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Abstract: A series of highly sensitive neutral photoacid gen-
erators (PAGs) based on photochromic terarylenes was pre-
pared. Like the example presented herein, these compounds
show a subsequent thermal elimination of a Brønsted acid
after a light-triggered 6p-electrocyclization, concomitant
with the hexatriene aromatization. A novel type of molecular
systems was developed, in which one thiazolyl moiety was
replaced by a thienyl group. Depending on the solvents and
on the nature of the acid source, the quantum yield (QY) for
acid generation could reach up to 0.6. Comparative studies

on the acid source clearly showed that aromatic leaving
groups tend to extinguish the molecular system photoeffi-
ciency. A second type was also prepared, in which the
nature of the hetero-aromatic rings were identical to our
previous example, but their sequence was modified. There-
fore, a second level of improvement was achieved in nonpo-
lar solvents, pushing the QY value up to 0.7. Finally, we dem-
onstrated the mesylic acid-releasing PAG as a photocatalyst
in a chemically amplified positive resist system.

Introduction

Photoacid generators (PAGs) are light-sensitive compounds
that produce protons upon exposure to light.[1, 2] Since the
study of PAGs from 1970s, they have gained enormous interest
and been widely used in the microlithographic technology[3–5]

along with the explosive growth of semiconductor industry.
Recently, the applications of PAGs also extended to other do-
mains such as photodynamic therapy,[6] photocontrolling of en-
zymatic activity,[7] and to photoinduced doping of conjugated
polymers.[8–10] Remote activation of fluorescent molecules by
photoacid generation[11] was also demonstrated with the view
of super-resolution imaging[12] and imprinting of fluorescent
patterns.[13] Some applications demand the generation of suffi-
ciently strong acids, for example, photopolymerization initia-
tions. Two types of PAGs are currently used: ionic[14] and non-
ionic.[15] A large number of onium-salt-based ionic PAGs such
as aryldiazonium, diaryliodonium, triarylsulfonium, and triaryl-
phosphonium salts have been used at the forefront of industry
for more than three decades and their photochemistry has
been investigated in great detail.[16] Meanwhile, nonionic PAGs
are exemplified by N-oxyimidosulfonates, which produce sul-

fonic acids.[15, 17] More recently, the chemical modifications of
ionic PAGs[18–20] and the combinations of sensitizers and non-
ionic PAGs[21] sensitized them to two-photon activation. Both
the onium salt and nonionic PAGs dominantly undergo homo-
lytic bond-cleavage reactions upon light irradiation (Scheme
1 a and b). Photogenerated radical species need to extract a hy-

drogen atom from solvent molecules or other hydrogen sour-
ces (RH) to generate a Brønsted acid, which gives rise to
medium-dependent sensitivity and complicated fragments re-
maining in the systems. As a matter of fact, nitrobenzyl-deriva-
tives representative of caged compounds[22] with photoremov-
able protecting groups have also been used for a photolithio-
graphic applications.[23] The quantum yield (QY), which mea-
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sures the efficiency of the so-far reported PAGs capability to in-
itiate photopolymerization through the acid release, has to the
best of our knowledge rarely exceeded 0.5.[19] As a conse-
quence, there is a strong need in new PAG molecular systems
to offer higher photosensitivities combined with greater effi-
ciencies and improved thermal stabilities.

The first attempts to photocontrol (modulate or gate) the
proton dissociation by modifying the pKa value was achieved
with photochromic diarylethenes[24, 25] and spiropyranes,[26–29] in
which the photochromic core acted as the conjugate base of
the released proton. However, the amplitude of photoinduced
modulation in Ka value of most pH-switching photochromic
dyes is less than two orders of magnitude, which is too small
for applications in photoresist systems. Recently, we reported
a self-contained PAG molecule based on a new mechanism for
the acid release.[30] An elimination reaction[31, 32] of a Brønsted
acid molecule was triggered by a photoinduced 6p-electrocy-
clization reaction in PAG-0 (Scheme 1 c), as a subsequent ther-
mal reaction. Although the acid-release reaction itself does not
involve a photochemical process, the simultaneous formation
of multiple aromatic rings through a highly stable arenium car-
bocation intermediate drove the quantitative elimination of
the acid. The QY of acid generation is, therefore, determined
by the photoinduced 6p-electrocyclization reaction from PAG-
0 a to PAG-0 b. The first self-contained PAG-0 was designed
based on the bisthiazolylbenzo[b]thiophene framework which
exhibited a QY of 0.52 for the release of methanesulfonic acid
in toluene.[30] Although this value is rather larger than most of
practical PAGs, there should be room for substantial improve-
ment considering the capability of the mother compound,
which showed a photon-quantitative reactivity (QY = 0.98).[33]

As much effort have been devoted to the improvement of
ring-cyclization sensitivity of diarylethene and its analogues,
we were highly motivated to explore further photosensitive
PAGs by developing molecular scaffolds inspired by previous
developments in the field, which aim to maximizing the popu-
lation of the photoreactive conformation in the ground
state.[33–38] Although the bisthiazolylbenzo[b]thiophene mole-
cule showed much suppressed photoreaction quantum yield
in methanol,[33] the replacement of one of the thiazolyl moiet-
ies with a thiophene derivative, which formed an asymmetric
terarylene, interestingly led to a large improvement of the QY
in methanol.[34] We herein report on our challenges to improve
the QY of the self-contained PAG system based on the asym-
metric terarylene backbones with various types of acid–ester. A
first level of improvement was obtained when a thienyl group
was introduced (PAGs 1–4, Scheme 2). Four new self-contained
PAGs were synthesized from an identical precursor, namely
Pre-PAG-1, and their properties including the net acid-releas-
ing efficiency were investigated. A second improvement of the
photosentivity was obtained when changing the sequence of
aromatic rings connection in PAG-0 (PAG-5). As proof of princi-
ple and to assess its full potential, the latter was further em-
ployed as an acid catalyst in a chemically amplified positive
resist system.

