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Photoinduced electron-transfer processes of alkyl-inserted ferrot@methylene-oligothiophene-fullerene
(Fc-tmnT-Csp) linked triads and directly linked ferroceneligothiophene-fullerene(FchaT-Cgo) triads were
investigated using time-resolved fluorescence and transient absorption spectroscopic methods. In nonpolar
solvent, the energy-transfer (EN) process occurred ftoit to Ceo for both triads, without forming the
charge-separated (CS) state. In polar solvent, the initial CS state, R€*thGs;~, was formed via Fc-tm-
NT-Cgo* after the EN process frormT* by photoexcitation of theT moiety and after direct photoexcitation

of the Gso moiety. For Fc-tmAT*™-Ceo'~, the positive charge shifted from tmd** moiety to the Fc moiety,
producing the final CS state, Fetm-nT—Cs'~, which lasted for 22330 ns by changingT from 4T to

12T. For FcaT-Cgp in polar solvent, the CS state, in which the radical cation is delocalized on both Fc and
nT moieties ((FcAT)"-Cqs ™), was formed immediately after direct photoexcitation ofrifieand Go moieties.

The lifetimes of (FcAT)*™-Ceo'~ were estimated to be 0-50 ns by changingT from 4T to 12T. The longer
lifetimes of Fct-tm-nT-Cg~ than those of (FoiT)*t-Css~ are caused by the insertion of the trimethylene
chain to prevent the-conjugation between the Fc and moieties. The lifetimes for F¢t-tm-nT-Ces~ and
(FcnT)*™-Ceo~ are prolonged by changingT from 4T to 12T. For the charge-recombination process of
Fct-tm-nT-Cq¢~, the damping factor was evaluated to be 0.10. &or (FcnT)**-Css' ™, the oxidation potentials

of the nT moieties control the electron-transfer process with reflecting stabilization of the radical cations of
the nT moieties.

Introduction oligothiophene-Cgo dyads!? The CS process happens efficiently
. . via the singlet excited states of thi@'s and Go. The CR
The conjugated nanoscale molecules are useful to design th rocesses occur with fast and slow components; from the slow
molecular electronic devices (i.e., electric luminescent devices, decay, lifetimes of the radical ion paire{p) of nT_'C dyads
photovoltaic cellg, field-effect transistord,nonlinear optics, were ;avaluated to be longer than—ﬁog in polar ?s,oolvents

and electrical conducto?)s.ReC(_ently, th(? photomduced electrqn because the slow CR process of these dyads falls in the Marcus
transfer (ET) systems with highly efficient charge-separation sinverted region”® We extended these studies by addin
(CS) and slow charge-recombination (CR) processes have been glon™ y 9

applied to the photovoltaic celfsHighly conjugated molecular  POrPRYrins at the terminal of theT side in thenT —Ceo dyads
wFi)rF()as are indisppensable for molegulgr eIeJctgr]on deviodtig- by synthesizing porphyrianT —Ceo triads:“ The photoinduced

othiophenesr(Ts) seem to be one of the most well-investigated processes after the photoexcitat_ion of the porphyrins in the triaf:is
z-conjugated oligomerd;® because of their remarkable char- have been predominantly studied, because of huge absorption
acteristics such as a rigid rodlike structure in the visible region and appropriate fluorescence lifetimes of
On the other hand, fullerenes are one of the well-investigated these porphy_”r_‘s- Although thel” moieties in porphyrimT —
molecules) in particular, Go was widely used for electron- Ceo act as efficient molecular spacers for the CS process, they

transfer systems as an electron accefftowe previously also act as hole traps for the stepwlse CR.process.
reported that photoexcited fullerenes{®r Cro) accept electron Ferrocene (Fc) is one of the interesting molecules for
from nTs, when they are mixed in polar solvedtsit was designing the photoinduced ET systems, because its very low
revealed that the intermolecular ET process occurs via the triplet-0xidation potential Eox) is expected to serve the superior
excited states of fullerenes amd’s, depending on the wave-  function as a good cation trap. Indeed, the extremely long CS
length of the irradiated light. More recently, the efficient CS state was confirmed in Feporphyrine-Ceo linked molecules?
process was reported to occur in the covalently bonded In our previous paper, two types of triads were prepared; one
is a trimethylene (tm)-inserted type (Fc-tm-Cgso) and another

