ZALACZNIKI

12. Kopie publikacji naukowych stanowiacych podstawe rozprawy
doktorskiej

Publikacja naukowa [Al]

90



RSC Advances

PAPER

ROYAL SOCIETY
OF CHEMISTRY

CrossMark
& click for updates

Cite this: RSC Adv., 2016, 6, 103851

Visible light photoinitiating systems based on
squaraine dye: kinetic, mechanistic and laser flash
photolysis studies

Janina Kabatc,*® Katarzyna Kostrzewska,® Martyna Kozak® and Alicja Balcerak®

New two-component photoinitiator systems for radical polymerization of acrylates are presented. The
systems discussed comprise a synthetic dye 1,3-bis(p-bromophenylamino)squaraine and borate and
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onium salts as coinitiator. The effect of the composition of the system on the photopolymerization

kinetics was analyzed. To this end, the photophysics and photochemistry of the dye under
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1. Introduction

The development of new materials by means of photo-
polymerization requires investigations aimed at discovering
more efficient photoinitiator systems." Most traditional photo-
initiating systems employ UV radiation to generate active
species. Different classes of synthetic dyes play very important
roles in polymer chemistry. They are very often used as photo-
sensitizers and make the polymerization process possible in the
visible light region. Therefore, the development of photo-
initiators based on synthetic dyes and coinitiators has been the
subject of a large amount of work.

For example, ammonium, phosphonium, sulfonium, iodo-
nium salts, arsonium, pyridinium and organoborate salts are
capable of undergoing photochemical decomposition,
producing active species suitable to initiate polymerization.
When these coinitiators may act as an electron acceptor,
photosensitization was proposed to take place by reduction and
posterior fragmentation of the cation.™ On the other hand
a coinitiator may also play a role of an electron donor, as in
a case of alkyltriphenylborate salts.® The first group of coini-
tiators (onium salts) may act as a source of free radicals, radical
cations, or Bronsted acids when exposed to light' and may be
employed as efficient photoinitiators of radical, cationic, or
mixed polymerization.**™*°

Recently, the following synthetic chromophores: cam-
phorquinone,™ anthracene derivatives,"> pyrene derivatives,"
indanedione derivatives," N-substituted quinoxalinobenzo-
thiazine derivatives," thiobarbituric acid derivative,'® chalcone
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polymerization conditions were explored by means of stationary and time-resolved spectroscopic
methods. The action mechanism of the different photoinitiators systems is discussed.

derivatives,"” acridinedione derivatives,'® naphthalimide deriv-
atives," diketopyrrolopyrrole-thiophene or diketopyrrolopy-
rrole-furan derivatives,””*' violanthrone-79,>> NIR sensitized
polymethine dyes* and other acting as photosensitizers for
onium salts were used in dye mediated photoinitiating
systems.*

The squarylium dyes have been very rare used as photosen-
sitizers in photopolymerization process.

In 2004 Yong He and co-workers described the application of
two squaraine dyes: bis(1,2,3,3-tetramethylindolenium-2-ylidene)
squaraine and bis(3-methylbenzothiazol-2-ylidene)squaraine as
sensitizers for three (p-octanoxyphenyl)phenyliodonium salts
varying with a type of counterion, in radical polymerization of
methyl methacrylate.**

In 2013 and 2015 Lalevée and co-workers presented the
photoinitiating abilities of 2,2,3-trimethylindolenine-based
squaraine dye incorporated in multicomponent systems for
cationic polymerization of an epoxide or a vinyl ether as well as
radical polymerization of TMPTA.>*** In 2016 our research
group described the application of 1,3-bis(phenylamino)squar-
aine and conventional free radical sources, such as tetrame-
thylammonium n-butyltriphenylborate, diphenyliodonium
chloride and diphenyliodonium hexafluorophosphate for initi-
ation of photopolymerization occurring via radical or cationic
mechanism.”

From our knowledge the 1,3-bis(p-bromophenylamino)
squaraine has not been studied in the photoinitiating systems,
yet. Because, the dye under study absorbs in the region from 350
nm to 450 nm an application of the blue light sources is possible.

In the present paper, we will focus on the research carried out
on the two-component photoinitiating systems for free radical
polymerization of multifunctional acrylates containing three
different coinitiators. We will describe two-component photo-
initiating systems employing 1,3-bis(p-bromophenylamino)
squaraine (SQ) as a sensitizer adequate for blue light and
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following coinitiators: tetramethylammonium n-butyltripheny-
Iborate (B2), diphenyliodonium chloride (I1) and N-methoxy-4-
phenylpyridinium tetrafluoroborate (NO). The photoinitiating
ability of new photoinitiating systems, acting in UV-Vis light
region, for initiation of free radical polymerization of di- and
triacrylates was also compared with few commercially used
photoinitiators.

2. Experimental

2.1. Materials

Monomers: 1,6-hexanediol diacrylate (HDDA), pentaerythritol
triacrylate (PETA), 2-ethyl-2-(hydroxymethyl)-1,3-propanediol
triacrylate (TMPTA), coinitiators (diphenyliodonium chloride
(11) and N-methoxy-4-phenylpyridinium tetrafluoroborate (NO))
and solvents (spectroscopic grade) were purchased from Aldrich
(Poland) and used without further purification. 1,3-Bis(p-bro-
mophenylamino)squaraine (SQ) and tetramethylammonium n-
butyltriphenylborate (B2) were synthesized in our laboratory by
methods described in literature.**°

2.2. Spectroscopic measurements

Absorption and emission spectra were recorded at room
temperature using an Agilent Technology UV-Vis Cary 60 Spec-
trophotometer, a Hitachi F-7000 spectrofluorimeter and UV-VIS-
NIR Fluorolog 3 Spectrofluorimeter (Horiba Jobin Yvon),
respectively. The spectra were recorded in following solvents:
water (H,0), dimethylsulfoxide (DMSO), acetonitrile (CH3CN),
N,N-dimethylformamide (DMF), 1-methyl-2-pyrrolidinone (MP),
methanol (MeOH), ethanol (EtOH), acetone, tetrahydrofuran
(THF) and diethyl ether. The final concentration of dye in
solution was 1.0 x 10> M. The spectroscopic measurements
were performed in mentioned above solvents containing 10% of
1-methyl-2-pyrrolidinone. For this purpose a suitable amount of
the dye was dissolved in 1-methyl-2-pyrrolidinone, than 2.0 mL
of the concentrated (ca. 1 mM) stock solution was added to a 10
mL volumetric flask containing spectroscopic grade solvents
under the study.

The fluorescence lifetimes were measured using a single-
photon counting system UV-VIS-NIR Fluorolog 3 Spectrofluo-
rimeter (Horiba Jobin Yvon). The apparatus utilizes for the
excitation a picosecond diode laser generating pulses of about
55 ps at 370 nm. Short laser pulses in combination with a fast
microchannel plate photodetector and ultrafast electronics
make a successful analysis of fluorescence decay signals with
aresolution of few picoseconds possible. The dye was studied at
concentration able to provide equivalent absorbance at 370 nm
(0.2 in the 10 mm cell) to be obtained. The fluorescence decay
was fitted to two exponentials.

The fluorescence quenching measurements were performed
using a single-photon counting system UV-VIS-NIR Fluorolog 3
Spectrofluorimeter (Horiba Jobin Yvon). The apparatus uses
a picosecond diode laser (370 nm) generating pulses of about 50
ps for the excitation. Short laser pulses in combination with
a fast microchannel plate photodetector and ultrafast elec-
tronics make a successful analysis of fluorescence decay signals
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in the range of single picoseconds possible. The dye was studied
at a concentration able to provide equivalent absorbance at 370
nm (0.2 in the 10 mm cell). The rate constant for quenching of
1,3-bis(p-bromophenylamino)squaraine by all quenchers under
studies were determined in 1-methyl-2-pyrrolidinone. The
concentration of dye was 2 x 10”°> M and that of quenchers was
in the range from 1 x 10"* M to 5.0 x 10~* M. The fluorescence
quenching at 440 nm was measured in deaerated solution by
bubbling with argon.

2.3. Polymerization measurements

The kinetics of polymerization of all monomers photoinitiated by:
1,3-bis(p-bromophenylamino)squaraine/tetramethylammonium
n-butyltriphenylborate (SQ/B2), 1,3-bis(p-bromophenylamino)
squaraine/diphenyliodonium chloride (SQ/I1) and 1,3-bis(p-
bromophenylamino)squaraine/N-methoxy-4-phenylpyridinium
tetrafluoroborate (SQ/NO) was measured using Differential
Scanning Calorimeter TA DSC Q2000 Instrument and TA Q PCA
photo unit equipped with a high-pressure mercury lamp (Photo-
DSC). The heat of the photoinitiated polymerization reaction
measured by means of a photo differential scanning calorim-
eter, is a good control of the reaction temperature. UV-visible
light (300 nm < A < 500 nm) was applied from a high pressure
mercury lamp at a constant intensity of 30 mW cm > for several
min under a nitrogen flow of 50 mL min~" at a prescribed
temperature (isothermal mode). The weight of the samples 30 +
0.1 mg was placed into an open aluminum liquid DSC pan. The
measurements were carried out under identical conditions. The
sample was maintained at a prescribed temperature for 2 min
before each measurement run began. Measurements were
recorded at a sampling interval of 0.05 s per point. The poly-
merizing solution was composed of 1.8 mL of monomer, 0.2 mL
of 1-methyl-2-pyrrolidinone and appropriate amount of photo-
initiator. The using of 1-methyl-2-pyrrolidinone was necessary
due to poor solubility of dye in the monomers studied.

The reaction heat liberated in the polymerization is directly
proportional to the number of acrylates reacted in the system.
By integrating the area under the exothermic peak, the
conversion of the acrylate groups (C%) or the extent of the

reaction was determined according to eqn (1):
AH,

C 0 —
A

x 100 (1)

where AH, is the reaction heat evolved at time ¢ and AH, is the
theoretical heat for complete conversion. A reaction heat for an
acrylate double bond polymerization of AH, = 78.0 k] mol *
was used. The rate of polymerization (R,) is directly related to
the heat flow (dH/d¢) as in eqn (2):

dH /dt
Ry = AH,

(2)

2.4. Cyclic voltammetry measurements

The electrochemical measurements were evaluated by Cyclic
Voltammetry (CV). Cyclic voltammetric measurements were

This journal is © The Royal Society of Chemistry 2016
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made with ER466 Integrated Potentiostat System (eDAQ,
Poland) in a three-electrode configuration. The electrolyte was
0.1 M tetrabutylammonium perchlorate in dry acetonitrile.
Platinum 1 mm disk electrode was applied as working electrode
and platinum and Ag/AgCl were used as auxiliary and reference
electrodes, respectively. All solutions were deoxygenated with
N, for at least 15 min prior to measurements. The computer-
controlled potentiostat was equipped with EChem Software.

2.5. Nanosecond laser flash photolysis

Transient absorption spectra and decay kinetics were studied
out using the nanosecond laser flash photolysis method. The
nanosecond laser flash photolysis experiments were performed
using a LKS.60 Laser Flash Photolysis apparatus (Applied Pho-
tophysics). Laser irradiation at 355 nm from the third harmonic
of the Q-switched Nd:YAG laser from a Lambda Phisik/model
LPY 150 operating at 65 m]J per pulse (pulse width about
4-5 ns) was used for the excitation. Transient absorbances at
preselected wavelengths were monitored by a detection system
consisting of a monochromator, a photomultiplier tube
(Hamamatsu R955) and a pulsed xenon lamp (150 W) as
a monitoring source. The signal from the photomultiplier was
processed by a Helwett-Packard/Agilent an Agilent Infiniium
54810A digital storage oscilloscope and an Acorn compatible
computer.

3. Results and discussion

The schematic structures of all compounds involved in the
photoinitiating systems studied are presented in Table 1.

The synthetic dye applied in new photoinitiating systems for
radical polymerization of multifunctional acrylates belongs to
squaraine dyes. Generally, squaraines are a family of chromo-
phores containing structures such as cyanine dyes, two donor
groups conjugated to an electron deficient oxocyclobutenolate
core, leading to highly electron delocalized structure that can be
exemplified as zwitterions. Due to their planar structures and
zwitterionic properties, squaraine dyes exhibit strong absorp-
tion (¢ > 10° dm® mol ! ecm ') and emission. By modifying the
aromatic or heterocyclic donor moiety it is easy to modify the
chromophore structure to tune the optical properties.** The dye
under study possess a strong withdrawing group (-Br) in para
position of phenyl ring.

3.1. Spectroscopic properties

One of the parameters that may have a significant influence on
the photophysical properties of photosensitizer is a solvent
medium. The solvent polarity may play a significant role in
dictating spectral shifts of the absorption band of squaraine
dyes.*” The influence on the absorption properties of squaraine
dye studied of different polarity solvents is shown in Fig. 1.
(SQ) exhibits a pronounced, well-defined absorption band
with maximum from 400 nm to 415 nm. The value of molar
absorption coefficient depends on the polarity of solvent and
ranging from 0.56 x 10* dm® mol™' em™* to 4.95 x 10* dm?
mol " em ™" from high polar to nonpolar solvents. The position
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of an absorption band only slightly depends on a type of solvent.
Significant variation of solvent polarity, from diethyl ether to
1-methyl-2-pyrrolidinone to water, led to negligible hyp-
sochromic shifts (415 nm — 405 nm — 398 nm). More polar
solvents lead to the blue-shift of an absorption band by 10-15
nm. Moreover, no changes in the spectral bands were observed
with increasing squaraine dye concentration, thus indicating
the ability of dye to remain in monomeric form even at relatively
high concentrations. Similar results were observed by P. V.
Kamat et al. for tetrahydroquinoxaline-based squaraine dyes.*
Other structurally modified squaraines undergo H- and J-type
aggregation upon an increase of concentration.*-**

Emission measurements revealed sharp fluorescence spectra
with relatively high Stokes shifts (A = 5000 ecm™ ') and
fluorescence quantum yields equal 5 x 10~* and 34.5 x 10 *in
diethyl ether and 1-methyl-2-pyrrolidinone, respectively.

As is seen, 1,3-bis(p-bromophenylamino)squaraine exhibit
low fluorescence quantum yield and short emission lifetime
about 10 ns. Fig. 2 shows the fluorescence decay observed for 1,3-
bis(p-bromophenylamino)squaraine in 1-methyl-2-pyrrolidinone
solution.

The fluorescence decay observed was fitted to two exponen-
tial curve. The dye exists in two conformers that differ in fluo-
rescence lifetime described by the corresponding components
of two exponential models, such as 7; and 7, together with the
corresponding amplitudes (B, and B,). This feature results from
interaction of 1,3-bis(p-bromophenylamino)squaraine with
surrounding solvent. On the basis of fitting of two exponential
curve, the fluorescence lifetimes of two conformers were
designated. The fluorescence lifetime of conformer appearing
predominantly (over 95%) is 10.8 ns. While, the fluorescence
lifetime of shorter living conformer is equal 2.7 ns.

Taking into account very small value of the fluorescence
quantum yield one can conclude that there are other deactiva-
tion processes (radiative and/or nonradiative) which squaraine
undergoes in its excited state. As it was mentioned in our
previous paper,* the excited state of squaraine molecule may be
quenched by different molecules in bimolecular reaction.
The following compounds: tetramethylammonium n-butyl-
triphenylborate (B2), diphenyliodonium chloride (I1) and
N-methoxyphenyl-4-phenylpyridinium tetrafluoroborate (NO)
were used as a quencher. The fluorescence quenching measure-
ments were confirmed an electron transfer between coinitiator
and photosensitizer. For this purpose, the changes in fluorescence
lifetime under increasing concentration of quencher (coinitiator)
was studied.’”*® The influence of a selected quencher on fluores-
cence lifetime and Stern-Volmer relationship are presented in
Fig. 3, respectively.

From the comparison of the results obtained for the same
chromophore and chromophore in the presence of quenchers
the shortening of the average fluorescence lifetime was
observed. The shortening of the fluorescence lifetime is inter-
preted as a result of interaction of dye with quencher molecule.

An addition of borate salt, iodonium salt and N-alkoxypyr-
idinium salt results in a significant decrease in a lifetime of the
excited singlet state of dye. Basing on this, it should be noted,
that in a presence of suitable quencher the fluorescence state of

RSC Adv., 2016, 6, 103851-103863 | 103853
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Table 1 Structures, names and abbreviations of sensitizer, electron donor, electron acceptors and monomers

©
&)
Br NH- NH: Br

Sensitizer

1,3-Bis(p-bromophenylamino)squaraine (SQ)

QL
5o

Tetramethylammonium #-
butyltriphenylborate (B2)

Q.

T

Ne

Diphenyliodonium chloride
1)

Electron acceptor

/ |

~® J BE,®
N
OCH,

N-Methoxy-4-phenylpyridinium
tetrafluoroborate (NO)

Electron donor

o o
HaC \)\0 o/|k7 Ci,
CH; O\(QCHZ
|

o

(0]
H,C \)\O

2-Ethyl-2-(hydroxymethyl)-
1,3-propanediol triacrylate
(TMPTA)

1,3-bis(p-bromophenylamino)squaraine is quenched. The
results obtained from fluorescence quenching experiments
were analyzed with use the Stern-Volmer relationship eqn (3).

1
7 =14 Ksv[Q] = 1 + kq7[Q] 3)
Iy
Diethyl ether
- — = Tetrahydrofuran
1,04
- Acetone
—-—- Ethanol
Methanol
- 0,84 A RN 1-Methyl-2-pyrrolidinone
= i Acetonitrile
S 7 - == N,N-Dimethylformamide
[} —— Dimethylsulfoxide
Q
=1
<
=
]
7]
<

T T - . —
350 420 490
Wavelength [nm]

Fig. 1 The electronic absorption spectra of 1,3-bis(p-bromopheny-

lamino)squaraine recorded at room temperature in solvents of
different polarity.
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Pentaerythritol triacrylate

(PETA)

Electron acceptor

o (8]
| J\/
CH. (0] CH;
o) )\7 2 HZC /\( \/\/\/\0 — 2

o

OH Oﬁ(}lz

o

1,6-Hexanediol diacrylate

(HDDA)

where: I, and I are the fluorescence intensities of squarylium
dye in absence and presence of quencher, respectively; Kgy is the
Stern-Volmer constant, characterized the collision interaction
of quencher molecules (Q) with the excited state of fluorophore,
kq is the quenching rate constant.

From the fluorescence lifetime 7 and the slope of the linear
relationship of Stern-Volmer plot (Fig. 3 right), one can calcu-
lated the k, value.

As it was previously observed for other squaraine,® the rate
of dynamic quenching of the excited singlet state depends on
the type of quencher used. Form the data presented in Fig. 3, it
is seen the linear relationship between changes in the fluores-
cence lifetime and concentration of quencher. The slopes of
Stern-Volmer linear relationship are as follows: 473.24, 398.33,
and 328.92 for (B2), (I1) and (NO), respectively. From Stern-
Volmer equation plot, the rate constants of fluorescence
quenching reaction were obtained to be 8.19 x 10" M ' s},
6.89 x 10" M ' s ' and 5.69 x 10'° M ' s~ for (B2), (I1) and
(I2), respectively, which are nearly one order of magnitude
larger than that of diffusion controlled bimolecular reaction
constant (~2 x 10° M~ ' s 1),

These results confirmed that the coinitiators under study are
very effective fluorescence quenchers for excited (SQ) dye and
the fast quenching occurs predominantly through the intra-
molecular ion-pair pathway.

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 The fluorescence decay recorded for 1,3-bis(p-bromophenylamino)squaraine in 1-methyl-2-pyrrolidinone as a solvent, Agx 370 nm.

1,5
6000
8 4000
5
o
o]
2000
0 T T T T
10 0,0000  0,0002  0,0004 0,006 0,0008 0,0010

Time [ns] Quencher concentration [M]

Fig. 3 Left: The effect of tetramethylammonium n-butyltriphenylborate (B2) on the fluorescence lifetime of 1,3-bis(p-bromophenylamino)
squaraine in 1-methyl-2-pyrrolidinone as a solvent. Right: The Stern—Volmer plots for the quenching of fluorescence of 1,3-bis(p-bromo-
phenylamino)squaraine by borate salt (B2), diphenyliodonium salt (11) and N-alkoxypyridinium salt (NO), respectively.

The influence of borate salt, iodonium salt and N-alkox- and coinitiator in ground state. This phenomena may be
ypyridinium salt on the rate of fluorescence decay of dye a result of photoinduced electron transfer process occurred
suggests that the primary photoreaction occurs between the dye between excited dye molecule and quencher in ground state.
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During photoinduced electron-transfer process squaraine may
act as an electron donor or an electron acceptor depending on
the electrochemical properties of both dye and quencher.

In conclusion, owing to the energy of excited (SQ) dye lower
than that of borate and all coinitiators used, the energy transfer
from excited (SQ) to coinitiator is impossible. Therefore, it is
reasonable to consider that upon irradiation the photoinduced
electron transfer reaction between excited squaraine dye and
coinitiator occurs via intramolecular pathway, which has a large
reaction rate as fluorescence quenching experiments described
above.

3.2. Electrochemical measurements

In order to confirm, that the primary photochemical process in
photoinitiating systems studied is an electron transfer, the
redox properties of all components of photoinitiator were
studied by cyclic voltammetry. In order to estimate thermody-
namically, the activity of the squaraine dye/borate salt, squar-
aine dye/iodonium salt and squaraine dye/N-alkoxypyridinium
salt photoreaction, the values of free energy change (AG,) for an
electron transfer reaction were calculated according to the
Rehm-Weller equation, eqn (4).*

AG. = Eg(D'T/D) — Erea(AJA'T) — Zé*lea — Eqy (4)

in which E.(D"/D) is the oxidation potential of an electron
donor molecule, E..4(A/A"7) is the reduction potential of elec-
tron acceptor, Ze’/ea is the coulombic energy, normally
considered negligible in high-dielectric solvents, and Ey, is the
singlet energy of the squaraine dye.

It should be noted, that in photoinitiator systems under
study, the photoreducible and photooxidizable sensitization
occurs. Therefore, photoexcited dye may act as an electron
acceptor or an electron donor. In a case of tetramethylammo-
nium n-butyltriphenylborate, the squaraine plays a role of an
electron acceptor. On the other hand, squaraine dye acts as an
electron donor for diphenyliodonium salt and N-alkoxypyr-
idinium salt.

For the calculation of the value of free energy change for
electron transfer process the both oxidation and reduction
potentials of photosensitizer must be measured. To establish
the redox properties of squaraine, we used cyclic voltammetry
experiment.

The electrochemical oxidation of several symmetrical
squaraine dyes has been investigated earlier by Law and co-
workers.*® Most of squaraines exhibit two reversible oxidations,
and their oxidation potentials are influenced by type of
substituent.** Dye (SQ) exhibits only one very weak irreversible
oxidation peak at 1.24 eV and reduction peak at —0.252 €V, in
acetonitrile. The cyclic voltammogram of this dye in shown in
Fig. 4.

The higher value of oxidation potential than that observed
for other squaraine dyes®” reflects a decrease in the charge-
transfer character of the molecule due to the presence of zwit-
terionic structure of dye.

The singlet excited-state energy (Eo,) for 1,3-bis(p-bromo-
phenylamino)squaraine was determined from the crossover
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Fig. 4 Cyclic voltammograms of 1,3-bis(p-bromophenylamino)
squaraine dyes in 0.1 M tetrabutylammonium perchlorate solution in
dry acetonitrile as the supporting electrolyte. Inset: the normalized
absorption and fluorescence spectra of sensitizer recorded at room
temperature in acetonitrile as a solvent.

point between the normalized absorption and emission spectra
and equals 2.877 eV for 'SQ*.

Next, the values of free energy change for an electron transfer
process were calculated. For this purpose the oxidation poten-
tial of 1,3-bis(p-bromophenylamino)squaraine (E,, = 1.24 eV)
and reduction potentials of diphenyliodonium chloride (E.eq =
—0.494 eV) and N-methoxyphenyl-4-phenylpyridinium tetra-
fluoroborate (Er.qg = —0.594 eV) must be used. The thermody-
namic parameters calculated (—110.31 k] mol ' and —100.66 k]
mol ") indicate that both SQ/I1 and SQ/NO combination
systems possess high driving force, AG.. In the presence of
tetramethylammonium n-butyltriphenylborate (B2), squaraine
dye undergoes photoreduction process. In such a case the
reduction potential of dye (E..q = —0.252 eV) and the oxidation
potential of coinitiator (E,x = 1.153 eV) were used for the
calculation of AG. value, that is equal —142.06 kJ mol ™.
Negative values of AG, indicate, that for all photoinitiating
systems under study an electron transfer reaction yielding free
radicals is thermodynamically allowed.

3.3. Kinetics of polymerization of multifunctional acrylates

The polymerization of different monomers, such as: 1,6-hex-
anediol diacrylate (HDDA), pentaerythritol triacrylate (PETA), 2-
ethyl-2-(hydroxymethyl)-1,3-propanediol triacrylate (TMPTA),
with photosensitizer (squaraine dye) was performed to examine
the efficiency of three different coinitiators, such as tetramethy-
lammonium r-butyltriphenylborate (B2), diphenyliodonium
chloride (I1) and N-methoxy-4-phenylpyridinium tetrafluoroborate
(NO) in radical polymerization of HDDA, PETA and TMPTA in the
presence and absence of active species sources: coinitiators. The
photopolymerizations were conducted using light wavelengths in
the range from 300 nm to 500 nm and an irradiation intensity of
30 mW em ™2,

In order to evaluate the optimum conditions for the poly-
merization process, the effect of the concentration of photo-
initiator on the rate of polymerization process was studied.

This journal is © The Royal Society of Chemistry 2016
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Fig.5 Time-conversion curves recorded during the polymerization of
TMPTA with 1,3-bis(p-bromophenylamino)squaraine at 300 nm < A <
500 nm irradiation in presence of different concentration of N-
methoxy-p-phenylpyridinium tetrafluoroborate (NO) (marked in the
figure). Inset: the influence of concentration of coinitiator on the
kinetic of polymerization process.

To examine the effect of free radical source concentration on
the initiator efficiency, polymerization with different concen-
tration of coinitiator changing from 5 x 10 *Mto5 x 10 > M
was done. Fig. 5 shows the kinetics of TMPTA polymerization
with squaraine dye in presence of N-methoxy-4-
phenylpyridinium tetrafluoroborate (NO) at four different
concentrations.

The concentration of all components of photoinitiating
system has a significant impact on the rate of polymerization.
As the concentration of photosensitizer and coinitiator
increased from 5 x 107* M to 5 x 10 ° M, the maximum
polymerization rate was observed to increase from 5 x 10™* M
to 2 x 107 * M in the case of N-methoxy-p-phenylpyridinium
tetrafluoroborate used as coinitiator.

It is well known, that in the conventional UV/Vis photo-
polymerization, R, increases when more initiator is used,
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however it decreases rapidly if too much initiator is added. This
effect is attributed to the “inter filter effect” and becomes more
significant for photoinitiators with high molar extinction coef-
ficient (for squaraine tested, ¢ is about 4 x 10* dm® mol "
cm ).

From the data presented in Fig. 5, it is evident that as the
photoinitiator concentration is increasing, the initial rate of
polymerization increases and reaches a maximum followed by
a continuous mild decrease. For the tested photoinitiators
under irradiation conditions the highest rate of polymerization
was observed at the photoinitiator concentration of about 2 x
10° M.

In absence of active species source (coinitiator), the photo-
polymerization of all monomers studied was carried out with
1,3-bis(p-bromophenylamino)squaraine (SQ) (5 x 107° M) at
irradiation ranging from 300 nm to 500 nm and no monomer
conversion was observed.

Fig. 6-8 show the kinetic curves recorded during photo-
polymerization of radically polymerizable monomers: 1,6-hex-
anediol diacrylate (HDDA), pentaerythritol triacrylate (PETA)
and  2-ethyl-2-(hydroxymethyl)-1,3-propanediol triacrylate
(TMPTA), and, as well as the degree of double bonds conversion
as a function of irradiation time.

As it is seen from the kinetic data presented above (Fig. 6-8
and Table 2) the rate of polymerization and degree of double
bond conversion depend on the type of monomer and coini-
tiator. The best kinetic results were achieved for photoinitiator
system composed of N-methoxy-4-phenylpyridinium tetra-
fluoroborate (NO) as a coinitiator. The highest efficiency for
radical polymerization was observed in the case of two-
functional monomer: 1,6-hexanediol diacrylate (HDDA). The
radical polymerization of HDDA occurs with the degree of
double bond conversion from 24% to 73% and is about two-
times higher than that observed for trifunctional monomers:
pentaerythritol triacrylate (PETA) and 2-ethyl-2-(hydroxymethyl)-
1,3-propanediol triacrylate (TMPTA). The rates of polymerization
of HDDA are higher than that achieved for triacrylates and
ranging from 0.6 mmol s~' to 11.96 mmol s~ '. The radical

80
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Fig. 6 The kinetic and time-conversion curves recorded during radical polymerization of HDDA initiated by 1,3-bis(p-bromophenylamino)
squaraine in presence of different coinitiators (marked in the figure) at ambient temperature; [SQ] = 2 x 10~3 M; [coinitiator] = 2 x 107> M. Light

intensity was equal 30 mW cm™2.
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polymerization of triacrylates occur with the lowest rates for all
coinitiators used. The efficiency of photoinitiator system
composed of diphenyliodonium chloride (I1) to initiation of
polymerization of 1,6-hexanediol diacrylate is similar to that
observed when N-methoxy-4-phenylpyridinium tetrafluoroborate
was used as coinitiator. The monomer conversion was achieved
values 73.3% and 71.8% for iodonium and N-alkoxypyridinium
salt, respectively.
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On the other hand, the lowest efficiency of radical polymer-
ization of all monomers studied was observed for tetramethy-
lammonium n-butyltriphenylborate used as coinitiator.

The maximum conversion of PETA obtained during the
polymerization initiated by squaraine dye in presence of (B2),
(I1) and (NO) was found as 23.54%, 27.05% and 45.43%,
respectively. The rate of polymerization is about 2 times higher
for diphenyliodonium chlorine in comparison with borate salt.
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Fig. 7 The kinetic and time-conversion curves recorded during radical polymerization of PETA initiated by 1,3-bis(p-bromophenylamino)
squaraine in presence of different coinitiators (marked in the figure) at ambient temperature; [SQ] = 2 x 10~3 M; [coinitiator] = 2 x 10~3 M. Light

intensity was equal 30 mW cm™2.
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Fig. 8 The kinetic and time-conversion curves recorded during radical polymerization of TMPTA initiated by 1,3-bis(p-bromophenylamino)
squaraine in presence of different coinitiators (marked in the figure) at ambient temperature; [SQ] = 2 x 1073 M; [coinitiator] = 2 x 1073 M. Light

intensity was equal 30 mW cm™2.

Table 2 Thermodynamic and kinetic parameters of photoinitiating systems under study

HDDA PETA TMPTA
AGg R, Monomer conversion R, Monomer conversion R, Monomer conversion
Photoinitiator  [kJ mol™"] [mmols™'] [%] [mmol s™']  [%] [mmol s™']  [%]
SQ/B2 —142.06 0.6 24.12 1.02 23.54 1.0 6.9
sQ/m —110.31 9.90 73.3 2.03 27.05 2.6 36.7
SQ/NO —100.66 11.96 71.8 9.22 45.43 7.42 47.3
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Similar results were obtained in the case of 2-ethyl-2-
(hydroxymethyl)-1,3-propanediol  triacrylate. ~The photo-
initiating systems possessing N-alkoxypyridinium salt as an
electron acceptor initiate radical polymerization about 7-9
times faster than systems composed of borate salt.

Basing on the kinetic results, the following order of coini-
tiators activity may be proposed: borate salt (B2) > iodonium salt
(I1) > N-methoxypyridinium salt (NO). This trend can be
explained by the difference in the decomposition rate constant
and the reactivity of active species formed toward the functional
group of monomer.

Therefore, N-methoxy-4-phenylpyridinium tetrafluoroborate
is relatively more efficient radical source than others to accel-
erate the rate of polymerization. The higher activity of N-
alkoxypyridinium salts can be explained by high efficiency of
alkoxy radicals formation.*>-*®

The different kinetic results obtained may be also related to
different properties of monomers used. It should be also noted,
that the rate of radical polymerization ranges from 0.6 mmol s~
to 11.96 mmol s and is greater than that obtained for other
squaraine dye-based photoinitiating systems composed of 1,3-
bis(phenylamino)squaraine and borate salt and diphenyliodo-
nium salts.”” As it will be show below, the polymerization of
radically polymerizable monomers is initiated by butyl, phenyl
and methoxy radicals. The differences in photoinitiation ability
observed between all coinitiators used may be related to different
redox potentials of coinitiators, resulting in different values of
free energy change for an electron transfer process.

In next step, for fully demonstration the interest of proposed
approach, the photoinitiating ability was compared to
commercially available photoinitiators. It is well known, that
the photoinitiating ability is highly dependent on the nature of
the light source, its intensity and wavelength, as well as on
reactivity of the formulation.

For example, 1,6-hexanediol diacrylate (HDDA) polymerizes
in presence of a initiator: bis(2,4,6-trimethylbenzoyl)
phenylphosphine oxide (TMBAPO, Irgacure 819) (0.1% w/w) at
light intensity 0.6 mW cm™? with total monomer conversion
about 12%.* HDDA under 30 min of UV-irradiation initiated by
triaryl sulfonium hexafluoroantimonate salt gives the monomer
conversion about 50%.>° In 2016 Wu and co-workers described
the polymerization of 1,6-hexanediol diacrylate initiated by
visible light one-component photoinitiating systems composed
of 4-[(methyl)-(9-0x0-9H-thioxanthen-2-yl)Jamino]methyl phenyl
acrylate. An addition of tertiary amine leads to the 60% of
monomer conversion.**

The polymerization of pentaerythritoltriacrylate (PETA) in
presence of bis(2,4,6-trimethylbenzoyl)phenylphosphine oxide
as photoinitiator under irradiation of UV LED with emission
maximum at 385 nm gives the total monomer conversion about
35% and 60%.%

But, the photopolymerization of an trimethylolpropane tri-
acrylate (TMPTA) in presence of phosphine oxide as the pho-
toinitiator leads to the 5% of double bond conversion under air
and irradiation with Xe lamp.*®* Addition of 3% w/w of tris
(trimethylsilyl)silane causes in an increase of conversion about
40% under the same conditions.>® Monoacylphosphine oxides

This journal is © The Royal Society of Chemistry 2016
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such as Speedcure TPO initiates radical polymerization of
TMPTA under irradiation with LED at 400 nm and light inten-
sity equal 85 mW ¢cm 2. The maximum double bond conversion
was about 15%.>* Arsu and co-workers®® shown that the poly-
merization of TMPTA using BAPO (0.2 wt%) in the absence and
presence of 2-mercaptothioxanthone (0.02 wt%), during irradi-
ation with a medium-pressure mercury lamp with a light
intensity of 20 mW cm™?, occurs with conversion about 30%
and 38%, respectively.* Shi et al. in 2011 described a series of
benzophenone-terminated hyperbranched polyester, bearing
amine moieties as photoinitiator for radical polymerization of
trimethylolpropane triacrylate. The maximal conversion ach-
ieved is in range from 44% to 59%.°® Yang and co-workers
studied the kinetics of radical polymerization using UV-lamp
(200-400 nm) as a light source whit an intensity 20 mW em .
The dibenzoyl peroxide does not initiate polymerization of
TMPTA under these conditions. But application of isopropyl
thioxanthone or thioxanthone-based N-phthalimidoamino acid
ammonium salt as a photoinitiator gives the final conversion
about 40% and 83%, respectively.”” Arsu and co-workers studied
an amine linked benzophenone photoinitiator for free radical
polymerization of triacrylates.>® A medium pressure mercury arc
lamp (220-400 nm) giving light intensity of 40 mW cm™ > was
used as a light source. The final conversion changes in the range
from 12% to 55%.

The kinetic results shown also, that the systems under study
initiate polymerization process faster than other squaraine-based
photoinitiators. For example, for two-component photoinitiating
systems composed of bis(1,2,3,3-tetramethylindolenium-2-ylidene)
squaraine or bis(3-methylbenzothiazol-2-ylidene)squaraine, and
(p-octanoxyphenyl)phenyliodonium salt the maximum double
bond conversion of methyl methacrylate is in the range from 10%
to 14% after 4 h of irradiation time.* But photopolymerization of
TMPTA in laminate initiated by 1,3,3-trimethylindolenine-based
squaraine dye and diphenyliodonium chloride (0.5%/2%, w/w)
leads to the conversion of monomer about 40%.* When cam-
phorquinone and diphenyliodonium chloride (0.5%/2%, w/w)
were used to initiation of TMPTA polymerization under halogen
lamp as a light source, final monomer conversion obtained in
laminate was about 18%.%® The application of 1,3-bis(phenyla-
mino)squaraine in presence of tetramethylammonium n-butyl-
triphenylborate for initiation of polymerization of different
acrylates leads to the total monomer conversion about 10.5%,
21.6% and 27.3% for TMPTA, PETA and HDDA, respectively. The
polymerization of triacrylates initiated by system composed of 1,3-
bis(phenylamino)squaraine in presence of diphenyliodonium
chloride as a coinitiator leads to about 20% of total monomer
conversion using irradiation of high-pressure mercury lamp (300-
500 nm) with light intensity 30 mW cm 2.7

The total conversion obtained for photoinitiating systems
under study are about 73.3%, 45.43% and 47.3% for HDDA,
PETA and TMPTA, respectively.