Results and Discussion

Five PAG molecules were synthesized according to the synthet-
ic route depicted in Scheme 2. The key precursors Pre-PAG-
1 and Pre-PAG-5 were synthesized by simple Pd-catalyzed
Suzuki–Miyaura cross-coupling reactions between the central
and side aryl units under identical conditions.[34] A thiazolyl pi-
nacol borate was first reacted with 2,3-dibromobenzo[b]thio-
phene at the 2-position with the higher reactivity and then
a thienyl ring was introduced at the 3-position, giving Pre-
PAG-1 in 68 % yield over two steps. The methoxy group of
Pre-PAG-1 was deprotected and converted to the correspond-
ing hydroxyl group by using BBr3 in CH2Cl2. The subsequent
esterification reactions of this identical precursor with acetyl
chloride or sulfonyl chlorides gave PAGs-1 a–4 a (about 40 %
over two steps). PAG-5 a was also prepared by a sequential
Suzuki-coupling reaction, deprotection of the methoxy group,
followed by an esterification with mesyl chloride. Although we
also tried to introduce superacids such as triflic or fluorosulfon-
ic acid using their acid chlorides or acid anhydrides, the reac-
tions did not proceed as hoped, and instead gave a dimeric

Scheme 2. Synthesis of: a) PAGs 1 a–4 a, and b) PAG-5 a through their key
precursors Pre-PAGs-1 and 5, respectively.
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derivative that was clearly identified by X-ray crystallography
(see the Supporting Information).

Photoirradiation of Pre-PAG-1 and PAGs 1–4

Upon UV irradiation, the colorless solution of precursor Pre-
PAG-1 in dry hexane turned blue, due to the emergence of an
intense absorption band at 600 nm corresponding to the for-
mation of closed ring form (b-form in Scheme 3, Supporting In-

formation, Figure S1). The colored state was reversibly bleach-
ed upon visible irradiation and the corresponding spectrum
was identical to Pre-PAG-1. These spectral changes accompa-
nied isosbestic points, indicating a two-component reversible
and clean photochromic reaction in hexane. On the other
hand, the photoreaction of Pre-PAG-1 in polar solvents such
as methanol also led first to the same coloration reaction,
which was followed by a subsequent bleaching reaction when
the solution was kept into the darkness (Supporting Informa-
tion, Figure S2). This bleaching reaction agrees with the elimi-
nation of a methanol molecule reported for analogous mole-
cules.[30, 31] Along with the elimination of methanol, a polycyclic
compound depicted as Post-PAG-1 in Scheme 3 was formed,
which was isolated by HPLC and its structure was confirmed
by 1H NMR and X-ray crystallography (Supporting Information,
Figures S3, S4).

PAGs-1–4 exhibited very different spectral responses from
those of Pre-1 (Figure 1). After UV irradiation, each of the tolu-
ene solution of PAGs-1–4 presented a pale yellowish color
with the emergence of a newly formed absorption band above
350 nm. The absorption profiles of PAGs-1–4 after the UV irra-
diation were similar to each other, featuring a maxima located
at 375 nm and a shoulder at 398 nm, suggesting the formation
of the identical molecule Post-PAG-1 by the immediate leaving
of an acid molecule. In fact, the spectral profiles were identical
with that of isolated Post-PAG-1 in toluene (Supporting Infor-
mation, Figure S5). It should be noted that PAGs-3 and 4 gave
a residual band with a faint absorbance above 500 nm, which

may be attributed to the transient formation of closed-ring b-
forms. PAGs-3 and 4 have a phenyl ring in the leaving group
which could interact with the aryl units in the closed-ring form
of photochrome through p–p interactions, partly suppressing
the elimination reaction. The complete bleaching in the visible
region was observed in a few minutes after photoirradiation
(Supporting Information, Figures S6, S7).

Photoirradiation of Pre-PAG-5 and PAG-5

The solution of Pre-PAG-5 also showed a similar behavior to
that of Pre-PAG-1 (Supporting Information, Figures S8, S9) in
the same solvents. The formation of Post-PAG-5 after the elim-
ination of methanol was confirmed with high resolution MS
and 1H NMR spectra after the photoproduct isolation by HPLC
(Supporting Information, Figure S10). PAG-5 bearing a mesyl
group showed a similar spectral response to those of PAGs-1–
4 after UV irradiation. Although the degree of redshift in PAG-
5 after the UV irradiation was not as large as those for PAGs-
1–4, the absorbance at 338 nm increased almost twofold
(Figure 2). The absorption spectrum of PAG-5 after the photoir-
radiation well accorded with that of isolated Post-PAG-5 (Sup-
porting Information, Figure S11).

Scheme 3. Photochromism of Pre-PAGs-1, 5 and PAGs-1–5, and subsequent
elimination reaction of PAGs-1–4.

Figure 1. Absorption spectral change of: a) PAG-1, b) PAG-2, c) PAG-3 and
d) PAG-4 upon UV (l= 313 nm) irradiation in toluene.

Figure 2. Absorption spectral change of PAG-5 upon UV (l= 313 nm) irradia-
tion in toluene.
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Both Post-PAGs-1 and 5 have a planer polycyclic structure,
showing blue fluorescence with the emission peak at 436 and
423 nm, respectively (Figure 3). The simultaneous formations
of acid molecules and Post-PAGs on the photoreaction were
confirmed by 1H NMR measurements (Supporting Information,
Figures S12–S16).[30]

Table 1 summarized the optical properties of PAGs-1–5 in-
cluding the apparent QY for photoacid generation (facid). Since
the elimination of acid from the closed-ring b-forms proceeds

quantitatively in a spontaneous manner with DG<0 through
an arenium cation intermediate,[30] the facid value could be de-
termined by the efficiency of 6p-electrocyclization reaction
forming b-forms. PAGs-1–4 featured similar absorption
maxima, close values of extinction coefficient in the three used
solvents for this study. Interestingly, changing the nature of
the leaving group had no influence onto the spectroscopic
properties, even though when the leaving group is an aromat-
ic system. Therefore, it suggests that the electronic parameter
is controlled by the three aromatic rings and their respective
connection. In addition, when going from PAG-1 to PAG-5,
one could observe a large change in both maximum of ab-
sorption and extinction coefficient, due to the modification in

