,8M-P, 7,8ED-P, 7M-8Me-P). In their case, the differences in
I, 365 are negligible, but they absorb the light emitted by
LED@405 nm and LED@415 nm noticeably differently. The
salt 7,8ED-P absorbs at the longest wavelength of all coumarin
salts (Fig. 3A); therefore, it absorbs nearly two times more light
emitted by both LED@405 nm and LED@415 nm in compari-
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son with essential 7M-P salt. A similar situation is observed in
the case of 7,8M-P and 7M-8Me-P where two electro-donating
substituents are located at 7 and 8 positions. Such a substi-
tution causes a slight broadening of the absorption band,
which results in higher absorption at longer wavelengths.
These slight differences in absorption bands can have a
crucial impact on the photoinitiation of the polymerization
process, which strongly depends on the absorption of the used
photoinitiating system.

On the other hand, coumarin iodonium salts with substitu-
ents at positions 5 and 7 (5,7M-P and 5Me-7M-P) exhibit much
lower absorption of light emitted by the used LED. The effect
is caused by their worse absorption at longer wavelengths than
the rest of the coumarin salts. Derivative 5,7M-P with two
more donating methoxy groups absorbs significantly further
than 5Me-7M-P. This is manifested in 3 times higher light
absorption from LED@365 nm and 4% at LED@365 nm com-
pared to no absorption of 5Me-7M-P. However, both salts have
negligibly low absorption compared to the entire push-pull
derivatives. These effects impact the photoinitiating activity of
the investigated iodonium salts and determine the rest of the
results.

Steady-state photolysis experiment

All six investigated coumarin-based iodonium salts’ ability to
effectively photolysis under the used LEDs was studied.
Samples of salts in acetonitrile were irradiated for 20 min with
an appropriate LED, and the changes in the UV-VIS absorption
spectrum were recorded (Fig. 4 and Fig. S22-S26%). According
to the obtained results, strong push-pull salts 7M-P, 7,8M-P,
7,8ED-P, and 7M-8Me-P photolyzed in the same way under
irradiation with all three used LEDs (example in Fig. 4). Due to
the bathochromic shift between salt and the chromophore,
these coumarin-based iodonium salts can be photobleached.
Photodecomposition product spectra look similar to the
absorption spectrum of the chromophore itself. Therefore,
according to the proposed mechanism, we suggest that the
presented iodonium salts photolysed with either simple
chromophores or with the iodochromophore.®>®> Further
photochemical reactions are unlikely because the spectra
clearly show isosbestic points.

In the case of the other two derivatives 5,7M-P and 5Me-
7M-P, with shorter D-n-A structures, there were no significant

Table 1 Comparison of absorption properties, quantum yields, and reduction potentials of the presented coumarin iodonium salts and diaryliodo-

nium counterparts

Iodonium  Amax  €max €365 €405 €415 Ereq vs.
salt [nm] [mol™ dm®cem™] [mol™*dm®em™] I, 365 [mol™ dm® em™] I, 405 [mol™ dm®*em™] I,415 Pacia  SCE [mV]
HIP 228 14600 0 0% 0 0% 0 0% n.d. —680
10D 241 19230 0 0% 0 0% 0 0% n.d. —725
7M-P 349 19500 15710 84.34% 186 7.74% 80 3.65% 9.97% —534
7,8M-P 348 16880 13 300 82.74% 280 10.08% 100 4.61% 8.45% —528
7,8ED-P 349 14780 12 520 84.67% 505 14.74% 175 6.43% 7.26% —522
7M-8Me-P 350 17060 14 540 84.85% 210 10.42% 50 5.55% 4.72% —576
5,7M-P 305 14750 615 12.82% 40 414% O 0% n.d. —646
5Me-7M-P 297 15070 130 3.72% 0 0% 0 0% n.d. —624
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changes in absorption spectra during irradiation with all used
LEDs (Fig. S25 and S267). The lack of changes is not surprising
under irradiation with LED@405 nm and LED@415 nm,
because both compounds absorb slightly or do not absorb at
all, so the photolysis of salts was not expected. However, both
compounds absorb enough light to undergo photolysis under
irradiation with LED@365 nm. The results indicated that both
salts must be significantly more photostable than derivatives
with hypervalent iodine located at the double bond. This effect
may be due to the close presence of electron-donating groups
in the vicinity of the C-I bond undergoing photocleavage
instead of the vicinity of the withdrawing ester group in the
more photo-unstable derivatives. It is known that the vicinity
of donating groups can increase the chemical bond energy. In
the case of iodonium salts, the energy of the C-I bond can
increase by about 25% in the near alkyl group.®> So, the effect
caused by methoxy groups should be even higher. An opposite
effect occurs in the presence of a withdrawing group like the
ester group, the energy of C-I decreased. Therefore, derivatives
with hypervalent iodine at position 3 more easily photolyzed.

