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Ming Jin,**Hong Hong,? Jianchao Xie,* Jean-Pierre Malval,*” Arnaud Spangenberg,’® Olivier Soppera,’

Decheng Wan,? Hongting Pu,® Davy-Louis Versace,” Tiffanie Leclerc,” Patrice Baldeck,” Olivier Poizat®

and Stephan Knopf

Received (in XXX, XXX) Xth XXXXXXXXX 20XX, Accepted Xth XXXXXXXXX 20XX
DOI: 10.1039/b000000x

The cationic photoinitiating abilities of a series of ‘push-pull” sulfonium-based photoacid generators
(PAG) have been investigated. In this linear n-conjugated series, a 4-N,N-diphenylaminostilbene subunit
is associated to different types of sulfonium substituents which are connected to the stilbene moiety either
in 4” position or in 3’ position. This para-to-meta substitution effect leads to a strong increase of the
quantum yield for acid generation with a maximum value of ca. 0.5. Such a positioning effect has a strong
influence on the efficiency of the S-C bond cleavage. A detailed photolysis mechanism has been proposed.
By contrast to commercially available sulfonium salts, these highly reactive n-conjugated PAG all exhibit
a large absorption in visible range as well as large two-photon absorption cross-sections (Syax > 600 GM)
in the near-infrared region. As a consequence, efficient one and two-photon polymerizations are observed
at 405 nm and 800 nm respectively using typical monomers such as cyclohexene oxide, n-butyl vinyl
ether or SU-8 photoresist. By fabrication of well resolved two-dimensional microstructures, we finally
demonstrate the potential use of these new generations of PAG in the fields of one and two-photon

lithography.

Introduction

The photoinitiated cationic polymerization' is currently used in
a very large field of applications such as coating, photoresists,
printing plates, integrated circuits, laser-induced 3D curing,
nanoscale micromechanics and adhesive. In this context,
photoacid generators (PAG) constitute an important class of
cationic photoinitiators which have a strategic position in the
polymer industry™®. Upon direct irradiation, photoacid generators
undergo photolysis to form a protic acid. The primary bond
photodissociation within the molecular structure of this
photoinitiator generally implies a relatively high energy in such
manner that most of commercial PAG are photoactivated at
wavelengths ranging from VUV to close UV®E. It is clearly a
major drawback which limits the use of PAG within a restricted
part of the spectral range. Moreover, their low absorptivity in the
visible region rules out the use of low-cost excitation sources,
such as visible LED or excludes the possibility of conducting
polymerizations at ambient sunlight®**. Therefore, extending the
absorption propensity of PAG to the visible range with the
preservation of the photoreactivity clearly constitutes a
fundamental issue. Parallel to this challenge, a concomitant use of
these new PAG for near-infrared (NIR) phototopolymerization
can be demonstrated using two-photon excitation mode. In this
emergent technology'®™®, the NIR beam of an ultrafast laser is
tightly focused into a prepolymer resin. Taking advantage of the

very low probability for the two-photon absorption (2PA) event, a
spatial confinement of all primary and subsequent photo-induced
processes is promoted. The NIR photopolymerization is then
localized within the focal volume of the laser which allows the
so fabrication of 2D or 3D microstructures of arbitrary complexities.
In the past decades, many efforts have been done to extend the
use of PAG toward the visible and NIR ranges’. Two main
strategies were developed. The first one, namely the sensitizing
method*®*", consists in associating a visible light sensitizer, such
ssas thioxanthone®®, coumarin®®, or phenothiazine®®, with a
commercial PAG, such as onium salts. The acid generation
proceeds through a photoinduced electron transfer (PeT) from the
excited chromophores to the PAG. Another elegant strategy,
namely the free radical promoted cationic polymerization
s0 (FRPCP)®23 concerns the use of photogenerated radicals (Re)
as strong reductants which are oxidized by iodonium or
sulfonium salts. All these sensitizing methods can be directly
transposed to two-photon excitation®*®, However, despite their
facile and economic processing steps, it should be emphasized
es that these multicomponent systems generally lead to additional
problems associated with solubility, monomer compatibility, and
migration. In addition, the global kinetics of this method is
intrinsically limited by diffusion; even the most promising
FRPCP had to tackle with oxygen inhibition issues. Therefore, a
70 second strategy based on molecular engineering has been
alternatively  proposed®*“®. In  order to improve the
photoreactivity with the increase of linear and non-linear
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absorption properties, various photocleavable subunits have been
methodically implemented into a large panel of m-conjugated
s systems®*. For example, Saeva et al.***® reported several
reactive sulfonium-based PAG incorporating anthracenyl and
naphthacenyl subunits which are photoactivable in the 390-490
nm range. Perry et al.**% also designed a sulfonium-based
bis[(diarylamino)styryl] benzene derivative with a maximum
10 absorption at 390 nm which both presents a high quantum yield
for acid generation (®y" ~ 0.5) and a large 2PA cross-section (5 ~
700 GM). In the same manner, Belfield et al.*>*® developed a 1,8-
bis(4’-styryl)fluorene with two para-substituted
diphenylsulfonium groups at both extremities of the PAG. Even
15 though this molecular architecture is similar to the previous one
(i.e. A-n-A), the quantum yield for acid generation drops to a
value 6 times lower due to a positioning effect of the sulfonium
substituent. More recently our working group confirmed this
positioning effect with the elaboration of several D-n-A
20 sulfonium-based PAG (Scheme 1) in which a strong enhancement
of ®y" was demonstrated through a para-to-meta positioning
effect of the sulfonium substituent™.
In the present contribution, we give a qualitative and tentative
mechanistic explanation of these PAG and correlate their
25 photoreactivities ~ with  their  respective  photoinitiating
performances. This analytical investigation has been both
performed upon one and two-photon absorption processes using
various monomers. We will finally demonstrate the potential
interest of this new series of PAG for one and two-photon
w0 lithography applications.

