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Photoinduced intramolecular charge separation and charge recombination of oligothiophene-methyl viologen
dyads (Tn-MV2+‚2X-, n ) 4 or 8, X- ) I- or PF6

-), which were designed to generate positively charged
radical ion pairs (Tn•+-MV •+‚2X-), have been investigated by the time-resolved fluorescence and transient
absorption spectra in CH3CN. Upon excitation of the T8 moiety in T8-MV2+‚2X-, the radical cation pair
(T8

•+-MV •+‚2X-) was produced via the excited singlet state of T8 (1T8*), because the fluorescence lifetime
of the 1T8* moiety in T8-MV2+‚2X- becomes short compared with pristine1T8*. The lifetimes of T8

•+-
MV •+‚2X- were evaluated to be 720-980 ns depending on the counteranion, I- or PF6

-. On the other hand,
T4-MV2+‚2X- leads to lifetimes of T4•+-MV •+‚2X- of 210-240 ns, although the charge separation seems
to occur via the excited triplet state of T4 (3T4*), because the fluorescence quenching of the1T4* moiety in
T4-MV2+‚2X- was not observed. As factors to achieve these relatively long lifetimes of Tn

•+-MV •+‚2X-,
the charge recombination between of the positive charges (holes) on the Tn and MV moieties and the center-
to-center distance between the positive charges (holes) on the Tn and MV moieties may be considered, in
addition to the triplet spin character of Tn

•+-MV •+‚2X-.

Introduction

Photoinduced electron transfer to methyl viologen dication
derivatives (MV2+) is a key step for hydrogen gas evolution
from water in the presence of appropriate sensitizers, a sacrificial
donor, and a catalyst.1-3 As photosensitizing electron donors,
various organic and inorganic dyes have been applied to mixture
systems with MV2+.1-5 Among the dyes, it has been revealed
that oligothiophenes (Tn) act as good electron donors against
an electron acceptor such as MV2+,6 in addition to various
electron acceptors such as tetracyanoethylene, nitro compounds,
and fullerenes.6,7 In the mixture systems, the intermolecular
photosensitized electron transfer usually takes place via the
excited triplet states of the sensitizing dye. In such systems,
both electron transfer rates and back electron transfer rates are
diffusion-control limited when the processes are sufficiently
exothermic, while the processes via the excited triplet states
are quite O2-sensitive in solution.2,5-7

Recently, molecular systems in which the electron donor and
electron acceptor are covalently connected have been investi-
gated.8-11 The intramolecular through-bond charge separation
process usually takes place via the excited singlet states of the
sensitizing electron donor dye and/or electron acceptor dye. In
general, intramolecular charge separation rates are quite faster
than the intermolecular electron transfer rates via the excited

triplet state.12,13However, the lifetimes of the charge separation
states of such dyads are not long enough to mediate the electron
and/or hole of the charge separation state to electron carriers
and to catalysts. Recently, several molecular dyad systems with
sufficiently long-lived charge separation states have been
reported.14 In the molecular design of the dyads attaining the
long-lived charge separation states, the free-energy changes for
the charge separation and charge recombination processes should
be adjusted to be the top region and the inverted region of the
Marcus parabola, respectively.15 Dyads including a fullerene
are thought to be appropriate molecules for generating a long-
lived charge separation state because of the small reorganization
energy of fullerenes.16 In addition, when the excited triplet state
of the component has very similar energy to the charge
separation state, the radical ion pair can easily gain triplet spin
character leading to further long lifetimes of the charge
separation states.17

In the present study, we designed the dyad molecular systems
with viologen dication derivatives so as to have two positive
charges in the charge separation state in the dyad, in which
retardation of the charge recombination process between
positively charged moieties would be anticipated. As an electron
donor, we employed Tn (n ) 4 or 8), showing appreciable
absorption bands in the visible region to efficiently utilize solar
energy. In addition, because spectroscopic properties of the
radical cations of Tn are well-characterized by the transient
absorption,6,7,18-21 the charge separation and charge recombina-
tion processes upon photoexcitation can be followed unequivo-
cally. From these viewpoints, dyad molecules of Tn covalently
connected to the viologen moiety (Tn-MV2+‚2X-, n ) 4 or 8,
X- ) I- or PF6

-; Scheme 1) have been designed. To reveal
the photoinduced charge separation processes via the excited
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state of the Tn moiety in Tn-MV2+‚2X-, we employed time-
resolved fluorescence measurements and transient absorption
measurements in the visible and near-IR regions.

