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ABSTRACT: Polyphenylenes (PPs) with NH, side groups, namely, PFluNH, and PPhNH,, were synthe-
sized by the Pd-complex-catalyzed reaction of 2,5-dibromoaniline with 9,9-dihexylfluorene-2,7-diboronic
acid bis(1,3-propanediol) ester and 2,6-dioctyloxybenzene-1,4-diboronic acid. The reaction of PFluNH, and
PPhNH, with l-alkyl-1’-(2,4-dinitrophenyl)-4,4'-bipyridinium dichloride (alkyl = ethyl and n-hexyl)
eliminated 2,4-dinitroaniline to yield PPs with viologen (1,1’-disubstituted 4,4’-bipyridinium dications) side
groups, namely, PFluBPyHex, PFluBPyEt, and PPhBPyEt. The UV—vis spectra of PFluBPyHex, PFluB-
PyEt, and PPhBPyEt showed absorptions due to the viologen radical cation that was formed under nitrogen
by the electron transfer from the polymer backbone to the viologen moiety. In contrast to photoluminescent
PFIluNH, and PPhNH,, PFluBPyHex, PFluBPyEt, and PPhBPyEt showed no photoluminescence because
the viologen contained within them acted as a quencher. The ESR spectra of PFluBPyEt and PPhBPyEt
confirmed the generation of the viologen radical. Cyclic voltammetry measurements suggested that an
electrochemical reduction of the viologen moiety and oxidation of the polymer backbone within PFluBPyEt
and PPhBPyEt. Furthermore, this reaction was accompanied by electrochromism. The electric conductivities
(0) of the pellets molded from PFluBPyEt and PPhBPyEt were 6.4 x 10 ®and 1.1 x 10"°Scem ™!, respectively;
these o values were higher than those of PFluNH, and PPhNH, (o < 1078 S cm™ !, respectively) due to the

self-doping in PFluBPyEt and PPhBPyEt.

Introduction

Polyphenylenes (PPs) have been extensively studied because
they can be useful materials for the development of electronic and
photoelectronic devices.' It is known that PPs can undergo
a reductive (n-type) or an oxidative (p-type) of doping; the
p-doping of PPs effectively converts them into conducting mat-
erials.” In addition to conventional doping methods, several
other methods have been applied for the p-doping of PPs. For
example, the introduction of sulfonic acid groups in the polymer
chain has been used for the self-doping of PPs.> However, this
process is highly pH-dependent, and in order to achieve a
substantial increase in conductivity, an acid solution with a pH
of less than 4 is necessary. This doping condition presents a harsh
and corrosive environment for industrial applications. As a
means of finding a milder environment for doping, we explored
the use of viologen (1,1’-disubstituted 4,4’-bipyridinium dica-
tions), a well-known redox agent, to convert PPs from an
insulating to a conducting state. The self-doping nature of PPs
that contain a viologen side group can be explained by the
electron transfer from the polymer backbone to the viologen. It
has been reported that polythiophenes with a viologen side group
cause the electron transfer from the thiophene unit to the violo-
gen moiety.* Recently, we have reported the polyanilines with a
viologen side chain.’ The polyaniline self-doping occurred at 1 <
pH =< 10, which is noteworthy when we consider that sulfonated
polyaniline became an insulator at pH above 7.° However, the
above-mentioned conducting polymers had nonconjugated alkyl
or sulfo spacing groups between the polymer backbone and the
viologen moiety. 7-Conjugated polymers containing the viologen
moiety without the spacing group could easily cause an electron
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transfer from the polymer backbone to the viologen moiety,
leading to improved electric properties. To the best of our
knowledge, however, there have been no studies on 7-conjugated
polymers containing the viologen moiety bonded to the polymer
backbone without the spacing group. This appears to be due to
difficulty associated with synthesizing sz-conjugated polymers
containing the viologen moiety bonded to the polymer backbone.
m-Conjugated polymers with reactive functional groups have
been attracting interest.”'® For example, 7r-conjugated polymers
with a sulfo group,”™ a carboxylic group,'®™' or a hydroxyl
group'*!® have been reported. However, there are a few reports
on z-conjugated polymers with NH, side group(s).'® The reactive
NHj; side group can be useful for the introduction of a viologen
moiety at the side chain of PPs because the reaction between
Zincke salts (highly electrophilic species formed by the reaction
between a pyridine derivative and 1-chloro-2,4-dinitrobenzene)
with primary amines yields pyridinium salts.'” Recently, we have
reported a Zincke salt, N-(2,4-dinitrophenyl)-4-(4-pyridyl)pyri-
dinium chloride, which can be a starting material for the synthesis
of PPs containing the viologen moiety.'® An investigation of the
chemical properties of the PPs containing the viologen moiety
would facilitate a better understanding of the chemical properties
of PPs and development of new conducting materials.
Amplified quenching of fluorescent conjugated polymers has
also received considerable attention because of its potential for
application in ultrasensitive chemo- and biosensors." Tt is well-
known that viologens induce a quenching effect on fluorescent
m-conjugated polymers and aromatic compounds.'® In this work,
the fluorescent properties of PPs containing the viologen moiety
and PPs in the presence of viologen were investigated. These data
will allow us to better understand the quenching effect of viologen
on PPs and facilitate the development of chemo- and biosensors.

© 2009 American Chemical Society
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Table 1. Synthesis Results and Optical and Electrochemical Properties of Polymers

reduction potential/V/

yield ~ oxidtion

(%) M, M) e fdLg ™! absorption/nm Jem/mm”  Key/M™" potential/ V' Epe(1) Epe(2) Epa(1) Epa(2)
PFluNH, 98 20930 36090 0.26° 3617 422(0.11) 3.3x 10> 0.90, 1.60
PPhNH, 88 4470 7980 0.10° 3407 411(0.03) 1.8x10°  0.97,1.61
PFluBPyEt g7 —b = 1.567 366, 400, 570, 613, 665¢ 1.53 —0.78 —123 —0.54 —1.02
PFluBPyHex 89 —" —# 2.037 366, 400, 570, 613, 665° 1.50 -0.59  1.06 —0.40 —0.80
PPhBPyEt 97 — = 0.19¢ 347,403, 570, 609, 665° 1.52 —0.68 —1.19 —0.48 —0.99
PFluPyPy 77 =t = 0.12¢ 345¢ 1.57 —0.86 —1.33 —0.64 —1.10
PFluPyPyEt-a 70 —% —* 1.07¢ 357,400, 570, 623, 665°
PFluPyPyEt-b 85 —" — 357,400, 570, 623, 665° 1.46 —0.70 —1.10 —0.45 —0.86

