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Photoinduced Charge-Separation and Charge-Recombination Processes of Fullerene[60]
Dyads Covalently Connected with Phenothiazine and Its Trimer
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Photoinduced charge-separation and charge-recombination processes of fullerene[60] dyads covalently
connected with phenothiazine and its trimer (PTZ,—Cg, n = 1 and 3) with a short amide linkage were
investigated. A time-resolved fluorescence study provided evidence of charge separation via the excited singlet
state of a Cgo moiety (!Cgo*), which displayed high efficiencies in various solvents; ®5¢s (quantum yield of
charge separation via 'Cgp*) = 0.59 (toluene) to 0.87 (DMF) for PTZ;—Cg and 0.78 (toluene) to 0.91 (DMF)
for PTZ3—Cg¢. The transient absorption measurement with a 6 ns time resolution in the visible and near-IR
regions showed evidence of the generation of radical ion pairs in relatively polar solvents for both dyads. In
nonpolar toluene, only PTZ;—3Cg* was observed for PTZ;—Cg, whereas PTZ;—3Cgp* as well as the radical
ion pair state in equilibrium were observed for PTZ;—Cg. The radical ion pairs had relatively long lifetimes:
60 (DMF) to 910 ns (o-dichlorobenzene) for (PTZ);"t—Cgy"~ and 230 (PhCN) to 380 ns (o-dichlorobenzene)
for (PTZ);"—Cgy'~. The small reorganization energy (4) and the electronic coupling element (IV1) were estimated
by the temperature dependence of the charge-recombination rates, i.e., A = 0.53 eV and IV = 1.6 cm™! for

(PTZ)3"—Ceo"".

Introduction

Fullerenes such as Cgy and C79 have been well-established as
electron acceptors in photoinduced electron-transfer (ET) processes
with electron donors.'”> Because of the high delocalization of
m-electrons in Cgy, transient absorption bands of the excited singlet
states ('Cego*), triplet state (3Cgo*), and the anion radical (Cgp"™)
have been reported to appear in the vis and near-IR (NIR)
regions.®? Thus, it is extremely important to measure the transient
spectra in the vis and NIR regions in order to clarify the mechanism.
The application of such techniques has revealed that the relative
contribution of the excited singlet states versus the triplet states of
fullerenes to the photoinduced ET processes varies with the
structure of the substrates in addition to the solvent polarity.!%-12
In the case of mixtures of fullerenes with electron donors, the singlet
route generally increases with the concentration of electron
donors.”? In covalently connected fullerene—donor dyads, the
excited singlet route for the intramolecular charge-separation (CS)
process is usually predominant.'=> For specially fixed fullerene—
donor systems such as rotaxans, the triplet route for the CS process
increases with the distance between Cg and the donor.!*!5

Phenothiazine derivatives are well-known heterocyclic com-
pounds with high electron-donor ability because of their eight
(77 + n)-electrons in the central ring.'®!” Molecules and polymers
containing a phenothiazine (PTZ) moiety have recently attracted
much interest in materials science, because of their potential
applicability as electroluminescent and photovoltaic cells.!7-20
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Furthermore, intermolecular ET via 3Ce* has been reported for
PTZ derivatives.?!?* Intramolecular CS processes have also been
reported in polar solvent for C¢o—phenothiazine dyads bridged
by flexible linkers;?* the contribution of CS via the 3Cgo* was
studied under magnetic field.

In this study, we have employed Cgo—phenothiazine dyads
in which 10-phenylphenothiazine (PTZ;) and its trimer, 3,7-
bis(10-phenothiazinyl)-10-phenylphenothiazine (PTZ3),* are
linked to Cgp with pyrodinofullerene via a benzamide group that
belongs to a short linkage (Chart 1). We report both steady-
state and time-resolved fluorescence quenching and transient
absorption studies of PTZ,—C¢ (n = 1 and 3) with a benzamide
linkage in various solvents, which provide long-lived radical
ion pair (RIP) states. We have also investigated the temperature
variation of the ET rates in order to evaluate the Marcus
parameters for which a low reorganization energy and a weak
electronic coupling element for the charge-recombination (CR)
process of (PTZ);"t—Cgp"~ are obtained.