Results and Discussion

Synthesis.T8-MV2+‚2X- (1-[3-(3,3′,4′,3′′-tetrahexyl-2,2′;5′,2′′;
5′′,2′′′;5′′,2′′′,5′′′, 2′′′;5′′′,2′′′′-octithiophen-5-yl)propyl]-1′-meth-
yl-4,4′-bipyridinium salt) and T4-MV2+‚2X- (1-[3-(3,3′′′-
dihexyl-2,2′;5′,2′′;5′′,2′′′-quaterthiophen-5-yl)propyl]-1′- methyl-
4,4′-bipyridinium salt), in which X- ) I- and PF6-, were
prepared by the method described in the Experimental Section
in detail. Briefly, oneR-carbon of T8 or T4 was haloalkylated
with dihalogenated propane after treatment with BuLi.22aCross-
coupling of 1-methyl-4,4′-bipyridinyl-1-ium iodide (MV+‚I-)
with iodopropyl T8 or iodopropyl T4 yielded T8-MV2+‚2I- or
T4-MV2+‚2I-, respectively.22b For X- ) PF6

-, the anion was
exchanged using NH4PF6.

Molecular Orbital Calculation. Figure 1 shows the opti-
mized structure of T8-MV2+ calculated by PM3 without
considering counteranions.23 The center-to-center distance (RCC)
was evaluated from the distance between the centers of the
electron distribution of T8 and MV2+ to be 21.8 Å. The T8 and
MV2+ moieties are in a V-shape, bending at the propane linker.
The HOMO and LUMO localized on the T8 and MV2+moieties,
respectively, which suggests that the hole distribution localizes
in the T8 moiety, while the extra electron distributes on the
MV2+ moiety, generating the charge separation state like T8

•+-
MV •+. It is also predicted that the first electronic transition is
the charge transfer transition.

In the case of T4-MV2+ (Figure 2), theRCC was evaluated
to be 11.3 Å. The HOMO and LUMO of T4-MV2+ are shown
in Figure 2. The electron densities of the HOMO and LUMO
localize in the T4 and MV2+ moieties, respectively, generating
the charge separation state, T4

•+-MV •+.
Electrochemistry. The first oxidation potentials (Eox’s) of

T8-MV2+‚2PF6
- and T4-MV2+‚2PF6

- were evaluated to be
0.30 and 0.50 V versus ferrocene/ferrocenium (Fc/Fc+) in
CH3CN, which are attributed to the oxidation of the T8 and T4

moieties, respectively. The T8 moiety is easily oxidized
compared with the T4 moiety. The reduction potentials (Ered’s)
of T8-MV2+‚2PF6

- and T4-MV2+‚2PF6
- were evaluated to

be -0.92 V and-0.87 V versus Fc/Fc+, respectively, which
are attributed to the reduction of the MV2+ moiety. These values
are summarized in Table 1. TheseEox values were not varied
by replacing the counteranion from 2PF6

- to I-, while theEred

of T8-MV2+‚2I- was less negative than that of T8-MV2+‚
2PF6

-, probably because of aggregation due to its lower
solubility in CH3CN than T8-MV2+‚2PF6

-. The free-energy
changes (∆GRIP’s) of the radical ion pairs (Tn•+-MV •+), charge
separation (∆GCS), and charge recombination (∆GCR) were
calculated by eqs 1 and 2.24

In eqs 1 and 2,∆E0-0 and∆GS refer to the lowest excited-state
energy of Tn and the solvation energy change between Tn-
MV2+ and Tn

•+-MV •+, respectively.

SCHEME 1

Figure 1. Optimized structure and the HOMO and LUMO of T8-
MV2+.

Figure 2. Optimized structure and the HOMO and LUMO of T4-
MV2+.

TABLE 1: Oxidation Potentials (Eox’s), Reduction Potentials
(Ered’s), Excited Singlet State (ES), and Excited Triplet State
(ET) of Tn-MV 2+·2X- in CH3CNa

dyad X Eox/V Ered/V ES/eV ET/eV

T8-MV2+ PF6
- 0.30 -0.92 2.31 1.60

T8-MV2+ I- 0.30 -0.87 2.31 1.60
T4-MV2+ PF6

- 0.50 -0.87 2.70 1.83
T4-MV2+ I- 0.50 -0.87 2.70 1.83

a Eox andEred values are vs Fc/Fc+. E0-0 is for excited singlet state
(ES) and excited triplet state (ET).