3.4. Investigation of the initiation mechanism

As it was mentioned above the three different compounds were
used as coinitiators in polymerization systems under study.
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Fig. 9 Transient absorption spectra of 1,3-bis(p-bromophenylamino)
squaraine in presence of tetramethylammonium n-butyl-
triphenylborate (B2) recorded: 2 ns (squares, circles) and 100 ns
(triangles) after laser pulse. Inset: transient absorption spectra of
squaraine dye recorded 100 ns after laser pulse (circles) in acetonitrile
solution. Coinitiator concentration is marked in the figure.

Therefore, various species are products of primary and
secondary photochemical reactions. The initiating radicals
(derived from corresponding coinitiators) are different for all
photoinitiating systems under study. Taking this into account,
the activity of the photoinitiating systems studied depends on
the reactivity and the efficiency of initiating radicals formation.

Irradiation of 1,3-bis(p-bromophenylamino)squaraine in
acetonitrile solution, with 5 ns laser pulse results in instanta-
neous appearance of its excited state, which is characterized by
absorption at 380 nm. The rate constant of excited state
formation is equal 2.48 x 10® s™". The time of decay of excited
state, and the rate constant of the decay of excited state are
about 2.33 us and 4.29 x 10° s7', respectively. The lifetime of
SQ* is decreasing as concentration of borate salt increases.
This mean, that SQ* is quenched by tetramethylammonium
n-butyltriphenylborate, and a new transient with absorption at
480-500 nm is simultaneously formed. The new transient can
be assigned to radical anion of squaraine dye. At the same time
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the disappearance of the band corresponding to the absorption
of the dye in the ground state is observed (Fig. 9).

The rate constant, kg, for the quenching of the excited state
of squaraine dye by borate salt was determined in MeCN solu-
tion. The k, value was obtained by monitoring the excited state
absorption decays of SQ* at 380 nm for various quencher
concentrations by employing the Stern-Volmer equation. The
established value of this rate constant is equal 3.31 x 10" mol "
s~ ™. The time of formation of squaraine dye-based radical anion
and its disappearance is equal 10 nm and 1.14 ps, respectively.

The excited state of photosensitizer is also quenching by
N-methoxy-p-phenylypyridinium tetrafluoroborate, as well as
diphenyliodonium chloride. In both cases the formation of new
absorption band at 480-500 nm is observed. The time of
formation of new product and its disappearance is equal 20 ns
and 1.47 us, 14 ns and about 200 ns for N-alkoxypyridinium salt
and diphenyliodonium salt, respectively. New absorption band
is attributed to the absorption of squaraine dye-based radical
cation formation. Simultaneously the disappearance of the
band at 380 nm is observed. The established value of quenching
rate constant is equal 2.31 x 10° mol ™" s . Fig. 10 shows the
kinetic traces recorded at 480 nm for different delay times: 2 ns
and 2 ps, that present the formation and disappearance of
squaraine dye radical cation.

On the basis of the above experiments, it appears that
n-butyltriphenylborate anion is oxidized, but N-methoxy-p-
phenylpyridinium cation and diphenyliodonium cation are
reduced by excited state of squaraine dye. These reactions yield
ground state squaraine dye, n-butyltriphenylboranyl radical,
N-methoxy-p-phenylpyridyl radical and diphenyliodonium
radical. The radicals formed undergo fast and irreversible
fragmentation giving: n-butyl radical and triphenylboron,
methoxy radical and p-phenylpyridinium and phenyl radical
and iodobenzene.

Basing on the laser flash photolysis results and thermody-
namic parameters for the electron transfer process, one can
conclude, that there is the possibility of donating an electron
from borate salt to squaraine dye. This process is thermody-
namically allowed, AG. = —142 k] mol™". On the other hand
the squaraine dye studied can also act as an electron donor for
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Fig.10 The kinetic traces recorded at 480 nm for different delay times: 2 ns and 2 us observed after irradiation of 1,3-bis(p-bromophenylamino)
squaraine in presence of N-methoxy-p-phenylpyridinium tetrafluoroborate. Coinitiator concentration was 5 x 10™* M.
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both onium salts studied. In summary, photoinitiating systems
studied may act via photoreducible or photooxidizable
mechanism.

On the basis of the nanosecond laser flash photolysis and the
thermodynamical analysis presented in this paper, the following
mechanism for the primary and secondary reactions was
proposed (Scheme 1) for sensitized generation of free radicals.

After irradiation of the photoinitiating system with a visible
light, the excited state of squaraine (SQ¥) is formed. The deac-
tivation of excited state occurs by radiative and nonradiative
processes. One of the nonradiative processes is an electron
transfer. In presence of borate salts the squaraine dye
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undergoes one-electron reduction. The dye radical anion and
boranyl radical are formed. The boranyl radical undergoes
carbon-boron bond cleavage, giving a butyl radical that can
start the polymerization reaction. However, in the presence of
diphenyliodonium salt or N-methoxy-p-phenylpyridinium salt,
an electron transfer from the excited state of squaraine dye to
the ground state of onium salts occurs, giving squaraine radical
cation and diphenyliodonium radical or N-methoxy-p-phenyl-
pyridinium radical. The lasts undergo fast fragmentation as
a result of carbon-iodide or nitrogen-oxygen bond cleavage,
forming the iodobenzene and phenyl radical or p-phenyl-
pyridinium and methoxy radical.
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Scheme 1 The primary and secondary processes occurring in the photoinitiating systems under study after irradiation with visible light.
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4. Conclusions

In this paper, the efficiency of visible light induced polymeri-
zation of multifunctional acrylates in the presence of two-
component photoinitiating systems based on squaranine dye
and tetramethylammonium n-butyltriphenylborate, dipheny-
liodonium chloride and N-methoxy-p-phenylpyridinium tetra-
fluoroborate was ascertained.

1,3-Bis(p-bromophenylamino)squaraine could successfully
initiate photopolymerization of 1,6-hexanediol diacrylate
(HDDA), trimethylolpropane triacrylate (TMPTA) and pentaery-
thritol triacrylate (PETA) under high-pressure mercury lamp light
exposure (300 nm < A < 500 nm) in the presence of N-methoxy-4-
phenylpyridinium tetrafluoroborate, diphenyliodonium chloride
and tetramethylammonium n-butyltriphenylborate. The best
photoinitiating ability was observed for photoinitiator composed
of squaraine dye as a photosensitizer and N-methoxy-p-phenyl-
pyridinium tetrafluoroborate as a coinitiator. The rate of poly-
merization depends on the type of coinitiator and type of
monomer. The highest values of monomer conversion were
observed for diacrylate monomer polymerization. The max values
reached above 73%.

Basing on the kinetic results and the laser flash photolysis
experiment the mechanism of reactions occurring in new pho-
toinitiating system composed of squaraine dye was proposed.
The free radicals formation involves both, an electron transfer
from borate salt to the dye and an electron transfer from dye to
onium salt, as the primary photochemical reactions. Borate salt
is an electron donor reducing dye, but diphenyliodonium salt
and N-alkoxypyridinium salt are the electron acceptor oxidizing
the excited dye. These reactions generate free radicals, which
can start the polymerization chain reaction via photoreducible
or photooxidizable series mechanism.
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N-Alkoxynium salts as coinitiators in radical polymerization
sensitized with squarine dye after irradiation

with UV-visible light

Sole N-alkoksonionowe jako koinicjatory

w procesie polimeryzacji rodnikowej
sensybilizowanej przez harwnik skwarynowy
w zakresie swiatfa UV-Vis
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Six N-alkoxypyridinium salts were synthesized, identified
and used together with 1,3-bis(4-bromophenylamino)
squarine as coinitiators in 2-component photoinitiating
systems for radical polymerization of HOCH,CHEt(CH,OH),
triacrylate at 25°C and light intensity 30 mW/cm? (wave
length 300-500 nm) to det. the kinetics of photopolymeriza-
tion. The 2-component systems squarine dye/N-alkoxypy-
ridnium salts were found very efficient for initiation of the
radical polymerization.

Sole N-alkoksoniowe zastosowano jako ko-
inicjatory w dwusktadnikowych uktadach ini-
cjujacych polimeryzacje rodnikowg triakryla-
nu 2-etylo-2-hydroxymetylo-1,3-propanodiolu
(TMPTA). Zbadano wptyw sktadu uktadéw fo-
toinicjujagcych zawierajgcych barwnik skwa-
rynowy na kinetyke procesu fotopolimeryza-
cji triakrylanu trimetylolopropanu. Opisano
syntezy koinicjatorow oraz spektroskopowe
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wlasciwosci fotoinicjatoréw. Stwierdzono, ze
dwusktadnikowe uktady barwnik skwarynowy/
sOl N-alkoksypirydyniowa mogg by¢ stosowa-
ne jako efektywne uktfady inicjujgce polimery-
zacje rodnikowg w zakresie promieniowania
UV-Vis.

Proces polimeryzacji rodnikowej inicjowany promieniowaniem
UV-Vis jest powszechnie stosowany do sieciowania monomerow,
takich jak akrylany, metakrylany i epoksydy". Ze wzgledu na wiele
zalet fotopolimeryzacj¢ wykorzystuje si¢ w ré6znych gateziach przemy-
stu. Proces ten umozliwia m.in. utwardzanie wypelnien stomatologicz-
nych, produkcje powtok ochronnych i dekoracyjnych, farb drukarskich
oraz klejow> 3.

Warunkiem inicjowania polimeryzacji rodnikowej jest obec-
no$¢ w mieszaninie polimeryzujacej fotoinicjatorow stanowig-
cych zrodto rodnikow®. W wyniku dziatania promieniowania
nadfioletowego zwiazki te ulegaja fotodysocjacji tworzac czastki
reaktywne. Powszechnie wiadomo, ze promieniowanie UV przy
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wigkszych dawkach niekorzystnie wpltywa na organizm ludzki.
fotopolimeryzacj¢ w zakresie §wiatta widzialnego. Jest to mozliwe
dzigki zastosowaniu odpowiedniego barwnika jako sensybilizatora
przesuwajacego czulos¢ uktadu fotoinicjujacego w kierunku fal
dtuzszych’™". Do grupy takich barwnikow naleza skwaryny, ktore
sg pochodnymi 1,2-dihydroksycyklobuten-3,4-dionu zwanego kwa-
sem kwadratowym. Zwiazki te otrzymuje si¢ albo przez kondensa-
cje kwasu kwadratowego z bogatymi w elektrony aromatycznymi
lub heterocyklicznymi zasadami metylenowymi albo etapami przez
wprowadzenie do szkieletu kwasu kwadratowego zwiazkow aro-
matycznych lub heterocyklicznych poprzez dialkiloskwaryng lub
dichlorek skwaryny®.

Istnieje wiele komercyjnie dostgpnych koinicjatorow inicjujg-
cych zaréwno polimeryzacje rodnikowsa, jak i kationowa. Nadal
jednak poszukiwane sg zwiazki pozwalajace uzyskaé coraz lepsze
parametry procesu polimeryzacji. Do takiej grupy zwiazkow naleza
sole N-alkoksoniowe. W literaturze opisano zastosowanie tych soli
w procesie polimeryzacji kationowej” ', a w przypadku inicjowa-
nia procesu polimeryzacji rodnikowej opisano dotychczas uklady,
w sktad ktorych wchodzit komercyjnie dostepny tetrafluoroboran
N-metoksy-4-fenylopirydyniowy oraz tetrafluoroboran N,N’-dietoksy-
2,2’-bipirydylowy'"13.

Czes¢ doswiadczalna
Materiaty

Do syntezy soli N-alkoksoniowych (NO1-NOS5) zastosowano tetra-
fluoroboran trimetylooksoniowy, N-tlenek 4-cyjanopirydyny, N-tlenek
izochinoliny, N-tlenek chinoliny, N,N -ditlenek 4,4’-bipirydylu i hek-
safluorofosforan trietylooksoniowy. Ponadto wykorzystano dichlo-
rometan, acetonitryl, chloroform, metanol i 1-metylo-2-pirolidon jak
rozpuszczalniki. Wszystkie reagenty, rozpuszczalniki, tetrafluoroboran
N-metoksy-4-fenylopirydyny (NO) oraz triakrylan 2-etylo-2-(hydrok-
symetylo)-1,3-propanodiolu (TMPTA) zakupiono w firmie Aldrich
(Polska).

Syntezy

Barwnik skwarynowy 1,3-bis(4-bromofenyloamino)skwaryna (SQ)
otrzymano przez kondensacj¢ kwasu kwadratowego i 4-bromoaniliny
wg metody opisanej w literaturze'# ¥,

Tetrafluoroboran N-metoksy-4-cyjanopirydyny (NO1) otrzy-
mano w reakcji tetrafluoroboranu trimetylooksoniowego (1 mmol)
i N-tlenku 4-cyjanopirydyny (I mmol) prowadzonej w temperaturze
wrzenia dichlorometanu w atmosferze gazu obojetnego przez 4 h.
Zwiazek NO1 to biate ciato state o temp. topnienia 101°C. Otrzymano
0,4 g NOI, co odpowiada wydajnosci reakcji 39,09%. 'H NMR
(DMSO-d,), 6 (ppm): 4,4898 (s, 3H, CH,); 8,8502-8,8807 (dt, 2H,
Ar); 9,7766-9,8072 (dt, 2H, Ar). *C NMR (DMSO — d,), 6 (ppm):
70 (CH,); 115 (C); 126 (C); 130 (CH); 133 (CH); 141 (CH); 143 (CH).

Tetrafluoroboran N-metoksyizochinoliny (NO2) otrzymano
w reakcji tetrafluoroboranu trimetylooksoniowego (7,6 mmol)
i N-tlenku izochinoliny (6,9 mmol) prowadzonej w temperaturze
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wrzenia dichlorometanu w atmosferze gazu obojetnego przez 4 h.
S61 NO2 to biate ciato stale o temp. topnienia 61°C. Otrzymano
1,32 g NO2. Wydajno$¢ reakcji wynosita 77,56%. 'H NMR
(DMSO-d,), o (ppm): 4,5270 (s, 3H, CH,); 8,1127-8,1536 (m, 1H,
Ar); 8,2771-8,3184 (m, 1H, Ar); 8,4016-8,4216 (d, J = 8 Hz, 1H,
Ar); 8,5014-8,5221 (d, J = 8,25 Hz, 1H, Ar); 8,7100-8,7280 (d,
J~1,2Hz, 1H, Ar); 9,1502-9,1736 (dd, 1H, Ar); 10,4920-10,4973
(d, Hz, 1H, Ar). *C NMR (DMSO-d,), & (ppm): 70 (CH,); 128
(CH); 128 (C); 128 (CH); 131 (CH); 132 (CH); 132 (CH); 137 (C);
137 (CH); 145 (CH).

Tetrafluoroboran N-metoksychinoliny (NO3) otrzymano w reak-
cji tetrafluoroboranu trimetylooksoniowego (1 mmol) i N-tlenku
chinoliny (1 mmol) prowadzonej w temperaturze wrzenia dichloro-
metanu w atmosferze gazu obojetnego przez 4 h. Zwiazek NO3 to
biale ciato stale o temp. topnienia 96°C. Otrzymano 0,41 g NO3.
Wydajnos¢ reakcji byta rowna 26,45%. '"H NMR (DMSO-d,),  (ppm):
4,5568 (s, 3H, CH,); 8,1045-8,1451 (m, 1H, Ar); 8,2540-8,2906 (m,
IH, Ar); 8,3346-8,3776 (m, 1H, Ar); 8,5506-8,5837 (m, 2H, Ar);
9,3058-9,3267 (d, J =~ 8,36 Hz, 1H, Ar); 9,9977-10,0163 (dd, 1H,
Ar). "C NMR (DMSO-d,), ¢ (ppm): 70 (CH,); 117 (CH); 123 (CH);
131 (CH); 131 (C); 131 (CH); 136 (C); 137 (CH); 145 (CH); 147 (CH).

Bis(tetrafluoroboran) N,N’-dimetoksy-4,4’-bipirydylu (NO4)
otrzymano w reakcji tetrafluoroboranu trimetylooksoniowego (2 mmol)
i N,N’-ditlenku 4,4’-bipirydylu (1 mmol) prowadzonej w temperaturze
wrzenia acetonitrylu w atmosferze gazu obojetnego przez 4 h. Zwiazek
NO4 to biate ciato state o temp. topnienia 182°C. Otrzymano 0,42 g
NO4. Wydajnos¢ reakcji wyniosta 43,09%. 'H NMR (DMSO-d),
o (ppm): 4,5277 (s, 6H, CH,); 8,8685-8,8935 (m, 4H, Ar); 9,7782-
-9,8102 (m, 4H, Ar). ®C NMR (DMSO-d,), ¢ (ppm): 70 (CH,); 128
(CH); 142 (CH); 148 (C)™®.

Heksafluorofosforan N-etoksy-2-metylopirydyny (NOS5) otrzy-
mano w wyniku ogrzewania heksafluorofosforanu trietylooksoniowego
(1,2 mmol) z N-tlenkiem 2-metylopirydyny (1 mmol) w temperaturze
wrzenia chloroformu w atmosferze gazu obojgtnego przez 0,5 h. Sol
NOS5 otrzymano w postaci bialego ciata stalego o temp. topnienia
70°C w ilosci 1,7 g, co oznacza, ze wydajno$¢ reakcji wyniosta
60,03%. 'H NMR (DMSO-d,), J (ppm): 1,4235-1,4585 (t, 3H, CH,);
2,8111 (s, 3H, CH,); 4,6016-4,6541 (q, 2H, -CH,-); 8,0501-8,0893
(m, 1H, Ar); 8,1462-8,1662 (m, 1H, Ar); 8,4730-8,5150 (m, 1H, Ar);
9,3812-9,3977 (d, J = 6,6 Hz, 1H, Ar). "C NMR (DMSO-d,), J (ppm):
13 (CH,); 17 (CH,); 79 (CH,); 127 (CH); 130 (CH); 142 (CH); 145
(CH); 154 (C)™.

Wzory barwnika SQ oraz koinicjatorow NO1-NOS5 przedstawiono
w tabeli 1.

Metodyka badan

Widma 'H i ®C NMR zostaly zarejestrowane za pomocag spek-
trometru Ascend III, Bruker (USA), pracujacego przy czgstotliwosci
400 MHz. Stosowanym rozpuszczalnikiem byt dimetylosulfotlenek
(DMSO-d,), a wzorcem wewngtrznym tetrametylosilan.

Temperature topnienia oznaczono za pomoca aparatu Boeothius
PGH Rundfunk, Fernsehen Niederdorf KR, Stollberg/E.

Do pomiardéw absorpcji zastosowano spektrofotometr Agilent
Technology UV-Vis 60 Cary. Widma koinicjatoréw zarejestrowano
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Table 1. Structures, names and abbrevations of photosensitizer and coinitiators

Tabela 1. Struktury, nazwy i oznaczenia fotosensybilizatora oraz koini-
cjatorow

Br
0 ;
; 4&
HN= NH
e

1,3-Bis(4-bromofenyloamino)skwaryna SQ

CN
= o
= © =D I BFy
@ | N
N OCH;
Ll Tetrafluoroboran N-metoksy-4-
Tetrafluoroboran N-metoksy-4- -cyjanopirydyny
-fenylopirydyny NO1
NO
=
S}
& | S =@ l BE,
=@ BF, l:l
b OCH,4
OCH
! Tetrafluoroboran
Tetrafluoroboran N-metoksychinoliny
N-metoksyizochinoliny NO3

= o
@)l PFe
N

OCH,CH,
Heksafluorofosforan N-etoksy-2-

-metylopirydyny
NO5

Bis(tetrafluoroboran) N,N -
-dimetoksy-4,4-bipirydylu
NO4

w metanolu jako rozpuszczalniku. W celu zarejestrowania widma
barwnika przygotowano roztwor Stocka. 2 mL roztworu barwnika
o stgzeniu 1,2-10*M w 1-metylo-2-pirolidonie przeniesiono do kolby
miarowej na 10 mL i uzupetniono metanolem. Pomiary prowadzono
w temperaturze pokojowe;.

W celu zbadania wplywu stezenia zrodta wolnych rodnikow
(koinicjatorow) na skuteczno$¢ inicjowania dwusktadnikowych
uktadéw fotoinicjujacych przeprowadzono polimeryzacje TMPTA
w obecnosci koinicjatorow o réznych st¢zeniach (5-10* M,
103 M, 2-10° M, 5-10° M, 7,5-10° M, 102 M) i fotosensybilizatora
SQ o stezeniu 5-10° M (tabela 2). Parametry kinetyczne procesu
polimeryzacji TMPTA inicjowanej dwusktadnikowymi uktadami
fotoinicjujacymi: SQ/NO, SQ/NO1, SQ/NO2, SQ/NO3, SQ/NO4
oraz SQ/NOS5 okreslono za pomoca réznicowego kalorymetru ska-
ningowego TA DSC Q2000 Instrument, wyposazonego w przystawke
fotometryczng z wysokocisnieniowg lampa rtgciowa (foto-DSC).
Strumien ciepta wydzielanego podczas procesu fotoinicjowane;j
polimeryzacji zostal zarejestrowany dla promieniowania UV-Vis
w zakresie 300-500 nm, o mocy 30 mW/cm?, przy przeptywie azotu
50 mL/min w warunkach izotermicznych. Probg o masie 30 + 0,1 mg
umieszczano w otwartym aluminiowym tygielku. Wszystkie pomiary
zostaly przeprowadzone w identycznych warunkach. Przed roz-
poczeciem wlasciwego pomiaru probka utrzymywana byta przez
2 min w zadanej temperaturze rownej 25°C. Odczytow wynikoéw

s ey

Table 2. Kinetic parameters of radical polymerization of TMPTA initiated with
two-component photoinitiating systems under study

Tabela 2. Parametry kinetyczne polimeryzacji rodnikowej TMPTA inicjo-
wanej przez dwuskfadnikowe uktady fotoinicjujgce

Stezenic | Strumieh | Stopien
s L . Szybkos¢ poli- | konwersji
Fotoinicjator | fotoinicjatora | wydzielonego e <1 | monomen.
mol/dm? ciepla, mW yzaq, Y ?
0
5-10* 168 6,64 35
103 181 7,14 46
2-107 163 6,42 40
SQ/NO
5-10° 136 5,37 50
7,5:10°3 123 4,84 39
102 123 4,84 54
5-10* 22 0,88 18
103 24 0,96 22
2-10°3 34 1,36 28
SQ/NO1
5-10° 38 1,51 36
7,5-10° 23 0,93 5
102 39 1,52 35
5-10* 34 1,36 24
103 170 6,70 38
2-10° 139 5,48 48
SQ/NO2
5-10° 118 4,67 55
7,5-10° 111 4,39 34
102 97 3,83 51
5-10* 55 2,17 32
103 111 4,39 37
2-10° 103 4,06 45
SQ/NO3
5-10° 93 3,68 45
7,5-10°3 78 3,06 30
102 107 423 50
5-10* 59 2,31 30
103 60 2,37 39
2-10° 71 2,81 37
SQ/NO4
5-10° 144 5,68 34
7,5-10° 102 4,04 47
102 365 14,40 54
5-10* 19 0,75 15
@ 20 0,79 17
2107 19 0,74 17
SQ/NO5
5-10° 22 0,88 22
7,5:10°3 26 1,03 25
107 28 1,09 25

dokonywano co 0,05 s. Mieszanina polimeryzujaca zawierata 1,8 mL
TMPTA, 0,2 mL 1-metylo-2-pirolidonu, barwnik oraz odpowiedni
koinicjator. Zastosowanie 1-metylo-2-pirolidonu bylo konieczne
ze wzgledu na staba rozpuszczalno$¢ barwnika w monomerze. Dla
kazdego uktadu fotoinicjujacego wykonano trzy proby, a wyniki
usredniono.

Ciepto reakcji polimeryzacji jest proporcjonalne do stopnia
przereagowania wigzan podwodjnych. Stopien konwersji monomeru




proporcjonalny do pola powierzchni egzotermicznego piku wyzna-
czono ze wzoru (1):
AH, .&.100 )

, hm

C%=

w ktorym AH, oznacza catkowite ciepto wydzielone w czasie ¢, AH,
teoretyczne cieplo konwersji catkowitej, M_ masg czasteczkowg, m
mase probki, a n odpowiada liczbie ugrupowan reaktywnych w cza-
steczce monomeru'®. Ciepto reakcji wigzania podwdjnego akrylandéw
wynosito AH = 78,0 kJ/mol. Szybko$¢ polimeryzacji (Rp) bezposred-
nio zwigzang ze strumieniem wydzielonego ciepta (dH/df) opisano
wzorem (2)':

Rp:dH/dt
AH,

0

@

Wyniki badan i dyskusja

Okreslono kinetyke polimeryzacji rodnikowej TMPTA z zastoso-
waniem soli N-alkoksoniowych jako koinicjatorow. Zwiazki te petnity
funkcje akceptorow elektronéw pochodzacych od donora, ktorym
byta 1,3-bis(4-bromofenyloamino)skwaryna. Barwnik skwarynowy
w roztworze metanolu absorbowal promieniowanie elektromagne-
tyczne w zakresie 350-450 nm. Maksimum absorpcji sensybilizatora
znajdowalo si¢ przy ok. 400 nm. Dzigki temu mozliwe bylto przesu-
nigcie czulosci badanych uktadéw fotoinicjujacych w kierunku §wiatla
widzialnego (rys. 1). Wtasciwosci spektroskopowe barwnika SQ
zostaty opisane poprzednio®.

1,0 4

—NO
—— NOI
NO2
0,8 H ——NO3
NO4
3 NO5
S 064 SQ
-,
E
]
@ 0,4 -
= \
0,2
0,0 T T 1
250 400 450 500
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Fig. 1. The absorption spectra of coinitiators NO-NO5 and sensitizer SQ
in methanol recorded at room temperature; symbols are explained in the text

Rys. 1. Widma absorpciji koinicjatorow NO-NO5 oraz sensybilizatora SQ
w metanolu w temperaturze pokojowej; oznaczenia objasniono w tekscie

Wraz ze wzrostem stezenia koinicjatorow szybkos$¢ polimeryzacji
rodnikowej stopniowo wzrastata do momentu osiggnig¢cia maksimum,
po czym lagodnie zaczynata male¢. Wyjatkiem w badanej grupie
uktadow dwusktadnikowych byt uktad, w ktorego sktad wchodzit
koinicjator NO4.

Na rys. 2 przedstawiono zalezno$¢ ilosci wydzielonego ciepta oraz
stopnia przereagowania wigzan podwodjnych monomeru w funkcji
czasu naswietlania mieszaniny polimeryzujacej dla roznych stezen
koinicjatora NO4. Na podstawie danych kinetycznych stwierdzono,
ze szybko$¢ polimeryzacji osiagata maksimum przy najwigkszym
stezeniu koinicjatora (102 M) i byta ok. 2-krotnie wigksza od maksy-
malnych szybkos$ci polimeryzacji osigganych w przypadku uktadoéw
fotoinicjujacych SQ/NO i SQ/NO2 oraz ok. czternaécie razy wigksza
od szybkosci polimeryzacji inicjowanej przez uktady z koinicjatorem
NO1 i NOS5 (tabela 2).
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Fig. 2. The kinetic and conversion of monomer curves recorded during radi-
cal polymerization of TMPTA/MP (9:1) initiated with two-component photoini-
tiating system SQ/NO4; light intensity I, = 30 mW/cm?

Rys. 2. Krzywe kinetyczne oraz krzywe stopnia konwersji monomeru za-
rejestrowane w czasie polimeryzacji rodnikowej mieszaniny TMPTA/MP
(9:1) inicjowanej przez uktad dwusktadnikowy SQ/NO4; moc $Swiatta
I, = 30 mW/cm?

Dla uktadéw fotoinicjujacych SQ/NO, SQ/NO2 i SQ/NO3 osiagnie-
to maksymalng warto$¢ szybkosci polimeryzacji przy stezeniu 10 M.
Dla tego samego stezenia uklad SQ/NO4 inicjowal polimeryzacje
TMPTA z szybkoscig 2-krotnie mniejsza. Stopnie przereagowania
wigzania podwdjnego monomeru dla tych czterech ukladow fotoini-
cjujacych o stezeniu 10 M wynosily ok. 40%. Stezenie zastosowa-
nego koinicjatora wptywato réwniez na stopien konwersji wigzan
podwdjnych w monomerze. W warunkach doswiadczalnych osiagnieto
konwersje monomeru w zakresie 4,8-54,8%. Najwicksze stopnie
konwersji (przekraczajace 50%) uzyskano dla fotoinicjatorow SQ/NO,
SQ/NO2, SQ/NO3 i SQ/NO4 dla stgzen 5-10°M oraz 10> M.

Uzyskane wysokie wartosci szybkosci polimeryzacji oraz stopnia
konwersji TMPTA przy zastosowaniu jako koinicjatora NO4 o st¢zeniu
102 M, zwiagzane byly z jego budowa (tabela 1). W tym przypadku
z jednej czasteczki koinicjatora po procesie fotoindukowanego prze-
niesienia elektronow mozna bylo otrzymaé 2 rodniki metoksylowe.
Oznacza to, ze st¢zenie rodnikoéw inicjujacych bylo 2-krotnie wigksze
niz w przypadku pozostatych koinicjatorow. Najnizsza szybkosé
polimeryzacji oraz najmniejsza konwersj¢ wigzan podwojnych mono-
meru uzyskano dla uktadu skomponowanego z barwnika SQ oraz
koinicjatora NOS5. Fakt ten mozna przypisa¢ powstawaniu wiekszego
rodnika etoksylowego, ktéry w mniejszym stopniu inicjowal proces
polimeryzacji rodnikowe;.

W wyniku absorpcji promieniowania elektromagnetycznego naste-
powalo wzbudzenie czasteczki barwnika, a nastgpnie fotoindukowany
byt proces przeniesienia elektronu z sensybilizatora (barwnik) na
koinicjator (COI). W efekcie otrzymano rodnikokation barwnika
oraz rodnik koinicjatora, ktory ulegatl dekompozycji (rozerwanie
wigzania N-O) na rodnik metoksylowy w przypadku koinicjatoréw
NO-NO4 oraz rodnik etoksylowy w przypadku soli NOS, a takze na
4-fenylopirydyne z NO, 4-cyjanopirydyne z NO1, izochinoling z NO2,
chinoling z NO3, 4,4’-bipirydyl z NO4 oraz pirydyng z NO5. Na
podstawie wilasciwosci fotochemicznych barwnikow skwarynowych
i soli N-alkoksoniowych oraz prowadzonych wczesniej badan, na
rys. 3 przedstawiono mechanizm tworzenia rodnikow inicjujacych
polimeryzacjg'! 2022,

Podsumowanie i wnioski

Przeprowadzono syntezg oraz opisano wlasciwosci fizykoche-
miczne soli N-alkoksoniowych, ktére wraz z opisanym wcze$niej
barwnikiem skwarynowym'® wchodzity w sktad uktadow inicjujacych
polimeryzacj¢ rodnikowa TMPTA. Dwusktadnikowe uktady zawiera-
jace barwnik SQ w obecnosci soli N-alkoksoniowych, pelniacych role
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Fig. 3. Mechanism of formation of initiating radicals in two-component photoinitiating systems

Rys. 3. Mechanizm powstawania rodnikéw inicjujgcych w dwuskiadnikowych uktadach fotoinicjujgcych

koinicjatorow, skutecznie inicjuja polimeryzacj¢ rodnikowa TMPTA.
Zdolnos¢ fotoinicjowania jest zroznicowana i zalezy od budowy
koinicjatora, a co za tym idzie, rodnika otrzymanego w wyniku foto-
indukowanego przeniesienia elektronu (rys. 3), jak rowniez od jego
stezenia (tabela 2). Najwigksza szybkos$cia polimeryzacji monomeru
TMPTA charakteryzuje si¢ uktad fotoinicjujacy SQ/NO4 o stgzeniu
102 M, w sktad ktorego wchodzi pochodna bipirydylu. Fotoinicjator
ten pozwala na otrzymanie znacznych szybkosci polimeryzacji oraz
stosunkowo wysokiej konwersji monomeru przy wysokim stezeniu
koinicjatora. Zblizone warto$ci stopnia konwersji monomeru i o ok.
potowe mniejsza szybkos¢ polimeryzacji osiagnigto dla uktadéw o co
najmniej 2-krotnie mniejszym stezeniu koinicjatora (SQ/NO oraz
SQ/NO2). Stwierdzono, ze z powodzeniem mozna zastgpi¢ wczesniej

[SQ* -+ coinitiator]

przeniesienie elektronu_ opisany uklad z komercyjnie dostep-
nym tetrafluoroboranem N-metoksy-4-
fenylopirydyny, nowymi fotoinicjato-
rami zawierajagcymi syntezowane sole
N-alkoksoniowe.

Przedstawione w pracy podejscie
moze sktania¢ do syntezy nowych
barwnikéw skwarynowych, a takze soli
N-alkoksoniowych oraz do kompono-
wania skutecznych, dwuskladnikowych
uktadéw inicjujacych polimeryzacje rod-
nikowa w zakresie $wiatta widzialnego.
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ABSTRACT: In this article, the ability of two-component photoi-
nitiator systems for efficient polymerization of 2-ethyl-2-
(hydroxymethyl)—1,3-propanediol triacrylate was presented.
The photophysics and photochemistry of squaraine dyes in the
presence of an electron donor as well as an electron acceptor
was investigated, and it was found that the photosensitizer in
an excited state might act as an electron acceptor or an

INTRODUCTION Squaraines, which are quite often also
referred to as squarylium dyes, belong to the family of poly-
methine dyes. Some members of this family are shown in
Chart 1.

Chart 1

Representative examples shown therein, are defined by two
heteroatoms, which are connected by a polymethine chain
consisting of an odd number of repeating methane units
“=CH—,” which results in conjugated systems. Depending on
the heteroatoms, these systems can be cationic, anionic, zwit-
terionic, or neutral.

As it is shown in Chart 1, the squaraines represent a real
zwitterionic species. They are neutral overall, however, a
neutral mesomeric structure can usually not be written with
exception of special cases. One stable structure of squaraine
compounds is the zwitterionic form shown, where the cyclo-
butene has +2 charge, and both oxygens are negatively
charged. The betaine structure can be expressed either as a
dipolar cyanine structure (A) or cyclobutenediyliumdiolate
(B). The former might be responsible that squaraines are
often referred to as cyanine dyes as well as the fact that

© 2016 Wiley Periodicals, Inc.
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electron donor. The excited states of squaraines may be
quenched by tetramethylammonium n-butyltriphenylborate
(B2), diphenyliodonium chloride (I1), and N-methoxy-4-phenyl-
pyridinium tetrafluoroborate (NO). © 2016 Wiley Periodicals,
Inc. J. Polym. Sci., Part A: Polym. Chem. 2017, 55, 471-484

KEYWORDS: dyes; initiators; kinetics; photopolymerization

their structure appears as if an oxocyclobutenolate core was
inserted into the cyanine structure. In addition, they show
some similar properties such as strong and sharp absorption
in the red to NIR region. However, squaraines should be
seen as a separate class because they are zwitterionic and
they consist of a donor-acceptor-donor (D-A-D) structure
due to the strong electron withdrawing central moiety, in
contrast to cyanines. For stabilization of the D-A-D system,
strong electron donating groups like heterocycles or electron
rich aromatic units such as aniline derivatives are usually
found in squaraine dyes.

Squaraines are interesting organic molecules due to the
strong absorption in the visible region (¢ ~10> M 'cm™ %),
intense fluorescence emission, and good photoconductivity
presented in these dyes." These features make them useful
in a variety of applications in the area of imaging, nonlinear
optics, photodynamic therapy, and photovoltaic cells.? Fur-
thermore, squaraine dyes are suitable for fluorescence detec-
tion of proteins at long-wavelength excitation and labels in
biological assays due their unique photochemical and photo-
physical properties namely light absorption in the visible red
and near-infrared regions.?
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CHART 1 The general structures of polymethine dyes.