Redox properties

The impact of the substituent arrangement in the chromo-
phore structure on the electrochemical properties of cou-
marin-based iodonium salts was also investigated. The
obtained reduction potentials are given in Table 1 and com-
pared with common diaryliodonium salts HIP and IOD. Since
hypervalent iodine is reduced in iodonium salts, its location
and surroundings significantly impact the reduction potential.
The acceptor environment around iodine benefits the
reduction potential (increases its value) because it lowers the
electron density within this group, facilitating the electron
transfer from the reducer. The opposite situation occurs when
there are donor groups in the vicinity. They hinder the
reduction process by increasing the electron density within the
hypervalent iodine bonds, significantly lowering the reduction
potential. Therefore, all coumarin iodonium salts exhibit
higher reduction potential than the diaryliodonium counter-
parts (E.q between —522 and —646 mV vs. —680 and —725 mV,

This journal is © The Royal Society of Chemistry 2023
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Photolysis of 7,8M-P iodonium salts measured in acetonitrile upon exposure to: (A) LED@365 nm, (B) LED@405 nm, and (C) LED@415 nm.

respectively). The coumarin derivatives with hypervalent
iodine at 3 position have the highest Ered, which increases
with increased polarization of the salt structure. In this case, a
higher amount of donating groups positively impacts electro-
chemical properties. On the other hand, such a positive effect
was not observed in the case of derivatives with hypervalent
iodine at 8 position in the direct vicinity of electron-donating
methoxy and methyl groups. Compounds 5,7M-P and 5Me-
7M-P behave typically. The more donating methoxy substituent
lowers the E..q value (5,7M-P) in comparison with a methyl
group in 5Me-7M-P. The polarization has no significant impact
because the D-n-A structure in both salts is short and limited
almost to the aryl ring in the coumarin structure (Fig. 2). In
conclusion, iodonium salts with a coumarin chromophore can
be more easily reduced than diaryliodonium salts. Thus, the
developed compounds are better suited as oxidants in two-
component initiating systems used in classical photo-
polymerization”  as in photoinduced frontal
polymerization.”®

well as

Quantum yield of photoacid generation

During photolysis, iodonium salts release the super acid,
which initiates ring-opening cationic polymerization. However,
not all absorbed photons are converted into acid molecules
because of relaxation processes that occur in the excited mole-
cule. The quantum yield of photoacid generation (®,¢q4) indi-
cates how effective iodonium salt can convert light energy
into acid molecules. It is the second most crucial property of
photoinitiators determining how efficient the photoinitiation
process will be. Iodonium salts with higher &,.q need less
irradiation time to initiate the polymerization process.

The @,.q values were measured and compared only for
7M-P, 7,8M-P, 7,8ED-P, and 7M-8Me-P derivatives (Table 1).
The used @,.iq determination method requires sample absorp-
tion in all emission ranges of the used LEDs. The
LED®@340 nm was used as a light source, and only the four
iodonium salts with the best absorption properties fit this
requirement. Compound 7M-P is the most efficient acid gen-
erator (@ueiqg = ~10%), and the values for the rest of the com-
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pounds decrease in the order 7,8M-P, 7,8ED-P, and 7M-8Me-P
to 4,7% for the least efficient salt. These results suggest that a
higher number of substituents is undesirable because each
additional substituent can increase the internal conversion
efficiency. However, the obtained results do not indicate the
direct regularity in the impact of substituents on @,.q values.
Nevertheless, based on absorption properties and @,.q values
three compounds 7M-P, 7,8M-P and 7,8ED-P were the most
promising for application as photoinitiators.

