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Introduction. Control of polymerization and the curing
initiation process have been widely investigated in the fields of
polymer science and technologyand especially external
stimulation-induced polymerizations are of quite interest due
to control of the initiation step of polymerization. For the past
decades, numerous numbers of new latent initiators, which show
no activity under normal polymerization conditions but release
active species by external stimulation such as heating or
photoirradiation, have been widely developed since latent
initiators are useful in several industrial fields such as paints,
inks, epoxy molding compounds, and photoresistDevelop-
ment of an efficient latent initiator has been desirable for
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PANI-AH, which is the only conductive form, has onium salt
units in the polymer chain and various PANI-AHs that have
been recently developing by doping of anionic surfactahts,

enhancement of both storage stability and handling, and Pappasuch as dodecylsulfonic acid, dodecylbenzenesulfonic acid, and

et al.2 Crivello et al.# Abu-Abdoun et al? Yagci et al.? Toba
etal./ Li et al. and Endo et al.have developed various onium
saltbased cationic thermal and/or photolatent initiators, e.g.,
benzylsulfonium, benzylpyridinium, and benzylammonium salts

bis(2-ethylhexyl)sulfosuccinic acid, are highly soluble in various
solvents and miscible with a variety of organic compounds. The

typical PANI-AH doped with HCl is insoluble in most solvents.

The approach with PANI-AH as a pseudo-non-salt-type

with less nucleophilic counteranions like hexafluoroantimonate (pseudo-homogeneous) latent initiator has not been reported,
and hexafluorophosphonate for the polymerization of styrene and then we investigated herein the ability for thermally latent
and epoxides. In addition, the rate of polymerizations initiated initiator of PANI doped with a perfluorosurfactantgf&;SOz;H

by onium salts increases with decreasing nucleophilicity of their (PFS), which should generate a less nucleophilic counteranion

counteranion, e.g., BF< PR < Asks < SbR < B(CgFs)a.
However, their problems are low solubility in monomers and
solvents and remaining of inorganic compounds in the resulting
polymers. These problems may be overcome by developing non

after doping of the PANI. Then, the polymerization activity of
PANI—PFS @d) for a pseudo-non-salt-type thermally latent
initiator was examined by using phenyl glycidyl ethey PGE)

-as a monomer (Scheme®)in addition, the similar polymeriza-

salt-type initiators? such as carboxylic acid esters, sulfonic acid tions with several PANIs doped with several acids [PANI
esters, and phosphonic acid esters. We recently reported thadH; 1la PANI—HCI; 1b: PANI-HCIO4 1c. PANI-TfOH

phenols bearing trifluoromethyl or fluorine groups are a new
class of non-salt-type initiators for cationic photopolymerization
of an epoxidé?

We are interested in developing a “pseudo-non-salt-type

(TfOH = CRSOsH)] were also investigated as references.
Results and DiscussionTable 1 shows the result of bulk

polymerization of PGE with 1 mol % of PANI-AH (ES) as

a thermally latent initiator for 6 P> PANI—HCI, which is a

initiator” whose stability can be visibly checked, since the typical acid doped PANI, hardly initiated polymerization even

preservation stabilities of non-salt-type latent initiators were

generally more unstable than onium salts, presumably due to
ready hydrolysis even by weak acid and/or base impurities.
Furthermore, development of a (pseudo-) non-salt-type initiator
that can be visibly judged its preservation stability by a color

change should be practically useful.

Polyanilines have four different states along with different
colors?? (a) leucoemeraldine base [fully reduced form (faint
yellow color)], (b) emeraldine base [EB (PANI), half-oxidized
form (blue color)], (c) conducting emeraldine salt [ES (PANI-
AH), half-oxidized and protonated form (dark green color)], and
(d) pernigraniline base [fully oxidized form, (purple color)].
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at 150°C (run 1). Meanwhile, similar polymerizations with
PANI—HCIO4 and PANFTfOH took place at 100C, but the
conversion yields of the monomers and Mgs (weight-average
molecular weights) of the resulting products were extremely
low (runs 2 and 3). The polymerization with PANPFS, which

is readily miscible in PGE as if it is a homogeneous catalyst,
efficiently propagated to give polym@&rhaving relatively high
molecular weight for a common polymerization of PGH,(

= ca. 2500), and the conversion of PGE reached quantitatively
even at 100C (run 4). In addition, no polymerization proceeded
at room temperature over 2 months (run 5), and in similar
polymerizations with 0.5 and 0.1 mmol of PANPFS the
conversions of PGE and/or théd,s of the resulting products
decreased under the same polymerization conditions (runs 6 and
7)1 The above results strongly suggested that PARFS
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Table 1. Thermally Initiated Polymerizations of Phenyl Glycidyl
Ether (PGE, 2) in the Presence of Acid-Doped Polyanilines
(PANI—AH, 1a—d) for 6 ha