“Determined by GPC (eluent = CHCl; vs polystyrene standards). ” Not measured due to insolubility in the eluent. ° Measured at the concentration of

0.10gdL " 'in CHCl; at 30 °C. “ Measured at the concentration of 0.10 g dL ™"

in DMF at 30 °C. “ Measured at the concentration of 0.10 g dL™!'in DMSO

at 30 °C./In CHCls. ¥ In DMSO. " Photoluminescence (PL) peak in CHCl;. Quantum yields of PL were shown in parentheses. ' Stern—Volmer constant.
/Measured by cyclic voltammetry in a DMSO solution of [Et,;N]BF, (0.10 M).

Scheme 1. Synthesis of 1-Alkyl-1'-2,4-dinitrophenyl-4,4’-bipyridinium Salts
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Herein, we report the synthesis of PPs containing the viologen
moiety and their optical, electrochemical, and thermal properties.
In addition, we describe the synthesis of novel Zincke salts and
model compounds, comparing their optical and electrochemical
properties with those of PPs containing the viologen moiety.

Results and Discussion

Synthesis. The introduction of the viologen side group in
PPs was carried out by the reaction between Zincke salts
and PPs with NH, groups. The new Zincke salts used in
this study, Salt-1 and Salt-2, that were synthesized by the
two-step N-alkyl and N-aryl reactions of 4,4’-bipyridyl
(Scheme 1).

The Pd-complex-catalyzed polycondensation of 2,5-di-
bromoaniline with 9,9-dihexylfluorene-2,7-diboronic acid
bis(1,3-propanediol) ester and 2,6-dioctyloxybenzene-1,4-
diboronic acid resulted in 98% and 88% yields of polyphe-
nylenes PFluNH, and PPhNH,, respectively, as shown in
Scheme 2a. The reaction of Salt-1 and Salt-2 with PFluNH,
and PPhNH, caused the elimination of 2,4-dinitroaniline
and yielded polyphenylenes with the viologen moiety.
PFluBPyHex PFluBPyEt, and PPhBPyEt were produced
in 89%, 87%, and 97% yields, respectlvely The synthesis
results are summarized in Table 1. The '"H NMR spectra
suggest that all the NH, groups of PFluNH, were converted
into the viologen moiety in PFluBPyHex and PFluBPyEt
(Scheme 2b). However, the 'H NMR spectrum of PPhBPyEt
confirmed that this polyphenylene contained the viologen
and unreacted units in a 0.52:0.48 molar ratio (Scheme 2c);
the lower content of the viologen moiety in PPhBPyEt was
apparently due to the steric hindrance of the OCgH,; side
groups.

The reaction of PFIuNH, with 4-(4-pyridyl)- N-2,4-dinitro-
phenylpyridinium chloride (Salt-3) caused the elimination of
2,4-dinitroaniline and resulted in a 77% yield of PFluPyPy
(Scheme 3a). In order to obtain PPs that contained the
viologen unit (Unit A) and the pyridylpyridinium unit
(Unit B) in various molar ratios, N-ethylation of the 4-pyridyl
group of PFIuPyPy with ethyl iodide was carried out.

= (CH2)5CH3, X =Br: Salt-
R = CoHs, X = I: Salt-2

The N-ethylation reactions for 48 and 96 h yielded PFluPy-
PyEt-a and PFluPyPyEt-b which consisted of Unit A and
Unit B in 0.19:0.81 and 0.72:0.28 molar ratios, respectively;
these contents were determined from the '"H NMR spectra.

In order to obtain information about the structures of the
polymers and the structure—property relationship, several
model compounds were synthesized, as shown in Scheme 4.
The Suzuki coupling reaction of 9,9-dihexylfluorene-2,7-
diboronic acid bis(1,3-propanediol) ester or 2,6-dioctyloxy-
benzene-1,4-diboronic acid with 2-bromoaniline and/or
3-bromoaniline yielded three types of model compounds
with two NH, groups each. The synthesis results are sum-
marized in Table 2. The low yield of Model-1c was ascri-
bed to the formation of Model-la and Model-1b when
9,9-dihexylfluorene-2,7-diboronic acid reacted with a mix-
ture of 2-bromoaniline and 3-bromoaniline.

The reaction of Model-1a with Salt-2 resulted in a 41%
yield of Model-3 (Scheme 5). The low yield of Model-3 was
because its solubility, which is similar to that of Salt-2, made
it difficult to separate the two compounds.

"H NMR Spectra. Figure 1 shows the 'H NMR spectra of
PFIuNH, and PFluBPyEt. The presence of the three peaks
assignable to the amine protons at 6 5.16, 5.13, and 4.92
suggests that PFluNH, has the three types of coupling units,
as depicted in Figure 2. These peaks can be assigned to the NH,
protons in the tail-to-tail (TT), head-to-tail (HT), and head-
to-head (HH) units, respectively. This assignment is related to
the chemical shifts of the NH, groups in Model-1a (6 = 4.74),
Model-1b (6 = 5.16),and Model-1c (6 = 5.11). The molar ratio
of the TT, HT, and HH units in PFluNH, was determined to
be 0.17:0.06:0.77 from the peak integrals of the NH, protons.

The signals due to aliphatic and aromatic protons of
PFIuNH, were observed in the ranges of ¢ 0.72—2.08 and
0 7.47—7.91, respectively. The observed areas of the signals
due to amine, aliphatic, and aromatic protons were in good
agreement with the structure of PFIuNH, shown in
Scheme 2a. The peak due to the NH, protons of PPhINH,
was duplicated with that due to the OCH, protons, which
prevented determination of the molar ratio of the TT, HT,
and HH units in PPhNH,. However, the peak integrals
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Scheme 2. Synthesis of Polyphenylenes Having NH, Side Group and Viologen Unit
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Scheme 3. Synthesis of PPs Having Various Molar Contents of the Viologen Unit
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of PPhNH, support the proposed structure shown in
Scheme 2a. Data from the elemental analysis also agreed
with the structures of PFIluNH, and PPhNH, with hydration
water; the presence of the hydrophilic NH, groups in the
polymers appeared to be the reason for the hydration.