The squaraine dyes are very rare used as photosensitizers in
photopolymerization process. In 2004 Yong He and co-
workers described application of two squaraine dyes:
bis(1,2,3,3-tetramethylindolenium-2-ylidene) squaraine and
bis(3-methylbenzothiazol-2-ylidene) squaraine as sensitizers
for three (p-octanoxyphenyl)-phenyliodonium salts varying
with a type of counterion, in radical polymerization of meth-
yl methacrylate.* In 2013 Lalevee and coworkers presented
the studies on the photoinitiating ability of 2,2,3-trimethylin-
dolenine-based squaraine dye incorporated in multicompo-
nent systems for cationic polymerization of an epoxide or a
vinyl ether as well as radical polymerization of TMPTA.>®

The present paper is focused on the two-component photoi-
nitiating systems for free radical polymerization of 2-ethyl-2-
(hydroxymethyl) —1,3-propanediol triacrylate (TMPTA) con-
taining 1,3-bis(p-substituted phenylamino)squaraines with
different substituents in p-position of phenyl ring and follow-
ing coinitiators: tetramethylammonium n-butyltriphenylbo-
rate (B2), diphenyliodonium chloride (I1) and N-methoxy-4-
phenylpyridinium tetrafluoroborate (NO).

EXPERIMENTAL

Materials

TMPTA, coinitiators (diphenyliodonium chloride (I1) and N-
methoxy-4-phenylpyridinium tetrafluoroborate (NO)) and
solvents (spectroscopic grade) were purchased from Sigma-
Aldrich (Poland) and used without further purification. 1,3-
Bis(p-substituted phenylamino)squaraines (SQ) and tetrame-
thylammonium n-butyltriphenylborate (B2) were synthesized
in our laboratory by methods described in literature.”™

Spectroscopic Measurements

Absorption and emission spectra were recorded at room
temperature using an Agilent Technology UV-Vis Cary 60
Spectrophotometer, a Hitachi F-7000 spectrofluorimeter and
UV-VIS-NIR Fluorolog 3 Spectrofluorimeter (Horiba Jobin
Yvon), respectively. The spectra were recorded in acetonitrile
(CH3CN) and 1-methyl-2-pyrrolidinone (MP). The final con-
centration of the dye in solution was 1.0 X 107> M.

The fluorescence lifetimes were measured using a single-
photon counting system UV-VIS-NIR Fluorolog 3 Spectro-
fluorimeter (Horiba Jobin Yvon). The apparatus utilizes for

JOURNAL OF POLYMER SCIENCE, PART A: POLYMER CHEMISTRY 2017, 55, 471-484

the excitation a picosecond diode laser generating pulses of
about 55 ps at 370 nm. Short laser pulses in combination
with a fast microchannel plate photodetector and ultrafast
electronics make a successful analysis of fluorescence decay
signals with a resolution of few picoseconds possible. The
dyes were studied at concentration able to provide equiva-
lent absorbance at 370 nm (0.2 in the 10 mm cell) to be
obtained. The fluorescence decay was fitted to two
exponentials.

The fluorescence quenching measurements were performed
using a single-photon counting system UV-VIS-NIR Fluorolog
3 Spectrofluorimeter (Horiba Jobin Yvon). The apparatus
uses a picosecond diode laser (370 nm) generating pulses of
about 50 ps for the excitation. Short laser pulses in combina-
tion with a fast microchannel plate photodetector and ultra-
fast electronics make a successful analysis of fluorescence
decay signals in the range of single picoseconds possible.
The dyes were studied at a concentration able to provide
equivalent absorbance at 370 nm (0.2 in the 10 mm cell).
The rate constant for the quenching of 1,3-bis(p- substituted
phenylamino)squaraines by all quenchers under studies
were determined in 1-methyl-2-pyrrolidinone. The concen-
tration of dyes were 2 X 107> M and that of the quenchers
was in the range from 1 X 10°* M to 5.0 X 10 > M. The
fluorescence quenching at 440 nm was measured in deaer-
ated solution by bubbling with argon.

Polymerization Measurements

The kinetics of polymerization of TMPTA photoinitiated by:
1,3-bis(p-substituted phenylamino)squaraine/tetramethylam-
monium n-butyltriphenylborate (SQ/B2), 1,3-bis(p-substitut-
ed phenylamino)squaraine/diphenyliodonium chloride (SQ/
I1), and 1,3-bis(p-substituted phenylamino)squaraine/
N-methoxy-4-phenylpyridinium tetrafluoroborate (SQ/NO)
was measured using Differential Scanning Calorimeter TA
DSC Q2000 Instrument and TA Q PCA photo unit equipped
with a high-pressure mercury lamp (Photo-DSC). The heat of
the photoinitiated polymerization reaction measured by
means of a photo differential scanning calorimeter is a good
control of the reaction temperature. UV-visible light (300
nm < A< 500 nm) from a high pressure mercury lamp was
applied at a constant intensity of 30 mW/cm? for several
min under a nitrogen flow of 50 mL/min at a prescribed

Wiley Online Library
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temperature (isothermal mode). The weight of the samples
30 £0.1 mg was placed into an open aluminum liquid DSC
pan. The measurements were carried out under identical
conditions. The sample was maintained at a prescribed tem-
perature for 2 min before each measurement run began.
Measurements were recorded at a sampling interval of
0.05 s/point. The polymerizing solution was composed of
1.8 mL of monomer, 0.2 mL of 1-methyl-2-pyrrolidinone, and
appropriate amount of photoinitiator. The using of 1-methyl-
2-pyrrolidinone was necessary due to the poor solubility of
dye in monomer studied.

The reaction heat liberated in the polymerization is directly
proportional to the number of acrylates reacted in the sys-
tem. By integrating the area under the exothermic peak, the
conversion of the acrylate groups (€%), or the extent of the
reaction was determined according to eq. 1:

AH[

C%= X100
% AH

(eq- 1)
0

where AH, is the reaction heat evolved at time t and AH, is
the theoretical heat for complete conversion. A reaction heat
for an acrylate double bond polymerization of AHy,= 78.0
k]J/mol was used. The rate of polymerization (R)) is directly
related to the heat flow (dH/dt) as in eq. 2:

R,= dAHiI{I;it (eq.- 2)
Cyclic Voltammetry (CV) Measurements

The electrochemical measurements were evaluated by CV. CV
measurements were made with ER466 Integrated Potentio-
stat System (eDAQ, Poland) in a three-electrode configura-
tion. The electrolyte was 0.1 M tetrabutylammonium
perchlorate in dry acetonitrile. Platinum 1-mm disk electrode
was applied as working electrode and platinum and Ag/AgCl
were used as auxiliary and reference electrodes, respectively.
All solutions were deoxygenated with N, for at least 15 min
prior to measurements. The computer-controlled potentiostat
was equipped with EChem Software.

Nanosecond Laser Flash Photolysis

Transient absorption spectra and decay Kkinetics were
recorded out using the nanosecond laser flash photolysis
method. The nanosecond laser flash photolysis experiments
were performed using a LKS.60 Laser Flash Photolysis appa-
ratus (Applied Photophysics). Laser irradiation at 355 nm
from the third harmonic of the Q-switched Nd:YAG laser
from a Lambda Physik/model LPY 150 operating at 65 m]/
pulse (pulse width about 4-5 ns) was used for the excitation.
Transient absorbance at preselected wavelengths was moni-
tored by a detection system consisting of a monochromator,
a photomultiplier tube (Hamamatsu R955) and a pulsed
xenon lamp (150 W) as a monitoring source. The signal
from the photomultiplier was processed by a Hewlett-
Packard an Agilent Infinium 54810A digital storage oscillo-
scope and an Acorn compatible computer.
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RESULTS AND DISCUSSION

The structures of all compounds involved in the photoinitiat-
ing systems studied are presented in Table 1.

Spectroscopic Properties

The most prominent feature of squaraines is their sharp and
intense absorption and fluorescence in the visible blue to
NIR region, very similar to cyanine dyes. This is one of the
reasons why they are sometimes referred to as members of
the cyanine dye family. The Stokes shift is commonly rather
small, which, in addition to the narrow and intense low
energy absorption, is indicative of delocalization and small
reorganization energy of the excited state.

The squaraines under study absorb in the region from 350
to 450 nm, which give the possibility of application of
ultraviolet-blue light sources for the irradiation of polymeriz-
ing mixture (Fig. 1).

This pronounced absorption band arises from a HOMO-
LUMO transition from the S, to the S; state of the donor-
acceptor-donor structure. At higher energies, one-photon
excitation into the S, state is forbidden due to symmetry
reasons and in the absorption spectra, there is a decent gap
of absorption.

The Kinetic Studies

The most common photoinitiating systems in the visible light
region (400-700 nm) for radical polymerization involve a
dye and an amine or organoborate salt as an electron
donor.®!°7'¢ In this case, the active radicals are formed in a
bimolecular electron transfer quenching of the singlet or
triplet state of the dye by the amine or borate salt. The pho-
toinitiating systems composed of flavins, safranine, resazurin,
and resorufin and amine, as well as polymethine dyes an
alkyltriphenylborate salt are suitable photoinitiators of vinyl
polymerization using visible irradiation.***”=%3

In this article, it was shown that the family of squaraines, in
presence of borate salt and two different onium salts are
efficient photoinitiators of TMPTA polymerization. The poly-
merization under UV-visible light irradiation (300-500 nm)
in the presence of squaraine without a coinitiator was negli-
gible. However, it proceeds efficiently in the presence of
borate salt, iodonium salt, and N-alkoxypyridinium salt. The
comparison of photoinitiating ability of systems SQ/B2, SQ/
I1, and SQ/NO for initiation of radical polymerization of
TMPTA is presented in Figures 2-4. The kinetics of TMPTA
polymerization using the high-pressure mercury lamp irradi-
ation (300 nm <4 <500 nm) was followed by differential
scanning calorimetry. The kinetic parameters recorded dur-
ing radical polymerization are shown in Table 2.

For all initiator systems, the polymerization follows a typical
radical chain mechanism with second-order termination,
yielding polymers. Basing on the kinetic data presented in
Figures 2-4 and Table 2, it is seen that the ability of photoi-
nitiators under study to initiate of radical polymerization of
triacrylate depends on the composition of photoinitiator. The
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TABLE 1 The Structures of Photosensitizer, Electron Donor (Borate Salt) and Electron Acceptors (Onium Salts)
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chemical structure of photosensitizer and coinitiator influ-
ence on the rate of polymerization process. The rates of
polymerization obtained are in the range from 0.15 to 10.87
mmol/s. The degree of double bond conversion is in the
range from 7.78 to 67.60%. The lowest kinetic parameters
are obtained for the photoinitiating systems composed of
squaraine dye and tetramethylammonium n-butyltriphenyl-
borate. The highest rate of polymerization achieved is about
2.19 mmol/s and the maximum degree of double bond con-
version is equal 27.41%. Better photoinitiating efficiency
shown photoinitiators in which, diphenyliodide chloride acts
as coinitiator. The observed rates of polymerization and
monomer conversion are about 2-4 times higher than that
observed for borate salts and are in range from 0.15 to 5.97
mmol/s, and from 12.27 to 40.79%, respectively. The best
kinetic results are achieved when N-methoxy-p-phenylpyridi-
nium tetrafluoroborate is used in photoinitiator systems. The
rates of polymerization are changing from 0.53 to 10.87
mmol/s. The free radical polymerization of TMPTA in this
case occurs with high value of degree of double bond con-
version from about 20 to 70%. It must be pointed out, that
not only coinitiator type influences on the photoinitiating
ability but also a type of substituent in para position of phe-
nyl ring in squaraine dye. For all coinitiators tested the high-
est rates of polymerization were observed for squaraine
possessing the sulphonic group. The rates of polymerization
are as follows: 2.19, 5.97, and 10.87 mmol/s for borate salt,
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iodonium salt and N-alkoxypyridinium salt, respectively. The
monomer conversions achieved are equal 27.14, 40.79, and
46.72% for (B2), (I1), and (NO), respectively. From the kinetic
results presented above it is also seen that photoinitiating
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FIGURE 1 The absorption spectra of coinitiators in 1-metyl-2-
pyrrolidinone recorded at room temperature. Inset: The nor-
malized absorption spectra of all photosensitizers in acetoni-
trile solution, recorded at room temperature. [Color figure can
be viewed at wileyonlinelibrary.com]
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FIGURE 2 (L): The kinetic curves recorded during the measurements of the flow of heat emitted during the photoinitiated polymeriza-
tion of TMPTA/MP (9/1) mixture initiated by 1,3-bis(p-substituted phenylamino)squaraines in presence of tetramethylammonium n-
butyltriphenylborate (B2) as a coinitiator. The dye and coinitiator concentration was 5 X 103 M. I, = 30 mW/0.196 cm?. (R) The degree
of double bond conversion recorded during the polymerization process. [Color figure can be viewed at wileyonlinelibrary.com]

systems composed of squaraine dye possessing halogen atom
at para position of phenyl ring (SQG5, SQG6, and SQG7) initi-
ate polymerization of TMPTA with the similar rates.

Moreover, it should be also pointed out, that for some of
investigated combinations the long induction period from
about 4 to 8 min was observed. The systems composed of
SQG8 or SQGI as sensitizers, initiate radical polymerization
immediately after irradiation. In a case of photoinitiators
composed of N-alkoxypyridinium salt no inhibition time is
observed. Basing on this one can conclude that methoxy rad-
ical faster initiate radical polymerization of TMPTA than phe-
nyl and butyl radicals.

The spectral range (300-500 nm) used under study is rather
classical for photopolymerization reaction. Therefore, the
photoinitiating ability of new initiators was compared with
that of commercially available photoinitiators.

For example, acylphosphine oxides are well known photoini-
tiators for the photopolymerization of ethylenically unsaturated
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compounds, namely acrylates. Monoacylphosphine oxides such
as Speedcure TPO, Speedcure TPO-L, and bisacylphosphine
oxides such as Irgacure 819 (BAPO) have been commercially
available for a number of years.

2,4,6-Trimethylbenzoyldiphenylphosphine oxide (TMDPO)
DAROCUR TPO is a highly efficient curing agent which is
used to initiate radical photopolymerization of unsaturated
resins such as those based on a prepolymer, for example,
acrylates in combination with mono- or multifunctional
monomers as reactive thinners. In the UV-curable composi-
tion its amount is within the range between 0.3% by weight
and 10% by weight, preferably between 1% by weight and
5% by weight. For example, from Arsu et al., studies, it is
known, that the initiation efficiencies of photoinitiators, such
as: TMDPO and bis(2,6-dimethoxybenzoyl)—2,4,4-trimethyl-
pentylphosphine oxide (BAPO), are enhanced by addition of
mercaptothioxanthone (TX-SH) to the initiator formulation.
The degree of double bond conversion in TMPTA is equal 30
and 40% for initiator alone and in a presence of sensitizer,
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FIGURE 3 (L): The kinetic curves recorded during the measurements of the flow of heat emitted during the photoinitiated polymer-
ization of TMPTA/MP (9/1) mixture initiated by 1,3-bis(p-substituted phenylamino)squaraines in presence of diphenyliodonium
chloride (1) as a coinitiator. The dye and coinitiator concentration was 5 X 103 M. [, =30 mW/0.196 cm?. (R): The degree of dou-
ble bond conversion recorded during the polymerization process. [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 4 (L): The kinetic curves recorded during the measurements of the flow of heat emitted during the photoinitiated polymer-
ization of TMPTA/MP (9/1) mixture initiated by 1,3-bis(p-substituted phenylamino)squaraines in presence of N-methoxy-4-phenyl-
pyridinium tetrafluoroborate (NO) as a coinitiator. The dye and coinitiator concentration was 2 X 10~3 M. I, =30 mW/0.196 cm?.
(R): The degree of double bond conversion recorded during the polymerization process. [Color figure can be viewed at wileyonli-

nelibrary.com]

respectively.** Lalevée shown that the photopolymerization
of trimethylolpropane triacrylate (TMPTA) in presence of
BAPO in laminate and under air leads to the 5 and 60% of
monomer conversion under monochromatic light of a Hg
lamp (366 nm~5 mW/cm?).?> The photopolymerization of
an acrylate monomer (TMPTA) using a phosphine oxide as
the photoinitiator in the absence or in the presence of tris(-
trimethylsilyl)silane (3% w/w) under 3 min of irradiation,
gives the degree of monomer conversion about 10 and 45%,
respectively.”® The irradiation of 25 um-thick acrylic film
with xenon lamp and light intensity 110 mW/cm? under air
in presence of photoinitiator BAPO/MDEA results in maxi-
mum degree of conversion about 80%.2” The TMPTA poly-
merization under irradiation with LED at 405 nm reached of
56% of monomer conversion with the popular commercial
photoinitiator BAPO.”® Lai et al. in 2014 present that
photopolymerization of trimethylolpropane triacrylate with
photoinitiator composed of TPO (1 g) and ITX (2-isopro-
pylthioxanthone) leads to 50% of monomer conversion.?’
Sehnal et al. present a range of novel phosphine oxides
which show enhanced surface curing of acrylate systems

when exposed to both high pressure mercury lamps and
LED’s operating at 365/395 nm, without the addition of oth-
er photoinitiators.3’

Acylphosphine oxides are very efficient UV-near visible light
photoinitiators, but it should bear in mind, that significant disad-
vantage of TPO and BAPO is the strong oxygen inhibition due to
the fast reaction of the phosphorous radical with oxygen.**

From the comparison presented it seen that, some of new
photoinitiating systems are slightly better than those popular
commercially available (TPO and BAPO), that is, are more
efficient and yielded excellent final conversion of TMPTA.

Correlation between Kinetic Parameters and
Thermodynamic Parameters

The singlet quenching rate constants were measured and
they correlate well with reaction driving force as expected
for an electron transfer process. Moreover, the experimental
data may be fitted to a Rehm-Weller mechanism with normal
parameters. This result is a further confirmation of the elec-
tron transfer occurs in the deactivation of electronically

TABLE 2 Thermodynamic and Kinetic Parameters of Radical Polymerization of TMPTA Initiated by Systems under Study

B2 1 NO
R, Monomer R, Monomer R, Monomer
Photoinitiator (mmol/s) Conversion (%) (mmol/s) Conversion (%) (mmol/s) Conversion (%)
SQG1 0 0 0.15 12.27 0.53 19.96
SQG2 0.58 7.78 2.82 30.04 8.17 50.08
SQG3 0.44 20.78 1.95 36.12 5.25 47.85
SQG4 0.81 15.04 2.66 33.97 5.30 67.60
SQG5 0.90 19.07 2.20 32.64 7.05 45.69
SQG6 1.04 8.45 2.84 36.66 7.46 46.58
SQG7 1.05 17.71 2.70 27.05 8.47 46.61
SQG8 2.19 27.41 5.97 40.79 10.87 46.52
SQG9 1.38 9.07 2.21 14.42 5.60 35.19
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TABLE 3 Thermodynamic Parameters of Photoinitiating Systems under Study
B2 1 NO
Sensitizer E,y (eV) Ereq (V) Eoo (eV) AGg (kJ mol™ ") AGg (kJ mol™") AG, (kJ mol™)
SQG1 0.968 -0.218 2.831 —140.90 -132.12 —122.47
SQG2 1.048 —0.212 2.897 —147.86 —130.78 —121.13
SQG3 1.102 —0.292 2.883 —138.84 —124.27 —-114.62
SQG4 1.09 —0.258 2.696 —123.98 —107.28 —97.63
SQG5 0.994 -0.24 2.883 —143.86 —134.69 —125.04
SQG6 1.24 —0.252 2.877 —142.06 -110.31 —100.66
SQG7 0.89 —0.222 2.904 —147.55 —146.69 —137.04
SQGS8 0.958 —0.236 2.932 —148.85 —142.77 —133.12
SQG9 1.018 -0.24 2.313 —88.83 -77.34 —67.69

excited states of squaraine dye by an electron acceptor, for
example, diphenyliodonium salts. It is well known, that in
squaraine-based photoinitiator systems, the initiating radi-
cals are generated by photoinduced electron transfer. There-
fore, intermolecular electron transfer between the excited
dye and coinitiator must be thermodynamically allowed. Tak-
ing this into account, the values of free energy changes for
electron transfer process (AG,), calculated from the Rehm-
Weller equation (eq. 3) must be negative.32

AVA,)

AGey=E(E/E")—Ereda(Dye/Dye")—Eg(Dye)— o

(eq. 3)
The value of AG, was calculated using the oxidation poten-
tial of tetramethylammonium  n-butyltriphenylborate
(Eox = 1.153 €V), the reduction potentials of diphenyliodo-
nium chloride (E..q = —0.494 eV) and N-methoxy-4-phenyl-
pyridinium tetrafluoroborate (E..q = —0.594 eV), the singlet
excited state energy [Ego(S)] of the dyes (Table 3) and the
reduction and oxidation potentials of sensitizers (see data in
Table 3). The Coulombic energy coefficient (Z;Z,/er;;) was
omitted in these calculations because the neutral radicals of
coinitiator as well as sensitizers were formed in an electron
transfer process. The oxidation potential (E,x) and reduction
potential (E.eq) of both photoredox pair components were
determined using CV measurements (Table 3).
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2 -1 0 1 2

Potential [V]

The value of energy transition between the lowest ground
state and the lowest excited state (Epp) was determined
from the intersection of normalized absorption and fluores-
cence spectra of photosensitizer (Table 3). The typical result
of CV measurements of squaraine dyes is presented in case
of the ethyl and ethoxy-substituted dyes SQG3 and SQG4 in
Figure 5.

As it is seen, there is one reduction process of the central
squaric ring unit and two oxidation processes. For SQG3 in
acetonitrile the half-wave potential of the reduction is at a
rather high potential of —1.102 eV and those of the oxida-
tions at 0.292 and 1.134 eV. The redox properties of p-eth-
oxy substituted squaraine are similar and equal —1.09,
0.258, and 1.086 eV, respectively.

The electrochemical measurements revealed that the reduc-
tion and both oxidations are chemically irreversible.

Taking this into account, the thermodynamic parameters pre-
sented in Table 3, it is seen that all combinations of squar-
aine/coinitiator photoinitiating systems possess high value of
driving forces for electron transfer process from —148.85 to
—67.69 kJ/mol upon exposure to light. The lowest values of
AG. were observed in the case of systems composed of tet-
ramethylammonium n-butyltriphenylborate and are in range
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FIGURE 5 Cyclic voltammograms of 1,3-bis(p-ethylphenylamino)squaraine (Left) and 1,3-bis(p-ethoxyphenylamino)squaraine
(Right) in 0.1 M tetrabutylammonium perchlorate solution in dry acetonitrile as the supporting electrolyte.
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FIGURE 6 The Stern-Volmer plots for the quenching of fluores-
cence of 1,3-bis(p-ethylphenylamino)squaraine (SQG3) (open
points) and 1,3-bis(p-bromophenylamino)squaraine (SQGB6)
(solid points) by borate salt (B2), diphenyliodonium salt (I1)
and N-alkoxypyridinium salt (NO), respectively. [Color figure
can be viewed at wileyonlinelibrary.com]

from —148.85 to —88.83 kJ/mol. The highest values of free
energy change for electron transfer process were obtained
for photoinitiating systems composed of N-methoxy-4-phe-
nylpyridinum tetrafluoroborate. In this case, the AG, varies
form —137.04 to —67.69 kJ/mol.

Basing on the thermodynamic parameters one can conclude,
that the best photoinitiators should be systems composed of
borate salt. The kinetic results shown quite different rela-
tionship. The photoinitiating systems that possess higher val-
ues of free energy change for electron transfer initiate free
radical polymerization of TMPTA with highest rates. But if
we compare, the photoinitiating ability with the value of
AG, for only one type coinitiator, it is clear that the photoi-
nitiators with the most negative values of free energy change
of electron transfer are the best photoinitiating systems. Tak-
ing this into account it may be stated, that both the reactivi-
ty of free radicals and the rate of electron transfer process
influence on the photoinitiating ability of photoinitiators
studied.

Interactions between an Excited Singlet Sate of
Sensitizer and Coinitiator

To understand the interactions between an excited singlet
sate of sensitizer and coinitiator, the fluorescence quenching
experiments were performed. The quenching of the singlet
excited state of squaraine dye by all coinitiators used was
investigated using time-resolved fluorescence spectroscopy
and nanosecond laser flash photolysis. All coinitiators used
are not fluorescent compounds. 1,3-Bis(p-substituted phenyl-
amino)squaraines exhibit a fluorescence emission. Figure 6
shows the Stern-Volmer plots for the quenching of fluores-
cence of selected squaraines (SQG3 and SQG6) by B2, I1,
and NO, respectively.
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The data presented above show that tetramethylammonium n-
butyltriphenylborate, diphenyliodonium chloride, and N-methoxy-
4-phenylpyridinium tetrafluoroborate strongly interact with
singlet fluorescent state of photosensitizer.

As it was previously observed for other squaraines,” the rate of
dynamic quenching of the excited singlet state depends on the
type of quencher used. Form the data presented in Figure 6, it
is seen the linear relationship between changes in the fluores-
cence lifetime and concentration of quencher. The results of
Stern-Volmer relationship are summarized in Table 4.

The slopes of Stern-Volmer linear relationship are as follows:
473.24, 398.33, 328.92 for (SQG6) and 706.39, 625.44, and
467.61 for (SQG3) by (B2), (I1), and (NO), respectively.

Taking into account the fluorescence lifetimes for both pho-
tosensitizers: 5.77 X 10~ s and 6.24 X 10 ° s from Stern-
Volmer relationship, the rate constants of fluorescence
quenching reaction were obtained to be 819 X 10'°
M~ 's7! 689 x 10" M7's™" and 5.69 x 10'° M~ 's™' for
dye (SQG6) and 11.32 x 10 M 's! 10.023 x 10'°
M s and 7.49 x 10° M s~ for dye (SQG3) by coinitia-
tors: (B2), (I1), and (NO), respectively, which are nearly one
order of magnitude higher than that of diffusion controlled
bimolecular reaction constant (~2 X 10° M 's™!). These
results confirmed that the coinitiators under study are very
effective fluorescence quenchers for excited (SQ) dye and the
fast quenching occurs predominantly through the intramolec-
ular ion-pair pathway. Therefore, the quenching mechanism
in squarylium dye/coinitiator system might be an electron
transfer process.

From the fluorescence quenching results it is also seen, that
photoinitiators possessing lower values of the fluorescence
rate constants better initiate radical polymerization of tria-
crylate. The kq7o of dye/borate salt is much higher than that
of dye/diphenyliodonium salt and dye/N-methoxypyridinium
salt.

Mechanism of Free Radicals Formation: Nanosecond
Laser Flash Photolysis

In the first step of the mechanism of generation of active spe-
cies, 1,3-bis(p-substituted phenylamino)squaraine becomes
excited by absorption of light of an appropriate wavelength.
The photoexcited squaraine molecule, encounters an coinitiator

TABLE 4 The Values of Stern-Volmer Constant (K,,) and Rate
Constant of Fluorescence Quenching

Photosensitizer

SQG3 SQG6
kg x 10710 kg X 10710
Quencher Ksy M~ 's™T) Ksy M 's7 )
B2 706.39 11.32 473.24 8.19
11 625.44 10.023 398.33 6.89
NO 467.61 7.49 328.92 5.96
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FIGURE 7 Transient absorption spectra of 1,3-bis(p-bromophe-
nylamino)squaraine in presence of tetramethylammonium n-
butyltriphenylborate (B2) recorded: 2 ns (squares, circles) and
100 ns (triangles) after laser pulse. Inset: Transient absorption
spectra of squaraine dye recorded 100 ns after laser pulse
(circles) in acetonitrile solution. Coinitiator concentration is

marked in the Figure. [Color figure can be viewed at wileyonli-
nelibrary.com]

molecule, and accepts/donates an electron from/to coinitiator,
forming the photosensitizer-based radical anion or radical cat-
ion, respectively.

In other words, the first step of the photoreaction occurs
between squarylium dye and coinitiator. The coinitiator
reacts either as an electron donor or electron acceptor with
an excited state of dye.

Because the squaraines under study undergo both the photo-
reduction and photooxidation, the photosensitizer may play
a role of an electron acceptor as well as an electron donor.
The role of photosensitizer depends on the type of coinitia-
tor used. Therefore, two different mechanism of free radicals
formation may be observed, for example, photooxidizable
and photoreducible.

It should be noted, that this primary photochemical reaction
occurring in photoinitiating systems under study is not only
driving factors affecting the reactivity. The complex set of
reactions occurring after the primary electron-transfer reac-
tion, in which initiating radicals are formed, is likely to have
a strong effect on the ability of the photoinitiating system to
initiate the polymerization.

The Photoinduced Oxidative Cleavage

Squaraine/Borate Salt

Tetraorganylborate salts may be oxidized by several photoex-
cited oxidizing agents to release free radicals that may be
used to initiate chain polymerization.®® There are many
examples of two-component photoinitiating systems working
through electron transfer process composed of organic
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borate salts. Polymethine dyes, 2,4-diiodo-6-butoxy-3-fluo-
rone, 5,7-diiodo-3-butoxy-6-fluorone, xanthenes, fluorones,
benzophenone were used as photosensitizers in such photoi-
nitiating systems.>*”3° The generation of initiating radicals is
a result of decomposition of unstable boranyl radical formed
after electron transfer process from borate anion to an excit-
ed singlet state of photosensitizer.

The transient absorption spectra of squaraine dye in the
presence of tetramethylammonium n-butyltriphenylborate
(B2) in acetonitrile solution is shown in Figure 7. As it is
seen, the irradiation of squaraine in acetonitrile solution,
with 5 ns laser pulse results in instantaneous appearance of
its excited state, which is characterized by absorption at
380 nm. The rate constant of excited state formation is equal
2.48 X 10% s~ The time of decay of excited state, and the
rate constant of the decay of excited state are about 2.33 us
and 4.29 X 10° s, respectively. The lifetime of SQ* is
decreasing as concentration of borate salt increases. In other
words, SQ* is quenched by tetramethylammonium n-butyltri-
phenylborate, and a new transient with absorption at 480-
500 nm is simultaneously formed. The new transient can be
assigned to radical anion of squaraine dye. At the same time,
the disappearance of the band corresponding to the absorp-
tion of the dye in the ground state is observed (Fig. 7).

The rate constant, kq for the quenching of the excited state
of squaraine dye by borate salt was determined in MeCN
solution. The k, value was obtained by monitoring the excit-
ed state absorption decays of SQ* at 380 nm for various
quencher concentrations by employing the Stern-Volmer
equation. The established value of this rate constant is equal
3.31 X 107 mol~ ! s™% The time of formation of squaraine
dye-based radical anion and its disappearance is equal 10 ns
and 1.14 us and its graphical presentation is shown in Fig-
ure 8.

Basing on the laser flash photolysis results and fluorescence
quenching experiments the following mechanism of primary
and secondary processes occurring in two-component photo-
initiating system composed of squaraine dye/tetramethylam-
monium n-butyltriphenylborate is presented in Scheme 1.

The Photoinduced Reducive Cleavage
Squaraine/lodonium Salt

Iodonium salts are among the main class of photoinitiators
for cationic polymerizations.*° Unfortunately, these com-
pounds have absorption band in the UV region and are effi-
cient photoinitiators of cationic polymerizations when
irradiation is performed in UV region (230-300 nm). Many
scientific papers have dealt with the mechanism of active
species generation when synthetic dyes are employed as sen-
sitizers in binary photoinitiating systems. Generally, an elec-
tron transfer and/or energy transfer from the photoexcited
sensitizer to the iodonium cation were suggested as the first
reaction step in the initiation mechanism.

In presence of photosensitizers, the iodonium salts act via
photooxidizable mechanism in the visible light region.**~*3
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FIGURE 8 The kinetic traces recorded at 480 nm for different delay times: 2 and 500 ns observed after irradiation of squaraine in
presence of tetramethylammonium n-butyltriphenylborate (B2). Coinitiator concentration was 1 X 10”2 M. [Color figure can be

viewed at wileyonlinelibrary.com]

In one of proposed mechanism, the iodonium salt and photo-
sensitizer undergo bimolecular reaction via electron transfer
from dye molecule, to form a dye-based radical cation and
diphenyliodonium radical.** This reaction generally involves
electron transfer from the photoexcited triplet state of dye to
the iodonium cation, followed by rapid decomposition of
iodonium radical.®®* The onium radical formed fragments on
iodobenzene and phenyl radical. The phenyl radicals are
active for initiation. The onium salts are generally used in
three-component photoinitiating systems for vinyl radical
polymerization.

The transient absorption spectra of squaraine in the pres-
ence of diphenyliodonium chloride is presented in Figure 9.

The lifetime of an excited state of squaraine SQ* decreases
as concentration of diphenyliodonium salt increases.
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SCHEME 1 Mechanism of primary and secondary processes
occurring in two-component photoinitiating system composed
of squaraine dye/tetramethylammonium n-butyltriphenylbo-
rate. [Color figure can be viewed at wileyonlinelibrary.com]
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Therefore, SQ* is quenched by diphenyliodonium chloride
and a new transient with absorption at 510 nm is simulta-
neously formed. The new transient can be assigned to radi-
cal cation of squaraine dye.

The rate constant kg, for the quenching of the excited state
of squaraine dye by iodonium salt was determined in MeCN
solution. The k, value was obtained by monitoring the excit-
ed state absorption decays of SQ* at 380 nm for various
quencher concentrations by employing the Stern-Volmer
equation. The established value of this rate constant is equal
3.30 X 10° mol~ ! s™% The time of formation of squaraine
dye-based radical cation and its disappearance is equal 14
and 260 ns and its graphical presentation is shown in
Figure 10.

Basing on the laser flash photolysis results and fluorescence
quenching experiments the following mechanism of primary
and secondary processes occurring in two-component photo-
initiating system composed of squaraine dye/diphenyliodo-
nium chloride presented in Scheme 2 was proposed.

= [.2ns
e 20ns
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FIGURE 9 Transient absorption spectra of 1,3-bis(p-bromophe-
nylamino)squaraine in presence of diphenyliodonium chloride
(I1) recorded at different delay times after laser pulse. Coinitia-
tor concentration was equal 5 X 10”4 M. [Color figure can be
viewed at wileyonlinelibrary.com]
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FIGURE 10 The kinetic traces recorded at 480 nm for different delay times: 2 and 50 ns observed after irradiation of squaraine in
presence of diphenyliodonium chloride (I1). Coinitiator concentration was 5 X 10~* M. [Color figure can be viewed at wileyonlineli-

brary.com]

Dye/N-Alkoxypyridinum Salts

N-Alkoxypyridinium salts are very effective initiators for cat-
ionic polymerization of cyclic ethers and alkyl vinyl ethers
upon irradiation at 300 nm where they are light-absorbing.*®
These compounds can act directly provided if they are light-
absorbing. However, N-alkoxypyridinium salts may act via
the oxidation of photochemically or thermally generated free
radicals by onium ions.*® When polymerization is carried out
with irradiation above 360 nm the application of suitable
compound acting as a free radical source, that is, decompos-
ing into free radicals is necessary.*® Benzoin is such a com-
pound. It decomposes spontaneously into benzoyl and
hydroxybenzyl radicals after absorption of a photon. The ini-
tiation is assumed to proceed by direct action of light, that
is, pyridinium radical cations are generated via homolytic
scission of the N—O bond.*>*®
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SCHEME 2 Mechanism of primary and secondary processes
occurring in two-component photoinitiating system composed
of squaraine dye/diphenyliodonium chloride. [Color figure can
be viewed at wileyonlinelibrary.com]
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However, the dye-sensitized fragmentation of N-alkoxypyridi-
nium salt may be used for initiation of free radical polymeri-
zation.*’”*° This type of photoinitiation system acts via
photoinduced electron transfer process. Single electron
transfer from excited dye to N-alkoxypyridinium salt leads to
reductive cleavage of the N—O bond to give an alkoxy radical
that can initiate radical polymerization.>°

The driving force for the fragmentation reaction in this case
results from formation of a stable pyridine molecule.®® The
N-alkoxypyridinium salts have been proven to be effective
with a wide range of sensitizers (e.g., coumarin dyes, cya-
nines, oxanols, squarines, and fluoflavines) and excitation
wavelengths.5-5¢

The transient absorption spectra of squaraine dye in the
presence of N-methoxy-4-phenylpyridinium tetrafluoroborate
is presented in Figure 11.