* Authors to whom correspondence should be addressed. E-mail ad- is the directly connected RtF-Cg triad, in whichsz-conjugation
dresses: ito@tagen.tohoku.ac.jp (O.l.), otsubo@hiroshima-u.ac.jp (T.0.). g possible between the Fc moiety and tfiemoiety, as shown
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in Figure 1% In the present study, we examined the CS and
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8 Osaka University. CR processes, as well as the energy-transfer (EN) process, in
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Figure 1. Molecular structures of Fc-tmT-Cgo and FcaT-Ceo.

Fc-tmnT-Cgp and FcaT-Cgp by time-resolved absorption and
fluorescence measurements after excitation ofrffhend Gy
moieties. To investigate the distance effect on the CS, CR, and
EN processes, we compared thre€s: 4T, 8T, and 12T.
Moreover, thenT moieties are also expected to act as an electron
donor. Itis well understood that th&y values of thenT moieties
decrease with their lengths, becausesthmnjugation extended
along the chain. For the rapid CS process via the excited state

of thenT moieties, the sub-picosecond fluorescence and transient
absorption measurements have been performed, whereas nand

Nakamura et al.

into a 0.4-mm-thick3-BaB,O, (BBO) crystal, which was mixed
with the gate pulse with the crossing angle B°. The
fluorescence wavelength was selected by changing the phase-
matching angle of the mixing crystal. The up-converted signals,
which were spatially and spectrally separated from the other
light, using a combination of an iris, an optical filter, and a
monochromator, were detected using a photomultiplier tube
(Hamamatsu, model R-4220P) with a photon counter (Stanford
Research System, model SR400). The time resolution of
measurements was estimated as 150 fs from the fwhm of the
cross-correlation trace between the pump and gate pulses. A
typical spectral window of fluorescence for our upconversion
system was 426640 nm.

Femtosecond transient absorption spectra were measured by
the pump and probe method, using a Ti:sapphire regenerative
amplifier seeded by the SHG of erbium-doped fiber laser (Clark-
MXR CPA-2001 plus, 1 kHz, fwhm= 150 fs). A white
continuum pulse that was used as a monitoring light was
generated by focusing the fundamental of the amplifier on a
rotating HO cell. The samples were excited by the pulsed laser
light from a SHG (388 nm) of the fundamental laser pulse. The
monitoring light transmitted through the sample in a rotating
cell was detected with a dual MOS detector (Hamamatsu
Photonics, model C6140) equipped with a polychromator and

an InGaAs linear image sensor (Hamamatsu Photonics, model

C5890-128) for detection of the near-IR region. A typical time
esolution of the system was 200 fs.

second transient absorption measurements in the visible and Nanosecond transient absorption spectra were measured using

near-infrared regions were effectively used for the slow CR
process.

Experimental Section

Materials. Fc-tmnT-Cgp and FchT-Cgo Were synthesized by
the methods described in the previous pdp&omponents such
as alkyl-substituted oligothiophenesT(= 4T, 8T, and 12T)
andN-methylpyrrolidino-Go (NMPCgg) were prepared accord-
ing to the methods described in the literatéité2 Other
chemicals such as Fc and solvents (benzonitrile (PhCN) and
toluene) were of the best commercial grade available.

the pulsed laser light from an optical parametric oscillation
(Continuum Surelite OPO, fwhre 4 ns) pumped by a Nd:
YAG laser (Continuun, Surelite 11-10). For the measurements
of the transient absorption spectra in the near-IR region, a
germanium avalanche photodiode (Hamamatsu Photonics, model
B2834) was used as a detector for monitoring light from the
pulsed xenon lamp.

