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ABSTRACT: Diphenylphenacylsulfonium tetrafluoroborate (DPPS™
BF*) salt possessing both phenacyl and sulfonium structural units
was synthesized and characterized. DPPS*BF*" absorbs light at
relatively higher wavelengths. The direct and sensitized initiation
activity of the salt in both cationic and free radical photopolymeri-
zations was investigated and compared with that of its analogue
triphenylsulfonium tetrafluoroborate (TPS*BF*). Differential
scanning photocalorimetry and conventional gravimetric studies
revealed that DPPS*BF* showed higher efficiency for direct and
sensitized photopolymerizations of most of the monomers

INTRODUCTION Photopolymerization is currently one of the
most important polymerization techniques in wide range of
applications such as coatings, adhesives inks, printing, and
microelectronics.'™ While most of the industrial applications
of photocuring focus on free radical polymerization techni-
ques, the cationic mode also receives considerable attention
in industry and academia mainly due to its insensitivity to
oxygen.® The further growth of such interest is strongly cou-
pled to the development of initiators which fulfill require-
ments for specific applications. High curing speed,
wavelength selectivity, low migration, and solubility are typi-
cally important criteria for successful application of initiators
in industrial curing processes. Onium salts are known to ini-
tiate both free radical and cationic polymerizations.”® Among
them, iodonium,’1* pyridinium,ll'15 phosphonium,m17 and
sulfonium salts>**'31% are most extensively used as initia-
tors for cationic polymerization. The major drawback of
onium type initiators is their low spectral response at high
wavelengths. In attempt to extend the sensitivity to higher
wavelengths, onium salts were combined in a two compo-
nent system in conjunction with photosensitizers.zo_22
Onium salts can, thus, be activated by photosensitizers with
favorable absorption characteristics in mechanistically differ-
ent pathways involving electron transfer reactions in exci-
plexes,>>2° charge transfer complex,?® and with free

investigated. Although, principally both homolytic and/or hetero-
lytic cleavage is possible, theoretical studies suggested that
homolytic pathway is more favored for the generation of reactive
initiating species. © 2017 Wiley Periodicals, Inc. J. Polym. Sci., Part
A: Polym. Chem. 2017, 00, 000-000

KEYWORDS: calorimetry; cleavage reaction; cationic polymeriza-
tion; free radical polymerization; phenacyl onium salts; photoi-
nitiator; sensitization; sulfonium salts

radicals.?”?® However, solubility, compatibility, migration,
and cost make bi-component systems less attractive for
industrial applications. Phenacyl salts are a class of onium
salts that can overcome this problem to some extent by
incorporating a chromophore group in the structure and
slightly shifting the absorption to longer wavelengths.?%3°
They are easily synthesized by the reaction of phenacyl hal-
ides and the corresponding heteroatom nucleophiles and
subsequent ion exchange with the sodium, potassium, or sil-
ver salt of a non-nucleophilic counter anion.' As presented
on the example of phenacyl pyridinium salt (Scheme 1),
cleavage occurs upon photolysis either homolytically to give
a phenacyl radical and the corresponding heteroatom radical
cation or heterolytically resulting in the formation of the
phenacyl cation directly. In the former case, internal electron
transfer also yields phenacylium cation. Thus, formed species
were shown to
polymerizations.32

initiate both free radical and cationic

Several phenacyl sulfonium salts were previously designed
and successfully used in free radical and/or cationic poly-
merization reactions.>>37 However, due to the aliphatic and
cyclic nature, limited spectral shift and efficiency was
obtained. To combine advantages from phenacyl and aryl sul-
fonium structures, we herein report the synthesis and

Additional Supporting Information may be found in the online version of this article.

© 2017 Wiley Periodicals, Inc.
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SCHEME 1 Photoinduced decomposition of phenacylpyridi-
nium salts by homolytic and heterolytic cleavage.

characterization of a novel diphenylphenacyl sulfonium salt
and its application as a dual initiator for radical and cationic
photopolymerizations. Both direct and sensitized polymeriza-
tions were investigated and initiation efficiencies were com-
pared with that of the analogous triphenyl sulfonium salt.