The excited state of photosensitizer is also quenching by N-
methoxy-4-phenylypyridinium tetrafluoroborate. In this case
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FIGURE 11 Transient absorption spectra of 1,3-bis(p-bromo-
phenylamino)squaraine in presence of N-methoxy-4-phenylpyr-
idinium tetrafluoroborate (NO) recorded at different delay
times after laser pulse. Coinitiator concentration was equal 2 X
102 M. [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 12 The Stern-Volmer relationship for the quenching of
an excited state of squaraine by N-methoxy-4-phenylpyridi-
nium salt (NO) in acetonitrile solution.

the formation of new absorption band at 480-500 nm is
observed. The time of formation of new product and its dis-
appearance is equal 20 ns and 1.47 us, respectively. New
absorption band is attributed to the absorption of squaraine
dye-based radical cation formation. Simultaneously, the dis-
appearance of the band at 380 nm is observed. The estab-
lished value of quenching rate constant is equal 2.31 X 10°
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SCHEME 3 Mechanism of primary and secondary processes
occurring in two-component photoinitiating system composed
of squaraine dye/N-methoxy-4-phenylpyridinium salt. [Color
figure can be viewed at wileyonlinelibrary.com]
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mol ! s~ . Figure 12 shows the Stern-Volmer plot for the
excited state quenching by N-alkoxypyridinium salt.

Similarly, as it was presented above, the mechanism of free
radicals formation during irradiation of two-component pho-
toinitiating system composed of squaraine dye/N-methoxy-
pyridinium salt shown in Scheme 3 was proposed.

In summary, the reaction of squaraine (SQ*) with a coinitia-
tor (electron donor or electron acceptor) competes with the
deactivation reactions of the excited dye. The rate of reac-
tions is determined by the concentration of the coinitiator
and the rate constant for an electron transfer reaction. The
rate of deactivation of an excited state of photosensitizer is
determined by the sum of all radiative and nonradiative
decay paths of squaraine dye in excited state. The next com-
peting process is the fragmentation of the boranyl radical,
diphenyliodonium radical and N-methoxy-4-phenylpyridyl
radical, giving butyl radical, phenyl radical, and methoxy rad-
ical, and return electron transfer, which is an energy-wasting
process that regenerates the starting materials.

Taking into account the kinetic results one can conclude that
the reactivity order of initiating radicals, under experimental
conditions, is as follows: methoxy, phenyl, and butyl.

CONCLUSIONS

In this article, the efficiency of UV-blue light induced poly-
merization of trifunctional acrylate in the presence of two-
component photoinitiating systems based on squaraine dye
and three different coinitiators (borate salt, iodonium salt,
and N-alkoxypyridinium salt) was ascertained.

It was found that the squaraine dye/coinitiator combination
undergoes photoreaction via intermolecular electron transfer,
resulting in generation of active radical species by subse-
quent decomposition of coinitiator-based radical. The effi-
ciency of tetramethylammonium n-butyltriphenylborate (B2)
as a coinitiator is lowest than that of diphenyliodonium chlo-
ride (I1) and N-methoxy-4-phenylpyridinium tetrafluorobo-
rate (NO). The photoinitiating systems, possessing squaraine
and pyridinium salt initiate free radical polymerization 3-4
times faster in comparison to system composed of borate
salts.

The kinetic results obtained, shown that the systems com-
posed of squaraine dye and diphenyliodonium salt or N-
methoxypyridinium salt may be considered as an attractive
alternative for two-component UV-near visible light commer-
cially available photoinitiators.

Basing on the kinetic results and the laser flash photolysis
experiment, the mechanism of reactions occurring in the
photoinitiating systems composed of squaraine, borate salt,
iodonium salt and N-alkoxypyridinium salt was proposed.
After irradiation of the photoinitiator with a UV-visible light,
the excited state of photosensitizer is formed. The deactiva-
tion of an excited state occurs by radiative and nonradiative
processes, for example: an electron transfer process. In
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presence of borate salt, the squaraine undergoes one-
electron reduction. The squaraine-based radical anion and
boranyl radical are formed. The boranyl radical undergoes C-B
bond cleavage, giving butyl radical that can start the polymeri-
zation reaction. In this system the photoreducible sensitization
occurs. However, in the presence of diphenyliodonium salt or
N-methoxy-4-phenylpyridinium salt, an electron transfer from
the excited state of squaraine to the ground state of dipheny-
liodonium cation or N-methoxy-4-phenylpyridinium cation,
giving squaraine-based radical cation and diphenyliodonium
radical and N-methoxy-4-phenylpyridinium radical occurs.
The latter undergo fast fragmentation forming the iodoben-
zene and phenyl radical as a result of C—I bond cleavage, and
methoxy radical and stable 4-phenylpyridine as a result of
N—O bond cleavage. In such photoinitiating systems the pho-
tooxidizable sensitization occurs. These reactions generate
free radicals, which can start the polymerization chain reac-
tion. The photoinitiating ability depends on the reactivity of
free radical and increases in following order: butyl radical,
phenyl radical, and methoxy radical.
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Onium salts improve the kinetics of
photopolymerization of acrylate activated with
visible light

Janina Kabatc, ©*2 Katarzyna Iwinska,? Alicja Balcerak, Dominika Kwiatkowska,?
Agnieszka Skotnicka,? Zbigniew Czech® and Marcin Bartkowiak®

The aim was study the influence of onium salts on the kinetics of photopolymerization in the visible light
region. Trimethylolpropane triacrylate TMPTA was selected as a monomer, and activated by 1,3-
bis(phenylamino)squaraine (SQ) used as a photosensitizer in addition to tetramethylammonium n-
butyltriphenylborate (B2). The iodonium salt [A-I-B]*X~ functioned as a second radical initiator, bearing
a different substitution pattern for the cation. The ternary system was formulated with different
concentrations of both borate and diphenyliodonium salts. Differential scanning calorimetry was used to
investigate the polymerization reaction over the photoactivation time carried out at 300 nm < A <
500 nm irradiation. When the squaraine dye/borate salt was used as photoinitiator, a slow polymerization
reaction was observed and a lower monomer conversion. The addition of a third component (onium
salt) increased the polymerization rate and conversion. Ternary photoinitiator systems showed
improvement in the polymerization rate of triacrylate leading to high conversion in a short
photoactivation time. The photoinitiating ability of bi- and tri-component photoinitiators acting in the
UV-Vis region for initiation polymerization of triacrylate was compared with those of some commercially
used photoinitiating systems. It was also found, that, the parallel electron transfer from an excited state
of the sensitizer to [A-1-B]*X™, and an electron transfer from a ground state of R(Ph)sB~N(CHs)4" to an
excited state of the sensitizer results in two types of initiating radical.

Introduction

One of the modern and rapidly developing technologies is
production of various types of polymeric materials in polymer-
ization reaction. That process may be initiated, for example
photochemically or thermally. The light activated polymeriza-
tion is called photopolymerization. This process is character-
ized by: (i) low energy consumption, (ii) the possibility of using
non-solvent compositions, (iii) high efficiency, and others.*?
The photopolymerization occurs via radical (radical polymeri-
zation RP) or ionic mechanisms (cationic/anionic polymeriza-
tion CP/AP). A photoinitiator plays a key role in radical initiated
chain reaction. Because of this, many research groups still
design new or improve known photoinitiators, especially those
operating in the visible region of the spectrum.**® For example,
diaryliodonium salts are efficient photoinitiators for cationi-
cally initiated polymerization. The very low energy of the C-I
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bond allows the decomposition of iodonium salt after irradia-
tion with ultraviolet light.

As a result, an iodophenyl radical cation and a reactive phenyl
radical are formed.*” On the other hand, alkyltriphenylborate
salts may be other example of onium salts used in activation of
polymerization reaction.® The active radicals are also formed as
a result of bimolecular electron transfer quenching of photoex-
cited sensitizer. For an activation of these photoinitiators UV
light sources are very often used for paints and coatings. It is well
known, that the use of UV light is not recommended in the
biological field. In that case, it is possible to apply dye, that
absorbs in the visible light region as sensitizer, that allow
a reaction with onium salt, promoting its decomposition.
Therefore, the onium salts can also act in the radical polymeri-
zation of acrylates.*>'® Many different organic dyes have been
investigated as the visible light sensitizers, for example: cam-
phorquinone,”™ indoles," coumarine,"” ketocoumarin and
derivatives,'® xanthenic dyes,'”*® polymethines," hemicyanines,*
squaraines,*>* pyrromethenes,* 2-amino-4,6-diphenyl-benzene-
1,3-dicarbonitrile ~ derivatives,* 2-(diethylamino)-4,6-diphenyl-
benzene-1,3-dicarbonitrile derivatives,” resazurin, flavins, safra-
nine and others.***?°

An electron transfer process builds the main driving source
to generate initiating radicals in UV-Vis photopolymerization.*

RSC Adv, 2020, 10, 24817-24829 | 24817
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The first excited singlet state of dye (sensitizer) transfers/accepts
an electron to/from coinitiator resulting in formation of initi-
ating radicals.

In our previous papers it was shown that, squaraine dyes act
as photosensitizers for alkyltriphenylborate salts, N-alkoxypyr-
idinium salts and diphenyliodonium salts, which do not absorb
light in the visible region.***** It was hypothesized, that
squaraine may act as photosensitizer simultaneously for two
different onium salts. Such approach can improve the reactivity
of photoinitiator system. The aim of this study was to evaluate
an influence of onium salts on the kinetics of polymerization of
triacrylate (TMPTA) during irradiation with the visible light.

Generally, the squarylium dyes have been rarely used in
dyeing photoinitiating systems. There are only few papers
described their photoinitiating ability of polymerization of acry-
lates, epoxides, vinyl ether. In such photoinitiators, various 2,3,3-
trimethylindolenine-based or  2-methylbenzothiazole-based
squaraine dyes were applied.****

It should be also noted, that trimethylindolenine-based
squaraines (green/red light photosensitizers) absorb at longer
wavelength than dye studied by us (blue light photosensitizer).
A characteristic feature of bis-phenylamino squaraine is a pres-
ence of nitrogen atom in the conjugated double bonds system.
There are not any amine and iminium terminals in chromo-
phore structure in contrast to mentioned above photosensi-
tizers. Therefore, in order to improve the knowledge on the
ability of bis-phenylamino squaraine to initiation of radical
polymerization of triacrylate was described in our article.

Moreover, bis-phenylaminosquaraine dyes have not been
studied in the multicomponent photoinitiating systems, yet.

The novelty of the present work is the enhancement of the
photoinitiating efficiency of blue-light sensitizer-based initiator
by simple modification of chemical composition of photo-
initiator. It was shown here, that an introduction of a second
onium salt results in better kinetic parameters of blue-light
activated polymerization of triacrylate.

In this paper, we look for some iodonium and/or alkyl-
triphenyl borate salts, that in a presence of suitable photosen-
sitizer are able to initiate the radical polymerization of 2-ethyl-2-
(hydroxymethyl)-1,3-propanediol triacrylate under irradiation
with blue light.

Experimental part
Materials

Diphenyliodonium chloride (I1), diphenyliodonium hexa-
fluorophosphate (12), 2-ethyl-2-(hydroxymethyl)-1,3-
propanediol triacrylate (TMPTA), 1-methyl-2-pyrrolidinone
(MP) were supplied by Aldrich Chemical Co. (Poland) and
used without further purification. 1,3-Bis(phenylamino)squar-
aine (SQ) and tetramethylammonium n-butyltriphenylborate
(B2) were synthesized in our laboratory, as it was described
previously.*** Onium salts, such as: (4-methoxyphenyl)phenyl-
iodonium p-toluenesulfonate (177), (4-methoxyphenyl)-(4-nitro-
phenyl)iodonium p-toluenesulfonate (181), (3-bromophenyl)-(4-
methoxyphenyl)iodonium p-toluenesulfonate (184), (4-fluo-
rophenyl)-(4-methoxyphenyl)iodonium p-toluenesulfonate (193)
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were synthesized by PhD ]J. Ortyl from Cracow University of
Technology, as described in the literature.?” All substrates and
solvents necessary for the preparation of coinitiators were
purchased from Aldrich Chemical Co. (Poland) and used
without further purification.

The fluorescence quenching measurements

The fluorescence quenching measurements were performed
using a single-photon counting system UV-VIS-NIR Fluorolog 3
Spectrofluorimeter (Horiba Jobin Yvon). The apparatus uses
a picosecond diode laser (370 nm) generating pulses of about 50
ps for the excitation. Short laser pulses in combination with
a fast microchannel plate photodetector and ultrafast elec-
tronics make a successful analysis of fluorescence decay signals
in the range of single picoseconds possible. The dye was studied
at a concentration able to provide equivalent absorbance at
370 nm (0.2 in the 10 mm cell). The rate constant for fluores-
cence quenching was determined in 1-methyl-2-pyrrolidinone
as a solvent. The concentration of dye was 2 x 10~ > M and
that of quenchers was in the range from 1 x 107* M to 1 x
107 M. The fluorescence quenching at 440 nm was measured
in deaerated solution by bubbling with argon.

Kinetics of polymerization by photo-differential scanning
calorimetry

A regular photo-DSC setup was used to determine the photo-
initiation efficiency of the UV-Vis photoinitiator systems in
acrylate. For this purpose, the kinetic parameters of free radical
polymerization of 2-ethyl-2-(hydroxymethyl)-1,3-propanediol
triacrylate photoinitiated by bi- and tri-component photo-
initiating systems composed of 1,3-bis(phenylamino)squaraine
in the presence of diphenyliodonium salt or/and borate salt
were determined using a Differential Scanning Calorimeter TA
DSC Q2000 Instrument equipped with a high-pressure mercury
lamp (Photo-DSC). The heat evolved during reaction was regis-
tered for radiation range 300-500 nm and at a constant intensity
of 30 mW cm 2 The measurements were performed at
a sampling interval of 0.05 s per point in isothermal conditions
under a nitrogen flow of 50 mL min~'. Samples weighing 30 +
0.1 mg were placed into an open aluminum liquid DSC pan. The
measurements were carried out under identical conditions. The
sample was maintained at a prescribed temperature for 2 min
before each measurement run began. The polymerization
mixture was composed of 1.8 mL of monomer, 0.2 mL of 1-
methyl-2-pyrrolidinone, the sensitizer and an appropriate
coinitiator. The concentration of photoinitiators was in the
range from 1 x 10> to 3 x 10> M. 1-Methyl-2-pyrrolidinone
was necessary due to the poor solubility of sensitizer in mono-
mer. The polymerizing solution without a coinitiator was used
as the reference sample. The degree of conversion (Co,) is
directly proportional to the number of reactive groups (double
bonds) in the monomer molecule. This parameter was calcu-
lated using eqn (1):

AH,
AH,

Cy, = x 100 (1)

This journal is © The Royal Society of Chemistry 2020
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where AH, is the reaction heat evolved at time ¢ and AH, is the
theoretical heat for the complete degree of conversion (for
acrylates: AH, = 78.0 k] mol ™).

The rate of polymerization (R,,) is derived from the amount of
heat released during the process, which is expressed by eqn (2):

dH /dt

Ry= =

(2)
where dH/d¢ is a heat flow in the polymerization reaction.
The overall ability to the initiation reaction was calculated
using eqn (3):
I — Rp(max) (3)
=

tmax

where I, is the photoinitiation index, Rpymax) is the maximum
rate of polymerization, and ¢, is the time required for the
maximum rate of heat release.

Cyclic voltammetry measurements

The electrochemical measurements were evaluated by Cyclic
Voltammetry (CV) using the ER466 Integrated Potentiostat
System (eDAQ, Poland) in a three-electrode configuration. The
electrolyte was 0.1 M tetrabutylammonium perchlorate in dry
acetonitrile. 1 mm platinum disk electrode was used as
a working electrode, platinum and Ag/AgCl were used as auxil-
iary and references electrodes, respectively. All solutions were

[
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deoxygenated with N, for at least 15 min prior to measure-
ments. The computer-controlled potentiostat was equipped
with EChem Software.

Nanosecond laser flash photolysis experiment

Transient absorption spectra and decay kinetics were carried
out using the nanosecond laser flash photolysis method. The
experiments were performed using a LKS.60 Laser Flash
Photolysis apparatus (Applied Photophysics). Laser irradiation
at 355 nm from the third harmonic of the Q-switched Nd:YAG
laser from a Lambda Physik/model LPY 150 operating at 65 m]
per pulse (pulse width about 4-5 ns) was used for the excitation.
Transient absorbances at preselected wavelengths were moni-
tored by a detection system consisting of a monochromator,
a photomultiplier tube (Hamamatsu R955) and a pulsed xenon
lamp (150 W) as a monitoring source. The signal from the
photomultiplier was processed by a Hewlett-Packard/Agilent an
Agilent Infiniium 54810A digital storage oscilloscope and an
Acron compatible computer.

Results and discussion

2-Ethyl-2-(hydroxymethyl)-1,3-propanediol triacrylate as multi-
functional monomer was chosen to study the reactivity of UV-
Vis photoinitiator systems. A combination of squarylium dye
(1,3-bis(phenylamino)squaraine (SQ)) and a radical initiator, an

H, X=Cl, I1

= ®
=H, X=PF¢, I2 (CHN

0

Ry
Ry

, Ry=OCHj , X=p-toluenesulfonate, 177
0,, Ry=OCHj , X=p-toluenesulfonate, 181
r, Ry=0OCHj; , X=p-toluenesulfonate, 184

, Ry=0CHj , X=p-toluenesulfonate, 193

I B

Chart 1 The composition of polymerizing mixture composed of: monomer, photosensitizer and selected coinitiator or coinitiators.
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fast decomposition

Scheme 1 Reactions occurring during UV-Vis-initiated radical polymerization based on electron transfer.
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Table1 Thermodynamic data, the photobleaching rate constants (kyy) and fluorescence quenching rate constants (k) for dye, iodonium salt and

borate salt

Electron acceptor Erea [€V] AGe” [k] mol ] ko x 10* [s71] kgx 107 M s
I1 —0.494 —126.8 5.64 6.26

12 —1.00 —72.01 0.946 4.0

177 —0.206 —154.6 0.7 8.12

181 —0.554 —121.06 0.159 6.1

184 —0.175 —157.6

193 —0.302 —145.4 53.1

Electron donor Eox [€V] AGe® [k] mol™] kpr x 10* [s71] kg x 107 M s77]
B2 1.153 —159.9 1.3 2.69

¢ Calculated using the singlet state energy 0 — 0 for SQ Eq, = 2.938 eV.

onium salt (iodonium or/and borate), was selected as photo-
initiator system (see Chart 1).

Following bi- and tri-component photoinitiators: SQ/I, SQ/B2
and SQ/I/B2 were studied.

The sensitizer absorbs light from 320 nm to 450 nm with the
maximum at 400 nm in 1-methyl-2-pyrrolidinone used as
a solvent.® All coinitiators studied absorb below 300 nm. In this
case, only squaraine dye is excited by light source used, because
an almost satisfied overlap exists between absorption of sensi-
tizer and emission of the high-pressure mercury lamp (Omni-
cure 2000) used in photo-DSC studies.

Scheme 1 describes the necessary pathways to generate
initiating radicals in the redox system comprising the dye
(sensitizer) as an electron donating moiety and the iodonium
salt with the general cation structure [A-I-B]" as electron

2230 ——0.001 M B2/0.001 M 1
——0.001 M B2/0.003 M 11
— 200- ———0.002 M B2/0.002 M 11
= ——0.002 M B2/0.003 M I1
£ ———0.003 M B2/0.003 M 11
Z 150
@]
=
Gy
) Qb QL
(CHyN® c19\©
504 ]
|
O T : T T T 1

2 4 6 8 10

Photoactivation time [min]

Fig. 1 The kinetic curves recorded during radical polymerization of
TMPTA initiated by 1,3-bis(phenylamino)squaraine in a presence of
two coinitiators marked in the figure. The concentration of sensitizer
was 1 x 1073 M, the concentration of borate and iodonium salts is
marked in the figure. The irradiation range was from 300 nm to
500 nm with intensity 30 mW cm™2,
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acceptor, functioning as radical initiator. On the other hand,
the pathways to generate initiating radicals in redox system
comprising squaraine dye as electron acceptor and an alkyl-
triphenylborate salt as electron donating moiety as radical
initiator is different.

Excitation of dye results in formation of first excited singlet
state Dye*. Electrochemical data allow a rough estimate of the
HOMO and LUMO energies of Dye and iodonium and borate
salts, respectively. Electron transfer from Dye* to [A-I-B]'
results in reduction of the iodonium salt and yields the iodyl
radical [A-I-B]". The short-living intermediate cleavages with
a high efficiency and yields initiating aryl radicals A". In the case
of alkyltriphenylborate salt, an electron transfer from [Ph;-B-
R]™ to Dye* results in reduction of dye, and yields the boranyl
radical [Ph;-B-R]". The short-living intermediate cleavages with
a high efficiency and yields initiating alkyl radicals R". The fast
decomposition of [A-I-B]", [Ph;-B-R]’, Dye'" and Dye' ™~ results
in decrease of the efficiency of back electron transfer.

It was found, that the irradiation of a photosensitizer alone
with visible light does not induce polymerization reaction.

The main factor that controls the rate constant of electron
transfer is the exothermicity of the reaction. This value may be
estimated using the oxidation potential of an electron donor
and the reduction potential of an electron acceptor. The
possibility of electron-transfer from donor to acceptor mole-
cules was determined on the basis of electrochemical properties
of all components of photoinitiating systems. For this purpose,
the redox potentials were measured using cyclic voltammetry.
The values of free energy change AG, for electron transfer were
calculated according to Rehm-Weller equation.’***® In this
study, diphenyliodonium salts were used as the electron
acceptors and squaraine dye as electron donor, but borate salt
as electron donor with sensitizer acting as electron acceptor.

These iodonium salts with various substituents in 4- or 4'-
positions possess reduction potentials (Er.q) in the range from
—1.00 eV to —0.175 eV,* while squaraine dye (SQ) exhibits an
oxidation potential (E.,) of 1.13 eV and reduction potential of
—0.128 eV. The oxidation potential of borate salt is 1.153 eV. SQ
possesses an excitation energy (Eoo) of 2.938 eV derived from the

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 L: the kinetic curves recorded during radical polymerization of TMPTA initiated by 1,3-bis(phenylamino)squaraine in a presence of two
coinitiators marked in the figure. P: degree of double bonds conversion versus irradiation time. The concentration of sensitizer was 1 x 103 M,
and concentration of borate and iodonium salts was 2 x 107> M and 3 x 1073 M, respectively. The irradiation range was from 300 nm to 500 nm

with intensity 30 mW cm—2,

absorption and fluorescence spectrum. These electrochemical
data (Eox, Ered, Eoo) allow calculating the free enthalpy of elec-
tron transfer AG., eqn (4), resulting in the range form
—159.9 k] mol ™" to —72 kJ mol~'. The negative values of AG.
demonstrated that as a result of an electron transfer reaction
between photosensitizer and coinitiators for all initiating
systems under study, the radicals initiating polymerization
process are formed.

The thermodynamic data presented in Table 1 confirmed,
that these reactions are possible from thermodynamic point of
view, that should lead to similar reactivity (expect to salt 12)
between excited dye and [A-I-B] and Dye* and [Ph;-B-R] .

AGel = on -

Erea — Ego (4)

400
z
= 300 =
z 5
&= 200 —1
S —D
ks —177
T — 181
100+ ——184
193
: B2
0 — —~
5 10 15

Photoactivation time [min]

Fig. 3 The kinetic curves recorded during radical polymerization of
TMPTA initiated by 1,3-bis(phenylamino)squaraine in a presence of
coinitiator marked in the figure. The concentration of sensitizer and
coinitiator was 5 x 107> M. The irradiation range was from 300 nm to
500 nm with intensity 30 mW cm~2,

This journal is © The Royal Society of Chemistry 2020

However, the kinetic results obtained (Fig. 1-3 and Table 2)
show that the thermodynamic data do not fit with this
hypothesis.

The representative polymerization curves and conversions of
monomer during polymerization at different times of irradia-
tion are shown in Fig. 1-3.

In Fig. 1, the typical kinetic curves of a photoinitiated poly-
merization, show the heat flow as a function of the photo-
activation time, as well as the influence of borate salt and
diphenyliodonium salt on the polymerization rate for the
tertiary systems.

The influence of different initiator systems on the kinetics of
photopolymerization is presented in Fig. 2, as well as the degree
of monomer conversion as a function of the photoactivation
time, using a ternary initiator systems.

For the comparison the photoinitiating ability of bi-
component photoinitiators on the kinetic of polymerization of
TMPTA is shown in Fig. 3.

The kinetic parameters of polymerization observed for
different compositions of photoinitiators are shown in Table 2.

The maximum of polymerization heat roughly describes the
reactivity of a photopolymer system'** because the system
crosslinks during exposure. It is a characteristic point where
auto-acceleration and verification are equivalent. Thus, diffu-
sion processes control the reactivity and reaction rate constants
change with conversion. Furthermore, termination kinetics
often changes from bimolecular termination to termination by
initiator radicals at higher conversion degrees.'*** Nevertheless,
choosing of maximum heat flow forms a reasonable compro-
mise to describe the reactivity, because this quantity relates
somehow to the initiation efficiency. In other words, the initi-
ator efficiency is defined as the ability of the investigated pho-
toinitiators to initiate free radical polymerization and is
expressed as its rate (R,) (see the data in Table 2).

RSC Adv, 2020, 10, 24817-24829 | 24821
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Table 2 The kinetic results of radical polymerization of TMPTA initiated by bi- and tri-component photoinitiators®

Coinitiator Qmax [MW] tmax [Min] R, X 10° [s 7] I, x 10° Rp/Rys2) Cp [%]
11 28.5 6.01 1.12 3.11 2.12 16.9
12 13.4 8.46 0.53 1.10 1 6

177 31.3 6.55 1.23 3.41 2.33

181 383.7 2.36 15.15 126 28.57 48

184 32.6 6.97 1.28 3.54 2.42

193 30.7 6.6 1.21 3.35 2.28

B2 16.7 6.01 0.66 1.83 1 10.5
11/B2 218.44 2.9 8.62 68.7 13.09 44.1
12/B2 457.9 2.3 18.07 148 27.44 54
177/B2 419.86 2.37 16.57 138 25.16 54.7
181/B2 554.09 2.19 21.87 166 33.20 50.3
184/B2 417.93 2.4 16.50 135 25.04 52
193/B2 419.12 2.44 16.54 113 25.11 55.1

¢ tmax 1S the time needed for reach of the maximum value of heat flow.

Barner-Kowollik et al. determined the initiation efficiency of
a photoinitiator via a trifold combination of pulsed laser poly-
merization and subsequent ionization mass spectrometry and
femtosecond transient absorption spectroscopy (PLP-ESI-
MS).>*** This method is suitable only for initiators forming
identical radical fragments originating from disparate source
molecules. The photoinitiators studied dissociate into different
radicals (e.g. phenyl, p-methoxyphenyl, p-nitrophenyl, p-bro-
mophenyl, p-fluorophenyl and n-butyl). The quantitative initi-
ation evaluation of different fragments originating from
disparate sources molecules requires additional information
regarding the radicals' reactivity towards vinyl bonds and/or
stability of initiating radicals or other factors.*® It is well
known, that the stability of radicals decreases from primary
alkyl radical (n-butyl) to phenyl radicals. Radicals possess single
occupied molecular orbital which is quite higher in energy. Any
factors, that decrease energy of SOMO result in increase of
radical stability and decrease its reactivity. Type of substituent
attached may influence on the stability of radical formed. An
electron-donating and an electron-withdrawing properties
depend on the energy of SOMO (see Scheme 2).

As it was mentioned above, several different p-substituted
phenyl radicals are formed as a result of carbon-iodide bond
cleavage in diphenyliodyl radical. The substitution in para

position of phenyl ring may stabilize a radical formed. Gener-
ally, the increased substitution improves the stability of radical
formed, and less energy is required for its formation. When
both electron-donating and electron-withdrawing groups are
present in the same molecule, with a suitable separation
between them, an additional captodative stabilization of radical
occurs.” The methoxy-, nitro-, bromo- and fluoro-substituted
diphenyliodonium salts were chosen for the study. Substit-
uent effects on radical stabilization energy (RSE) values can be
interpreted as a combination of three different molecular
orbital interactions: (a) resonance stabilization through inter-
action of the radical center with p-systems; (b) stabilization
through hyperconjugation of the radical center with adjacent
C-H bonds; and (c) stabilization through interaction of the
radical center with high lying orbitals describing lone pair
electrons.*” The RSE value for sigma radical derived from n-
butyltriphenylboranyl radical is about 12.2 kJ mol *.** The
substituent effect on RSE values may be observed for the p-
substituted diphenyliodonium salts under study. The substit-
uent attached at the para position of phenyl ring may stabilize
a radical. The methoxy group with unshared electron pairs
stabilizes the radical by means of three electron bonding.
Basing on Coote et al,” the radical stabilization energies
theoretically calculated at G3(MP2)-RAD level, for phenyl, p-

Y = electron-donating

High energy SOMO substituent present on
of electron rich radical radical
5 Y-R®
ﬁ ————— energy of normal radical- - — - -  =—————- - — - -
% normal SOMO

X = electron-withdrawing
substituent present on
radical

Scheme 2 Illustrative diagram of energy of radicals.
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orbital (R®)
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of electron poor radical
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methoxyphenyl and p-nitrophenyl are —37 kJ mol *,
—41.6 k] mol™' and —40.4 k] mol ', respectively. Taking this
into account, more stable p-nitro, p-bromo and p-fluorophenyl
radicals are formed in the case of iodonium salt, than n-butyl
radical.

Basing on the Scheme 2 and literature focused on the esti-
mation of radical stabilization energies (RSEs) one can
conclude, that coinitiator-based radical possessing of electron-
withdrawing substituent in para position of phenyl ring
decomposes faster than diphenyliodonyl with electron-
donating group.*' This fact may be a reason of an excellent
photoinitiating ability of (4-methoxyphenyl)-(4-nitrophenyl)
iodonium p-toluenesulfonate (181).

From the data presented in Table 2 and Fig. 3, it is seen that
most of the iodonium salts (I1, 12, 177, 184, 193) exhibit no large
differences regarding the reactivity in triacrylate (TMPTA). On
the other hand, the effect of diphenyliodonium salt as second
coinitiator dramatically reduced the photoactivation time
required to reach a higher rate of polymerization and conver-
sion of monomer when compared with the system without
iodonium salt. It should be mentioned, that the concentration
of coinitiator in bimolecular systems was higher than in three-
component ones and equal 5 x 10> M. It was found, that when
only 5 x 107> M of iodonium salt or borate salt was used, the
maximum rate of polymerization (Rymax (s~ ')) values equal 15
x 107 s~ was observed for diphenyliodonium salt (I181) pos-
sessing nitro (NO,) and methoxy (CH;0) groups at para position
in both phenyl rings. Similar results were observed for 2-(p-N,N-
dimethylaminostyryl)benzoxazole used as a photosensitizer and
described in earlier paper.” Other bi-component photo-
initiators initiate radical polymerization of triacrylate with very
low and comparable rates, e.g. about 1.2 x 10> M. The worst
photoinitiating ability possesses photoinitiator composed of
squaraine dye and tetramethylammonium  n-butyl-
triphenylborate salt (SQ/B2). However, for the ternary photo-
initiator systems, the Rjmax) was about 20-30-times higher than
for SQ/B2 system. When bis(p-substituted)diphenyliodonium
salt was used as a coinitiator, the Rymax values were: 0.009,
0.018, 0.017, 0.022, 0.016 and 0.017 for 3 x 10™* M iodonium
salt. When equimolar concentration of borate salt and iodo-
nium salt, e.g. 2 x 10> M was used, a slight inhibitory was
observed and the Rymay decreased about 20% (see Fig. 1).

The ternary photoinitiator system, formed by squarylium dye,
borate salt and diphenyliodonium salt, showed an expressively
higher Rymax on the photoactivated polymerization. As pre-
sented in Table 1, the Rymax for SQ/B2/I systems reached from
8.62 x 10> s ' t0 21.87 x 107* s, while the binary system SQ/
B2, at the same reaction conditions reached 0.66 x 10~* s,
After 60 s of photoactivation using ternary system, the monomer
conversion was about 40% (except for salt I1), the total degree of
double bonds conversion reached about 55% and for the binary
system the total monomer conversion was achieved about 17, 6,
and 48% for salts I1, I2 and 181, respectively after 4-5 min of
irradiation. For the binary systems composed of sensitizer and
borate salt the total degree of double bonds conversion was
reached 10.5% after 8 min of photoactivation. It should be noted,

This journal is © The Royal Society of Chemistry 2020
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that in binary systems the concentration of coinitiators was 2-2.5-
times higher than in ternary photoinitiators.

The values of photoinitiation index (I,) expressed as
a quotient of maximum rate of polymerization and time required
to reach the maximum rate of heat release, obtained from the
exothermal curve,®* show that all of the compounds used as
coinitiators in the polymerization, possess different effectiveness
to the generation of active centers. The photoinitiation index is
ranging from 0.001 to 0.17 (see data in Table 2). The highest
values were achieved for bi-component photoinitiator: SQ/I81 of
about 0.126, and tri-component: 12/B2 and 181/B2 of about 0.148
and 0.166, respectively.

The spectral range (300-500 nm) used under study is clas-
sical for photopolymerization. Therefore, the photoinitiating
ability of new initiators was compared with that of commercially
available initiators. It should be also mentioned, that the ability
to initiation of polymerization of triacrylate by tertiary systems
is better than that observed for commercially available initia-
tors. For the comparison, camphorquinone (CQ) as a popular
sensitizer was used in presence of following coinitiators: ethyl p-
(V,N-dimethylamino)benzoate (EDMAB), diphenyliodonium
chloride (I1), N-methyldiethanolamine (MDEA), and N-phenyl-
glycine. The kinetic curves are shown in Fig. 4.

The rates of polymerization initiated by commercial photo-
initiators under experimental conditions are in the range from
0.0017 s~ ' to 0.018 s~ . The best photoinitiating ability shows
initiator composed of camphorquinone and N-methyl-
diethanolamine (MDEA), that is similar to photoinitiating effi-
ciency of system: squarine dye/p-substituted diphenyliodonium
salt (I81). The initiation efficiency of camphorquinone and
diphenyliodide (I1) is comparable with that observed for
bimolecular systems: squarine dye and diphenyliodonium salts

(O8]
(=]
L

— ——EDMAB
—11
MDEA
/ —NPG

Degree of double
bonds conversion [%]
[\]
=]

10
O T T T
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= 450 - Photoactivation time [min]
g light /\» R,=0.018s
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& | A
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§ R,=0.0017s"
T 0 : ~ ‘
2,0 2,5 3,0 3,5

Photoactivation time [min]

Fig. 4 The photoinitiating ability of commercially available photo-
initiators: CQ/ethyl p-(N,N-dimethylamino)benzoate (EDMAB), CQ/
diphenyliodonium  chloride (1), CQ/N-methyl-diethanolamine
(MDEA), CQ/N-phenylglycine (NPG) for initiation of polymerization of
TMPTA under irradiation with light 300 nm-500 nm, I, = 30 mW cm™2.
The photoinitiator concentration was 5 x 107> M.
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possessing: hydrogen, bromine, fluorine atoms in para position
of phenyl ring. Ternary initiators are similarly effective in
initiating of TMPTA polymerization as the most effective
commercially available system: CQ/MDEA. The rate of poly-
merization observed in a case of initiator: squaraine/(4-
methoxyphenyl)-(4-nitrophenyl)iodonium  p-toluenesulfonate
(I81) is about 20% higher than that observed for the best
commercial initiator studied. It should be also noted, that the
degree of TMPTA conversion achieved for commercial photo-
initiators is relatively low and reaches values ranging from 12.4
to 33.5%. Polymerization initiated by the best photoinitiators
under study leads to higher values of double bond conversion in
TMPTA and ranging from 44% to 55%.

It should be also noted, that for all tested bimolecular pho-
toinitiators a long inhibition time was observed. An introduc-
tion of iodonium salt to bimolecular system SQ/B2 distinctly
decreases the inhibition time and leads immediately to a start
of the photopolymerization process. It was found, that the
maximum rates of polymerization were observed below 60 s of
irradiation, in the most cases after 10 or 20 seconds.

Absorbance [a.u.]

0,0

T T
390 420

Wavelength [nm]
Fig. 5 The changes of absorption spectra of squaraine dye in 1-
methyl-2-pyrrolidinone as a solvent, in presence of diphenyliodonium
hexafluorophosphate (12) observed during irradiation (300 nm < A <

500 nm) in selected periods of time. The light intensity was 30 mW
-2
cm©.
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The diphenyliodonium salt concentration has little effect on
Rp(max), indicating that even at low concentrations, this salt
participate efficiently in the monomer polymerization. The
beneficial role of the diphenyliodonium salt in photoinitiated
free radical polymerization has been well recognized. Iodonium
salts are very effective in reacting with an excited Dye*,
accepting an electron and generating free radicals, that can start
the polymerization, as viewed in Scheme 3.*

Additionally formed, phenyl radicals are highly reactive
toward vinyl bonds and demonstrated high addition rate
constants to double bonds of acrylate monomers in free radical
polymerization, thus resulting in the shortened induction
period (Fig. 2). On the other hand, the free volume effect also
could contribute to the high polymerization efficiency. Namely,
the polymerization rate is faster than the volume shrinkage,
leading to an increase in free-volume formation.**** This
phenomenon increases the mobility of the residual double
bond and resulting in an increase in the final conversion.

