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General Introduction

Electroconductive and m-conjugated polymers have attracted interest owing to
their various electrical and optical properties, which are caused by the movement of
n-electrons in their structure. Furthermore, m-conjugated polymers have excellent
features compared to inorganic materials from the viewpoints of weight, workability,
and moldability. Therefore, various electroconductive polymers, such as those shown in

Figure 1, have been developed.

™% \ (

n
Polyacetylene Poly(phenylenevinylene) Polythiophene

Iz

Polypyrrole Polyaniline Poly(3,4-ethylenedioxythiophene)

Figure 1. Various electroconductive polymers.

Polyaniline (PAni) is present in various redox states, as shown in Figure 2, and
can have high conductivity. Therefore, applications utilizing its conductivity and redox
properties are expected.! PAni can coordinate to metals through its quinonediimine
nitrogen sites, which permit electronic interaction with a coordinated metal. Such

PAni/metal composites have been used as catalysts, sensors, and electrodes.””
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Figure 2. Redox states of PAni.

The synthesis of PAni complexes with various transition metals, and their
catalytic function and redox properties, have been studied in our laboratory.” ’ For
example, the use of a PAni/Pd*" complex in the Wacker oxidation of alkenes has been
reported.® Furthermore, the syntheses of PAni/Pd nanoparticles (NPs) hybrids via the
direct reduction method,” the template method,'® and the ligand exchange method"
have also been studied. The use of PAni/Pd NPs hybrids in the oxidative coupling
reaction of 2,6-di-z-butylphenol was also successful. We also developed hybrid catalysts
consisting of water-soluble polyaniline sulfonic acid containing Au NPs.'* '* These
hybrid catalysts are useful in the dehydrogenative oxidation of alcohols and amines, in
which molecular oxygen is the terminal oxidizing agent. In this reaction, polyaniline
sulfonic acid works as a redox mediator (Figure 3).'> '** The synthesis and evaluation of
PAni/M NPs hybrids have been studied in our laboratory, but thus far the metal species

has been limited to Pd.
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Figure 3. Oxidation reaction using

poly(2-methoxyaniline-5-sulfonic acid) (PMAS)/Au NPs hybrids.

The generation of active oxygen or hydrogen peroxide in water is known to be
an effective method for sterilizing water containing bacteria and other
microorganisms.'* The generation of active oxygen or related species for this purpose,
by the electrochemical reduction of oxygen dissolved in water, has been reported.'®

16-18
For an

Some reports have described methods using PAni or PAni derivatives.
electrode catalyst using PAni, the mechanism for generating active oxygen species has
been proposed as follows: (1) PAni is reduced on the cathode electrode, then (2) the

reduced PAni is reoxidized by molecular oxygen in water, resulting in the generation of

a superoxide anion radical (Figure 4).
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Figure 4. Schematic catalytic cycle for the generation of active oxygen species

on the electrode with PAni.

This catalytic redox cycle of PAni would facilitate continuous generation of the
superoxide radical anion. PAni/M NPs hybrids (where the metal was Pt) have also been
studied as electrode catalysts for the oxygen reduction reaction in fuel cells under acidic
conditions. '*** Under these conditions, oxygen would be reduced to water. However,
the generation of active oxygen species under acidic conditions has not been
investigated, because, from an environmental point of view, acidic conditions are
undesirable for antibacterial use.

To study the catalytic generation of active oxygen species, the synthesis of
hybrids of many metal species with PAni was required. Group 10 and 11 elements,
which were expected to show catalytic activity, were selected as the metal species.
Because there is an electronic interaction between PAni and the M NPs in the hybrids,
the repetition durability and redox properties will change when different metals are used
as a redox electrode. Therefore, one of the purposes of this study was to investigate the
effect of metal species hybridized with PAni for their conductivity and catalytic
properties for active oxygen generation. The syntheses of PAni/M NPs hybrids by either
the ligand exchange method (Scheme 1a) or the template method (Scheme 1b) were also

studied. Finally, the electrical properties and the generation of active oxygen species in



neutral water were investigated by using proton-doped PAni/M NPs (H'-PAni/M NPs)

hybrids (Scheme 1c).

(a) Ligand exchange method

X AN
@) Ligand B
Metal salt
+ Reductant
_
Ligand A
Ligand A
Starch

(b) Template method

BOAOOOE O O0O0O}
=, 8 8 8
(OO0 {OOOHOH,

(c) Generation of active oxygen species

e [H*-doped PAni/M NPs],, /v '0% (H,0,)

[H*-doped PAnNi/M NPs], 0,
M = Au, Pt, Pd, Ag, Cu and Ni
composite electrode solution

Scheme 1. Schematic of the preparation of PAni/M NPs hybridws by
(a) ligand exchange method and (b) template method, and

(c) generation of active oxygen species by H-PAni/M NPs hybrids.



This thesis consists of three chapters:

Chapter 1 describes the synthesis of PAni/M NPs hybrids (M = Au, Pt, and Ag)
via the ligand exchange method. In this method, after the synthesis of starch/M NPs, the
sacrificial ligand was exchanged with PAni.

Chapter 2 describes the synthesis of PAni/M NPs hybrids (M = Au, Pt, Pd, Ag,
Cu, and Ni) via the template method. In this method, PAni/M"" complexes were
synthesized, followed by the reduction of M"" using a reductant to yield the
corresponding PAni/M NPs hybrids.

Chapter 3 describes the electrical properties of PAni/M NPs hybrids and
PAni/M"" complexes (M = Au, Pt, Pd, Ag, Cu, and Ni), and the generation of active
oxygen in water by using the synthesized PAni/M NPs hybrids (M = Au, Pt, Pd, Ag, Cu,

and Ni).



References

1.
2.

© ® =N

14.

15.

16.

17.

18.

19.

20.

21.

22.

23

G. Ciri¢-Marjanovi¢, Synth. Met. 2013, 177, 1-47.

R. J. Tseng, J. Huang, J. Ouyang, R. B. Kaner, Y. Yang, Nano Lett. 2005,
1077-1080.

M. Riskin, B. Basnar, Y. Huang, 1. Willner, Adv. Mater. 2007, 19, 2691-2695.

B. J. Gallon, R. W. Kojima, R. B. Kaner, P. L. Diaconescu, Angew. Chem., Int. Ed.
2007, 46, 7251-7254.

D. Zhai, B. Liu, Y. Shi, L. Pan, Y. Wang, W. Li, R. Zhang, G. Yu, ACS Nano 2013,
7, 3540-3546.

T. Hirao, Coord. Chem. Rev. 2002, 226, 81-91.

T. Moriuchi, T. Hirao, Acc. Chem. Res. 2012, 45, 347-360.

T. Hirao, M. Higuchi, B. Hatano, 1. Ikeda, Tetrahedron Lett. 1995, 36, 5925-5928.
T. Amaya, D. Saio, T. Hirao, Macromol. Symp. 2008, 270, 88-94.

. T. Amaya, D. Saio, T. Hirao, Tetrahedron Lett. 2007, 48, 2729-2732.
11.
12.
13.

D. Saio, T. Amaya, T. Hirao, J. Inorg. Organomet. Polym. 2009, 19, 79-84.

D. Saio, T. Amaya, T. Hirao, Adv. Synth. Catal. 2010, 352, 2177-2180.

(a) T. Amaya, T. Ito, Y. Inada, D. Saio, T. Hirao, Tetrahedron Lett. 2012, 53,
6144-6147, (b) T. Amaya, T. Ito, T. Hirao, Heterocycles 2012, 86, 927-932, (c) T.
Amaya, T. Ito, T. Hirao, Tetrahedron Lett. 2013, 54, 2409-2411.