PANI—-AH temp cony My
run (ES,la—d) (°C) (%) (Mw/Mp)e
1 PNAI-HCI (1a) 150 <5 d
2 PANI-HCIO4 (1b) 100 9 d
3 PANI-TfOH (1¢) 100 38 d
4 PANI-PFS (d) 100 100 2485 (1.67)
5e PANI—-PFS (d) room temp no polymerization
6f PANI-PFS (Ld) 100 (0.5 mmol) 91 2480 (1.67)
79 PANI—PFS (Ld) 100 (0.1 mmol) 6 951 (1.26)

aReaction conditions: To 1 mmol of PGE, 1.0 mol % of PAMH
was used. See ref 186Determined by*H NMR spectroscopyc Estimated
by gel permeation chromatography [eluent, tetrahydrofuran (THF)] based
on polystyrene standard samplisk, andM,, are mean number- and weight-
average molecular weights, respectivély.ower measuring limit{l,: <
500). € Reaction time: over 2 month§PANI—AH: 0.5 mol %.9 PANI—
AH: 0.1 mol %.
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Figure 1. Relationship between the temperature and conversion for
bulk polymerization of phenyl glycidyl ether (PGE) with 1 mol % of
acid-doped polyanilines (PANIAHS; 1b: PANI—HCIOy4; 1c. PANI—
TfOH; 1d: PANI-PFS) fa 6 h (see ref 16).

efficiently serves as a new thermally latent initiator for the
polymerization of PGE.

Figure 1 shows the temperattreonversion curve in the bulk
polymerization of PGE with PANtAH, 1b—d, for 6 h. The
polymerization of PGE with PAN+tHCIO,4 did not proceed
below 80°C, but the polymerization started over 80. Then,
the PGE was quantitatively polymerized at 18C. The
polymerization with PAN+TfOH was smoothly initiated over
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Figure 2. (A) UV/vis/near-IR spectra of acid-doped polyanilinkd/
phenyl glycidyl ether Z) (PANI—PFS/PGE) solution (a) before and
(b) after heating at 100C for 6 h. (B) UV/vis/near-IR spectra of
PANI—-PFS/PGE solution during heating from 3C up to 70°C
(heating rate: 10C/10 min).

have a local maximum around 424 and 865 nm should be related
to doping level (the protonation of the polymer backbone) and
formation of polaron, respectively. Meanwhile, Figure 2(A)-b
indicates the typical two absorption bands derived from EB form
around 335 and 642 nm, which should be assigned ta the*
transition of the phenyl ring and to the “exciton” transition-(n

sr* transition), respectively, and it was clearly in agreement with
the spectrum of NMPN-methyl-2-pyrolidone) solution of the
corresponding EB which was prepared by dedoping of PANI
PFS with 1 M KOH aqueous solution. These results strongly
implied that PANFPFS can be dedoped by heating at relatively
mild temperature~90 °C), as the result of which the polym-
erization of PGE undertoo®. Thus, these results strongly
suggested that the present initiator mediated the polymerization
along with the color changing behavior.

The UV/vis/near-IR spectra at different temperatures from
30 up to 70°C were measured as shown in Figure 2Bn
order to closely investigate the initiation step of the polymer-
ization. Consequently, the spectra suggested that the ES form

80 °C, and the conversion of PGE reached more than 97% at 55 begun to change at 70, at which decrease of the typical

150 °C. On the other hand, the similar polymerizations with
PANI-PFES quite readily propagated over 7C, and the
conversion of PGE reached more than ca. 97% even a€90
As a consequence, the activity order for a thermally latent
initiator should be estimated dsl > 1c > 1b > laon the

absorption band based on the ES form around at 850 nm and
increases of the typical absorption bands derived from the EB
form around 330 and 600 nm were detected. This strongly
supports initiation of the polymerization via the thermal redoping
process of PANF-PFS.

basis of the relationship between the temperature and conversion. |, symmary, this work demonstrated that PANAFS ef-

Incidentally, development of thermally latent initiators showing
the activity for polymerization at “relatively mild temperature
(<100°C)” should be of interest, since high-temperature curing
sometimes brings deterioration of electric properties in sealing
system for an electronic device.

Figure 2 indicates the ultraviolet/visible/near-infrared (UV/
vis/near-IR) spectra of PANIPFS/PGE solution before [(A)-
a], during (B), and after heating [(A)-b]. Figure 2(A)-a shows
the typical three absorption bands derived from the ES form
(PANI—PFS) around 342, 424, and 865 nm. The absorption
band around 342 nm should arise frarm* electron transition

within the benzenoid segment, and the absorption bands whichthe Suzuki Foundation.

ficiently served as a pseudo-non-salt-type thermally latent
initiator for polymerization of PGE even at relatively mild
temperature~90 °C). In addition, propagation of the polym-
erization or stability of the latent initiator (PANIPFS) can be
visibly checked simply by the color changing derived from
dedoping from the ES form (dark green) to the EB form (blue).
Further detailed investigations and applications for organic
reactions are now in progress, and the results will be reported
elsewhere.
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