The values of R,/Rys2) given in Table 2 represent the ratio
between the rate observed for given photoinitiating system and
that with the lowest polymerization rate, e.g. SQ/borate salt (B2).
As it is seen, the following order in terms of the efficiency of
polymerization is observed:

B2 = [2 <11 <177 = 184 = 193 <11/B2 <12/B2 = 177/B2 = 184/
B2 = 193/B2 < I81 < I81/B2.

It was also found, that photoinitiators used were bleaching
during radical polymerization process. This suggests that the
photoinduced decomposition of sensitizer and photoinitiators
is caused by photoinduced intermolecular electron transfer.***
The changes of absorption spectra of squarine dye in a presence
of selected coinitiators are shown in Fig. 5.

The photobleaching ratio may be calculated using eqn (5):

W% — A (Ao—4) (5)
A() Ao
where: A, is an absorbance at the maximal absorption wave-
length before light irradiation, and 4, represents the absorption
at 402 nm after (¢) of visible light irradiation.

Fig. 6 shows a decrease of absorbance of photosensitizer in
presence of selected coinitiators during irradiation with visible
light.

This journal is © The Royal Society of Chemistry 2020
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The photobleaching process may also be presented as
a relationship expressed by eqn (6).

104 -1
In (m) = —kblAt (6)

where A, and A are the absorbances of sensitizer at 402 nm at
time 0 and ¢, respectively. The term &, describes the photo-
bleaching rate constant.

For almost all coinitiators, the linear relationship between
the changes of absorbance and irradiation time is observed,
expect to coinitiator 181 for which the relationship is exponen-
tial. The linear fitting coefficients are in the range from 0.985 to
0.996. The values of R* for linear fitting for coinitiator 181 is
about 0.66. Better result is achieved for exponential fitting. The
fitting coefficient equals 0.95. Basing on the eqn (6) the pho-
tobleaching rate constants were calculated and summarized in
Table 1. They are ranging from 1.59 x 107> s ' to 5.64 x 10™*
s~'. Based on the kinetics of photobleaching, it is seen that the
squaraine dye faster photobleaching in presence of dipheny-
liodonium chloride and tetramethylammonium n-butyl-
triphenylborate. Therefore, this may be a reason of very low
ability to initiation of radical polymerization by systems
composed of I1 and B2 salts. Taking this into account, one can
conclude, that the phenyl and butyl radicals faster react in other
way, than the addition to monomer molecule. In that case the
photobleaching is faster than photoinitiation. In other words,
the photobleaching process competes with the initiation of
polymerization. It was found earlier,® that in presence of
coinitiator 181, the sensitizer studied undergoes photo-
bleaching very slow, and the relationship between the decrease
of absorbance and irradiation time is not linear. The system
composed of this coinitiator is the best bimolecular initiator for
radical polymerization of TMPTA.

In the next step, an effect of concentration of coinitiator on
the quenching of the excited singlet state of sensitizer was
studied. The fluorescence quenching experiment was carried
out to determine the interactions between photoexcited sensi-
tizer and coinitiators. Tetramethylammonium n-butyl-
triphenylborate and diphenyliodonium p-toluenesulphonates

This journal is © The Royal Society of Chemistry 2020

were used are not fluorescent compounds. For this purpose,
both spectroscopic methods were used: time-resolved fluores-
cence spectroscopy and nanosecond laser flash photolysis. The
results obtained as the Stern-Volmer plots are presented in
Fig. 7.

Basing on the Stern-Volmer equation,* the fluorescence
quenching rate constants k, were calculated and summarized in
Table 1. The kinetics of quenching changes from 2.69 x 10'°
M' s7! to 53.1 x 10" M~ 57! and is nearly one order of
magnitude higher than that of the diffusion controlled bimo-
lecular reaction constant (about 2 x 10° M~ ' s ). It was found
here, that the fluorescence quenching rate constants depend on
a type of coinitiator. These results confirmed that coinitiators
studied are effective fluorescence quenchers for photoexcited
sensitizer, due to strong interactions with photosensitizer in
excited singlet state. Therefore, it might be conclude, that the
quenching occurs predominantly through the intramolecular
ion-pair pathway, e.g. electron transfer process. The highest

T T T T

T T T T
0,00000 0,00025 0,00050 0,00075 0,00100

Quencher concentration [M]

Fig. 7 An effect of type and concentration of quencher on the fluo-
rescence of photosensitizer.
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Scheme 4 Mechanism of initiating radicals formation in bi- and tri-component photoinitiating systems.

values of k4 is observed for coinitiator 193, but the lowest for
borate salt B2. There is not any correlation between the rate of
polymerization and the rate of fluorescence quenching. It can
be seen that in the case of coinitiators (I2 and B2), which cause

24826 | RSC Adv, 2020, 10, 24817-24829

very fast photobleaching of sensitizer, the lowest values of the
fluorescence quenching rate constants and at the same time the
lowest rates of initiation of free radical polymerization of
TMPTA are also observed.

This journal is © The Royal Society of Chemistry 2020
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Fig. 9 The kinetic curves recorded 1 us after laser pulse at 380 nm.
The concentration of diphenyliodonium salt was 2 x 107> M.

The mechanism of free radicals formation in a ternary
photoinitiator system is more complicated, than that for
bimolecular ones. Therefore, for the explanation of a role of
both onium salts as coinitiators, when squarylium dye is used
as a photosensitizer, the nanosecond laser flash photolysis
experiments were done. From our previous studies it is known,
that the electron-transfer photosensitization involves the
absorption of light by squarylium dye and formation of photo-
excited sensitizer (SQ)*. In presence of coinitiator, the excited
complex is formed, and two parallel redox processes occur. They
are reduction of iodonium salt and/or oxidation of borate salt,
via electron transfer. Next, diphenyliodonyl radical and alkyl-
triphenyl boranyl radicals decompose rapidly into iodobenzene
and phenyl radical, and/or triphenylborate and alkyl radical,
making the reaction irreversible. The phenyl and alkyl reactive
species are effective in initiating of the polymerization reaction.
Radicals generated in the polymerization propagation are
effective in cleaving both C-I (path 1) and C-B (path 2) bonds, as

This journal is © The Royal Society of Chemistry 2020
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Fig. 10 Transient absorption spectra of recorded for squaraine dye in
presence of tetramethylammonium n-butyltriphenylborate recorded
100 ns after laser pulse in acetonitrile as a solvent.

viewed in Scheme 4, releasing another phenyl radical and/or
alkyl radical and allowing the polymerization reaction occur.*®

It is seen, that the coinitiator plays a role of an electron
donor or an electron acceptor. The electrochemical properties
of sensitizer influence on its behavior insight photoexcited
complex.

This hypothesis is supported by a nanosecond laser flash
photolysis experiment.

It was found, that sensitizer in deaerated solution in aceto-
nitrile undergoes excitation with 355 nm laser pulse. One
transient absorption band about 360 nm is observed in nano-
seconds time scale, as a result of excited state of squaraine
formation (see Fig. 8).

An addition of diphenyliodonium salt results in disappear-
ance of the excited state absorption band, and new absorption
band with maximum at 460 nm is formed. That is assigned to
the product of oxidation of sensitizer (radical cation of squar-
aine) (see Fig. 8 upper curve).

The curves in Fig. 9 shown the disappearance of the excited
singlet state of sensitizer alone (lower curve) and in a presence
of diphenyliodonium salt (upper curve). It was found, that an
addition of diphenyliodonium salt results in a decrease of
lifetime of excited state of photosensitizer by about 1 us, and
increases the rate constant of decay of sensitizer from 4.29 x
10° s to 8.37 x 10° s The lifetime was changed with an
increasing concentration of coinitiator. Basing on Stern-Volmer
relationship, the rate constant of quenching of excited state of
sensitizer was calculated. The values ky depend on the chemical
structure of diphenyliodonium salt and are equal 0.16 x 10°
M "' s' and 2.41 x 10° M ' s7' for salts I1 and 181,
respectively.*

In presence of an alkyltriphenylborate salt, photoexcited
squaraine undergoes immediate disappearance, that was
observed at 360 nm wavelength. The time of decay of excited
sensitizer is about 2.33 ps, but the rate constant of the decay is

RSC Adv, 2020, 10, 24817-24829 | 24827
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equal 3.31 x 10” s~'. A new absorption band at 480-500 nm
assigned to the radical anion of sensitizer was appear (Fig. 10).

It was found, that the times of formation and disappearance
of product of oxidization and reduction of squaraine dyes are
different.® Their values for dye-based radical cation are 14 ns
and 260 ns, but for dye-based radical anion are 10 ns and 1.14
us, respectively.®?

On the basis of nanosecond laser flash photolysis results, it
was found that n-butyltriphenylborate anion is oxidized, but
diphenyliodonium cation is reduced by photoexcited sensitizer.
The initiating radicals are formed in the secondary reactions.
These results are in good accordance with thermodynamic
parameters calculated for both electron transfer processes and
given in Table 1.

Conclusions

UV-Vis irradiation from the range 300 nm to 500 nm initiates
radical photopolymerization of multifunctional acrylic mono-
mer comprising a squaraine dye and iodonium salts with
distinct substitution pattern or/and alkyltriphenylborate salt.
One of reasons of addition of onium salt to a bimolecular
photoinitiator is the significant increase the polymerization rate
which is very important in systems that need a fast cure. The
negative values of free energy change for the electron transfer
process suggest that in such photoinitiating systems the inter-
molecular electron transfer occurs. The free radicals are formed
as a results of electron transfer processes between sensitizer
and both coinitiators. In first, an electron transfer from
photoexcited sensitizer to diphenyliodonium salt (ET,), and
second an electron transfer from borate salt to sensitizer in
excited state (ET,) occur. Both processes take place simulta-
neously but with different rates. The rate of electron transfer
ET, depends on the an electron acceptor structure and changes
from 0.16 x 10° M~' s7" and 2.41 x 10° M~' s~'. The photo-
initiating systems composed of sensitizer and an electron donor
and an electron acceptor are more efficient initiators for tri-
acrylate polymerization under visible light than the selected
commercially available photoinitiators acting at the same
conditions.

From our results, the studied systems: squaraine dye/borate
salt/iodonium salt should be considered as remarkable photo-
initiators, which is valuable for practical and industrial appli-
cations. The kinetic results also shown, that the systems
composed of squaraine/diphenyliodonium salt/
alkyltriphenylborate salt may be considered as an attractive
alternative for UV-near visible light commercially available
photoinitiators. New dye mediated photoinitiators are impor-
tant for new and advanced applications, especially in the field of
visible light curing.
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The goal of this paper concerns the evaluation of the efficiency of novel three-component systems for
initiating the photopolymerization process of 2-ethyl-2-(hydroxymethyl)-1,3-propanediol triacrylate
(TMPTA). Combinations of 1,3-bis(phenylamino)squaraine (SQG1) with different types of co-initiators are
proposed as effective UV-Vis light photoinitiators. The co-initiators used in the experiments, such as
silane (TTMSS), borate salt (B2), carbazole (NVC) and a set of iodonium salts (11, 12, 177, 181), are active
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on the photopolymerization kinetics was analyzed. The optimal photoinitiator concentration that gives
high monomer conversions and high values of the rate of polymerization is indicated and presented in

rsc.li/polymers this article.

1. Introduction

In recent years, interest in light induced polymerization pro-
cesses has rapidly increased. Photopolymerization reactions
are relevant for green chemistry because of their many advan-
tages, for example they are highly efficient, energy-saving,
economic, solvent-free and environmentally friendly." > This
advanced technique has resulted in enormous progress in the
development of novel adhesives, photocurable coatings,
varnishes, printing inks, 3D printing, various composites,
dental filling materials and many others.*™®

In general, the photopolymerization process requires the
presence of an appropriate photoinitiator (PI). This compound
undergoes a photochemical reaction after absorption of light
and forms reactive species (radicals or cations) that initiate the
chain reaction and transform the monomer into a polymer.®°
These photochemical reactions include a-cleavage of bonds
and atom abstraction, known as Norrish type I and type II reac-
tions, respectively.'’ An effective photoinitiator should decom-
pose after irradiation with the light source used and efficiently
react with the monomer. Moreover, high initiation perform-
ance, high reactivity of the radical towards the monomer, good
stability and non-toxicity are required.'*"?

UTP University of Science and Technology, Faculty of Chemical Technology and
Engineering, Seminaryjna 3, 85-326 Bydgoszcz, Poland. E-mail: nina@utp.edu.pl
tElectronic supplementary information (ESI) available. See DOI: 10.1039/
dopy00763c

5500 | Polym. Chem., 2020, 11, 5500-5511

The design and development of new, high speed photoini-
tiating systems (PISs) is extremely important for producing
novel polymer materials exhibiting many functional properties
and applicable in different areas of science, technology, engin-
eering, medicine, etc."* Many photoinitiators (PIs), used both
in free radical polymerization (FRP) and cationic polymeriz-
ation (CP), have been widely described in recent years.
However, novel effective photoinitiating systems operating in
the visible region of the spectrum, as well as panchromatic
photoinitiators, have invariably attracted interest from many
researchers.'” The use of UV radiation as a light source may be
problematic, due to high heat build-up, harmfulness for
human health and limited curing of thick samples."®

Generally, a typical photoinitiating system contains the
monomer or oligomer, the photoinitiator (sensitizer + co-
initiator) and appropriate additives, which impart the required
properties.’” A general classification of photoinitiating systems
depending on the number of components and examples of
designed PISs are shown in Scheme 1."872°

In one-component systems, the initiation of radical
polymerization occurs only in the presence of an active mole-
cule as sensitizer (e.g. dye). In this case, the radicals are pro-
duced through homolytic bond cleavage.”**" Introduction of
more compounds (co-initiators) to the system results in an
improvement in the performance of these photoinitiators. The
most popular PISs contain two or three components. The for-
mation of active species in dual systems involves energy/elec-
tron transfer, electron/proton transfer or direct hydrogen atom
transfer. However, the efficiency of the initiation step may be

This journal is © The Royal Society of Chemistry 2020
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Scheme 1 Types of photoinitiating systems.

affected by various kinetic limitations, e.g. inactive dye-based
radicals are able to terminate this step in growing polymer
chains.?*** These systems may be improved by the addition of
a second co-initiator. Multi-component PISs contain a light
absorber and donors and acceptors of electrons or protons.
The mechanism of generation of active species is more
complex and includes several chemical reactions. An appropri-
ate combination of components provides high polymerization
efficiency and the ability to work under well-defined
conditions.>>?°

Different types of radicals are used as initiating agents for
crosslinking reactions. Silanes were recently proposed as very
efficient co-initiators for photoinitiated radical polymeriz-
ation.”” Various silane derivatives used in photoinitiating
systems have been described in the literature. Some examples
of these compounds are presented in Scheme 2.%*2°

Systems comprising a PI combined with silane derivatives
show high reactivity. The active species are mainly generated
from (i) bond cleavage between silicon and other atoms or (ii)
Si-H bond abstraction. Importantly, silanes have potential for
reduction of oxygen inhibition.>**' The silyl radicals act as
“peroxide scavengers”. As a result, the concentration of reactive
species increases, which is shown in Scheme 3.*> The for-
mation of radicals occurs in several reactions. The photosensi-
tizer (PS) absorbs light and then reacts with silane (R;SiH),
generating the active form (R;Si"). The silyl radicals (R3Si") and

H;C,

H;C-Si—Si—H
/7 1
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Tris(trimethylsilyl)silane
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salt

R’ radicals arising from interactions between the PS and the
other co-initiators bind to oxygen molecules (O,). The inhi-
bition of oxygen and scavenging of the peroxyls increase the
total amount of R;Si" radicals that react with the monomer
and lead to polymer formation.>”***

A large series of silanes were studied as co-initiators for
radical polymerization initiated by systems containing iso-
propylthioxanthone as a photosensitizer, as described by
J. Lalevée et al*® One of the silanes was tris(trimethylsilyl)
silane, also studied by us. This compound exhibits weak
oxygen inhibition and is very efficient when combined with
isopropylthioxanthone (ITX) for photopolymerization of
Ebecryl 605 and 1,6-hexanediol diacrylate, under both lami-
nated and aerated conditions. In this system, the silyl radical
formation results from the interaction between the triplet state
of thioxanthone derivative and silane. The rate constant and
quantum yield characterizing the formation and reactivity of
silyl radicals formed from tris(trimethylsilyl)silane are 4.1 x
10” M~" s and 0.7, respectively. It was found that silanes are
very effective for visible light induced polymerization under
aerated conditions.?®

Recently, novel PISs based on silane derivatives were
described in 2020 by Wang and coworkers. These systems are
an alternative to the popular, previously proposed photoinitia-
tors based on silanes, because of the lack of aromatic amines
and peroxides showing toxic effects. This group of researchers
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Scheme 2 Examples of silanes used as co-initiators in photoinitiating systems.
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proposed highly effective systems containing camphorquinone
or 2-isopropylthioxanthone as sensitizers combined with
various silane/iodonium salt as co-initiators. It was proved that
these versatile three-component systems are appropriate for
radical and cationic polymerizations of acrylates and epoxides
initiated by redox reactions, light or temperature. A significant
advantage of the new PISs is their storage stability in different
photo or thermal curing resins. Importantly, no viscosity
changes of the prepared composites occurred. The concen-
tration of sensitizer with respect to the silane/iodonium salt
co-initiators and various types of additives, e.g. stabilizers,
played a key role in the gelation times. The newly developed
strategy based on dual curing different mixtures of monomers
is associated with the possibility of creating composite
materials with good mechanical and thermal properties.*”

An important group of compounds that initiate polymeriz-
ation are polymeric photoinitiators.*®*” These macromolecules
are well-defined polymers containing side or chain chromo-
phores showing sensitivity towards light. The presence of poly-
meric chains improves compatibility and reduces the
migration of additives in the created materials. Moreover,
these photoinitiators can be used as pre-polymers for prepa-
ration of various block copolymers or complex polymeric
systems.”®?° For example, in 2020, Yang et al. reported highly
efficient macrophotoinitiators for radical polymerization of
acrylates upon LED exposure at 405 nm. A series of novel
multifunctional PIs were synthesized by the reaction of
naphthalimides and siloxanes containing a silicon hydride
unit. These photoinitiators generate two types of radicals: silyl
and carbon. The increased concentration of active species
results in a more efficient initiation step. Significantly, the silyl
radicals are also reactive towards O, molecules, which elimin-
ates the oxygen inhibition phenomenon in photo-
polymerization. A high monomer conversion of about 80% was
observed. The proposed photoinitiators show reduced toxicity
and stability towards migration from cured materials, thus
they can be used in medicine and food industry.*®

The present paper is focused on three-component photoini-
tiating systems for free radical polymerization of TMPTA. We
describe new systems which are a combination of 1,3-bis(phe-
nylamino)squaraine as a sensitizer with tris(trimethylsilyl)

5502 | Polym. Chem., 2020, 11, 5500-5511

silane and a second co-initiator corresponding to a borate salt,
carbazole or iodonium salt. The innovation of our study is the
application of a squaraine dye as a photosensitizer for silane
compound. To the best of our knowledge, the ability of PISs
composed of squaraine and tris(trimethylsilyl)silane to initiate
free radical polymerization has not been described before. It
was also shown that enhancement of the photoinitiating
efficiency of the blue-light sensitizer-based initiator may be
achieved by simple modification of the chemical composition
of photoinitiator. The introduction of a second onium salt
results in better kinetic parameters for the blue-light activated
polymerization of triacrylate. The efficiency of the photoinitiat-
ing systems has been evaluated by determining the kinetic
parameters of polymerization, i.e. monomer conversion (Co,)
and rate of polymerization (R,). The proposed new photoinitia-
tors can be used as ingredients for photocuring compositions,
which are essential for production of adhesives, inks, coatings,
3D printing, etc.

2.

2.1.

Experimental

Materials

2-Ethyl-2-(hydroxymethyl)-1,3-propanediol triacrylate (TMPTA),
1-methyl-2-pyrrolidinone  (MP), and the commercially
available co-initiators  tris(trimethylsilyl)silane  (TTMSS),
N-vinylcarbazole (NVC), diphenyliodonium chloride (I1) and
diphenyliodonium hexafluorophosphate (I2) were purchased
from Sigma-Aldrich (Poland) and used without further purifi-
cation. The other co-initiators,"’ tetramethylammonium
n-butyltriphenylborate (B2), (4-methoxyphenyl)-phenyliodo-
nium p-toluenesulfonate (I77), and (4-methoxyphenyl)-(4-nitro-
phenyl)iodonium p-toluenesulfonate (I81), as well as the
photosensitizer 1,3-bis(phenylamino)squaraine (SQG1)** were
synthesized according to the methods described in other
articles.

2.2. Polymerization experiments

The photopolymerization experiments were carried out by the
use of a DSC Q 2000 differential scanning calorimeter (TA
Instruments) and a TA Q PCA photo unit equipped with a high

This journal is © The Royal Society of Chemistry 2020
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pressure mercury lamp (Photo-DSC). The measurements were
performed under isothermal conditions at 25 °C under a nitro-
gen flow of 50 mL min~'. Radiation in the UV-Vis range
(300-500 nm) at a constant intensity equal to 30 mW cm™> was
applied as a light source.

The polymerization solutions were composed of the sensi-
tizer, an appropriate co-initiator, the solvent and the
monomer. The reference sample did not contain an initiator.
Measurements were also carried out on a reference sample
without a photosensitizer (ESI, Fig. S47). 1-Methyl-2-pyrrolidi-
none was used for the preparation of the tested samples and
the reference, because of poor solubility of SQG1 dye in
TMPTA. In general, the samples for the polymerization studies
were prepared as follows: an appropriate amount of photo-
initiator (dye: 1 x 107> M; co-initiators: 1 x 107> M, 2 x 107> M,
3x107° M or 5 x 10* M) was dissolved in 0.2 mL of 1-methyl-
2-pyrrolidinone, and then 1.8 mL of 2-ethyl-2-(hydroxymethyl)-
1,3-propanediol triacrylate was added to the solution and
mixed. A sample weight (tested samples and reference) of 30 +
0.1 mg was placed into an open aluminum liquid DSC pan
and then maintained at the prescribed temperature (25 °C) for
2 min before each measurement run began. The obtained data
were recorded at sampling intervals of 0.05 s per point.

The degree of monomer conversion (Co,) was calculated
based on the amount of heat released during the polymeriz-
ation reaction. The liberated heat amount is directly pro-
portional to the number of reactive moieties in the monomer
molecule (acrylate groups). The conversion percentages were
obtained by integrating the area under the exothermic peak
using eqn (1):

AH,

C% = W x 100 (1)

where AH, is the heat evolved at time ¢ during the polymeriz-
ation reaction, and AH}‘)heor is the theoretical heat corres-
ponding to complete conversion of the reactive group. For cal-
culation of the Co, parameter, the value of theoretical enthalpy
for an acrylate double bond polymerization of AH" = 78.0 k]
mol " was used.*

The rate of polymerization (R,) is directly related to the heat
flow liberated in the reaction and is expressed by eqn (2):

_dc dH/dt )

P de AH(t)heor
where dH/dt is the heat flow evolved during the polymerization
reaction.

The overall initiation efficiency was calculated as the photo-
initiation index I, which may be defined according to eqn (3):

Rmax
_ P
Ip T gmax (3)

max

where "% is the time required to reach the maximum rate of
heat (H™™) release obtained from the exothermic kinetic
curve.

This journal is © The Royal Society of Chemistry 2020
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The kinetic parameters listed above were calculated for
each of the investigated systems. Based on the obtained data,
the optimal conditions for the polymerization process, under
which the photoinitiator works the most effectively, were
proposed.

3. Results and discussion

3.1. Characterization of initiators

The structures of the sensitizer, monomer and co-initiators
involved in the polymerization experiments are presented in
Chart 1.

The role of the sensitizer in the investigated PISs was
played by 1,3-bis(phenylamino)squaraine (SQG1), which
belongs to the group of squaraines. Because of their specific
features, such as sharp and strong absorption and emission in
the visible (Vis) light region, high molar extinction coefficients,
high fluorescence quantum yields, pH stability and photo-
stability, squaraines are widely used as photosensitizers in
various fields.**™°

The SQG1 dye was synthesized by a condensation reaction
of 1,2-dihydroxycyclobuten-3,4-dione (squaric acid) with two
molar equivalents of aniline in a mixture of 1-butanol and
toluene, as depicted in Scheme 4.

The dye possesses a single, sharp absorption band in the
UV-Vis region with a maximum located at 393 nm in 1-methyl-
2-pyrrolidinone (MP). The emission band is broad and the
fluorescence maximum is at 495 nm (value for the dye dis-
solved in MP).”” More information about the spectroscopic
properties and application of SQG1 squaraine in photoinitiat-
ing systems can be found in our previous papers.”*>*748

Tris(trimethylsilyl)silane (TTMSS) combined with a second
co-initiator was selected as the initiating radical generator in
the photoinitiating systems under study. The role of the
second co-initiator was played by compounds belonging to
different groups, such as borate salts (B2), carbazoles (NVC)
and iodonium salts (I1-I81). We examined the ability of a
typical pair of co-initiators, silane/iodonium salt,"® and com-
pared with other systems comprising silane/electron donor
(TTMSS/B2), and silane/radical activator (TTMSS/NVC).

One of the important preconditions of polymerization pro-
cesses is the selection of an appropriate light source. The spec-
troscopic properties of the investigated compounds were
studied at room temperature in 1-methyl-2-pyrrolidone (MP)
and ethyl acetate as solvents. The spectroscopic data are pre-
sented in Table 1 and in the ESI (Fig. S1 and S2+).

All investigated compounds absorb in the range from about
250 nm to 350 nm. The maximum absorption is between
252 nm and 270 nm. The longest wavelengths of absorption
were observed for tris(trimethylsilyl)silane and
N-vinylcarbazole. The position of the absorption band and the
molar extinction coefficient are affected by the type of solvent
and the chemical structure of initiator. The lowest value of
molar extinction coefficient was measured for tris(trimethyl-
silyl)silane in ethyl acetate solvent.

Polym. Chem., 2020, 11, 5500-5511 | 5503
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Table 1 The spectroscopic data of the investigated compounds

butanol/toluene

QN NH@ t HZO

OH

1-Methyl-2-pyrrolidone

Ethyl acetate

Initiator Jmax ab (NM) Emax M em™) Jmax ab (NM) Emax M em™)
Tris(trimethylsilyl)silane 275 107
N-Vinylcarbazole 294 6833

340 4196
Diphenyliodonium chloride 252 1747
Diphenyliodonium hexafluorophosphate 260 3687 253 3557
(4-Methoxyphenyl)-phenyliodonium p-toluenesulfonate 263 12147 252 11385
(4-Methoxyphenyl)-(4-nitrophenyl)iodonium p-toluenesulfonate 272 2164 269 5089
Tetramethylammonium n-butyltriphenylborate 252 6768

It is required that the source of emitted radiation include
the absorption range of the photosensitizer. As mentioned
above, the sensitizer has a main absorption band with a
maximum located at about 400 nm. Thus, the light emitted
from the high pressure mercury lamp (300 nm < A < 500 nm)

5504 | Polym. Chem., 2020, 11, 5500-5511

S

overlaps with the absorption region of the squaraine dye. The
emission spectrum of the OmniCure S2000 lamp is provided
in the ESI (Fig. S31). The high pressure mercury lamp used as
a light source emits light from 300 nm to 600 nm. The highest

power of the lamp above 110 mW cm™" was measured for

This journal is © The Royal Society of Chemistry 2020
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three wavelengths: 365 nm, 410 nm and 440 nm. Most of the
co-initiators studied strongly absorb light below 300 nm.
Based on this, it is seen that all co-initiators used could not
decompose in order to form reactive species for free radical
polymerization of TMPTA.

Other factors that affect the kinetic parameters of photo-
polymerization are the redox properties of the components of
photoinitiator systems. They may be established based on the
Rehm-Weller equation by estimating the value of the free
energy change for an electron transfer process.

The oxidation potential of tris(trimethylsilyl)silane is lower
than 1.7 V.*® The E,, measured by cyclic voltammetry is 0.436
V. Using a reduction potential of —0.128 V and a singlet state
energy of 2.938 eV for 1,3-bis(phenylamino)squaraine, an
exothermic electron transfer reaction (—2.374 eV) can be
expected based on the classical Rehm-Weller equation

(eqn (4))
AGet - on - Ered - EOO +C (4)

where AGe, Eox, Erea, Eoo and C are the free energy change for
the electron transfer reaction, the oxidation potential of donor,
the reduction potential of acceptor, the singlet state energy,
and the coulombic term for the formed initial ion pair,
respectively. This result supports the fact that the 'SQG1/tris
(trimethylsilyl)silane reaction probably corresponds to an elec-
tron/proton transfer sequence and not to a pure hydrogen
transfer process,”® unlike the system containing isopropyl-
thioxanthone and tris(trimethylsilyl)silane in which a pure
hydrogen transfer occurs.”® The free energy change for the
electron transfer from tetramethylammonium n-butyltriphe-
nylborate (E,, = 1.153 V) is —1.65 eV, but for the iodonium
salts I1, 12, I77 and I81 possessing the reduction potentials

. electron
SQG1 — SQGT

transfer

Scheme 5
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—0.494 V, —1.0 V, —0.206 V and —0.554 V, respectively, the
values of AG,, are in the range from —1.60 eV to —0.747 eV.
Selected cyclic voltammograms are provided in the ESI
(Fig. S5-S97).

3.2. Kinetic studies of the photopolymerization process and
the role of each component in the photoinitiating systems

The influence of several combinations of squaraine dye with
different co-initiators on the polymerization of triacrylate was
evaluated wusing the differential scanning calorimetry
technique.

The performances in initiating the radical polymerization
of TMPTA by three-component photoinitiating systems con-
taining the SQG1 sensitizer and various radical sources,
namely TTMSS combined with a second co-initiator (B2, NVC,
I1, 12, I77 or I81), were tested and compared with the two-com-
ponent systems SQG1/B2 and SQG1/TTMSS. The experiments
were carried out for various concentrations of pairs of co-
initiators.

The photoinitiating systems studied comprised 1,3-bis(phe-
nylamino)squaraine, tris(trimethylsilyl)silane (TTMSS) as a co-
initiator and various types of additives, such as diphenyliodo-
nium salt, borate salt or N-vinylcarbazole.

The role of each studied component in the investigated
photoinitiating systems is presented in Scheme 5.

As can be seen in Scheme 5, the presence of each com-
ponent involved in the photoinitiating system is crucial for the
formation of radicals that can initiate the polymerization reac-
tion. The dye molecule 1,3-bis( phenylamino)squaraine (SQG1)
plays the role of sensitizer in the investigated PISs. The sensi-
tizer absorbs light, which leads to formation of an excited state
of the sensitizer molecule (SQG1*). The first step of the photo-

Bu®

Monomer
——» Polymer

NVC

The presentation of the role of all components of photoinitiating systems.
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reaction occurs between the dye and the co-initiator. The
squaraine dye may undergo both photoreduction and photo-
oxidation reactions in the PIS. Depending on the type of co-
initiator, the photosensitizer may act as an electron donor/
acceptor or proton acceptor.

In the presence of the borate salt (B2), the deactivation of
the excited state of sensitizer occurs via electron transfer from
co-initiator to the sensitizer. The boranyl radical undergoes
carbon-boron bond cleavage, giving a butyl radical that can
start the polymerization reaction.

In the PIS comprising squaraine dye and iodonium salt, the
electron transfer process occurs from the excited state of sensi-
tizer to the ground state of onium salt. In this case, the squar-
aine radical cation and the diphenyliodonium radical are
formed. In the next step, the diphenyliodonium radical under-
goes fragmentation via carbon-iodine bond cleavage which
forms the active species (phenyl radicals).

In the photoinitiating system based on N-vinylcarbazole,
the active species are formed because of interactions
between NVC and other radicals present in the PIS (e.g. silyl
radicals). The addition of silyl radicals to the double bond of
the carbazole molecule gives Si-NVC radicals, initiating
polymerization.

In the photoinitiating system containing TTMSS, the initiat-
ing radicals are formed via proton/electron transfer from the
co-initiator to the sensitizer. The combination of tris(tri-
methylsilyl)silane with the second co-initiator increases the
concentration of initiating radicals. This is due to the reaction
between silyl radicals and the iodonium salt which generates
highly reactive phenyl radicals. Therefore, three-component

Polymer Chemistry

photoinitiating systems are more effective than their two-com-
ponent analogues.

Generally, the excited photosensitizer undergoes proton/
electron transfer from tris(trimethylsilyl)silane. The active silyl
radicals are formed as a result of this process. On the other
hand, in the presence of diphenyliodonium salt, the excited
photosensitizer acts as an electron donor and undergoes an
oxidation process. Taking this into account, the photosensiti-
zer may be oxidized or reduced depending on the type of
additive.

The data for the most effective photoinitiating systems used
in the radical polymerization of the triacrylate monomer are
presented in Table 2.

Fig. 1 illustrates the effect of different pairs of co-initiators
on the kinetics of photopolymerization process. Depending on
the type of photoinitiating system used, various values of the
rate of polymerization (R,), as well as the degree of double
bond conversion (Cy), for the acrylate monomer were
observed.

From the kinetics curves depicted in Fig. 1, it can be con-
cluded that the efficiency of the formation of initiating radicals
is related to the type of second co-initiator used in the
polymerization mixture. The obtained results clearly indicate
that among the tested three-component systems, the highest
performance photoinitiator is the combination of 1,3-bis(phe-
nylamino)squaraine (SQG1) with tris(trimethylsilyl)silane
(TTMSS) and  (4-methoxyphenyl)-(4-nitrophenyl)iodonium
p-toluenesulfonate (I81). The amount of heat released during
the polymerization reaction reached ca. 14 mW mg~'. This
value is about 10 times higher compared to other systems. It

Table 2 Kinetic parameters of the radical polymerization of TMPTA initiated by three-component photoinitiating systems based on squaraine dye
and various types of radical sources (concentration of SQG1 was 1 x 10~ M)

Parameter
Radical source Co-initiator concentration (M) Max. heat flow (mW mg™") % (min) Ry (1073 s™) Co, (%) I, (107°s7%)
TTMSS/B2 1x107%/2 %1073 1.17 8.43 1.48 18.32 2.93
2x1073/3 %1072 1.38 6.90 1.75 26.51 4.23
2x1073/5 %1073 1.50 5.91 1.90 29.20 5.36
5x107°/2 x 1072 1.24 7.42 1.57 20.14 3.53
TTMSS/NVC 1x107%2 %1073 0.97 6.80 1.22 12.05 2.99
2x1073/3 %1072 0.66 6.57 0.83 9.38 2.11
2x1073/5 %1073 0.41 6.31 0.52 4.54 1.37
5x107/2 x 1072 0.98 5.97 1.24 15.68 3.46
TTMSS/I1 1x107%2 %1073 2.09 4.54 2.64 34.27 9.69
2x1073/3 %1072 2.36 4.00 3.00 35.50 12.50
2x1073/5 %1073 2.27 4.30 2.88 40.70 11.16
5x107°/2 x 1072 2.13 4.97 2.70 36.33 9.05
TTMSS/I2 1x107%/2%x 1073 1.27 8.85 1.60 17.44 3.01
2x1073/3 %1072 1.39 8.74 1.77 19.95 3.38
2x1073/5 %1073 1.73 7.15 2.19 28.49 5.10
5x107°/2 x 1072 1.21 9.79 1.54 17.81 2.62
TTMSS/177 1x107%/2%x 1073 1.38 8.11 1.75 21.94 3.60
2x1073/3 %1072 1.51 7.29 1.92 26.70 4.39
2x1073/5 %1073 1.41 5.90 1.78 28.66 5.03
5x107/2 x 1072 1.55 7.50 1.96 24.28 4.36
TTMSS/181 1x107%2 %1073 9.31 0.83 11.79 56.18 236.75
2x1073/3 %1072 12.73 0.57 16.12 57.88 471.35
2x1073/5 %1072 13.32 0.44 16.87 54.67 639.02
5x107°/2 x 1072 11.90 0.65 15.06 58.81 386.15
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Fig. 1 The kinetic profiles recorded during radical polymerization of a mixture of TMPTA/MP (9 :1) initiated by three-component photoinitiating
systems composed of [SQG1] = 1 x 1073 M, [TTMSS] = 2 x 10~ M and [second co-initiator] = 5 x 10~ M. The second co-initiators used in the experi-

ments are marked on the figure.

should be noted that irradiation of the polymerization mixture
TMPTA/MP/SQG1/TTMSS/181 caused an immediate exothermic
effect and the time for the crosslinking reaction of triacrylate
was about 25 s. In the other cases, an initiation time for photo-
polymerization equal to 3-5 min was observed. The degree of
double bond conversion of TMPTA for PISs containing TTMSS
and I81 as co-initiators exceeded 54%. This may be related to
the higher efficiency of radical formation and/or radical reac-
tivity. The final conversion for the other systems varies in the
range from 5% for N-vinylcarbazole to 41% for the SQG1/
TTMSS/11 photoinitiator.