Results and Discussion

Steady-State Absorption and Fluorescence Spectrdhe
absorption spectra of Fc-tmF-Cgo and FcaT-Cgp are shown

Methods. Steady-state absorption spectra were measured onin Figures 2a, 2b, and 2c foil = 4T, 8T, and 12T, respectively,

a JASCO model V-530 UV/VIS spectrophotometer. Steady-

with those of the reference compounds in PhCN. The huge

state fluorescence spectra were measured on a Shimadzu modeélbsorptions in the visible region were attributed to tiie

RF-5300 PC spectrofluorophotometer.

The fluorescence lifetimes of thes@moieties in the triads
were measured with a streak scope (Hamamatsu Photonics
model C4334-01) using a second-harmonic generation (SHG,
400 nm) of a Ti:sapphire laser (Spectra-Physics, model Tsunami
3950-L2S, with a full width at half maximum (fwhm) of 100
fs) as an excitation source.

Ultrafast fluorescence dynamics of tind moieties in the
triads were studied using a fluorescence upconversion method

moieties. In the case of Fc-tmF-Cg, the absorption spectrum
was a simple superposition of the absorption bands of the
constituents, revealing no interaction among the constituents in
the ground state, because theconjugation between theT
moiety and the Fc moiety was prevented by the insertion of the
tm spacer. On the other hand, the absorption band of the 4T
moiety of Fc-4T-Gp has a tail extending to 600 nm and the
peak position shifted to the red region, compared with the

corresponding absorptions of 4T and Fc-tm-4d5;@hdicating

The light source was a mode-locked Ti:sapphire laser (Spectra-that the 4T moiety in Fc-4T-§ is interacting with the Fc

Physics, model Tsunami 3950-L2S, fwhm 100 fs) pumped

moiety. In the cases of the other RE-Cgo (N'T = 8T and 12T),

with a diode-pumped solid-state laser (Spectra-Physics, modelthe shift and broadening of the absorption bands of rifie

Millennia VIs J, operated at a power of 6.0 W). An 82-MHz
pulse train with an average power of 1.0 W was produced by
an oscillator in a fixed range at 800 nm. The fundamental pulse
(A = 800 nm) was used for a gate pulse in the upconversion
process. The second-harmonic pulse € 400 nm) was
generated in a 0.4-mm-thick LiBs (LBO) crystal, which was
used for a pump beam for photoexcitation. To avoid polarization
effect, the angle of the polarizations between the excitation and
gate beams was set to the magic angle by/Zplate. The

moieties decrease with an increaseTn These findings suggest
that thenT moiety is strongly interacted with the Fc moiety in
FcnT-Ceo, although the extent of the interaction decreases as
thenT moiety increases. In toluene, the absorption spectra were
almost the same as those in PhCN.

Steady-state fluorescence spectra of Fc-tm-12Ja@d Fc-
12T-Gsp observed with 420-nm light excitation in toluene are
shown in Figure 3. The absorption intensities of the samples
were matched at the excitation wavelength for the fluorescence

fluorescence emitted from a sample was collected and focusedmeasurements. The fluorescence peak at 560 nm is attributed
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Figure 2. Absorption spectra of (a) Fc-tm-4Tsgand Fc-4T-Gg, (b)
Fc-tm-8T-Go and Fc-8T-Go, and (c) Fc-tm-12T-6 and Fc-12T-Go
with reference compounds (Fc, NMRCandnT) in PhCN.

to the 12T moiety, because the 420-nm light predominantly
excited the 12T moiety. The fluorescence of the 12T moiety in
Fc-tm-12T-Gp and Fc-12T-G was greatly quenched, compared
with that of the reference (12T) with the fluorescence quantum
yield of 0.4, as shown in Figure 3. For other Fc-tm-ndz&nd
FcnT-Cgo materials, similar fluorescence quenching of tfie
moiety was observed, compared with the correspondingith

a fluorescence quantum yield (0.16 for 4T, 0.44 for 8T, and
0.52 for 12T)}bThe bandwidth of the fluorescence in the 500
650 nm region of Fc-12T-§ was broader than that of Fc-tm-
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Figure 3. Steady-state fluorescence spectra of 12T, Fc-tm-1&T-C
and Fc-12T-G in toluene with 420-nm light excitation. The absorption
intensities of the samples were matched at the excitation wavelength
for the fluorescence measurements.

of FcnT-Cgo. Thus, the excited singlet state of RE-Cgo should
be described a¥FcnT)*-Cgo.