Results and Discussion

Materials. PTZ;—Cqy and PTZ;—Csy were prepared by
applying the Prato reaction® to the aldehydes, 4 and 11 (Scheme
1). Compound 1 was synthesized according to the procedure
described in the literature,?® which involves the use of Sg—I,
for sulfur bridging. For the Pd(0)-mediated cross-coupling
reactions of 1, it is essential to remove the sulfur contaminant
involved in the synthesis of 1 through chromatography separa-
tion (SiO,) by using toluene as an eluent. Furthermore,
compound 1 should be recrystallized from hot toluene before
the Pd(0)-mediated cross-coupling reaction. The synthetic
procedures for PTZ;—Cgo and PTZ3—Cg are described in the
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CHART 1

Experimental Section. The synthetic procedures for 2—4 and
6—11 are described in the Supporting Information.

Optimized Structures and Molecular Orbital Calculations.
There are several conformational isomers in PTZ;—Cgy and
PTZ3—Cg. First, systematic conformation searches for
PTZ,—C¢p and PTZ;—Cgy were carried out by changing the
torsion angles (indicated by curved arrows in Chart 1) using
Spartan (Wave Function, Inc.) with a molecular mechanics force
field (MMFF). The geometry of the most stable conformer
obtained by the MMFF method was further refined by the AM1
method (Figure 1). No constraint was applied to PTZ;—Cg,
whereas the fixed conformation on the (PTZ);"" moiety was
applied to PTZ3—Cgo (Chart 1) based on the X-ray structure.?*
The final refinement with AM1 for PTZ;—Cg, was carried out
without geometry fixation. The geometry of these conformers
and their highest occupied molecular orbitals (HOMOs) and
lowest unoccupied molecular orbitals (LUMOs) are shown in
Figure 1, where PTZ;—Cg has an extended form in contrast to
the folded form of PTZ;—C.

The HOMO of PTZ,; 3—Cé is mainly delocalized on the PTZ
ring, whereas the LUMO is delocalized on the Cgy sphere. The
separate distribution of the HOMO and LUMO to the donor and
acceptor, respectively, suggests the CS state, (PTZ); 5" —Ceo"", in
the first singlet excited state. The consideration is in good agreement
with the time-dependent density functional theory (TD-DFT)
calculations (B3LYP/6-31G(d)) for the first singlet excited state
(Supporting Information). No overlap between HOMO and LUMO
is compatible with the fact that there is no appreciable charge-
transfer (CT) band in these dyads (vide infra). The center-to-center
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distance (Rcc) between the radical cation and the radical anion was
approximated as the distance between the center of Cg and the center
of the central ring of the PTZ, which was estimated to be 13.0 A for
(PTZ);"t—Cg'~ and 10.5 A for (PTZ)s"t—Cey'~. The larger Rcc for
(PTZ),;""—Cgo"~ reflects the extended structure (Figure 1).

Redox Potentials and Free-Energy Changes. The cyclic
voltammograms showed reversible peaks; the first oxidation
potential (Eox'"?) and the first reduction potential (E.q'/?) were
determined to be 0.18 and —1.03 V for PTZ,;—Cgp, and 0.09
and —1.03 V versus ferrocene/ferrocene’™ (Fc/Fc'™) for
PTZ3—C¢ in PhCN (Supporting Information Figure S1). The
energies of the RIPs (AGgyp) in PhCN (dielectric constant, ¢ =
25.7) were calculated using the Rehm—Weller approximation
as follows:?72

AGgp=E,"*(PTZ,) — E,"A(Cy,) — 14.4/(eRo) (1)

The AGryp values in DMF (¢ = 36.7) and 0-DCB (9.93) were
estimated by adding a correction term (14.4/r)(1/e — 1/¢&ef) to
eq 1,77° where & refers to the dielectric constant of PhCN. An
averaged value of 5 A2 for the ionic effective radius r was
used in the calculation. The AGgyp values in toluene (¢ = 2.38)
were estimated using the redox potentials in CH,Cl, (¢ = 8.93;
Eox2=0.15V and E¢"? = —1.13 V for PTZ;—Cg, and E, ">
= 0.06 V and Eq'? = —1.13 V for PTZ3;—Cg) rather than
using those in PhCN in order to obtain a better comparison of
redox potentials in solvents whose polarities are not very
different.