As can be seen in Table 2, the highest effectiveness for the
initiation of polymerization was obtained for the combination
of squaraine dye with silane and one of the iodonium salts. In
this case, the kinetic parameters of the polymerization process
may be associated with the structure of used co-initiator. The
monomer conversions observed for almost all photoinitiators
are in the range from 30% to 60% and the rates of polymeriz-
ation achieved values of about 2 x 10™® s™". The exception is
the photoinitiating system composed of 1,3-bis(phenylamino)
squaraine (SQG1), tris(trimethylsilyl)silane (TTMSS) and
(4-methoxyphenyl)-(4-nitrophenyl)iodonium  p-toluenesulfo-
nate (I81). This system exhibited the highest Cy, and R, para-
meters, which is attributed to the presence of a strongly elec-
tron-withdrawing substituent (-NO,) attached to the phenyl
ring in the para position in the co-initiator structure.

As mentioned above, four different diphenyliodonium salts
were chosen for the studies. First, we had to study the effect of
the anion structure on the photoinitiating efficiency of diphe-
nyliodonium salts with the same chemical structure of the
cation. Better initiating efficiency was observed for the diphe-
nyliodonium cation paired with the chloride anion (I1) than
the same cation with hexafluorophosphate as counter-ion (12).
This may be a result of the higher quantum yield for free
radical formation for co-initiator I1.

This journal is © The Royal Society of Chemistry 2020

In the case of diphenyliodonium salts, which play the role
of electron acceptor, and squaraine, various initiating radicals
are formed: phenyl from salts I1, I2 and 177 and p-nitrophenyl
from salt 181. The substitution in the para position of the
phenyl ring stabilizes the radial formed, and less energy is
required for its formation. The presence of both electron-
donating (methoxy) and electron-withdrawing substituents in
one molecule with an appropriate separation between them
results in additional stabilization of the free radical formed.
The radical stabilization energy depends on three different
molecular orbital interactions: resonance stabilization through
interaction of the radical center with p-systems, stabilization
through hyperconjugation of the radical center with adjacent
C-H bonds and stabilization through interaction of the radical
center with high lying orbitals containing lone pair electrons.
The substituent effect on the radical stabilization energy is
observed for the p-substituted diphenyliodonium co-initiators.
The radical stabilization energies theoretically calculated for
phenyl and p-nitrophenyl radicals are —37 kJ mol™" and
—40.4 k] mol ™', respectively. The p-nitrophenyl radical is more
stable, which is reflected in its excellent photoinitiating
efficiency.

The efficiency of the photoinitiated polymerization reaction
in the presence of a co-initiator belonging to the group of
borate salts (B2) is similar to that of the photoinitiating
systems containing diphenyliodonium hexafluorophosphate
(I2). The maximum rates of polymerization were about 1.5-2.2
x 107 s7" and the monomer conversion achieved values from
18% to 30%.

On the other hand, the lowest ability to initiate the radical
polymerization of TMPTA of all photoinitiators studied was
observed for N-vinylcarbazole as co-initiator. The values of the
degree of double bond conversion were in the range from
4.54% to 15.68%. The polymerization rate (R;,) achieved values
of ca. 1 x 107 57", This poor efficiency is probably due to the

Polym. Chem., 2020, 1, 5500-55T1 | 5507
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lower reactivity of carbazole radicals toward the double bond
of triacrylate.

Generally, the maximum rate of polymerization of TMPTA
ranged from 0.52 x 1072 s7* for the SQG1/TTMSS/NVC system
to 16.87 x 107> s for SQG1/TTMSS/I81, and the monomer
conversion varied from 4.54% to 58.81%, respectively for these
photoinitiators. As mentioned above, the shortest times for
polymerization were observed for systems with the I81 co-
initiator. The maximum rate of heat release during the
exothermic reaction occurred at about 30 s for the best photo-
initiator studied and 4.00 min to 9.79 min for the other
systems. The values of the photoinitiation index (I,) show that
systems comprising B2, 12 or 177 as co-initiators exhibit
similar effectiveness for the generation of active species. This
parameter was about 4 x 107° s, For the most effective photo-
initiating system, SQG1/TTMSS/181, the initial polymerization
rate is about 50-170 times higher than that estimated for the
other systems.

Taking into account the kinetic results for the polymeriz-
ation process of TMPTA, the following order of co-initiator
activity in three-component photoinitiating systems compris-
ing TTMSS may be proposed: 181 > I1 > 177 > 12 > B2 > NVC.
This sequence may be explained by a difference in the rate of
formation of active species as a result of decomposition of the
intermediate product formed in a primary photochemical reac-
tion and/or the reactivity of the radicals toward the functional
groups of the monomer. Moreover, the higher activity of iodo-
nium salts is also a result of their high quantum efficiency for
generating radicals.”*’

In order to examine the effect of radical source concen-
tration (co-initiator) on the efficiency of the photoinitiator,
polymerization was carried out using various concentrations of
the second co-initiator from 1 x 107> M to 5 x 107> M. The
influence of the second co-initiator concentration on the
kinetic parameters of TMPTA polymerization (heat flow, rate,
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0.005 M

) Foo ]

£ J ¢ _—

z 8 %501 s

;:/ / é ///// e
4 o404

S 6l || RN

5 | 230 /

b | 2 i

: | {.]

47} | s ——o0.001M
| 8 ——0.002M
| o 0.003M

5 / a 1] ——0.005M

6 g 10 12
Time (min)
0 % T T T T T
2 3 4 5 6 7 8

Time (min)

Polymer Chemistry

photoinitiation index) and monomer conversion is shown in
Fig. 2.

Generally, it can be concluded that the concentration of co-
initiator has a significant impact on the rate of polymerization
of triacrylate. As seen in Fig. 2, increasing the value of this
parameter results in higher amounts of heat being released
and shortening of the initiation time. Moreover, the conver-
sion of monomer increases from 45% to 58%. Importantly, the
increase in Cy, value is observed up to a certain point, above
which the higher concentration of co-initiator used does not
influence the monomer conversion.

For all tested photoinitiating systems, a pronounced
relation between second co-initiator concentration and rate of
polymerization was observed. Taking into account the kinetic
results, it is seen that the rate of polymerization as well as the
photoinitiation index increases as the concentration of the
second co-initiator changes from 1 x 107> M to 5 x 107°
M. The kinetic curves for both parameters increase proportion-
ally to the concentration. However, from 3 x 107> M to 5 x 10>
M, the increases in R, and I, are not so sharp and the curves
flatten.

As is well known, in conventional photopolymerization
reactions, the rate of polymerization increases when more co-
initiator is added to the mixture. However, too high a concen-
tration of photoinitiator may induce “the inner filter effect”.
Thus, the selection of appropriate proportions of components
for photoinitiating systems is really important. By estimation
of the optimal conditions for the polymerization process, the
most effective photoinitiator was proposed. The highest per-
formance system is a combination of 2 x 107> M tris(trimethyl-
silyl)silane (TTMSS) and 5 x 10~ M second co-initiator.

In order to confirm the crucial influence of the third com-
ponent (second co-initiator) on the improvement of the kinetic
parameters of acrylate polymerization, experiments using two-
component photoinitiating systems were carried out.
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Fig. 2 The effect of concentration of the second co-initiator on the kinetics of the polymerization of TMPTA in the presence of (4-methoxyphe-
nyl)-(4-nitrophenyl)iodonium p-toluenesulfonate (181). The concentrations of the other components of the PIS: [SQG1] = 1 x 10~ M; [TTMSS] = 2 x

10~% M. The concentration of 181 is marked on the figure.
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Fig. 3 The kinetic curves recorded during radical polymerization of
TMPTA initiated by two- and three-component photoinitiating systems
containing SQG1 dye as sensitizer and appropriate co-initiators. The
concentrations of the components of the PISs: [SQGI1]/[TTMSS] = 5 X
107* M/5 x 107* M, [SQG1]/[TTMSS]/[B2] = 1 x 107> M/5 x 107° M/1 x
1073 M.

Based on the kinetic data presented in Fig. 3 and Tables 2
and 3, it is seen that the ability of the photoinitiators studied
to initiate the polymerization process of triacrylate depends on
the number of components, i.e. the composition of the photo-
initiator. The polymerization process of TMPTA in the pres-
ence of a three-component photoinitiating system is more
effective than that when two-component photoinitiators are
used.

The fundamental differences between the photoinitiators
studied are noticeable in Fig. 3. Three-component PISs provide
higher monomer conversions. Moreover, the overall time for
polymerization of the monomer is shorter, which is important
for rapid curing of polymer coatings.

The rate of polymerization and monomer conversion
depend on the concentration of the used photoinitiator. The
efficiency of SQG1/B2 systems increases proportionally to the
increased concentration of radical source. However, the degree
of double bond monomer conversion is relatively low. It

Paper

should be noted that the introduction of a third component to
the PIS results in better kinetic parameters for polymerization
of the triacrylate monomer initiated under UV-Vis light.

Based on the kinetic results, one can conclude that in two-
component photoinitiating systems composed of squaraine
dye and tris(trimethylsilyl)silane, the active radicals (silyl rad-
icals) for the polymerization process are formed as a result of a
primary photochemical reaction between an excited singlet
state of photosensitizer and the co-initiator. Addition of a
second co-initiator to the photoinitiator system results in other
types of primary photochemical process that lead to the gene-
ration of other types of initiating radicals. For three-com-
ponent photoinitiators, both primary photochemical processes
and subsequent secondary processes lead to an increase in the
number of radicals initiating polymerization and consequently
to better kinetic parameters for the process.

3.3. Comparison of the photoinitiator systems presented
with other systems

The photoinitiating efficiency of the co-initiators studied was
compared with that of systems composed of 1,3-bis(p-substi-
tuted phenylamino)squaraines as photosensitizers and n-butyl-
triphenylborate salt (B2), diphenyliodonium chloride (I1) and
N-methoxy-4-phenylpyridinium tetrafluoroborate (NO) as co-
initiators. These photoinitiating systems for the radical
polymerization of TMPTA were studied and described in a pre-
vious paper.’® The degree of double bond conversion was in
the range from 7.78% to 67.60%. Similar to the photoinitiators
described here, the lowest kinetic parameters were obtained
for systems composed of 1,3-bis(p-substituted phenylamino)
squaraines and borate salt B2 (Co: 7.78%-27.41%).
Diphenyliodonium chloride (I1) was better co-initiator for
p-substituted squaraines. The monomer conversions were
about 2-4 times higher than those observed for the borate salt
(B2) and achieved values from 12.27% to 40.79%. The best
kinetic results were obtained for systems composed of the
N-alkoxypyridinium salt (conversion of monomer: 20%-70%).
Based on this, one can conclude that the photoinitiating
efficiency depends on the sensitizer structure as well as the co-
initiator. The photosensitizer possessing a sulphonyl group in
the para position of the phenyl ring is the best component for
a photoinitiator system. The photoinitiating ability of systems

Table 3 Comparison of the kinetic parameters of the radical polymerization of TMPTA initiated by two- and three-component photoinitiating

systems
Parameter
Photoinitiator® Co-initiator concentration (M) Max. heat flow (mW mg™") M (min) R (1073 s™) Cop, (%) I, (107°s7%)
SQG1/B2 2x1073 0.14 8.62 0.18 5.97 0.35
5x107° 0.52 6.64 0.66 9.98 1.66
SQG1/TTMSS 2x107° 0.48 7.44 0.61 3.26 1.37
5x107° 0.22 10.01 0.28 11.67 0.47
SQG1/TTMSS/B2 5x107%/1x107° 1.24 9.42 1.57 20.14 2.78

“ Concentration of SQG1 for the two-component PISs was the same as that of the appropriate co-initiator. Concentration of SQG1 was 1 x 107> M

for the three-component photoinitiating system.

This journal is © The Royal Society of Chemistry 2020
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composed of other squaraine dyes is similar to that observed
for the two-component photoinitiators described here. The
efficiency of the two-component system exhibiting the highest
degree of monomer double bond conversion®® is comparable
with that of the three-component system SQG1/TTMSS/I81.
Next, the photoinitiating ability of the best photoinitiator
system studied was compared with systems containing the
commercially available sensitizer thioxanthone with different

co-initiators:  diphenyliodonium chloride (I1), methyl-
ethanoldiamine =~ (MEDA), mercaptobenzoxazole (MO),
N-phenylglycine ~ (NPG) and  ethyl  4-N,N-dimethyl-

aminobenzoate (EDMAB). The concentration of commercial
sensitizer and co-initiator was 5 x 10~> M and was higher than
that for the best photoinitiator proposed by us (Fig. 4).

As seen, all photoinitiating systems are very efficient for
free radical polymerization of triacrylate (TMPTA) under
irradiation with UV-Vis light. However, the degree of double
bond conversion achieved higher values in the case of the
three-component photoinitiator composed of 1,3-bis(phenyl-
amino)squaraine, tris(trimethylsilyl)silane and (4-methoxyphe-
nyl)-(4-nitrophenyl)iodonium  p-toluenesulphonate. = The
highest values of Co, reached for commercially available sensi-
tizers are about 7% and 25%.

We proposed new three-component photoinitiating systems
composed of tris(trimethylsilyl)silane (TTMSS) for polymeriz-
ation of 2-ethyl-2-(hydroxymethyl)-1,3-propanediol triacrylate
(TMPTA). These systems are different from those described in
the literature due to the presence of a new sensitizer, which
belongs to the group of squaraines. In comparison with typical
PISs containing TTMSS and commercially available sensitizers,
our photoinitiators lead to higher monomer conversions. The
polymerization process of TMPTA using the presented three-

The best photoinitiator studied

40

Commercial available sensitizer:
thioxanthone (TX)

—TX/11

—— TX/MEDA

— TX/MO

— TX/NPG
----TX/EDMAB
----- SQGU/TTMSS/I81

Degree of double bond conversion (%)

3 4 S

Time [min]

Fig. 4 The kinetic curves recorded during radical polymerization of
TMPTA initiated by two-component photoinitiating systems composed
of the commercially available photosensitizer thioxanthone (TX) and
various co-initiators, and by the best three-component photoinitiator
studied.
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component photoinitiating systems is more effective than that
using two-component photoinitiating systems. In 2011,
Lalevée and coworkers'® proposed Type II PI/organosilane
systems using a thioxanthone derivative (isopropyl-
thioxanthone - ITX) and camphorquinone (CQ). In these
cases, the degree of monomer conversion (Cy,) achieved values
of 20% and 40%-60% for ITX and CQ, respectively. For the
investigated three-component PISs based on SQG1 dye we
obtained Co, values from 30% to ca. 60% for systems contain-
ing silane and iodonium salt as the second co-initiator. The
high values of the kinetic parameters of the polymerization of
TMPTA may be related to increased concentration of initiating
radicals due to the interactions between both the sensitizer
and the co-initiator and the co-initiator (TTMSS) and the
second co-initiator (e.g. iodonium salt).'®

4. Conclusions

In this paper, the efficiency of the photoinitiated polymeriz-
ation of the acrylate monomer (TMPTA) in the presence of two-
and three-component systems based on squaraine dye and
various types of co-initiators was ascertained. For systems con-
taining three components (sensitizer and two co-initiators),
rates of polymerization of about 2 x 1072 s™" (ca. 17 x 107> s7*
for the highest performance system SQG1/TTMSS/181) and
monomer conversions in the range from 10% to 60% were
obtained.

The systems composed of 1 x 107> M SQG1, 2 x 107> M
TTMSS and 5 x 107> M second co-initiator show the most
effective photoinitiation of the polymerization reaction.

On the basis of the obtained results, one may conclude that
three-component photoinitiating systems comprising tris(tri-
methylsilyl)silane are more effective than their two-component
analogues. The introduction of a second co-initiator to the
photoinitiating system results in improvement of the kinetic
parameters of the radical polymerization of acrylates.

The proposed new systems acting in the UV-Vis light region
may be wused as effective photoinitiators in photo-
polymerization reactions for the production of novel polymer
materials. Moreover, these PISs show an important advantage,
namely the ability to prevent oxygen inhibition, which is one
of the problems encountered during curing of polymerization
mixtures.
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1. Spectroscopic properties of co-initiators used in photopolymerization experiments.
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Fig. S1 The normalized absorption spectra of initiators: 12, I77, 181 and NVC in 1-methyl-2-

pyrrolidinone (MP), recorded at room temperature.
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Fig. S2 Normalized absorption spectra of initiators: I1, 12, 177, I81, B2 and TTMSS in ethyl acetate

(AcOEt) recorded at room temperature.

2. Emission spectrum of high-pressure mercury lamp (OmniCure S2000)
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Fig. S3 Emission spectrum of the lamp OmniCure S2000.

3. Kinetic effect registered depending of type of reference sample.
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Fig. S4 The kinetic curves registered during radical polymerization of TMPTA initiated by three-
component photoinitiating systems containing SQG1 dye as sensitizer, I81 and TTMSS as co-
initiators. The concentration of components of PISs was 2 x 10-3 M. The heat effects were recorded in
the presence of different polymerization mixture: Reference 1 - SQG1/MP/TMPTA; Reference 2 —

MP/TMPTA.

4. Cyclic voltammetry curves showing oxidation and reduction processes of selected components

of photoinitiating systems in acetonitrile.
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Figure S5 Cyclic voltammogram curves of the 1,3-
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Figure S8 Cyclic voltammogram curves of the (4-
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reduction in acetonitrile.

Figure S7 Cyclic voltammogram curves of the
diphenyliodonium hexafluorophosphate reduction in
acetonitrile.
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Abstract: The popularity of using the photopolymerization reactions in various areas of science and
technique is constantly gaining importance. Light-induced photopolymerization is the basic process
for the production of various polymeric materials. The key role in the polymerization reaction is
the photoinitiator. The huge demand for radical and cationic initiators results from the dynamic
development of the medical sector, and the optoelectronic, paints, coatings, varnishes and adhesives
industries. For this reason, we dealt with the subject of designing new, highly-efficient radical
photoinitiators. This paper describes novel photoinitiating systems operating in UV-Vis light for
radical polymerization of acrylates. The proposed photoinitiators are composed of squaraine (SQ) as
a light absorber and various diphenyliodonium (Iod) salts as co-initiators. The kinetic parameters
of radical polymerization of trimethylolpropane triacrylate (TMPTA), such as the degree of double
bonds conversion (Co,), the rate of photopolymerization (Rp), as well as the photoinitiation index (Ip)
were calculated. It was found that 2-aminobenzothiazole derivatives in the presence of iodonium
salts effectively initiated the polymerization of TMPTA. The rates of polymerization were at about
2 x 1072 57! and the degree of conversion of acrylate groups from 10% to 36% were observed. The
values of the photoinitiating indexes for the most optimal initiator concentration, i.e., 5 x 1073 M

2 even to above 9 x 1073 s72. The photoinitiating efficiency of

were in the range from 1 x 1073 s~
new radical initiators depends on the concentration and chemical structure of used photoinitiator.
The role of squaraine-based photoinitiating systems as effective dyeing photoinitiators for radical

polymerization is highlighted in this article.

Keywords: UV-Vis light photoinitiators; 2-aminobenzothiazole derivatives; squaraine dyes;
iodonium salts; radical polymerization

1. Introduction

Currently, a large number of polymer materials is produced by photopolymeriza-
tion [1]. Generally, photochemically induced polymerization is defined as a process in
which reactive species (radicals or ions) formed from light-activated molecules, called
photoinitiators (PI), initiate a series of chemical reactions and as a result transform liquid
monomers into cross-linked polymer structures.

The photopolymerization is considered as one of the most widespread, modern and
rapidly developing technologies used in the chemical industry [2—4]. Photoinitiated poly-
merization reactions show a huge potential in the simple and fast synthesis of polymeric
materials with specified features. In comparison with the conventional curing techniques,
the interest towards photochemically initiated polymerization is constantly gaining impor-
tance [5]. The increasing popularity of photopolymerization is related to numerous unique

Materials 2021, 14, 7814. https:/ /doi.org/10.3390/ma14247814

https://www.mdpi.com/journal /materials


https://www.mdpi.com/journal/materials
https://www.mdpi.com
https://orcid.org/0000-0003-1629-4771
https://orcid.org/0000-0002-9375-5642
https://orcid.org/0000-0003-1348-5329
https://orcid.org/0000-0001-8756-990X
https://orcid.org/0000-0001-8963-4349
https://doi.org/10.3390/ma14247814
https://doi.org/10.3390/ma14247814
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/ma14247814
https://www.mdpi.com/journal/materials
https://www.mdpi.com/article/10.3390/ma14247814?type=check_update&version=1

Materials 2021, 14, 7814

20f16

advantages, such as low economic costs [6,7], high efficiency [8,9], the possibility of spatial
and temporal control over the process [10,11] and a fast-curing rate [12]. These techniques
are referred to as eco-friendly because of the possibility of using solvent-free polymerizable
compositions with zero or a very low index of volatile organic compounds (VOCs), which
are one of the major sources of environmental pollution. Moreover, there is the possibility
of the easy recycling of waste generated during the production of process [13,14].

Due to many advantages, the light-activated polymerization has a wide range of ap-
plications. This process is used in many areas of science and technology, such as: medicine,
paint and varnish industry, printing, production of adhesives, nanotechnology, electronic
sector and many others [15,16]. Some examples of applications of photopolymerization in
different areas are presented in Figure 1.

Figure 1. Areas of applications of photopolymerization processes.

One of the main uses of the photopolymerization process in medicine is the production
of dental fillings. Novel, durable and aesthetic light-cured dental composites displaced the
traditional amalgams and became the basic materials used to fill cavities in teeth. However,
the requirements for new composites are still enormous and pose huge challenges for
designing dental fillings [17,18]. The light-cured dental fillings should show high durability,
attrition strength, as well as chemical and physical resistance factors, such as: salivary
enzymes, acids and bacterial metabolism products and others. Moreover, it is extremely
important that these types of materials exhibit high biocompatibility in relation to oral
tissues, good dimensional stability during crosslinking and resistance for yellowing [19].

The subject of design and the development of new hydrogels is also more and more
popular. These elastic and highly hydrated biomaterials possess great and unique proper-
ties, which enables them usage in regenerative medicine [20]. Especially important features
of hydrogels are: biocompatibility, biodegradability, extreme water-binding capacity and
the ability to adjust the physicochemical properties. Hydrogels exhibit an excellent ability
to heal wounds, which was confirmed by a large group of scientists [21-23].

The photopolymerization is a key process in the production of various types of poly-
mer coatings. Innovative varnishes with excellent antibacterial and antimicrobial properties
for dentistry [24,25], novel paints for the degradation of organic pollutants in water [26],
biocompatible film-forming polymer adhesives activated by natural sunlight [27], and
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programmable shape-shifting 3D structures [28] are just a few examples of new inventions
that represent an important step towards the progress of new technologies.

Notably, in recent years, a dynamic progress of 3D printing technique was observed,
which offers many benefits compared to traditional manufacturing processes of novel
polymer materials [29,30]. First of all, the use of 3D printing techniques enables us to
accelerate the time of introducing novel products to the worldwide market. Moreover, this
technology eliminates the need of expensive apparatus and thus significantly decreases the
production costs. The additional benefits include: accuracy, speed and flexibility towards
manufacturing a wide range of materials. What is important is that 3D printing guarantees
less waste production than traditional methods [31,32]. An interesting work about the
application of these technique was presented in 2021 by Bai and co-workers [33]. A group
of scientists described 3D concrete printing (3DCP), which is a new and promising construc-
tion technology. The researcher group introduced the possibility of using underutilized
solids and waste solid aggregates for the production of concrete. Three-dimensional print-
ing has become extremely important also during the current COVID-19 pandemic, what
is confirmed by numerous publications on this topic [34-37]. The use of this technology
has proved invaluable in eliminating the shortage of basic personal protective supplies
and healthcare equipment for medical personnel. The 3D printing technique is used to
produce medical face shields, respirators, biodegradable mask filters and 3D bioprinted
tissue models for coronavirus research. The dynamics of the research in the field of 3D
printing has become a very important aspect in the fight against the pandemic.

Numerous examples of the use of photopolymerization processes in various areas of
science and technology show how important these topics are and prove the high potential
of this technology in the production of various polymer materials. Hence, searching for
new photoinitiating systems (PISs) and designing new photocurable compositions is a key
aspect for progress in the development of novel techniques such as photopolymerization.

Typical photocurable composition is comprised of monomer or mixtures of monomers
and oligomers, photoinitiator and other ingredients: solvents, fillers, substances improving
the stability of formulations and others [38,39]. Nowadays, a wide variety of monomers is
commercially available. The most commonly used compounds are acrylates and methacry-
lates, epoxides, esters, urethanes, etc. A large number of photoinitiators for radical as
well as ionic polymerization have been already described in the literature. However, a
large number of scientific works is directed towards searching for new, high-performance
photoinitiating systems. Next generation photoinitiators exhibit high activity even under
low intensities of light. Moreover, an increasing number of novel compounds work not
only in the range of ultraviolet (UV), but also in visible light (Vis) [40-42].

The wide group of photoinitiators are systems based on dyes acting as light absorbers.
The introduction of dye molecules into the photoinitiating system enables a shift in the
band of absorption towards longer wavelengths and, significantly, expands the area of
application of the photoinitiator. The dye molecule acts as a sensitizer for other compounds,
such as co-initiators, which work as electron donors or electron acceptors. In this type
of system, the main process leading to the generation of initiating radicals is an electron
transfer process (ET) [3].

The example of highly efficient initiators dedicated to radical polymerization are the
two-component PISs containing of sensitizer molecule and co-initiator. In such bimolecular
systems, the role of light absorbers can be played by various types of organic dyes, which
was presented in Figure 2 [43].
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Polymethines

Figure 2. Examples of dyes used as photosensitizers in dyeing photoinitiating systems [43].

The application of many of these compounds as photosensitizers in dye-based pho-
toinitiating systems was described in the literature. However, the information about
photosenzitizers in the form of squaraines (SQs) are limited. The first paper mentioning
the use of squaraine dyes as photosensitizers for radical polymerization was reported in
2004 by Wang and co-workers [44]. In 2021, Giacoletto and co-workers [45] presented an
overview paper regarding recent advances on squaraine-based photoinitiators. It turns out
that squaraines are a promising group of useful dyes for various innovative applications
because of their unique features, such as the easiness of the methods of synthesis, the low
costs of manufacturing and good photochemical stability [45,46]. For these reasons, the
design of novel squaraine acid derivatives seems to be really important.

The 2-aminobenzothiazole derivatives are an interesting group of compounds show-
ing a wide range of applications due to their specific properties. For example, in 2016
Joseph and Boomadevi Janaki [47] described new copper complexes of Schiff base lig-
ands of 2-aminobenzothiazole derivatives. These compounds were synthesized by the
condensation of Knoevenagel of acetoacetanilide and 2-aminobenzothiazole. The cooper
complexes are characterized by a wide range of absorption, from 200 nm to ca. 800 nm.
Moreover, all synthesized compounds show high antioxidant activity, antibacterial and
antifungal properties. For this reason, it is possible to use of these cooper complexes based
on 2-aminobenzothiazole to decrease ROS levels or reduce oxidative stress in Alzheimer’s
patients [47].

In this paper, we focused on determining the efficiency of novel two-component
systems based on newly synthesized 2-aminobenzothiazole derivatives for the photoini-
tiation of radical polymerization of acrylate monomer. We decided to use these dyes as
UV-Vis light absorbers and combined them with various iodonium salts to obtain a high
performance photoinitiators. The similar compounds were used as sensitizers for radical
polymerization of 1,6-hexanediacrylate (HDDA) and gave promising results of kinetics of
photopolymerization reaction, which was described by Zhao and co-workers in 2020 [48].
Novel S-benzoheterocycle thiobenzoates photoinitiators showed an excellent photoinitiat-
ing ability and cured polymeric films possessed comparable or better mechanical properties
in comparison with commercially available photoinitiators, such as benzophenone (BP)
and irgacure 184 [48]. Due to the high-performance of photoinitiating systems composed
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of dye as sensitizer and co-initiator in the form of iodonium salt, what was proposed
by Zhang and co-workers in 2019 [49] we examined the kinetics of the radical polymer-
ization of trimethylolpropane triacrylate (TMPTA) using novel photoinitiators based on
2-aminobenzothiazole derivatives and various diphenyliodonium salts.

2. Materials and Methods
2.1. Materials

All reagents used for the synthesis of 2-aminobenzothiazole derivatives, such as:
3,4-dihydroxy-3-cyclobutene-1,2-dione (squaric acid), 2-aminobenzothiazole, 2-amino-6-
bromobenzothiazole, 2-amino-6-methylbenzothiazole, 1-butanol and toluene were pur-
chased from Aldrich Chemical Co. (Milwaukee, WI, USA) and used without further
purification. The spectroscopic grade solvents N,N-dimethylformamide (DMF), and
1-methyl-2-pyrrolidinone (MP) were supplied by Alfa Aesar (Heysham, Lancashire, UK)
and Aldrich Chemical Co. (Milwaukee, WI, USA). Diphenyliodonium chloride (I1) was
purchased from Acros Organics (Carlsbad, CA, USA) and other iodonium salts, such as:
(4-methoxyphenyl)-(4-nitrophenyl) iodonium p-toluenesulfonate (I81) and (3-bromophenyl)-
(4-methoxyphenyl)iodonium p-toluenesulfonate (I84) were synthesized by scientists from
Cracow University of Technology, as described in the literature [50]. The chemical structures
of iodonium salts I1, I81 and 184 used as co-initiators in photopolymerization experiments
are shown in Scheme 1. Trimethylolpropane triacrylate (TMPTA, from Sigma Aldrich,
Burlington, MA, USA) was applied as a model acrylate monomer for the composition
polymerized by a radical mechanism.

a®

I1

O4

Todonium salts

O,N [ OCH; Br~®fl~@7m~m
@ ’ @
50,2 s0.°

CH, CH;,

181 84

Scheme 1. The chemical structures of co-initiators.

2.2. General Procedure for the Synthesis of 2-Aminobenzothiazole Derivatives

The series of novel 2-aminobenzothiazoles, which played a role of photosensitizers
in two-component photoinitiating systems, i.e.,: 1,3-bis(benzothiazoleamino)squaraine
(SQM1), 1,3-bis(6-bromobenzothiazoleamino)squaraine (SQM2) and 1,3-bis(6-methylbenzo-
thiazoleamino)squaraine (SQM3), was synthesized in one-step reaction. The condensation
reaction of 1 eqv. of squaric acid with 2 eqv. of 6-substituted 2-aminobenzothiazoles leads
to squaraine dye formation, as presented in Scheme 2.

The squaraines SQM1-SQM3 were synthesized, as follows: 1,2-dihydroxycyclobuten-
3,4-dione (2.5 mmol) was heated under reflux in a mixture of 1-butanol (40 mL) and
toluene (20 mL). The water was distilled off azeotropically using a Dean-Stark trap. After
1 h of heating, an appropriate 6-substituted 2-aminobenzothiazole derivative (5 mmol)
was added and the reaction mixture refluxed for additional 4 h. After that, the reaction
mixture was cooled and the solvent removed under vacuum. The solid was dried at room
temperature [46]. The 2-aminobenzothiazole derivatives were used as photosensitizers
in photopolymerization experiments. The chemical structures of these compounds are
depicted in Scheme 3. The 'H and '3C NMR spectra of SQM1-SQM3 compounds are
available in Supplementary Materials (Figures S1-56).
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Scheme 3. The chemical structures of photosensitizers.

2.3. Methods

The chemical structure of synthesized compounds was confirmed by nuclear magnetic
resonance (NMR) technique. The 'H and '3C NMR spectra were registered using an Ascend
III spectrometer operating at 400 MHz (Bruker, Billerica, MA, USA). Dimethylsulfoxide
(DMSO-dg) was used as solvent and tetramethylsilane (TMS) as internal standard. Chemical
shifts (8) are reported in ppm relative to TMS and coupling constants (J) in Hz.

The melting point (uncorrected) was measured on the Boethius apparatus, PGH
Rundfunk (Fernsehen Niederdorf KR, Stollberg/Erzgebirge, Sachsen, Germany).

The absorption and fluorescence spectra of squaraine dyes were registered at room
temperature in a quartz cuvette (1 cm) using an UV-Vis Cary 60 spectrophotometer (Agilent
Technology, Santa Clara, CA, USA) and F-7000 spectrofluorometer (Hitachi, Tokyo, Japan),
respectively.

The fluorescence quantum yields of squaraines were determined, as follows: the
fluorescence spectrum of diluted solution of dye (Asgs nm ~ 0.1) was registered by excitation
at the maximum of the absorption band of the reference. The standard was chosen based
on the similarity of the maximum absorption of dye. The fluorescence quantum yields
of dye (Pgye) were determined compared with the fluorescence of cumarine 1 in ethanol
(Aex = 366 nm, P¢ = 0.64 [51]). This parameter was calculated on the basis of Equation (1):

2
q)refArefIdye ndye

M

Py =
2
Adye Irefnref

where: @ is the fluorescence quantum yield of reference, Aqye and Ay are the ab-
sorbances of dye and reference at the excitation wavelength, Iyye and Ly are the integrated
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emission intensities for the dye and reference, nqy. and n are the refractive indexes of the
solvents used for the dye and reference, respectively.

The steady-state photolysis experiments were carried out to investigate the inter-
actions between photosensitizer and co-initiator. The changes of the absorption of the
photosensitizer and photosensitizer in the presence of an appropriate co-initiator in N,N-
dimethylformamide (DMF) as a solvent after irradiation with an argon-ion laser at an
intensity of 50 mW x cm™~2 were registered. The absorption measurements after 0's, 10's,
30's, 60 s, 10 min, 20 min, 30 min and 60 min of irradiation were registered using an UV-Vis
Cary 60 spectrophotometer (Agilent Technology). The concentration of co-initiator was
1x 1073 M.

2.4. Photopolymerization Experiments

The general procedure for photopolymerization experiments included several funda-
mental steps:

(a) The synthesis and spectral characterization of novel photosensitizers;

(b) The preparation of polymerizable compositions containing an appropriate concentra-
tion of photoinitiator;

(c) The selection of curing conditions of the polymerizing mixture, i.e.,: light source,
intensity and range of light radiation and flow of inert gas (nitrogen).

The basic steps for the photopolymerization experiments are shown in Figure 3. The
preparation of the appropriate polymerizable composition required the synthesis of new
photosensitizers. These compounds were prepared according to the general procedure
described in Section 2.2. In the next step, the squaraine dyes were combined with different
co-initiators. These combinations were two-component photoinitiating systems for radical
polymerization of trimethylolpropane triacrylate (TMPTA). The polymerization mixture
was composed of 1.8 mL of monomer (TMPTA), 0.2 mL of solvent (MP), appropriate
photosensitizer (SQM1/SQM2/SQM3) and co-initiator (I1/181/184). The use of 1-methyl-
2-pyrrolidinone (MP) was necessary due to poor solubility of dye in monomer. The
experiments were carried out for various concentration of photoinitiators: 5 x 107* M,
1x1073M,2 x 1073 M and 5 x 10~2 M. The monomer composition without a co-initiator
was used as a reference sample.

Light source

- I
—1I81
— 184

R, =131x10°5"

Heat flow (mW)

e

030

£ T T =
1.8 20 22 24 26 23
Time (min)

POLYMER

Polymerizable
composition

Figure 3. Schematic steps representation of photopolymerization experiments.

In order to determine the photoinitiation efficiency of the proposed systems, a regular
photo-DSC setup was used. The photopolymerization experiments were carried out
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using differential scanning calorimeter—DSC Q2000 (TA Instruments, New Castle, DE,
USA) connected with TA Q PCA photo unit equipped with a high-presure mercury lamp-
OmniCure 52000 (Excelitas Technologies, Waltham, MA, USA). The radiation in the UV-Vis
range (300-500 nm) at constant light intensity equal to 30 mW x cm~2 was used as a
light source. All measurements were performed under isothermal conditions at 25 °C and
nitrogen flow of 50 mL x min~!. The tested and reference samples weighing 30 + 0.1 mg
were placed into an open aluminum DSC pan and then maintained at the prescribed
temperature, i.e.,: 25 °C for 2 min before each measurement run began. The heat evolved
during the exothermal reaction and was registered at sampling intervals of 0.05 s per point.