the aromatic type and sequence. A large redshift is observed
for PAG-5, probably because of the central 2-phenylthiazolyl
moiety that extends the system p-conjugation compared with
benzo[b]thiophene. In addition, a QY of 0.6 was measured for
PAG-1 and PAG-2 in toluene, which marked a first improve-
ment compare to our previous work. However, introducing ar-
omatic leaving group drastically reduced the photosensitivity.
Since the absorption characteristics of PAGs-3–4 are similar to
PAGs-1–2, this suggests that bulky aromatic leaving groups
probably favored a nonphotoreactive conformation, hence the
low values. Moreover, the best facid value of 0.71 was obtained
with PAG-5, which is a structural isomer of the first PAG, PAG-
0.[30] The improvement of the facid value from 0.52[27] to 0.71
was thus achieved just by changing the sequence in the con-
nectivity of aromatic units consisting of the terarylene frame-
work. To our best knowledge, this is the highest value for PAGs
so far reported in the literature. The bathochromic shift of ab-
sorption band in PAG-5 is also an advantage as a candidate of
PAGs, since they are usually demanded to be sensitive toward
Hg lamps (l= 365 nm) and UV-LEDs (l= 360–380 nm). The
present terarylene-based PAGs are capable for chemical tuning
on their sensitive wavelength and extinction coefficient.

Interestingly, all PAGs showed solvent-dependent QY for the
acid generation, decreasing the facid with increasing the sol-
vent polarity. The parent molecule bisarylbenzo[b]thiophene
with methyl groups at both ends of 6p-system showed
a photon-quantitative ring-cyclization reaction, which indicates
the efficiency of the electrocyclization reaction is predominant-
ly dependent on the geometry around the photoreactive 6p-
system in the ground state.[33–39] Since the acid ester groups in-
troduced at a reactive carbon atom have negligible electronic
effect on the photoreactive 6p-system, the conformational
fluctuation must depend on solvent effects and thus may ex-
plain the diversity of facid values. Furthermore, the lack of
methyl groups at the reactive carbon atoms disables mutual
intramolecular CH–p interactions and should result in a striking
destabilization of the photoreactive C2-like conformation,[34]

which in turn substantially decreased the photochemical reac-
tion efficiency for all PAGs in comparison to those of dimethyl-
substituted ones in polar solvents. Regardless of the lack of
methyl groups at the reactive carbon atoms, the methyl
moiety in the acid ester group may similarly interact with the
2-phenylthiazolyl unit at the opposite site to partly stabilize
photoreactive conformers. The downfield shifts of these
methyl protons after the photoinduced elimination (Support-
ing Information, Figures S12, S13) suggested that the ring-cur-
rent effect of 2-phenylthiazole unit operated on these methyl
groups in PAGs 1 and 2. On the other hand, bulky substituents
on the reactive carbon atoms as aromatic leaving groups mark-
edly decrease the efficiency of electrocyclization reaction for
PAGs 3 and 4.[40] In addition for PAG-5, the S···N interaction op-
erating between the central and the side thiazolyl units,[33] the
CH···N interaction between the central thiazole and the side
benzo[b]thiophene unit may contribute to the stabilization of
photoreactive conformer. Because of the hydrogen-bonding
nature of CH···N interaction, the facid value is expected to sig-
nificantly drop in protic and polar solvents (0.23 in methanol).

Figure 3. Fluorescent spectra of Post-PAG-1 (solid line) and Post-PAG-5
(dash line) in toluene. (lex = 338 nm).

Table 1. Photophysical properties of PAGs and Post-PAGs.

Compd labs [nm] (e � 10�4 [m�1 cm�1]) facid
[d]

PAG-1 310 (3.54),[a] 309 (3.64),[b] 308 (3.69)[c] 0.58,[a]

0.37,[b]

0.29[c]

PAG-2 311 (3.51),[a] 310 (3.60),[b] 309 (3.62)[c] 0.61,[a]

0.41,[b]

0.31[c]

PAG-3 309 (3.56),[a] 308 (3.64)[b] 0.05,[a]

0.03[b]

PAG-4 311 (3.58),[a] 310 (3.64)[b] 0.04,[a]

0.01[b]

Post-
PAG-1

318 (2.95),[a] 375 (2.46),[a] 318 (3.10),[b] 373 (2.56),[b]

315(3.21),[c] 371 (2.68)[c]

–

PAG-5 334 (2.25),[a] 333 (2.29),[b] 328 (2.33)[c] 0.71,[a]

0.47,[b]

0.23[c]

Post-
PAG-5

338 (2.33),[a] 337 (2.50),[b] 335 (2.61)[c] –

Measured in: [a] toluene, [b] in chloroform, [c] in methanol. [d] Apparent
quantum yield for photoacid generation.

Chem. Eur. J. 2016, 22, 1 – 9 www.chemeurj.org � 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim4&&

�� These are not the final page numbers!

Full Paper

http://www.chemeurj.org


Theoretical investigations

The optimized geometries for the PAGs were simulated by DFT
calculations using the Gaussian 09 suite.[41] Prior to the DFT cal-
culation, we searched for possible conformers with the
MMFF94s force field using the CONFLEX program[42] and used
them as an input structure for DFT calculations. For the DFT
calculation, wB97XD functional with the 6-31G(d) basis set was
employed since it is known to give relatively accurate results
on diarylethenes.[43] PAGs-1 and 5 with the high facid values
showed optimized structures with a photoreactive conforma-
tion as the most stable geometries (Supporting Information,
Figure S17). Nonphotoreactive conformers with a parallel orien-
tation about the side-aryl units were picked up as the second
most stable conformers by the conformation search. The pho-
toreactive conformers were more stable than the nonphoto-
reactive ones by 2.20 and 2.67 kcal mol�1 for PAG-1 and PAG-
5, respectively, indicating the higher stability of the photoreac-
tive conformer for PAG-5. As a result, PAG-5 possessed the
better facid than other PAGs. Meanwhile, PAG-3 with the much
suppressed facid value possessed a non-photoreactive confor-
mation as the most stable geometry. The energy difference be-
tween the non-photoreactive conformer and a simulated pho-
toreactive one was estimated to be 1.3 kcal mol�1. Thus, the
small population of photoreactive conformer should be re-
sponsible for the suppressed facid values for PAG-3, which
could be the case with PAG-4.