The disappearance of the peaks due to the NH, protons in
the "H NMR spectrum of PFluBPyHex (Figure 1b) suggests
that the reaction of PFluNH, with Salt-1 proceeded com-
pletely. The peak integral ratio of the aliphatic and aromatic
protons also supports this assumption. However, PPhBPyEt
showed peaks due to the pyridinium ring protons of the
viologen at 6 9.47 and 6 8.93 and benzene rings in the
polymer backbone in the range of 6 6.76—8.26 in a 4.08:5
ratio, respectively. This suggests that the degree of the

=N
\ /

o/
Sy ¥s

Oct Oct
PFluPyPy

—N+I
\ _/ (_g)

/

Oct Oct Oct Oct

unit A unit B

0.19 : 0.81 PFluPyPyEt-a
0.72 : 0.28 PFluPyPyEt-b

substitution of the NH, group with the viologen moiety
was 0.52, as mentioned above. The chemical shifts in the
peaks due to the pyridinium and benzene rings of PFluBPyEt
were essentially the same as those of PFluBPyHex.

The degree of N-ethylation in PFluPyPyEt-a, PFluPyPyEt-
b, and PFluPyPyEt-c was determined by the peak integral ratio
of the pyridinium ring protons and the CH, in the N-Et group.

IR Spectra. As shown in Figure 3, the IR spectra of
PFIluNH, and PPhNH, show two distinct peaks due to
v(N—H) at 3474, 3381, 3448, and 3368 cm” !, respectively.
Peaks assignable to (N—H) of PFluNH, and PPhNH, were
observed at 1612 and 1616 cm ™', respectively. Because of the
introduction of the viologen, the absorptions due to the NH,
group disappeared and a new strong absorption due to
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»(C=N) in the viologen unit appeared at 1632 cm ™" in the IR
spectra of PFluBPyHex and PPhBPyEt.

Molecular Weights and Viscosities. PFIluNH, and
PPhNH, were completely soluble in less-polar organic
solvents such as toluene and chloroform. Furthermore,
PFIuNH, and PPhNH, were partly soluble in polar organic
solvents such as DMF and NMP. In contrast to PFluNH,
and PPhNH,, PFluBPyHex, PFluBPyEt, PPhBPyEt, PFlu-
PyPy, PFluPyPyEt-a, PFluPyPyEt-b, and PFluPyPyEt-c
were soluble in DMF and NMP but insoluble in toluene
and chloroform. The lengths of the N-alkyl groups in
PFluBPyHex and PFluBPyEt did not affect the solubili-
ties of the polymers. GPC measurements suggested that the
M, and M, values of PFluNH, were 20930 and 36090,
respectively, while those of PPhNH, were 4470 and 7980,

I

,0 solv.

\
PFluNH, 546 513 492 ﬂ
N/ ,

5.3 52 51 5.0 4.9 48 4.7 46

NH,

JUN

fnd |

1 S WV,

PFluBPyHex

CHj of Et
U CH, of Et
M Ao -
L e I ) R B
10 8 6 4 2 0

&/ ppm
Figure 1. "H NMR spectra of PFluNH, and PFluBPyEt in DMSO-d.
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respectively. The molecular weights of PFIuNH, and
PPhNH, calculated from the elemental analysis were
approximately 22 100 and 5480, respectively. It is known
that the use of polystyrene standards leads to a significant
overestimation of the measured molecular mass values.
DMSO solutions of PFluNH, and PPhNH, afforded
intrinsic viscosities of 0.27 and 0.10 dL g~ !, respectively.
The #g/c values of PFluBPyHex, PFIuBPyEt, and
PPhBPyEt in DMSO increased when their concentration
(¢) was reduced, suggesting that the polymers behaved as
polymeric electrolytes in the dilute solutions.>® The Nsp/C
values of PFluBPyHex, PFluBPyEt, and PPhBPyEt in
DMSO at 30 °C were significantly larger than those of the
corresponding starting polymers PFluNH, and PPhNH,.
This is apparently due to the expanded structures of PFIuB-
PyHex, PFluBPyEt, and PPhBPyEt. These structures were
induced by the static repulsion between the dicationic violo-
gen side groups in the dilute solutions. This assumption is
supported by the results showing that the »,/c value of
PFluBPyEt is higher than that of PFluPyPyEt-b.

HoN NH,
) O‘O <) 0.0 - Tail-to-Tail (TT)
Hex Hex Hex Hex
NHa NH,
O 0.0 O 0.0 - : Head-to-Tail (HT)
Hex Hex Hex Hex
NH» HoN
O 0.0 O 0.0 - :Head-to-Head (HH)
Hex Hex Hex Hex

Figure 2. Structurally nonequivalent diads in PFluNH,.

Scheme 4. Synthesis of Model Compounds Having Two NH, Groups
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Scheme 5. Synthesis of Model Compound Having Viologen Moieties
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Figure 3. IR spectra of PFluNH,, PPhNH,, PFluBPyEt, and
PPhBPyEL.

UV —vis Absorption. Optical data relating to the polymers
and the model compounds are summarized in Tables 1 and 2,
respectively. Figure 4 shows the UV—vis spectra of
PFIuNH,, PPhNH,, Model-1a, and Model-2a in CHCls.
PFluNH, and PPhNH, each showed an absorption max-
imum (4,,.,) at longer wavelengths than those of the corre-
sponding model compounds due to the expansion of the
m-conjugation system along the polymer chain. The observa-
tion of the A,,,.x of PPhNH, at a shorter wavelength than that
of PFIuNH, was due to the steric repulsion between the NH,
and OCgH 5 side groups, which brought about a twisting of
the polymer backbone. Model compounds having inner the
NH, groups Model-1a and Model-2a each showed a 4, at
shorter wavelengths than those having the outer NH, groups
Model-1b and Model-2b due to the steric hindrance of the
inner NH, groups.

Figure 5 shows the UV—vis spectra of DMSO solutions
of PFluBPyEt, PFluPyPyEt-a, PFluPyPyEt-b, and Model-3

Yamaguchi et al.