FT-IR measurements of the photoinitiating cationic
polymerization activity of coumarin based iodonium salts

The photoinitiating efficiency investigation was divided into 2
stages. The first was to check the possibility of photoinitiating
the cationic polymerization of the epoxy monomer CADE
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(Fig. 5). The second step was to check the suitability of
coumarin derivatives for photoinitiating cationic photo-
polymerization of vinyl monomers (Fig. 6). The cationic resins
were measured using UV-LED@365 nm, VIS-LED@405 nm,
and VIS-LED@415 nm as light sources. The photoinitiating
activity was evaluated based on 3 parameters: cationic
monomer conversion, induction time, and the slope curve of
the kinetic profile, which tells about the speed of the photo-
polymerization process.

All coumarin-based iodonium salts exhibit activity under
irradiation with UV-LED@365 nm and VIS-LED@405 nm
toward the CADE monomer, where simple diaryliodonium salt
IOD remains inactive (Fig. 5 and Table 2). Absorption pro-
perties determine this activity. An intense ICT band of cou-
marin salts guaranteed absorption at longer wavelengths and
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Fig. 5 Photopolymerization profiles of a 25 um thick coating consisting of the CADE monomer and studied coumarin iodonium salts under (A)

LED@365 nm and (B) LED@405 nm exposure.
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Fig. 6 Photopolymerization profiles of a 25 pm thick coating consisting of the TEGDVE monomer and studied coumarin iodonium salts under (A)

LED@365 nm, (B) LED@405 nm, and (C) LED@415 nm exposure.
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Table 2 Coumarin based iodonium salt photoinitiating activity para-
meters of CADE polymerization

LED@365nm® LED@405nm”

Iodonium salt  FC[%)] 7ina[s] dC/dt FC[%] tinals] dC/dt
10D — — — — — —
7M-P 65 2.68 2.93 45 3.15 1.12
7,8M-P 56 5.40 1.02 46 6.14 1.09
7,8ED-P 68 4.25 116 59 4.37 1.20
7M-8Me-P 48 2.09 1.23 38 6.34 1.03
5,7M-P 45 17.46 014 35 20.44  0.09
5Me-7M-P 26 58.12 013 25 69.51  0.07

@Iy =4.89 mW cm2 ?I, = 1.47 mW em 2. FC - final conversion. zj,q —
induction time.

allowed them photoinitiated polymerization. However, cou-
marin derivatives cannot cause photoinitiated CADE polymer-
ization under VIS-LED@415 nm irradiation. The absorption of
salts in this region is too low for an efficient CADE monomer
whose secondary oxonium ion is stabilized by hydrogen bonds.>*

Although all coumarin derivatives are active toward CADE,
the differences in activity resulting from their absorption pro-
perties and structure can be observed. Derivatives with a long
D-n-A structure (Fig. 2) absorb more efficiently, so the induc-
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tion times observed for them are much shorter than for deriva-
tives with short D-n-A. Additionally, the differences in 7M-P,
7,8M-P, 7,8ED-P, and 7M-8Me-P activity result from their poly-
chromatic light absorption properties (I,) and @,q. The two
most active salts are 7M-P and 7,8ED-P, but 7M-P is more
active at 365 nm, while 7,8ED-P shows better activity at
405 nm. The effect is caused by nearly two times higher
absorption of 7,8ED-P in this region, whereas the @,.q is only
slightly lower than that of 7M-P.

Similar activity is observed for TEGDVE monomers. In the
case of this more active monomer, coumarin salts exhibit
photoinitiating activity even under VIS-LED@415 nm
irradiation. Using light in the ultraviolet range, all coumarin
derivatives show high photoinitiation efficiency (Fig. 6 and
Table 3). During cationic photopolymerization initiated with
LED@405 nm, the coumarin derivatives 5,7M-P and 5Me-7M-P
show worse initiation properties than the other coumarin what
is caused by a shorter D-n-A structure and weaker push-pull
effect, as previously reported. However, in the case of the
TEGDVE monomer, salt 7M-P exhibits the best photoinitiating
activity and the polymerized irradiated samples exhibit the
quickest of all iodonium salts.