Thermal stabilities

Since most photolithographic processes include a prebaking
procedure above 100 8C, the thermal stability of PAGs is of im-
portance to avoid acid formation by nonphotochemical path-
ways.[44] Generally, a decomposition temperature of larger than
150 8C for PAGs is deemed sufficient for the use in photoresist
systems. We performed a thermogravimetric (TG) analysis for
the most efficient PAG, PAG-5 (Figure 4). The gradual mass de-
crease of PAG-5 started around 200 8C, which was 100 8C lower
than that of a representative terarylene with methyl groups at
photoreactive carbon atoms (ca. 300 8C, Supporting Informa-
tion, Figure S18). The introduction of an acid ester group at
a reactive carbon atom should be attributed to the decrease in
the thermal stability in PAG-5, whereas the value of decompo-
sition temperature seems high enough for photolithographic
applications. It should be noted that 50 % of overall weight re-
mained even above 500 8C (Figure 4), which was much higher

than that observed for the conventional terarylene (Supporting
Information, Figure S18). The residue after the TG analysis of
PAG-5 exhibited a black graphitic appearance (Supporting In-
formation, Figure S19). The thermal elimination of acid mole-
cule might lead to the polyaromatization followed by the
graphitization.

Application in a chemically amplified resist system

As has been demonstrated by our first self-contained PAG-0 in
our previous developments,[30] mesylic acid-containing PAGs-
1 and 5 could also serve as a photoinitiator of cationic poly-
merization of cyclohexene oxide (Supporting Information, Fig-
ures S20, S21). Since PAG-5 gave the most efficient QY, we
herein employed it as an acid catalyst in a positively acting,
chemically amplified resist system to demonstrate the per-
formance of PAG. The system is composed of PAG-5, novolak
polymer and a dissolution inhibitor.[42] The dissolution inhibitor
is a derivative of phthalide bearing tert-butoxycarbonyl (Boc)-
protected hydroxyl groups, which interact with novolak resin
to avoid from development with alkali solution.[45] In the pres-
ence of an acid, the acid-catalyzed deprotection reactions of
Boc groups take place, giving an unprotected molecule which
can be dissolved in an alkaline solution and no longer protect
the novolak resin from the development process (Scheme 4).
The solution of inhibitor with PAG was cast on the novolak
polymer layer to form a bilayer configuration on a glass slide,
which was prebaked at 115 8C, irradiated with UV (l= 365 nm,

22 mW cm�2) for 10 min through a photomask, postbaked at
115 8C, and then developed in an aqueous solution of tetrame-
thylammonium hydroxide. Figure 4 a shows the scanning elec-
tron microscope image of a photopattern obtained after the
development. The pattern of a photomask was clearly trans-
ferred as a topographic pattern of the polymer film, demon-
strating PAG-5 actually performed efficiently as an acid genera-
tor upon irradiation to induce the acid-catalyzed deprotection
of Boc groups. The film just before the development process
was also observed by fluorescence microscope. The blue fluo-
rescent image corresponds to the unmasked area in the pho-
toirradiation process (Figure 5 b), demonstrating the formation
of Post-PAG-5 molecule in the UV-exposed area. The simulta-
neous formation of blue-emitting Post-PAG-5 by the photore-
action of PAG-5 thus clearly reported the release of mesylic
acid in the exposed area.[46] The further investigations includ-

Figure 4. TG curve of PAG-5 (heating rate: 10 8C min�1).

Scheme 4. Chemical reactions of dissolution inhibitor including deprotection
of Boc-groups with acid-catalyst followed by development in an alkali solu-
tion.
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ing the optimization of conditions may reveal the utility of
present PAGs in a chemically amplified photoresist system.

Conclusions

We have demonstrated two levels of improvement of our
newly based PAG molecular systems, gaining insight into the
structural requirement to improve their photoefficiencies.
1) Non-aromatic acid sources seem to be required if one would
keep high level of photosensitivity in solution. For the same
acid source, compare to our previous compound, replacing
one thiazolyl group by a thienyl one already brought about
+ 10 % of enhancement, pushing the QY value to 0.6 in tolu-
ene. 2) A higher level of improvement could be achieved in
changing the sequence of the heteroaromatic rings while
keeping each of them identical to our previous example. Plac-
ing the benzothiophene as side-aryl group increased the yield
to 0.7 in non-polar solvent. As a proof of principle, we demon-
strated that the most efficient PAG-5 could induce the acid-
catalyzed chemical amplification in a positive-tone resist film.
Furthermore, the photolysis of self-contained PAGs induced
the simultaneous formation of a fluorescent fused aromatic
polycycle, which could also report the formation of acid mole-
cule. Since the terarylene framework is prepared simply by
controlled Pd-catalyzed aryl–aryl cross-coupling reactions,
a combinatorial approach in regard to the type of aromatic
units as well as their connection sequences may lead to further
improvement in the photoacid generation efficiency.

Experimental Section

General

All compounds were characterized by 1H NMR (400 MHz) and
13C NMR (75 MHz) spectroscopy on JEOL JNM-ECP400 and JNM-
AL300 spectrometers, respectively. High-resolution mass spectrom-

etry (HRMS) analyses were performed on a JEOL JMS-700 mass
spectrometer. Separative HPLC was performed on a JASCO LC-
2000 Plus Series. Quantum yields were measured with QYM-01
photoreaction quantum yield evaluation system (l= 313 nm).[47]

Absorption and fluorescence spectra in solution were studied with
a JASCO V-670 and JASCO FP-6500 spectrophotometers, respec-
tively. DFT calculations were performed with Gaussian 09 at the
wB97XD/6–31(d) level. Conformational search with the MMFF94s
force field was performed on the CONFLEX program (CONFLEX
Corp.). Thermogravimetric analysis was carried out using a Shimad-
zu DTG-60. SEM images were taken with a Hitachi TM 3030. Fluo-
rescence microscopic measurements were performed with an
Olympus BX-51 optical microscope.