EXPERIMENTAL

Materials

Diphenyl sulfide (98%, Alfa Aesar), 2-bromoacetophenone
(phenacylbromide, 99%, Merck), silver tetrafluoroborate
(98%, Sigma-Aldrich), diphenyliodonium bromide, 97%,
bis(2,4,6-trimethylbenzoyl)-phenylphosphineoxide (BAPO,
Ciba specialty chemicals), 2,2-dimethoxy-2 phenylacetophe-
none (DMPA, Ciba), tetrabutylammonium hexafluorophos-
phate (98%, Sigma-Aldrich), and perylene (99%, Sigma-
Aldrich) were used as received without further purification.
Methyl methacrylate (MMA; 99%, Sigma-Aldrich) and styrene
(St 99%, Sigma-Aldrich) were purified by passing through a
basic alumina column to remove the inhibitor before use. N-
Vinylcarbazole (NVK; 98%, Sigma-Aldrich) was crystallized
from absolute ethanol. Cyclohexene oxide (CHO) was purified
by vacuum distillation over calcium hydride and stored
under nitrogen. All solvents were purchased from Merck and
purified by conventional procedures.

Instrumentation

'H-NMR and '*C-NMR spectra were recorded in deuterated
chloroform (CDCl; with tetramethylsilane as an internal stan-
dard at 500 and 125MHz, respectively, on an Agilent VNMRS
500 spectrometer at 25 °C). Fourier-transform infrared
(FTIR) spectra were recorded on Perkin-Elmer Spectrum
One spectrometer with an ATR Accessory (ZnSe, PikeMiracle
Accessory) and mercury cadmium telluride detector. Sixty-
four scans were averaged. UV-visible spectra were recorded
with a Shimadzu UV-1601 double-beam spectrometer
equipped with a 50-W halogen lamp and a deuterium lamp
which can operate between 190 and 1100 nm. Gel perme-
ation chromatography (GPC) measurements were performed
on a TOSOH EcoSEC GPC system equipped with an auto sam-
pler system, a temperature controlled pump, a column oven,
a refractive index (RI) detector, a purge, and degasser unit
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FIGURE 1 'H-NMR spectrum of DPPS*BF,.[Color figure can be
viewed at wileyonlinelibrary.com]

and TSKgel superhZ2000, 4. 6 mm ID X 15 cm X 2 cm col-
umn. Tetrahydrofuran was used as an eluent at flow rate of
1.0 mL min~ ' at 40 °C. RI detector was calibrated with poly-
styrene and poly(MMA) standards having narrow molecular-
weight distributions. GPC data were analyzed using Eco-SEC
Analysis software. The photo-differential scanning calorime-
try (photo-DSC) measurements were carried out by means of
a modified PerkinElmer Diamond DSC equipped with a high
pressure mercury arc lamp emitting light at 320-500 nm.
Cyclic voltammetry (CV) was performed on Princeton
Applied Research VersaStat3 potentiostat under the control
of VersaStudio Software with a three-electrode cell in a solu-
tion of 0.1 M tetrabutylammonium hexafluorophosphate
(BusN "PF,) dissolved in dry acetonitrile at a scan rate of 50
mV s~ . The solution in the three-electrode cell was purged
with pure nitrogen for at least 10 min before each measure-
ment. A Pt (platinum) wire was used as the counter elec-
trode and Ag/AgCl electrode was used as the reference
electrode. LUMO energies were estimated by the empirical
equation LUMO = —(E%5*t + 4.4) eV. The single crystal X-ray
measurement was carried out on a Bruker D8 VENTURE dif-
fractometer equipped with a shuterless detector using graph-
ite monochromatic Mo-Ku radiation (1=0.71073 A) and
scanned with 1° @-rotation frames at room temperature.

Theoretical Calculations

Calculations were performed with the Gaussian09 program
package.®® Geometries were optimized with the M06 func-
tional in combination with the 6-311G** basis set in gas
phase. All geometries were confirmed as minimum struc-
tures displaying all frequencies real. Transition states were
calculated with the Synchronous Transit-Guided Quasi New-
ton method as implemented in Gaussian09 using the opti-
mized structures of the educt and product and a guess

AgBF,

. 7o)
dry CH,Cl,, 48 hr, r.t. s
SHe
©

BF,

SACERSE

+ AgBrl

SCHEME 2 Synthesis of DPPS*BF,.
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FIGURE 2 Calculated and measured UV-Vis spectra of

DPPS*BF, and TPS™BF, (1072 M in CH,Cl,). [Color figure can

be viewed at wileyonlinelibrary.com]

structure for the transition state. The nature of the transition
state was confirmed by displaying one imaginary frequency
and connecting the educt, transition state, and product via
an internal reaction coordinate calculation. Gibbs free ener-
gies and enthalpies include thermal corrections at 298 K.
Excitation energies were calculated by density functional the-
ory in its time dependent framework (TD-DFT) with the
functional and basis set combination as described before.
The spectra were modeled with a lorentzian broadening of
each transition line with a half width of 0.18 eV.