Experimental section

Materials and characterization

All chemicals for synthesis were purchased from Sinopharm
Chemical Reagent Co., Ltd., TCI, Alfa Aesar, or J&K Chemical.
3 They were used without further purification unless otherwise

specified. The monomer cyclohexene oxide (CHO, 98%, Aldrich),

n-butyl vinylether (BVE, >97%, Fluka) were distillated over
CaH, in vacuum. The cycloaliphatic diepoxide monomer, namely
3,4-Epoxycyclohexylmethyl-3,4-epoxycyclohexane-carboxylate
10 (EPOX, >98 %) was supplied by Aldrich. The SU-8 resin without
PAG was provided by NanJing Baisiyou Tech. Co., Ltd. All the

solvents employed for photophysical measurements were Aldrich,
Fluka or Merck spectroscopic grade.

Proton and carbon magnetic resonance spectra (*H, *C NMR)
were recorded on a Bruker Avance 500 (400 MHz) spectrometer.
Chemical shifts were reported in parts per million (ppm)
downfield from the Me,Si resonance which was used as the
internal standard when recording NMR spectra. Mass spectra
were recorded on a Micromass GCTTM. The molecular weights
of photopolymers were determined using a GPC instrument
equipped with MZ-Gel SD plus columns (HR series 3, 4, 5E)
with THF as eluent at a flow rate of 1 mL/min and a water 410
Differential refractometer detector.

