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Introduction

The multielectron-transfer reaction is fundamentally
one of the most important processes in chemical® and
energy conversions.?2 Benzoquinone,® phenylenediamine,*
and their derivatives,® which undergo a two-step two-
electron-transfer reaction, have received much attention
as key materials in the field of biological systems and
energy storage.?® Generally, these compounds having
two redox sites, in which two redox couples are observed
during cyclic voltammetry (CV), show a two-step, two-
electron-transfer (A +e<=B: E;;B+e<=C: E,), since
the second electron-transfer (Ez) is more difficult than
the first one (E;) (E°2 < E°;) due to Coulombic repulsion®
(“electron-transfer” is abbreviated E). In contrast, for
the two-electron-transfer systems of the E;E, process
having a large redox-potential inversion” between the
first electron-transfer (E;) and the second one (E>) (E°;
> E°;), it was investigated as a single redox couple using
cyclic voltammetry.8 The process is classified as a one-
step successive two-electron-transfer. The molecules
capable of a reversible and fast one-step, two-electron-
transfer® are expected to be widely applied as an
efficient electron-transfer mediator catalyst and as an
electrode material in a polymer battery which has a high
energy density. However, these compounds are very
rare. Therefore, until now, most applications are based
on the one-electron process, e.g., the redox couple for
only the first one-electron process of polyaniline,2°10
which is well-known as a conducting polymer, that takes
part in a polymer battery despite showing a two-step,
two-electron transfer per two aniline units. In this
study, we found a series of phenylenediamine molecules
having a fast one-step successive two-electron-transfer
which has a large redox potential inversion. Novel
polymers with polyaniline units having the one-step,
two-electron-transfer were synthesized. They possess a
greater energy density when compared to that of
conventional polyaniline.1!

Experimental Section

General. The NMR spectra were recorded using a JEOL
JMN400 FT-NMR spectrometer (400 MHz) in CDCl; + TMS
internal standard solution. The MALDI-TOF mass spectra
were obtained using a Shimadzu/Kratos KOMPACT MALDI
mass spectrometer (positive mode; matrix: dithranol). The
infrared spectrum was obtained from a potassium bromide
pellet using a JASCO FT-1R-460Plus. The molecular weight
was determined in THF solution using a TDA302 TriSEC
detector (Viscotek) with Shodex GPC columns.
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Materials. Aniline, 2,3,5,6-tetramethyl-1,4-benzoquinone,
S-BINAP, Pd,(dba)s;, and N,N’'-diphenyl-1,4-phenylenediamine
(PDA) were purchased from the Aldrich Chemical Co. 2,3,5,6-
Tetramethyl-1,4-benzoquinone, 2,5-dibromo-1,4-benzoquinone,
and 4,4'-methylenedianiline were from Tokyo Kasei Co., Ltd.
All other chemicals were purchased from the Kantoh Kagaku
Co. The following compounds were prepared according to
literature procedures: N,N’'-diphenylanthraquinonediimine
(AQI),*22b N,N'-diphenylduroguinone-1,4-diimine (TMI),* and
N,N'-diphenyl-1,4-benzoquinone-1,4-diimine (PDI).

Synthesis of N,N'’-Diphenyl-2,3,5,6-tetramethyl-1,4-
phenylenediamine (TMA). Bromobenzene (3.96 g, 25.2
mmol), 2,3,5,6-tetramethyl-1,4-phenylenediamine (2.07 g, 12.6
mmol), sodium tert-butoxide (3.63 g, 37.8 mmol), Pd,(dba)s (23
mg, 0.025 mmol), and S-BINAP (47 mg, 0.21 mmol) were
dissolved in tetrahydrofuran (120 mL) in a Schlenk flask under
argon. The reaction mixture was then heated to a gentle reflux.
Analysis by TLC after 17 h showed complete consumption of
the starting bromide. The mixture was cooled to room tem-
perature, taken up in ethyl acetate (80 mL), and washed with
a 2.0 M aqueous sodium hydroxide solution, followed by brine.
The organic phase was dried over sodium sulfate, filtered, and
concentrated. The TMA compound (1.31 g, 33%, white powder)
was isolated by silica gel chromatography (hexane:dichloro-
methane = 1:1). TMA: *H NMR (400 MHz, CDCls, 30 °C, TMS
standard, ppm) 6 7.16 (dd, J = 7.3, 7.3 Hz, 4H), 6.73 (t, J =
7.3 Hz, 2 H), 6.49 (d, 3 = 7.3, 4H), 5.22 (s, 2H), 2.17 (s, 12H).
13C NMR (100 MHz, CDCl3, 30 °C, TMS)  146.8, 135.8, 133.1,
129.2, 117.7, 113.1, 15.4. IR (KBr, cm™1) 3407, 1601, 1498,
1415, 1305, 1271, 747, 697. TOF-MS 315 [M]*. Anal. Calcd
for CooH24N2: C, 83.50; H, 7.64; N, 8.85. Found: C, 83.21; H,
7.50; N, 8.80.