Table 2. Synthesis Results and Optical Properties of Model

Compounds

yield (%) absorption/nm Aem/NM®
Model-1a 81 329¢ 455(0.39)
Model-1b 73 3324 470(0.32)
Model-1c 36 3267 457(0.35)
Model-2a 62 307¢ 403(0.04)
Model-2b 53 319¢ 391(0.05)
Model-3 41 366"

“In CHCls. ®In DMSO. ¢ Photoluminescence (PL) peak in CHCl;.
Quantum yields of PL were shown in parentheses.

O.SI

0.4
Model-2a Model-1a PPhNH;

0.3
PFIuNH,

0.2

Absorbance

0.1

0
250 300 350 400 450 500
Wavelength/ nm

Figure 4. UV—vis spectra of PFluNH,, PPhNH,, Model-1a, and
Model-2a in CHCl;.

under nitrogen and in air. The absorption peak due to the
s—* transitions of PFluBPyEt was observed at 364 nm; this
wavelength was longer than that of Model-3. The UV—vis
spectrum of PFluBPyEt under a nitrogen atmosphere
showed a shoulder peak at 400 nm and four peaks in the
range of 570—680 nm; these peaks were assignable to the
viologen radical cation that was formed by the electron
transfer from the polymer backbone to the viologen. These
peak positions are consistent with earlier reports of the peaks
of the viologen radical cation bonded to polythiophene.'*®
The blue DMSO solution of PFIluBPyEt under the nitrogen
atmosphere gradually changed to a colorless solution when it
stood in air. This color change was comparable to the result
that the absorptions due to the viologen radical cation were
disappeared in air. This indicated that the viologen radical of
PFIluBPyEt was unstable in air. It is known that the viologen
radical cation reacts with oxygen and reverts back to the
viologen moiety.?' In fact, bubbling of oxygen gas into the
blue solution of PFluBPyEt immediately resulted in a change
to a colorless solution. Absorption due to the pyridine
radical was not observed in the UV—vis spectrum of PFlu-
PyPy. The above UV —vis results confirmed that the electron
transfer from the polymer backbone to the electron-
accepting viologen was responsible for the formation of the
viologen radical cation. PFluPyPyEt-a and PFluPyPyEt-b
showed absorptions due to the radical cation of viologen at
essentially the same positions as in PFluBPyEt. However, the
peaks due to the viologen radical cation of PFluPyPyEt-a
and PFluPyPyEt-b were much smaller than those of PFIuB-
PyEt. These results suggested that the formation of the
viologen radical cation strongly depended on the content
of the viologen moiety in the polymers.

The wavelengths at which absorptions due to the 7—sa*
transitions of PFluBPyEt were observed were longer than
those of Model-3. The absorptions due to the viologen
radical cation of Model-3 were smaller than those of PFluB-
PyEt, as shown in Figure 5. This result indicates that the
electron transfer to the viologen moiety occurred easily in the
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Figure 6. PL spectra of DMSO solutions of PPANH, (1.0 x 107> M
in the presence of a series of concentrations of EV>*. [EV2 *J =0 (a),
1.7 x 107* (b), 3.4 x 107 (¢), 5.1 x 107 (d), 6.8 x 107 (e), and
8.5 x 1074 M (D).

case of PFIuBPyEt because it had a longer expanded
s-conjugation system than Model-3.

Photoluminescence. PFluNH,, PPhNH,, and the model
compounds (except for Model-3) were photoluminescent in
solution when irradiated with UV light. The photolumines-
cence (PL) peak of the polymers and model compounds
appeared at an onset position of the their absorption bands,
as usually observed with photoluminescent polypheny-
lenes.'® The quantum yields of the PL of PFluNH, and
PPhNH; in chloroform were 0.10 and 0.03, respectively. In
contrast to PFluNH,, PPhNH,, and Model-1a, PFluBPyEt,
PPhBPyEt, and Model-3 showed no PL in solution. This
result is consistent with the fact that viologens brought about
a quenching effect on photoluminescent compounds.?? In
order to confirm that the quenching of PL in PFluBPyEt and
PPhBPyEt was because these polymers contained the violo-
gen moiety, PL measurements of PFluNH, and PPhNH, in
the presence of 1,1’-ethyl-4,4'-bipyridyl (ethyl viologen;
EV?") were conducted.

Figure 6 shows the PL spectra of PPhNH, and PPhINH, in
the presence of a series of concentrations of EV2". The PL
intensities decreased with an increase in the amount of EVZ ™" .
A quantitative measurement of the PL quenching can be
achieved by determining the Stern—Volmer constant, Kgy:

Iy/I =1 + Ksy[quencher]

where I is the intensity of the PL in the absence of the
quencher and 7is the intensity of the PL in the presence of the

500

600 700 800

Wavelength/ nm

Figure 5. UV—vis spectra of the DMSO solutions of PFluBPyEt (blue curve), PFluPyPyEt-a (green curve), PFluPyPyEt-b (black curve), and Model-4
(red curve) under nitrogen and the DMSO solution of PFluBPyEt (blue thin curve) in air.

3

I/l

] | | ]
0 2 4 6 8

[EV2*]/ 104 M

10

Figure 7. Stern—Volmer plots for PL quenching by EV?" for
PFluNH, and PPhNH,.

quencher. The equation reveals that Iy/I increases in direct
proportion to the concentration of the quenching moiety,
and the constant Kgy defines the efficiency of quenching.
Figure 7 shows Stern—Volmer plots for PL quenching by
EV2" for PFIuNH, and PPhNH,. The Kgv values of
PFluNH, and PPhNH, were 3.3 x 10%> and 1.8 x 10° M !,
respectively. These values were considerably lower than
those of water-soluble anionic w-conjugated polymers re-
ported earlier; those polymers had Kgy values as high as
10°—10% M~".?? The high efficiency of the PL quenching can
be attributed to the easy formation of an associate complex
between water-soluble anionic polymers and cationic violo-
gens in water. The low efficiency of the quenching of
PFIuNH, and PPhINH, by the viologen appeared to be due
to the fact that the neutral structures of the polymers made it
difficult for the polymers to form an associate complex with
the viologen. The Kgy value of PFIluNH, was lower than that
of PPhINH, because the hexyl groups at the 9,9-positions of
the fluorene unit that might be a steric hindrance to form an
associate complex with EV?". It is known that the alkyl
groups at the 9,9-positions of the fluorene unit were located
perpendicular to the plane of the fluorene group.>