∆GRIP ) -∆GCR ) -Eox + Ered - ∆GS (1)

-∆GCS ) ∆E0-0 - ∆GRIP (2)
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Steady-State Absorption Spectra.T8-MV2+‚2PF6
- and

T4-MV2+‚2PF6
- showed absorption peaks at 437 and 382 nm

(Figure 3), respectively, which are attributed to the absorption
of the T8 and T4 moieties. The molecular extinction coefficients
of these bands are similar to the corresponding Tn; thus, the
interaction between the Tn and MV2+ moieties is weak in the
ground states of Tn-MV2+‚2X-. Slight shifts of the absorption
bands were observed, which are probably caused by the
substituent effect of the oligothiophenes and/or the charge
transfer transition. Because the absorption band of MV2+ appears
in a shorter wavelength than 300 nm, the laser light at 355 nm
predominantly excites the Tn moieties of Tn-MV2+‚2PF6

-.
Absorption spectra of Tn-MV2+‚2I- are similar to those of Tn-
MV2+‚2PF6

-.
Steady-State Fluorescence Spectra.T8-MV2+‚2PF6

- and
T4-MV2+‚2PF6

- showed the fluorescence peaks at 540 and 465
nm (Figure 4), respectively, which are attributed to the T8 and
T4 moieties, respectively. The Stokes shifts of Tn-MV2+‚2PF6

-

and T4-MV2+‚2PF6
- are 4360 and 4670 cm-1, respectively.

Because T8-MV2+‚2PF6
- and T4-MV2+‚2PF6

- are insoluble
in nonpolar solvents such as toluene, it is impossible to elucidate
the charge separation process via the excited singlet states of
the Tn (1Tn*) moieties from the degree of quenching of the
fluorescence intensities. Fluorescence spectra of Tn-MV2+‚2I-

are similar to those of Tn-MV2+‚PF6
-.

Fluorescence Lifetimes. In the inset of Figure 4, the
fluorescence decays of T8-MV2+‚2PF6

- and T4-MV2+‚2PF6
-

in CH3CN are shown. In the case of T8-MV2+‚2PF6
-, the

fluorescence time profile was analyzed with biexponential
functions giving lifetimes (τf values) of 20 ps (60%) and 730
ps (40%). The fluorescence of T8 decayed with a single-
exponential function givingτf of 730 ps. A further shortτf value
was evaluated for T8-MV2+‚2I- as listed in Table 2. From these
short fluorescence lifetimes observed for T8-MV2+‚2X-, it is
revealed that the charge separation process takes place via the
excited singlet state of the Tn moiety. The rate constants (kS

CS’s)
for the charge separation process via the1Tn* moieties were
evaluated using eq 3.

where (1/τf)sampleand (1/τf)ref are reciprocals of the fluorescence
lifetimes of the1Tn* moiety of the dyad and of the pristine1Tn*,
respectively. ThekS

CS values are summarized in Table 2. In
the cases of1T8*-MV2+‚2X-, a fast charge separation process
was confirmed for both counteranions in CH3CN. ThekS

CSvalue
for 1T8*-MV2+‚2I- is slightly larger than1T8*-MV2+‚2PF6

-.
The quantum yields (ΦS

CS’s) for the charge separation process
via the 1T8* moiety were approximated from the fraction of
the fast fluorescence decay. The remaining slow fluorescence
decay part may be attributed to the intersystem crossing (ISC).

The fluorescence time profiles of the1T4* moiety of T4-
MV2+‚2X- were analyzed with a single-exponential function
giving τf ) 380 ps, which is almost the same as that of the
pristine1T4* in CH3CN (inset of Figure 4), suggesting that the
charge separation process does not take place via the1T4*
moiety in T4-MV2+‚2X-. The1T4* moiety in T4-MV2+‚2X-

is converted to the triplet state via ISC without the charge
separation process.

Nanosecond Transient Spectra.The absorption spectrum
of the radical cation of T8 (T8

•+) observed upon addition of

Figure 3. Steady-state absorption spectra of (A) T8-MV2+‚2PF6
-, T8,

and MV2+ (0.05 mM) and (B) T4-MV2+‚2PF6
-, T4, and MV2+ (0.05

mM) in CH3CN.

Figure 4. Steady-state fluorescence spectra of (A) T8-MV2+‚2PF6
-

(0.05 mM) and (B) T4-MV2+‚2PF6
- (0.05 mM) in CH3CN; λex ) 383

nm. Inset: Fluorescence decay profiles at 550 nm for T8-MV2+‚2PF6
-

and 480 nm for T4-MV2+‚2PF6
-.