Synthesis of the PAG

4

o

51

S

ss The detailed synthetic routes for the stilbene-based sulfonium
salts have been reported in our previous paper®. In order to study
these PAG as cationic photoinitiators, the initial counterion
CF3SO3; was replaced by SyFg according to an ion-exchanging
method described in reference®. Indeed, Zhou et al.% clearly
demonstrated that the cationic photopolymerization of epoxide
resins leads to a more efficient epoxy ring-opening reaction with
SpFs as counterion than with CF3;SO35'.
(E)-(4-(4-(diphenylamino)styryl)phenyl)dimethylsulfonium
hexafluoroantimonate (Para-Me).
The yield: 86.0%. 'H NMR (CD3CN, dppm): 7.86~7.80 (m, 4H,
PhH); 7.51 (d, J = 8.6 Hz, 2H, PhH); 7.38 (d, J = 16.4 Hz, 1H,
CH=CH); 7.32 (m, 4H, PhH); 7.14 (d, J = 15.9 Hz, 1H, CH=CH);
7.09 (m, 6H, PhH); 7.00 (d, J = 8.7 Hz, 2H, PhH); 3.12 (s, 6H,
CH3). *C NMR (CDsCN, 8,m): 149.27; 148.09; 144.88; 133.57;
70 131.17; 130.92; 130.42; 128.99; 128.88; 125.71; 124.87; 124.59;
123.27; 122.94; 29.43. EI-MS (m/z): calcd for CagHsFsNSSy,
643.0728, found: 408.1754, [M - S,F¢1"; Anal. caled for
CusH2sFsNSS,: C, 52.19; H, 4.07; N, 2.17; Found: C, 52.35; H,
4.15; N, 2.17.
(E)-(3-(4-(diphenylamino)styryl)phenyl)dimethylsulfonium
hexafluoroantimonate (Meta-Me).
The yield: 84.0%. 'H NMR (CD4CN, dppm): 8.03 (s, 1H, PhH);
7.89 (d, J = 7.6 Hz, 1H, PhH); 7.73 (d, J = 7.7 Hz, 1H, PhH);
7.67 (t, J = 7.8 Hz, 7.9 Hz, 1H, PhH); 7.63 (d, J = 22.9 Hz, 1H,
s CH=CH); 7.48 (d, J = 8.6 Hz, 2H, PhH); 7.36~7.29 (m, 5H; PhH
and CH=CH); 7.14~7.07 (m, 6H, PhH); 7.01 (d, J = 8.6 Hz, 2H,
PhH); 3.15 (s, 6H, CHs). *C NMR (CD4CN, Sppm): 149.14;
148.23; 141.79; 132.73; 132.49; 132.03; 131.20; 130.48; 128.88;
128.69; 127.70; 126.80; 125.71; 125.79; 124.80; 124.58; 124.53;
85 29.26. EI-MS (m/z): calcd for C,gH.6FsNSS;, 643.0728, found:
408.1783, [M - SbF6>]+; Anal. calcd for CogHosFgNSSy: C, 52.19;
H, 4.07; N, 2.17; Found: C, 52.38; H, 4.05; N, 2.19.
(E)-benzyl(4-(4-(diphenylamino)styryl)phenyl)(methyl)sulf-
onium hexafluoroantimonate (Para-Bz).
The yield: 83.0%. "H NMR (CD3CN, 8,): 7.75 (d, J = 8.6 Hz, 2
H, PhH); 7.64 (d, J = 8.6 Hz, 2H, PhH); 7.49 (d, J = 8.6 Hz, 2H,
PhH); 7.43 (d, J = 7.3 Hz, 1H, PhH); 7.38 (d, J = 7.6 Hz, 2H,
ZHPhH); 7.33 (m, 5H, PhH); 7.22 (d, J = 7.2 Hz, 2H, PhH); 7.09
(m, 7H, PhH); 7.00 (d, J = 8.6 Hz, 2H, PhH); 4.83 (d, J = 12.8 Hz,
1H, CH,); 4.67 (d, J = 12.8 Hz, 1 H, CH,); 3.14 (s, 3H, CH3). ©*C
NMR (CD3CN, 8ym): 148.27; 133.48; 132.29; 131.64; 131.12;
130.56; 130.39; 130.34; 129.16; 128.93; 125.92; 124.94; 124.88;
124.78; 123.37; 29.62; 25.87. EI-MS (m/z): calcd for
C34H30F6NSSb, 7191041, found: 484.2090 [M - SbFB-]+; Anal.
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calcd for Cg4H3zoFgNSS,: C, 56.68; H, 4.20; N, 1.94; Found: C,
56.35; H, 4.38; N, 1.87.
(E)-benzyl(3-(4-(diphenylamino)styryl)phenyl)(methyl)sulf-
onium hexafluoroantimonate (Meta-Bz).
The yield: 77.4%. *H NMR (CD5CN, Sppm): 7.86 (d, J = 7.6 Hz,
1H, PhH); 7.80 (s, 1H, PhH); 7.59 (t, J =7.6 Hz, 8.8 Hz, 1H,
PhH); 7.51 (d, J = 8.8 Hz, 1H, PhH); 7.47 (d, J = 8.8 Hz, 2H,
PhH); 7.31-7.44 (m, 8H, PhH); 7.23 (m, 3H, PhH); 7.10 (m, 6H,
PhH); 7.00 (d, J = 8.6 Hz, 2H, PhH); 4.88 (d, J = 12.8 Hz, 1H,
CH,); 4.72 (d, J = 12.8 Hz, 1H, CH,); 3.18 (s, 3H, CH3). °C
NMR (CD3CN, 3ypm): 149.11; 148.19; 141.68; 132.98; 132.49;
131.85; 131.62; 131.14; 131.04; 130.47; 130.23; 129.71; 128.87;
128.61; 128.30; 125.69; 124.66; 124.57; 123.96; 123.49; 51.67;
25.41. EI-MS (m/z): calcd for Cs4H3gFgNSS,, 719.1041, found:
484.2093 [M - SyF¢1"; Anal. calcd for Ca4H3FgNSS,: C, 56.68;
H, 4.20; N, 1.94; Found: C, 56.30; H, 4.36; N, 1.85.