The free-energy changes for the CS process via 'Cgo* (AGScs)
and via 3Cgo* (AGTcs) were calculated from eq 2 using the
energy levels of the excited singlet state of Cgo (ESo—o = 1.72
eV) and the triplet state of Cgy (ETp—g = 1.50 eV):!-

AGes= AGyp — Ey (2)

The AGScs values listed in Table 1 are all negative. The
AG"cs values in polar solvents are also negative, predicting

PTZ-Cgp PTZ{-Cg (HOMO) PTZ4-Cgp (LUMO)

PTZ;-Cqp

PTZ;-Cg (HOMO)  PTZ3-Cqo (LUMO)

Figure 1. Structures of the most stable conformers of PTZ;—Cg and
PTZ;—Cgy and their HOMOs and LUMOs.
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exothermic CS processes via the *Cgo* moiety. The AGTcs value
in nonpolar toluene was positive for PTZ;—Cg, whereas it was
almost zero for PTZ3;—Cg. The AGcs values for PTZ;—Cgq are
more negative than those for PTZ;—Cg in the same solvents,
reflecting smaller Eox'? and Rcc values of PTZ;—Cgo. Energy
diagrams can be constructed on the basis of these thermody-
namic data (Supporting Information Figure S2).

Steady-State Absorption Spectra. The absorptions of
PTZ3;—Cg in the vis region are mainly due to the Cgp moiety,
whereas the absorptions in the UV region consist of overlapped
bands due to both the Cgp and the PTZ3 moieties (Figure 2).
The PTZ3; moiety has no strong absorption band in a longer
wavelength region than 400 nm. A weak band around 700 nm
and a sharp absorption band at 431 nm are characteristic bands
of the fulleropyrolidine.'=> A similar absorption spectrum was
observed for PTZ,—Cgy (Supporting Information Figure S3).
In both dyads, no appreciable CT band appeared, which suggests
that the electronic interaction between the Cgo and PTZ moieties
is very small in the ground state. Therefore, the 532 nm laser
light used for the laser flash photolysis selectively excites the
Ceo moiety. The laser lights at 431 and 400 nm for fluorescence
lifetime measurements also selectively excite the Cgy moiety.

In order to assign transient absorptions, we have measured
the absorptions of the radical cations under electrochemical
conditions in CH,Cl,. The absorption bands of (PTZ);"" and
(PTZ);"" were observed at 606 and 944 nm, respectively, with
an applied potential of 0.3—0.5 V versus Fc/Fc™ (Supporting
Information Figure S4). The distinct difference in absorptions
between (PTZ);"" and (PTZ);"" has already been clarified.>* The
absorption of ref-Cg radical anion around 1000 nm has already
been established.!-

TABLE 1: Energies of Radical Ion Pairs (AGgyp) and
Free-Energy Changes for Charge Separation via !Cgy*
(AGSCS) and via 3C60* (AGTcs)

compd solvent ~ AGrw/eV¢ —AGScs/eV  —AGcs/eV
PTZ,—Cq toluene 1.70° 0.02 —0.20
0-DCB 1.28 0.44 0.22
PhCN 1.17 0.55 0.33
DMF 1.15 0.57 0.35
PTZ;—Cs  toluene 1.50° 0.22 0.00
0-DCB 1.16 0.56 0.34
PhCN 1.07 0.65 0.43
DMF 1.05 0.67 0.45

“The AGrip values were estimated according to the methods
described in text. »The AGgrp values in toluene may contain
considerable errors.
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Figure 2. Absorption spectra of PTZ3;—Cg and its components in
PhCN.
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Figure 3. Steady-state fluorescence spectra of (a) PTZ;—Cg and (b)
PTZ3;—Cg in various solvents at room temperature in comparison with
ref-Ceo ; Aex = 431 nm.

