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Using an electron transfer stopped-flow (ETSF) method, the reactions of short-lived methyldiphenylamine and
diphenylamine cation radicals (MDPA�� and HDPA��) in acetonitrile (AN) were analysed by generating them
quantitatively by electron transfer with tris(p-bromophenyl)amine cation radical (TBPA��). The absorption
spectra of short-lived MDPA�� and HDPA�� could be successfully observed in a time frame of less than a few
tens of milliseconds using a rapid-scan spectrophotometer, and as a result, the kinetics of the dimerization reaction
could be analyzed in spite of the follow-up oxidation reactions of the dimer compounds, which are affected by the
concentration of the neutral monomer. Both reactions are found to be second order in concentration of cation
radicals, and the dimerization rate constants were determined to be 1.4 × 106 M�1 s�1 for MDPA��, and 1.0 × 106

M�1 s�1 for HDPA��. Compared with electrochemical methods, the ETSF method permits direct detection and
straightforward kinetic analysis of short-lived cation radicals, as well as the elucidation of the effect of precursor
molecules on subsequent reactions.

Introduction
Numerous studies have already been devoted to the reaction
kinetics of electrogenerated cation radicals,1–4 and it is still an
area of active research.5 In a recent review by Schmittel and
Burghart, various aspects of the reactions of cation radicals
have been well summarized.6

By developing a pulse-electrolysis stopped-flow (PESF)
method,7 we have been contributing to the kinetic analysis of
electrogenerated cation radicals with nucleophiles.8–13 In the
PESF method, synchronized with pulse-electrolysis using a
carbon wool working electrode, an electrolyzed solution is
delivered to an optical cell by a piston drive, and then spectro-
scopic measurements can be carried out after stopping the solu-
tion.7 Alternatively, by mixing the electrolyzed solution with a
solution containing nucleophiles, kinetic analysis can be per-
formed in a manner similar to the conventional stopped-flow
technique.7 It is advantageous that the reactions of the electro-
generated species can be analyzed in homogeneous solutions
separately from electrode phenomena.

This method has also been utilized in the analysis of electron
and energy transfer reactions between cation and anion radicals
from different precursors in acetonitrile (AN) by observing
electrogenerated chemiluminescence. For this purpose, a dual
electrolysis stopped-flow method was developed and applied
utilizing the principle of the PESF method.14,15

However, in the PESF method, a serious problem remains for
the generation, observation and analysis of short-lived electro-
generated species. Namely, although column electrolysis using a
carbon wool working electrode permits quantitative electrolysis
within several tens of milliseconds, spectrochemical observ-
ation is impossible for short-lived species that diminish during
the minimized time of pulse electrolysis.

To overcome this problem, we have proposed the novel con-
cept of an electron transfer stopped-flow (ETSF) method in a

recent communication.16 In the ETSF method, for example,
unstable cation radicals (N��) are formed via electron transfer
with long-lived cation radicals (M��). That is to say, when the
redox potential of the M��/M couple is positive relative to that
of the N��/N couple, the electron transfer reaction of eqn. (1)

N � M�� → N�� � M (1)

should be thermodynamically favorable. Thus, by mixing
the solutions of N and M��, we can form N�� via eqn. (1)
and initiate the reaction of N��. Consequently, the dead
time from the point of the generation of cation radicals to the
point for the optical measurement can be reduced dramatic-
ally.

Such formation of cation radicals by other cation radicals is
well known,17 and the correlation between redox equilibria and
potential has been investigated previously.18 Nevertheless, it can
be emphasized that, by combining the electron transfer reac-
tions with a stopped-flow operation, spectroscopic measure-
ments for short-lived intermediates which have never before
been investigated now become possible, in particular, with the
help of the recent development of a rapid-scan spectro-
photometer.

In our previous communication, we proposed the concept
of the ETSF method with some examples of cation radicals of
the phenylamine derivatives, methyldiphenylamine (MDPA)
and diphenylamine (HDPA) in AN.16 It is well known that
triphenylamine cation radical (TPA��) dimerizes to form the
product tetraphenylbenzidine (TPB) in AN.19,20 For much
shorter-lived aromatic amine cation radicals, using ultramicro-
electrode voltammetry, Larumbe et al. analyzed the dimeriz-
ation reaction of dimethylaniline cation radical (DMA��) and
reported a second-order rate constant of 1.5 × 107 M�1 s�1.21

Also, using rapid-scan cyclic voltammetry, Yang and Bard
analyzed the dimerization reaction of HDPA cation radical
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(HDPA��) in AN, whose reaction rate was reported to be
2.0 × 105 M�1 s�1.22 The cation radicals of diphenylamine
derivatives are thus expected to be less reactive than DMA��,
and hence, the measurement of the absorption spectra of
MDPA�� and HDPA�� can be targeted in analysis using the
ETSF method.