The fluorescence due to tH€s* moiety appeared at 710
nm for Fc-tm-12T-Gy, indicating that the EN process occurred
from thel12T* moiety to the Gy moiety. For other Fc-tnmT-

Cso materials, the appearance of fluorescence of@agt moiety

due to the EN process was observed in toluene, because the
excited singlet states of thr/d moieties are all higher than that

of the 1Cg¢* moiety. For FcaT-Cg, the fluorescence peak due

to the 1Ce¢* moiety was similarly observed with appreciable
fluorescence quenching of td moiety.

In PhCN, although fluorescence of th@l moiety was
observed for Fc-tnmT-Cgg and FchT-Cgg, appreciable fluores-
cence intensity of théCgo* moiety was not observed. Absence
of the fluorescence of thECeg* moiety suggests that the CS
process occurs via th&Csg* moiety, even though théCgg*
moiety is produced via thinT* moiety by the EN process.

Fluorescence Lifetime ofnT in Triad. Figure 4a shows the
time-dependent fluorescence intensities of the 12T moiety in
Fc-tm-12T-Gg in toluene, which were measured by the upcon-
version method. The fluorescence time profile of FcliaT*-

Ceo Was curve-fitted by biexponential function; thus, the
lifetimes @r(12T)) of the fast and slow components were
evaluated to be 0.60 ps (fractien77%) and 10 ps (fractiosr
23%), respectively. The fast fluorescence component is at-
tributed to the energy redistribution via vibrational couplifig,
because similar fast fluorescence decay was observed for the
reference (12T) (0.56 ps; see the Supporting Information). The
slow component is due to the; S~ & transition, which is
accelerated by the EN process from @T* moiety to the

Cso moiety. Similar fluorescence decays were confirmed in the
other triads, and the lifetimes are listed in Table 1. Although
fast fluorescence lifetimes due of the energy redistribution via
vibrational coupling are almost the same with lengtm®f the
slow fluorescence lifetimes of the triads increase with

These longerr values of thenT moieties in Fc-tmT-Cgo

12T-GCs, Suggesting strong interaction between the 12T moiety are quite shorter than those of the S S transition for
and the Fc moiety, although the shift of the absorption bands referencenT (ze(4T) = 390 ps,7e(8T) = 660 ps, and(12T)
was small. In the case of 4T, the fluorescence bandwidth in the = 600 ps) in toluene (see the Supporting Information). The

500-650 nm region of Fc-4T-g3 was almost the same as that
of Fc-tm-12T-Go (see the Supporting Information), although

fluorescence quenching rate constaft$n) = 1/r¢(nT)) can
be evaluated in the order of #6-10'2 s~ from the minor slow

appreciable shift of the absorption band was observed. Thesefluorescence decays of Fc-tni-Cgg; theky(nT) values decrease

observations suggest appreciable interaction betweemThe

with the length ofnT. The quantum yields &4(nT)) for

moiety and the Fc moiety in the ground and excited states fluorescence quenching were evaluated to be almost unity. These



3474 J. Phys. Chem. A, Vol. 110, No. 10, 2006

(@) 790

600 -
500

Fe-tm-12T-C

400
300

Photon Counts /s

200

100

0e

Time / ps

—_
=
=

250

Fe-12T-Cy,

Photon Counts /s

Time / ps

Figure 4. Time dependences of the fluorescence intensity for (a)
Fc-tm-12T-Go and (b) Fc-12T-G at 560 nm in toluene with 400-nm
laser excitation; the dotted line indicates the laser profile.