Steady-State Fluorescence Spectra. Parts a and b of Figure
3 show the steady-state fluorescence spectra of PTZ;—Cgo and
PTZ;—Cg, respectively, together with that of ref-Cep. The
fluorescence spectra (Agmmax = 715 nm) are very similar in
shape to that of ref-Cgo. The intensities of the fluorescence of
PTZ,—Cg were found to be considerably smaller than that of
ref-Ceo under identical excitation light intensity and absorbance
at the excitation wavelength of 431 nm. The quenching of
the fluorescence of PTZ,—!Cgo* indicates the occurrence of the
intramolecular CS process. The efficiency of fluorescence
quenching increases with an increase in the polarity of the
solvent. Considerable fluorescence quenching was also observed
in toluene, suggesting the CS process in this nonpolar solvent.
PTZ3;—Cg had higher quenching efficiencies than PTZ;—Cg
in all solvents, which supports the higher electron-donating
ability of the PTZ; moiety as compared to the PTZ; moiety.

Fluorescence Lifetime Measurements. The time-resolved
fluorescence spectra measured with the streak-scope method
showed a similar trend to the steady-state emission spectra. The
fluorescence time profiles provide direct information about the
fluorescence quenching rates. Parts a and b of Figure 4 show
the decaying time profiles of the fluorescence intensity of
PTZ,—Cgp and PTZ3—Cgy, respectively. The fluorescence decay
of ref-Cgp was monoexponential; the lifetime of ref-'Cgo* was
determined to be 1400 ps from the decay curve. The fluores-
cence decays of PTZ;—Cgp and PTZ3;—Cgo were curve-fitted by
an almost monoexponential function, giving short lifetimes
(>90%, tr in Table 2). The decays included a minor long
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Figure 4. Fluorescence decay time profiles in 700—750 nm region
for (a) PTZ,—Cgo and (b) PTZ;—Cg¢ in various solvents with a reference
of ref-Cgp; Aex = 400 nm, and intensities were normalized at initial
maxima.

TABLE 2: Fluorescence Lifetime (zr) of 1Cg* Moiety,
Charge-Separation Rate Constant (kScs), and
Charge-Separation Quantum Yield (®Scg) via 'Cg* Moiety
at Room Temperature
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Figure 5. Transient absorption spectra of PTZ;—Cs (0.15 mM) in
Ar-saturated PhCN with 532 nm excitation at room temperature. Inset:
a decay curve at 1020 nm.

TABLE 3: Charge-Recombination Rate Constant (kcg) and
Lifetime (7gip) of (PTZ),""—Cg"~ at Room Temperature

compd solvent ker/s™! Trip/NS keslker
(PTZ);"t—Cgo"~ toluene
0-DCB 1.1 x 10° 910 2360
PhCN 2.9 x 10° 350 2250
DMF 1.7 x 107 60 360
(PTZ)3"t—Cgo"~ toluene (2.3 x 106 (430)*
0-DCB 2.6 x 10° 380 1120
PhCN 4.4 x 100 230 1540
DMF 3.8 x 10° 260 1840

compd solvent Tr/ps KScsls™1e DSt
PTZ,—C¢ toluene 575 1.0 x 10° 0.59
0-DCB 305 2.6 x 10° 0.78
PhCN 192 4.5 x 10° 0.86
DMF 155 6.2 x 10° 0.87
PTZ;—Cq toluene 305 2.6 x 10° 0.78
0-DCB 280 2.9 x 10° 0.80
PhCN 165 5.4 x 10° 0.88
DMF 130 7.0 x 10° 0.91

akSCS = (I/TF)sumple - (I/TF)refa q)SCS = [(1/TF)<amp]e - (I/TF)ref]/(l/

TF)samp]c- (TF)rcf = 1.4 ns.

component (<10%, ca. 1400 ps), which may be attributed to
some conformers?® or decomposition products during photolysis,

@ Assuming an equilibrium between (PTZ);""—Cg"~ and
PTZ;—3Ce0*, kTcs = 6.0 x 10° s7!, and kcr and tgrip were evaluated
(see Supporting Information Figure S7).

although thin-layer chromatography (TLC) analysis did not show
clear decomposition products after the fluorescence time profile
measurements. The short component represents the rate constant
of the CS process from PTZ,—!Cgo*.? The rate constant (kScs)
and the quantum yield (®3¢s) of the CS process were estimated
from the reduction in the lifetime of the fluorescence, as
summarized in Table 2. As the polarity of the solvent increased,
the values of kScg and ®S¢g increased. The lowest values were
obtained in toluene, where kScs = 1.0 (2.6) x 10° s~! and ®Scg
= 0.59 (0.78) for PTZ,—Csp (number in parenthesis is for
PTZ3—Csp). PTZ3—Cg had slightly larger kScs values [(2.6—7.0)
x 10° s71T and ®Scg values (0.78—0.91) than PTZ;—Cgg [kScs
= (1.0-6.2) x 10° s7! and ®S5c5 = 0.59—0.87], which was in
agreement with the steady-state fluorescence measurements.