ESR. In order to confirm the presence of the viologen
radical in PFluBPyEt, ESR measurements were conducted.
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Figure 8 shows the ESR spectrum of PFluBPyEt at 293 K
under nitrogen. The ESR spectrum of PFluBPyEt gave a
symmetric signal with a peak-to-peak line width of AH,,, =
0.30 G, a spin density of 2.0 x 10'7 spins/g, and a g-value
of g = 2.0067. It has been reported that Na-doped poly( p-
phenylene) (PPP) shows a symmetrical ESR signal with a
peak-to-peak line width of AH,,, = 0.18 G, a spin density of
1.6 x 10" spins/g, and a g-value of g = 2.0027.%* The bulky
side chain group bonded to the 7-conjugated polymer back-
bone often results in the bond twisting along the polymer
backbone and reduces the extent of polaron delocalization
along the polymer backbone.” For PFluBPyEt, the bulky
viologen moiety may induce an additional twisting of the
ring along the polymer backbone due to the increased steric
hindrance. This effect is apparently reflected by the fact that
PFluBPyEt has a higher AH,,, than that of Na-doped PPP in
the ESR spectra

Electrochemical and Electric Properties. The cyclic vol-
tammetry measurement suggests that a cast film of PFluB-

Figure 8. ESR spectrum of PFluBPyEt at 293 K.
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PyEt on a Pt plate undergoes two-step electrochemical
reduction in the viologen moiety and electrochemical oxida-
tion of the polymer backbone in an acetonitrile solution of
0.10 M [NEt4]BF,. The peak potentials are summarized in
Table 2. As depicted in Figure 9a, the cyclic voltammogram
of PFluBPyEt shows the first peak cathode potential Ep(1)
and the second peak cathode potential E,.(2) at —0.78 and
—1.23 V vs Ag™ /Ag, respectively; these were coupled with
anode potentials £p,,(1) and Ep,(2) at —0.54 and —1.02 V vs
Ag™ /Ag, respectively. PFluBPyEt showed an anodic peak at
1.53 V due to the electrochemical oxidation of the polymer
backbone. However, the corresponding reduction (p-dedop-
ing) peak did not appear in the cyclic voltammograms; this is
likely because of the formation of a stable adduct between
the dicationic viologen moieties of the polymers and BF, ",
which prevented electrochemical reduction (p-dedoping).
It has been reported that m-conjugated polymers having a
viologen side group show an irreversible electrochemical
oxidation.** The magnitude of the anodic peak was in the
range of 0—2.0 V, and this is likely due to the electrochemical
oxidation of the polymer backbone. This is a much smaller
value than was obtained when the applied potential was
swept to a value that was enough to reduce the viologen
moieties to a monovalent state (V* "), as shown in Figure 9b.

This result can be explained by the viologen-mediated
electron transfer reaction; the monovalent viologen takes
part in dedoping the polymer backbone (Figure 10). The
electron migration between the polymer backbone and the
viologen moiety appears to be because the structures of
the polymers contained the viologen moieties at the side
chains of the ;-conjugated polymer backbone.

The brown film of PFluBPyEt changed to dark green after
the electrochemical reduction and returned to brown after
crossing the FE,,(2) peak. The brown films changed to
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Figure 9. Cyclic voltammograms of a cast film of PFluBPyEt on a Pt plate in

a DMSO solution of [EtyN]BF, (0.10 M). The scan rate was 50 mVs ™",
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Figure 10. Schematic view of viologen-mediated electron transfer mechanism.
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Figure 11. TGA curves of PFIluNH,, PPhNH,, PFluBPyEt, and
PPhBPyEt with a heating rate of 10 °C/min under nitrogen.

red-brown after electrochemical oxidation. Nearly the same
electrochromism was observed in PFluBPyHex, PPhBPyEt,
PFluPyPyEt-a, and PFluPyPyEt-b.

The electric conductivities (o) of the pellets molded from
PFluBPyEt and PPhBPyEt were 6.4 x 10 ®and 1.1 x 107¢
S ecm™ ', respectively. These o values were hi%her than those
of PFluNH, and PPhNH, (0 < 107% S em ™!, respectively),
supporting the assumption that self-doping occurs in PFluB-
PyEt and PPhBPyEt. The fact that PPhBPyEt had a lower
conductivity than PFluBPyEt was due to the twisting of the
polymer backbone of PPhBPyEt, which was brought about
by the steric repulsion between the viologen and OCgH;~,
groups. The electric conductivities of PFluBPyEt and
PPhBPyEt were 1 order smaller than that of the iodine-
doped poly(p-phenylene) (6 = 7 x 107> S ecm™').* The
origin of the lower conductivity appears to be due to the ring
twisting along the polymer backbone, which was induced
by the steric hindrance of the bulky viologen moiety. This
inference is consistent with the UV—vis results described
above.

Thermal Properties. Figure 11 shows the TGA curves of
PFluNH,, PPhNH,, PFluBPyEt, and PPhBPyEt. PFluNH,
and PPhNH, showed good thermal stability up to 300 °C,
while PFluBPyEt and PPhBPyEt started thermal weight loss
at lower temperatures. The 5% weight loss temperatures of
PFluNH, and PPhINH, were 344 and 328 °C, respectively;
the higher thermal stabilities of PFluNH, than PPhNH,
appear to correspond with their higher molecular weights.
The weight loss of PFluBPyEt and PPhBPyEt in the range of
80—180 °C corresponds to the thermal loss of hydrated water
in PFluBPyEt and PPhBPyEt. The content of hydrated
water in PFluBPyEt and PPhBPyEt was confirmed by the
IR spectra. PFluBPyEt and PPhBPyEt exhibited a two-stage
thermal decomposition process, with the second decomposi-
tion occurring at around 330 °C for PFluBPyEt and 260 °C
for PPhBPyEL. In the second thermal decomposition stage,
PFluBPyEt and PPhBPyEt showed a weight loss of 22 and

28 wt %, respectively. These values are largely consistent
with the content of the alkyl groups in the polymers, suggest-
ing that the second thermal decomposition was attributed to
loss of the alkyl of the polymers.