E. Cabiscol, J. Tamarit, J. Ros, Internatl. Microbiol. 2000, 3, 3-8.

A. Kraft, Platinum Metals Rev. 2008, 52, 177-185.

N. Kawashima, M. Takamatsu, K. Morita, Colloids and Surfaces B: Biointerfaces
1998, 711, 297-299.

H. Ono, T. Okajima, F. Matsumoto, T. Oritani, A. Shimizu, M. Takahashi, T. Ohsaka,
Electrochemistry 2001, 69, 953-955.

N. Ohki, S. Uesugi, K. Murayama, F. Matsumoto, N. Koura, T. Okajima, T. Ohsaka,
Electrochemistry 2002, 70, 23-29.

H. Nakano, Y. Tachibana, S. Kuwabata, Electrochimica Acta 2004, 50, 749-754.

A. Kongkanand, S. Kuwabata, J. Phys. Chem. B 2005, 109, 23190-23195.

V. G. Khomenko, V. Z. Barsukov, A. S. Katashinskii, Electrochimica Acta 2005, 50,
1675-1683.

A. Drelinkiewicz, A. Zigba, J. W. Sobczak, M. Bonarowska, Z. Karpinski, A.
Waksmundzka-Goéra, J. Stejskal, React. Funct. Polym. 2009, 69, 630-642.

A. Morozan, B. Jousselme, S. Palacin, Energy Environ. Sci. 2011, 4, 1238-1254.



Chapter 1: Synthesis of polyaniline/metal nanoparticles

hybrids via ligand exchange method™”

Introduction

PAni/Pd NPs have been successfully synthesized by the ligand exchange
method in our laboratory.' In this method, starch/M NPs are synthesized by reduction of
a mixture of starch and metal salts in the first step. Thereafter, the starch ligand is
replaced with PAni in the second step (Scheme 2). It was thought as an ideal method for

the synthesis of hybrids because damage to the PAni by the reductant could be avoided.

% PAN
Metal salt wand exchange
Reductant
starch starch/M NPs PANi/M NPs hybrids
starch

Scheme 2. Schematic of the preparation of PAni/M NPs hybrids

via ligand exchange method.

Here, I report the synthesis of starch/M NPs (M = Au, Pt, and Ag) and the
synthesis of PAni/M NPs hybrids (M = Au, Pt, and Ag) via ligand exchange with

starch/M NPs.



Results and discussion
Synthesis of starch/M NPs

Au, Pt, and Ag were selected as the metal species, which were expected to
improve the electrical and catalytic properties of the PAni/M NPs hybrids. Starch/M

NPs (M = Au, Pt, and Ag) were produced as follows (Scheme 3).

1) metal salt, Table 1. The used metal salts in
H,0,60 C  starch/M NPs

stareh 2) NaBH,, 4 °C " (M =Au, Pt,and Ag)  synthesis of starch/M NPs.
n+
Scheme 3. The synthesis of Metal M
starch/M NPs (M = Au, Pt, and Ag). Au NaAuCly*2H,0
Pt Na,PtCls* 6H,0
Ag AgNO;

A mixture of starch and metal salts in water, as listed in Table 1, was sonicated
and stirred. The transparent solutions obtained all had a light yellow color. Then, an
aqueous solution of NaBH; was added dropwise to the solutions. After stirring, the
excess NaBHs was quenched by adding 1 M HCI solution. Anionic and cationic ion
exchange resins removed the remaining ions, such as Na', CI', and NO™. The color of
all of the samples was then a transparent dark brown. Figure 5 shows TEM images of
the starch/M NPs (M = Au, Pt, and Ag). Small particles (in the range of 2-3 nm) were

observed.
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Figure 5. TEM images of (a) starch/Au NPs, (b) starch/Pt NPs, and (c) starch/Ag NPs.

Synthesis of PAni/M NPs hybrids
Using the starch/M NPs (M = Au, Pt, and Ag), ligand exchanges from starch to

PAni were carried out (Scheme 4).

1) PAni 3) H,0
(emeraldine base)  4) filtration
starch/M NPs THF, H,0 . 5) washing with H,O  pAni/M NPs hybrids
(M =Au, Pt,and Ag)  2) evaporation of THF  6) drying (M = Au, Pt, and Ag)

Scheme 4. The synthesis of PAni/M NPs hybrids (M = Au, Pt, and Ag).

Aqueous solutions of starch/M NPs (M = Au, Pt, and Ag) were added dropwise
to THF solutions of PAni (emeraldine base). Then, the mixtures were stirred. The ratios
of metals to PAni (w/w) were set to 0.1, 0.5, and 1.0 wt% by varying the amount of
starch/M NPs (M = Au, Pt, and Ag) added to the PAni solutions. After stirring, the THF
was removed by evaporation, and water was added to the mixtures. The mixtures were
sonicated to dissolve the starch in water. Then, the mixtures were filtered and the
residues were washed using hot water to yield the PAni/M NPs hybrids. The washing
process was repeated until starch was not detected in the filtrate. The presence of starch
was indicated by the iodine starch reaction. 450-600 mg of PAni/M NPs hybrids (M =

Au, Pt, Pd, Ag, Cu, and Ni) were obtained starting from 500 mg of PAni.
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Figure 6 shows TEM images of PAni/M NPs hybrids (M = Au, Pt, and Ag)
(M/PAni = 1.0 wt%). For all samples, small M NPs (mainly in the range of 2-3 nm)
were observed in the PAni matrix although some aggregation was observed in PAni/Pt

and Ag NPs hybrids.

(a)

20 nm 20 nm 20 nm

Figure 6. TEM images of (a) PAni/Au NPs hybrids (1.0 wt%),

(b) PAni /Pt NPs hybrids (1.0 wt%), and (c) PAni/Ag NPs hybrids (1.0 wt%).

Figure 7 shows the IR spectra of PAni/Pt NPs hybrids (Pt/PAni = 0.1, 0.5, and
1.0 wt%) and neat PAni. All of the spectra were similar. Peaks around 1600 and 1500
cm’, which were attributable to the quinonediimine and the phenylenediamine of PAni,
respectively,’ were observed. The peak intensity ratio
(quinonediimine/phenylenediamine) increased slightly after the ligand exchange in the
spectra for PAni/Pt NPs hybrids (Pt/PAni = 0.5 and 1.0 wt%). This indicated the partial
oxidation of the main chain structure of PAni. This phenomenon contrasts with the
PAni/Pd NPs hybrids." Pt has been reported to show more highly active catalysis for
aerobic oxidation than Pd.’> This oxidation reaction is catalyzed by Pt under air

(molecular oxygen).

11



— PAni
— PAnNi/Pt 0.1 wt% -

— PAni/Pt 0.5 wt%
— PAni/Pt 1.0 wt% —NZQZN— C

Transmittance

3000 2500 2000 1500 1000 500

Wavenumber (cm'1)

Figure 7. FT-IR spectra of PAni and PAni/Pt NPs hybrids.

Figure 8 shows the XPS spectra of PAni/Pt NPs hybrids (Pt/PAni = 1.0 wt%)
for the N 1s core level. The ratio of the imine nitrogen to the amine nitrogen was 44 :

56.2

Intensity (a.u.)

403 401 399 397 395
Binding energy (eV)

Figure 8. The XPS spectrum of PAni/Pt NPs (1.0 wt%).
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Figure 9 shows the UV-Vis-NIR absorption spectra of the PAni/Pt NPs hybrids
(Pt/PAni = 0.1, 0.5, and 1.0 wt%, respectively). They were also similar. The
characteristic peaks were observed around 330 and 600 nm, they were attributable to the
n-n* and the charge transfer transitions, respectively.” These are typical spectra for the
emeraldine base of PAni. In all of the PAni/Pt NPs hybrids, the absorbance was
decreased compared to neat PAni. The hypochromic effect was derived from
intermolecular aggregation and/or an intramolecular conformation change, which could
be induced by the Pt NPs. A hypochromic effect on the emeraldine base of PAni that

was induced by the solvent has been observed and discussed in the literature.*

— PAni

— PAni/Pt NPs 0.1 wt%
—— PAni/Pt NPs 0.5 wt%
— PAni/Pt NPs 1.0 wt%

Abs.