The aim of the present paper is to describe the details of the
spectroscopic detection and kinetic analysis of short-lived
MDPA�� and HDPA�� using the ETSF method, together with
the results for TPA��. In particular, we want to demonstrate
that the ETSF method permits straightforward analysis of
kinetic processes by observation of the changes in absorption
spectra. In addition, as one of the advantages of the ETSF
method is that the reaction analysis is carried out in homo-
geneous solution, the effects of precursor molecules on the
subsequent electron transfer reactions can be shown.

Experimental
For the stopped-flow measurements, a rapid-scan stopped-flow
spectroscopic system, RSP-601 (Unisoku Co. Ltd., Hirakata,
Japan), was used. In this apparatus, dynamic transformation of
absorption spectra can be observed with a minimized time
interval of 1.0 ms after mixing of the two solutions. All the
measurements were carried out in AN as a solvent.

As a substrate to form persistent cation radicals [M��, in
eqn. (1)] we used tris(p-bromophenyl)amine (TBPA), which is
known to form a very long-lived cation radical in AN,23,24 due
to the bromo-substituents that make the oxidation potential of
TBPA�� positive relative to that of TPA.25 Because TBPA�� is
long-lived enough to survive over several days in AN and is less
reactive towards water, AN solutions of TBPA�� were prepared
by a conventional batchwise electrolysis. The TBPA�� solution
was used after adjusting its concentration by dilution with AN.
The concentration of TBPA�� was determined by the absorp-
tion measurement using the molar absorptivity of TBPA�� at
705 nm, ε = 3.2 × 104 M�1 cm�1.23 In the present ETSF experi-
ments, the AN solution of TBPA�� was mixed with an AN
solution containing the aromatic amine derivatives, MDPA,
HDPA or TPA.

For all the substrates, chemicals of the highest purity avail-
able were used as received. For the solvent, dehydrated
acetonitrile (Wako chemicals) was used as received. As the
supporting electrolyte used in the batchwise electrolysis,
tetrabutylammonium perchlorate (TBAP) was used. It was pre-
pared from tetrabutylammonium bromide (Aldrich) and
NaClO4 (Nacalai Tesque, GR grade), and then purified by three
separate recrystallizations from ethanol–water.

Results and discussion
Electrochemical aspects of electron transfer in the present
reaction systems

To bring about the electron transfer shown in eqn. (1), we

adopted TBPA�� as M��. Fig. 1A shows the cyclic voltam-
mogram (CV) of TBPA in AN, which shows that this one-
electron oxidation process is reversible. As mentioned in the
Experimental section, TBPA�� is fairly long-lived in AN, so the
absorption spectrum was observed easily. The obtained absorp-
tion spectrum was identical to that reported previously,23,24

which has an absorption maximum at 705 nm.
Fig. 1B–D shows the CVs of the aromatic amine derivatives,

TPA, MDPA and HDPA, which we adopted as N to form the
unstable N�� in eqn. (1). As is well known, reversible waves are
not observed for these aromatic amines at a scan rate of 100 mV
s�1, but the reduction waves of the dimer compounds, N,N�-
diphenylbenzidine derivatives, were observed in the CVs.7,19,21,22

The reaction process can be summarized as follows [eqns.
(2)–(4)], for TPA as an example.

TPA
�e�

TPA�� (2)

2TPA�� → TPB � 2H� (3)

TPB
�e�

TPB��
�e�

TPB2� (4)

The two-step reductions in the cathodic scans can be attrib-
uted to the reduction of the benzidines formed, as represented
by eqn. (4). The oxidation peaks observed in the potential
region positive to the oxidation of the amines in Figs. 1C and D

Fig. 1 Cyclic voltammograms of aromatic amines in AN. (A) TBPA,
(B) TPA, (C) MDPA and (D) HDPA. Working electrode: Pt disk
electrode (diam. 1.6 mm). Reference electrode: Pt/(I�,I3