Preparation of Triphenylsulfonium Tetrafluoroborate
(TPS*BF,)

Triphenylsulfonium tetrafluoroborate (TPS*BF;) was pre-
pared according to a known procedure®® by reacting diphe-
nyliodonium bromide with sodium tetrafluoroborate and
diphenyl sulfide. Pure TPS*BF; was obtained by recrystalli-
zation from ethanol in 85% yield.

Preparation of Diphenylphenacylsulfonium
Tetrafluoroborate (DPPS*BF,)

Diphenylphenacylsulfonium tetrafluoroborate (DPPS*BF,) was
prepared according to a known procedure.* Typically, a mixture

TABLE 1 Photoinduced Polymerization® Using DPPS*BF, Pho-
toinitiator for a Variety of Monomers

Time Conversion® Mg x 1073

Monomer (min) (%) (g mol™™) D

MMA 15 25 22.26 1.27
MMA 30 56 37.62 1.78
MMA 60 64 25.13 2.42
MMA 120 68 26.75 1.71
St 120 59 11.43 2.42
NVK 120 52 1.39 5.19
CHO 120 31 26.40 1.85

@ ) max = 300 nm, solvent = dichloromethane, initiator = 0.07 mmol, and
monomer = 4.7 mmol.

° Determined gravimetrically.

¢dDetermined by GPC using polystyrene and poly(MMA) standards.
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TABLE 2 Photoinduced Polymerization® Using TPS‘LBF4 Photoi-
nitiator for a Variety of Monomers

Time Conversion® Me x 1073
Monomer (min) (%) (g mol™™) D4
MMA 120 54 12.93 1.53
St 120 40 3.84 1.36
NVK 120 58 1.62 4.71
CHO 120 32 6.43 3.52

2 Jimax =300 nm, solvent = dichloromethane, initiator =0.07 mmol, and
monomer = 4.7 mmol.

b Determined gravimetrically.

¢dDetermined by GPC using polystyrene and poly(MMA) standards.

of diphenylsulphide (5.0 g, 27 mmol), 2-bromoacetophenone
(54 g, 27 mmol), and AgBF, (5.3 g, 27 mmol) was stirred in
100 mL of dry dichloromethane for 48 h at room temperature.
After filtration, the solvent was removed to afford a tan-colored
solid that could be recrystallized from dichloromethane. Single
crystals suitable for single crystal XRD measurement were
obtained by slow evaporation of a concentrated dichloromethane
solution in 7 days.

Yield: 6.0 g (57%), (m.p. 160-161). FT-IR (ATR): v =1685(s),
2987(m), 3070(m). (Supporting Information Fig. S1). "H-NMR
(500 MHz, CDCl3 6): 8.00 (dd, J=8.0 Hz, 2H, Ar), 7.68 (t,
] =7.60 Hz, 1H, Ar), 7.50(t, J = 7.50Hz, 1H, Ar), 7.38-7.35 (m,
4H, Ar), 7.33-7.30 (m, 4H, Ar), 7.26 (d, J= 7.25Hz, 2H, Ar),
7.24 (t, J= 7.25 Hz, 1H, Ar), 4.47(s, 2H, CH,) ppm (Fig. 1). *3C-
NMR (125 MHz CDCl3, §): 191.22 (C=0), 134.70 (CAr),
135.94 (C, Ar) 134.00 (C, Ar), 129.39 (C, Ar), 126.93 (C, Ar),
31.16 (C, CHy). (Supporting Information Fig. S2).