The photoinitiating activity of coumarin chromophore 7M
was investigated in the two-component photoinitiating system

Table 3 Coumarin based iodonium salt photoinitiating activity parameters of TEGDVE polymerization

LED@365nm® LED@405nm” LED@415nm°

Iodonium salt FC [%] Tina [S] dc/dt FC [%] Tina [S] dc/dt FC [%] Tina [S] dc/dt
10D — — — — — — — — —
7M-P 95 1.15 8.72 95 6.52 6.18 89 4.82 0.42
7,8M-P 95 8.56 4.62 80 29.82 0.16 64 57.20 0.18
7,8ED-P 94 6.26 4.15 92 56.07 0.54 93 2.58 1.22
7M-8Me-P 97 1.94 4.94 82 26.23 0.54 71 21.86 0.17
5,7M-P 82 13.47 0.74 28 120.58 0.07 — — —
5Me-7M-P 71 20.49 0.32 11 136.21 0.03 — — —

I, =1.51 mW em 2 P I, = 1.47 mW em ™2 €I, = 7.29 mW cm™2. FC - final conversion. 7,q — induction time.

Table 4 The photoinitiation efficiency of the examined coumarin photoinitiators determined by photo-DSC

A=365nm

A=405nm

Todonium salt

Conversion [%] R, [mol dm™ s7']

Heat flow [W g™']

Conversion [%] R, [mol dm™ s7'] Heat flow [W g™]

OXT-221

10D 46.50 0.05 6.32
7™M-P 75.70 0.15 18.20
7,8M-P 81.80 0.13 16.52
7,8ED-P 81.40 0.14 17.77
7M-8Me-P 74.50 0.13 16.22
5,7M-P 62.20 0.32 36.86
5Me-7M-P 43.10 0.04 6.40
BADGE

10D 21.10 0.11 8.66
7™M-P 85.90 0.10 9.81
7,8M-P 81.90 0.09 9.06
7,8ED-P 88.80 0.10 10.21
7M-8Me-P 77.90 0.08 8.34
5,7M-P 92.00 0.16 13.80
5Me-7M-P 79.10 0.16 13.90

This journal is © The Royal Society of Chemistry 2023

1.40 0 0.55
50.30 0.10 12.82
46.70 0.10 12.63
52.50 0.09 11.55
46.30 0.03 5.20
37.90 0.07 8.67

0.30 0 0.86
20.70 0.01 0.68
84.60 0.18 13.58
90.30 0.11 9.24
91.20 0.14 11.48
79.20 0.15 11.78
88.00 0.18 14.00
70.50 0.09 7.40
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with HIP iodonium salt and compared with 7M-P photoactivity
(Fig. S357). The obtained results show that coumarin chromo-
phore 7M has negligible photoactivity toward the TEGDVE
monomer (toward the CADE monomer it shows no activity)
compared to 7M-P under LED@365 nm and LED@405 nm
exposure. Thus, the coumarin chromophores are responsible
for the high photoactivity of the presented photoinitiators but
only in the form of iodonium salts.

Photo-DSC measurements

The photoinitiating activity of coumarin-based iodonium salt
toward less active monomers OXT-221 and BADGE was investi-
gated using Photo Differential Scanning Calorimetry. The
activity of salts was evaluated in terms of the monomer conver-
sion rate, the rate of the photopolymerization process Rp, and
heat flow (Table 4). Graphs representing oxetane and glycidyl
monomer conversions, R, and heat flow for each of the
measurements performed are presented in the ESI (Fig. S79-
S967).

Table 5 Thermal stability of coumarin iodonium salts and their thermal
activity toward TEGDVE

View Article Online

Polymer Chemistry

During the process of cationic photopolymerization of the
OXT-221 monomer with the application of a diode in the UV
range (Amqx = 365 nm), it can be observed that the photoinitia-
tors 7,8M-P, 7,8ED-P and 7M-P exhibit the most favourable
photoinitiating properties, while in visible light the best pro-
perties are shown by compound 7.8ED-P, while 5Me-7M-P does
not show suitability for initiating the photopolymerization
process of the OXT monomer using LED@405 nm. The
obtained results follow previous information and with the
characterized photochemical properties of the described salts.
However, photo-DSC measurements indicate clearly that more
donating groups in the coumarin chromophore lead to higher
photoactivity - for longer push-pull derivatives. The one inter-
esting exception is 5,7M-P which can efficiently show photoini-
tiated polymerization of oxetane and at 365 nm it is the best
quickest one. This result will be further investigated, but
hypothetically the coumarin structure interacts with the sec-
ondary oxonium ion preventing the formation of the hydrogen
bond and lowering the activation energy of polymerization.”®

