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Oxidation Potentials and Absorption Spectra of Phenothiazine Derivatives 1.
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The homogeneous electrochemical oxidations of four phenothiazine derivatives, three isomers of benzophe-
nothiazine and triphenodithiazine, were studied in acetonitrile solution together with phenothiazine itself. Their
first and second redox potentials were determined by means of cyclic voltammetry. In all the materials examined,
reversible one-electron oxidations were characterized. The electrogenerated cation radicals, except for tripheno-
dithiazine, underwent a second one-electron oxidation and, after a subsequent chemical transformation, formed
the corresponding benzophenothiazinium cations. For triphenodithiazine, only the first oxidation potential was
observable under our experimental conditions. The electronic states of both the intermediates and the final prod-
ucts of electrolytic oxidation were identified by their electronic absorption spectra and electron spin resonance
absorption spectra. The values of the first oxidation potential of the benzophenothiazines were proportional to
the ionization energies, which were given by molecular orbital calculations.

Phenothiazine (PT) and its derivatives possess elec-
tron-donating properties and easily form charge-trans-
fer (CT) complexes with various electron acceptors or
Lewis acids.'—!® In these complexes, especially “strong
CT type” ones, they exist as stable cation radicals ei-
ther in the solid state or in the solution state.!—!®
For several decades, the PT molecule has been known
to undergo several stepwise oxidations, and the elec-
tronic spectra or electron spin resonance (ESR) spec-
tra of the oxidation states have been studied by many
researchers.14—19)

In a series of structural and physicochemical stud-
ies of solid CT complexes of PT derivatives, we have
tried to enlarge the intramolecular conjugation system
of PT by condensing a benzene ring or thiazine ring
to form benzophenothiazines (BPT’s: having three iso-
mers) or triphenodithiazine (TPDT). It has been found
that BPT’s can act as electron donors to form CT com-
plexes as expected.!* In particular, the iodine com-
plex of benzo[b]phenothiazine has been found to be a
metallic conductor around room temperature. How-
ever, spectroscopic studies on the oxidation states of
these compounds have not been reported, and conse-
quently, their oxidized species have not been precisely
described.

In this paper, we wish to report the oxidation states of
the three BPT’s and TPDT by means of cyclic voltam-
metry, electronic absorption spectra, and ESR absorp-
tion spectra.

Experimental

Materials. Benzo[a]phenothiazine (B[a]PT) and benzo-
[c]phenothiazine (B[c]PT) were synthesized by allowing sul-
fur to react with N-phenyl-1- and 2-naphthylamine, respec-
tively, with a small amount of iodine as catalyst.?2”) Benzo-
[b]phenothiazine (B[b]PT) was prepared by condensation of
2,3-naphthalenediol and o-aminobenzenethiol in trichloro-
benzene.?!) These compounds were purified by recrystalliza-

tion from benzene (B[a]PT and B[¢]PT) or hexane (B[6]PT),
and then sublimed in vacuo. Triphenodithiazine (TPDT)
was obtained by reacting sulfur with N,N'-diphenyl-p-phen-
ylenediamine, with a small amount of iodine in xylene. The
product was purified by recrystallization from nitrobenzene,
and subsequently by repeated sublimation in vacuo.?? The
materials used are shown in Chart 1 with their abbrevia-
tions.

Acetonitrile (AN) was distilled by an ordinary technique
after dehydration on molecular sieves (4A 1/16, Wako). An-
alytical grade sulfuric acid (Wako), without special purifi-
cation, and special grade ethanol (Wako), distilled after
dehydration with molecular sieves (4A 1/16, Wako), were
used for spectrometry. Tetrabutylammonium perchlorate
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(TBAP, Fulka) was purified by recrystallization from eth-
anol/water.