General Procedure for Photoinitiated Polymerization

Before the polymerization trials, thermal and photochemical
stabilities of the salts were investigated. Both salts are ther-
mally stable up to 200 °C. UV-vis absorption changes in both
photoinitiators under 300 nm light are presented in Support-
ing Information Figures S3 and S4. For a typical

]
BF, hv
® _
3
R o
Il
R= -Ph, -CH2C-Ph

abeaea|] onhjoselaH (2

SCHEME 3 Initiation pathways for both radical and cationic
polymerizations.
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SCHEME 4 Energy diagram for the initiation of free radical
polymerization reaction with MMA. [Color figure can be viewed
at wileyonlinelibrary.com]

polymerization, a quartz tube with a magnetic bar was
heated and degassed for 20 min before it was filled with
monomer (0.5 mL, 4.7 mmol) and photoinitiator (0.07
mmol) in 0.5 mL dichloromethane under nitrogen. The solu-
tion was irradiated in a Rayonet photoreactor equipped with
12 lamps emitting at 2 =300 nm.

After irradiation, the solution was precipitated in 10-fold
excess methanol and the precipitated polymer was filtered
and dried under vacuum. All the photosensitized polymeriza-
tion reactions of CHO were carried out in a capped borosili-
cate tube, the irradiation was achieved by a photoreactor
equipped with six lamps emitting polychromatic light
A =400-500 nm except DMPA sensitization in which lamps
emitting light at 350 nm were used. For the photopolymeri-
zations followed by photo-DSC, a uniform UV light intensity
is delivered across the DSC cell to the sample and reference
pans. The intensity of the light was measured as 62
mW cm 2 by a UV radiometer capable of broad UV range
coverage. The mass of the sample was 3 mg, and the meas-
urements were carried out in an isothermal mode at 30 °C
under a nitrogen flow of 20 mL min~*. The reaction heat lib-
erated in the polymerization is directly proportional to the
number of acrylate groups reacted in the system. By inte-
grating the area under the exothermic peak, the conversion

WWW.POLYMERCHEMISTRY.ORG
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of the acrylate groups (C) or the extent of the reaction was
determined according to following

C :AHt/AHO theory » [1)
where AH, is the reaction heat evolved at time t and AH theory
is the theoretical heat for complete conversion. AHg theory = 86
kJ mol ! for an acrylic double bond.*!

RESULTS AND DISCUSSION

DPPS*BF, was prepared by direct phenacylation process in
one step, one pot (Scheme 2).

The structure of the salt was confirmed by NMR, IR, single
crystal X-ray, and UV-Vis spectral analysis. As can be seen
from Figure 1, the "H-NMR spectrum exhibits signals for the
aromatic and methylene protons at 8.0-7.2 ppm and 4.4
ppm, respectively. The corresponding **C-NMR and FT-IR
spectra also approve the expected structure (Supporting
Information Figs. S1 and S2). In Figure 2, the calculated and
experimentally measured UV-Vis spectra of the salts are com-
pared. Notably, the absorption of the phenacyl salt appears
at higher wavelengths.

Single Crystal X-Ray Crystallography

For single crystal XRD study, a single crystal of DPPSJ’BFAr
with dimensions 0.01 X 0.04 X 0.20 mm was grown by
slow evaporation of dichloromethane solution. The structure
was solved by intrinsic method SHELXS-1997 (Sheldrick,
1997)** and refined with SHELXL-2014/7 (Sheldrick,
2014).** Molecular drawings are generated using OLEX2. Ver.
1.2-dev.** Thermal ellipsoids are plotted at the 50% proba-
bility level. The crystal and instrumental parameters were
used in data collection. CCDC 1545578 contains the supple-
mentary crystallographic data. Crystal parameters and refine-
ment details for DPPSTBF, are summarized in Supporting
Information Table S5. Further details on crystal data, data
collection, refinements, and oak ridge thermal ellipsoid plot
(ORTEP) drawings with the atom numbering schemes are
given in the Supporting Information (Supporting Information
Figs. S6-S8).