�) electrode.
Scan rate; 100 mV s�1. Concentration of amine: 1.0 mM. TBAP:
0.10 M.
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can be assigned to the oxidation of the protonated form of
aromatic amine monomers.22,26

In spite of the irreversibility and the complexity of the CVs
for these three aromatic amines, judging from the oxidation
potentials summarized in Fig. 1, the electron transfer reactions
with TBPA�� in eqns. (5)–(7) should be thermodynamically

TPA � TBPA�� → TPA�� � TBPA (5)

MDPA � TBPA�� → MDPA�� � TBPA (6)

HDPA � TBPA�� → HDPA�� � TBPA (7)

favorable because the redox potential of the TBPA��/TBPA
couple is positive relative to those of the others.

Spectroscopic detection of MDPA�� using the ETSF method

First, the effective features of the ETSF method for the spectro-
scopic detection and kinetic analysis of short-lived aromatic
amine cation radicals are demonstrated in the case of
MDPA��.

When TBPA�� is mixed with an equimolar amount of
MDPA, the electron transfer shown in eqn. (6) should occur
to form MDPA�� quantitatively. In addition, if the electron
transfer shown in eqn. (6) is a diffusion-controlled reaction,
one would expect that the electron transfer reaction should be
completed in the mixing part of the stopped-flow apparatus
before reaching the part for the optical measurements.

Fig. 2A shows the dynamic transformation of the absorption
spectra observed in the ETSF method after an AN solution of
0.12 mM MDPA was mixed with an AN solution of 0.12 mM
TBPA��. It is clearly shown that the absorption maximum at
639 nm decreased within several milliseconds after stopping the
solution. The spectrophotometer has an observable wavelength
region width of 210 nm, so a second observed region is shown
in Fig. 2B. This figure shows that the absorption maximum of
TBPA�� at 705 nm disappears completely, even just after the
mixing, though it is observed when the TBPA�� solution was
mixed with AN only.

From these results, we established that the absorption spec-
trum of short-lived MDPA�� had been successfully recorded
using the ETSF method by bringing about the electron transfer
reaction shown in eqn. (6) during the mixing of the solutions.

Fig. 2 Dynamic transformation of absorption spectra recorded after
an AN solution of 0.12 mM MDPA was mixed with an AN solution of
0.12 mM TBPA��. Observed wavelength region: (A) 445–655 nm, (B)
545–755 nm. Time interval between each spectrum: 1.0 ms.

The absorption spectrum of MDPA�� has been reported; it
was previously prepared using a photo-oxidation method in
glass matrices at low temperatures.27,28 The present result clearly
demonstrates that the absorption spectrum of such short-lived
intermediates can be observed using the ETSF method, via
their generation by diffusion-controlled electron transfer. In
addition, on the basis of this principle, it is expected that that
the dynamic aspects of the decay kinetics could be analyzed.

Dimerization of MDPA�� and subsequent electron transfer
reactions

For a comprehensive analysis of the dimerization process of
MDPA�� the decay kinetics can be analyzed by following the
decay of MDPA�� at 639 nm, and the increase in absorption
around 500 nm in Fig. 2A should be discussed. In the dimeriz-
ation reaction of MDPA��, N,N�-dimethyl-N,N�-diphenyl-
benzidine (DMDPB) is formed via eqn. (8). Furthermore, in

2MDPA��
k

DMDPB � 2H� (8)

homogeneous solution, even in the absence of the electrode,
DMDPB should oxidized by MDPA�� to DMDPB�� and
further to DMDPB2� via eqns. (9) and (10) as shown by the CV

DMDPB � MDPA��
K1

DMDPB�� � MDPA (9)

DMDPB�� � MDPA��
K2

DMDPB2� � MDPA (10)

(Fig. 1C), because the redox potentials of the DMDPB��/
DMDPB and DMDPB2�/DMDPB�� couples are negative
relative to that of MDPA��/MDPA [eqn. (11)].

E(DMDPB��/DMDPB) < E(DMDPB2�/
DMDPB��) < E(MDPA��/MDPA) (11)

However, compared with the dimerization reaction [eqn. (8)],
the electron transfer reactions shown by eqns. (9) and (10)
should be very rapid [like the reaction shown in eqn. (6)] because
they are diffusion-controlled reactions driven thermodynamic-
ally. Thus, in the kinetic analysis, it is important to observe the
rate-determining decay process of MDPA�� in eqn. (8). Even
though MDPA�� is formed in the reversed reactions of eqns. (9)
and (10), it should be converted via eqn. (8) to the oxidation
states of DMDPB during the progress of the reactions, and
eventually become negligible. The decrease of MDPA�� to a
negligible amount was confirmed by regressive calculations.
This is also in agreement with the result of the decay of
MDPA�� (shown later).