The photo-DSC measurements of BADGE glycidyl monomer
conversions are very high for all compositions examined under
ultraviolet and visible light (Table 4). Due to the high viscosity
and lower reactivity of this monomer, measurements were per-
formed at 60 °C. Under such conditions, coumarin-based iodo-

Iodonium  Thermal Initial reaction Heat [J nium salts began to behave differently than at room tempera-
salt decomposition [°C]  temperature [°C] g ] ture. Glycidyl ethers like BADGE are known to be even less
7M-P 167.5 62.80 532.40 reactive than oxetanes.”” However, lower reactive derivatives
7,8M-P 162.3 58.40 526.70 5,7M-P and 5Me-7M-P exhibit significantly higher reactivity at
7,8ED-P 169.0 47.70 524.80 . . .
IM-8Me-P 1529 54,90 24750 elevated temperatures.. What is even n}ore 1nterestlr.1g., .%1t
5,7M-P 150.6 56.70 491.80 405 nm where coumarin salts absorb less light, the reactivity is
5Me-7M-P  — 55.30 552.70 still very high (no decrease in R, was observed). These results
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Fig. 7 Proposed mechanism of cationic polymerization initiation by coumarin based iodonium salts with two pathways of acid generation.
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indicated that some iodonium salts could be significantly
more active at higher temperatures. In order to investigate the
thermal activity toward the cationic monomer itself, we
decided to perform DSC measurements.

DSC measurements

The thermal activity of coumarin-based iodonium salts was
investigated in thermal DSC measurements. They were divided
into two stages. The first was to analyze the neat iodonium salt
(powder) at an elevated temperature to check the decompo-
sition temperature of the iodonium salts or to verify whether
physical transformations occur in the measurement system

View Article Online
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when the salts are heated to 200 °C. The obtained DSC curves
are presented in the ESI (Fig. S66-S717).

The obtained results show that all coumarin-based iodo-
nium salts are stable up to 150 °C (5,7M-P), and derivative
5Me-7M-P is stable above 200 °C (Table 5). These results indi-
cate that the presented new salts are stable and cannot release
acid molecules in an undesirable non-specific way.

The second stage of thermal research was heating the com-
positions of the 1.0 wt% coumarin derivatives and TEGDVE to
120 °C (vinyl ether monomer was chosen due to its high reac-
tivity). During the elevation of temperature, the exothermic
reaction was observed (Fig. S72-S78%). In this system, such
heat flow is characteristic of the polymerization reaction.

Resin 2

Resin 1

Fig. 8 Photographs of prints obtained from resins 1 and 2. Respectively from upper left to bottom right: photo taken with a phone camera in day-
light; photo taken with a phone camera using a UV flashlight; three photos taken with an OLYMPUS DSX1000 optical microscope; a 3D model used

for the printing process.
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However, the most interesting is the initial temperature of this
process (Table 5). All coumarin salts initiate polymerization in
the 48-63 °C range of temperature. Such temperatures are sig-
nificantly below the temperature of the thermal decompo-
sition of these salts (about 150 °C). These results suggest that
the thermal interaction must occur between monomer mole-
cules and iodonium salts, which leads to the release of super-
acids. In conclusion, a non-photo acid generation pathway
was discovered. Hypothetically, a substitution reaction must
occur in the investigated system. This hypothesis is sup-
ported by the fact that the phenyliodonium substituent is
known as the “hyper-leaving” group’® and can undergo
substitution even by weak nucleophiles (most cationic
monomers).

Based on the presented results, we suggest two pathways of
decomposition of coumarin iodonium salts and acid gene-
ration (Fig. 7). Thus, coumarin salts are photo-thermal
initiators of cationic polymerization. Their increased reactivity
at elevated temperatures can lead to better curing high scatter-
ing and opaque materials like composites and nano-
composites. Undesirable effects such as scattering and sha-
dowing can be overcome by such new photo-thermal initiators,
leading to higher conversion of monomers and better mechan-
ical properties of cured materials.

