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Photoinduced electron transfer between fullerenes (Cgp and C7p) and three phenothiazine oligomers ((PTZ),s;
n =1, 2, and 3) was studied by using a transient absorption method in the visible and near-IR regions. Electron transfer
took place from (PTZ),s to the triplet states of fullerenes (*Cgo* and 3C;y*), giving the radical anions of fullerenes
(Ce0°®~ and C79*~) and the radical cations of (PTZ),s, which exhibited strong absorptions in visible and near-IR region
for n = 2 and 3. From these absorptions, positions of the radical cation in (PTZ),*" and (PTZ);** generated by electron
donation were also determined. Rate constants and quantum efficiencies of the electron transfer were found to be quite
high, because of the strong electron-donating abilities of (PTZ),s; the order of the rates of electron transfer to 3Cgy* and
3Cy* is (PTZ); > (PTZ), = (PTZ)3, which corresponds to the decreasing order of their oxidation potentials. Upon
addition of hexylviologen dication (HV?*), an electron-mediating process occurred from Cgy*~ to HV?T, yielding the
viologen radical cation (HV**). In the presence of a sacrificial donor, HV** persisted for a long time.

Fullerenes, such as Cgp and C7, have been well established
as electron acceptors in photoinduced electron-transfer pro-
cesses with electron donors.!™ In these systems, the excited
singlet states and/or triplet states of the fullerenes accept elec-
trons from the ground states of electron donors,”~ although
the relative contribution of the singlet states and the triplet
states varies with the concentration of the electron donors.®-1
Because of high degree of delocalization of the 7r-electrons in
fullerenes, the transient absorption bands of the excited singlet
states (!Cgo™ and 'Cyp™), the triplet states (?Cgp™ and 3C7o*),
and the anion radicals (Cgp*~ and C7¢°~) have been reported to
appear in the vis and near-IR regions.'~'? Thus, it is important
to obtain the spectral and kinetic information on the transient
species in the vis and near-IR regions in order to clarify the
mechanism.

On the other hand, phenothiazine derivatives are well-
known heterocyclic compounds with a strong electron-donor
ability, because of their eight 77 and n-electrons in the central
ring.!!~4 Phenothiazine molecules, oligomers, and polymers
have recently attracted much research interest, because of their
potential applicability in light-emitting diodes, field effect
transistors, and photovoltaic cells.”>! In the present study,
we employed three phenothiazine oligomers, (PTZ),s (n =1,
2, and 3 in Scheme 1). Although (PTZ), is a good donor for
the electron-transfer processes, the radical cation (PTZ);*"
shows rather weak absorptions in visible region.?> However,
we have recently found that the trimer radical cation (PTZ);**
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exhibits a strong charge-transfer (CT) absorption band in the
near-IR region.23 The structure of (PTZ);*" has been found
to be considerably different from the neutral state, i.e., a large
geometrical change due to the rotation of the outer PTZ rings
is accompanied by a hole localization onto the central PTZ
ring during the one-electron chemical oxidation of (PTZ)3.% In
the course of the photoinduced electron transfer studies using
nanosecond laser photolysis, conformation changes could be
observed, if the they were much slower than the nanosecond
timescale. Therefore, the present study has the following pur-
poses: 1) establishing the photoelectron-transfer processes of
fullerenes with these (PTZ),s**, including an estimation of the
rate constants and the quantum yields, 2) gaining insight into
the geometrical changes in (PTZ),s*", and 3) applying this
electron-transfer process to a electron-mediating system using
an electron-mediating reagent.”” In the electron-transfer/
electron-mediating system in the presence of hexylviologen
dication (HV>T), a long-lived hexylviologen radical cation
(HV**) was observed in the presence of an appropriate sacri-
ficial donor, demonstrating that this is an efficient photosensi-
tizing electron-transfer/electron-mediating system, composed
of Cg9/C70 and (PTZ),s in a polar solvent.