Conclusions

PPs that contain viologen side groups (PFluBPyHex, PFluB-
PyEt, and PPhBPyEt) were obtained by the reaction using PPs
having a NH, side group as starting materials. The UV—vis and
ESR spectra of the polymers suggest the formation of the
viologen radical cation, which was generated by the electron
transfer from the polymer backbone to the viologen moiety.
PFluBPyHex, PFluBPyEt, and PPhBPyEt were electrochemi-
cally active in film, and the electrochemical reaction was accom-
panied by electrochromism. The electric conductivities of the
molded PFluBPyEt and PPhBPyEt pellets were 3 orders of mag-
nitude higher than those of PFluNH, and PPhNH, because of the
self-doping nature of PFluBPyEt and PPhBPyEt. From the
results obtained in this study, it can be concluded that new
conducting materials can be developed on the basis of the ability
of the viologen to be a p-dopant for s-conjugated polymers.

Experimental Section

General. Solvents were dried, distilled, and stored under
nitrogen. 2,6-Dioctyloxybenzene-1,4-diboronic acid and N-(2,6-
dinitropheny1)-4-pyridyl}l)g/ridinium chloride were prepared ac-
cording to the literature.'®?® Other reagents were purchased and
used without further purification. Reactions were carried out
with standard Schlenk techniques under nitrogen.

IR and NMR spectra were recorded on a JASCO FT/IR-660
PLUS spectrophotometer and a JEOL AL-400 spectrometer,
respectively. Elemental analysis was carried out on a Yanagi-
moto MT-5 CHN corder. UV—vis and PL spectra were ob-
tained by a JASCO V-560 spectrometer and a JASCO FP-6200,
respectively. Quantum yields were calculated by using a diluted
ethanol solution of 7-(dimethylamino)-4-methylcoumarin as the
standard. Molecular weights were obtained by SEC with a Jasco
830-RI refractometer with polystyrene gel columns (K-803 and
K-804) using chloroform as an eluent. Cyclic voltammetry was
performed in a DMSO solution containing 0.10 M [Et;N]BF,
with a BAS 100B. Electric conductivity measurements was
carried out with a HORIBA COND METER ES-51 using a
four-probe method. TGA curves were obtained by a Rigaku
Thermo plus TG8120.

Synthesis of Salt-1. After an EtOH solution (5 mL) of
N-hexyl-4-pyridylpiridinium bromide (0.94 g, 3.0 mmol) and
1-chloro-2,4-dinitrobenzene (0.73 g, 3.6 mmol) was refluxed for
48 h, the solvent removed by evaporation. The resulting solid
was washed with CHCl; at 50 °C, filtrated at the temperature,
and dried under vacuum to give Salt-1 as a red powder (1.5 g,
88%). '"H NMR (400 MHz, DMSO-dy): & 9.76 (s, 2H), 9.51
(s, 2H), 9.15 (m, 3H), 8.98—9.04 (m, 3H), 8.50 (d, / = 8.4 Hz,
1H), 4.74 (s, 2H), 2.00 (s, 2H), 1.29—1.32 (m, 6H), 0.87 (t, J =
6.8 Hz, 3H). "*C{'"H} NMR (100 MHz, DMSO-dj): § 151.3,
149.3, 147.9, 147.2, 146.0, 143.0, 138.3, 132.1, 130.3, 127.0,
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126.5, 121.5, 61.0, 30.8, 30.6, 25.1, 21.9, 13.9. Calcd for
C3H ¢N4Cl1O4-0.9H,0: C, 40.72; H, 3.38; N, 10.55. Found:
C, 40.71; H, 3,26; N, 9.96.

Salt-2 was synthesized analogously.

Data of Salt-2. '"H NMR (400 MHz, DMSO-dj): 6 9.73 (d,
J = 6.8 Hz, 2H), 9.50 (d, J/ = 6.8 Hz, 2H), 9.16 (d, J = 2.4 Hz,
1H),9.11(d, J = 6.8 Hz, 2H), 9.04 (dd, J = 2.8 and 8.8 Hz, 1H),
8.95(d,J = 6.8 Hz,2H),8.47(d,J = 8.4 Hz, 1H),4.77 (q, J =
7.6 Hz, 2H), 1.63 (t, J = 7.6 Hz, 3H). *C{'H} NMR (100 MHz,
DMSO-dy): ¢ 151.3, 149.3, 147.9, 147.2, 145.8, 143.0, 138.3,
132.0, 130.3, 126.9, 1264, 121.5, 56.7, 16.3. Calcd for
Cy,H4BrCIN4O4eH,0: C, 48.77; H, 4.84; N, 10.34. Found: C,
49.05; H, 5.00; N, 10.34.

Synthesis of PFIuNH,. 2,5-Dibromoaniline (0.50 g, 2.0 mmol)
and 9.9-dihexylfluorene-2,7-diboronic acid bis(1,3-propane-
diol) ester (1.0 g, 2.0 mmol) were dissolved in 20 mL of dry
toluene under N,. To the solution were added K,CO5(aq) (2.0
M, 10 mL; N, bubbled before use), Pd(PPh3), (0.23 g, 0.20
mmol), and several drops of Aliquat336 as a phase transfer
catalyst. After the mixture was stirred at 80 °C for 72 h, the
solvent was removed under vacuum. The resulting solid was
extracted with chloroform and reprecipitated in methanol.
PFIuNH, was collected by filtration, dried under vacuum, and
obtained as a light brown powder (0.83 g, 98%). 'H NMR (400
MHz, DMSO-dg): 6 7.91—7.47 (9H), 5.16 (s, 0.28 H), 5.12 (s,
0.14H),4.92 (s, 1.58H), 2.08 (s, 4H), 1.04 (s, 12H), 0.72 (m, 10H).
BC{'"H} NMR (100 MHz, CDCl5): 6 151.6, 144.3, 143.9, 142.2,
140.2, 139.3, 132.8, 131.8, 131.0, 127.7, 125.9, 123.7, 121.4,
120.0, 118.5, 117.8, 114.3, 108.3, 55.3, 40.4, 31.5, 29.7, 23.9,
22.6, 14.0. Calcd for Br(C;;H37N)sgB(OH),: C, 85.96; H, 9.79;
N, 3.68; Br, 0.36. Found: C, 85.53; H, 6.40; N, 3.49; Br, 0.36.

PPhNH, was synthesized analogously. Spectroscopic and
analytical data of the polymer are shown below.