Cyclic Voltammetry and Spectrophotometric
Measurements. The electrode assembly consisted of
a platinum disk (area: 1.73 cm?) as a working electrode,
a Ag/AgCl (KCl saturated solution) electrode as a ref-
erence electrode, and a platinum wire as a counter elec-
trode. All the measurements were performed in AN solu-
tion containing 0.1 moldm™2 TBAP as a supporting elec-
trolyte. The sample solutions were deoxygenated by bub-
bling with dry nitrogen gas for about 20 min prior to all the
runs. The instrumentation used for CV consisted of an AD-
VANTEST TR6142 function generator and a Nikko Keisoku
NPOT-2501 potentiostat, with a GRAPHTEC WX1200 X-
Y recorder. A Hitachi 330 spectrometer was used for the
electronic absorption measurements, and JEOL JES-PE-1
or JEOL JES-FE-3X spectrometers were used for the ESR
spectra.

Results and Discussion

Cyclic Voltammetry (CV). The obtained cyclic
voltammograms of the three BPT’s and TPDT are
shown in Fig. 1 together with that of PT. The elec-
trode potential was scanned between 0 and 1.5 V vs.
Ag/AgCl for PT and the three BPT’s, and between 1.0
and 1.7 V vs. Ag/AgCl for TPDT. The scan rate was
kept at 10 mVs~! for all the measurements. In each
scan, except for TPDT, two anodic peaks were clearly
recognizable, and two cathodic peaks corresponding to
the anodic ones. In the case of TPDT, only one an-
odic peak was observed under the adopted experimen-
tal conditions, and the small peak height reflected its
poor solubility. Table 1 lists the cyclic voltammetric pa-
rameters for the five materials examined. Egl and Egz
denote the anodic peak potentials, and Ej 1 and E} 2
are cathodic peak potentials corresponding to E01 and
E°2, respectively. It is well-known that the observed
values of peak potentials frequently vary with the ex-
perimental conditions even in the same material. So,
we observed the redox potentials of tetrathiafulvalene
(TTF), and obtained a value of 0.40 V vs. Ag/AgCl
for EZ'. Since that of PT was observed at 0.69 V vs.
Ag/AgCl the difference between the E"1 values of PT
and TTF is 0.29 V. This value agrees Wlth the value
of 0.28 V, which can be derived from the Egl values of
PT and TTF (0.58 and 0.30 V vs. SCE, respectively)
reported by Wheland and Gillson.?®

In the case of the three BPT’s, though the values
of AE, (= Elfl —Ep”) and AEp (= Egz——Elj?), the
differences between the anodic and cathodic peak po-
tentials, are fairly different from the ideal value of 59
mV for a reversible one-electron transfer process, it can
be assumed that two almost-reversible one-electron ox-
idations are involved in the electrode reactions. This
presumption comes from the observation that the ob-
tained cyclic voltammograms of the BPT’s almost over-
lap with that of PT by moving the curves horizontally,
since the two-step reversible oxidation process has al-
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Fig. 1. Cyclic voltammograms of PT, BPT’s, and
TPDT in AN containing 0.1 moldm™2 TBAP. Ma-
terial and its concentration (in moldm™2) in the ob-
served solution are: (a), PT 2.0x1073; (b), B[a]-
PT 2.0x1073; (c), B[BPT 2.0x1073; (d), B[c]PT
2.0x1072% and (e), TPDT in saturated solution. All
the measurements were done at 19.5+0.3°C, and scan
rate 10 mVs~!.

ready been confirmed for PT.!41%1") Namely, the first
anodic peak of PT corresponds to the oxidation of the
neutral molecule to the cation radical, PT*", and the
second anodic peak corresponds to the oxidation of the
cation radical to the dication, PT2*. Both processes
involve electronic oxidation only. The overall redox re-
action for B[g]PT is given in Scheme 1. For the other
two BPT’s, of course, a similar scheme is deducible. It
was suggested by Billon that the cation radical of PT
underwent another oxidation to form phenothiazinium
ion (hereafter cation, PTT), by releasing a proton.'®
This subject will be discussed later.