Results and Discussion

Steady-State UV-Vis Spectra. The steady-state absorp-
tion spectra of (PTZ),, Cep, and a mixture of them are shown
in Fig. 1. The absorption spectrum of the mixture of Cgy with
(PTZ), is almost equal to the sum of the components. A sim-
ilar absorption spectral behavior was also found in the case of
(PTZ), and (PTZ)s. This finding suggests that no appreciable
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Scheme 1. Molecular structures of phenothiazine oligomers (PTZ),s, hexylviologen dication, and nitriloethanol employed in the

present study.

Q
o
2 i
©
£ i
2 % 20
g - ]

M %20

400 500 600 700 800

Wavelength / nm

500 600 700 800
Wavelength / nm

Fig. 1. Steady-state absorption spectra of (i) Cgo (0.35
mmoldm™3), (ii) (PTZ), (0.25mmoldm™3), (iii) their
mixture, and (iv) summation of (i) and (ii) in PhCN. Inset:
Expanded spectra in the visible region.
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Fig. 2. Steady-state absorption spectra of (PTZ);** (---),
(PTZ),** (--), and (PTZ);*" (—) in CH,Cl, observed
by one-electron oxidation of (PTZ), with TBPA*PFs~.

Table 1. Observed Absorption Maxima A, () and Calculated Ay for

(PTZ),*+
Compounds Ay (€Y) in CHyCl,  Apax in PACN®  Longest A qc®
(PTZ),** 517 nm (9540) 520nm 772 nm
745 nm (1410) 781 nm
880nm (1320) 869 nm
(PTZ),** 990 nm (10600) 980 nm 1018 nm
(PTZ)3*" 945 nm (28300) 939 nm 954 nm

a) € in cm™! mol~! dm?>. b) The radical cations are slowly decolorized in
PhCN. ¢) Calculated with ab initio TD-UB3lyp/6-31G(d) method.

electronic interaction exists between Cgy and (PTZ), in the
ground state. Laser light with a wavelength of 532 nm, used
for laser flash photolysis, predominantly excites Cg, because
(PTZ),s do not absorb the light. For C7y, similar results to
Cgo were obtained.

The radical cations (PTZ);*" and (PTZ);** were prepared
by treating (PTZ), with tris-p-bromophenylaminium hexa-
fluorophosphate (TBPA*PF¢~), as previously described.?!'?3

The absorption spectrum of (PTZ),*", prepared similarly, is
shown along with those of (PTZ);** and (PTZ);** in Fig. 2.
The main absorption peaks, which appeared in CH,Cl, and
PhCN solutions, are summarized in Table 1.

It should be noted that the absorption peaks of (PTZ),**
(Amax = 980nm in PhCN) and (PTZ);*" (Amax = 939 nm)
appear in a longer wavelength region than that of (PTZ),*"
(Amax = 517 nm). In our previous paper, the absorption band
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Fig. 3. (Upper panel) MO energy diagram of (PTZ),*" in
UHF representation. (Lower panel) optimized structure
and MO shapes of the HOMO-f and the LUMO-8 for
(PTZ),**.

Table 2. Oxidation Potentials (E,) of (PTZ),s and Free-
Energy Changes (AG°gr) of Electron Transfer from
(PTZ),s to 3C60* and 3C70*

Eox/V —AG%r/eV  —AG%/eV
Donors— "Ag/Agt  via 3Ce* via 3Cqo*
(PTZ), 0.38 0.79 0.80
(PTZ), 0.27 0.90 0.91
(PTZ) 0.21 0.96 0.97