Transient Absorption Studies of PTZ,,—Cg. Figure 5 shows
the transient absorption spectra of PTZ;—Cgy in PhCN by laser
excitation with 532 nm. The absorption bands of (PTZ),"" at
600 nm** and Cgy'~ at 1020 nm!'~> were clearly observed,
suggesting the formation of (PTZ);"*—Csy"~. No absorption due
to the 3Cg* moiety was observed. The RIP was rapidly
generated within the 6 ns laser light pulse (inset of Figure 5).
From the decay at 1020 nm, the kcr value was evaluated to be
2.9 x 10° s~!, which corresponds to a lifetime (7gip) of 350 ns
for (PTZ);"t—Cgo"~ in PhCN. The same values were obtained
for the decay at 600 nm (Supporting Information Figure S5).
For other polar solvents, similar transient spectra and time
profiles were observed, giving the kcr and tgip values listed in
Table 3, although a shorter lifetime was observed in DMF for
PTZl_C(,().
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Figure 6. Nanosecond transient absorption spectra of PTZ3;—Cg (0.15
mM) in Ar-saturated PhCN with 532 nm excitation at room temperature.
Inset: decay curve at 1000 nm.

A broad transient absorption band was observed in the
750—1200 nm region for PTZ3;—Cg¢p in PhCN (Figure 6) with
a maximum around 1000 nm due to an overlap of the absorption
of (PTZ)3"" (Amax = 944 nm in Supporting Information Figure
S4, ¢ = 28300 M~! cm™! in CH,Cl»)?** and ref-Cgp"~ (Amax =
1000 nm, €max = 4700 M~! cm™! in PhCN).3° The observed
absorption band of (PTZ);"t at 1000 nm has been attributed to
the delocalization of a hole on the central PTZ ring,>* suggesting
that the formation of an RIP as well as the hole delocalization
takes place within the 6 ns laser light pulse in PhCN. From the
decay at 1000 nm, the kcg value was estimated to be 4.4 x 10°
s~! (zrip = 230 ns) for (PTZ);""—Cgo"~ in PhCN. In other polar
solvents, similar transient spectra were observed, giving the
corresponding kcr and rip values as summarized in Table 3.
The variation in the Tgip values for (PTZ);*"—Cg'~ is in a rather
narrow range (230—380 ns) in the polar solvents, DMF—o0-DCB,
whereas the larger variation of the 7gip values (60—910 ns) was
observed for (PTZ);""—Cgo"~ in the same set of solvents,
suggesting different mechanisms of electron transfer for these
dyads. Considering the conformations of these dyads (Figure
1), the electron transfer is likely to occur via a through-bond
manner for PTZ;—Cgo and via a through-space manner for
PTZ3—C¢o. The smaller tgp values of (PTZ)3""—Cegy'~ in
comparison with those of (PTZ);""—Cgo"~ in 0-DCB and PhCN
are also compatible with this consideration and with the shorter
Rcc (105 A) for PTZy*—Ce'~™ (Rec = 13.0 A for
(PTZ);""—Ce0™).

For PTZ;—C¢ in toluene, an intense absorption band was
observed at ca. 700 nm (Supporting Information Figure S6), which
is attributed to 3Ceo* decaying exclusively to the ground state with
a lifetime of 1500 ns. No apparent absorption due to
(PTZ);"t—Cgo"~ was observed around 600 nm, which suggests that
I[((PTZ);""—Cey "] is short-lived (less than the 6 ns laser light pulse)
due to the rapid CR process, undergoing to PTZ;—3Cg* via an
intersystem crossing®' and/or to the ground state in toluene.