TABLE 1: Fluorescence Lifetimes ) of nT and Cgp

In Toluene In PhCN
sample 7e(nT) (pS)  7=(Ce0) (PS) 7r(NT) (PS) 7r(Coo) (PS)
Fc-tm-4T-Go  0.34 (81%) 1300 0.38 (79%) <10
Fc-tm-4T-Go  0.74 (19%) 1300 0.69 (21%) <10
Fc-tm-8T-Go  0.64 (81%) 1300 0.67 (78%) <10
Fc-tm-8T-Go 7.4 (19%) 1300 7.4 (22%) <10
Fc-tm-12T-Go  0.60 (77%) 1300 0.61(75%) <10
Fc-tm-12T-Go 10 (23%) 1300 9.1 (25%) <10
Fc-4T-Gyo 0.29 (75%3 1300 0.27 (719%) <10
Fc-4T-Gyo 0.58 (25%3 1300 0.53 (299%) <10
Fc-8T-Gyo 0.58 (77%3 1300 0.51 (68%) <10
Fc-8T-Gyo 1.5 (23%% 1300 1.7 (329%) <10
Fc-12T-Go 0.61 (68%3 1300 0.53 (719%) <10
Fc-12T-Go 2.3 (32%} 1300 1.8 (299%) <10
aze(Fc—nT).

kq(nT) and @4(nT) values can be predominantly attributed to
the EN process to theggmoiety in the triads (eq 1), because
of the exothermic EN process in toluene.

Ken(re—c)

Fc-tmnT*-C, Fe-tmnT-'Cyp*

)

Nakamura et al.

of Fc-tmnT-Ceo. The ky(FcnT) values of FoaT-Ceo can be
calculated from the reciprocal ofg(FcnT), because the
fluorescence lifetimes of the RTF dyads are sufficiently longer
than those of(FcnT)*-Ceo; the time profile of Fc-4T is shown
in the Supporting Information as an example.

Ken(ere—c)

YFenT)*-Cq, FenT-'Cygt @)
Similar fluorescence time profiles were observed for these triads
in PhCN, from which the lifetimes were evaluated, as sum-
marized in Table 1. The longeg(nT) values of all these triads
were almost equal to the corresponding ones in toluene,
suggesting that the EN process predominantly occurs, even in
polar PhCN. Theken(r+—c) andkenr+—c) values in PhCN are
listed in Table 2, where exothermic EN processes are confirmed
from negativeAGgy values.

On the basis of Fster theory.® the key values for Fc-tm-
nT-Ceowere estimated to be 13 10'2 1.1 x 10!, and 0.98x
10" s71 for nT = 4T, 8T, and 12, respectively, whereas those
for FcnT-Cgowere 2.2x 10'2, 6.9 x 10, and 6.3x 10 s71,
respectively. These values are in very good agreement with the
experimentally obtained values in Table 2. Thag values for
L(FcnT)*-Cgo with broader fluorescence band are larger than
those of Fc-tmnT*-Cgg except fomT = 4T (see the Supporting
Information).

Fluorescence Dynamics of the g Moiety. To investigate
the CS process from théCsg* moiety, the time-resolved
fluorescence was measured using the streak scope with a time
resolution of 10 ps, because the fluorescence bands due to the
1Ceo* moiety appear out of the measurable region of our
fluorescence upconversion system. The fluorescence lifetimes
of the Go moiety in Fc-tmnT-Cgp and FcaT-Cg are listed in
Table 1. In toluene, the fluorescence lifetimes of the triads were
evaluated to be 1.3 ns, which is equal to that of NM@P8ence,
no CS state was formed in toluene from fi@&q* moiety. On
the other hand, the fluorescence lifetimes of ¥8g* moiety
in PhCN were estimated to bel0 ps, indicating that the CS
states were formed from Fc-tmF-1Ce* (eq 3) with the
guantum yield of almost unity. As the generation of #gg*
moiety in the triads, both direct excitation and indirect formation
via the EN process from thT* moiety may be considered,
depending on the excitation wavelength. The CS process via
the1Ceg* moiety is thermodynamically possible in PhCN (Table
2).19