of (PTZ);**" in the near-IR region has been attributed to the
electronic transition from the neutral terminal PTZ unit to
the central PTZ** unit in (PTZ);** by using structural deter-
mination and theoretical calculations.?® In the present study,
to obtain the optimized structure of (PTZ),** using UB3LYP/
6-31G(d) calculations,”* we used a partial structure of the re-
ported X-ray structure of (PTZ);*" as a starting structure. In
the optimized structure of (PTZ),*", as shown in Fig. 3, the
left PTZ ring was flat, whereas the right PTZ ring was in a but-
terfly structure. Then, assignment of the absorption spectra was
performed on the basis of molecular orbital calculations using
the TD-method involved in the Gaussian 03 program pack-
age.’* The calculated values (A cyeq = 1018 nm for (PTZ),*"),
which were based on the transition mainly from the HOMO- 8
to the LUMO-B roughly, are similar to the observed value
(Amax A~ 980 nm). The HOMO-8 — LUMO-J transition in-
volves a charge-transfer transition from the right PTZ ring to
the left PTZ** ring (Fig. 3). For (PTZ);**, Adcaca (=770 nm)
is similar to the vibronic bands in the long wavelength region,
as listed in Table 1, although these absorptions are obviously
minor peaks compared to the main band at 520 nm.
Electrochemistry and Free-Energy Changes. The first
oxidation potentials (Eox vs. Ag/AgCl) obtained from reversi-
ble waves of cyclic voltammograms of these (PTZ),s are sum-
marized in Table 2. The electron-donating ability of (PTZ),s
increases as n increases; the oxidation potential varied from
+0.21V for (PTZ); to +0.38V for (PTZ);. Thus, the free-
energy change of electron-transfer (AG°gr) via 3Cgo™* /3Crp™

Bull. Chem. Soc. Jpn. Vol. 81, No. 1 (2008) 105

0.40 - : : T
0.4—— : : T
0.35-
8 0.3F g
- 0lus = 980 nm
0.30 8
—o—1lus S 02 ]
@ 3
2 0251 < o1}
_‘é‘ 1380 nm
3 0.20F . . J
a2 00 05 1.0 15
<

Time / us
0.15 s

0.10F &4

0.05

600 800 1000 1200 1400 1600
Wavelength / nm

Fig. 4. Transient absorption spectra obtained by exciting
with 532nm laser light of Cyy (0.1 mmol dm™3) in the
presence of (PTZ), (1.0mmol dm™3) in Ar-saturated
PhCN. Inset: Time profiles at 980 and 1380 nm.

can be calculated from E,x of (PTZ),s, the first reduction po-
tentials (Eq) of Cgo/C79, and the energy level of the excited
triplet state (Et) of Cgy/Cyo using the Rehm—Weller Eq. 1:%

AG%gr = e(Eox — Ereq) — ET — E... (D

Here, the following values were employed: Ep = 1.56¢eV for
3Ceo* and Erp = 1.53eV for 2Cy*, Ereq = —0.45V for Cgp
and Erq = —0.41V for C70,2%%" E, = 0.38-0.21V for the
(PTZ),s (Table 2) and the Coulomb energy, E. = 0.06eV in
PhCN.> The AG°gr values thus calculated are listed in
Table 1; all AG°gr values were sufficiently negative for the
nearly diffusion-controlled rate constants of the electron-trans-
fer processes. The order of these —AG°gr values reflects the
order of the E,y values of the (PTZ),s.

Transient Absorption Spectra and Electron-Transfer
Route. Nanosecond transient absorption spectra observed
after laser excitation of Cyg in the presence of (PTZ), in PhnCN
are shown in Fig. 4. The absorption band of 3C;* at 980
nm,?®3! which appeared immediately after excitation, began
to decay in the presence of (PTZ),. Along with the decay of
3Ch0*, the absorption intensity at 1380 nm increased, indicat-
ing that C7*~ is formed from *C7* by accepting an electron
from (PTZ),. The absorption bands around 800-1100nm re-
maining after the decay of 3Cy* were attributed to (PTZ),**
from a comparison with the steady-state absorption spectra of
(PTZ),**. In the case of Cgg and (PTZ),, a similar conclusion
was drawn from the transient spectra, in which the Cgp*~ band
at 1080 nm overlapped with (PTZ),**. For (PTZ)3, a band at
960 nm due to (PTZ);*" was observed. In the case of (PTZ);,
a weak band at 520 nm of (PTZ);** was observed in addition
to bands for Ce*~ and Cq°~.'>'* It should be noted that
the transient absorption spectra of (PTZ),*" and (PTZ);**
are almost the same as the steady-state absorption spectra in
Fig. 2, which suggests that the positions of the radical cation
in (PTZ),** and (PTZ);**" after electron donation (100ns in
Fig. 4) are the same as those of the most stable radical cation
in the steady state. The hole localizes mainly on the left PTZ
moiety of (PTZ),*t (Fig. 3), and it localizes mainly on the
central PTZ moiety of (PTZ);*+ 2123
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Table 3. Rate Constants and Quantum Yields