Instrumentation and methods

The UV-Visible spectra were recorded on a Mapada UV-6300
spectrophotometer. The steady-state fluorescence experiments
were performed on a Varian Cary Eclipses fluorescence
spectrometer. Emission spectra are spectrally corrected, and
fluorescence quantum yields include the correction due to solvent
refractive index and were determined relative to quinine bisulfate
in 0.05 molar sulfuric acid (®g, = 0.52)%. Photolytic reactions
were performed by irradiation of N,-degassed solutions
containing the PAG with a 405 nm LED Spot Curing System
(UVATA, Shanghai).

The cationic photopolymerizations were performed using two
distinctive methods: a) Aliquots (1.0 mL) of a methylene chloride
solution containing 3.2 x 10° M of PAG and 7.9 M of
cyclohexene oxide or butyl vinyl ether were sealed in 4-mL
capped vials and irradiated at 405 nm in a merry-go-round holder.
After a defined time of irradiation, all reactions are stopped by
immediate addition of 1 mL of 2 M ammonia in methanol. The
polymer was then precipitated in methanol, collected by filtration
and dried in vacuum for 40 h. The conversion of monomer was
determined gravimetrically. b) The kinetics of
photopolymerization was monitored in situ by Fourier transform
real-time infrared spectroscopy (FT-RTIR) with a Thermo-
Nicolet 6700 instrument IR-spectrometer. A drop of the
photocurable formulation was deposited on a KBr pellet then
spread out with a calibrated bar. The aerated film was irradiated
at 405 nm with the LED source or using a Xe-Hg lamp
(Hamamatsu, L8252, 150 W) equipped with a band pass filter.
The conversion rates are derived from the changes in the infrared
absorption bands of the monomer. The regions of interest
correspond to the decrease in the epoxide absorption bands in the
800-900 cm™ region which correspond to the C-H bond
stretching vibration of epoxide and to the increase of the peaks at
1050-1150 cm™ assigned to the absorption of the (C-O-C) groups
in the poly(ether) which is produced upon photopolymerization®s.

The one-photon lithography was performed using SU-8
photoresist (SU-8 2005 from NanJing Baisiyou Tech. Co., Ltd)
which was specifically purchased without any photoinitiator. The
photoresist was mixed with Meta-Bz (1 wt %). The formulation
was spin-coated on glass substrates leading to regular films
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Fig. 1 Absorption spectra of PAG in acetonitrile.

whose thickness (~ 1 um) was measured by profilometry. The

e0 irradiation exposure dose at 405 nm was fixed at 200 uJ cm™. The

procedure for photolithography can be described as follows: (i)
Spin-coating (3000 rpm) on a Si substrate which was previously
pre-treated upon immersion into a piranha solution during 3h at
80<C. (ii) Edge bead removal and 3 min soft baking at 90 °C. (iii)
Photopatterning upon visible irradiation at 405 nm during 8 s. (iv)
3 min post-baking at 90 <C leading to the appearance of the L&
structures (v) Final development by rinsing with isopropanol or
with cyclohexanone.

The same procedure was used to prepare the films for two-
photon lithography. The two-photon microfabrication was carried
out using a Zeiss Axio Observer D1 inverted microscope. The
two-photon excitation was performed at 800 nm using a mode-
locked Ti: Sapphire oscillator (Coherent, Chameleon Ultra II:
pulse duration: ~140 fs; repetition rate: 80 MHz). The incident
beam was focused through a 0.65 NA objective (40 x) which
leads to radial spot sizes of 600 nm at A = 800 nm (1/e?
Gaussian). The film was mounted on a 3D piezoelectric stage
allowing the translation relative to the laser focal point. The
intensity of the entering laser was controlled with the use of an
acousto-optic modulator. The displacement of the sample and all
photonic parameters (i.e. excitation power and irradiation time)
were computer-controlled. This entire lithography set-up was
purchased from Teemphotonics Company.

Results and discussion

Photophysical mechanism for acid

photogeneration

properties and

Fig. 1 shows the absorption spectra of all PAG in acetonitrile.
The corresponding spectroscopic data are listed in Table 1. As
expected, all chromophores exhibit an intensive band located in
the 350—450 nm range. Interestingly, the meta-to-para substituent
effects both induce a remarkable increase of the band intensity
associated with a clear bandshift to the low energy region (~ 1000
cm™) in Methyl-containing and Benzyl-containing PAG (Scheme
1). These spectral effects were ascribed to a better electronic
delocalization between the donor (i.e. N, N-diphenylamine) and
acceptor (i.e. phenylsulfonium) groups in Para-substituted PAG.
It should be noted that methyl to benzyl substitution on the
sulfonium groups hardly influences the absorption spectra which

This journal is © The Royal Society of Chemistry [year]
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Table 1 Summary of optical data and parameters of PAG and Precursors
in acetonitrile.