Spectral DATA of TMI. *H NMR (400 MHz, CDCls, 30 °C,
TMS standard, ppm) as mixture of two syn/anti isomers, ¢ 7.31
(dd, 3 = 7.8, 7.8 Hz, 4H), 7.06 (t, J = 7.8 Hz, 2 H), 6.82 (d, J
= 7.8, 4H), 2.2 (br, 6H), 1.4 (br, 6H). *3C NMR (100 MHz,
CDCl3, 30 °C, TMS) as mixture of two syn/anti isomers, o
151.6, 128.8, 123.6, 119.9, 14.7. IR (KBr, cm~%) 3050, 2921,
1578, 1481, 1229, 776, 752, 694. TOF-MS 315 [M + H]*. Anal.
Calcd for CH24N2: C, 84.04; H, 7.05; N, 8.91. Found: C, 83.99;
H, 7.03; N, 8.98.

Synthesis of PTMI. Duroquinone (0.82 g, 5.0 mmol), 4,4'-
methylenedianiline (0.99 g, 5.0 mmol), and DABCO (3.36 g,
30.0 mmol) were dissolved in chlorobenzene (60 mL). Tita-
nium(1V) tetrachloride (1.42 g, 7.5 mmol) was dropwise added.
The addition funnel was rinsed with chlorobenzene (10 mL).
The reaction mixture was heated in an oil bath at 125 °C for
24 h. The precipitate was removed by filtration. The filtrate
was then concentrated. The reaction mixture was reprecipi-
tated in methanol. The cyclic oligomers were removed by GPC.
PTMI (15%, orange powder) was then obtained. PTMI: 'H
NMR (400 MHz, CDCl3, 30 °C, TMS standard, ppm) 6 7.02
(4H), 6.65 (4H), 3.86 (2H), 2.06 (6H), 1.27 (6H). *C NMR (100
MHz, CDCls, 30 °C, TMS standard, ppm) 6 61.4, 149.4, 138.0,
136.8,129.2,120.1, 40.8, 15.3. IR (KBr, cm~*) 3018, 2919, 1579,
1510, 1496, 1230, 818. Anal. Calcd for CosHxN,: C, 84.63; H,
6.79; N, 8.58. Found: C, 83.55; H, 6.81; N, 8.43. M,, = 25 100;
Mw/M,, = 1.87.

The reductive PTMI was easily obtained using the following
procedure. PTMI (100 mg, 0.31 mmol), SnCl, (0.58 g, 3.1
mmol,) and Sn (0.36 g, 3.1 mmol) were dissolved in MeCN (50
mL). Trifluoroacetic acid (0.35 g, 3.1 mmol) was added, and
the reaction mixture was vigorously stirred at room temper-
ature for 1 h and then triethylamine added for quenching. The
precipitate was removed by filtration and concentrated. The
reaction mixture was reprecipitated in methanol. The reduced
PTMA (44 mg, 44%, white powder) was purified by silica gel
chromatography (chloroform, ethyl acetate). *H NMR (400
MHz, CDCls;, 30 °C, TMS standard, ppm) ¢ 6.96 (4H), 6.38
(4H), 5.10 (2H), 3.76 (2H), 2.13 (12H). 3C NMR (100 MHz,
CDCl3, 30 °C, TMS standard, ppm) 6 144.8, 136.0, 132.7, 129.3,
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Figure 1. (a) PDI derivatives possessing two-electron-transfer
process. (b) Novel polyaniline derivatives bearing one-step,
two-electron-transfer unit.

125.4,113.2, 30.3, 15.3. IR (KBr, cm~1) 3388, 3011, 2913, 1655,
1612, 1510, 1467, 807.

Electrochemical Measurements. The electrochemical
analyses were performed using an electrochemical workstation
(BAS Co., Ltd., model ALS-660) under the following conditions.
Cyclic voltammetry (CV) was carried out in an N, atmosphere.
A glassy carbon (GC) disk electrode (0.071 cm?) was used as
the working electrode and polished with 30 um alumina before
the experiments. The auxiliary electrode was a coiled platinum
wire. The reference electrode was a commercial Ag/Ag* one,
which was placed in the main cell compartment. The formal
potential of the ferrocene/ferrocenium couple was 0.076 V vs
this reference electrode in MeCN. All potentials are quoted
with respect to this Ag/Ag* reference electrode. The potential
was normalized to the ferrocene/ferrocenium couple in MeCN.
The scanning rate was 100 mV/s. In all cases, a 0.2 M solution
of tetrabutylammonium tetrafluoroborate (TBABF,) in MeCN
was used.