The structure of the salt was further confirmed by single
crystal XRD. The compound crystallized in the orthorhombic
lattice system. The S—C bond lengths are in the normal
range of 1.76-1.81 A for a pyramidal sulfonium cation and
lone pair repulsions of sulfur decrease the C—S—C bond

TABLE 3 Enthalpies (AH) and Gibbs Free Energies (AG) for the Different Reaction Pathways

TPS*BF, DPPS*BF,
Pathway AH (kJ mol™") AG (kd mol™") AH (kJ mol™ ") AG (kJ mol™™)
Homolytic cleavage (a) —250,43 —185,06 —203,81 —-137,12
Electron transfer (b) 58,83 58,80 2,83 3,39
Heterolytic Cleavage (c) 117,88 230,05 108,50 222,58
Free radical polymerization (d) —246,62 -80,73 —176,04 —8,96
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angles below the tetrahedral values which are in the range
of 102°-103° and in good agreement with the reported value
for sulfonium cations.*>*® The B—F bond lengths are in the
range of 1.33-1.34 A close to that given for BF, anion.*” No
inter- or intramolecular interaction in the crystal lattice
could be observed.

To investigate the applicability of this photoinitiator in the ini-
tiation of radical polymerization, a series of vinyl monomers
namely MMA, styrene (St), and NVK were used (Table 1).
Polymerization of all monomers was successfully achieved
and compared with the conventional sulfonium salt, TPS* BF,,
relatively higher monomer conversions were attained (Table
2). It should be noted that NVK is a strong electron rich
monomer and can undergo both free radical and cationic pol-
ymerizations. Interestingly, similar conversions were obtained
for the cationic polymerization of the oxirane monomer, CHO
that polymerizes only by a cationic mechanism indicating that
the same cationic species were involved in the initiation pro-
cess. The observed higher efficiency in the free radical pro-
cess may be related to faster decomposition rate of the
phenacyl salt. In the corresponding cationic mode, however,
the initiating species are formed after the subsequent electron
transfer process (vide infra).

Principally, the initiation action of phenacylium salts is
based on either homolytic or heterolytic cleavage of the
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excited salt. Homolytic cleavage (pathway a in Scheme 3)
results in the formation of either a phenyl or a phenacyl
radical, together with a diphenylsulfonium radical cation.
The formed radical species are able to initiate the free radi-
cal polymerization in a further step [Scheme 3 (d)]. In the
heterolytic cleavage pathway (pathway c in Scheme 3),
diphenylsulfide and a phenyl cation are formed. The same
products can, however, be obtained after homolytic cleavage
(pathway a) followed by electron transfer from the radical
species to the sulfonium radical (pathway b in Scheme 3).
The cationic species obtained by heterolytic cleavage or
homolytic cleavage with subsequent electron transfer are
able to initiate cationic polymerization reactions. Further-
more, it is known that hydrogen abstraction from the sol-
vent can generate H' which is able to initiate cationic
polymerization.

We will start our discussion with the free radical polymeriza-
tion reaction. Homolytic cleavage results in the formation of
phenyl or phenacyl radicals and the diphenylsulfinyl radical.
This reaction is exothermic for both, TPS™BF, and DPPS*BF,
initiator; however, the formation of the phenyl radical is
energetically slightly favored. Addition of the first MMA
monomer unit either to the phenyl or phenacyl radical pro-
ceeds via a transition state which lies at 700 k] mol ' for
the phenyl-MMA reaction and 830 kJ mol ! for the
phenacyl-MMA reaction (Scheme 4). The products of the first
monomer addition lie energetically close to each other
(199 kJ mol ! for phenyl-MMA compared with 134 kJ mol !
for phenacyl-MMA) with phenacyl-MMA being the energeti-
cally favored product. However, this might be one reason
among others for the increased polymer conversion when
DPPS™BF, is used as initiator in the polymerization of MMA
and St. The cationic polymerization mechanism can proceed
via two pathways: homolytic cleavage and subsequent elec-
tron transfer results in the formation of phenacyl cations
and diphenyl sulfide.

As outlined before, homolytic cleavage is energetically
favored for the TPS'BF, initiator. The electron transfer to
diphenyl sulfide and formation of the respective cations is
energetically disfavored for both the initiator species, how-
ever, energetically almost neutral for the DPPS*BF, initiator.