Aabs Emax Do CDH+ Omax (kmax) 2
/nm /M*cm? / GM (nm)
Para-Me 395 34300 0.16  0.007 643 (870)
Meta-Me 381 23700 - 0.43 650 (800)
Para-Bz 397 34400 - 0.25 650 (880)
Meta-Bz 379 25200 - 0.50 648 (800)
PrP 370 37700 0.73 - -
Prm 366 22900 0.64 - -

2 from Reference™.

both suggests that the presence of a crowded substituent (i.e.
s benzyl) does not induce strong structural changes at ground state
and that the electron withdrawing ability of a dimethylsulfonium
group is equivalent to that of a benzylmethylsulfonium one. In
addition to the presence of this intensive band, such N-phenylated
chromophores also exhibit a second distinctive band near 300 nm
10 Which is a consequence of electronic transitions mainly centered
on the triphenylamine moieties®. In parallel to their strong linear
absorption within the visible range (emsx ~ 24000 to 34000 M
cm?), these D-n-A chromophores also exhibit relatively high
two-photon absorption cross-sections (8) in the NIR region (8max
15~ 650 GM)®. Interestingly, all PAG exhibit equivalent &y
(Table 1) which suggests that the para-to-meta positioning effect
does not have detrimental influence on the 2PA properties as
previously demonstrated on comparable series*.
The quantum vyields for photoacid generation (®y") which are
2 reported in Table 1 have been measured in acetonitrile using
rhodamine B as acid indicator according to the method reported
by Scaiano et al.® One clearly observes that the efficiency for
acid generation is strongly dependent on the position of the
sulfonium group. For instance, ®4* undergoes a 60-fold increase
s 0n going from Para-Me to Meta-Me. This para-to-meta
substitution effect has been previously attributed to a strong
increase of the energy gap between the S; (c*) and S, (m*)
excited states*®®, Indeed, a better energy separation of the two
excited states should limit their vibronic interactions which
30 preserve the dissociating character of the lowest excited state.
Interestingly, the quantum yield of Para-Bz (®4" = 0.25) is much
higher than that of Para-Me. This effect can be attributed to a
better leaving propensity of the benzyl group as compared to that
of the methyl®. Fig. 2A shows the typical evolution of the
35 absorption spectra of Para-Bz in acetonitrile upon irradiation at
405 nm. Whereas the band located around 300 nm remains
invariant, the longest wavelength absorption band dramatically
collapses with the appearance of a less intensive band located at
370 nm. Moreover upon the photolysis, a highly fluorescent by-
40 product is progressively generated (Fig. S1, ESIT). The excitation
spectrum recorded at the maximum fluorescence wavelength
matches perfectly the absorption spectrum of the precursor PrP
which presents a distinctive band at 370 nm (Fig. S2, ESI}). The
presence of this precursor was also confirmed by *H NMR upon
s irradiation of Para-Bz in d-acetonitrile. Interestingly, the *H
NMR and HPLC analyses also indicate that the yield for
generation of PrP is strongly increased when the photolysis is
performed in presence of 10 equivalent of triethylamine (TEA)
(Fig. S3-5, ESIT). As shown in Fig. 2B, this effect is corroborated
so by the strong increase of the absorption band of PrP (A at 370
nm) upon the photolysis of Para-Bz in presence of TEA (10 eq.).

Absorption

Wavelength (nm)

Fig. 2 Evolution of the absorption spectra of Para-Bz (3.1 x 10° M) upon
irradiation at 405 nm (0.25 mW cm). A: without Et;N. B: in presence of
s5 10 eq. of EtsN. (Solvent: acetonitrile).
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Scheme 2. Proposed photolysis mechanism for Para-Bz.
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Note that the same effects are observed for all PAG as displayed
in Fig. S6. Similarly to the mechanism established by Saeva et
o0 al.***8 for phenylanthracene or phenlynaphtacene sulfonium salts,
we proposed that the photogeneration of acids mainly stems from
an intramolecular rearrangement initially promoted by a
photoinduced electron transfer (PeT) from the amino group to
sulfonium one. As previously demonstrated®, this PeT process is
es largely exothermic and should lead to a reductive carbon-sulfur
o-bond cleavage. For benzyl substituted PAG, for instance, the
PeT process should lead to the production of a benzyl radical
(Bz*) and the radical cation of the precursor (PrP+*) as illustrated
in Scheme 2. The benzyl radical known as a good leaving group®®
70 can presumably migrate from sulfur to all aromatic carbon
bearing an hydrogen atom. A final recombination reaction
between Bze and PrP+" should promote the release of a proton. It
should be emphasized that the further stability of the generated
radical cation should certainly counterbalance the efficiency of
s the cross-coupling reaction. According to their respective
resonance forms, it is clear that the para-substituted radical cation
exhibits a higher stability than its meta homologue. Such a
difference in stability is also in line with the higher ®,* observed
for meta derivatives.
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Table 2 Effective acid generation efficiencies upon one and two-photon
induced excitation at 405 nm and 800 nm, respectively. Maximum 1PA
polymerization rates (R,/Mo) and two-photon polymerization thresholds
(Ew) in EPOX resins.