On the basis of the obtained data, the kinetic parameters of photopolymerization
process, such as: the degree of monomer conversion (Cq,), the rate of polymerization (Rp)
and photoinitiation index (I,) were calculated. The value of Co, parameter is directly pro-
portional to the number of reactive moieties in the monomer molecule, which corresponds
to the acrylate groups. The conversion percentages were determined on the basis of the
integrated area under exothermic peak using Equation (2):

Cop = iTHIZ, % 100 @)
where AH; is the heat evolved at time t during reaction, AHy is the theoretical enthalpy for
the complete degree of monomer conversion (for acrylates: AHg = 78.0 k] x mol ! [52]).

The rate of polymerization (R,) corresponds to the amount of heat released during
the chain reaction. This parameter was estimated using Equation (3):

_ dH/dt
Rp = AHy

®)

where dH/dt denotes how the heat flow evolved during the polymerization reaction.

Taking into account the maximum rate of polymerization (Rp (max)) and the time
required for the maximum rate of heat released in the polymerization reaction (tmax), the
overall ability to the initiation of polymerization reaction (I,) may be calculated on the
basis of the formula presented below (Equation (4)):

)

The kinetic parameters of polymerization process expressed by Equations (2)—(4) were
used as a determinants for the evaluation of the photoinitiation efficiency of new squaraine-
based photoinitiators. On the basis of these parameters, the most effective photoinitiating
systems for radical polymerization of acrylate monomers has been detailed in this article.

3. Results and Discussion
3.1. Characteristics of Photoinitiators

As mentioned above, in this article we proposed new bimolecular photoinitiators
composed of squaraine dye as a photosensitizer and iodonium salt in the role of a co-
inititiator. The chemical structure of synthesized photosensitizers was confirmed by the
NMR technique. The 'H and '3C NMR spectra clearly confirmed the chemical structure of
dyes (SQM1-SQMS3). The structure analysis of squaraines is presented below. The 'H and
13C NMR spectra of all synthesized compounds are available in the ESI file. The structure
characteristics data of 2-aminobenzothiazole derivatives are as follows:

] 1,3-Bis(benzothiazoleamino)squaraine (SQM1)

'H NMR (DMSO-dg), & (ppm): 8.49 (s, 1H, -OH); 7.98-7.96 (d, 2H, Ar, | = 8 Hz);
7.78-7.72 (m, 2H, Ar); 7.48-7.40 (m, 3H, Ar); 7.34-7.30 (m, 2H, Ar).

13C NMR (DMSO-dg), & (ppm): 187.2; 171.8; 168.1; 162.8; 146.9; 130.6; 127.4; 126.8;
124.5; 123.0; 122.8; 122.3; 118.9; 116.7; 60.8; 19.1; 18.6; 14.3.
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The SQM1 dye was obtained as orange solid, yield: 49.54%, mp. 190-227 °C.
. 1,3-Bis(6-bromobenzothiazoleamino)squaraine (SQM2)

'H NMR (DMSO-dg), § (ppm): 8.21 (s, 1H, Ar); 8.20 (s, 2H, -NH, -OH); 8.04 (s, 1H,
Ar); 7.95-7.94 (d, 1H, Ar, | = 4 Hz); 7.57-7.54 (dd, 1H, Ar, ] = 12 Hz); 7.41-7.38 (dd, 1H, Ar,
] =12 Hz); 7.29-7.27 (d, 1H, Ar, ] = 8 Hz).

13C NMR (DMSO-dg), § (ppm): 187.1; 172.0; 168.0; 162.7; 150.1; 148.1; 133.8; 132.4;
130.0; 129.1; 125.1; 124.1; 121.2; 119.0; 115.8; 113.2.

The SQM2 dye was obtained as orange solid, yield: 80.39%, mp. 206-230 °C.

] 1,3-Bis(6-methylbenzothiazoleamino)squaraine (SQM3)

'H NMR (DMSO-dg), 8 (ppm): 8.26 (s, 2H, -NH, -OH); 7.79 (s, 1H, Ar); 7.65-7.62 (dd,
1H, Ar, | = 12); 7.61-7.60 (s, 1H, Ar); 7.37-7.35 (d, 1H, Ar, ] = 8 Hz); 7.33-7.29 (m, 1H, Ar);
7.19-7.16 (dd, 1H, Ar, | = 12); 2.45 (s, 3H, -CH3); 2.39 (s, 3H, -CH3).

13C NMR (DMSO-dg), 8 (ppm): 187.5; 172.6; 167.3; 161.9; 146.1; 145.3; 133.8; 131.8;
131.0; 128.9; 128.4; 127.6; 122.5; 122.0; 118.6; 116.6; 70.8; 21.4; 21.2; 18.7; 14.0.

The SQM3 dye was obtained as orange solid, yield: 80.42%, mp. 128-153 °C.

One of the most important preconditions of photopolymerization experiments is
the selection of a proper light source. For this reason, the spectroscopic properties of
photoinitiators were studied.

From the data presented in Figure 4a and summarized in Table 1, it can be concluded
that all 2-aminobenzothiazole derivatives absorb in narrow range of spectrum. The absorp-
tion bands are intensive and range from 300 nm to ca. 460 nm. The maximum absorption
(Aab (max)) of all squaraines is about 345 nm. Moreover, the molar extinction coefficients
for SQs achieve high values and are in the order of 2 x 10* dm3 x mol~! x em™! for
SQM1 and about 1 x 10%> dm3 x mol~! x cm™! for other. The spectral data of investigated
dyes are summarized in Table 1. The 1-methyl-2-pyrrolidinone was used as solvent in
spectroscopic studies.

1.04 (a) —SQMI
- - -SQM2
----- SQM3
0.8 _
: :
8 0.6 §
s 3
2 . o 2
Z 0ad < :
Z0 AT
0.2 o N
@[;%}433
0.0 T T T T T T 0.0 T T T T T T T T T
300 360 380 400 420 440 460 360 420 480 540 600 660
Wavelength (nm) Wavelength (nm)

Figure 4. Normalized absorption (a) and fluorescence (b) spectra of squaraines SQM1-SQM3 in 1-methyl-2-pyrrolidinone
(MP) recorded at room temperature.

Table 1. The spectroscopic properties of investigated photosensitizers.

Aab (max) €(max) Afl (max) Avgy g
Compound (nm) (dm3 x mol-1 x ¢cm~1) (nm) (cm-1) (10-2)
SQM1 344 24,500 523 9949 1.64
SQM2 348 9700 538 10,148 1.17
SQM3 345 8300 418 5062 1.40

As shown in Figure 4b, the fluorescence bands are broad and ranging from 360 nm
to 660 nm. The position of the fluorescence bands depends both on the structure of the
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dye, as well as, the type of solvent used. In comparison to the absorption maxima, the
values of Agmax) for SQM1-SQM3 compounds are different. Interestingly, the squaraine
dyes have two characteristic fluorescence maxima. It may be explained by the presence of
three emission bands, i.e., free dye, dye-solvent complex and twisted excited state resulting
from C-N bond rotation [53]. The main maximum of fluorescence is 523 nm for SQM1,
538 nm for SQM2 and 418 nm for SQM3, respectively.

The Stokes shifts (Avg;) reached high values, from 5 x 10° em~! to 10 x 103 em ™.
The fluorescence quantum yields (®g) are similar for all studied dyes. As is clearly seen,
the proposed squaraines show excellent spectroscopic properties for their application as
photosensitizers in photoinitiating systems.

On the other hand, the iodonium salts: 11, 181 and 184 absorb light below 300 nm [3].
Due to the absorption range of these compounds in the ultraviolet, usually the iodonium
salts need to be combined with other molecules, which absorb light in the visible range
of spectrum. Therefore, the introduction of squaraine dye into photoinitiating system is
necessary, because it shifts the sensitivity of the photoinitiator towards longer wavelengths.
The light source emitted from the high-pressure mercury lamp (OmniCure S2000) cover
the range from 300 nm to 600 nm and in this case overlaps with the absorption region
of squaraine dye. To summarize, the combination of squaraine dye with iodonium salt
is a promising system, which can be used for initiation of the radical polymerization
of acrylates.

The steady state photolysis experiments showed that the exposure of the dye solution
to laser radiation results in a gradual bleaching of photosensitizer. It can be observed by
the difference in light absorption. The longer exposure time of the sample causes the lower
absorption intensity. For example, the changes in the intensity of absorption bands both of
SQM1 dye solution, as well as the combination of squaraine dye SQM1 with iodonium salt,
are presented in Figure 5.
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(a) 10s ’ 0s (b) 0s
- A 105 1 0 10
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< g —— 60 min
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2 0.64 \\ ’ o 2 0.6
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< <
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Figure 5. The steady state photolysis of (a) SQM1/11 and (b) SQM1/184 in N,N-dimethylformamide (DMF) upon the argon
ion laser exposure (Ip = 50 mW x cm™~2). The concentration of iodonium salt was 1 x 1073 M. Inset: The photobleaching of

squaraine dye (SQM1) as a result of laser irradiation.

As is clearly seen, the irradiation of squaraine dye solution results in a decrease in
the intensity of absorption from about 1.5 to ca. 0.5 after 0 s and 60 min of irradiation,
respectively. On the other hand, the presence of iodonium salt, I1, 181 and 184 leads to fast
decrease of absorption intensity (even only 1 min of irradiation). The fastest photobleaching
of squaraines was observed in the presence of (4-methoxyphenyl)-(4-nitrophenyl) iodonium
p-toluenesulfonate (I81). The absorbance quenching processes are similar to that, when
squaraine dye is combined with diphenyliodonium chloride (I1) or (3-bromophenyl)-(4-
methoxyphenyl)iodonium p-toluenesulfonate (184).

Therefore, the fastest interaction of SQ/Iod pair after light action is observed for the
combination of squaraine dye with 181 salt. In other cases, the interaction dye-iodonium
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salt is similar. These differences may be observed in the photoinitiation efficiencies of novel
radical photoinitiators.

3.2. Kinetic Studies of Photopolymerization Process

The influence of combinations of different photosensitizers in the form of squaraine
dye with various diphenyliodonium salts on the kinetics parameters of the radical poly-
merization of trimethylolpropane triacrylate (TMPTA) was estimated. The photopoly-
merization experiments were conducted for different pairs of photosensitizer /co-initiator.
The squaraine dyes, such as: 1,3-bis(benzothiazoleamino)squaraine (SQM1), 1,3-bis(6-
bromobenzothiazoleamino)squaraine (SQM2) and 1,3-bis(6-methylbenzothiazoleamino)sqg-
uaraine (SQM3) were used as UV-Vis light absorbers. Three diphenyliodonium salts:
diphenyliodonium chloride (I1), (4-methoxyphenyl)-(4-nitrophenyl) iodonium p-toluenesu-
lfonate (I81) and (3-bromophenyl)-(4-methoxyphenyl)iodonium p-toluenesulfonate (184)
played the role of co-initiators. The photopolymerization experiments were carried out for
different initiator concentrations.

In order to find the most optimal concentration of the photoinitiator in polymerizable
mixture, that gives the highest kinetic parameters of radical polymerization of TMPTA,
the kinetic studies for systems containing of 5 x 107 M, 1 x 1073 M, 2 x 103 M and
5 x 1073 M of SQ/Iod pair were carried out. The influence of initiator concentration on
the rate of polymerization reaction of acrylate monomer was illustrated in Figure 6. The
experiments were performed for all combinations of squaraine dye and diphenyliodonium
salt. For example, the kinetic results of polymerization reaction for different concentration
of SQM3/Iod pairs were presented in Table 2.

28
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Figure 6. The effect of concentration of photoinitiator on the rate of the radical polymerization of
TMPTA. The concentration of 1,3-bis(6-methylbenzothiazoleamino)squaraine (SQM3) was the same
as for appropriate co-initiators and was marked on the figure.

As shown in Figure 6, the concentration both of the sensitizer and the co-initiator,
had an important impact on the kinetics of radical polymerization of triacrylate (TMPTA).
The rate of polymerization increases as the initiator concentration in the polymerization
mixture changed from 5 x 107#Mto 5 x 1073 M. The rate-initiator concentration curves for
SQM3/11 and SQM3/184 are similar. The highest R}, values were observed for the highest
concentration of photoinitiator, i.e., 5 X 10—3 M. It should be noted that concentrations of

initiators of 2 x 1073 M and 5 x 10~2 M give similar and the highest rates of polymerization,
atabout20 x 1073 s~ 1,
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Table 2. The influence of photoinitiator concentration for kinetic parameters of radical polymerization of TMPTA initiated

by squaraine dye (SQM3) with the combination of different iodonium salts: I1, I81 and 184.

Photoinitiator Concentration (M)

. 5x 1074 1x 1073 2 x 1073 5x 1073
Photoinitiator
Rp Co, RP Co, Rp Co, RP Co,
(x1073571) (%) (x10-3s71) (%) (x1073571) (%) (x1073s71) (%)
SQM3/11 1.93 12.25 6.21 26.43 12.92 29.56 20.10 34.27
SQM3/181 9.94 25.16 20.02 34.70 21.77 35.68 23.37 35.71
SQM3 /184 7.64 24.63 16.82 30.00 21.90 30.56 25.98 33.45
On the basis of the data summarized in Table 2, it can be concluded, that the high-
est final monomer conversions are observed for the photoinitiating systems comprised
of 5 x 1073 M of photoinitiator. The values of degree of double bond monomer con-
version ranging from about 10% for SQM3/I1 photoinitiating system (concentration of
initiator: 5 x 10~% M) to above 35% for SQM3/181 combination (concentration of initiator:
5 x 1073 M). Similar results were obtained for combinations of SQM1 and SQM2 dyes with
mentioned iodonium salts. It needs to be highlighted, that using of initiator concentration
of 2 x 1073 M or 5 x 1073 M are the best options due to the highest kinetic parameters of
radical polymerization of TMPTA.
In order to explain the influence of the type of co-initiator on the kinetics of the
photopolymerization process, the efficiency of photoinitiating systems consisting of 1,3-
bis(benzothiazoleamino)squaraine (SQM1) and various types of diphenyliodonium salts
(I1, 181 was 184) was compared, what is shown in Figure 7.
600 35
. ¢ R =223x1075" _iél S ) Vo c, =235
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Figure 7. The kinetic curves registered during radical polymerization of TMPTA initiated by two-component photoinitiating
systems composed of 1,3-bis(benzothiazoleamino)squaraine (SQM1) in the presence of various co-initiators marked on the
figure. The concentration of photoinitiator was 5 x 1073 M. The light intensity was 30 mW x cm 2.

From the kinetics data presented in Figure 7 and summarized in Table 3, it can
be concluded that the structure of the co-initiator has a significant effect the kinetics of
the polymerization reaction. The highest rates of polymerization and final monomer
conversion were obtained from pairs composed of squaraine dye and (3-bromopheny]l)-
(4-methoxyphenyl)iodonium p-toluenesulfonate (184). The exothermal effect for these
photoinitiating systems was the highest and ranged from 300 mW to above 600 mW. The
rates of polymerization achieved values about 2.20 x 107257 ! t0 2.60 x 1072 s~! and the
final conversion ranged from 28% to 34%.

The photoinitiation reaction of radical polymerization of acrylate monomer (TMPTA)
is very fast. It should be noted that the light action of the tested sample causes an immediate
reaction with the release of a large amount of heat. The photocuring of polymerizable
mixture takes only few seconds. As was shown in Table 3, The maximum of released
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heat during exothermal reaction was in the range from 12 s to even ca. 3 s for the most
effective photoinitiator.

Table 3. The kinetics parameters of radical polymerization of TMPTA initiated by bimolecular
photoinitiators composed of 2-aminobenzothiazole derivative (SQM1/SQM2/SQM3) and various
radical sources (I1/181/184). The concentration of photoinitiator was 5 x 103 M.

N e Qmax)  tmax Rp Ip Co,
Photoinitiator Co-Initiator (@mW) ) (x10-2 s-1) (x10-3 §-2) (%)
11 311 12.03 1.31 1.09 23.41

SQM1 181 475 5.03 2.00 3.98 29.35
184 529 3.83 2.23 5.82 27.60

11 465 6.23 1.96 3.15 25.70

SQM2 181 547 4.03 2.31 5.73 28.18
184 612 2.83 2.58 9.12 29.68

11 476 8.23 2.01 2.44 34.27

SQM3 181 554 4.23 2.34 5.53 35.71
184 616 3.23 2.60 8.05 33.45

In this paper, we studied also the influence of sensitizer structure on the polymeriza-
tion process, what was presented in Figure 8.
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Figure 8. The kinetic curves registered during radical polymerization of TMPTA initiated by various two-component
photoinitiating systems composed of various SQ dye and (3-bromophenyl)-(4-methoxyphenyl)iodonium p-toluenesulfonate
(184). The concentration of photoinitiator was 2 x 10~2 M. The light intensity was 30 mW x cm 2.

Apart from the initiator concentration and the structure of the co-initiator, the type of
photosensitizer used in photopolymerization experiments also has a significant impact. The
highest values of the kinetic parameters of reaction were obtained for photoinitiating system
comprised of 1,3-bis(6-methylbenzothiazoleamino)squaraine (SQM3). Similar results were
obtained for photoinitiators and consisted of SQM1 and SQM2 dyes. The final monomer
conversion for photoinitiating systems containing SQM3 squaraine oscillated at about
35%. On the other hand, the combination of SQM1 or SQM2 squaraine dyes with all
iodonium salts gives the degree of double-bond conversion in the range from 20% to
30%. It should be also noted that the highest values of photoinitiation indexes were
obtained for bimolecular photoinitiators composed of squaraine dye and (3-bromophenyl)-
(4-methoxyphenyl)iodonium p-toluenesulfonate (I84). In this case, this parameter is about
10X 1073572,

On the basis of obtained kinetic results, one can conclude, that proposed bimolecular
photoinitiators are very efficient and high-speed photoinitiating systems, which initiate
the radical polymerization of acrylates with promising final monomer conversions. The
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further modification of system compositions may improve the kinetic parameters of radical
polymerization of acrylate monomers. In the next papers, we focused on the combina-
tion of these 2-aminobenzothiazole derivatives with other co-initiator to improve the
photoinitiating ability of these systems.

4. Conclusions

The proposed two-component photoinitiating systems consisting of newly synthe-
sized 2-aminobenzothiazole derivatives and different diphenyliodonium salts may be
used as ultraviolet-visible light active photoinitiators for the radical polymerization of
trimethylolpropane triacrylate (TMPTA). The photoinitiation efficiency of novel photoini-
tiators depends on the sensitizer and co-initiator structures and their concentration in
polymerizable composition. The highest values of kinetics parameters of radical polymer-
ization of TMPTA were obtained for combination of squaraine derivatives (SQM1-SQM3)
with (3-bromophenyl)-(4-methoxyphenyl)iodonium p-toluenesulfonate (I84). The rates of
polymerization oscillates at about 2 x 1072 s~! and the total monomer conversion ranged
from 20% to above 35%. The proposed photoinitiating systems may be used as effective
high-speed initiators for radical polymerization of acrylate monomers under sensitive
light conditions.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10.3
390/ma14247814/s1, Figure S1: 1H NMR spectrum of SOM1 regis-tered in DMSO-d6, Figure S2: 13C
NMR spectrum of SQM1 registered in DMSO-d6, Figure S3: 1H NMR spec-trum of SQM2 registered
in DMSO-d6, Figure S4: 13C NMR spectrum of SQM2 registered in DMSO-d6, Figure S5: 1H NMR
spectrum of SQOM3 registered in DMSO-d6, Figure S6: 13C NMR spectrum of SQM3 registered in
DMSO-dé.
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The present article describes the efficiency of novel two-component photoinitiators based on a typical
squaraine dye and its difluoroborate analogues for the radical polymerization of acrylate monomers. The
role of photosensitizers in photoinitiating systems was played by squaraine derivatives, such as 2,4- bis
(3,5-dimethylpyrrol-2-yl)squaraine (PSQ1) and 2,4- bis (4-ethyl-3,5-dimethylpyrrol-2-yl)squaraine (PSQ2)
and difluoroborate complexes of these compounds, such as BPSQ1 and BPSQ2, named BODIPY dyes.
These dyes absorb radiation in visible region of the spectrum, from 400 nm to 600 nm and show high
molar absorption coefficients of about 10° dm® mol™ cm™. Therefore, they may be used as sensitizers,
e.g. in photopolymerization experiments. The synthesized dyes were combined with various co-initiators
and used as visible-light photoinitiators for the radical polymerization of 2-ethyl-2-(hydroxymethyl)-1,3-
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propanediol triacrylate (TMPTA). The proposed systems show different photoinitiation abilities, which are
related to the structure of both sensitizer and co-initiator and the concentration of applied photoinitiator.
Novel derivatives of squaric acid could be the starting point for the design of new photoinitiating systems

rsc.li/polymers

1. Introduction

Photochemically initiated polymerization reactions are among
the most widely used and powerful strategies for the pro-
duction of advanced polymer materials. In recent years, there
has been enormous progress in the development of photo-
polymerization, which has resulted in an expansion in the
scope of applications."” Currently, this technology is widely
used in medicine,>* 3D printing,>” microelectronics,® the pro-
duction of various types of coatings,”™" the packaging indus-
try'> and many others. For medicine, the photopolymerization
process plays a key role in the production of dental fillings,
hydrogels, bone scaffolds, wound dressings, etc."*™*> The idea
of 3D printing has opened up new directions in different
areas, such as soft robotics, microfluidics, and the manufac-
ture of smart clothing.'®'” In the chemical industry, photo-
polymerization enables the production of paints, lacquers,
varnishes, adhesives, laminates, etc.'® The major advantages of
the discussed method of cross-linking of polymerizable com-
positions are presented in Fig. 1.

Bydgoszcz University of Science and Technology, Faculty of Chemical Technology and
Engineering, Department of Organic Chemistry, Seminaryjna 3, 85-326 Bydgoszcz,
Poland. E-mail: nina@utp.edu.pl

tElectronic supplementary information (ESI) available. See DOI: 10.1039/
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for radical and cationic polymerization based on squaraine dyes.

As shown in Fig. 1, the production of novel polymeric
materials by photopolymerization is economically advan-
tageous. It is related to the low energy consumption, fast
curing rates and high productivity of reactions. An ecological
approach without the use of solvents and, hence, without the
release of volatile organic compounds is a huge plus for
environmental protection.'® The advanced possibilities offered
by photopolymerization and other listed benefits influence the
variety of application areas.

Light-activated polymerization can occur via two basic
mechanisms: radical and ionic (cationic or anionic). Generally,
photopolymerization reactions require the introduction of an
appropriate initiator into the photocuring composition.>® The
presence of a photoinitiator (PI) is a crucial element in the
initiation step of the chain reaction. This molecule absorbs
energy from a specified light source and forms free radicals.
These active species attack mono- or multi-functional mono-
mers and activate the unsaturated functional groups of the
monomers, which leads to the production of linear or cross-
linked polymers in a very short time.*"

An active research area in the topic of photopolymerization
is high-speed photoinitiators. The huge demand for new
polymer materials obtained by photopolymerization is conti-
nually driving the global market for the increased production
of these compounds. For this reason, numerous studies in the
area of the synthesis of novel photoinitiators or improving
known photoinitiators seem to be extremely important.>*

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Advantages of the photopolymerization process.

It should be noted that there are several important factors,
which will be taken into account during the design of effective
photoinitiating systems. The selection of an appropriate PI
determines the kinetics of polymerization, as well as the final
properties of the obtained polymer material. There are one-
component, two-component and multi-component photoini-
tiating systems. Regardless of the number of components, the
photoinitiators should comply with certain criteria. The high-
lights of the requirements for these compounds are presented
in Fig. 2.%*

One of the most important factors, which has a significant
impact on the photoinitiating abilities, is matching the
absorption spectrum of the PI to the characteristics of the
chosen light source. It is known that the structure of a photo-
initiator determines its spectral properties and directly deter-
mines the position of maximum absorption and the molar
extinction coefficient. Therefore, by an appropriate modifi-
cation of the structure of a PI, e.g. the introduction of a
specific substituent, it is possible to achieve compatibility
between the photoinitiator and the light. Indeed, photoinitia-
tors which show a high molar absorption coefficient and high
quantum efficiency are active light absorbers.>* Moreover, the
good thermal and temporal stability of PIs guarantee a long
lifetime for photoinitiating compositions. An effective photo-
initiator should be soluble in the polymerization mixture.

Paper
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® Dental fillings, hydrogels...

Non-toxicity and biocompatibility are also expected. These
compounds should not have a negative impact on the final
properties of the obtained products, such as yellowing or a
reduction in the mechanical properties of the produced
polymer materials.>

In order to obtain a high degree of monomer conversion
and rate of polymerization, the parameters of the cross-linking
process should be selected accordingly. First of all, attention
should be paid to the type and intensity of the light source
used. Nowadays, the use of low-power light sources is particu-
larly desirable. Moreover, the curing of polymerizable mixtures
not only by UV radiation, but most of all by using the visible
region of radiation (Vis) is required.*® Another significant para-
meter is selection of the appropriate concentrations of the
photoinitiator and other additives. Furthermore, the structure
and properties of the monomers used, the thickness of the
polymerizing layer and the viscosity of the photocured formu-
lation play key role in light-induced polymerization. What is
predictable is that the photopolymerization will be more
efficient both for thin layers and for monofunctional mono-
mers.”” In the case of radical polymerization, one cannot
forget about oxygen inhibition. This phenomenon is especially
unfavorable for the growing polymer chain because of the
scavenging of radicals by oxygen molecules. Reduction in
oxygen inhibition is possible: e.g. by using an inert atmo-

Good physico-chemical
stability

Effective

High quantum efficiency

Fig. 2 Sample requirements for an effective photoinitiator.
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Fig. 3 Examples of squaraines used as photosensitizers in polymerization reactions.

sphere (nitrogen, argon, etc.).”® As mentioned above, the plan-
ning of the photopolymerization reaction requires many para-
meters to be taken into account, which are first-class for
obtaining high-kinetic parameters for these processes.

One example of a high-performance photoinitiator is a
system based on squaraines (SQs). These PIs are arousing
more and more interest among scientists. Until now, there
have been only a small number of papers describing photoini-
tiators composed of squaraines in the role of photosensiti-

29

zer.” A few examples of squaraine-based photoinitiating

systems described in the literature are shown in Fig. 3.3°7*

The possibility of using squaraine dyes in the role of photo-
sensitizers is related to their unique properties of intensive
and broad absorption and fluorescence bands, which extend
from the visible to the near infrared region of the spectrum.
Importantly, these dyes are distinguished by high molar extinc-
tion coefficients and good photostability.>*

The squaraines are a promising group of organic dyes,
which show huge potential for use as sensitizers in photo-
polymerization reactions, and were described by Giacoletto
*® For this reason we decided to
expand the group of squaraine sensitizers with new com-
pounds via the modification of the structure of SQs based on a
pyrrole scaffold. We synthesized two trifluoroborate complexes
of squaraine dyes and used them as photosensitizers in photo-

and co-workers in 2021.

polymerization studies. These compounds are an alternative to
the well-known BODIPY dyes. To our knowledge, there is no
information in the literature about an application of this type
of compounds as photosensitizers in radical polymerization.

In this article we describe the synthesis, spectroscopic
characteristics and fluorescence properties of squaraine dyes
and their difluoroborate complexes, as well as kinetic studies
of the radical polymerization of acrylates. The novelty of this
paper is the application of novel squaraines and their difluoro-
borate complexes with a combination of iodonium (I1), borate
(B2) and alkoxonium (NO) salts as efficient photoinitiators for
the radical polymerization of acrylates in the visible range of
the spectrum.

222 | Polym. Chem., 2022, 13, 220-234

2. Experimental section
Materials

All substrates for the preparation of squaraine dyes PSQ1,
PSQ2 and their difluoroborate complexes BPSQ1, BPSQ2
(Chart 1) were of reagent grade and purchased from commer-
cial suppliers (Acros Organics, Aldrich Chemical Co., Poland).
Tetramethylammonium #n-butyltriphenylborate (B2) was syn-
thesized in our laboratory, based on a previously described
procedure.’> Commercially available co-initiators, such as
diphenyliodonium chloride (I1) and 1-methoxy-4-phenylpyridi-
nium tetrafluoroborate (NO), were purchased from Alfa Aesar
and Aldrich Chemical Co. (Poland), respectively, and used as
received. 2-Ethyl-2-(hydroxymethyl)-1,3-propanediol triacrylate
(TMPTA, from Aldrich Chemical Co., Poland) was applied as a
model monomer to study the kinetics of radical photo-
polymerization experiments. The solvents used in the spectro-
scopic studies were supplied by Aldrich Chemical Co. (Poland)
and used without further purification (purity >99%).

Structural characteristics

The chemical structures of the synthesized photosensitizers
were characterized by nuclear magnetic resonance spectroscopy.
The 'H, *C, ''B and '°F isotope resonance spectra (NMR) were
recorded with an Ascend III spectrometer operating at 400 MHz
(Bruker, USA). Dimethylsulfoxide (DMSO-ds) was used as the
solvent and tetramethylsilane (TMS) or trichlorofluoromethane
(CFCI; for '°F NMR) as the internal standard. The values of the
chemical shifts (§) are quoted in ppm relative to the internal
standard and coupling constants (/) are given in Hertz (Hz).

The melting point was measured on a Boethius apparatus
(PGH Rundfunk, Fernsehen Niederdorf KR, Stollberg/E) and is
uncorrected.

Spectroscopic studies

The absorption and emission spectra of the synthesized dyes
were registered in solvents of various polarity using an Agilent
Technology UV-Vis Cary 60 spectrophotometer and a Hitachi

This journal is © The Royal Society of Chemistry 2022
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Chart 1 Structures of the compounds of the photoinitiating systems studied.

F-7000 spectrofluorometer, respectively. The measurements
were performed at ambient temperature (25 °C) in a standard
quartz cuvette (1 cm). The UV-Vis and fluorescence spectra of
the PSQs and BPSQs were recorded in solvents of different
polarity, such as tetrahydrofuran (THF), ethyl acetate (AcOEt),
acetone (ACE), ethanol (EtOH), methanol (MeOH), 1-methyl-2-
pyrrolidinone (MP), dimethylformamide (DMF), acetonitrile
(MeCN) and dimethylsulfoxide (DMSO). The concentration of
the dye in the solvents of various polarity was about 10™° M.

The fluorescence quantum yields of the dyes (®q) were
determined in the same solvents that were used for the spec-
troscopic studies. The fluorescence spectra of dilute solutions
of these dyes (A ~ 0.1) were registered by excitation at the
maximum of the absorption band of the reference. The refer-
ence standard was Rhodamine 6G in ethanol solution (de, =
546 nm; @,¢ = 0.86 (ref. 36)). The fluorescence quantum yield
of all the tested dyes was estimated based on the following
equation (eqn (1)):

2
gzsrefArefIdye Ndye

&g = (1)

AdyeIref nref2
where @, is the fluorescence quantum yield of the reference
sample, Agqye and A are the values of absorbance of the dye
and reference at the excitation wavelength, I4. and I;.¢ are the
integrated emission intensities for the dye and reference, and
Naye and . are the refractive indexes of the solvents used for
the dye and reference, respectively.

Steady-state photolysis measurements were carried out
under continuous irradiation at 514 nm with an air-cooled ion
laser system, model 177-G01 (Spectra-Physics, USA). The average
power of irradiation was 50 mW cm™>. The light intensity was
measured with a Coherent Model Fieldmaster power meter.

This journal is © The Royal Society of Chemistry 2022

Monitoring the kinetics of photopolymerization by photo-
differential scanning calorimetry (photo-DSC)

In order to monitor the kinetics of the radical photo-
polymerization of 2-ethyl-2-(hydroxymethyl)-1,3-propanediol tri-
acrylate (TMPTA), differential scanning calorimetry was used.
The photopolymerization measurements were carried out using
a differential scanning calorimeter DSC Q2000 (TA Instruments)
equipped with a high-pressure mercury lamp (photo-DSC).

The measurements were conducted under isothermal con-
ditions (25 °C) in a nitrogen atmosphere. The inert gas flow was
50 ml min~". A high-pressure mercury lamp was applied as the
light source, which emitted radiation in the range from 300 to
500 nm. The intensity of the radiation was constant and equal
to 50 mW cm™>. The measurements were performed at a
sampling interval of 0.05 s per point. A sample weight of 30 +
0.1 mg was placed into an open aluminum pan, and then main-
tained at the specified temperature (25 °C) for 2 min before
each measurement run began. The heat emitted during the
polymerization reaction was registered as a function of time.

The polymerization mixture was composed of 0.2 mL of
1-methyl-2-pyrrolidinone (MP), 1.8 mL of monomer (TMPTA)
and an appropriate photoinitiator. The use of 1-methyl-2-pyrro-
lidinone was necessary because of the poor solubility of squar-
aines in the monomer. The polymerization experiments were
carried out using various concentration of photoinitiators, as
follows: 5 x 107 M, 1 x 10> M, 2 x 10> M and 5 x 10> M.
Based on the obtained results, the degree of monomer conver-
sion (C,) and the rate of polymerization (R,) were determined
using eqn (2) and (3), respectively.

The degree of conversion was estimated on the basis of the
heat liberated in the polymerization reaction, which is directly
proportional to the number of reactive groups (double bonds)
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Scheme 1 The synthesis of squaraine derivatives.
in the monomer molecule. By integrating the area under the as photosensitizers in the light-induced polymerization

exothermic peak, the percentages of conversion were obtained.
These parameters were calculated using the formula presented
below:

AHt

x 100
AH,

Cy, = (2)
where AH, is the heat evolved at time ¢ in the polymerization
reaction, and AH, represents the theoretical heat corres-
ponding to the complete degree of conversion of the reactive
group. For calculation of the Co, parameter, the value of the
theoretical enthalpy for acrylate monomers of AH, = 78.0 kJ
mol ™" was used.*”

The rate of polymerization (R,) is directly related to the
total heat flow liberated during the polymerization reaction.
This parameter was estimated on the basis of the formula pre-
sented below (eqn (3)):

dH/dt
P AH,

(3)

where dH/dt denotes the heat flow evolved during the polymer-
ization reaction.

Taking into account the maximum rate of polymerization
(Ry™) and the time required for the maximum rate of heat
release (¢™*) in the polymerization reaction, the overall ability
for the initiation of the polymerization reaction (I,) may be cal-
culated using eqn (4):

max
RP

P gmax

(4)

On the basis of the presented equations, the kinetic para-
meters of the polymerization process were calculated for the
photoinitiating systems under study. The most efficient photo-
initiator for the radical polymerization of acrylates was found.

3. Results and discussion

Synthesis of squaraines PSQs and BPSQs

Two symmetric squaraines based on a pyrrole unit, 2,4-bis(3,5-
dimethylpyrrol-2-yl)squaraine (PSQ1) and 2,4-bis(4-ethyl-3,5-di-
methylpyrrol-2-yl)squaraine (PSQ2), and their difluoroborate
complexes, 2,4-bis(3,5-dimethylpyrrol-2-yl)squaraine difluoro-
borate (BPSQ1) and 2,4-bis(4-ethyl-3,5-dimethylpyrrol-2-yl)
squaraine difluoroborate (BPSQ2), were synthesized and used
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process. The proposed dyes possess the characteristic structure
for squaraines, which is a four-membered ring system derived
from squaric acid connected by two moieties as electron
donors.*® The general procedure for the preparation of the
tested squaraine derivatives is presented in Scheme 1.

The compounds PSQ1 and PSQ2 were synthesized accord-
ing to the procedure described by Bonnett and co-authors.>® In
short, these dyes were obtained from the reaction of 2,4-di-
methylpyrrole with 2-dihydroxycyclobuten-3,4-dione in an
anhydrous mixture of butanol (BuOH) and benzene. The con-
densation reaction readily occurs at the highly reactive
a-position in the pyrrole ring to produce squaraines PSQ1 and
PSQ2. Whereas BPSQ1 and BPSQ2 dyes were synthesized based
on the procedure proposed by Kubota and co-workers.*® These
dyes are squaraine difluoroborates and are alternatives to
typical BODIPYs. The compounds BPSQ1 and BPSQ2 were
obtained as a result of the complexation reaction of squaraines
PSQ1 or PSQ2, respectively, with boron trifluoride ethyl ethe-
rate (BF5-OEt,) in the presence of triethylamine (Et;N) in anhy-
drous dichloromethane (CH,Cl,). The squaraine difluorobo-
rates were isolated by extraction with dichloromethane.

The details of the synthesis are given in ESL}

The 'H, *C, "B and '°F NMR spectra confirmed the struc-
ture of the squaraine derivatives. The obtained data are in
good agreement with the proposed chemical structures of
these compounds. For example, one of the spectra of a syn-
thesized dye is presented in Fig. 4. Other NMR spectra are
shown in Fig. S4-S10 in ESL

As shown in Fig. 4, on the "H NMR spectrum of BPSQ1, the
pronounced peaks derived from the protons of these dye mole-
cules can be distinguished. The chemical shifts in the range
from 2.36 ppm to 2.57 ppm correspond to the protons of
methyl groups. The signal localized at 6.19 ppm for the
methine groups can be perceived. At 11.42 ppm the peak
derived from the proton of the imino group is observed;
whereas, the presence of fluorine atoms is confirmed by
signals at about —148.20 ppm (inset).