300 500 700 900 1100
Wavelength (nm)

Figure 9. UV-Vis-NIR spectra (1.0 x 10™* M based on aniline unit, THF) of

PAni and PAni/Pt NPs hybrids.
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Figure 10 shows the TG/DTA chart of PAni/Pt NPs hybrids (Pt/PAni = 1.0
wt%). An exothermic peak and a decrease in weight were observed at approximately
280 °C and 430-450 °C, which were caused by the combustion of starch and PAni,
respectively. Washing with additional hot water to remove the starch completely was not
effective, nor was washing of the powder after dispersion in THF. The starch was
expected to be difficult to wash out because it was incorporated into the aggregate of
PAni. However, in our previous synthesis of PAni/Pd NPs hybrids, the starch was
washed out completely.' Here, the scale of reaction was approximately 15 times larger.

This might be one of the reasons for the remaining starch.

80 ~—— 0
TG (%) |
60| 20
(@]
S [ 3
340 B —
&
If n '60 ~
“ 20 |
DTA (uV/mg) 1 -80
0 ‘ -100
0 100 200 300 400 500

Temperature ('C)

Figure 10. TG-DTA chart of PAni/Pt NPs hybrids (1.0 wt%).

Conclusion

PAni/M NPs hybrids (M = Au, Pt, and Ag) were synthesized from the

corresponding precursor starch/M NPs via the ligand exchange method. The diameters

14



of the M NPs obtained were primarily in the range of 2-3 nm, however, some
aggregation was observed in PAni/Pt and PAni/Ag NPs hybrids. Although it is difficult
to remove starch completely, this procedure avoids the exposure of the redox-active

polymer to the reductant, and is useful for the synthesis of PAni/M NPs hybrids.

Experimental section
Instrumentation and chemicals

All reagents were purchased from commercial sources and used without further
purification. Starch (water-soluble) and AgNO; were purchased from Wako Pure
Chemical Industries. PAni (emeraldine base, Mw: ca. 10000) was purchased from
Aldrich. NaAuCls*2H,0 and Na,PtCls-6H,O were purchased from Kanto Chemical.
TEM images were recorded on a JEOL JEM-1010. FT-IR spectra were recorded using
the ATR technique with a JASCO FT/IR-4200 spectrometer. XPS spectra were
recorded on a SHIMADZU/Kratos AXIS-165x. UV-Vis-NIR absorption spectra were
recorded on a SHIMADZU UV-VIS-NIR SPECTROMETER UV-3150. TG-DTA data

were obtained on a BRUKER TG-DTA 2000SA.

Synthesis of starch/M NPs

Water-soluble starch (1.43 g) and a metal salt (39.8 mg for NaAuCly*2H,0,
56.2 mg for Na,PtCls*6H,0, and 17.0 mg for AgNOs, respectively), and water (300
mL) were added to a 500 mL round bottom flask. The mixtures were sonicated at room
temperature for 10 min and then stirred at 60 °C for 30 min to dissolve the starch. After
stirring, the mixtures were cooled to 4 °C using an ice bath. An aqueous solution of

NaBH;4 (37.8 mg in 30 mL water) was added dropwise to the starch mixtures at 4 °C

15



over 10 min. The mixtures were then stirred at 4 °C for 1 h. An aqueous HCI solution (1
M, ~0.6 mL) was added to the mixtures to quench any unreacted NaBH,4. Anionic and
cationic ion exchange resins (5 g each) (IRA-410 and IR-120B, respectively) were
added to the mixtures, and stirred at room temperature for 1 h. The mixtures were then
filtered to remove the resins. As a result, aqueous solutions of starch/M NPs (M = Au, Pt,

and Ag) were obtained (310-320 g).

Synthesis of PAni/M NPs hybrids (M : PAni = 0.1 wt%)

PAni (emeraldine base) (500 mg) in THF (150 mL) was added to a 500 mL
round bottom flask. The mixture was then sonicated at room temperature for 10 min. A
previously prepared aqueous solution of starch/M NPs (M = Au, Pt, and Ag) (8.5 mL
with 0.5 mg of Au, Pt, and Ag, respectively) was added dropwise to the THF solution of
PAni at room temperature over 3 min. After stirring at room temperature for 17 h, the
THF was removed by evaporation, and water (100 mL) was added to the mixtures. The
suspensions obtained were then sonicated at room temperature for 10 min, followed by
stirring at 60 °C for 30 min. The suspensions were then filtered and washed with hot
water (60 °C, 100 mL x 9). The resulting residues were then dried in vacuo. As a result,

powders of PAni/M NPs hybrids (M = Au, Pt, and Ag) were obtained (450-470 mg).

16
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Chapter 2: Synthesis of polyaniline/metal nanoparticles

hybrids via template method®”

Introduction

The synthesis of PAni/M NPs hybrids by the ligand exchange method is
described in Chapter 1. However, using this method resulted in NPs hybrids
contaminated with starch. Another synthetic method was examined, because starch
residues may affect the electrical and redox properties of the PAni/M NPs hybrids.

PAni/Pd NPs hybrids have also been successfully synthesized by the template
method in our laboratory."* There is no starch contamination using this method. The
template method allows for a higher loading of M NPs in the hybrids than the ligand
exchange method. In my strategy, the PAni/M™ complexes (M = Au, Pt, Pd, Ag, Cu,
and Ni) were synthesized by mixing the PAni and metal salts in the first step. Thereafter,
the PAni/M NPs hybrids (M = Au, Pt, Pd, Ag, Cu, and Ni) were synthesized by the

reduction of the corresponding PAni/M"" complexes in the second step (Scheme 5).

Metal salt %’ Reductant

PAni PANi/M™ complex PAnNi/M NPs hybrids

Scheme 5. Schematic drawing of the preparation of PAni/M NPs hybrids

via template method.

Here, I report the synthesis of PAni/M™ complexes (M = Au, Pt, Pd, Ag, Cu,

and Ni), and the synthesis of PAni/M NPs hybrids (M = Au, Pt, Pd, Ag, Cu, and Ni)

18



through the reduction of the corresponding PAni/M™ complexes.

Results and discussion
Synthesis of PAni/M"" complexes

Au, Pt, Pd, Ag, Cu, and Ni were selected as metal species as they were
expected to provide improved electrical and catalytic properties. PAni/M™ complexes
(M = Au, Pt, Pd, Ag, Cu, and Ni) were prepared as follows (Scheme 6). The metal salts
listed in Table 2 were coordinated to PAni to form the corresponding PAni/M"
complexes, where the ratio of the metals to PAni (w/w) were set to either 1, 5, or 10
wt% by varying the amount of metal salt added. The metal salts were dissolved in a
THF/water solution that was then added dropwise to a solution of PAni (emeraldine

base) in THF. The PAni/M™" complexes formed spontaneously during mixing.

1) metal salt
PAni THF, H,0 R PAnNi/M™ complex
(emeraldine base) 2) evaporation of solvent (M = Au, Pt, Pd, Ag, Cu, and Ni)
3) drying

Scheme 6. The synthesis of PAni/M™ (M = Au, Pt, Pd, Ag, Cu, and Ni) complexes.

Table 2. The used metal salts in

synthesis of PAni/M™ complexes.