Synthesis

4-(3-Bromobenzo[b]thiophen-2-yl)-2-phenylthiazole (6): A
300 mL four-necked flask was charged with 2,3-dibromobenzo[b]-
thiophene (1.9 g, 6.3 mmol), 2-phenyl-4-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)thiazole (1.8 g, 6.3 mmol), PPh3 (0.19 g,
0.73 mmol), 2 m K3PO4 solution (12 mL), and 1,4-dioxane (110 mL).
Then Pd(PPh3)4 (0.548 g, 0.474 mmol) was added to the solution
under N2 flow and the mixture was stirred at 100 8C for 24 h under
N2 atmosphere. The reaction mixture was extracted with ethyl ace-
tate. The organic layer was dried with anhydrous MgSO4. After the
solvent was evaporated, the crude product was purified with silica
gel column chromatography by using a mixture of hexane and
CHCl3 as an eluent to afford compound 4-(3-bromobenzo[b]thio-
phen-2-yl)-2-phenylthiazole (1.7 g, 72 %) as colorless solid. 1H NMR
(300 MHz, CDCl3, TMS): d= 7.47–7.51 (m, 5 H), 7.81–7.87 (m, 2 H),
8.02–8.05 (m, 2 H), 8.31 ppm (s, 1 H).

4-(3-(2-Methoxy-5-phenylthiophen-3-yl)benzo[b]thiophen-2-yl)-
2-phenylthiazole (Pre-PAG-1): Pre-PAG-1 was prepared according
to the same condition with the synthesis of compound 6 by using
2-(2-methoxy-5-phenylthiophen-3-yl)-4,4,5,5-tetramethyl-1,3,2-diox-
aborolane and 6. 0.70 g of Pre-PAG-1 was obtained in 68 % yield.
1H NMR (300 MHz, CDCl3, TMS): d= 3.84 (s, 3 H), 7.13 (s, 2 H), 7.35–
7.38 (m, 5 H), 7.44–7.46 (m, 3 H), 7.55–7.60 (m, 3 H), 7.87–7.90 (m,
1 H), 8.00–8.03 ppm (m, 2 H).

Photoacid generators (PAG-1 a–4 a): PAG compounds 1 a to 4 a
were prepared from the identical precursor Pre-PAG-1 by using
the same method according to our previous work.[30]

PAG-1 a : Yield: 28 mg, 41 %. 1H NMR (300 MHz, CDCl3, TMS): d=
2.63 (s, 3 H), 7.18 (s, 2 H), 7.39–7.45 (m, 8 H), 7.58–7.63 (m, 3 H),
7.89–7.92 (m, 1 H), 7.95–7.99 ppm (m, 2 H); 13C NMR (75 MHz, CDCl3,
TMS): d= 167.77, 149.21, 139.95, 139.37, 138.82, 136.65, 133.40,
133.19, 130.61, 129.34, 129.20, 128.58, 126.84, 125.79, 125.58,
125.20, 123.34, 122.61, 122.27, 115.81, 37.70 ppm; HRMS (ESI) m/z
calcd for C28H19NO3S4Na+ [M + Na]+ : 568.01455; found: 568.01514.

PAG-2 a : Yield: 25 mg, 39 %. 1H NMR (300 MHz, CDCl3, TMS): d=
1.99 (s, 3 H), 7.10 (s, 1 H), 7.19 (s, 1 H), 7.36–7.46 (m, 8 H), 7.57–7.63
(m, 3 H), 7.89–7.92 (m, 1 H), 7.99–8.02 ppm (m, 2 H); 13C NMR
(75 MHz, CDCl3, TMS): d= 167.56, 167.16, 149.64, 147.08, 140.38,
138.94, 136.82, 133.90, 133.20, 130.35, 129.10, 129.03, 127.79,
126.70, 125.44, 124.99, 124.57, 123.22, 122.36, 121.27, 115.15,
20.37 ppm; HRMS (ESI) m/z calcd for C29H19NO2S3Na+ [M + Na]+ :
532.04756; found: 532.04576.

PAG-3 a : Yield: 30 mg, 39 %. 1H NMR (300 MHz, CDCl3, TMS): d=
2.07 (s, 3 H), 6.70–6.73 (d, 2 H), 6.88 (s, 1 H), 7.06 (s, 1 H), 7.28–7.48
(m, 11 H), 7.56–7.59 (m, 2 H), 7.78–7.81 (m, 1 H), 7.98–8.01 ppm (m,
2 H); 13C NMR (75 MHz, CDCl3, TMS): d= 166.98, 149.25, 146.00,
145.53, 139.72, 139.09, 138.64, 136.06, 133.49, 133.26, 131.07,
130.53, 129.30, 129.20, 128.46, 127.95, 126.82, 126.26, 125.66,

Figure 5. a) SEM image of a photopattern fabricated by a chemically ampli-
fied photoresist system containing PAG-5. b) Fluorescent microscope image
of the film just before the development process.
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125.07, 124.60, 124.01, 123.45, 122.07, 115.15, 21.69 ppm; HRMS
(ESI) m/z calcd for C34H23NO3S4Na+ [M + Na]+ 644.04585; found:
644.04568.

PAG-4 a : Yield: 33 mg, 40 %. 1H NMR (300 MHz, CDCl3, TMS): d=
7.00 (s, 1 H), 7.07 (s, 1 H), 7.27–7.48 (m, 12 H), 7.56–7.59 (m, 2 H),
7.73–7.76 (m, 1 H), 7.96–7.99 ppm (m, 2 H); 13C NMR (75 MHz, CDCl3,
TMS): d= 167.48, 149.04, 145.49, 139.54, 139.48, 138.44, 138.16,
136.35, 133.30, 133.21, 130.60, 129.35, 129.19, 128.65, 128.21,
126.86, 126.64, 125.75, 125.56, 125.39, 124.82, 123.70, 122.96,
122.32, 122.20, 115.41 ppm; HRMS (ESI) m/z calcd for
C34H20FNO3S4Na+ [M + Na]+ : 698.01758; found: 698.01825.