In polycyclic aromatic hydrocarbons, it is generally
known that, the more the fused benzene rings increase,
the smaller the ionization energy value becomes. In this
connection, the BPT’s are expected to possess a lower
oxidation potential value than that of PT. Compar-
ing the observed first oxidation potentials, B[a]PT and
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Table 1. CV Parameters of PT, BPT’s and TPDT (E/V vs.
Ag/AgCl, 10 mVs™?)

Compound  E2' ES>  AFEy, AEy, /iyt ip?/ig
PT 0.69 1.04 0.08 0.10 1.04 1.04
B[a]PT 0.62 0.94 0.11 0.16 0.96 0.97
B[b|PT 079 113 008 0.4 1.01 1.05
B[JPT 0.62 1.00 009 0.3 1.00 1.03
TPDT 1.46 — — — — —
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Scheme 1.

B[¢]PT exhibit lower values than that of PT, whereas
B[b]PT has a higher value than that of PT. The ioniza-
tion potential (I,) values of these molecules were calcu-
lated by a semiempirical molecular orbital method.?¥
The calculated values are 7.97, 7.85, 8.03, 7.86, and
8.07 eV for PT, B[q]PT, B[)|PT, B[¢|PT, and TPDT,
respectively. As shown in Fig. 2, the values of I, and
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Fig. 2. Plots of the observed ES' (vs. Ag/AgCl) and I,.

Egl exhibit an approximately linear relationship for the
former four molecules, whereas only the plot of TPDT
is in a deviated position. This deviation can be un-
derstood, since, in the PT derivatives examined, only
the TPDT molecule possesses two thiazine rings, which
directly participate in the electrooxidation reaction.

In preparing CT complexes with these materials used
as electron donors, the qualitative “readiness” of com-
plex formation was found to follow the order of the Egl
or IP values. For example, 2,3-dichloro-5,6-dicyano-p-
benzoquinone (DDQ) can react with B[b]PT or B[d]-
PT to precipitate solid complexes from solution, but a
higher concentration of B[b]PT than B[q|PT is neces-
sary for complex formation.

Electronic States of Oxidized Products. Ben-
zophenothiazines:  Figures 3, 4, 5, and 6 show the
typical electronic absorption spectra of the neutral so-
lution and the two kinds of oxidized sample solutions,
which were prepared by controlled potential electrolysis.
The first oxidation step was controlled at the potential
between Egl and Egz, and the second oxidation step was
controlled at a potential above Egz. In each procedure,
the electrolysis was continued until the electrolytic cur-
rent became negligibly small. In the case of B[a]PT,
the intense absorption band of the neutral species at
272 nm gradually shifted to a longer wavelength range
by the stepping oxidation, and the new bands grew in
the visible range as shown in Fig. 3. Similar spectral
changes were also observed for PT oxidized in AN con-
taining TBAP (0.1 moldm~3), and they agreed with
the electrochemically-oxidized PT spectra observed by
Billon in an acidic medium (0.1 moldm~2 perchloric
acid in AN).1®

In order to determine whether the first-step oxi-
dized products were cation radicals or not, two meth-
ods were applied, ESR and ultraviolet/visible (UV-vis)
spectroscopy. When observation of ESR was carried out
for each sample solution after its controlled potential
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Fig. 3. Absorption spectra of B[a]PT in AN containing
0.1 moldm™2 TBAP: (a), before electrolysis (—);
(b), after electrolysis at 0.8 V vs. Ag/AgCl (-+-+); and
(c), after electrolysis at 1.1 V vs. Ag/AgCl (---).
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Fig. 4. Absorption spectra of B[b]PT in AN containing

0.1 moldm™2 TBAP: (a), before electrolysis (—);

(b), after electrolysis at 1.0 V vs. Ag/AgCl (--+); and
(c), after electrolysis at 1.4 V vs. Ag/AgCl (---).