Metals M
Au NaAuCl,*2H,0
Pt NazptCIG M 6H20

Pd Pd(OAc),
Ag AgNO;
Cu CuCl
Ni NiCl,

19



All of the solutions of PAni/M™ complexes were a dark violet color. Figure 11
shows a selected region of FT-IR spectra of PAni and PAni/M"" complexes (M = Au, Pt,
Pd, Ag, Cu, and Ni, 10 wt%). All of the spectra were similar. Peaks at approximately
1600 and 1500 cm’, which are attributable to the quinonediimine and the
phenylenediamine moieties of PAni, respectively,” were observed. The peak intensity
ratio (quinonediimine/phenylenediamine) provided a qualitative measure of their mole
ratio.!  The wavenumber of the peaks and the intensity ratios of
quinonediimine/phenylenediamine for each PAni/M™" hybrid are summarized in Table 3.
The ratio of quinonediimine/phenylenediamine for PAni was approximately 0.4 : 0.6,
which was estimated by the literature method.* The peak intensity ratio of
quinonediimine/phenylenediamine for all of the PAni/M"™" complexes increased when
compared to PAni. The peak intensity ratio of quinonediimine/phenylenediamine also
increased with higher metal content. This indicated the partial oxidation of the main
chain structure of PAni. This oxidation was catalyzed by M"" under air (molecular
oxygen). It is also possible that the PAni used was slightly rich in the reduced form
(0.56, intensity ratio of quinonediimine/phenylenediamine), and therefore it might be
partially oxidized easily. For PAni/Cu’ complexes, the oxidation power was lower than
that of the other PAni/M"™" complexes. A reason for this phenomenon is that oxygen in

. . g + .
air could oxidize Cu" to Cu®” species.

20
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Figure 11. Selected region of the FT-IR spectra of PAni and

PAni/ M"" complexes (M = Au, Pt, Pd, Ag, Cu, and Ni, 10 wt%).
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Table 3. Wavenumber (cm™) and transmittance (%) of the peaks at approximately 1600
and 1500 cm™ in the IR (ATR) spectra of PAni and PAni/ M"™" complexes (M = Au, Pt,
Pd, Ag, Cu, and Ni, 10 wt%), and the peak intensity ratio of

quinonediimine/phenylenediamine.

Peak around 1600 cm™ | Peak around 1500 cm’™ ) ) )
(quinoiddiimine) (phenylenediamine) Peak 1nter;s1ty ratio
Wt % VRO
Waven  Transmit | Waven  Transmit quinoidediimine/
umber tance umber tance | Phenylenediamine®
(cm™) (%) (cm™) (%)

PAni 1593 74 1495 53 0.55
1 1592 76 1494 64 0.67
PAni/Au’” 5 1584 67 1492 58 0.79
10 1581 71 1493 65 0.83
1 1591 85 1495 76 0.63
PAni/Pt"" 5 1585 68 1493 58 0.76
10 1578 52 1492 44 0.86
1 1588 72 1496 67 0.85
PAni/Pd*" 5 1589 85 1492 80 0.75
10 1589 82 1507 78 0.82
1 1589 65 1493 57 0.81
PAni/Ag’ 5 1586 68 1493 63 0.86
10 1583 60 1492 56 0.91
1 1588 83 1494 77 0.74
PAni/Cu” 5 1585 91 1494 88 0.75
10 1581 81 1488 78 0.86
1 1588 59 1493 44 0.73
PAni/Ni** 5 1579 83 1492 79 0.81
10 1569 60 1487 55 0.89

“(100-[ Transmittance of quinonediimine])/(100-[ Transmittance of phenylenediamine])

Synthesis of PAni/M NPs hybrids
PAni/M NPs hybrids (M = Au, Pt, Pd, Ag, Cu, and Ni) were synthesized by the
reduction of the corresponding PAni/M"™" complexes (Scheme 7). An aqueous solution

of NaBH,4 was added dropwise to the PAni/M™" complexes (M = Au, Pt, Pd, Ag, Cu, and
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Ni). After the reaction, the mixture was washed with water to remove residual NaBH4
and its derivatives. 400-500 mg of PAni/M NPs hybrids (M = Au, Pt, Pd, Ag, Cu, and

Ni) were obtained starting from 500 mg of PAni.

1) NaBH,, EtOH
PANi/M™ complex 2) evaporation of solvent PAni/M NPs hybrids
(M = Au, Pt, Pd, Ag, Cu, and Ni) 3)H (M = Au, Pt, Pd, Ag, Cu, and Ni)
4) f||trat|on
5) drying

Scheme 7. The synthesis of PAni/M NPs hybrids.

Figure 12 shows a selected region of the FT-IR spectra of PAni and PAni/M
NPs hybrids (M = Au, Pt, Pd, Ag, Cu, and N1, 10 wt%). All of the spectra were similar.
The peaks at approximately 1600 and 1500 cm™, which were attributable to the
quinonediimine and the phenylenediamine of PAni respectively,” were observed. The
peak intensity ratio of quinonediimine/phenylenediamine were lower for all of PAni/M
NPs hybrids (M = Au, Pt, Pd, Ag, Cu, and Ni) when compared to those of the
corresponding PAni/M™" complexes (M = Au, Pt, Pd, Ag, Cu, and Ni) as summarized in
Table 4. This phenomenon was caused by the partial reduction of the PAni main chain

structure by NaBH4.
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Figure 12. Selected region of the FT-IR spectra of PAni and

PAni/M NPs hybrids (M = Au, Pt, Pd, Ag, Cu, and Ni, 10 wt%).
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Table 4. Wavenumber (cm™) and transmittance (%) of the peaks at approximately 1600
and 1500 cm™ in the IR (ATR) spectra of PAni and PAni/M NPs hybrids (M = Au, Pt,
Pd, Ag, Cu, and Ni, 10 wt%), and the peak intensity ratio of

quinonediimine/phenylenediamine.

Peak around 1600 cm™ | Peak around 1500 cm’™ ) ) )
(quinoiddiimine) (phenylenediamine) Peak intensity ratio
Wt % _of
Waven  Transmit | Waven  Transmit quinoidediimine/
umber tance umber tance | Phenylenediamine”
@) O | (m) (%)

PAni 1593 74 1495 53 0.55
1 1593 90 1495 74 0.38
PAni/Au 5 1594 85 1496 60 0.38
10 1594 91 1496 71 0.31
1 1594 82 1495 64 0.50
PAni/Pt 5 1592 89 1496 78 0.50
10 1588 76 1495 57 0.56
1 1593 86 1507 77 0.61
PAni/Pd 5 1588 76 1496 69 0.77
10 1589 73 1496 58 0.64
1 1593 72 1495 49 0.55
PAni/Ag 5 1593 61 1495 33 0.58
10 1588 57 1494 40 0.72
1 1592 96 1495 82 0.22
PAni/Cu 5 1590 73 1495 48 0.52
10 1591 80 1496 58 0.48
1 1596 87 1495 56 0.30
PAni/Ni 5 1594 79 1495 50 0.42
10 1594 89 1496 66 0.32

“(100-[ Transmittance of quinonediimine])/(100-[ Transmittance of phenylenediamine])

Figure 13 shows the UV-Vis-NIR absorption spectra of PAni and PAni/M NPs
hybrids (M = Au, Pt, Pd, Ag, Cu, and Ni, 10 wt%). The characteristic peaks around 330
and 600 nm, which are attributable to the n-n* transition of the phenyl ring and the

charge transfer (CT) from the benzenoid to the quinoid, respectively,” were observed.
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The wavelength (nm) and absorbance (%) for the peak at approximately 600 nm in these
spectra are summarized in Table 5. These are typical spectra for the emeraldine base of
PAni. Decreased absorbance was observed for all PAni/M NPs hybrids relative to PAni.
This hypochromic effect was derived from intermolecular aggregation and/or
intramolecular conformational changes that might be induced by the presence of M NPs.
A hypochromic effect on the emeraldine base of PAni that was induced by the solvent
has been observed and discussed in the literature.® For PAni/Cu NPs hybrid, a blue shift
of the CT band was observed. According to our previous work,” the complexation of
PAni with Cu®" induced a similar blue shift. The blue shift observed could indicate the
presence of Cu*, which might have been unreacted in the synthesis or formed later via

a redox reaction between Cu” and PAni or oxidized under air (molecular oxygen).