4’-(2-Methoxybenzo[b]thiophen-3-yl)-2,2’-diphenyl-4,5’-bithia-
zole (Pre-PAG-5): Pre-PAG-5 (220 mg, 58 %) was prepared from the
compound 7[27] according to the same condition with the synthesis
of Pre-PAG-1. 1H NMR (300 MHz, CDCl3, TMS): d= 3.94 (s, 3 H), 6.86
(s, 1 H), 7.25–7.30 (m, 2 H), 7.43–7.50 (m, 7 H), 7.72–7.75 (m, 1 H),
7.96–7.99 (m, 2 H), 8.06–8.09 ppm (m, 2 H); 13C NMR (75 MHz, CDCl3,
TMS): d= 167.28, 166.21, 162.81, 147.62, 143.91, 137.88, 133.91,
133.30, 131.94, 131.24, 130.47, 129.17, 129.11, 126.80, 126.75,
125.34, 123.42, 122.35, 114.21, 110.02, 61.84 ppm; HRMS (ESI) m/z
calcd for C27H18N2OS3Na+ [M + Na]+ : 505.04789; found: 505.04752.

Protocol for chemically amplified photolithography

The inhibitor and PAG-5 (5 wt % relative to inhibitor) were dis-
solved in diethylene glycol dimethyl ether (DGDE) and then the so-
lution was filtered through a 0.20 mm PTFE filter (ADVANTEC). The
same procedure was subjected to the novolak resin (EP4080G,
Asahi-Yukizai, corp.) to give a DGDE solution (20 wt %). The novolak
resin was first cast on a glass slide which was further coated by
the layer of inhibitor and PAG. The resist film was exposed to the
UV light for 10 min after prebaked at 115 8C for 120 s. A high inten-
sity UV lamp (Blak-Ray B-100AP, UVP, LCC, l= 365 nm, 22 mW cm�2)
was used for the UV exposure. The exposed film was then post-
baked at 115 8C for 120 s. The development procedure was con-
ducted by soaking the film in an aqueous tetramethylammonium
hydroxide solution (TMAH, 2.38 %) for 30 s.

Acknowledgements

This work was partly supported by JSPS KAKEN-HI Grant
Number JP26107006 in Scientific Research on Innovative Areas
“Photosynergetics”. Novolak resin TRR5030G was kindly sup-
plied by Asahi Yukizai Corp. The authors thank Miss Y. Nishika-
wa and Mr. F. Asanoma for their assistance in mass and NMR
measurements, respectively.

Keywords: photoacid generator · photochemistry ·
photochromism · photolithography · terarylene

[1] J.-P. Fouassier, Photoinitiation, Photopolymerization and Phot curing : Fun-
damentals and Applications, Hanser, Munich, 1995.

[2] J. V. Crivello, Photoinitiators for Free Radical, Cationic and Anionic Photo-
polymerization, Wiley, New York, 1998.

[3] G. M. Wallraff, W. D. Hinsberg, Chem. Rev. 1999, 99, 1801 – 1822.
[4] H. Ito, Adv. Polym. Sci. 2005, 172, 37 – 245.
[5] B. G. Gates, Q. Xu, M. Stewart, D. Ryan, C. G. Willson, G. M. Whitesides,

Chem. Rev. 2005, 105, 1171 – 1196.
[6] X. Yue, C. O. Yanez, S. Yao, K. D. Belfield, J. Am. Chem. Soc. 2013, 135,

2112 – 2115.
[7] S. Kohse, A. Neubauer, A. Pazidis, S. Lochbrunner, U. Kragl, J. Am. Chem.

Soc. 2013, 135, 9407 – 9411.

[8] K. Yoshino, M. Ozaki, R. Sugimoto, Jpn. J. Appl. Phys. 1985, 24, L373 –
L374.

[9] K. Yoshino, H. Takahashi, R. Sugimoto, Jpn. J. Appl. Phys. 1991, 30,
L657 – L659.

[10] G. Venugopal, X. Quan, G. E. Johnson, F. M. Houlihan, E. Chin, O. Nala-
masu, Chem. Mater. 1995, 7, 271 – 276.

[11] S. Shaban Ragab, S. Swaminathan, E. Deniz, B. Captain, F. M. Raymo,
Org. Lett. 2013, 15, 3154 – 3157.

[12] S. Swaminathan, M. Petriella, E. Deniz, J. Cusido, J. D. Baker, M. L. Bossi,
F. M. Raymo, J. Phys. Chem. A 2012, 116, 9928 – 9933.

[13] Y. Zhang, J. Garcia-Amoros, B. Captain, F. M. Raymo, J. Mater. Chem. C
2016, 4, 2744 – 2747.

[14] J. V. Crivello, Adv. Polym. Sci. 1984, 62, 1 – 48.
[15] F. Ortica, C. Coenjarts, J. C. Scaiano, H. Liu, G. Pohlers, J. F. Cameron,

Chem. Mater. 2001, 13, 2297 – 2304.
[16] J. V. Crivello, E. Reichmanis, Chem. Mater. 2014, 26, 533 – 548.
[17] F. Ortica, J. C. Scaiano, G. Pohlers, J. F. Cameron, A. Zampini, Chem.

Mater. 2000, 12, 414 – 420.
[18] W. Zhou, S. M. Kuebler, K. L. Braun, T. Yu, J. K. Cammack, C. K. Ober, J. W.

Perry, S. R. Marder, Science 2002, 296, 1106 – 1109.
[19] W. Zhou, S. M. Kuebler, D. Carrig, J. W. Perry, S. R. Marder, J. Am. Chem.

Soc. 2002, 124, 1897 – 1901.
[20] R. Xia, J.-P. Malval, M. Jin, A. Spangenberg, D. Wan, H. Pu, T. Vergote, F.

Morlet-Savary, H. Chaumeil, P. Baldeck, O. Poizat, O. Soppera, Chem.
Mater. 2012, 24, 237 – 244.

[21] H. Yuan, Y. Zhao, F. Wu, Chem. Mater. 2012, 24, 1371 – 1377.
[22] P. Kl�n, T. Solomek, C. G. Bochet, A. Blanc, R. Givens, M. Rubina, V. Popik,

A. Kostikov, J. Wirz, Chem. Rev. 2013, 113, 119 – 191.
[23] F. M. Houlihan, A. Shugard, R. Gooden, E. Reichmanis, Macromolecules

1988, 21, 2001 – 2006.
[24] S. H. Kawai, S. L. Gilat, J. M. Lehn, Eur. J. Org. Chem. 1999, 2359 – 2366.
[25] Y. Odo, K. Matsuda, M. Irie, Chem. Eur. J. 2006, 12, 4283 – 4288.
[26] F. M. Raymo, S. Giordani, Org. Lett. 2001, 3, 3475 – 3478.
[27] F. M. Raymo, R. J. Alvarado, S. Giordani, M. A. Cejas, J. Am. Chem. Soc.