Data of PPhNH,. "H NMR (400 MHz, CDCl5): 6 7.00—7.43
(5H), 3.96 (s, 6H), 1.69—1.75 (4H), 1.25—1.34 (20H), 0.87 (6H).
13C{'H} NMR (100 MHz, CDCls): 6 150.7, 150.6, 150.4, 144.2,
138.5, 138.5, 132.2, 130.9, 129.2, 128.8, 128.4, 127.9, 124.2,
120.0, 117.4, 117.2, 117.0, 116.5, 116.4, 70.3, 70.0, 69.8, 69.5,
31.8, 29.34, 29.25, 26.1, 25.9, 22.7, 14.1. Calcd for Br
(C23H41NO»)33B(OH),: C, 78.68; H, 9.67; N, 3.28; Br, 0.57.
Found: C, 78.53; H, 9.47; N, 3.04; Br, 0.57.

Synthesis of PFluBPyHex. To a DMSO solution (5 mL)
of Salt-1 (0.37 g, 0.70 mmol) was added to a CHCI; solution
(10 mL) of PFIuNH, (0.20 g, 0.47 mmol). After the reaction
solution was stirred at 80 °C for 24 h, the solvents were removed
under vacuum. The resulting solid was dissolved in DMSO (ca.
1 mL) and precipitated in water and acetone. PFluNH,Hex was
collected by filtration, dried under vacuum, and obtained as a
black solid (0.32 g, 89%). '"H NMR (400 MHz, DMSO-dy):
0 9.69 (s, 2H), 9.50 (s, 2H), 8.97 (s, 4H), 7.22—8.41 (9H), 4.71
(s, 2H), 1.93 (s, 2H), 1.28 (s, 4H), 1.01 (s, 2H), 0.62—0.84 (29H).
Calcd for Br(Cy7Hs6N,BrCl-2H,0)53sB(OH),: C, 69.14; H, 7.18;
N, 3.44. Found: C, 69.53; H, 7.59; N, 3.91.

PFluBPyEt, PPhBPyEt, and PFluPyPy were synthesized
analogously. Spectroscopic and analytical data of the polymer
are shown below.

Data of PFluBPyEt. '"H NMR (400 MHz, DMSO-d): 8 9.62
(2H),9.45(2H), 8.92 (4H), 7.19—8.40 (9H), 4.71 (2H), 1.53 (3H),
0.53—1.09 (26H). Calcd for Br(C43H4gN,CII-2H,0)s3sB(OH),:
C, 65.10; H, 6.61; N, 3.53. Found: C, 65.48; H, 6.31; N, 4.00.

Data of PPhBPyEt. '"H NMR (400 MHz, DMSO-dy): 6 9.47
(2.08H), 8.93 (2.08H), 6.76—8.26 (5H), 4.76 (1.04H), 3.50—4.10
(4.96H), 0.78—1.71 (31.56H). Caled for Br{(CyoHssN>-
0,Clg.52(CagHa1NO2)g 45 HoO}33B(OH),: C, 65.13; H, 7.75;
N, 2.53. Found: C, 65.46; H, 6.98; N, 2.56.

Data of PFluPyPy. '"H NMR (400 MHz, DMSO-d): 6 9.51
(2H), 8.85 (4H), 7.12—8.29 (11H), 0.58—2.10 (26H).

Synthesis of PFluBPyEt-a. After a MeOH solution (10 mL)
of PFluPyPy (30 mg, 0.050 mmol) and ethane iodide (0.78 g,
5.0 mmol) was stirred at 55 °C for 48 h, the solvent and
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unreacted ethane iodide were removed under vacuum. The
resulting solid was dissolved in DMSO (ca. 1 mL) and repreci-
pitated in MeOH. PFluBPyEt-a was collected by filtration,
dried under vacuum, and obtained as a reddish-brown solid
(20 mg, 70%). '"H NMR (400 MHz, DMSO-d): 6 9.33—9.65
(4H), 8.72—8.93 (4H), 7.12—8.39 (9H), 4.72 (0.38H), 0.30—2.07
(2657H) Calcd for Br{(C43H4gN2ClI)0_19(C41H43N2C1)0_g]}58-
B(OH),: C, 76.83; H, 7.16; N, 4.33. Found: C, 77.58; H, 7.21;
N, 3.91.

PFluBPyEt-b was synthesized by stirring the solution of
PFIuPyPy and ethane iodide for 96 h.

Data of PFluBPyEt-b. "H NMR (400 MHz, DMSO-dj): 0
9.65 (2H), 9.44 (2H), 8.93 (4H), 7.24—8.38 (9H), 4.72 (1.44H),
0.63—2.07 (2816H) Calced for Br{(C43H48N2ClI)0<72-
(C41H43N2C1)0_2g}58B(OH)2: C, 6987, H, 671, N, 3.84. Found:
C, 69.58; H, 6.57; N, 3.91.

Synthesis of Model-1a. 2-Bromoaniline (0.69 g, 4.0 mmol) and
9,9-dihexylfluorene-2,7-diboronic acid bis(1,3-propanediol)
ester (1.0 g, 2.0 mmol) were dissolved in 20 mL of dry toluene
under N,. To the solution were added K,COs(aq) (2.0 M,
10 mL; N, bubbled before use), Pd(PPh3), (0.23 g, 0.20 mmol),
and several drops of the phase transfer catalyst (Aliquat336).
After the mixture was stirred at 80 °C for 72 h, the solvent
was removed under vacuum. The resulting solid was extracted
with chloroform and dried under vacuum to give a yellow
solid, which was purified by silica gel column chromatography
(eluent = CHCI3). The solvent was removed by evaporation,
and a resulting solid was dried in vacuo to give Model-1a as a
yellow solid (0.83 g, 81%). "H NMR (400 MHz, CDCls): 6 7.78
(d,J = 8.4 Hz, 2H), 7.46 (s, 2H), 7.44 (d, J = 7.6 Hz, 2H), 7.25
(d,J =7.6Hz,2H),7.22(d,J = 7.6 Hz,2H), 6.87 (t,J = 6.8 Hz,
2H), 3.82 (s, 4H), 1.98 (m, 2H), 2.02 (m, 4H), 1.24—1.04 (m,
10H), 0.78—0.74 (m, 8H). *C{'H} NMR (100 MHz, CDCl;): 6
151.5, 143.5, 139.8, 138.2, 130.5, 128.4, 128.1, 127.7, 123.7,
120.0, 118.7,115.7, 55.3,40.2, 31.5, 29.7, 24.0, 22.5, 14.0. Calcd
for C37H44N,-0.1H,O: C, 85.70; H, 8.59; N, 5.40. Found: C,
85.68; H, 8.26; N, 5.19.