Transient absorption spectra for the excitation of PTZ3;—Csg
in toluene showed a 700 nm band due to the 3Ceo* moiety as
well as a weak band that appeared near 1000 nm due to (PTZ);""
and Cgo'~ in the RIP (Figure 7). Despite of the initial decay of
the 700 nm band due to 3Cg*, the absorption at 1000 nm
continues to rise and reaches to the maximum intensity ca. 500
ns after the laser pulse, indicating that (PTZ);"—Cgo"~ is formed
via PTZ3—3Ceo* in nonpolar toluene. The rise and decay of the
transient absorption bands at 1000 nm and the two-step decay
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Figure 7. Time-resolved nanosecond transient absorption spectra of
PTZ3—C¢ (0.15 mM) in Ar-saturated toluene obtained by 532 nm laser
light irradiation. Inset: absorption time profiles at (a) 700 and (b) 1000
nm.

of the 700 nm band are consistent with a mechanism including
an equilibrium between (PTZ);"t—Cgp"~ and PTZ;—3Cg* with
similar energy levels.?? The analysis of the decay processes with
the equilibrium is shown in Supporting Information Figure S7.
The CS rate via the 3Cep* moiety (kTcs) was estimated to be
6.0 x 10° s, and the CR rate (kcr) giving PTZ,—3Cgo* had a
value of 2.3 x 10° s, which corresponds to 7rrp = 430 ns.
The relation of kTcs < kcr qualitatively accords with the
observation that the maximal concentration of the
(PTZ)3"t—Ceo"~ is lower than that of PTZ3;—3Cgo*3 by a factor
of about 1/10 if the values of &€199onm [33 000 M~! cm™! as a
summation of (PTZ);" (28 300 M~ ! cm™1),24 Cgp"~ (4700 M ™!
cm 1] and e790nm of 3Ceo* (16 100 M~! cm™1)3* are taken
into account.

Temperature Effect of PTZ3;—Cg. The present study
provides a good example of the CR system. The decay rates of
(PTZ), "t —Cep"~ slowed down with lowering the temperature,
suggesting an appreciable activation energy (AG*cg) for the CR
process. Fortunately, the dyad PTZ3;—Cgy had a moderate
solubility in THF even at a low temperature of ca. —50 °C. We
have studied the temperature dependence of the rate constants
on the CR process. The polarity of THF (¢ = 7.52) is roughly
similar to that of o-DCB (¢ = 9.93). According to the
semiclassical Marcus equation,? the ET rate constant (kgt) can
be described as follows:

In(kgy ) = In{ 277" IVP [ h(Rkg) ]} — AGT/ (kg T) (3)

where 7, h, and kg denote the absolute temperature, Planck
constant, and Boltzmann constant, respectively; VI, 4, and AG*
refer to the electron coupling matrix element, reorganization
energy, and Gibbs activation energy in the Marcus theory,
respectively. The plots of In(kcrT"?) against 1/T for
(PTZ);""—Cso"~ show a straight line (Figure 8). From the slope
of the plots in Figure 8, AG*cg was evaluated to be 0.138 eV.
The A value was calculated to be 0.53 eV from eq 4,%° using
AGCR = _AGRIP = —1.07 eV in THF:
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(AGeg + 1)
AG y=— )

Such a small 4 value is characteristic of the ET process of
spherical fullerene molecules.3® Furthermore, the coupling
constant (IVl) was evaluated to be 1.6 cm™! from the intercept
of Figure 8. This small value of IVl is probably due to the
through-space interaction between the central PTZ*+ and Cgo"™
moiety (Figure 1). The small IVl value supports the slow CR
rate and the long 7gp of (PTZ);""—Cgo"~ in combination with
the small 4 value.

Spin-Multiplicity of RIPs. The relatively long lifetimes (7rip)
in the polar solvents (0-DCB and PhCN, Table 3) for both dyads
suggest a triplet character of the RIP states; in the related system,
PTZ—Cg bridged by a flexible methylene chain (CH»)o through
an oxyphenylpyrodino group exhibits the lifetime of 120 ns in
benzonitrile, which becomes longer by about twice under an
external magnetic field, showing that the RIP is in the triplet
state.?> The reported lifetimes in the methylene-linked PTZ—Cg
are in a range of the lifetimes in the present study (60—910 ns,
Table 3), suggesting that the observed RIPs in the present study
are also in triplet states.