2003, 125, 2361 – 2364.
[28] Z. Shi, P. Peng, D. Strohecker, Y. Liao, J. Am. Chem. Soc. 2011, 133,

14699 – 14703.
[29] L. A. Tatum, J. T. Foy, I. Aprahamian, J. Am. Chem. Soc. 2014, 136,

17438 – 17441.
[30] T. Nakashima, K. Tsuchie, R. Kanazawa, R. Li, S. Iijima, O. Galangau, H.

Nakagawa, K. Mutoh, Y. Kobayashi, J. Abe, T. Kawai, J. Am. Chem. Soc.
2015, 137, 7023 – 7026.

[31] H. Nakagawa, S. Kawai, T. Nakashima, T. Kawai, Org. Lett. 2009, 11,
1475 – 1478.

[32] H. Nakagawa, T. Nakashima, T. Kawai, Eur. J. Org. Chem. 2012, 4493 –
4500.

[33] S. Fukumoto, T. Nakashima, T. Kawai, Angew. Chem. Int. Ed. 2011, 50,
1565 – 1568; Angew. Chem. 2011, 123, 1603 – 1606.

[34] R. Li, T. Nakashima, O. Galangau, S. Iijima, R. Kanazawa, T. Kawai, Chem.
Asian J. 2015, 10, 1725 – 1730.

[35] S. Kobatake, K. Uchida, E. Tsuchida, M. Irie, Chem. Commun. 2002,
2804 – 2805.

[36] W. Li, C. Jiao, X. Li, Y. Xie, K. Nakatani, H. Tian, W. Zhu, Angew. Chem. Int.
Ed. 2014, 53, 4603 – 4607; Angew. Chem. 2014, 126, 4691 – 4695.

[37] H. Ogawa, K. Takagi, T. Ubukata, A. Okamoto, N. Yonezawa, S. Delbaere,
Y. Yokoyama, Chem. Commun. 2012, 48, 11838 – 11840.

[38] S. Alçise, M. Sliwa, Z. Pawlowska, J. Rehault, J. Dubois, O. Poizat, G. Bun-
tinx, A. Perrier, F. Maurel, S. Yamaguchi, M. Takeshita, J. Am. Chem. Soc.
2010, 132, 7379 – 7390.

[39] M. Irie, T. Fukaminato, K. Matsuda, S. Kobatake, Chem. Rev. 2014, 114,
12174 – 12277.

[40] J. P. Calupitan, T. Nakashima, Y. Hashimoto, T. Kawai, Chem. Eur. J. 2016,
22, 10002 – 10008.

[41] Gaussian 09 Revision A.02, M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E.
Scuseria, M. A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone, B. Men-
nucci, G. A. Petersson, H. Nakatsuji, M. Caricato, X. Li, H. P. Hratchian,
A. F. Izmaylov, J. Bloino, G. Zheng, J. L. Sonnenberg, M. Hada, M. Ehara,
K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O.
Kitao, H. Nakai, T. Vreven, J. A. Montgomery Jr. , J. E. Peralta, F. Ogliaro,
M. Bearpark, J. J. Heyd, E. Brothers, K. N. Kudin, V. N. Staroverov, R. Ko-
bayashi, J. Normand, K. Raghavachari, A. Rendell, J. C. Burant, S. S. Iyen-

Chem. Eur. J. 2016, 22, 1 – 9 www.chemeurj.org � 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim7 &&