T T
Donors  Fullerenes /molflfqdm3 57! Per’ / mol*klEIim3 57! /molfle 51113 s7!
(PTZ), 3Cgo* 3.7 x 10° 0.88 3.3 x 10° 2.8 x 100
3Cy* 3.6 x 10° 0.70 2.5 x 10° 1.3 x 10'0
(PTZ), 3Ce0* 1.4 x 10° 0.89 1.3 x 10° 1.4 x 10'
3C* 1.1 x 10° 0.72 7.9 x 108 1.2 x 10'°
(PTZ); 3Ce0* 1.7 x 10° 0.91 1.5 x 10° 1.1 x 10'°
3Ch0* 8.8 x 108 0.73 6.4 x 108 8.1 x 10°

The time profiles for the decay of 3C70* at 980 nm and the
rises of C70°*~ at 1380 nm are shown in the inset of Fig. 4. The
initial decay curve of 3Cy* and rise curve of C7¢*~ are almost
mirror images of each other, supporting the conclusion that
electron transfer takes place via *C7* as shown in energy dia-
gram in Scheme 2, in which kis, kgr', kch, and kggr are the
rate constants of the intersystem crossing, electron transfer,
and collisional quenching via 3Cgy* />C7*, and back electron
transfer, respectively. The observed slow increases in the band
for C70°*~ indicates clearly that electron transfer does not take
place via 'Cy*.10:11

Each decay of 3Cy* obeys first-order kinetics (Fig. 4),
yielding the first-order rate constant (k;y). In the absence of
(PTZ),, ki equals kT, which is 10*s™!. The ki values in-
creased linearly with the concentration of (PTZ),. In the pres-
ence of (PTZ),, the values of k;y are in the range of 100-107
s~!. The second-order quenching rate constants (kg7 = keqT +
kerT) of 3Cep™ /3C0* for each (PTZ), were obtained from the
slopes of the pseudo-first-order plots and are listed in Table 3.
These qu values did not vary much with each (PTZ),, falling
in the narrow range. These values are slightly smaller than
the diffusion-controlled limit, kqigr = 5.2 x 10° mol~! dm? s~!
in PhCN.3

Quantum Yields and Rate Constants for Electron Trans-
fer. In the case of systems containing C¢o and (PTZ),s, the
efficiency of electron transfer via 3Cqy™ can be obtained from
the ratio of [Cep® Tmax/[°Ce0™ Tint, of which [*Cgo*line is the
initial concentration of *Cg* determined by the maximum
absorbance of 3Cg* at 740 nm with a molar absorptivity, &,
of 12000 cm ™! mol~! dm?,%6?7 and [Ceo® ™ Imax is the maximum