While neutral DMDPB has no absorption in the visible
region, DMDPB�� and DMDPB2� have absorption maxima
at 476 and 512 nm, respectively.29 Judging from the wave-
lengths and molar absorptivities for DMDPB�� (ε = 2.3 × 104

M�1 cm�1, at 476 nm) and DMDPB2� (ε = 3.5 × 104 M�1 cm�1,
at 512 nm),29 it is ascertained that DMDPB2� was the major
product in the reaction between 0.12 mM TBPA�� and 0.12
mM MDPA (Fig. 2A).

In order to analyze in detail the equilibria brought about
by subsequent electron transfer reactions [eqns. (9) and (10)]
after the formation of DMDPB [eqn. (8)], we next observe the
effect of the concentration of the precursor MDPA on the
dynamic transformation of the absorption spectra.

Effect of MDPA on the oxidation states of DMDPB

Fig. 3 shows the effect of the precursor, MDPA, on the dynamic
transformation of the absorption spectra. The AN solution of
0.12 mM TBPA�� was mixed with AN solutions containing 1.2
and 12 mM MDPA in Figs. 3A and B, respectively.
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By comparing Figs. 2A, 3A and 3B, it is apparent that the
absorption around 500 nm was significantly affected by the
concentration of MDPA. To see the changes in the absorption
spectra in detail, Fig. 4 shows changes in absorbance with time
at (a) 639, (b) 512 and (c) 476 nm, which correspond to the
absorption maxima of MDPA��, DMDPB2� and DMDPB��,
respectively.

Remarkably, from the curves (a) in Fig. 4, the decay kinetics
of MDPA�� are shown to be unaffected by MDPA, even when
it is in large excess. This indicates that the dimerization reaction
does not proceed via a cation radical–parent coupling, but via
the cation radical–cation radical coupling mechanism common
to aromatic amine cation radicals.6,21,22

However, the final oxidation state of the formed dimer,
DMDPB, is seen to be dependent on the concentration of
MDPA. Judging from the absorption spectra of DMDPB��

and DMDPB2�,29 DMDPB�� is the major product in the reac-

Fig. 3 Effect of MDPA concentration on the dynamic transformation
of absorption spectra recorded after an AN solution of MDPA was
mixed with an AN solution of 0.12 mM TBPA��. Concentration of
MDPA: (A) 1.2 and (B) 12 mM. Observed wavelength region: 445–655
nm. Time interval between each spectrum: 1.0 ms.

Fig. 4 Time changes in absorbance at (a) 639, (b) 512 and (c) 476 nm
for 100 ms after an AN solution of MDPA was mixed with an AN
solution of 0.12 mM TBPA��. The wavelengths correspond to the
absorption maxima of (a) MDPA��, (b) DMDPB2� and (c)
DMDPB��, respectively. Concentration of MDPA: (A) 0.12, (B) 1.2
and (C) 12 mM.

tion between 0.12 mM TBPA�� and 12 mM MDPA, while the
major product in the reaction with 0.12 mM MDPA is
DMDPB2�.

These differences can be reasonably deduced from eqns. (8)–
(11). When the concentration of neutral MDPA is increased, it
should suppress the oxidation of DMDPB, in particular, the
oxidation to DMDPB2�. Thus, it can be concluded that the
absorption spectra change reflecting the ratio of MDPA��/
MDPA. Under conditions where MDPA is totally oxidized to
MDPA�� by TBPA�� (i.e. in the reaction between 0.12 mM
TBPA�� and 0.12 mM MDPA), DMDPB2� is the major
product because there is less MDPA to reduce it. The overall
reaction thus can be expressed as eqn. (12).

4MDPA�� → DMDPB2� � 2MDPA � 2H� (12)

On the other hand, under conditions where MDPA is in large
excess of TBPA�� (i.e. in the reaction between 0.12 mM
TBPA�� and 12 mM MDPA), the overall reaction is thought to
be expressed by eqn. (13).