These are not the final page numbers! ��

Full Paper

http://dx.doi.org/10.1021/cr980003i
http://dx.doi.org/10.1021/cr980003i
http://dx.doi.org/10.1021/cr980003i
http://dx.doi.org/10.1007/b97574
http://dx.doi.org/10.1007/b97574
http://dx.doi.org/10.1007/b97574
http://dx.doi.org/10.1021/cr030076o
http://dx.doi.org/10.1021/cr030076o
http://dx.doi.org/10.1021/cr030076o
http://dx.doi.org/10.1021/ja3122312
http://dx.doi.org/10.1021/ja3122312
http://dx.doi.org/10.1021/ja3122312
http://dx.doi.org/10.1021/ja3122312
http://dx.doi.org/10.1021/ja400700x
http://dx.doi.org/10.1021/ja400700x
http://dx.doi.org/10.1021/ja400700x
http://dx.doi.org/10.1021/ja400700x
http://dx.doi.org/10.1143/JJAP.24.L373
http://dx.doi.org/10.1143/JJAP.24.L373
http://dx.doi.org/10.1143/JJAP.24.L373
http://dx.doi.org/10.1143/JJAP.30.L657
http://dx.doi.org/10.1143/JJAP.30.L657
http://dx.doi.org/10.1143/JJAP.30.L657
http://dx.doi.org/10.1143/JJAP.30.L657
http://dx.doi.org/10.1021/cm00050a007
http://dx.doi.org/10.1021/cm00050a007
http://dx.doi.org/10.1021/cm00050a007
http://dx.doi.org/10.1021/ol401380n
http://dx.doi.org/10.1021/ol401380n
http://dx.doi.org/10.1021/ol401380n
http://dx.doi.org/10.1021/jp307787w
http://dx.doi.org/10.1021/jp307787w
http://dx.doi.org/10.1021/jp307787w
http://dx.doi.org/10.1039/C5TC03331D
http://dx.doi.org/10.1039/C5TC03331D
http://dx.doi.org/10.1039/C5TC03331D
http://dx.doi.org/10.1039/C5TC03331D
http://dx.doi.org/10.1007/BFb0024034
http://dx.doi.org/10.1007/BFb0024034
http://dx.doi.org/10.1007/BFb0024034
http://dx.doi.org/10.1021/cm000609z
http://dx.doi.org/10.1021/cm000609z
http://dx.doi.org/10.1021/cm000609z
http://dx.doi.org/10.1021/cm402262g
http://dx.doi.org/10.1021/cm402262g
http://dx.doi.org/10.1021/cm402262g
http://dx.doi.org/10.1021/cm990440t
http://dx.doi.org/10.1021/cm990440t
http://dx.doi.org/10.1021/cm990440t
http://dx.doi.org/10.1021/cm990440t
http://dx.doi.org/10.1126/science.296.5570.1106
http://dx.doi.org/10.1126/science.296.5570.1106
http://dx.doi.org/10.1126/science.296.5570.1106
http://dx.doi.org/10.1021/ja011186k
http://dx.doi.org/10.1021/ja011186k
http://dx.doi.org/10.1021/ja011186k
http://dx.doi.org/10.1021/ja011186k
http://dx.doi.org/10.1021/cm2030075
http://dx.doi.org/10.1021/cm2030075
http://dx.doi.org/10.1021/cm2030075
http://dx.doi.org/10.1021/cm2030075
http://dx.doi.org/10.1021/cm300148n
http://dx.doi.org/10.1021/cm300148n
http://dx.doi.org/10.1021/cm300148n
http://dx.doi.org/10.1021/cr300177k
http://dx.doi.org/10.1021/cr300177k
http://dx.doi.org/10.1021/cr300177k
http://dx.doi.org/10.1021/ma00185a019
http://dx.doi.org/10.1021/ma00185a019
http://dx.doi.org/10.1021/ma00185a019
http://dx.doi.org/10.1021/ma00185a019
http://dx.doi.org/10.1002/(SICI)1099-0690(199909)1999:9%3C2359::AID-EJOC2359%3E3.0.CO;2-%23
http://dx.doi.org/10.1002/(SICI)1099-0690(199909)1999:9%3C2359::AID-EJOC2359%3E3.0.CO;2-%23
http://dx.doi.org/10.1002/(SICI)1099-0690(199909)1999:9%3C2359::AID-EJOC2359%3E3.0.CO;2-%23
http://dx.doi.org/10.1002/chem.200501292
http://dx.doi.org/10.1002/chem.200501292
http://dx.doi.org/10.1002/chem.200501292
http://dx.doi.org/10.1021/ol016502e
http://dx.doi.org/10.1021/ol016502e
http://dx.doi.org/10.1021/ol016502e
http://dx.doi.org/10.1021/ja027977j
http://dx.doi.org/10.1021/ja027977j
http://dx.doi.org/10.1021/ja027977j
http://dx.doi.org/10.1021/ja027977j
http://dx.doi.org/10.1021/ja203851c
http://dx.doi.org/10.1021/ja203851c
http://dx.doi.org/10.1021/ja203851c
http://dx.doi.org/10.1021/ja203851c
http://dx.doi.org/10.1021/ja511135k
http://dx.doi.org/10.1021/ja511135k
http://dx.doi.org/10.1021/ja511135k
http://dx.doi.org/10.1021/ja511135k
http://dx.doi.org/10.1021/jacs.5b02826
http://dx.doi.org/10.1021/jacs.5b02826
http://dx.doi.org/10.1021/jacs.5b02826
http://dx.doi.org/10.1021/jacs.5b02826
http://dx.doi.org/10.1021/ol802969b
http://dx.doi.org/10.1021/ol802969b
http://dx.doi.org/10.1021/ol802969b
http://dx.doi.org/10.1021/ol802969b
http://dx.doi.org/10.1002/ejoc.201200465
http://dx.doi.org/10.1002/ejoc.201200465
http://dx.doi.org/10.1002/ejoc.201200465
http://dx.doi.org/10.1002/anie.201006844
http://dx.doi.org/10.1002/anie.201006844
http://dx.doi.org/10.1002/anie.201006844
http://dx.doi.org/10.1002/anie.201006844
http://dx.doi.org/10.1002/ange.201006844
http://dx.doi.org/10.1002/ange.201006844
http://dx.doi.org/10.1002/ange.201006844
http://dx.doi.org/10.1002/asia.201500328
http://dx.doi.org/10.1002/asia.201500328
http://dx.doi.org/10.1002/asia.201500328
http://dx.doi.org/10.1002/asia.201500328
http://dx.doi.org/10.1039/B208419H
http://dx.doi.org/10.1039/B208419H
http://dx.doi.org/10.1039/B208419H
http://dx.doi.org/10.1039/B208419H
http://dx.doi.org/10.1002/anie.201310438
http://dx.doi.org/10.1002/anie.201310438
http://dx.doi.org/10.1002/anie.201310438
http://dx.doi.org/10.1002/anie.201310438
http://dx.doi.org/10.1002/ange.201310438
http://dx.doi.org/10.1002/ange.201310438
http://dx.doi.org/10.1002/ange.201310438
http://dx.doi.org/10.1039/c2cc35793c
http://dx.doi.org/10.1039/c2cc35793c
http://dx.doi.org/10.1039/c2cc35793c
http://dx.doi.org/10.1021/cr500249p
http://dx.doi.org/10.1021/cr500249p
http://dx.doi.org/10.1021/cr500249p
http://dx.doi.org/10.1021/cr500249p
http://dx.doi.org/10.1002/chem.201600708
http://dx.doi.org/10.1002/chem.201600708
http://dx.doi.org/10.1002/chem.201600708
http://dx.doi.org/10.1002/chem.201600708
http://www.chemeurj.org


gar, J. Tomasi, M. Cossi, N. Rega, J. M. Millam, M. Klene, J. E. Knox, J. B.
Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann,
O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski, R. L. Martin,
K. Morokuma, V. G. Zakrzewski, G. A. Voth, P. Salvador, J. J. Dannenberg,

S. Dapprich, A. D. Daniels, c. Farkas, J. B. Foresman, J. V. Ortiz, J. Cioslow-
ski, D. J. Fox, Gaussian Inc. , Wallingford CT, 2009.
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Efficient Self-Contained Photoacid
Generator System Based on
Photochromic Terarylenes

Let there be acid : An elimination reac-
tion of an acid molecule was combined
as a subsequent reaction of a photo-
chromic 6p-electrocyclization reaction

of terarylenes, which was applied in
a chemically amplified resist system (see
figure).
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