TABLE 2: Fluorescence Lifetimes (τf’s), Rate Constants
(kS

CS’s), Quantum Yields (ΦS
CS’s), and Free-Energy Changes

(∆GCS’s) for Charge Separation of Tn-MV 2+·2X- in CH3CN

dyad X- τf/ps kS
CS

a/s-1 ΦS
CS

b
∆GS

CS
c/

eV
∆GT

CS
c/

eV

T8-MV2+ PF6
- 20 (60%),

730 (40%)
4.9× 1010 0.60 -1.10 -0.40

T8-MV2+ I- 10 (65%),
720 (35%)

9.9× 1010 0.65 -1.05 -0.36

T4-MV2+ PF6
- 380 (100%) (kT

CS> 108) -1.34 -0.38
T4-MV2+ I- 390 (100%) (kT

CS > 108) -1.34 -0.38

a For T8, (τf) ref ) 730 ps, and for T4, (τf)ref ) 390 ps. From the fast
fluorescence lifetimes.b From the fraction of fast fluorescence decays.
c ∆GS ) e2/(4πε0εs) (1/2R+(Tn) + 1/2R+(MV) + 1/Rcc); R+(Tn) and
R+(MV) are radii of the ion radicals of Tn (6.6 Å for T8 and 6.4 Å for
T4) and MV2+ (3.1 Å), respectively;RCC is the center-to-center distance
between the two moieties (21.8 Å for T8-MV2+ and 11.3 Å for T4-
MV2+); εs is the dielectric constant of solvent.

kS
CS ) (1/τf)sample- (1/τf)ref (3)
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FeCl3 is shown in Figure 5A, in which the molar extinction
coefficients of T8•+ were evaluated from the consumption of
T8. In Figure 5A, the triplet-triplet absorption spectrum of T8

(3T8*) observed by nanosecond laser-light irradiation is also
shown. The molar extinction coefficients of3T8* were evaluated
from comparison with those of3C60*.25 Nanosecond transient
spectra of T8-MV2+‚2PF6

- observed by the excitation of the
T8 moiety are shown in Figure 5B, which exhibits the appear-
ance of the T8•+ moiety at 1550 and 850 nm. From the molar
extinction coefficients of T8•+ (εT8•+ ) 32 000 and 21 000 M-1

cm-1 at 850 and 1550 nm, respectively), the concentration of
the T8

•+ moiety at 0.2µs after the nanosecond laser-light pulse
was evaluated to be about 2.2× 10-6 M. The absorption of the
MV •+ moiety, which was expected to appear in the 500-750
nm region with the main peak at 590-610 nm,26 was not clearly
observed in Figure 5B, probably because the absorption band
of the MV•+ moiety may be hidden by the absorption tail of
the intense absorption of T8

•+ at 850 nm and the3T8* moiety
(ε3T* ) 115 000 M-1 cm-1 at 740 nm), because the molar
extinction coefficient of the MV•+ moiety (εMV•+ ) 13 700 M-1

cm-1 at 600 nm)26b is slightly smaller than the added value of
T8

•+ (4300 M-1 cm-1) and3T8* (10 200 M-1 cm-1) at 600 nm.
From the short fluorescence lifetimes, it is obvious that the
charge separation process takes place mainly via1T8*-MV2+‚
2X- in CH3CN. The time profile of the transient absorption
band at 1500 nm gave a charge recombination rate constant
(kCR) in the region of 1.0-1.4× 105 s-1 (Table 3), from which
the lifetimes (τRIP values) of T8•+-MV •+‚2X- were calculated
to be 720-980 ns. One of the reasons for such longτRIP values
can be attributed to the charge recombination between the
positively charged species.

The maximal concentration of3T8*-MV2+‚2X- immediately
after the laser pulse was 1.5× 10-6 M. Thus, the ratio of T8•+:
3T8* is 3:2. This ratio is in good agreement with the ratio of
the quantum yieldsΦS

CS:ΦS
ISC. Therefore, the route of3T8*

formation is the ISC process via1T8*. As shown in Figure 6,

3T8*-MV2+‚2X- in Ar-saturated CH3CN decays with lifetime
of 1000 ns, which is similar to that of T8

•+-MV •+‚2X-,
although the lifetime of the pristine3T8* was reported to be
18 000 ns.20b This observation strongly suggests that there is
rapid equilibrium between T8•+-MV •+‚2X- and T8*-MV2+‚
2X-, by which T8

•+-MV •+ may gain the triplet character.
The transient absorption spectra of T4-MV2+‚2PF6

- observed
by the excitation of the T4 moiety in CH3CN are shown in Figure
7A. The absorption band at 1080 nm was attributed to the radical
cation of T4 (T4

•+) with εT4
•+ ) 13 600 M-1 cm-1.7,20a It has

been reported that T4•+ has a sharp absorption at 680 nm with
εT4

•+ ) 37 500 M-1 cm-1. Thus, the shoulder at 660 nm in
Figure 7A can be attributed to the T4