concentration of Cgy®~ obtained from the maximum absorb-
ance of Cg*~ at 1080nm (€ = 14000 cm~! mol~! dm?).26-?’
For (PTZ), and (PTZ)3, since their radical cation absorptions
overlap with Cgy®*™ at 1080 nm, [Ceo® ™ ]max must be evaluated
after subtracting the radical cation contribution by using the
& values at 1080nm (see Fig. 2 and Table 1). As shown in
Fig. 5, the ratios showed saturation with an increase in the
concentration of the (PTZ),s. At a sufficiently high concentra-
tion of (PTZ),s (ca. 3mmoldm™3), the efficiency becomes
equal to the quantum yield (®grT) of the electron-transfer
process via 3Cgo* (Table 3). The observed values of ®prT
for the three (PTZ),s are almost identical. Similar behavior
was observed for Cy, as shown in Fig. 5, in which C70* lint
was determined by subtracting the absorbance of (PTZ),*" at
980 nm and [C79°*~ ]max Was evaluated from isolated absorption
at 1380nm (& = 4000cm~! mol~! dm?).3! The ®gr' values
are listed in Table 3.

Since all ®grT values in Table 3 are less than 1, there are
quenching processes other than electron transfer (Scheme 2),
such as a collisional quenching process (keq"), which may in-
clude deactivation via encounter complexes (*Cgo™* -(PTZ),)
or (Cy*-(PTZ),) and exciplexes [3(C605’ -~-(PTZ),1‘5+)*] or
[3(Cy%~ (PTZ),%*)*] without forming detectable ions.'”

Finally, the electron-transfer rate constants (kgr!) were
calculated using kgp! = <DETquT.33'34 As listed in Table 3,
the kgr! values were in the range of (0.64-3.3) x 10°
mol~'dm?s~!. These kgr! values are slightly smaller than
kgir in PhCN.32 The order of the kgr' values is (PTZ), >
(PTZ), = (PTZ); for 3Cg* and 3Cy*. For each (PTZ),, the
kerT values for 3Cgp™ are larger than those for *Cyp*.
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Fig. 6. Long time-scale decay of C7*~ at 1380nm pro-
duced by electron transfer from (PTZ), via 3C7* in Ar-
saturated PhCN. Inset: Second-order plot.
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Fig. 7. Transient absorption spectra obtained by exciting
with 532nm laser light of Cg (0.15mmoldm™>) in
the presence of (PTZ); (2mmoldm~3) and HV?** (2
mmoldm™3) in Ar-saturated PhCN. Inset: Time profiles
at 600 and 1080 nm.
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Back Electron Transfer Process. In longer timescale
measurements, C70®*~ begins to decay after reaching a maxi-
mum intensity, as shown in Fig. 6 for (PTZ),*". The sec-
ond-order plot (1/Abs. vs. time) for the decay of C70°~ was
linear in the initial stage (inset of Fig. 6); however, the later
stage contained much noise. Observed second-order kinetics
indicate a bimolecular back electron transfer (BET) between
from C7¢*~ and (PTZ),*" with the same concentration, return-
ing to neutral molecules in their ground states (in Scheme 2).
Bimolecular second-order kinetics also suggests that the back
electron transfer takes place after the radical cation and radical
anion are separately solvated as free radical ions. The slope of
the second-order plot is kggr/€a. Thus, on substituting the
reported €4 at 1380nm for C7*~, we could calculate the
kgt values, as listed in Table 3. Similar decay processes were
observed for Cgp®~ and (PTZ),*". The kggr values were in the
range of (0.81-2.8) x 10'°mol~! dm?®s~!, which are slightly
larger than the kg value, probably due to uncertainty in the
analysis. Although kgpr > kgrT, the actual rates of the forward
process should be faster than that of the backward process,
because the concentrations of neutral (PTZ),s were much
higher than those of (PTZ),*", even though the concentration
of Cgo®~ (or C70°~) was similar to that of 3Cg* (or 3Cq™).