1PA 2PA
PAG Dy'. £4050m° Rp/[Mo] b D" Ssoonm Eun”
/Mtem? /st /GM /0
Para-Me 220 0.3 2 25
Meta-Me 8800 2.7 270 10
Para-Bz 7900 15 93 22
Meta-Bz 11600 3.6 310 10

2in acetonitrile. ® in EPOX resin.

The mass spectrum (MS) analysis of the final products
obtained from the total photolysis of Para-Bz in acetonitrile in the
presence of TEA has been performed and the corresponding
spectrum is displayed in Fig. S5. One clearly observes a peak at
m/z = 484.2 which can be confidently attributed to the cross-
coupling product. As previously indicated, the presence of TEA
strongly competes with the final rearrangement since a strong
increase for the generation of PrP was observed. This is also in
line with the MS analysis which confirms that the major product
is PrP (m/z = 394.2). Interestingly two other by-products are
clearly detected at m/z = 150.1 and m/z = 192.2. The low mass
product corresponds to the N-(benzyl)acetamide. A similar
derivative (i.e. N-(4-cyanobenzyl)acetamide) has been previously
identified by Saeva et al.*®*"%"%8 in equivalent conditions. It can
be ascribed, in our case, to a thermodynamically allowed back
electron transfer process between PrPe+ ( E;, = 0.95 V, SCE) and
Bze (Eox = 0.73, SCE®®) which leads to PrP and a benzyl cation.
This latter cation can then react with acetonitrile and residual
water to finally generate the acetamide derivative and a
proton®”® (see Scheme 2). The second low mass product is very
interesting since it indirectly clarifies the perturbative role of
TEA in the global mechanism. Indeed, this second product should
simply correspond to a recombination reaction between Bze and
TEA cation as follows:

< ..
O el O S

Interestingly, the presence of TEAe+ suggests that the amine
should be first oxidized presumably by PrPe+ which therefore
corroborates the strong increase in the generation of PrP in
presence of a large excess of TEA (10 eq.).

Hence several conclusions can be drawn from this global
mechanism. The acid generation proceeds through a
photoinduced intramolecular electron-transfer bond cleavage
which produces a radical cation/radical pair. The subsequent
rearrangement of these two transient species promotes the H*
release. The efficiency for acid generation is both dictated by the
para/meta position of the sulfonium group and also by the nature
of the substituent on the sulfur atom (i.e. benzyl vs. methyl). Such
structural changes should have strong consequences on the
photoinitiating reactivity as will be highlighted hereafter.

One and two-photon initiating polymerizations

It should be first indicated that a relevant criterion to evaluate the
relative performances of the photoacid generators consists in
determining the effective efficiency for H* photogeneration. This
fundamental criterion corresponds to the product of " by ¢,
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Scheme 3. Molecular structures of monomers.
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Fig. 3 Conversion vs. time curves for cationic photopolymerization of
diepoxide monomer EPOX containing PAG (1 wt %). Aex.: 405 nm,
Irradiance: 5 mW cm™.