•+ moiety.7,20a In the
absorption range of 550-620 nm, the absorption band of the
MV •+ moiety appeared as a shoulder,26 because this band may
be overlapped with the sharp peak at 680 nm of the T4

•+

moiety.7,20a The relative absorption intensities of the peaks at
1080, 680, and 600 nm (1:2:1) indicate the presence of T4

•+-
MV •+‚2X-. This implies that the3T4* moiety was already

Figure 5. (A) Absorption spectrum of radical cation of T8 (line) and
transient absorption spectrum of triplet state of T8 in CH3CN. (B)
Nanosecond transient absorption spectra of T8-MV2+‚2PF6

- (0.1 mM)
in Ar-saturated CH3CN after the 355-nm laser irradiation. Inset: Time
profiles of absorbance at 820 and 1540 nm.

Figure 6. Time profiles of absorbance at 720 nm for T8-MV2+‚2PF6
-

(0.05 mM) (a) in Ar-saturated CH3CN and (b) in O2-saturated CH3CN.

Figure 7. (A) Nanosecond transient absorption spectra of T4-MV2+‚
2PF6

- (0.1 mM) in Ar-saturated CH3CN after the 355-nm laser
irradiation. (B) Time profiles of absorbance at 640 and 1080 nm (a) in
Ar-saturated and (b) in O2-saturated CH3CN.

TABLE 3: Rate Constants (kCR’s) and Free-Energy Changes
(∆GCR’s) for Charge Recombination and Lifetimes (τRIP’s) of
Tn-MV 2+·2X- in CH3CN

dyad X- kCR/s-1 τRIP/ns ∆GCR/eV

T8-MV2+ PF6
- 1.4× 105 720 -1.24

T8-MV2+ I- 1.0× 105 980 -1.19
T4-MV2+ PF6

- 4.2× 106 240 -1.44
T4-MV2+ I- 4.8× 106 210 -1.44
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decayed at 0.1µs. Thus, the charge separation process may take
place via the 3T4* moiety, which was supported by the
fluorescence lifetime measurement in which fluorescence quench-
ing was not observed for1T4*-MV2+.

The decay time profiles of T4•+-MV •+‚2X- are shown in
Figure 7B. Because T4•+-MV •+‚2X- appeared immediately
after the irradiation of the nanosecond laser-light pulse with
duration of 6 ns, the rate of generation (kT

CS) may be faster
than 108 s-1. The two-component decay was observed for T4

•+-
MV •+‚2X-. From the initial fast decay, which is the main
component (75%), thekCR values are estimated to be 4.2-4.8
× 105 s-1 (Table 3). The lifetimes of T4•+-MV •+‚2X- were
evaluated to be 210-240 ns, which is shorter than those of
T8

•+-VM •+‚2X- (720-980 ns) by a factor of1/3-1/5.
The later, minor slow parts of T4•+-MV •+‚2X- in Figure

7B decay in the time region of longer than 10µs, which can be
attributed to the intermolecular electron transfer.

O2 Effect on Decay Rates.Upon addition of O2 into CH3CN
solution, the transient absorption bands of T4

•+-MV •+ decayed
quickly, as shown in the time profiles in Figure 7B. A similar
O2 effect was observed for T8•+-MV •+, in addition to quick
decay of the3Tn* moiety (Figure 6). Usually, T8•+and T4

•+ do
not react with O2, although electron transfer from the MV•+

moiety to O2 takes place in a nearly diffusion-controlled rate.1,30

Therefore, as a reason for the fast decay of Tn
•+-MV •+‚2X-

in the presence of O2, we considered that T8•+-MV •+‚2X- and
T4

•+-MV •+‚2X- have the triplet spin character, which is easily
quenched by a triplet quencher, O2.20 As for reasons to gain
the triplet spin character for the radical ion pairs, one can
consider that the precursor of T4

•+-MV •+‚2X- is 3T4*-
MV2+‚2X-. In the case of T8•+-MV •+‚2X-, the spin character
can be borrowed from3T8*-MV2+‚2X-, which has 0.35-eV
higher energy level than that of T8

•+-MV •+‚2X-.
It is possible to consider the sequential intermolecular

processes for the decay of Tn
•+ -MV •+ by O2; at first, electron

transfer occurs from the MV•+ moiety to O2, leaving the Tn•+

moiety with the radical anion of O2 (O2
.-). Then, it is expected

that the decay rates of the Tn
•+ moiety increase with electron

transfer from O2
.-. However, such intermolecular processes must

be slower than the rate observed in Figure 7b in the presence
of O2.27

Energy Diagrams.The energy diagrams can be drawn from
E0-0 (T) and∆GRIP as shown in Figure 8. The∆GS