<10 ps in PhCN

Fe-tmnT-'Cyg* Fe-tmnT""-Cyy™

kes(r-c¥ (3)
In the case of the CS state for Rg-Cgg, (FCNT)*"-Csg’™ may

be generated after delocalization of the radical cation between
the nT and Fc moieties viar-conjugation. The CS processes
generating (F&T)"-Cgs'~ via FcnT-1Cgg* are thermodynami-
cally possible in PhCN (see Table 2). As described in the latter

Figure 4b shows the time-dependent fluorescence intensity ofPart of this paper, process 4, which generatesr(Fe*-Ceo'™,

the 12T moiety in Fc-12T-gg in toluene. The fluorescence time
profile of the Y(Fc-12T)* moiety was also curve-fitted by
biexponential function. Therg(FcnT) values for other
(FcnT)*-Cgo are summarized in Table 1, in which the short
e(FcnT) can be attributed to the energy redistribution via
vibrational coupling, whereas the lomg(FcnT) values can be
attributed to the EN process from th@c-nT)* moiety to the

can be confirmed on the basis of the picosecond transient
absorption spectra.

<10 psin PhCN
—_—

o+ -—
coron (FenT)™"-Cyq,

FenT-'Cyo* 4)
Transient Absorption Study in Toluene. Figure 5a shows
the transient absorption spectra of Fc-12g-&t 1.0 and 500

Cso moiety, as shown in eq 2, in which the excited singlet state ps in toluene after laser irradiation, when the 12T moiety was

of FcnT-Cgo should be described a6~cnT)*-Cgo. As can be
shown from the difference between Figures 4a and 4mfor
= 12T, therg(FcnT) values of FeAT-Cgp are smaller than those

mainly excited with 388-nm light. In Figure 5a, the absorption
band due to th&l12T* moiety appeared at890 nm at 1.0 p°
Although the most of the absorption of tA&2T* moiety at
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TABLE 2: Driving Forces (—AGcs, —AGegn, and —AGys) and Rate Constants Kesir—c#, Kener-c), and Knse—)) of
Fc-tm-nT-Cgg and FcnT-Cg in PhCN

n=4 n=28 n=12
initial state final state —AG (eV)? k(s —AG (eV) k(s —AG (eV) k(s
Fc-tmInT*-Cego Fc-tmnT-1Cqo* Ken(re—c) 0.61 1.4x 10'> 0.39 1.3x 10 0.33 1.1x 10
Fc-tmnT-Ceo* Fe-tm-nT**-Cec~  Kes(r—c» 0.34 8.1x 101 0.44 4.5x 10t 0.57 2.8x 10%
Fe-tmanT-Coc™ Fct-tm-nT-Ceso~  KusE-m 0.46¢ 3.8 x 10t 0.3% 3.1x 10t 0.23 1.3 x 10
80 FetmnT-Ceo Ker(r—c) 1.42 1.32 1.11
1(FCﬂT)*—C60 FC-nT-lcso* kEN(FT*—C) 0.71 1.9x 10 0.39 6.7x 10t 0.32 5.6x 10t
FcnT-1Ceo* (FC-nT)'+-C60'_ kCS(FT*C*) 0.57 >1.0x 101 0.62 >1.0x 101 0.69 >1.0x 101