0.5
—— PAni
— PAni/Au NPs
04 —— PAni/Pt NPs
—— PAnNi/Pd NPs
— PAni/Ag NPs
S 03 PAni/Cu NPs
o — PAni /Ni NPs
o
2
< 0.2
01 }
0

300 400 500 600 700 800 900 1000
Wavelength (nm)

Fig. 13. UV-Vis-NIR absorption spectra (1.0x10™* M based on aniline unit, NMP) of

PAni and PAni/M NPs hybrids (M = Au, Pt, Pd, Ag, Cu, and Ni, 10 wt%).
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Table 5. Wavelength (nm) and absorbance (%) for the peak around 600 nm in
UV-Vis-NIR absorption spectra of PAni and PAni/M NPs hybrids (M = Au, Pt, Pd, Ag,

Cu, and Ni, 10 wt%) (1.0x10™* M based on aniline unit, NMP).

Peak around 600 nm
Wavelength Absorbance

(nm) (%)

PAni 594 0.26
PAni/Au 588 0.18
PAni/Pt 582 0.14
PAni/Pd 590 0.14
PAni/Ag 584 0.14
PAni/Cu 560 0.073
PAni/Ni 586 0.074

Figure 14 shows the TEM images of PAni/M NPs hybrids (M = Au, Pt, Pd, Ag,
Cu, and Ni, 10 wt%). PAni/Au, Pt, and Pd NPs hybrids (5 wt%) have M NPs (mainly in
the range of 2-3 nm). However, M NPs were not clearly observed in PAni/Ag, Cu, and
Ni NPs hybrids (5 wt%). The SEM-EDX images of PAni/M NPs hybrids (M = Au, Pt,
Pd, Ag, Cu, and Ni, 10 wt%) (Figure 15), showed a uniform dispersion of the metals.
Some M NPs could have been formed before the treatment with NaBHy4. According to
the literature, NaBH4 can reduce Ag+,8 Ni2+,9 and Cu®" ' to form the corresponding M
NPs. Therefore, M"" was expected to be reduced in these experiments. Formation of
smaller (subnano) particles could be a reason why NPs were not observed in the TEM

images of PAni/Ag, Cu, and Ni NPs hybrids (5 wt%).

27



Figure 14. TEM images of (a) PAni/Au NPs hybrids (5 wt%),

(b) PAni/Pt NPs hybrids (5 wt%), (c) PAni/Pd NPs hybrids (5 wt%),
(d) PAni/Ag NPs hybrids (5 wt%), (¢) PAni/Cu NPs hybrids (5 wt%), and

(f) PAni/Ni NPs hybrids (5 wt%).
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Figure 15. SEM-EDX images of (a) PAni/Au NPs hybrids (5 wt%),

(b) PAni/Pt NPs hybrids (5 wt%), (c) PAni/Pd NPs hybrids (5 wt%),
(d) PAni/Ag NPs hybrids (5 wt%), (¢) PAni/Cu NPs hybrids (5 wt%), and

(f) PAni/Ni NPs hybrids (5 wt%).
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Conclusion

PAni/M NPs hybrids (M = Au, Pt, Pd, Ag, Cu, and Ni) were produced via our
template method. The IR spectra suggest that partial oxidation of the main chain
structure of PAni occurred in the complexation step. Also, partial reduction of the main
chain structure of PAni occurred during the reduction of the complexes. In the
UV-Vis-NIR absorption spectra of PAni/M NPs hybrids (M = Au, Pt, Pd, Ag, Cu, and
Ni), a hypochromic effect in the n-n* and CT bands was observed. M NPs (mainly in
the range of 2-3 nm) were observed in PAni/Au, Pt, and Pd NPs hybrids, but not for
PAni/Ag, Cu, and Ni NPs hybrids. However, the SEM-EDX images of the PAni/M NPs

hybrids (M = Au, Pt, Pd, Ag, Cu, and Ni) showed a uniform dispersion of the metals.

Experimental section
Instrumentation and chemicals

All reagents were purchased from commercial sources and used without further
purification. PAni (emeraldine base, Mw: ca. 10000) was purchased from Aldrich.
NaAuCly*2H,0, Na,PtCls-6H,0, Pd(OAc),, CuCl, and NiCl, were purchased from
Kanto Chemical. AgNO3; was purchased from Wako Pure Chemical Industries. The
Elemental Analysis Section of Osaka University performed the elemental analysis.
FT-IR spectra were recorded using the ATR technique with a JASCO FT/IR-4200
spectrometer. UV-Vis-NIR absorption spectra were recorded on a SHIMADZU
UV-VIS-NIR SPECTROMETER UV-3150. TEM images were recorded on a JEOL
JEM-1010. SEM-EDX images were recorded on a Hitachi S4300 (SEM) and Horiba

EMAX (EDX).
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Synthesis of PAni/M"™" complexes

Polyaniline (500 mg) and THF (150 mL) were added to a 500 mL round
bottom flask. The mixtures were sonicated at room temperature to dissolve the PAni.
Solutions of M™" (Table 6) in THF (25 mL) {for AgNOs, CuCl, and NiCl,, THF/H,0O
(20 mL/5 mL, 20 mL/10 mL, 20 mL/5 mL, respectively) was used due to the low
solubility of M™} were added dropwise to the stirred solution of PAni at room
temperature over 30 min. To form a suspension of PAni/M™" complexes, the reaction
mixtures were stirred at room temperature for ~1 h. The solvent was then removed by
evaporation and the wet powders obtained were dried in vacuo to yield PANI/M"
complexes. The results of the elemental analysis (for H, C, and N) of PANI/M™"

complexes are summarized in Table 7.

Table 6. The used metal salts in synthesis of PAni/M™ complexes.

Metal amount to PAni 1 wt% 5 wt% 10 wt%

M Amount Mole | Amount Mole | Amount Mole

(mg) (mmol) | (mg) (mmol) | (mg) (mmol)
NaAuCl,*2H,0 10.1 0.025 50.5 0.127 101.0 0.254
Na,PtCls*6H,0 14.4 0.026 72.0 0.128 144.0 0.256
Pd(OAc), 10.5 0.047 52.7 0.235 105.5 0.470
AgNO; 7.9 0.046 394 0.232 78.7 0.464
CuCl 7.8 0.079 38.9 0.393 77.9 0.787
NiCl, 11.0 0.085 55.2 0.426 1104 0.852
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Table 7. Elemental analysis of PAni/M"" complexes.