(1PA) or 8, (2PA). The latter parameters represent the one or two
photon induced ability to generate excited species upon excitation
at 1 (1PA) or 1’ (2PA) respectively whereas the first factor
indicates the efficiency for producing H* from the excited species.
In Table 2, the corresponding values are reported for ®4".€405 nm
and ®y".8g00 nm- First, it clearly appears that all meta PAG have
superior efficiencies than their para homologues. Moreover, even
though the benzyl substituent is a better leaving group than the
methyl one, we observe that Meta-Me leads to a higher effective
acid photogeneration than Para-Bz. In order to corroborate these
preliminary trends with the effective photoinitiating efficiencies
of the PAG, cationic photopolymerizations have been first
performed in a difunctional epoxide monomer (EPOX, see
Scheme 3) upon one-photon excitation at 405 nm and two-photon
excitation at 800 nm. Fig. 3 shows the FT-RTIR kinetic curves
during visible irradiation of the formulations containing the PAG
(1 wt %). The corresponding values for the maximum
polymerization rate (R,/[Mg]) are reported in Table 2. The
photoinitiation efficiencies can be clearly correlated with
@y .e405nm. FOr instance, the meta PAG both leads to a rapid
photopolymerization up to 45 % conversion of epoxide functions
after 90 s of irradiation. Para-Bz exhibits a comparable kinetic
curve but with a lower Ry/[Mg] and a final conversion of about
40 % after 180 s of irradiation. Finally, Para-Me whose
®y".£405nm IS More than one order of magnitude lower than those
of the other PAG shows a slow dynamic of conversion with an
initial induction period (~ 20 s) and a final conversion of 30 %.

This journal is © The Royal Society of Chemistry [year]
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Table 3 Molecular weights of polymers obtained upon various photopolymerization conditions.

PAG Monomer [M] [PAG] Intensity Conversion % M, My/M,
M % wt % wt mw cm?
Para-Bz CHO 37¢ 0.6 0.2 44.3 2830 1.63
Meta-Bz CHO 37¢ 0.6 0.2 46.2 4170 1.55
Para-Bz BVE 37° 0.6 0.2 80.4 19500 2.07
Meta-Bz BVE 37¢ 0.6 0.2 87.3 43200 1.60
Para-Bz CHO 37¢ 0.6 2.0 58.8 14100 2.53
Meta-Bz CHO 37° 0.6 2.0 35.9 3360 212
Para-Bz BVE 37% 0.6 2.0 78.2 10200 2.67
Meta-Bz BVE 37¢ 0.6 2.0 75.1 5140 213
Meta-Bz CHO Bulk® 12 0.4 88.8 8120 1.56
Meta-Bz CHO Bulk® 24 04 86.9 8490 1.60
Meta-Bz CHO Bulk® 38 04 84.6 8030 1.63
Meta-Bz CHO Bulk® 5.1 0.4 86.0 8750 1.66
Para-Bz CHO Bulk® 12 sunlight 86.2 2770 1.97
Meta-Bz CHO Bulk® 12 sunlight 91.6 4230 1.66

2 4h irradiation at 405 nm in CH,Cl,. ® 20 min irradiation at 405 nm. ¢ 20 min sunlight exposure (1.2 mW cm, 365 nm detector, Shanghai 12:00 PM, May
20, 2013). ¢ determined by gravimetry. " determined by GPC.

diepoxide formulations. In this point-by-point exposure method®®

Y 67
313mW  3.00mW 28mW 250mW 221mW  192mW

2 ', the incident power is gradually decreased with a fixed
exposure time of 10 ms to evaluate the minimum deposited
energy below which the polymerization can not be observed. This
latter parameter is the two-photon polymerization threshold
(Ey)®* ©® and the corresponding values are listed in Table 2. Here
also, the evolution of the two-photon polymerization threshold
parallels with that of ®y*.8g00nm. Para-Me is obviously the less
two-photon reactive PAG and therefore exhibits the highest Ey,.
On the other hand, meta PAG are the most reactive
photoinitiators with a two-photon polymerization threshold which
% is 2.5-fold lower than that of Para-Me. Finally, Para-Bz presents
an intermediate reactivity which agrees with the relative value
observed for ®".8ggonm.-
P A series of polymers obtained from photopolymerization of
cyclohexene oxide (CHO) or butyl vinyl ether (BVE) monomers
35 have been characterized by GPC. Para-Bz and Meta-Bz were
used respectively as moderate and highly reactive visible
photoinitiators. Moreover, several experimental and processing
factors have modified to correlate their respective influence on
the final characteristic of the polymers (e.g. M, and PDI). All
experimental conditions and results are reported in Table 3. It
should be first emphasized that the final properties of the
polymers are both dependent on the nature of photoinitiators and
192 mW 221mW 250mW 2.8 mW  3.00 mW 313 mW the irradiation intensities. At low intensity (le 0.2 mW.Cm-z), the
photopolymerization with Meta-Bz leads to polymers with higher
s Fig. 4 Two-photon polymerization voxels obtained with point-by-point My and better polydlsper.smes than those obt.alnec.i L{Slng I.:’ara-l?z.
exposures at various exposure powers (le: 800 nm, exposure duration: Moreover, a strong increase of the irradiation intensity
10 ms. Diepoxide resin containing 0.4 wt % of PAG.). Scale bars: 5 pm. dramatically impacts the properties of the polymers obtained
using Meta-Bz. For instance, the polyether produced from BVE /
As depicted in Fig. S7, the same behaviours are observed with the Meta-Bz undergoes an 8.4-fold decrease of M, with a 1.3-fold
photopolymerization of cyclohexene oxide (CHO). For this  jncrease of the PDI when the irradiation intensity is multiplied by
10 monomer, it should be noted that the final conversions of all a factor 10. Such a detrimental effect can be observed with CHO
formulations level off and reach values in the 80-90 % range. It o0 and should be attributed to a reduction of the photoreactivity
can be ascribed to a much higher reactivity of CHO as compared  of Meta-Bz consecutive to a fast photobleaching process which
to the difunctional EPOX mononer™-®®'. The differences in  goes not produce any proton. As shown in Table 3, increasing the