3MDPA�� → DMDPB�� � MDPA � 2H� (13)

The simplicity of both overall reactions could also be con-
firmed by the existence of the isosbestic points. The isosbestic
point observed in the latter case is shown in Fig. 5.

Kinetic analysis of the dimerization reaction of MDPA��

In spite of the complex equilibria after forming DMDPB, it is
expected that the reaction kinetics of the dimerization reaction
[eqn. (8)] are very simple. This is because the decay curves of
MDPA�� were almost identical, independent of the concen-
tration of MDPA. Judging from the curves (a) and (b) in
Fig. 4A, the curves (a) and (c) in Fig. 4C, and the fact that
isosbestic points were observed, the electron transfer reactions
to form DMDPB2� or DMDPB�� are assumed to be much
faster than the dimerization reaction of eqn. (8). Therefore,
the rate determining reaction constant, k, in eqn. (8) can be
determined simply from Fig. 4A (a) and (c).

That means, comparing the increase in DMDPB2� with the
decrease in MDPA��, the molar absorptivity of MDPA�� can
be estimated to be 8.5 × 103 M�1 cm�1 at 639 nm on the basis of
eqn. (12). By converting the absorbance into the concentration
using this value, in Fig. 6, digital simulation analysis was
performed for decay curve (a) in Fig. 4.

As a result, the decay reaction was found to be second order
in [MDPA��] as shown in Fig. 6. This indicates that the
reaction proceeds via a cation radical–cation radical coupling
reaction. In addition, from the excellent fitting of Fig. 6 curves
(a) and (b), the second-order rate constant was determined to be
1.4 × 106 M�1 s�1 by taking into account that four MDPA��s
are consumed in the overall reaction shown by eqn. (12). In this
case, the contribution of DMDPB2� to the absorbance at 639
nm was negligible in analyzing the dimerization reaction of
MDPA��.

Fig. 5 Dynamic transformation of absorption spectra displayed in
two dimensions. Transformation observed just after an AN solution of
12 mM MDPA was mixed with an AN solution of 0.12 mM TBPA��.
Time interval between each spectrum: 2.0 ms.
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Dimerization reaction of HDPA��

Next, we analyzed the dimerization reaction of HDPA��.
Before the analysis using the ETSF, the absorption spectra of
the oxidized states of the dimer compound, N,N�-diphenyl-
benzidine (DHDPB) were measured using a column-
electrolysis continuous flow method.29 While neutral DHDPB
has no absorption in the visible region, DHDPB�� and
DHDPB2� are confirmed to have absorption maxima at 490
(ε = 1.3 × 104 M�1 cm�1) and 575 nm (ε = 2.4 × 104 M�1 cm�1),
respectively.

Fig. 7A shows the dynamic transformation of the absorption
spectra obtained after mixing AN solutions of 0.12 mM HDPA
and 0.12 mM TBPA��. As in the case of MDPA, the absorption
spectrum of HDPA��, whose absorption maximum is 675 nm,

Fig. 6 (a) Time decay curve of MDPA�� (black line). The concentra-
tion of MDPA�� was determined as described in the text from the
absorbance at 639 nm. The source is Fig. 4A (a). (b) Result of
the simulation assuming a second-order decay reaction of
MDPA�� (gray line). (c) Result of the simulation supposing a first
order decay reaction of MDPA�� (gray line) with a rate constant of
100 s�1.

Fig. 7 Effect of HDPA concentration on the dynamic transformation
of absorption spectra recorded after an AN solution of HDPA was
mixed with an AN solution of 0.12 mM TBPA��. Concentration of
HDPA: (A) 0.12, (B) 1.2 and (C) 12 mM. Observed wavelength
region: 545–755 nm. Time interval between each spectrum: 1.0
ms.

could be detected. The absorption maximum is in good agree-
ment with those measured in the glass matrices.27,28

Figs. 7B and C show the results obtained after mixing 0.12
mM TBPA�� with 1.2 and 12 mM HDPA, respectively. The
wavelength region shown in Fig. 7 is 545–755 nm; the formation
of DHDPB�� could be observed in the wavelength region
around 490 nm, in particular, under the conditions used for Fig.
7C. Fig. 8 shows the changes in absorbance at 675, 575 and 490
nm, which correspond to the absorption maxima of HDPA��,
DHDPB2� and DHDPB��, respectively.