The chemical shift data, melting point values and yield of
reaction of the tested dyes are summarized in Table 1. All of
the synthesized compounds were obtained as violet-blue
solids. The melting points are in the range from 230 °C for
BPSQ2 to about 280 °C for PSQ2 and PSQ1. The melting point
of the BPSQ1 crystals was observed at ca. 160 °C. The yields of
the synthesis of PSQ1 and PSQ2 dyes achieved values of about

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 The *H NMR spectrum of BPSQ1 registered in deuterated DMSO. Inset: the 1°F NMR spectrum of the same dye in DMSO-d.
Table 1 The characterization data of squaraine derivatives
Yield M.p.
Dye Formula Structure Chemical shifts (ppm) (%) (°C)
PSQ1  C;H;¢N,0, . O HC 'H NMR: 2.36 (s, 6H), 2.50-2.57 (q, 6H), 6.19 (s, 2H), 11.42 (s, 48 281-284
3 NH 2H)
S
l _ 13C NMR: 13.5, 14.0, 116.9, 124.2, 136.9, 147.0, 171.6, 176.1
N CH;
CH; OH
PSQ2  CyoH,4N,0, e 0 HyG 'H NMR: 1.00-1.04 (t, 6H), 2.35 (s, 6H), 2.37-2.41 (t, 4H), 54 259-266
SUN—NH <~ 2.50-2.53 (q, 6H), 11.27 (s, 2H)
[, _ 13C NMR: 11.3, 12.3, 15.0, 17.2, 123.4, 129.5, 133.2, 144.6,
CH3 N"New,  169.6
CH; OH
BPSQ1  CicH;sBE:NO, 0 HC 'H NMR: 2.36 (s, 6H), 2.50-2.57 (q, 6H), 6.19 (s, 2H), 11.42 (s, 39 157-165
3 NH ~ 2H)
[ ) = _ 13C NMR: 13.5, 14.0, 116.9, 116.9, 124.0, 124.2, 136.8, 136.9,
o TR 146.8, 147.0, 171.7
CH, BF 1B NMR: —1.31
19F NMR: —148.26, —148.20
BPSQ2  CyoHpBF:N;O0, 1 0 HC 'H NMR: 1.00-1.04 (t, 6H), 2.35 (s, 6H), 2.37-2.41 (t, 4H), 45 225-234
3 NH CHs  2.50-2.53 (q, 6H), 11.27 (s, 2H)

160.7

3C NMR: 11.3, 12.3, 15.0, 17.2, 123.4, 129.5, 133.2, 144.6,

B NMR: —1.31

19F NMR: —148.26, —148.20

50%. On the other hand, the yields of the complexation reac-
tion of these compounds were lower, in the range from 39% to
45% for BPSQ1 and BPSQ2, respectively.

Characteristics of photoinitiators

One of the most important factors in photopolymerization
experiments is adjusting the absorption spectrum of an appro-

This journal is © The Royal Society of Chemistry 2022

priate photoinitiator to the emission spectrum of the light
source. The important requirement is that the photosensitizer
molecule should be highly sensitive to exposure to the light
medium and show a high molar absorption coefficient. In
order to determine the effectiveness of newly synthesized com-
pounds for the role of the photosensitizers and, thus, the
possibility of their interaction with co-initiators to generate
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initiating radicals, the spectroscopic properties of these dyes
were studied.

As mentioned above, the spectroscopic properties of squar-
aines were investigated in solvents of various polarities.
Parameters, such as the position of maximum of absorption
(4ab), molar extinction coefficient (¢), position of maximum
fluorescence (4g), Stokes shift (AD), quantum yield of fluo-
rescence (@p) and transition energy from the ground to excited
state (Eqo) were calculated and are collected in Table 2.

From the data summarized in Table 2 and presented in
Fig. 5, it can be seen that all the dyes absorb in a narrow range
of the spectrum. The absorption band of the investigated com-
pounds is located in the visible range of the spectrum and
extends from ca. 500 nm to 600 nm. The absorption in this
range is related to 1 — n* electron transitions in dye chromo-
phores containing conjugated double bonds and pyrrole rings.
The location of the absorption band of these compounds
depends both on the properties of the solvent used and on the
structure of the dye, e.g. the number of conjugated double
bonds, the presence of aromatic rings and the nature of the
substituent. Generally, it can be observed that the position of
maximum absorption for squaraines overlaps with their
difluoroborate analogues. The values of 1,, oscillate from
551 nm to 566 nm for PSQ1 and BPSQ1 and from 559 to
574 nm for PSQ2 and BPSQ2, respectively.

Fig. 5(A) shows hipsochromic shifts of the absorption
bands increasing with the polarity of the solvents. This
phenomenon is referred to as negative solvatochromism. It is
known that the polarity of the solvent has a significant effect

Table 2 The spectral characteristics of squaraine derivatives

Polymer Chemistry

on the ground and excited states of a dissolved substance, due
to difference in the energy gap between them. It should be
highlighted that, with the increasing polarity of solvents, the
interactions of the diluent with the dye molecules decreases
(lower solvation free energy), causing the better stabilization of
the molecule in the ground state relative to the first excited
state. Such systems require higher energy for excitement of the
dye. Therefore, the excited state of the molecule is less polar
than the ground state, due to transfer of electron density from
donor to acceptor after excitation. Based on the data summar-
ized in Table 2, it can be concluded that for polar protic sol-
vents, such as ethanol and methanol, the largest shifts of the
absorption bands towards shorter wavelengths are observed.

It should be pointed that the introduction of a substituent
in the form of an alkyl group (ethyl) to the pyrrole ring (PSQ2
and BPSQ2) results in a red shift of the absorption band in
comparison with dyes without an additional substituent (PSQ1
and BPSQ1). Complexing the squaraines (PSQs) with an ethe-
real solution of boron trifluoride does not significantly affect
the shape and position of the absorption bands. The bands of
BPSQ1 and BPSQ2 dyes are almost identical to the bands
corresponding to the appropriate squaraines PSQ1 and PSQ2.

The analysis of the fluorescence spectra of all the squaraine
derivatives indicated that the investigated compounds emit in
the visible region, in the range from 550 nm to 700 nm. The
fluorescence bands are shifted towards the red region of the
spectrum. The maximum fluorescence for squaraine deriva-
tives is located between 562 nm and 614 nm. Indeed, the emis-
sion spectra are broader than the absorption spectra.

Solvent
Dye Parameter THF AcOEt ACE EtOH MeOH MP DMF MeCN DMSO
PSQ1 Jap (nm) 560 556 556 551 549 566 562 553 565
£ (10° dm® mol™* em™) 1.98 2.03 0.77 0.70 0.65 0.59 2.13 1.00 0.59
A (nm) 581 578 575 571 569 “ 565 573 “
A (em™) 645 685 594 636 640 “ 94 631 ¢
&g (1073) 7.23 10.17 4.26 6.49 2.63 14.95 6.26 3.99 9.83
Eqo (eV) 2.18 2.20 2.20 2.21 2.22 “ 2.20 2.21 “
PSQ2 Jab (nm) 569 564 565 561 559 574 571 562 574
£(10° dm® mol™ em™) 1.92 2.02 0.95 73 690 0.72 0.84 2.08 0.74 0.99
A (nm) 590 583 583 579 576 “ 593 579 “
AD (em™) 626 578 546 554 528 “ 650 522 ¢
Dq (1073) 10.12 16.11 6.98 10.53 4.31 23.26 9.40 6.21 12.22
Eqo (eV) 2.15 2.17 2.17 2.18 2.19 “ 2.13 2.18 “
BPSQ1 Jap (nm) 560 556 555 551 549 566 562 553 565
£ (10° dm® mol™* em™) 2.03 1.95 0.87 0.87 0.96 0.77 1.86 0.59 0.82
A (nm) 579 577 575 570 571 “ 562 571 587
A (em™) 586 655 627 605 702 “ “ 570 663
Dq (1073) 6.69 10.45 4.42 6.62 2.92 14.09 6.53 4.00 11.09
Eqo (eV) 2.18 2.19 2.20 2.22 2.23 “ 2.22 2.21 2.16
BPSQ2 Jab (nm) 569 564 565 561 559 574 571 562 574
£(10° dm® mol™ em™) 2.04 1.95 1.15 0.94 1.00 1.10 1.92 1.15 0.89
A (nm) 588 586 614 578 579 “ 589 585 593
A (em™) 626 578 546 554 528 ¢ 650 522 558
@q (1073) 11.13 15.16 7.26 10.10 3.74 18.62 9.43 6.37 12.83
Ego (eV) 2.15 2.16 2.16 2.18 2.19 “ 2.12 2.17 2.13

“The dye decomposed after excitation.
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Fig. 5 The normalized absorption (A) and fluorescence (B) spectra of BPSQ2 complex in solvents of various polarity.

All of the synthesized compounds show high molar extinc-
tion coefficients. The value of this parameter exceeds 10> dm?
mol™' em™. The Stokes shifts achieved relatively low values of
ca. 600 cm~'. Moreover, the studied dyes show low fluo-
rescence quantum yields. This may be related to the main
routes of deactivation, which are non-radiant processes with
heat release: e.g. electron transfer or internal conversion. The
&y values range from 2.63 x 107 to 23.26 x 107>, Interestingly,
higher quantum yields were obtained for dyes with an ethyl
group attached to the pyrrole ring. The transition energy from
the ground state to excited state reached similar values for all
compounds. The average value of Ey, energy is 2.20 eV.

On the basis of the obtained spectral data, it can be con-
cluded that the proposed dyes fulfill the requirements which
are necessary for using these compounds in the role of photo-
sensitizers. In particular, the high molar absorption coeffi-
cients and spectroscopic characteristic adapted to the light
source used suggest the possibility of good photosensitization.

As mentioned earlier, the presence of the initiator alone is
usually insufficient to start the photopolymerization reaction.
Commercial initiators, such Irgacure 2959 and diphenyl (2,4,6-
trimethylbenzoyl)phosphine oxide (TPO), absorb over a narrow
range of light. For this reason, it is important to determine the
spectroscopic properties of the initiator and, if necessary, to
combine it with a suitable light absorber. Therefore, the spec-
troscopic properties of the compounds used as co-initiators in
the photopolymerization experiments were also examined.
Fig. 6 illustrates the positions of the absorption bands of the
chosen co-initiators and an example photosensitizer (BPSQ2).

As illustrated in Fig. 6, the co-initiators absorb in the ultra-
violet, in contrast to squaraine dyes, whose absorption bands
are shifted to the red region of the spectrum. Using only
borate, iodonium or alkoxonium salts in photoinitiating
systems would not be effective. However, in a combination of
light absorbers, PSQ1, PQS2, BPSQ1 or BPSQ2 became promis-
ing photoinitiators. The data characterizing the spectroscopic
properties of the co-initiators are presented in Table 3.

As shown in Table 3, the maximum absorption of B2 and I1
salts are at 252 nm, and for 1-methoxy-4-phenylpyridinium tetra-

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 The normalized absorption spectra of B2, 11, NO co-initiators
and BPSQ2 photosensitizer recorded in ethyl acetate (AcOEt).

Table 3 The spectroscopic data of co-initiators

Aab £ (10° dm’®
Co-initiator Symbol (nm)  mol'em™)
Tetramethylammonium B2 252 6.77
n-butyltriphenylborate
Diphenyliodonium chloride I1 252 1.75
1-Methoxy-4-phenylpyridinium NO 295 2.91
tetrafluoroborate

fluoroborate (NO) it is at 295 nm. In comparison to photosensiti-
zers, the values of the molar extinction coefficients for the co-

initiators are much lower, of the order of 10° dm® mol™ em™.

Photochemical stability of photosensitizers

In order to determine the photochemical stability of the photo-
sensitizers a steady-state photolysis experiment was conducted.
The steady-state photolysis of the squaraines themselves and
with all co-initiators tested was studied to prove the photosensi-
tizing capabilities of the dyes. All the components of photoini-
tiating systems were studied. Fig. 7 and S1-S3,f present the
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Fig. 7 UV-Vis absorption spectra obtained upon photolysis of (A) PSQ1 alone, (B) PSQ1/B2, (C) PSQ1/I1 and (D) PSQ1/NO in acetonitrile upon

irradiation at 518 nm (light intensity 50 mW cm™2

photodegradation of the photosensitizers alone and in the pres-
ence of borate salt, iodonium salt and N-alkoxypyridinium salt.

The most photochemically stable of the dyes tested is 2,4-
bis(3,5-dimethylpyrrol-2-yl)squaraine (PSQ1). For dye PSQ1
alone in acetonitrile as a solvent, the intensity of the peak at
Aaps slightly decreased when irradiated with 514 nm wave-
length (Fig. 7A). However, the photolysis rates accelerated
when a co-initiator, e.g. borate salt (B2), iodonium salt (I1), or
pyridinium salt (NO), was added (Fig. 7B-D). The addition of
the co-initiator does not influence the position of the absorp-
tion band. Compounds PSQ1 and the difluoroborates of squar-
aines (BPSQ1 and BPSQ2) undergo photodegradation in aceto-
nitrile solution under irradiation with visible light (514 nm)
(Fig. S1A, S2A and S3At). The photolysis rates also accelerated
when the co-initiators were added (Fig. S1B-D, S2B-D and
S3B-Df). The difluoroborate complex 2,4-bis(4-ethyl-3,5-di-
methylpyrrol-2-yl)squaraine (BPSQ2) is the least photostable.
The rate of photodegradation decreased from 20 min to
10 min when 1-methoxy-4-phenylpyridinium tetrafluoroborate
(NO) was added.

For all the squaraines studied,
phenomena occurred during irradiation at 514 nm (Fig. S1-

similar degradation
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, co-initiator concentration 1 x 1073 M).

S37), with varying degrees of slope of absorbance, indicating
interactions among the photosensitizers and co-initiators
under irradiation.

Kinetics of radical photopolymerization

The photoinitiating abilities of novel two-component systems
for activating the radical polymerization process of trimethyl-
olpropane triacrylate (TMPTA) were studied. New bimolecular
photoinitiators consisting of squaraine derivatives and various
co-initiators were proposed. The role of sensitizers was played
by novel squaraine derivatives, such as 2,4-bis(3,5-dimethyl-
pyrrol-2-yl)squaraine (PSQ1), 2,4-bis(4-ethyl-3,5-dimethylpyrrol-
2-yl)squaraine (PSQ2), 2,4-bis(3,5-dimethylpyrrol-2-yl)squar-
aine difluoroborate (BPSQ1) and 2,4-bis(4-ethyl-3,5-dimethyl-
pyrrol-2-yl)squaraine difluoroborate (BPSQ2). These squaraine
dyes were combined with different co-initiators, such as tetra-
methylammonium n-butyltriphenylborate (B2), diphenyliodo-
nium chloride (I1) and 1-methoxy-4-phenylpyridinium tetra-
fluoroborate (NO). The structures and abbreviations of the
components of the tested photoinitiating systems are given in
Chart 1.

This journal is © The Royal Society of Chemistry 2022
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The photopolymerization experiments were performed for
different combinations of pairs of sensitizer and co-initiator.
The influence of the structure of the photoinitiator on the
kinetics of the radical polymerization of TMPTA was investi-
gated. Moreover, the different concentrations of photoinitia-
tors in the polymerization mixture were taken into account.
Depending on the type of photoinitiating system used, various
values of the kinetics parameters of polymerization were
observed. The results obtained are summarized in Tables 4
and 5.

From the data summarized in Tables 4 and 5 and the kine-
tics curves presented in Fig. 8 it follows that all the proposed
systems initiate the radical polymerization of acrylates. The
highest degree of monomer conversion (Cy, = 12.4%) was

Paper

reached for the PSQ1/I1 combination. Unfortunately, polymer-
ization in the presence of this combination shows one of the
lower polymerization rates. More favorable results were
obtained for systems with an NO co-initiator. Although the
maximum degree of double bond conversion oscillates around
7-8%, the photocuring of monomers is already overlapping
after first minutes of light exposure. These systems are very
light sensitive. The slowest are systems with a basis of the B2
co-initiator. These PIs shows a 4-times lower rate of photo-
polymerization and conversion of about 2-5%.

In the case of the systems containing PSQ2 as photosensiti-
zer, the highest degree of conversion of the reactive groups in
the monomer equal to 12% were obtained in the presence of
I1. The most efficient co-initiator also turned out to be NO due

Table 4 The kinetic parameters of radical polymerization of TMPTA initiated by bimolecular photoinitiators composed of squaraines PSQ1 or PSQ2

and various radical sources

Sensitizer Co-initiator Concentration (M) Q™™ (mW) ™ (min) R, (107*s™) I,(1077s7%) Cos (%)
PSQ1 B2 5x107* 4.63 11.36 1.83 2.68 6.5
1x107° 11.65 10.49 4.60 7.31 4.9
2x1073 6.69 12.07 2.64 3.65 4.3
5x107° 5.06 13.01 2.00 2.56 4.4
1 5x107* 6.88 3.69 2.71 12.24 0.8
1x107° 20.24 6.73 7.99 19.79 7.5
2x1073 10.37 7.95 4.09 8.57 6.9
5x107° 6.56 12.29 2.59 3.51 12.4
NO 5x107* 23.45 2.22 9.25 69.44 3.3
1x107° 46.31 2.31 18.30 132.03 7.1
2x1073 38.55 2.37 15.20 106.89 7.3
5x107° 19.56 2.29 7.72 56.19 8.1
PSQ2 B2 5x107* 10.78 6.80 4.26 10.44 2.2
1x107° 3.81 15.43 1.50 1.62 2.6
2x1073 3.67 17.55 1.45 1.38 2.9
5x107° 5.35 15.65 2.11 2.25 6.5
I1 5x107* 8.99 6.99 3.55 8.46 12.0
1x107° 13.49 9.13 5.32 9.71 7.9
2x1073 6.64 11.25 2.62 3.88 4.4
5x107° 7.86 11.76 3.10 4.39 10.3
NO 5x107* 109.31 2.26 43.10 317.85 6.8
1x107° 25.55 2.29 10.10 73.51 4.6
2x1073 20.31 2.32 8.02 57.61 6.0
5x107° 15.89 2.26 6.00 44.25 5.4

Table 5 The kinetic parameters of radical polymerization of TMPTA initiated by bimolecular photoinitiators composed of squaraine difluoroborates
BPSQ1 or BPSQ2 and various radical sources

Sensitizer Co-initiator Concentration (M) Q™™ (mw) ™ (min) R, (107*s™h) I, (s™) Co, (%)
BPSQ1 B2 5x107* 6.47 9.71 2.55 4.38 2.3
1x107° 7.14 14.75 2.82 3.19 6.0
1 5x107* 5.13 9.08 2.02 3.71 1.8
1x107° 5.71 15.40 2.25 2.44 4.2
NO 5x107* 21.93 2.43 8.66 59.40 5.5
1x107° 31.73 2.26 12.50 92.18 6.3
BPSQ2 B2 5x107* 11.12 9.75 4.39 7.50 4.1
1x107° 11.54 14.20 4.56 5.35 9.3
I1 5x107* 13.70 7.73 5.41 11.66 5.5
1x107° 14.12 9.27 5.57 10.01 10.7
NO 5x107* 44.19 2.19 17.40 132.42 6.4
1x107° 5.47 17.96 2.16 2.00 5.9

This journal is © The Royal Society of Chemistry 2022
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Fig. 8 The kinetic curves registered during the radical polymerization of TMPTA initiated by two-component photoinitiating systems composed of
2,4-bis(3,5-dimethylpyrrol-2-yl)squaraine (PSQ1) in the presence of various co-initiators. Inset: the kinetic curves recorded during the radical
polymerization of TMPTA initiated by photoinitiating systems containing 2,4-bis(4-ethyl-3,5-dimethylpyrrol-2-yl)squaraine (PSQ2) and various

radical sources. The concentration of photoinitiator was 1 x 107> M.

to the highest heat flow of 109.31 mW and the conversion of
6.8%. This system is additionally characterized as having the
fastest polymerization rate of all the dyes used as
photosensitizers.

As was mentioned earlier, an important factor in the photo-
polymerization process is the concentration of photoinitiator
in the polymerizable mixture. The obtained results confirm
that in order to obtain high-speed PIs, the effect of photo-
initiator concentration on the kinetics of the polymerization
reaction should be investigated. The influence of this para-
meter for the photoinitiating abilities of the chain reaction for
the following concentrations of co-initiator, 5 x 107" M, 1 x
107 M, 2 x 107> M and 5 x 10™° M, is presented in Fig. 9.

As seen, in each case, the optimum concentration of photo-
initiator mixture was 1 x 107> M. It turns out that the lowest

20 4 .
. —s—B2
. —a—11
164 —a—NO

The highest rate
of polymerization

Rate of polymerization (10~
[e]
1

0
0.000

T T T T
0.002 0.003 0.004 0.005

Co-initiator concentration (M)

T
0.001

Fig. 9 The effect of concentration of photoinitiator on the rate of
radical polymerization of TMPTA. The concentration of 2,4-bis(3,5-di-
methylpyrrol-2-yl)squaraine (PSQ1) is the same as for appropriate co-
initiators and marked on the figure.
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concentration of photoinitiator (5 x 10™* M) gives the worst
kinetic result. Although, it must be noted, that the highest
amounts of PI cause a slowing down of the speed of reaction.
This may be explained by the inner filter effect. This phenom-
enon includes the dye sensitizers in high concentrations
strongly absorbing radiation because of the high molar value
absorption coefficients (¢ > 10* dm’ mol™" em™). This
phenomenon effectively impedes the penetration of light
to the lower layers of the polymerization mixture and leads
to a slowing down or even complete inhibition of polymeriz-
ation. For these reasons, the use of a high concentration of
photoinitiator may be unfavorable, which translates into our
data.

On the basis
concentration on

of data about the dependence of
the rate of polymerization, photo-
polymerization experiments for PIs comprising difluoroborate
complexes BPSQ1 or BPSQ2 were carried out for different con-
centrations of photoinitiators, as follows: 5 x 10™* M and 1 x
10~ M. The kinetic characteristics are presented in Fig. 10
and Table 5.

The highest degree of monomer conversion was achieved
for the combinations of BPSQ1 with B2 (Cy, = 10.9%) and
BPSQ2/11 (Cy, = 9%). These photoinitiators, as in the case of
PSQ1 and PSQ2, are characterized by a slow increase in
polymerization rate and conversion during polymerization
time. The maximum monomer conversion was obtained after
60 and 30 minutes of light exposure. These values disqualify
these photoinitiators under these reaction conditions. The
highest R, value was achieved for PIs containing alkoxonium
salt (NO). This is due to the highest heat flow of 51.99 mW
and corresponds to a conversion of 6.2%. It is lower than in
the case of the PSQ1/NO and PSQ2/NO photoinitiating
systems, despite a higher concentration of photoinitiator (2 x
1072 M). From Table 5, it can be seen that this is the most
effective concentration for both systems composed of onium
salts I1 and NO. The polymerization rate R, increases gradually

This journal is © The Royal Society of Chemistry 2022
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Fig. 10 The kinetic curves registered during radical polymerization of TMPTA initiated by two-component photoinitiating systems composed of
2,4-bis(3,5-dimethylpyrrol-2-yl)squaraine difluoroborate (BPSQ1) in the presence of various co-initiators. Inset: the kinetic curves recorded during
radical polymerization of TMPTA initiated by photoinitiating systems containing 2,4-bis(4-ethyl-3,5-dimethylpyrrol-2-yl)squaraine difluoroborate
(BPSQ2) and various radical sources. The concentration of the photoinitiator was 1 x 107> M.

to this concentration and then successively decreases as a
result of the internal filter effect. The changes in the rate of
polymerization for BPSQ1/I1 photoinitiating systems with a
variety of concentrations are not drastic. On the other hand,
the system based on BPSQ1 dye and B2 is characterized by an
almost linear dependence of the rate of polymerization on the
photoinitiator concentration.

In order to evaluate the photoinitiation ability of the new
systems, the values of their photoinitiation index (I,) were
compared. Depending on the type of photoinitiator, different
values of this parameter were obtained. Examples of the
results are depicted in Fig. 11.

It can be seen that the photoinitiating systems composed of
squaraine derivatives and 1-methoxy-4-phenylpyridinium tetra-
fluoroborate (NO) show the highest values of the I, parameter.
This may be related to the structure of this co-initiator. In the
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Fig. 11 The values of photoinitiating indexes (/) for various combi-
nations of squaraine dye/radical source. The concentration of photo-
initiator was 5 x 10™% M.
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described systems, the alkoxonium salt acts as an electron
acceptor. The electron transfer process between the photosen-
sitizer in the excited state and the co-initiator molecule is
extremely effective. Therefore, the alkoxy radicals are formed
in a relatively short time.

It should be pointed out that the lowest values of the photo-
initiating indexes were obtained for PIs containing borate salt
B2. In this case, the formation of the initiating radicals is less
effective. The initiation of polymerization is also an effect of
the electron transfer process between squaraine dye and
borate salt, but this co-initiator acts as an electron acceptor in
the two-component photoinitiating systems under study. It can
be concluded that the phenyl and methoxy radicals
formed from iodonium and alkoxonium salts show higher
reactivity towards vinyl bonds in the monomer than boranyl
radicals.

The efficiencies of the photoinitiating systems were also
compared with other common initiators. Camphorquinone
(CQ) in the presence of various co-initiators was studied under
the same experimental conditions as the photoinitiators pro-
posed by us. The following compounds, ethyl 4-N,N-dimethyl-
aminobenzoate (EDMAB), diphenyliodonium chloride (I1) and
N-phenylglycine (NPG), were applied as co-initiators. The struc-
tures of the components of common photoinitiating systems
are shown in Chart 2.

The concentration of photosensitizer and co-initiators was
1 x 107 M, expected of photoinitiating systems composed of
camphorquinone and diphenyliodonium chloride and
N-phenylglycine. In this case, the concentration of co-initiator
was one order of magnitude higher. Based on kinetic curves of
the photopolymerization process (Fig. 12) it can be seen that
the system of camphorquinone/N-phenylglycine under the
same experimental conditions possesses the best photoinitiat-
ing ability. The lowest efficiency was observed for photoinitia-
tors composed of diphenyliodonium chloride (I1) as a co-
initiator. The degree of monomer conversion was low and

Polym. Chem., 2022,13,220-234 | 231
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Fig. 12 The comparison of the photoinitiating ability of systems com-
posed of camphorquinone (CQ) and ethyl 4-N,N-dimethyl-
aminobenzoate (EDMAB), diphenyliodonium chloride (I1) and
N-phenylglycine (NPG) and photoinitiating systems composed of squar-
aine dye (PSQ1) and difluoroborate complex (BPSQ1) in the presence of
diphenyliodonium chloride (I1).

ranged from 5% to 10%. The slightly higher value of
conversion was achieved when camphorquinone was used as
a photosensitizer, but in this case the concentration of the co-
initiator was 1 x 107> M (one order of magnitude higher)
than in the case of squarylium dyes and difluoroborate
complexes.

The concentration of photosensitizers and co-initiator was
1x10°Mor1x107> M.

Photosensitization

It is well known that one of the deactivation processes of an
excited state of a photosensitizer may be an electron transfer
between the dye and the co-initiator molecule. This is a non-
radiative process. As was shown in Scheme S1,f the initiating
radicals are formed as a result of a photoinduced electron

232 | Polym. Chem., 2022,13, 220-234

ClI

11

OH

NPG

transfer process. The Gibbs free energy change (AG,) of the
charge transfer between the photosensitizer and the co-
initiators was calculated using the Rehm-Weller equation

(eqn (5)):

AGet = Eox(D/D™") — Ereq(A™"JA) — Es1 — Ec (5)
where Eo(D/D"") and E.q(A”"/A), are the oxidation potential
and reduction potential, respectively. Eg; is the energy of the
first excited state of the photosensitizer and was determined
by identifying the crossing point between the normalized
UV-Vis absorption and fluorescence spectra (Table 6), e.g. Es; =
2.18 eV and 2.17 eV for PSQ2 and its difluoroborate complex
BPSQ2, respectively. E is the coulombic energy, which can be
omitted from the calculation because neutral free radicals are
formed during photoinduced electron transfer.

In this study, diphenyliodonium and N-alkoxypyridinium
salts were used as the electron acceptors, while the photosensi-
tizer was an electron donor. In the case when n-butyltriphenyl-
borate salt was used as a co-initiator, the dye played the role of
an electron acceptor. The estimated values of free energy
change for the electron transfer process are in the range from
—132.8 k] mol™" to 76.52 k] mol™". In the PSQ2/B2 system the
AG. was the highest, e.g. 76.52 k] mol™", whereas the AG,, for
PBSQ2/11 (e.g. —132.8 k] mol™") is lower than those for other
systems. The lower AG,., the higher the efficiency of electron
transfer. Only for iodonium and pyridinium salts were the free
energy changes negative. Taking this into account, it may be

Table 6 Electrochemical properties of selected photoinitiators

AGe: ”/k] mol ™!

Photosensitizer  E,*/V  E.q“/V B2 11 NO
PSQ2 0.31 —-1.82 76.52 —-132.8 —-123.13
BPSQ2 0.51 -1.65 61.08 —112.52 —-102.87

“Versus (Fc/Fc).*® PE, (B2) = 1.153 €V,"" Erq (11) = —0.494 eV,*
Ereq (NO) = —0.594 eV."!

This journal is © The Royal Society of Chemistry 2022
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concluded that the photoinitiated electron transfer via the
photooxidizable mechanism is a spontaneous process. Thus,
the results demonstrated that the intramolecular electron
transfer between the photosensitizers PSQ2 and BPSQ2 and
co-initiators: I1 and NO is thermodynamically allowed.

Mechanism of free radical formation

It should be mentioned that we explained and described the
mechanisms of primary and secondary processes occurring
after irradiation of photoinitiating systems at 355 nm
earlier.”” ™ The transient absorption spectra and decay kine-
tics were recorded using a nanosecond laser flash photolysis
experiment.

As a reminder, the mechanism of active species formation
is presented in ESI as Scheme S1.1 The first step is absorption
of light at an appropriate wavelength by squaraine dye. The
photoexcited dye molecule encounters a co-initiator molecule,
and accepts or donates an electron from or to the co-initiator,
forming a photosensitizer-based radical anion or radical
cation, respectively. Therefore, it was concluded that the first
step of the photoreaction occurs between squarylium dye and
co-initiator. The co-initiator reacts either as an electron donor
or electron acceptor with an excited state of the dye. The squar-
ylium dye may undergo both photoreduction and photooxida-
tion processes; thus the photosensitizer may act as an electron
acceptor or an electron donor. The role of the photosensitizer
depends on the type of co-initiator. It was shown that in the
presence of tetramethylammonium n-butyltriphenylborate
salt, the radical anion of squaraine dye is formed, confirming
the photoreducible mechanism of free radical formation.**™**
On the other hand, in the presence of iodonium or alkoxypyri-
dinium salts the photooxidizable mechanism occurs and the
radical cation of squaraine dye is formed and can be observed
during nanosecond laser flash photolysis.** These processes
lead to C-B bond cleavage in the boranyl radical, C-I bond
cleavage in the diphenyliodonium radical** and N-O bond
cleavage in the N-alkoxypyridinium radical*> and the for-
mation of free radicals (e.g. butyl, phenyl, methoxy), that can
start the polymerization chain reaction.*®

The obtained results are our latest contribution to the
design of novel photoinitiating systems for radical polymeriz-
ation based on squaraine dyes. The proposed photoinitiators
may be improved in the future in order to obtain high values
of kinetic parameters of photopolymerization.

4. Conclusions

In conclusion, novel photoinitiators based on squaraine dyes
for photocuring of acrylates were proposed in this article. The
new photosensitizers in combination with borate (B2), iodo-
nium salt (I1) and alkoxonium salt (NO) effectively initiated
the radical polymerization of trimethylolpropane triacrylate
(TMPTA) in visible light (Vis). It can be concluded that the
efficiency of polymerization depends on the structure and con-
centration of the co-initiator. The use of an optimal concen-

This journal is © The Royal Society of Chemistry 2022
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tration of photoinitiator (1 x 10~* M) results in the best kinetic
parameters of photopolymerization. The highest concen-
trations of photoinitiators cause the appearance of an inner
filter effect, which is disadvantageous to the process. The syn-
thesized sensitizers are not able to initiate the polymerization
reaction independently, due to the negligible participation of
dye radical ions in attacks on the double bonds of the
monomer. Taking into account the structure of the sensitizer,
it is worth underlining that the presence of additional elec-
tron-donating substituents, such as the ethyl group in PSQ2
and BPSQ2 dyes, has a positive effect on the rate of polymeriz-
ation in the presence of the alkoxonium salt NO. The
efficiency of photopolymerization depends on the reactivity of
the initiating radicals in the following order: B2 < I1 < NO.
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1. Photodegradation - Steady state photolysis
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Figure S1. UV-Vis absorption spectra obtained upon photolysis of (A) PSQ?2 alone, (B) PSQ2/B2, (C)
PSQ2/I1 and (D) PSQ2/NO in acetonitrile upon irradiation at 518 nm

(light intensity 50 mW cm, co-initiator concentration 1 x 10 M)
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Figure S2 UV-Vis absorption spectra obtained upon photolysis of (A) BPSQI1 alone, (B) BPSQ1/B2,
(C) BPSQ1/11 and (D) BPSQ1/NO in acetonitrile upon irradiation at 518 nm
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Figure S3 UV-Vis absorption spectra obtained upon photolysis of (A) BPSQ2 alone, (B) BPSQ2/B2,

(C) BPSQ2/11 and (D) BPSQ2/NO in acetonitrile upon irradiation at 518 nm

(light intensity 50 mW cm2, co-initiator concentration 1 x 10~ M)



2. 'H NMR spectra
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Figure S5 '"H NMR spectra of 2,4-bis(3,5-dimethylpyrrol-2-yl)squaraine dichloroborate complex
(BPSQL1) recorded in DMSO-dg¢
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3. 3C NMR spectra
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(BPSQ1) recorded in DMSO-dg
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4. The procedure of synthesis of photosensitizers



2,4-bis(3,5-dimethylpyrrol-2-yl)squaraine (PSQ1)

A mixture of 0.63 g (5.2 mmol) of square acid and 1 g (~ 1.1 cm?, 10.5 mmol) of 2,4-dimethylpyrrole
in 50 cm?® of anhydrous ethanol (99.8% anal) was heat under reflux for seven hours while stirring. The
precipitated dye was filtered off and dried on air. Then it was crystallized from ethanol. Blue-violet dye

crystals were obtained. The yield of the reaction was 75%.
2,4-bis(4-ethyl-3,5-dimethylpyrrol-2-yl)squaraine (PSQ2)

A mixture of 0.63 g (5.2 mmol) of square acid and 1.29 g (~ 1.42 cm?, 10.5 mmol) of 3-ethyl-2,4-
dimethylpyrrole in 50 cm?® of anhydrous mixture of benzene/n-butanol (1:1) was heat under reflux for
seven hours while stirring. The precipitated dye was filtered off and dried on air. Then it was crystallized

from ethanol. Violet dye crystals were obtained. The yield of the reaction was 45%.
2,4-bis(3,5-dimethylpyrrol-2-yl)squaraine difluoroborate (BPSQ1)

200 mg (0.75 mmol) of the PSQ1 dye was dissolved in 100 cm? of anhydrous dichloromethane (99.8%).
Then 1.04 cm? of anhydrous triethylamine (7.5 mmol) and 0.94 ¢cm? (7.5 mmol) of anhydrous boron
trifluoride diethyl etherate were added in a 10-fold molar excess and stirred at room temperature for two
days. Then 200 cm? of water was added to the solution and it was extracted twice with 100 cm? of

dichloromethane. The resulting blue-violet dye was filtered off and dried. The reaction yield was 43%.
2,4-bis(4-ethyl-3,5-dimethylpyrrol-2-yl)squaraine difluoroborate (BPSQ2)

100 mg (0,31 mmol) of the PSQ2 dye was dissolved in 40 cm? of anhydrous dichloromethane (99.8%).
Then 0,43 cm? of anhydrous triethylamine (3.08 mmol) and 0.40 cm? (3.08 mmol) of anhydrous boron
trifluoride diethyl etherate were added in a 10-fold molar excess and stirred at room temperature for two
days. Then 150 cm? of saturated sodium chloride solution in water was added to the solution and it was
extracted twice with 100 cm? of dichloromethane. The resulting blue-violet dye was filtered off and

dried. The reaction yield was 53%.

5. The mechanism of free radical formation
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bis(4-ethyl-3,5-dimethylpyrrol-2-yl)squaraine (PSQ2) and different co-initiators.
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