Calcd Found
0
W% H C N H C N
1 5.22° 74.34% 14.45% 5.31 74.45 13.60

PAni/Au’" 5 4.92°  69.12°  13.43" | 4.87 69.35 13.02

10 | 461° 63.54° 1235° | 4.48 63.54 11.99
521 7375 1433* | 5.24 74.18 13.83
PAni/Pt" 5 479"  68.05° 13.23° | 4.78 67.57 12.74

10 4.50° 60.58°  11.78° 4.44 60.53 11.41
Not Not Not

1 - - i,
Lo Measured Measured Measured
PAni/Pd 5 | 479 7399 1398 | 525 7417 1337

10 | 510°  64.14° 11.80° | 4.69 64.54  11.83
522° 7465  14.63" | 5.26 73.97 13.64
PAni/Ag" 5 5.06°  68.96° 13.97% | 495 68.79 13.41

10 | 48°  63.79° 13.44° | 4.64 63.72 12.91
5367 7296 14.18¢ | 5.05 73.29 13.90

PAni/Cu’ 5 507" 69.02¢  13.41¢ | 4.67 68.88 13.19

10 4.87 63.36 12.32 429 62.84 12.02

1 i i i Not Not Not
" Measured Measured Measured

PAni/Ni 5 506 65745 1278 | 497 6539  12.52

10 5.09* 56.03% 10.89% 4.61 55.77 10.72

#0.25 equiv of H,O (based on the aniline unit) was added to the calculated value.
°0.125 equiv of H,O (based on the aniline unit) was added to the calculated value.
€0.5 equiv of H,O (based on the aniline unit) was added to the calculated value.
40.375 equiv of H,O (based on the aniline unit) was added to the calculated value.

€0.45 equiv of H,O (based on the aniline unit) was added to the calculated value.

Synthesis of PAni/M NPs hybrids
A solution of NaBH, (10 equiv. relative to the M™) in ethanol (25 mL) was
added dropwise to a suspension of PAni/M"" complex in THF over 30 min to prepare

PAni/M NPs hybrids (M = Au, Pt, Pd, Ag, Cu, and Ni). The mixtures were stirred at
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room temperature for 1 h (for CuCl and NiCl,, the mixtures were stirred at 60 °C for 3
h). The solvent was removed by evaporation and water (100 mL) was added. The
resulting suspension was sonicated for 10 min. at room temperature. The suspension
was filtered, and the residue was dried in vacuo. 400-500 mg of PAni/M NPs hybrids
was obtained from 500 mg of PAni. The results of elemental analysis (for H, C, and N)

for the PAni/M NPs hybrids are summarized in Table 8.
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Table 8. Elemental analysis of PAni/M NPs hybrids.

Caled Found
W% —p C N H C N

1 525 75.05° 14.59* | 5.37 76.34 14.55

PAni/Au 5 505 7232°  14.06* | 5.09 73.19 14.06
10 | 484"  69.18"  13.45" | 4.90 70.18 13.37

5.11°  76.86°  14.94° | 5.29 76.43 14.67

PAni/Pt 5 4.92°  74.00° 1438° | 5.00 74.14 14.21
10 | 484"  69.18° 1345 | 4.80 69.55 13.36

1 525 75.06°  14.59° 5.17 75.38 14.54

PAni/Pd 5 5.06" 72.33*  14.06" 491 72.00 13.97
10 | 483"  69.18" 1345 | 4.69 68.25 13.30

525 75.05° 14.59* | 5.33 76.07 14.63

PAni/Ag 5 5.06" 7232 14.06" 5.11 72.87 14.00
10 | 484° 6918 1345 | 4.78 69.33 13.25

525 75.05° 14.59* | 5.22 75.57 14.50

PAni/Cu 5 492"  64.00° 1438 | 5.12 73.41 14.06
10 497 67.71°  13.16° | 4.95 67.46 12.54

525 75.06°  14.59° 5.38 75.20 14.42

PAni/Ni 5 5.32° 69.20°  13.45° 5.21 68.75 13.05
10 5577 61.24"  11.90" | 4.79 61.86 11.87

#0.25 equiv of H,O (based on the aniline unit) was added to the calculated value.
°0.125 equiv of H,O (based on the aniline unit) was added to the calculated value.
€0.5 equiv of H,O (based on the aniline unit) was added to the calculated value.
40.375 equiv of H,O (based on the aniline unit) was added to the calculated value.
€0.45 equiv of H,O (based on the aniline unit) was added to the calculated value.

1 equiv of H,O (based on the aniline unit) was added to the calculated value.
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Chapter 3: Conductivity and catalytic properties for active
oxygen generation of polyaniline/metal nanoparticles

hybrids®: ©®

Introduction

The electrical and redox properties were investigated for the PAni/M NPs
hybrids and PAni/M"" complexes (M = Au, Pt, Pd, Ag, Cu, and Ni, 10 wt%) produced in
Chapter 2. Though there is existing literature on the synthesis and evaluation of PAni/M
NPs hybrids, there are few reports evaluating those synthesized by this or a similar
method.'? This study was focused on investigating the effect of the hybridized metal
species. Conductivity and active oxygen generation were selected to evaluate the
electrical and redox properties, respectively. These evaluations were carried out after
proton doping of the PAni/M NPs hybrids and the PAni/M"" complexes (M = Au, Pt, Pd,
Ag, Cu, and Ni, 10 wt%).

Here, 1 report the proton doping of PAni/M NPs hybrids and PAni/M""
complexes (M = Au, Pt, Pd, Ag, Cu, and Ni, 10 wt%), and the evaluation of the
conductivity of, and generation of active oxygen in water by, H'-PAni/M NPs hybrids

(M = Au, Pt, Pd, Ag, Cu, and Ni).

Results and discussion
Proton doping
The proton doping was performed as follows (Scheme 8). PAni or the PAni/M
NPs hybrids or the PAni/M"" complexes (M = Au, Pt, Pd, Ag, Cu, and Ni, 10 wt%)

were dissolved in N-methyl-2-pyrrolidone (NMP). p-Toluenesulfonic acid (p-TsOH)
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was then added as a dopant. Upon addition of the acid, the color of the solutions
changed from purple to green, which is the characteristic color of the emeraldine salt.
After doping, the solvent was removed by evaporation and dried in vacuo to yield
H'-PAni/M NPs hybrids and H'-PAni/M™" complexes (M = Au, Pt, Pd, Ag, Cu, and Ni,

10 wt%).

(2)

1) p-toluenesulfonic acid
(1 equiv. v.s. aniline unit),

. NMP
PAni/M NPs H*-PAni/M NPs hybrids

>

(M = Au, Pt, Pd, Ag, Cu, and Ni) 2) evaporation of solvent "~ (M =Au, Pt, Pd, Ag, Cu, and Ni)
3) drying

(b)

1) p-toluenesulfonic acid
(1 equiv. v.s. aniline unit),

NMP
PAni/M™ complex H*- PAni/M™ comlex

>

(M = Au, Pt, Pd, Ag, Cu, and Ni) 2) evaporation of solvent "~ (M =Au, Pt, Pd, Ag, Cu, and Ni)
3) drying

Scheme 8. Proton doping of (a) PAni/M NPs hybrids and (b) PAni/M"" complexes

(M = Au, Pt, Pd, Ag, Cu, and Ni, 10 wt%).

Figure 16 shows the UV-Vis-NIR absorption spectra of H'-PAni/M NPs
hybrids (M = Au, Pt, Pd, Ag, Cu, and Ni, 10 wt%). The characteristic peaks at
approximately 330 and 600 nm, which are attributable to the m-n* transition of the
phenyl ring and the charge transfer (CT) from the benzenoid to the quinoid,

respectively,”® were observed. For H'-PAni, H-PAni/Au and Ni NPs hybrids, a peak

37



around 460 nm, which is attributable to a polaron band,3 0 was observed. However, for
H'-PAni/Pt, Pd, Ag, and Cu NPs hybrids, the absorbance of the polaron band was not
observed and it suggested that the doping was inefficient. For H'-PAni/Cu NPs hybrid, a
blue shift of the CT band was observed. According to our previous work,” the
complexation of PAni with Cu®" induce the similar blue shift. The blue shift observed
could indicate the presence of Cu®", which might have been unreacted in the synthesis

or formed later via a redox reaction between Cu’ and PAni.