CS value for
T8-MV2+‚2X- (-1.05 through-1.10 eV) is less negative than
that of T4-MV2+‚2X- (-1.34 eV), and charge separation occurs
only for T8-MV2+‚2X- via 1T8*; thus, these data suggest that

the reorganization energy is rather near 1.0 eV.28 Because the
∆GT

CS value for T4-MV2+‚2X- (-0.38 eV) is almost the same
to that for T8-MV2+‚2X- (-0.36 through-0.40 eV), the
charge separation route is mainly determined by the difference
of the ∆GS

CS values.
Because the∆GCR value for T8

‚+-MV ‚+‚2X- (-1.24 through
-1.19 eV) is less negative than that of T4

‚+-MV ‚+‚2X- (-1.44
eV), slowkCR for T8

‚+-MV ‚+‚2X- and T4
‚+-MV ‚+‚2X- cannot

be explained by the reorganization energy of∼1.0 eV. Rather,
longer lifetimes of the charge separation state for T8

‚+-MV ‚+‚
2X- than for T4

‚+-MV ‚+‚2X- can be attributed to the longer
RCC value of T8-MV2+‚2X- (ca. 22 Å) than that of T4-MV2+‚
2X- (ca. 11 Å).

Conclusion

In the present study, the charge separation process for T8
•+-

MV •+‚2X- predominantly occurs via the1T8* moiety, while
the charge separation process for T4

•+-MV •+‚2X- occurs via
the3T4* moiety. LongτRIP values in the region of 210-980 ns
were found for T8•+-MV •+‚2X- and T4

•+-MV •+‚2X- in
CH3CN, which can be explained by the slow charge recombina-
tion between the positively charged species and the triplet
character of the radical ion pairs. LongerτRIP values for T8•+-
MV •+‚2X- than those for T4•+-MV •+‚2X- were rationalized
by the distance between the radical cation centers.

Experimental Section

Molecular Orbital Calculations. Geometry optimization and
calculations of molecular orbital coefficients were performed
using the semiempirical PM3 method in MOPAC.23

Apparatus. Reduction potentials (Ered’s) and oxidation
potentials (Eox’s) were measured by cyclic voltammetry on a
potentiostat (EGG PAR 273 A) in a conventional three-electrode
cell equipped with Pt working and counter electrodes with a
Ag/Ag+ reference electrode at scan rates of 100 mV s-1. In
each case, the solution containing 1 mM sample with 0.05 M
n-Bu4NPF6 (Fluka purest quality) was deaerated with argon
bubbling.

Steady-state fluorescence spectra of the samples were mea-
sured on a Shimadzu RF-5300PC spectrofluorophotometer.
Fluorescence lifetimes were measured by a single-photon
counting method using a streakscope (Hamamatsu Photonics,
C4334-01). The samples were excited with the second harmonic
generator (410 nm) of a Ti:sapphire laser (Spectra-Physics,
Tsunami 3950-L2S, fwhm 1.5 ps) equipped with a pulse selector

Figure 8. Energy diagrams for (a) T8-MV2+ and (b) T4-MV2+ in CH3CN.

Oligothiophene-Viologen Dyads J. Phys. Chem. A, Vol. 108, No. 48, 200410653



(Spectra-Physics, 3980) and a harmonic generator (Spectra-
Physics, GWU-23PS).29

Steady-state absorption spectra in the visible and near-IR
regions were measured on a Jasco V530 spectrophotometer.
Nanosecond transient absorption measurements were carried out
using a Nd:YAG laser. For selective excitation of the samples,
the output of an optical parametric oscillator (OPO) laser
(Continuum Surelite OPO and Surelite II-10) was employed as
an excitation source. For short time-scale measurements (<2
µs), the probe light from a pulsed Xe lamp was detected with
a Ge avalanche photodiode equipped with a monochromator
after passing through the sample in a quartz cell (1 cm× 1
cm). Long time-scale phenomena (>2 µs) were observed by
using a continuous Xe lamp as a probe light. Sample solutions
were deaerated by bubbling Ar gas through the solutions for
15 min. Details of the transient absorption measurements have
been described in our previous papers.29