In principle, it is considered that an RIP with a singlet spin
character can be generated via PTZ,—'Cgo* with a fraction of ®Scs.
However, '[(PTZ),""—Cg"~] may undergo a rapid spin conversion
to yield 3[(PTZ),"t—Cg""]. Such an intersystem crossing within
RIPs has generally been observed in systems that have a small
electronic matrix element [V1.37-38 In the present case, the V1 value
is a few cm™! for PTZ;—Cg, which allows partial spin conversion
within the RIP state.” Thus, long-lived RIPs acquire a triplet spin
character via an intersystem crossing within the RIP state, i.e.,
'(PTZ),"t—Cep"] — 3[(PTZ),""—Cgo""] in the polar solvents. The
pathway of ![(PTZ),"—Cg"] — PTZ,—3Cep* in the polar solvents
is endothermic.

In toluene, PTZ;—3Ceo* may be formed from PTZ;—!Cgo*
via an intersystem crossing within the Cgop moiety and/or from
I(PTZ)3—Cg0""] (@Scs = 0.78) via a CR process accompanied
by an intersystem crossing.3! In the latter case, the absorption
of the RIP is very minor in the initial stage as judged from the
low absorbance around 1000 nm within 10 ns after the laser
pulse (Figure 7); this suggests a rapid transformation of
(PTZ);"t—Cgp~] — PTZ3—3Cgo*, which would have a rela-
tively long lifetime to equilibrate with 3[(PTZ);""—Cg"~]. The
small population of 3[(PTZ);""—Cg"~] suggests that the CS
process from PTZ;—3Cgo* is probably slightly endothermic.

Conclusion

For two dyads, PTZ,—Cgsy (n = 1 or 3), the photoinduced
CS and CR processes were confirmed by using time-resolved
spectroscopic methods. The time-resolved fluorescence study
provided information about the CS processes via !Cgo* for both
dyads in various solvents. The RIP states were observed for
both dyads in the polar solvents in the transient absorption
measurement. In nonpolar toluene, only PTZ;—3Cg* was
observed for PTZ;—Ceo; PTZ3—3Cgp* and the RIP state in
equilibrium were observed for PTZ3—Cg.

The RIP states had lifetimes of ca. 100—1000 ns for
(PTZ)1'+_C6()'7 and 300—400 ns for (PTZ)3'+—C6()°7 with a
narrower time range which remained almost invariant. The latter
value suggests the CR process via a through-space manner that
is consistent with the folded conformation of PTZ;—Cg¢. These
long lifetimes suggest that the RIP states would have triplet a
character induced by intersystem crossing within the RIP states
in the polar solvents or by the equilibrium with PTZ3—3Cgy* in
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Figure 8. Semiclassical Marcus (modified Arrhenius) plots of the
temperature dependence of the kcr values for (PTZ);"—Cg"~ in THF.

toluene. The reorganization energy (A) and the electronic
coupling element (V) were determined as 0.53 eV and 1.6 cm™!,
respectively, from the temperature dependence of the CR rates
of (PTZ);™—Cgp"~. The small value of IVl is consistent with
the mechanism of intersystem crossing within the RIP states.

The ratios of kcs/kcr are considered to be a measure of
effectiveness in the photoinduced CS processes; these values
were found to lie in the range of 1000—2000 (Table 3). Thus,
the generated electron—hole pair can be applied to further
chemical, electrochemical, and catalytic reactions as light-
harvesting systems.

Experimental Section

Materials. Synthetic procedures for PTZ;—Cg and
PTZ3—Cgp are described below (see the Supporting Information
for other compounds).