1.2
— H-PAni
11 —— H'-PAni/Au NPs
—— H*-PAni/Pt NPs
08 ~ H'-PAni/Pd NPs

—— H"-PAni/Ag NPs
*-PAni/Cu NPs
*-PAni /Ni NPs

300 400 500 600 700 800 900 1000
Wavelength (nm)

Figure 16. UV-Vis-NIR absorption spectra (1.0x10™* M based on the aniline unit, NMP)

of H'-PAni and H-PAni/M NPs hybrids (M = Au, Pt, Pd, Ag, Cu, and Ni, 10 wt%).

Figure 17 shows the UV-Vis-NIR absorption spectra of the H'-PAni/M""
complexes (M = Au, Pt, Pd, Ag, Cu, and Ni, 10 wt%). The characteristic peaks at
approximately 330 and 600 nm, which are attributable to the m-n* transition of the
phenyl ring and the charge transfer (CT) from the benzenoid to the quinoid,

respectively,”® were observed. For H™-PAni, a peak at approximately 460 nm,
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attributable to a polaron band,”® was observed. However, for H-PAni/M™" complexes
(M = Au, Pt, Pd, Ag, Cu, and Ni, 10 wt%), the absorbance of the polaron band was not
observed and this suggested that doping was inefficient. For the H-PAni/Cu’ complex,
a blue shift of the CT band was observed. According to our previous work,’' the
complexation of PAni with Cu®" induces a similar blue shift. For H'-PAni/Pd* complex,
the characteristic peaks in PAni were not observed. This could be the result of oxidation

of the main chain of PAni, but the details are not clear yet.

1.2
—— H*-PAni
T —— H*-PANi/AU* complex
H+-PAni/Pt** complex
08 [ H*-PAni/Pd®" complex
—— H"-PAni/Ag* complex
§ 06 | —— H*-PAni/Cu” complex

—— H"-PAni /Ni** complex

—— A,
I

300 400 500 600 700 800 900 1000
Wavelength (nm)

Figure 17. UV-Vis-NIR absorption spectra (1.0x10™* M based on the aniline unit, NMP)

of H-PAni and H'-PAni/M"™" complexes (M = Au, Pt, Pd, Ag, Cu, and Ni, 10 wt%).

Measurement of conductivity

The conductivity of the H'-PAni/M NPs hybrids and H'-PAni/M"" complexes
(M = Au, Pt, Pd, Ag, Cu, and Ni) were measured via the volume specific resistance of a
pressed pellet (Table 9 and 10).

The conductivity of H'-PAni was 2 x 10 S/cm. For H-PAni/Au, Pt, Pd, Ag,
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and Cu NPs hybrids, the conductivity was one or two orders of magnitude lower than in
H'-PAni. In Chapter 2, the partial reduction of PAni in the IR spectra of the PAni/M NPs
hybrids was observed. The reduction of PAni may be a reason why the conductivity
decreased. However, for H -PAni/Ni NPs hybrid, the conductivity was two orders of
magnitude higher than in H'-PAni.

For H'-PAni/M™ complexes (M = Au, Pt, Pd, Ag, Cu, and Ni), the conductivity
was lower than in H'-PAni. In Chapter 2, the partial oxidation of PAni in the IR spectra
of the PAni/M™ complexes was observed. The oxidation of PAni is considered to be one
of the reasons for the decreased conductivity. Inefficient doping may also be a reason
for lower conductivity as well. The doping of PAni could have been hindered by the

coordination of metal to the quinonediimine.

Table 9. Conductivity of H'-PAni/M NPs hybrids

(M =Au, Pt, Pd, Ag, Cu, and Ni).

Conductivity (S/cm)

H'-PAni 2x 107
H'-PAni/Au NPs 2x 107
H'-PAni/Pt NPs 3x10°
H'-PAni/Pd NPs 5x10°
H'-PAni/Ag NPs 3x 10”7
H'-PAni/Cu NPs 1x10°
H'-PAni/Ni NPs 3x10°

40



Table 10. Conductivity of H'-PAni/M"" complexes

(M =Au, Pt, Pd, Ag, Cu, and Ni).

Conductivity (S/cm)

H'-PAni 2x107
H'-PAni/Au’" complex 3x 107
H'-PAni/Pt"" complex 9x 10”7
H'-PAni/Pd*" complex 7x10”
H'-PAni/Ag" complex 4x 107
H'-PAni/Cu’ complex N/A
H'-PAni/Ni*" complex 4x107

Preparation of electrode

UV-curable dipentaerythritol hexaacrylate (DPHA) was used as a binder. A
coating fluid was prepared by adding a solution of DPHA to the stirred solution of
H'-PAni/M NPs hybrids (M = Au, Pt, Pd, Ag, Cu, and Ni) in NMP. A film was formed
by spin coating of the fluid onto an ITO electrode, which was then cured with UV
irradiation. The thicknesses of the films obtained were 190-230 nm. Figure 18 shows
the UV-Vis-NIR absorption spectra of each electrode film. The characteristic peaks
around 330 and 450-500 nm, which are attributable to the n-n* transition of the phenyl

ring and a polaron band,’® were observed.
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Figure 18. UV-Vis-NIR absorption spectra of the electrode films.

Hydrogen peroxide generation

Hydrogen peroxide was quantified instead of the superoxide radical anion
because the superoxide radical anion disproportionates to hydrogen peroxide and
oxygen.”> Table 11 shows the concentration of hydrogen peroxide generated by each
electrode in physiological saline. First, the generation of hydrogen peroxide by the
H'-PAni electrode was examined. The concentration of hydrogen peroxide in the
physiological saline (50 mL) was 2.0 ppm after applying a voltage (2.5 V) for 6 h. This
experiment was repeated five times to investigate the repetition durability of the
electrode. The concentration of hydrogen peroxide decreased gradually and became 0
ppm after the fifth cycle. The color of the electrode film also changed from green to
purple. For the H'-PAni/Au, Pt, and Pd NPs hybrids, the concentration of hydrogen
peroxide (3.5 ppm) after the first cycle was greater than that of H'-PAni. However, the
concentration of hydrogen peroxide decreased to 0 ppm after the third cycle. However,

for H'-PAni/Ag, Cu, and Ni NPs hybrids, the concentration of hydrogen peroxide after
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the first cycle was 1-2 ppm, which was similar to H'-PAni, and the concentration of

hydrogen peroxide was maintained even after the fifth cycle.

Table 11. Concentration of hydrogen peroxide in physiological saline (50 mL).

Concentration of hydrogen peroxide (ppm)
Cycles H'-PAni H'-PAni/Au H'-PAni/Pt H'-PAni/Pd H -PAni/Ag H'-PAni/Cu H'-PAni/Ni

NPs NPs NPs NPs NPs NPs NPs
1 2 35 35 35 2 1 2
2 1 1 1 0.5 2 1 2
3 0.5 0 0 0 2 1 2
4 0.5 0 0 0 1 1 2
5 0 0 0 0 1 1 2

The same experiments were carried out by using water instead of physiological

saline as solvent. The results showed a similar trend to physiological saline (Table 12).

Table 12. Concentration of hydrogen peroxide in water (50 mL).