TABLE 4 Photosensitized Cationic Polymerization® of CHO Using DPPS*BF, and TPS*BF,

Initiator Monomer Sensitizer Time (min)
DPPS*BF, CHO BAPO 60
TPS*BFZ1 CHO BAPO 60
DPPS*BF, CHO DMPA 60
TPS*’BFZ1 CHO DMPA 60
DPPS*BF, CHO Perylene 60
TPS*BF, CHO Perylene 60

@ 4 — 350 nm for DMPA, 400—500 nm for BAPO and Perylene, sol-
vent = dichloromethane, initiator =0.07 mmol, sensitizer =0.007 mmol,
and monomer = 4.7 mmol.
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Conversion® (%) MS x 1073 (g mol™") D
62 14.50 2.34
45 21.00 2.12
42 16.02 1.82
30 16.14 2.26
45 14.18 1.89
38 37.83 1.39

b Determined gravimetrically.
¢dDetermined by GPC using polystyrene and poly(MMA) standards.
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SCHEME 6 Photosensitization of DPPS™BF, salt for the initia-
tion of cationic polymerization (PS: photosensitizer)

The second possibility, heterolytic cleavage seems energeti-
cally disfavored for both initiating systems. All reaction ener-
gies and enthalpies are summarized in Table 3. We,
therefore, speculate that the initiation pathway in cationic
polymerization proceeds via homolytic cleavage and subse-
quent electron transfer from the phenyl or phenacyl radical
to the diphenyl sulfinium species. Energetically, the first
step, which is the homolytic cleavage is favored for TPS*BF,;
however, the second step, the electron transfer, proceeds
more likely for the DPPS*BF; initiator. The difference in the
reaction enthalpies and reaction free energies between
DPPS'BF, and TPS*BF, is rather small. Experimentally, this
is reflected in similar conversions for the polymerization of
CHO or NVK.

To further extend spectral sensitivity to longer wavelengths,
indirect systems involving free radical promotion and sensi-
tization by electron transfer reaction in the exciplex in cat-
ionic polymerizations by using CHO as a model monomer
were conducted. DMPA, BAPO, and perylene were selected

Heat Flow (mW/mg)

\ ——DPPSEF,
\ — =TPS'BF,

Time (sec)

FIGURE 3 Photo-DSC profiles for the photopolymerization of
TEGDMA irradiated at 30 °C by UV light (320-500 nm).
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as free radical source and sensitizer, respectively. As can be
seen from Table 3, in all cases, DPPSJ'BFZl was found to be
more reactive due to the more favorable thermodynamic
conditions, as would be expected on the basis of their
reduction potentials (E{j‘; (DPPS"BF,) = —0.60 eV, E{e/g
(TPS*BFZ) = —1.10 eV). Upon irradiations at selected wave-
lengths, both DMPA and BAPO generate electron donor rad-
icals that can readily be oxidized to the corresponding
cationic species capable of initiating cationic polymerization
of CHO (Scheme 5).

Similarly, with perylene as photosensitizer relatively higher
conversions were attained (Table 4). According to Pappas
et al,, sensitization by polynuclear aromatic compounds pro-
ceeds via electron transfer processes within exciplexes*®
(Scheme 6). In our case, it is quite likely that the phenacyl
radicals thus formed may further undergo electron transfer
to generate additional cationic species.

Photo-DSC appeared to be very useful in investigating the
initiation efficiency of initiators. We applied this method to
shed light on the initiation efficiency of our initiators for
the polymerization of a multifunctional monomer, namely,
triethyleneglycol dimethacrylate (TEGDMA). Figure 3 shows
the photo-DSC curves for the polymerization TEGDMA initi-
ated by both TPS*BF, and DPPS*BF, under polychromatic
light. The inset shows the plot of the conversion versus
irradiation time derived from the polymerization system. It
is clear that DPPS*BF, polymerizes TEGDMA monomer in
a shorter time with higher conversion in accordance with
polymerization behavior observed for the monofunctional
monomers.

CONCLUSIONS

A novel phenacyl-type sulfonium photoinitiator (DPPS*BF,)
which is capable of initiating both radical and cationic poly-
merization was synthesized. DPPS™BF, is thermally stable
until 198 °C and showed higher absorption characteristics
(Supporting Information Figures S3 and S4) with relatively
higher polymerization conversions for most of the monomers
compared with its triphenyl sulfonium analogue, TPS'BF,.
Photosensitization studies also revealed that DPPS™BF, gave
higher conversions compared with that of TPSJrBFjI probably
due to the additional cationic species formed. CV studies
revealed that DPPS'BF, undergoes redox processes more
efficiently due to the favorable thermodynamic conditions.
Potential coating application of the initiating system was
demonstrated by photo-DSC studies using a multifunctional
monomer TEGDMA.
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