From these results, as a general conclusion for the dimeriz-
ation reaction of HDPA��, it was confirmed that the chemical
aspects were very similar to those of MDPA��. The overall
reactions are thus expressed by eqn. (14) for the reaction
between 0.12 mM TBPA�� and 0.12 mM HDPA, and eqn. (15)
for the reaction of 0.12 mM TBPA�� with 12 mM HDPA.

4HDPA�� → DHDPB2� � 2HDPA � 2H� (14)

3HDPA�� → DHDPB�� � HDPA � 2H� (15)

From the decay kinetics of HDPA��, from Figs. 7 and 8 one
would expect the dimerization reaction rate of HDPA�� to
be a little slower than that of MDPA��. However, to precisely
determine the rate constant of HDPA�� some correction is
necessary, in contrast to the case of MDPA��, because the
overlap of the absorption between HDPA�� and DHDPB2�

was significant in Fig. 7A. The correction procedure is shown in
Fig. 9. Because the oxidation to DHDPB2� after the dimeriz-
ation is sufficiently rapid, the molar absorption coefficient of
HDPA�� could be estimated to be 1.2 × 104 M�1 cm�1 at 675
nm by eliminating the contribution of DHDPB2�. For the
corrected decay curve Fig. 9c excellent agreement was obtained
by assuming the second-order decay of HDPA�� as shown in
Fig. 9d. As a result, the second-order rate constant was deter-
mined to be 1.0 × 106 M�1 s�1 by taking into account that four
HDPA��s are consumed in the overall reaction shown by
eqn. (14). This value is slightly larger than the value reported
using rapid-scan voltammetry.22

Dimerization reaction of TPA��

Finally, the well-known dimerization reaction of TPA�� was

Fig. 8 Time changes in absorbance at (a) 675, (b) 575 and (c) 490 nm
for 100 ms after an AN solution of HDPA was mixed with an AN
solution of 0.12 mM TBPA��. The wavelengths correspond to the
absorption maxima of (a) HDPA��, (b) DHDPB2�, and (c)
DHDPB��, respectively. Concentration of HDPA: (A) 0.12, (B) 1.2 and
(C) 12 mM.
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analysed using the ETSF method. Compared with the reactions
of MDPA�� and HDPA��, the reaction of TPA�� seems very
slow, though we had used this reaction for describing the PESF
method previously.7

Fig. 10 shows the dynamic transformation of the absorption
spectra observed using the ETSF method after an AN solution
of 0.12 mM TPA was mixed with an AN solution of 0.12 mM
TBPA��. Please note that the time interval of each absorption
spectrum is 5.0 s, whereas it was 1.0 ms for MDPA�� and
HDPA��. This difference would be deduced from the rate
constants; 1.8 × 103 M�1 s�1 for TPA��,7 1.4 × 106 M�1 s�1

for MDPA��, and 1.0 × 106 M�1 s�1 for HDPA��.
While the dimer dication was quantitatively formed in the

reactions between 0.12 mM TBPA�� and 0.12 mM MDPA, or
HDPA, the final oxidized state in the case of TPA was found to
contain both TPB�� and TPB2�, whose absorption maxima are
480 and 680 nm, respectively.7 In addition, from the changes in
absorbance with time (Fig. 11), it was clarified that TPB2� was
generated firstly just after mixing, and then TPB�� increased
gradually with decreasing TPB2� and TPA��.

The reason of this behavior can be attributed to the differ-
ence in the redox potentials between E(monomer cation radical/
monomer) and E(dimer dication/dimer cation radical). As seen
in Fig. 1, the difference between E(TPA��/TPA) and E(TPB2�/
TPB��) is apparently smaller than the analogous values for
MDPA and HDPA. Thus, it is to be expected that, once formed,
TPB2� is reduced to TPB��, reflecting the ratio of TPA��/TPA
that changes during the course of the consecutive electron

Fig. 9 (a) Time decay curve of HDPA�� directly obtained from Fig.
8A (a) using the estimated molar absorption coefficient of HDPA��.
(b) Estimate of the contribution of DHDPB2� to the absorbance at 675
nm, which was determined to be ca. 30% of Fig. 8A (b). (c) Corrected
time decay curve of HDPA�� calculated by removing the contribution
to the absorption of DHDPB2�, i.e. the concentration was determined
as curve (a) minus curve (b) (black line). (d) Result of the simulation
assuming a second order decay reaction of HDPA�� (gray line).