UV—Vis Spectroelectrochemical Analysis. The controlled-
potential absorption spectra were obtained using an optically
transparent thin-layer electrode quartz cell (light path length
= 1 mm). The working and the counter electrodes were
platinum mesh and a platinum coil, respectively. The potential
was applied using a Hokuto-Denko potentio/galvanostat, model
HA-501G, and referred to an Ag/Ag* reference electrode. The
potential was normalized to the ferrocene/ferrocenium couple
in MeCN. The spectra were measured using a Shimadzu UV-
3150PC spectrophotometer. All spectroelectrochemical meas-
urements were carried out at ca. 25 °C under a nitrogen
atmosphere.

Results and Discussion

N,N'-Diphenyl-1,4-benzoquinonediimine (PDI) show-
ing a stable two-electron redox function in the presence
of a Lewis acid*? is the redox unit structure of poly-
aniline. We found that the potential gap (AE) between
first electron (E°;) and second one (E°;) decreases by
the introduction of a more bulky unit in the phenyl ring
at the center of the PDI (SI Table 1, Supporting
Information), and the N,N’-diphenylanthraquinone-
diimine (AQI)!22b and N,N’'-diphenyl-2,3,5,6-tetra-
methyl-1,4-benzoquinonediimine (TMI)¢ (Figure 1),
which have a moderate steric hindrance, show a one-
step successive two-electron-transfer. In the presence
of a Lewis acid, AQI and TMI show a sharp and single
two-electron reversible redox couple at the potentials
of 0.03 and 0.30 V (vs Fc/Fct), respectively (Figure 2a).
For the one-electron-transfer process during cyclic vol-
tammetry, the potential peak separation (AEp) between
the anodic (Epa) and cathodic (Epc) peaks is determined
to be 57 mV at 25 °C;8 however, for AQI and TMI, the

Macromolecules, Vol. 37, No. 7, 2004

04 02 0 02 04 06 08

¥ 150

O

€ 20

O

e F120

2 9] A
> -20 | 90 ~
[S 3
=~ -40- <
£ 60 60
= .60 -

o) &P

S 801 @aOXP 3O L 30

2 3 4
Concentration of Eu** /-log[Eu®*]
Figure 2. (a) Cyclic voltammograms of PDI (0.2 mM, dotted
line), AQI (0.2 mM, solid line), and TMI (0.2 mM, dashed line)
in MeCN solution containing 1.0 M trifluoroacetic acid and
0.2 M TBABF,. (b) Nernst plot of 0.2 mM AQI with Eu®*:
experimental (@), theoretical curve obtained from condensation
profile (solid line), and relative AE, (O) in MeCN solution
containing 0.2 M TBABF,.

O O

Figure 3. ORTEP diagrams of (a) the AQA and (b) its dication
(as the perchlorate salt).

AE, values are 30 and 34 mV, respectively. The redox
wave of AQI is in good agreement with the shape of the
two-electron-transfer wave (28.5 mV at 25 °C) in the
CV. Their peak currents (l,a and l,c) are more than 2
times higher than that of the one-electron-transfer
compounds. Digital simulations of the CV* and dif-
ferential pulse voltammetry (DPV)!° reveal that the AE,
of AQI is at least —180 mV (Sl Figure 1). These results
indicate a one-step successive two-electron-transfer
process.

In the Nernst plots of AQI in the presence of
europium(l11) trifluoromethanesulfonate (Eu3t),1617 a
flat area was observed below —log[Eus*] < 2.5 (Figure
2b). The AE; in this region showed 30 £+ 1 mV (Sl Figure
4c) with a 180 mV potential inversion (SI Figure 1). The
lack of a slope in the Nernst plots means that the Eu3*
ion transfer does not participate in the electron-transfer.
The AQI coordinated with Eud* ion on the two imine
sites gives rise to only the one-step successive two-
electron-transfer. The titration results of AQI with Eus*
ion based on the UV-—vis spectra also support the
following mechanism.

AQI + H" = AQIH" (K)),
AQIH" + H" = AQIH,*" (K,)
AQIH,”" + e = AQA™ (E,),
AQA™ + e = AQA™ (E,)
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Figure 4. Cyclic voltammograms of (O) adsorbed PTMI on
GC electrodes (0.071 cm?) obtained in MeCN containing 1.0
M TFA and 0.2 M TBABF, at 100 mV/s. The amount of
adsorbed PTMI was estimated to be 0.71 ug/cm?2. Ej;, (the width
at half current) of E,c and Epa and AE (Epc — Epa) were 57, 54,
and 11 (mV), respectively. (dashed curve) Simulation. Param-
eter values: T =298 K, E°, =0.302 V, ks, =50 s7%, o = 0.5,
E°; =0.342V, ks1 =50 571, o = 0.5. The baseline of the anodic
curve was corrected to fit.