electrolysis, an absorption signal was obtained for every
sample solution examined. The observed g-values were
in the range 2.002—2.005, exhibiting the ordinary val-
ues of organic radicals in which an unpaired electron is
delocalized. Secondly, we applied the method reported
by Shine and Mach, who observed the PT cation radical
in solutions of phenothiazine 5-oxide in 59% H2SO4 by
UV-vis and ESR spectroscopy.**) When S-oxides of the
three BPT’s were prepared and their UV-vis spectra
were observed in sulfuric acid solutions, their spectra
agreed with those obtained by corresponding electro-
chemical oxidation. Thus, these results indicate that
the first-step electrooxidation products of the BPT’s
are the corresponding cation radicals.

The oxidized products generated by the second step
potentiostatic electrolysis were identified by electronic
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Fig. 5. Absorption spectra of B[¢]PT in AN containing
0.1 moldm™2 TBAP: (a), before electrolysis (—);
(b), after electrolysis at 0.8 V vs. Ag/AgCl (-+-+); and
(c), after electrolysis at 1.2 V vs. Ag/AgCl (---).
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Fig. 6. Absorption spectra of PT in AN containing

0.1 moldm™3 TBAP: (a), before electrolysis (—);
(b), after electrolysis at 0.9 V vs. Ag/AgCl (-+++); and
(c), after electrolysis at 1.4 V vs. Ag/AgCl (---).

spectroscopy, though their chemical conversion in AN
solutions made it slightly complicated. The characteri-
zation process was as follows:

(i) The typical absorption spectra of PT and the BPT’s
are shown in Figs. 3, 4, 5, and 6. After the second-
step potentiostatic oxidation, the cation radical absorp-
tion band of B[a]PT™" at 299 nm decreased in intensity
and shifted to 309 nm. At the same time, an inten-
sity decrease took place at the 597 nm band, and a
new intense band grew at 500 nm (Fig. 3). Similar
spectral changes were also obtained for B[b]PT*", B-
[(JPT+", and PT*" (Figs. 4, 5, and 6, respectively).
There have been many studies on the oxidized states of
PT or its substituted derivatives, mainly for pharma-
ceutical interests.!416:17:25.26) Referring to these reports,
the present spectrum of PT corresponds to that of the
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Table 2. Observed Absorption Maxima of PT and
BPT’s with Their Oxidation States in AN

Compound Absorption maximum / nm
B[a]PT 218 272 325

Bla]PT*" 230 299 597
B[aJPT* 235 309 500
Bla)PT?* 241 307 326 402 594
B[b]PT 219 247 285 365

B[y]PT*" 305 425 540
B[b|PT 318 460

B[p|PT?+ @ 261 300 331 526
B[¢|PT 218 270 326

B[cJPT*" 234 302 608
B[c]PT* 242 318 470

B[PT?*F ® 242 316 398 593
PT 253 315

PT* 271 515

PT+ 281 419

pPT?* b 287 455

a) Observed in H2SO4/ethanol solution. b) Ref. 14.
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cation, PT*, which arises by a proton extraction from
the cation radical. Billon observed the electrochemi-
cally oxidized spectrum of PT in acidic media, and he
assigned his product also as PT*. The observed UV-
vis absorption bands are summarized in Table 2.
(ii) The CV results suggest that the second-step oxi-
dized product should be the dication, (BPT)?*, which
has no unpaired electron. However, the ESR observa-
tion gave a slight absorption signal for the sample so-
lution of B[a]PT electrolyzed at a potential larger than
Eg2. This fact reveals that there exists an ESR-active
chemical species, perhaps a cation radical, which comes
from a chemical conversion in the electrolyzed solution.
(iii) Shine and Mach observed the dication state of PT
by UV-vis spectra in concentrated H,SO,4 solution. By
applying a similar method, we found that PT?* and
the (BPT’s)?*, in concentrated H,SOy4 solution, gave
absorption maxima which were different from those of
the electrooxidized samples (see Table 2).
(iv) We prepared the perchlorate salt of B[a]PT accord-
ing to the literature,?” since the PT™ state has been
known to exist stably in this salt.'¥) The infrared vi-
brational spectrum of this salt did not give the N-H
stretching peak. Its UV-vis spectrum agreed with that
of our “second-step oxidized product” of B[a]PT. So,
we feel sure that the final product of B[a]PT after the
second-step electrostatic oxidation is the cation state
(B[aJPTT). We characterized the cation state of B-
[(]PT (B[JPT") similarly. However, the perchlorate
salt of B[B]PT (B[b|PT™) was unstable in AN solution,
though the UV-vis spectral behaviors of B[o|PT were
very similar to those of the other two BPT’s in each
electrooxidized step.