3D-VAT printing application experiment

The final stage of the research was the development of photo-
curable resins, which were utilized to formulate polymer com-
posites by additive manufacturing with Digital Light
Processing (DLP) technology. 7M-P was chosen as the photo-
initiator because of its high reactivity. The prepared resin for-
mulations contained the following components: (1) 2.0 wt%
7M-P and CADE/OXT-221/TEGDVE (4/3/3 w/w/w); (2) 2.0 wt%
7M-P and NANOPOX A 611/OXT-221/TEGDVE (4/3/3 w/w/w).
The experiments began with measurements of the kinetics of
the photopolymerization process of resins 1 and 2. During the
process, the bands characteristic of the epoxy (790 cm™),
oxetane (980 cm™*), and vinyl (1640 cm™") groups were moni-
tored. The measurements were carried out under aerobic
conditions on a pastille made of BaF,. Kinetic profiles and
example FT-IR spectra before and after the photo-
polymerization process are included in the ESI (Fig. S97 and
S98t). The monomer conversions for resin 1 and 2 are shown
in Table S2.}

Successively, the critical energy and depth of light pene-
tration were determined. Determination of printing para-
meters consisted of printing 6 slices of 1 x 1 cm by exposing
the resin to a differential light for 30 s, 40 s, 60 s, 100 s, 120 s,
and 150 s. Subsequently, the thickness of the cured resin
layers (Cq - cured resin thickness) was measured using a
micrometer screw. Based on the curing time and the power of
the printing device, the energy E, was determined. The value
of the critical energy was determined based on the intersection
point with the X-axis (Cq = f(Eo)). Subsequently, from the pre-
pared photo-curable resins, attempts were made to obtain
polymer composites using light-initiated 3D printing techno-

3030 | Polym. Chem., 2023, 14, 3018-3034

View Article Online

Polymer Chemistry

logy. The 3D-VAT printing parameters and conditions are
shown in Table S3.}

3D printing experiments showed that the used salt 7M-P
shows utility for 3D-VAT printing of polymer nanocomposites.
The obtained prints have high resolution (Fig. 8 and
Fig. S100%). For both resins 1 and 2 (without and with nano-
particles), the resolution is similar. Thus, negative effects of
filler like scattering and shadowing have no significant impact
on printing process initiating by coumarin based iodonium
salts. This is the evidence that the photo-thermal character of
new iodonium photoinitiators can overcome the drawback of
photocuring of composites. Fig. S101 which facilitates com-
parison of the print resolution for both resins is included in
the ESL.}

Therefore, coumarin based iodonium salts, especially with
a longer D-n-A structure, are perfect as photoinitiators for
epoxy 3D-VAT printing as well as for nanocomposite 3D-VAT
printing.

Conclusion

In conclusion, the presented new iodonium salts are equipped
with extended coumarin chromophores. The chromophore
structure was modified with additional electron-donating sub-
stituents at positions 5 and 8. Such substitution led to a longer
D-n-A structure (when the phenyliodonium group is located at
position 3 and increase the polarization of the molecule) or a
shorter one with hypervalent iodine located at 8 position
(lower polarized D-n-A structure). Such modifications have a
crucial impact on the spectral properties and photo-
decomposition process; derivatives with a longer D-n-A struc-
ture absorb at significantly longer wavelengths and can be
photobleached during photopolymerization. However, with
strengthening of the push-pull effect, the quantum yield of
photoacid generation decreases.

Nevertheless, new coumarin based iodonium salts exhibit
high photoinitiating activity even under LED@415 nm
irradiation. They are able to photoinitiate the cationic polymer-
ization of low reactive monomers like oxetanes and glycidyl
ethers. Their photoinitiating activity is even higher at elevated
temperature. This phenomenon was investigated using DSC
measurements. The results indicate that coumarin iodonium
salts can interact with rich-electron monomers at higher temp-
erature with the release of an acid. This leads to a conclusion
that two, photo and thermal, pathways of new iodonium salt
decomposition occur in samples photoinitiated with coumarin
salts.

Such behaviour of new photoinitiators can overcome the
drawback of composite photocuring and eliminate problems
with scattering and shadowing. This advantage of new salts
was proved in DLP 3D-VAT printing of the nanocomposite. The
printed patterns have high resolution regardless of whether
they were obtained from a neat composition or one containing
nanoadditives (the presence of nanoparticles did not disturb
the printing process).

This journal is © The Royal Society of Chemistry 2023
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