Model-1b, Model-1c, Model-2a, and Model-2b were synthe-
sized analogously. Spectroscopic and analytical data of the
polymer are shown below.

Data of Model-1b. 'H NMR (400 MHz, CDCl5): 6 7.74 (d,
J = 8.0 Hz, 2H), 7.56 (s, 2H), 7.55 (d, J = 7.6 Hz, 2H), 7.25
(d,J = 7.6 Hz,2H), 7.08 (d, J = 7.6 Hz, 2H), 7.00 (s, 2H), 6.71
(d, J = 7.6 Hz, 2H), 3.85 (br, 4H), 2.02 (m, 4H), 1.10—1.26
(12H), 0.77—0.88 (10H). '*C{"H} NMR (100 MHz, CDCl5): ¢
151.5, 146.7, 142.9, 140.12, 140.08, 129.7, 125.9, 121.5, 119.8,
117.7,114.0, 113.9, 55.2, 40.5, 31.5, 29.7, 23.8, 22.6, 14.0. Calcd
for C37H44N,: C, 86.00; H, 8.58; N, 5.42. Found: C, 85.82; H,
8.92; N, 5.20.

Data of Model-1c. '"H NMR (400 MHz, CDCly): 6 7.77 (d,
J =8.0Hz, 1H),7.74 (d, J = 8.0 Hz, 1H), 7.55(d, J = 8.0 Hz,
1H), 7.54 (s, 1H), 7.44 (s, 1H), 7.74 (d, J = 8.0 Hz, 1H),
7.28 (d, J = 7.6 Hz, 1H), 7.21 (d, J = 8.0 Hz, 1H), 7.17
(d, J = 7.6 Hz, 1H), 7.11 (d, J = 7.6 Hz, 1H), 7.04 (s, 1H),
6.87 (t,J = 7.6 Hz, 1H), 6.81 (d, J = 7.6 Hz, 1H), 6.75 (d, J =
8.0 Hz, 1H), 4.00 (br, 4H), 2.00 (m, 4H), 1.05—1.12 (m, 12H),
0.74—0.78 (m, 10H). *C{'H} NMR (100 MHz, CDCI5): ¢
151.6, 151.5, 145.8, 143.4, 142.9, 140.1, 140.0, 139.9, 138.0,
130.5, 129.7, 128.4, 128.2, 127.7, 126.0, 123.6, 121.5, 120.0,
119.8, 118.8, 118.3, 115.7, 114.5, 114.4, 55.2, 40.3, 31.5, 29.7,
23.9,22.6, 14.0. Calcd for C37H44N,-0.3H,0: C, 85.11; H, 8.61;
N, 5.36. Found: C, 86.00; H, 8.58; N, 5.42.

Data of Model-2a. Yield = 62%. 'H NMR (400 MHz,
CDCl3): 6 7.17 (d, J = 7.2 Hz, 4H), 6.92 (s, 2H), 6.84 (t, J =
7.2Hz,4H),6.78 (d,J = 8.0 Hz,4H), 3.88 (br, 8H), 1.61 (m, 4H),
1.20 (m, 20H), 0.87 (t, J = 7.6 Hz, 6H). *C{'H} NMR (100
MHz, CDCly): 6 150.4, 144.5, 131.1, 129.2, 128.4, 125.3, 118.5,
117.3, 116.0, 76.7, 70.0, 31.7, 29.3, 29.2, 25.9, 22.6, 14.1. Calcd
for C34H48N202'0.2H20: C, 7848, H, 938, N, 5.38. Found: C,
78.53; H, 8.80; N, 4.99.
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Data of Model-2b. Yield = 53%. 'H NMR (400 MHz,
CDCly): 6 7.22 (t, J = 7.6 Hz, 2H), 7.00 (d, J = 7.2 Hz, 2H),
6.95 (s, 2H), 6.94 (d, J = 8.8 Hz, 2H), 6.67 (d, J = 7.6 Hz, 2H),
3.85(t, J = 6.4 Hz, 4H), 3.68 (br, 4H), 1.68 (m, 4H), 1.36 (m,
2H), 1.26 (m, 18H), 0.88 (t, J = 6.8 Hz, 6H). '*C{'H} NMR (100
MHz, CDCl3): 6 150.2, 145.2, 139.6, 130.8, 128.8, 120.6, 116.8,
114.2, 70.0, 31.8, 29.37, 29.30, 29.28, 26.1, 22.6, 14.1. Calcd for
C34H48N202'0.2H202 C, 7848, H, 938, N, 5.38. Found: C,
78.47; H, 8.71; N, 4.85.

Synthesis of Model-3. "H NMR (400 MHz, DM SO-dj): 6 9.83
(d,J = 6.4Hz 4H),9.46 (d,J = 6.8 Hz,4H),8.98 (d,J = 6.8 Hz,
4H), 8.95 (d, J = 6.4 Hz, 4H), 8.35 (s, 2H), 8.19 (d, J = 7.6 Hz,
2H), 8.06 (d, J = 7.6 Hz, 2H), 8.00 (s, 2H), 7.94—7.89 (m, 6H),
476 (q, J = 7.2 Hz, 4H), 2.17 (s, 4H), 1.63 (t, J = 7.6 Hz, 6H),
1.00 (s, 12H), 0.68 (t, J = 6.8 Hz, 6H), 0.58 (s, 4H). *C{'H}
NMR (100 MHz, DMSO-d):  151.5,149.3,148.0, 146.1, 145.7,
142.9, 142.2, 140.4, 137.3, 130.8, 129.6, 126.8, 126.4, 126.3,
123.5, 123.2, 121.5, 120.9, 56,6 55.3, 30.8, 28.9. 23.5, 21.9,
16.4, 13.8. Caled for CgHgoClLIoN,-H,0: C, 61.16; H, 5.72;
N, 4.68. Found: C, 60.89; H, 5.50; N, 4.18.
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