Synthesis of PTZ;—Cg. To a 100 mL two-necked flask were
added compound 4 (76 mg, 0.18 mmol), Ce (130 mg, 0.18
mmol), N-methylglycine (48 mg, 0.54 mmol), and dry o-
dichlorobenzene (40 mL). The mixture was refluxed for 2 h
with stirring. o-Dichlorobenzene (10 mL) was added to the hot
reaction mixture. After cooling to room temperature, the mixture
was filtered. The filtrate was concentrated, and the residue was
purified by chromatographic separation (SiO; with toluene using
toluene as a first eluent to remove Cgg and CH,Cl, as a second
eluent to elute the product). The obtained black powder was
dissolved by a minimum amount of carbon disulfide and
precipitated by adding ether. Thus obtained black powder after
drying gave satisfactory analytical data as PTZ;—Cg (58 mg,
28%). PTZ,—Cgo: CssHa3N30S, MW 1170.21, black powder,
mp >300 °C. '"H NMR (400 MHz, CDCl3) 6 7.97—7.87 (m,
4H), 7.60 (t, J = 7.6 Hz, 3H), 7.47 (t, J = 7.6 Hz, 1H),
7.39—=7.34 (m, 3H), 7.06 (d, J = 9.6 Hz, 1H), 7.00 (dd, J =
7.6 Hz, 1.6 Hz 1H), 6.87—6.77 (m, 2H), 6.18—6.15 (m, 2H),
5.02—4.99 (m, 2H), 4.29 (d, J/ = 9.6 Hz, 1H), 2.81 (s, 3H). IR
(KBr, cm™1) 2779 (w), 1655 (m), 1576 (w), 1491 (s), 1466 (s),
1439 (m), 1394 (w), 1300 (m), 1248 (m), 1221 (w), 744 (m),
705 (w), 526 (s). HRMS (FAB) m/z calcd for CggH3N30S:
1169.1562. Found: 1169.1559.
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Synthesis of PTZ3;—Cg). To a 50 mL two-necked flask were
added compound 11 (65 mg, 0.080 mmol), Cey (61 mg, 0.080
mmol), N-methylglycine (30 mg, 0.32 mmol), and dry o-
dichlorobenzene (16 mL). The mixture was refluxed for 2 h
with stirring. o-Dichlorobenzene (10 mL) was added to the hot
reaction mixture. The mixture was filtered, and the filtrate was
concentrated under reduced pressure. The residue was purified
by chromatographic separation (SiO; with toluene using toluene
as a first eluent to remove Cgy and CH,Cl, as a second eluent
to elute the product). The obtained black powder was dissolved
by a minimum amount of chloroform. Diethyl ether was added
to the chloroform solution to give precipitates (56 mg, 45%).
PTZ3—C6(); C112H37N5OS3, MW 156472, black powder, mp
>300 °C. 'H NMR (400 MHz, CDCl3) 6 7.97—7.86 (m, 4H),
7.72—7.68 (m, 2H), 7.64 (s, 1H), 7.59—7.51 (m, 3H), 7.31 (s,
1H), 7.09 (d, J = 8.8 Hz, 1H), 7.04—7.02 (m, 2H), 6.99—6.95
(m, 3H), 6.90—6.77 (m, 8H), 6.37—6.30 (m, 6H) 5.02—5.00
(m, 2H), 4.29 (d, J = 9.6 Hz, 1H), 2.81 (s, 3H). IR (KBr, cm™ ')
2787 (w), 1684 (w), 1576 (w), 1491 (m), 1464 (s), 1441 (m),
1394 (w), 1300 (m), 1232 (m), 744 (m), 526 (m). HRMS (FAB)
m/z calcd for C;12H37N50S5: 1563.2160. Found: 1563.2175.

Apparatus. Molecular orbital calculations were performed
with Spartan (Wave function, Inc.). Redox potentials of
PTZ,—Cgp were measured by a voltammetric analyzer (ALS
610A) in a conventional three-electrode cell equipped with a
glassy carbon as a working electrode and a platinum wire as a
counter electrode, and SCE reference electrode. The measure-
ment was carried out with a sweep rate of 100 mV/s in suitable
solvents in the presence 0.1 M of tetrabutylammonium per-
chlorate (Nakalai Tesque) as electrolyte under inert conditions.
All the potentials were corrected by the Fc/Fc™t potential.

Steady-state absorption and fluorescence spectra were mea-
sured with a JASCO/V-570 spectrophotometer and a Shimadzu
RF-5300 PC spectrofluorophotometer.

Transient absorption spectra in the vis and NIR regions were
obtained by using the laser flash photolysis apparatus. The
sample solutions were deaerated by bubbling with argon before
measurements and illuminated with the SHG (532 nm) light of
a Nd:YAG laser (Quanta-Ray; 6 ns fwhm). A module using
Ge-APD (600—1600 nm) was employed as a detector for
monitoring the light from a pulsed Xe lamp.” The laser
photolysis was performed in a rectangular quartz cell with a 10
mm optical path in temperature variation equipments. Room
temperature was at 23 £ 1 °C. Details of the experimental
procedures are described elsewhere.’
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