Electron-Mediating System. The addition of HV>" to a
mixture of Cgp and (PTZ)3 gave rise to the transient absorption
spectra after laser light excitation of Cgy shown in Fig. 7.
Along with the rapid decay of the 3Cg* band at 740 nm and
the corresponding rapid increase in the Cgp®~ (1080 nm) and
(PTZ);*" (800-1100nm) bands, the absorption band for
HV*" appeared at 600 nm. The formation rate of HV*" was
almost the same as decay rate of Cgy*~, as shown in the inset
of Fig. 7. These observations suggest that HV** is produced
via an electron-mediating process from Cgp*~ to HV?2+ 3
The Eq of HV?Y (=0.65V vs. Ag/Ag*t in PhCN) also
suggests that this process can occur at room temperature.
For C;9 and (PTZ),, almost the same results were obtained.
These observations clearly demonstrate that these photo-
sensitized electron-transfer/electron-mediating processes are
induced by the photoexcitation of Cgy/C79, as shown in
Scheme 3, in which kgy refers to the rate constant for the
electron-mediating process. The kgy value was evaluated to
be 2.6 x 10° mol~! dm?s~! in PhCN from the increase in the
band for HV** at different concentrations of HV?+,

In longer timescale measurements, the absorption intensity
of HV*" at 600 nm began to decay after reaching a maximum
at 1us (Fig. 8). Plot of the reciprocal of the absorbance vs.
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Fig. 8. Long-timescale decay of HV*" at 600 nm produced
by electron-mediating process from Cg*~ to HV?* in
the presence of (PTZ)3;*" in Ar-saturated PhCN. Inset.
Second-order plot.

time gave a straight line, which indicates that HV*t decays
following second-order kinetics. This suggests that HV*" de-
cays due to final back electron transfer (FBET) from HV**
to (PTZ)3*" (Scheme 3); the rate constant kgggp was estimated
to be 3.0 x 108 mol~! dm3s~!. This value is smaller than
the kgpr value between Cg*~ with (PTZ);*T (2.0 x 1010
mol~! dm? s™!) by a factor of ca. 1/70, because FBET between
the positively charged species must be slower than that be-
tween the oppositely charged species.

After adding 2,2’,2”-nitrilotriethanol (NTET) to a solution
containing Cgo, (PTZ)3, and HV?* in PhCN, the characteristic
absorption band for HV** observed at 600 nm after laser exci-
tation of Cg did not decay even in long timescale measure-
ments. Thus, the steady-state photolysis of Cgy using light with
a wavelength longer than 430 nm was performed in the pres-
ence of (PTZ)3;, HV?*, and NTET in PhCN. With an increase
in the irradiation time, a progressive increase in the HV**+ band
at 600nm was observed, as shown in Fig. 9, suggesting that
(PTZ);*", which is the counter part of HV** in the FBET pro-
cess, is removed by addition of NTET, due to hole shifting
(kys) from (PTZ),*t to NTET; then, HV*" accumulated. Sim-
ilar phenomena were observed for C;9 and (PTZ),. As shown
in Scheme 3, the accumulation of HV** occurs due to photo-
excitation of Cgy/C79 accompanied by photosensitized-elec-
tron-transfer, electron-mediating, and hole-transfer processes.

Conclusion

In the present study, we showed that Cey and Cy act as good
photosensitizing electron acceptors in the presence of pheno-
thiazine oligomers (PTZ),s, which were also proven to be
good electron donors. Their transient species, such as triplet
excited states of Cgy/C79 and the ion radicals of Cgy/Cro
and (PTZ),s, were well characterized by using transient ab-
sorption spectroscopy in the near-IR region. The structures
of (PTZ),*" and (PTZ);**" generated within 100ns through
intermolecular photoinduced electron transfer reactions were
found to be identical to those of the most stable radical cations
in the steady-state. The order of the rates of electron transfer
via 3Cgo* and 3Cy* is (PTZ);, > (PTZ), = (PTZ)3;, which
follows the decrease in their oxidation potentials. Upon addi-
tion of the viologen dication and a sacrificial donor, a photo-
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Fig. 9. Steady-state absorption spectra obtained by pho-
tolysis of Cgo (0.15mmoldm—) with light longer than
500nm in presence of (PTZ); (2mmoldm~3), HV?*
(2 mmol dm~3), and NTET (0.5 mol dm~3) in Ar-saturated
PhCN.

sensitizing electron-transfer/electron-mediating cycle was es-
tablished, giving rise to a prolonged lifetime for the viologen
radical cation, making it an electron pool, which should be
useable as source of excess electrons in photovoltaic cells
and H,-evolution reactions.