The above-mentioned experimental results are sum-
marized as follows: In the second-step electrooxidized
solutions of PT, B[a]PT, and B[c]PT, the cation states

were observed as the main products by electronic spec-
tra, and a relatively small amount of the cation radical
states were also observed by ESR spectra, but the dica-
tion states were not observed, in spite of expectations
from the CV behaviors. To elucidate the observed re-
sults, we propose the following mechanism as illustrated
in Schemes 1, 2, and 3. The electrolytic oxidation pro-
ceeds first from the neutral molecule to the stable cation
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radical, and then to the unstable dication (Scheme 1).
Since the generated dication is unstable under these
experimental conditions, it changes to a more stable
cation state by releasing a proton or to a cation radical
state by taking an electron (Schemes 2 and 3).

TPDT: Although we could not observe the ESR
spectra of the electrolytic oxidized species of TPDT
due to its poor solubility in AN, its electronic ab-
sorption spectra were observed, and are shown in
Fig. 7. To confirm its electronic state, chemical oxida-
tion was attempted in an ethanolic solution of HySOy.
When TPDT is dissolved in mixed H2SO4/ethanol so-
lutions, the color of the solution gradually changes
from red to violet and finally to blue with increasing
H3SO4concentration. Figure 8 shows the UV-vis ab-
sorption spectra of TPDT in acidic solutions, in which
the concentrations of H,SO4 in ethanol are 0, 0.01,
and 14% (in volume). This color change suggests that
TPDT can undergo a two-step oxidation by a chemical
reaction. By comparing Figs. 7 and 8, it can be un-
derstood that the first-step oxidized product of TPDT
is the same species whether generated by electrolytic
oxidation or by chemical oxidation.

Subsequently, we prepared a CT complex of TPDT
with SbCl; as an electron acceptor. This Lewis acid has
been known to make a CT complex with PT (exactly,
PT-SbCly), which exists as a cation radical state in the
complex.24® In this case, the TPDT-SbClsz complex
was obtained in the solid state, and its 1,2-dichloro-
ethane solution displayed almost the same electronic
absorption spectrum as that of TPDT in the first-step
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Fig. 7. Absorption spectra of TPDT in AN containing
0.1 moldm™2 TBAP: (a), before electrolysis (—);
and (b), after electrolysis at 1.6 V vs. Ag/AgCl (---+).
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Fig. 8. Absorption spectra of TPDT in ethanolic solu-
tion of HoSO4. The concentration of HoSO4 are 0%
(—), 0.01% (--++), and 14% (—--), respectively.

oxidized state. Moreover, this solid complex gave an
ESR absorption signal. So, it was proved that the first-
step oxidation of TPDT gives its cation radical state.

The authors express their hearty thanks to Mrs.
Yaeko Goto and Dr. Minoru Suzuki of the University
of Tokyo for ESR measurements. The authors are also
grateful to Mr. Satoru Yamanaka, Mr. Koji Oneyama,
and Mr. Atsushi Ogawa for their technical assistance.
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