a AGes values in PhCN were calculated using the following Weller equafidnsAGes = AEy-o — (Eox — Erea + AGs) and —AGs = €/
(4meperR(D—A)), where AEg—o (Fc-tm-nT-Gyo. 2.70 eV for 4T, 2.24 eV for 8T, 2.21 eV for 12T, and 1.70 eV f6g* and Fc-nT-Gg; 2.41 eV for
4T, 2.09 eV for 8T, and 2.02 eV for 12T« andEeq are the oxidation potentials of thd moiety and reduction potential of thesd3noiety in
the triads'® andAGs is a static Coulomb interaction, in whieh ander refer to the vacuum permittivity and dielectric constant of PhCN, respectively,
andR(D—A) to center-to-center distance of th& and Go moieties evaluated by the molecular orbital calculations. In FoffrGso, R(Fc-Cso) =
22.8,35.7, and 50.9 A, arl(nT-Csp) = 12.8, 20.4, and 27.9 A fan = 4, 8 and 12, respectively. In FeF-Cgo, R(Fc-Cso) = 22.5, 35.4, and 50.5
A, and R(nT-Cso) = 12.8, 20.4, and 27.9 A fon = 4, 8, and 12, respectivelAG¢s values in toluene calculated are all positit&rom slow
fluorescence decay’EN(T*_c) = (‘[F)71 — (1o 1c¢ —AGusE-1 = —AGcr(r-c) — (—AGCR(r_c)); AGcr= Eox — Ereq + AGs. @ Sum of the CR rate
from Fc-tmnT**-Cge'™ to Fc-tmnT-Cso and the HS rate from Fe-tmT*™-Co~ to FC™-tm-nT-Coo™.

(a)

, of the 1Cgg* moiety in toluene (1.3 ns). Thus, no CS state was
70x10"

formed from Fc-12T*Cqg*. The slow decay part at 890 nm in
Figure 5b is expected to be the absorption tail of Fc-1@dg*.
Similar findings were also confirmed in other triads (Fc-
tm-nT-Cgo and FcAT-Cg).

Charge Separation and Hole Shift of Fc-tmaT-Ceo in
PhCN by Picosecond Transient Absorption StudyFigure 6a
depicts the transient absorption spectra of Fc-tm-12q0aCl.0,

3.0, and 1800 ps in PhCN after laser irradiation (150 fs, 388
nm). The absorption band of tA&2T* moiety was confirmed
at~900 nm at 1.0 ps. At 3.0 ps, the absorption bands appearing
at 820 and 1050 nm are attributed to the 12Moiety and the
Cso'~ moiety, respectively. This finding indicates the formation
of Fc-tm-12F*-Cgor~. After 1800 ps, the absorption band of
the 12" moiety decayed, while the absorption of thgsC
moiety remained. Hence, the hole shift from the 2moiety

to the Fc moiety occurs competitively with vicinal charge
recombination between the 12Tmoiety and the g~ moiety;

i.e., the remaining fraction of theg&~ moiety at 1800 ps can
be thought as a counterpart of the Fmoiety of F¢™-tm-12T-
Ceo.

The short-time scale temporal profile at 850 nm in inset of
Figure 6b should be analyzed using a three-exponential function;
i.e., the fast and slow decay components of th&T* moiety
and the slow rise of the 12T moiety. The time constant for
this rise of the 12T moiety was evaluated to be 3.6 ps
(= (kesr—c) ™1 from the best-fitted curve. In this analysis, the
time constants of the fast and slow decay of th2T* moiety
were fixed at 0.61 and 9.1 ps, which were cited from the time-
resolved fluorescence lifetimes in PhCN. The absorption rise
of the 12T+ moiety suggests that Fc-tm-12¥TCs¢'~ was formed
via Fc-tm-12T1Cso* after the EN process from Fc-tA:2T+*-

Cso (Kene—c) = 1.1 x 10 s7%). The observation of the
absorption rise of théCss* moiety was impossible, because
the rate for the CS process from Fc-tm-18Js0* (Kesir—cr =

2.8 x 10" s1) is faster than that for the EN process. For the
other Fc-tmAT-Ceo, thekes(r+—c) values were similarly evaluated
(see Table 2).
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Figure 5. (a) Transient absorption spectra of Fc-124x@ toluene at
1.0 and 500 ps after 388-nm laser irradiation. (b and c) Absorption
temporal profiles at 890 and 950 nm, respectively.