2

a

192mW  22I1mW 250mW 28mW 3.00mW 313mW

o>
»

313mW  3.00mW 28mW 250mW 221mW 192 mW

4

S

o
>

o

o

reactivity observed between the photoacid generators upon one- .. amount of Meta-Bz from 1.2 to 5.1 wt % in CHO has no
15 photon polymerization can be also demonstrated locally upon  gjgnificant effects on characteristics of final polymer in bulk
two-photon induced polymerization process at 800 nm. Fig. 4and  polymerization. Finally, the remarkable photoreactivities of
S8 show several sequences of 3 x 3 polymerized microdots  Meta-Bz and Para-Bz make them suitable candidates for cationic

generated upon two-photon excitation at 800 nm using the  photopolymerization under sunlight exposure. This simple

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00-00 | 6
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100 pm

Fig. 5 Example of a microcircuit written upon one-photon lithography
using SU-8 resin containing Meta-Bz (1 wt %). (Aexc: 405 nm, irradiation
dose: 200 i cm?).

Fig. 6 SEM images of a prgrid and a Logo fabricated upon excitation at
800 nm (<P >=15mW, v =5 pm ™). Inset: Tilted view (6 = 459.
Formulation: SU-8 resin with Meta-Bz (0.4 wt %). Scale bars: 20 pm.

irradiation mode which constitutes an important challenge in the

10 context of energy conservation®® has been performed using CHO.

As shown in Table 3, the photopolymerization under sunlight

exposition leads to high conversion of epoxide functions (> 80 %).

Moreover, the properties of the polymers are clearly similar to
those obtained under monochromatic conditions.

15 One and two-photon lithography

To finally demonstrate the potential applications of these r-
conjugated photoacid generators for the one and two-photon
microfabrication, several 2D microstructures were produced

using SU-8 resin (Scheme 3). This highly viscous epoxy-based
20 negative photoresist is for instance largely employed in
microelectronics*®. The resin was mixed with Meta-Bz (1 wt %)
and spin-coated on Si substrates leading to micrometer-thick
films. Fig. 5 shows the optical transmission microscopy image of
a photo patterned microcircuit which was developed after visible
irradiation of the photoresist (Aee = 405 nm). Such a light-
imprinting method is based on the transfer of a geometric pattern
on the film using a photomask. Interestingly, the same film
preparation and development have been used for two-photon
lithography. Fig. 6 shows the scanning electron microscope (SEM)
images of two arbitrary 2D-microstructures which were written at
800 nm. The regular periodic array exhibits lines width of about
1.6 pm which is in good accordance with the optical spatial
dimension of the focalized point (0.65 NA objective). Hence,
from these two distinctive lithography strategies, we successfully
35 demonstrate the potential interest of these new and highly

reactivity photoacid generators for some relevant applications

related to the microelectronics technology.

2

a

3

S

Conclusion

The photoreactivity of a new series of m-conjugated sulfonium-
40 based photoacid generators have been evaluated. We showed that
the para-to-meta positioning effect of the sulfonium substituent
induces slight hypsochromic and hypochromic effects of the
linear absorption bands without any detrimental impact on non-
linear absorption properties but leads to a strong increase of the
quantum yield for acid generation. A photolysis mechanism has
been proposed and is based on a photoinduced electron-transfer
S—C bond cleavage yielding a n-conjugated radical cation and a
neutral carbon-centered radical. These intermediate species
subsequently recombine together with the release of a protic acid.
so From a practical point of view, we also demonstrated that the

photoinitiating performances of the PAG and the properties of the

final photopolymers correlate very well with the relative
reactivities of these photoinitiators. Finally, we show that this
new series is of potential interest for microfabrication

s5 technologies and can be both employed for one and two-photon
activation methods.

4
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