Materials. Syntheses of T4-MV2+‚2X- and T8-MV2+‚2X-

where X- ) I- and PF6- were performed according to the route
as shown in Scheme 2. To explain it briefly, one terminal side
of T4 (1a) and T8 (1b)22a was first lithiated with butyllithium
and then chloropropylated with 1-bromo-3-chloropropane. After
the thus-obtained chloropropyl T4 (2a) and T8 (2b) were
converted to the iodopropyl derivatives3a and3b by treatment
with sodium iodide, the addition of 1-methyl-4,4′-bipyridinyl-
1-ium iodide (MV+‚I-) finally yielded T4-MV2+‚2I- (4a) and
T8-MV2+‚2I- (4b). Anion exchange with NH4PF6 also afforded
the corresponding PF6

- salts (5a and5b). Synthetic details of
4a, 4b, 5a, and5b are described in the text to follow, while
those of2a, 2b, 2a, and3b are summarized in the Supporting
Information.

General.All chemicals are of reagent grade. Melting points
are uncorrected.1H NMR spectra were measured on a JEOL
Lambda 400 spectrometer using deuteriochloroform or deute-
riodimethyl sulfoxide as the solvent and tetramethylsilane as
the internal standard. MS spectra were recorded on a Shimadzu
KOMPACT-MALDI PROBE spectrometer using a dithranol
matrix.

1-[3-(3,3′′′-Dihexyl-2,2′;5′,2′′;5′′,2′′′-quaterthiophen-5-yl)-
propyl]-1 ′-methyl-4,4′-bipyridinium iodide (4a). A mixture
of 3a (3.0 g, 4.5 mmol; see Supporting Information) and
1-methyl-4,4′-bipyridinyl-1-ium iodide22b (2.0 g, 6.7 mmol) in
1:1 CH3CN-chloroform (50 mL) was refluxed for 6 days in a
nitrogen atmosphere. After evaporation of the solvent, the
residual solid was thoroughly washed with hexane and then
recrystallized from CH3CN to give a brown powder (1.7 g,
40%): mp 176-178 °C; 1H NMR (400 MHz, DMSO-d6) δ
0.83-0.85 (m, 6H), 1.25-1.31 (m, 12H), 1.54-1.58 (m, 4H),
2.31 (m, 2H), 2.65 (t,J ) 7.6 Hz, 2H), 2.73 (t,J ) 8.0 Hz,
2H), 2.88 (t,J ) 7.6 Hz, 2H), 4.18 (s, 3H), 4.77 (t,J ) 7.6 Hz,
2H), 6.82 (s, 1H), 7.03 (d,J ) 3.7 Hz, 1H), 7.04 (d,J ) 5.4
Hz, 1H), 7.13 (d,J ) 3.9 Hz, 1H), 7.31 (d,J ) 3.9 Hz, 1H),
7.32 (d,J ) 3.7 Hz, 1H), 7.48 (d,J ) 5.4 Hz, 1H), 8.73 (d,J
) 6.8 Hz, 2H), 8.77 (d,J ) 7.0 Hz, 2H), 9.27 (d,J ) 6.8 Hz,
2H), 9.37 (d,J ) 6.8 Hz, 2H); MS (MALDI-TOF) m/z 709.4
(M+-2I). Anal. calcd for C42H50I2N2S4: C, 52.28; H, 5.22; N,
2.90%. Found: C, 52.25; H, 5.21; N, 2.88%.

1-[3-(3,3′′′,4′′,3′′′-Tetrahexyl-2,2′;5′,2′′;5′′,2′′′;5′′,2′′′;
5′′′,2′′′;5′′′,2′′′′-octithiophen-5-yl)propyl]-1′-methyl-4,4′-bipyr-
idinium iodide (4b). This compound was obtained in 20% yield
from 3b (see Supporting Information) in a similar manner as
stated already, as a brown powder from CH3CN: mp 2l2-214
°C; 1H NMR (400 MHz, DMSO-d6) δ 0.84-0.85 (m, 12H),
1.28-1.40 (m, 24H), 1.58-1.69 (m, 8H), 2.37 (m, 2H), 2.66-
2.74 (m, 8H), 2.89 (t,J ) 7.6 Hz, 2H), 4.41 (s, 3H), 4.77 (t,J
) 7.6 Hz, 2H), 6.83 (s, 1H), 7.04 (d,J ) 5.6 Hz, 1H), 7.05 (d,
J ) 3.6 Hz, 1H), 7.15 (d,J ) 3.9 Hz, 1H), 7.20 (d,J ) 3.9 Hz,
1H), 7.21 (d,J ) 3.9 Hz, 1H), 7.29 (s, 1H), 7.30 (s, 1H), 7.34
(d, J ) 3.9 Hz, 1H), 7.35 (d,J ) 3.9 Hz, 1H), 7.37 (d,J ) 4.2
Hz, 2H), 7.38 (d,J ) 4.0 Hz, 1H), 7.49 (d,J ) 5.1 Hz, 1H),
8.73 (d,J ) 6.8 Hz, 2H), 8.77 (d,J ) 6.8 Hz, 2H), 9.27 (d,J
) 6.8 Hz, 2H), 9.37 (d,J ) 7.0 Hz, 2H); MS (MALDI-TOF)
m/z 1205.9 (M+-2I). Anal. calcd for C70H82I2N2S8: C, 57.52;
H, 5.65; N, 1.92%. Found: C, 57.46; H, 5.59; N, 1.90%.