Experimental

Materials. Cg was obtained from Texas Fullerenes Corpora-
tion with a purity of 99.9%. (PTZ); was prepared as described
previously.”?> (PTZ), is a known compound® and prepared
from 3-(10-phenothiazinyl)phenothiazine’’ through N-phenylation
via Pd’-mediated cross-coupling.?!?* Hexylviologen dication
(HV?*) was used as a perchlorate salt. PhCN, used as a solvent,
was of HPLC grade and used as received.

Preparation of (PTZ),**PFs~. Phenothiazine dimer, 3-(10-
phenothiazinyl)phenothiazine,?” (32.0 mg, 0.0677 mmol) was dis-
solved in dichloromethane (8 mL). Tris-p-bromophenylaminium
hexafluorophosphate (TBPA*PFs~, 43.0mg, 0.0686 mmol) was
separately dissolved in dichloromethane (8 mL). The solution of
TBPA+PFs~ was added slowly to the solution of (PTZ), at room
temperature with stirring in a glove box. After 30 min, the solvent
of the reaction mixture was evaporated under reduced pressure.
The residue was dissolved in dichloromethane (2 mL), and then,
diethyl ether (40 mL) was added. The precipitate (PTZ),*"PFs~
was collected as a deep blue powder (28.1 mg, 67%). Vis and
near-IR absorption: Ay (€): 394 (4990), 448 (4129), 610 (6440),
990 nm (10600) in CH,Cl,, 396 (4550), 449 (3620), 612 (5280),
676 (5530), 980 nm (8600) in PACN. (PTZ),**PFs~: C30Hz0FsN2-
PS,;; MW 617.59; decomp. ca. 150°C; MS (FAB): m/z 472
([C30H2N,S,]1%), 145 ([PFs]7); IR (KBr, cm™!): 1604, 1560,
1489, 1458, 1350, 1258, 1165, 1132, 1086, 839, 756, 557; Anal.
Caled for (PTZ),*tPFs~ -0.4H,0: Caled: C, 57.67; H, 3.36; N,
4.48%. Found C, 57.86; H, 3.61; N, 4.39%. ESR g =2.0044
(Vo = 9.4408GHz), an = 0.67mT, ay = 0.39mT, ay=0.20
mT) in butyronitrile at room temperature.

Apparatus. Redox potentials were measured on a voltammet-
ric analyzer (BAS CV-50W) in a conventional three electrode-cell
equipped with Pt-working and counter electrodes and with an Ag/
AgCl reference electrode at a scan rate of 100mVs~!. In each
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case, the solutions contained 0.1 moldm™3 of tetrabutylammoni-
um perchlorate (Nakalai Tesque) as the electrolyte and were
deaerated with Ar-bubbling before measurements.

Steady-state absorption spectra were measured on a JASCO/
V-570 spectrophotometer. The absorption spectra of the isolated
radical cations of (PTZ),s were measured using a 2-mm cell.

Transient absorption spectra in the vis/near-IR regions were
obtained by using a laser-flash photolysis apparatus. In the mix-
tures containing Cgp, C79, (PTZ),, and HV?2t, Cg and Cqy were
excited with the SHG (532 nm) light of a Nd:YAG laser (Quanta-
Ray; 6ns fwhm). A Ge-APD module (600-1600nm) was em-
ployed as a detector for monitoring the light from a pulsed Xe-
lamp.*® For measurements with a timescale longer than 10 s,
an InGaAs-PIN photodiode was used as a detector for monitoring
light from a continuous Xe-lamp (150 W).3° The sample solutions
were deaerated by bubbling with argon gas before measurements.
Laser photolysis was performed on solutions in a rectangular
quartz cell with a 10-mm optical path. All the measurements were
carried out at 23 °C.
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