Below —log[Eu®*] = 2, the spectrum change is saturated
during the titration. The concentration profile of this
equilibrium prepared using the theoretical UV—vis
spectra shapes and theoretical titration curves (Sl
Figure 2) reveals that the first and second coordination
constants (K; and Ky) are 5.0 x 10% and 3.0 x 102,
respectively (SI Figure 3). The theoretical Nernst plot
based on the concentration profile is in good agreement
with the experimentally obtained one (Figure 2b). On
the basis of the spectroelectrochemical analysis, the
absorption of the radical cation was not detected in the
redox reaction (Sl Figure 5). These results supported
the idea that the redox mechanism obeys the above
scheme; i.e., AQI coordinated with two acids exhibits a
one-step reversible two-electron-transfer.

The molecular structures of the dications as the
proton coordinated oxidized form and the neutral N,N’-
diphenylanthracene-9,10-diamine (AQA)*2° form as the
reduced state were confirmed by single-crystal X-ray
analysis (Figure 3).18 The redox reaction of AQI is
accompanied by a significant conformation change
between the reduction and oxidation forms; i.e., the
N-phenyl ring rotates from syn to anti and the an-
thracene ring from bent to planar during the oxidation.
We postulated that the redox potential inversion is
based on this significant structural change. The specu-
lation is also supported by MO calculations.

To explain the redox potential inversion arising from
the large structural changes, the geometries of the
neutral, radical cation, and dications were determined
by a full optimization?® of the conformation using the
B3LYP density functional with 6-31G* as the basis set.
The results from the X-ray crystal structures of the
dications and neutral one determined the same struc-
tures. Since the crystal of the one-electron oxidized
species could not be obtained due to the very small
disproportionation constant, the calculated structure of
the monocation radical state was used, which is reason-
able because of the good agreement with the crystal and
the calculated results and small difference (ca. 0.012 eV)
in the structural energies of the ox and red forms.
According to the Franck—Condon principle, a structural
relaxation of the molecule occurs after the electron-
transfer, which results in a change in the SOMO level.
AUsowmo is defined as the difference in each SOMO level
between the radical cation with its optimized structure
and with its conformation of the neutral state before
the oxidation.®® The AUsomo values of PDI, AQI, and
TMI were calculated to be 0.16, 0.61, and 0.63 eV,
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respectively. The large AUsomo means a greater struc-
tural relaxation energy. It is suggested that the increas-
ing SOMO level due to the structural change results in
the promotion of the second electron removal. The
combination of the X-ray structural analysis and MO
calculation reveals that PDI hardly changes the con-
formation during electron-transfer, but AQI and TMI
drastically change after the one-electron oxidation (ben-
zenoid, quinoid exchange),®® which is caused by the
steric hindrance between the bulky anthracene or
tetramethylbenzene unit and the outer N-phenyl rings
when reduced to the benzenoid, and the bond to the
N-phenyl rings was bent in the vertical direction. As a
conclusion, the large potential inversion increasing the
SOMO level after electron-transfer due to the steric
hindrance at the center of the PDI promotes the second
electron-transfer.

On the basis of these results, polyaniline derivatives
(Figure 1b) bearing a one-step successive two-electron-
transfer unit were synthesized by dehydration. The
polymer adsorbed on the glassy-carbon electrode shows
a reversible single redox wave at 0.32 V (vs Fc/Fct in
CH3CN containing of 1.0 M TFA, Figure 4), which is
much higher than that of the first redox couple of the
polyaniline. The redox couple with a 54—57 mV half-
wave width is ascribed to the one-step successive two-
electron-transfer by the CV simulaton based on AE;, =
90.6/n mV, where n is the stoichiometric number of
electrons and n > 1.5.2021 The absorption of the radical
cation of PTMI was not detected in the redox reaction
based on a spectroelectrochemical analysis. The fully
oxidized form of the obtaind polymer is stable because
the methyl substitution prevents the side reaction such
as Michael addition or cross-linking,!* The materials
possessing one-step successive two-electron-transfer
units based on the redox potential inversion are ex-
pected to be suitable for high-density energy storage due
to suppression of the Coulombic repulsion and fast
reversible multielectron-transfer. We first demonstrated
that the novel polyaniline with a one-step, two-electron-
transfer unit shows a stable redox at high potential with
a higher energy density (163 A h/kg) (SI Figure 6) when
compared to that of polyaniline.
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