1-[3-(3,3′′′-Dihexyl-2,2′;5′,2′′;5′′,2′′′-quaterthiophen-5-yl)-
propyl]-1 ′-methyl-4,4′-bipyridinium hexafluorophosphate (5a).
Compound4a (500 mg, 0.52 mmol) was dissolved in 3:1
water-THF (2 mL) and treated with aqueous saturated NH4PF6

(5 mL). The resulting precipitate was collected and washed with
water to give a dark yellow powder (478 mg, 92%): mp 208-
211°C; 1H NMR (400 MHz, DMSO-d6) δ 0.84-0.85 (m, 6H),
1.25-1.31 (m, 12H), 1.54-1.58 (m, 4H), 2.37 (m, 2H), 2.66
(t, J ) 8.8 Hz, 2H), 2.73 (t,J ) 8.0 Hz, 2H), 2.89 (t,J ) 7.6
Hz, 2H), 4.41 (s, 3H), 4.76 (t,J ) 7.6 Hz, 2H), 6.82 (s, 1H),
7.03 (d,J ) 3.7 Hz, 1H), 7.04 (d,J ) 5.1 Hz, 1H), 7.13 (d,J
) 3.9 Hz, 1H), 7.31 (d,J ) 3.7 Hz, 1H), 7.48 (d,J ) 5.4 Hz,
1H), 8.72 (d,J ) 7.1 Hz, 2H), 8.75 (d,J ) 7.1 Hz, 2H), 9.26
(d, J ) 6.8 Hz, 2H), 9.36 (d,J ) 6.8 Hz, 2H); MS (MALDI-
TOF) m/z 709.4 (M+-2PF6). Anal. calcd for C42H50F12-
N2P2S4: C, 50.39; H, 5.03; N, 2.80%. Found: C, 50.39; H,
4.96; N, 2.83%.

SCHEME 2
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1-[3-(3,3′′′,4′′,3′′′-Tetrahexyl-2,2′;5′,2′′;5′′,2′′′;5′′,2′′′;
5′′′,2′′′;5′′′,2′′′′-octithiophen-5-yl)propyl]-1′-methyl-4,4′-bipyr-
idinium hexafluorophosphate (5b). This compound was
obtained in 86% yield from the corresponding iodide (4b) in a
similar manner as stated already, as a red powder: mp 246-
248°C; 1H NMR (400 MHz, DMSO-d6) δ 0.84-0.85 (m, 12H),
1.28-1.40 (m, 24H), 1.58-1.69 (m, 8H), 2.37 (m, 2H), 2.66-
2.74 (m, 8H), 2.89 (t,J ) 7.6 Hz, 2H), 4.41 (s, 3H), 4.77 (t,J
) 7.6 Hz, 2H), 6.83 (s, 1H), 7.04 (d,J ) 5.6 Hz, 1H), 7.05 (d,
J ) 3.6 Hz, 1H), 7.15 (d,J ) 3.9 Hz, 1H), 7.20 (d,J ) 3.9 Hz,
1H), 7.21 (d,J ) 3.9 Hz, 1H), 7.29 (s, 1H), 7.30 (s, 1H), 7.34
(d, J ) 3.9 Hz, 1H), 7.35 (d,J ) 3.9 Hz, 1H), 7.37 (d,J ) 4.2
Hz, 2H), 7.38 (d,J ) 4.0 Hz, 1H), 7.49 (d,J ) 5.1 Hz, 1H),
8.73 (d,J ) 6.8 Hz, 2H), 8.77 (d,J ) 6.8 Hz, 2H), 9.27 (d,J
) 6.8 Hz, 2H), 9.37 (d,J ) 7.0 Hz, 2H); MS (MALDI-TOF)
m/z 1205.7 (M+-2PF6). Anal. calcd for C70H82F12N2P2S8: C,
56.13; H, 5.52; N, 1.87%. Found: C, 56.06; H, 5.56; N, 1.83%.
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