Concentration of hydrogen peroxide (ppm)

Cycles H'-PAni H'-PAni/Au H'-PAni/Pt H'-PAni/Pd H -PAni/Ag H -PAni/Cu H'-PAni/Ni

NPs NPs NPs NPs NPs NPs NPs
1 2 35 3.5 3.5 2 1 2
2 1 1 1 1 1 2
3 1 0 0.5 0 1 0.5 2
4 0.5 0 0 0 1 1 2
5 0 0 0 0 1 1 2

The UV-Vis-NIR absorption spectra were measured for each electrode film
(Figure 19 and 20) to investigate the degradation mechanism after the fifth cycle of the
experiments. For the H'-PAni/Pt NPs hybrid, a peak around 450-500 nm, attributable to
a polaron band, decreased significantly compared to the spectra before the generation of

hydrogen peroxide. A similar phenomenon was observed for H-PAni and H'-PAni/Au,
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Pd NPs hybrids. Dedoping of the p-TsOH is considered to be a reason for degradation of
the electrode. In addition, a broad peak around 540 nm was observed in the spectrum of
the H™-PAni/Pd NPs hybrid, which was not observed before the generation of hydrogen
peroxide. This spectrum is similar to that of the oxidized form of PAni.** It suggests that
the electrode reduction reaction after oxidation of PAni by molecular oxygen was
inefficient. For H-PAni/Ag and Cu NPs hybrids, the absorption spectra were similar
before and after the generation of hydrogen peroxide, and this was consistent with the
results of hydrogen peroxide generation. However, the spectral behavior of H"-PAni/Ni
NPs hybrid was different, though the generation of hydrogen peroxide was maintained.
In the spectrum after the fifth cycle, the peak around 330 nm, attributable to the n-m*
transition, is the strongest peak in the spectrum. And the absorption at more than 400
nm became smaller than it was before the generation of hydrogen peroxide, although a
very broad absorption from 400 to 750 nm was still present. This spectrum is similar to
that of the reduced form of PAni.*®> This indicates that the reduction of PAni on the
electrode proceeded smoothly in the H-PAni/Ni NPs hybrid. This is likely to be a
reason why the activity of hydrogen peroxide generation did not decrease for the

H'-PAni/Ni NPs hybrid after the fifth cycle.
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Figure 19. UV-Vis-NIR absorption spectra of the electrode films after the fifth cycle of

hydrogen peroxide generation experiments in physiological saline.
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Figure 20. UV-Vis-NIR absorption spectra of the electrode films after the fifth cycle of

hydrogen peroxide generation experiments in water.
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Conclusion

This study summarizes the preparation and evaluation of H'-PAni/M NPs
hybrids and H+-PAni/M"™* complexes (M = Au, Pt, Pd, Ag, Cu, and Ni). H'-PAni/Ni
NPs hybrid showed particularly high conductivity among the H'-PAni/M NPs hybrids
(M = Au, Pt, Pd, Ag, Cu, and Ni). The activity for hydrogen peroxide generation, using
H"-PAni/M NPs hybrids (M = Au, Pt, Pd, Ag, Cu, and Ni) as electrodes, also depended
on the metal species. For H'-PAni/Ag, Cu, and Ni NPs hybrids, an improvement in
repetition durability was suggested when compared to H'-PAni. The UV-Vis-NIR
absorption spectra of the electrode films revealed the redox behavior of PAni before and

after the reaction. These results are valuable for sterilization applications.

Experimental section
Instrumentation and chemicals

All reagents were purchased from commercial sources and used without further
purification. UV-Vis-NIR absorption spectra were recorded on a SHIMADZU

UV-VIS-NIR SPECTROMETER UV-3150.

Proton doping
PAni (150 mg), a PAni/M NPs hybrids, or a PAni/M"" complex (M = Au, Pt, Pd,
Ag, Cu, and Ni) (150 mg) was dissolved in NMP (10 g). p-TsOH was added as dopant
(1 equiv per aniline unit of PAni) to the solution. After mixing at room temperature for
1 h, the solvent was removed by evaporation and the material dried in vacuo (120 °C, 6

h).
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Measurement of conductivity

H'-PAni (50 mg) or a H-PAni/M NPs hybrids or a H'-PAni/M"" complex (M =
Au, Pt, Pd, Ag, Cu, and Ni) (50 mg) was pressed to form a pellet (100 kg f/cm?) and its
volume specific resistance (2-cm) was measured and used to calculated its conductivity

(S/cm).

Preparation of electrode

A 10 wt% solution of DPHA/2-butoxyethanol was added to the H -PAni/M
NPs hybrids (M = Au, Pt, Pd, Ag, Cu, and Ni) solution to act as a binder. The ratio of
H'-PAni/DPHA (w/w) was 1 : 1. The mixtures were coated onto an ITO/glass substrate
(5 cm x 5 cm) by spin coating (500 rpm, 10 s). The film was dried at 150 °C for 1 min,
and cured by UV irradiation. The film was cut (5 cm x 2.5 cm) before being used as an

electrode.

Hydrogen peroxide generation

Figure 21 shows the equipment used for generating hydrogen peroxide.
Physiological saline or water was used as the solvent. The content of hydrogen peroxide
in the solvent was measured using semi-quantitative test strips (Quantofix ™ Peroxid 25,
purchased from MACHEREY-NAGEL). The quantity of solvent used was 50 g, and the
applied voltage was set to 2.5 V. The hydrogen peroxide content was measured after
applying voltage for 6 h. Then, the electrode was removed from the solvent and dried at
room temperature for more than 12 h. This operation was repeated to investigate the

repetition durability of the electrode film.
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Fig. 21. The equipment for hydrogen peroxide generation.
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Conclusions

In this thesis, the synthesis of PAni/M NPs hybrids by two methods was
described. From the evaluation of the conductivity and generation of active oxygen in

aqueous solutions, the effect of metal species hybridized with PAni was studied.

In Chapter 1, PAni/M NPs hybrids (M = Au, Pt, and Ag) were synthesized from
precursor starch/M NPs via the ligand exchange method. The sizes of the M NPs
obtained were distributed in a range of diameter of 2-3 nm. Some aggregation was
observed in the PAni/Pt and Ag NPs hybrids. Although it is difficult to remove starch
completely, this procedure avoids the exposure of the redox-active polymer to the

reductant, and is useful for the synthesis of PAni/M NPs hybrids.

In Chapter 2, PAni/M NPs hybrids (M = Au, Pt, Pd, Ag, Cu, and Ni) were
synthesized via our template method. The IR spectra suggested that the partial oxidation
of the main chain structure of PAni occurred in the complexation step. The partial
reduction of the main chain structure of PAni occurred during the reduction of the
complexes. In the UV-Vis-NIR absorption spectra of PAni/M NPs hybrids (M = Au, Pt,
Pd, Ag, Cu, and Ni) a hypochromic effect in the n-n* and CT bands was observed. M
NPs (mainly in the range of 2-3 nm) were observed in PAni/Au, Pt, and Pd NPs hybrids,
but not for PAni/Ag, Cu, and Ni NPs hybrids. However, SEM-EDX images of PAni/M
NPs hybrids (M = Au, Pt, Pd, Ag, Cu, and Ni) showed a uniform dispersion of the

metals.
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In Chapter 3, the preparation and evaluation of the conductivity of H'-PAni/M
NPs hybrids and H™-PAni/M™ complexes (M = Au, Pt, Pd, Ag, Cu, and Ni) were carried
out. H'-PAni/Ni NPs hybrid showed particularly high conductivity among H"-PAni/M
NPs hybrids (M = Au, Pt, Pd, Ag, Cu, and Ni) and H'-PAni/M"" complexes (M = Au, Pt,
Pd, Ag, Cu, and Ni). The activity for hydrogen peroxide generation, using H-PAni/M
NPs hybrids (M = Au, Pt, Pd, Ag, Cu, and Ni) as electrode films, depended on the metal
species. For H'-PAni/Ag, Cu, and Ni NPs hybrids, an improvement in repetition
durability was observed compared to that of H'-PAni. The UV-Vis-NIR absorption
spectra of the electrode films revealed the redox behavior of PAni before and after the

reactions. These results are valuable for sterilization applications.
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