Fig. 10 Dynamic transformation of absorption spectra recorded after
an AN solution of 0.12 mM TPA was mixed with an AN solution of
0.12 mM TBPA��. Observed wavelength region: (A) 445–655 nm,
(B) 545–755 nm. Time interval between each spectrum: 5 s.

transfer reactions, even when TPA�� is generated quantitatively
on mixing with an equimolar amount of TBPA��.

Therefore, in the ETSF method, it can be concluded that
particular attention should be paid to the follow-up chemical
reactions and equilibria for complex reaction systems, such as
the ones described here. However, this also means that com-
prehensive studies on reactions and equilibria in solution are
now possible using the ETSF method, by initiating the form-
ation of starting intermediates. In addition, it is a characteristic
of the method that such observations can be performed in
completely homogeneous solutions, which is a significant
difference from other electrochemical methods.

Conclusions
Using the ETSF method, the detection and kinetic analysis of
the short-lived aromatic amine cation radicals, MDPA�� and
HDPA��, could be successfully carried out. The absorption
spectra of these cation radicals could be observed at room tem-
perature for the first time. In addition, from the excellent fits
with the results of simulations, it was found that the decay reac-
tions of MDPA�� and HDPA�� were second order in cation
radicals. This confirms that the reactions proceed through a
cation radical–cation radical coupling mechanism; this has
been proved previously by an electrochemical method.21,22

Compared with electrochemical methods, the present
spectroscopic analysis in homogeneous solution by the ETSF
method has permitted straightforward analyses of the decay
kinetics of short-lived cation radicals and the effect of precur-
sor molecules on subsequent reactions. Complex consecutive
electron transfer reactions had to be taken into account in the
cases described here; conversely, this demonstrates that com-
plex chemical equilibria can be analyzed using the ETSF
method.

The dimerization rate constants were determined to be
1.4 × 106 M�1 s�1 for MDPA��, and 1.0 × 106 M�1 s�1 for
HDPA��. The dimerization rate constant for of TPA�� was
determined by the PESF method to be 1.8 × 103 M�1 s�1.7 We
can emphasize with the present results that the PESF method
could be expanded significantly with newly-accessible reactions
by the ETSF method.

To discuss the differences in the reaction rates, we carried out
molecular orbital calculations using MOPAC; the optimized
structures of the cation radicals were found to be totally differ-
ent. TPA�� has a propeller-like structure, with “blades” of three
equivalent phenyl rings, as reported.30 Both MDPA�� and
HDPA�� have two phenyl rings, the optimized location of
which is perpendicular each other for MDPA��, but almost in
the same plane for HDPA��. This means that a simple com-
parison, e.g. using the charge density, would be difficult, though
the diffusion-controlled electron transfer reactions with
TBPA�� were confirmed for all the TPA��, MDPA�� and
HDPA�� from the absorption spectra. So, in the present work,
it can be only concluded experimentally that the dimerization
of MDPA�� is slightly faster than that of HDPA��.

Fig. 11 Time changes in absorbance at (a) 647, (b) 680 and (c) 480 nm
for 250 s after an AN solution of 0.12 mM TPA was mixed with an AN
solution of 0.12 mM TBPA��. The wavelengths correspond to the
absorption maxima of (a) TPA��, (b) TPB2� and (c) TPB��,
respectively.
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The principle of the ETSF method is very simple. A key
point of this method is the use of the long-lived cation radicals
(TBPA��, in this work) that permit quantitative electron trans-
fer to initiate the target reactions (the formation of MDPA��

and HDPA��, in this work). Although a redox reagent, such as
Cu2�, has been previously used in stopped-flow analysis to
generate TPA��,20 subsequent interaction or complexation with
the redox reagent had to be considered in the analysis. Utilizing
electron transfer with a bulky oxidant, e.g. TBPA��, which
would not participate into the follow-up chemical reactions, the
ETSF method can be proposed as a useful method for the
detection and kinetic analysis of short-lived intermediates.

While the ETSF method is utilized for the analysis of fast
dimerization reactions in the present work, the concept of the
ETSF method can be further extended, e.g. in analyzing fast
nucleophilic reactions of cation radicals. That is to say, TBPA��

is sufficiently long-lived 24 that, when the solution is mixed with
a solution containing both N [in eqn. (1)] and a nucleophile, the
fast reaction of N�� with the nucleophile could be analyzed in
a similar manner. These studies are now in progress.
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