890 nm decayed rapidly until 2.0 ps (Figure 5b), the absorption
of the 1Css* moiety remained at 950 nif, as shown in the

In the long time-scale measurement (Figure 6b), the temporal
profile of the 12F* moiety at 850 nm shows fast and slow

spectrum at 500 ps. This finding suggests that the EN processdecay. The fast decay includes two pathways: the positive

predominantly occurs from tHd2T* moiety to the Gy moiety

charge-shift process from the 12Tmoiety to the Fc moiety

in toluene. The temporal profile at 950 nm until 2 ns is shown (eq 5) and the CR process between the*12ihd G¢'~ moieties

in Figure 5c. The decay profile was best curve-fitted with a (eq 6). The rate constant for the fast decay was evaluated to be
single-exponential function, giving the time constant to be 1.1 1.5 x 109s1 from the best-fitted curve to the temporal profile
ns, which is in good agreement with the fluorescence lifetime at 850 nm (Figure 6b), and this rate constant is the sum of the
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Figure 6. (a): Transient absorption spectra of Fc-tm-1246 PhCN Figure 7. (a) Transient absorption spectra of Fc-tm-12&+8 PhCN
at 1.0, 3.0, and 1800 ps after 388-nm laser irradiation. (b and c) at 25 ns and_ 250 ns after 532-nr_n laser irradiation. (b) Absorption
Absorption temporal profiles at 850 and 1040 nm, respectively. temporal profile at 1020 nm. (c) DistancB(fc-Ceo)) dependence of

the CR rate constants. The line represents the best fit to eq 8.
CR rate between the 12T moiety and the &'~ moiety TABLE 3: Driving Forces of CR (—AGcr) and Rate

(kerr-c)) and the hole-shift ratekfse-n) from the 127+ Constants cg) for CR and Lifetimes of Radical lon-Pair
moiety to the Fc moiety. (trip) Of FC-tm-nT-Cgp and FcnT-Cgp in PhCN

Fast decay was also observed in the temporal profile at 1040 —AGer Ker i
nm, as shown in Figure 6c; the decay may contain both the  jnitial state final state  (eV) (s b (ns)

decay of the G~ moiety and the 12T moiety, because the Fotmd4TCg FotmaT-Go 096 46x 10 22
absorption tail of the 12T moiety may be overlapped with  petimgT-Cy~  Fo-tm-8T-G,  0.97 4.2x 10° 240
the absorption of the &~ moiety at 1040 nm. Therefore, the  Fe*-tm-12T-G¢~ Fc-tm-12T-G, 0.98  3.0x 10° 330

Kcr(r—c) value could not be separately evaluated from the (Fc-4Ty*-Ceo~ Fc-4T-Gyo 152 1.2x 101 0.083
kns(=—T) value; thus, the sum of them are listed in Table 2. (Fc-8T)"-Ces™  Fc-8T-Go 132 37x10¢ 27
(Fc-12Ty"-Ce~  Fc-12T-Go 120 2.0x10° 50
_ kusem _ a2 See footnote in Table 2.kerE-c) for Fe-tmnT-Cso and ker(er—
ot . o+ . (F-C) 60 R(FT-C)
Fc-tmnT"-C,y —— FC¢-tm-nT-Cq, (5) for FenT-Ceo.
ot - ker(r—c)
Fe-tmnT™-Cq Fe-tmnT-Cq (6) of 1200-1600 nm (see the Supporting Information) also
supports the generation of Fetm-12T-Gs¢'~ in the nanosecond
Charge-Recombination Process of Fc-tnmT-Cgo by Nano- time regions. From the temporal profile of thgsC moiety at

second Transient Study The nanosecond transient absorption 1020 nm in Figure 7b, the decay rate of =tm-12T-G¢'~ was
spectra of Fc-tm-12T-g3 were observed with the 532-nm laser  estimated to be 3.6 10’ s~%. Similar findings were confirmed
irradiation in PhCN, as shown in Figure 7a. The absorption band in the other Fc-trmaT-Cgp and the CR rate constantscgr-c))
observed around 1020 nm with the shoulder in the range of are summarized in Table 3. Thdsgr-c) values decrease with
700-950 nm was attributed to the;§ moiety, suggesting the  the length of thenT moiety. If the stepwise charge recombina-
formation of Fet-tm-12T-Go'~, because the absorption shape tion occurs, the barriers for the hole hopping from the Fc moiety
was similar to that observed at 1800 ps in Figure 6a. The absenceEx(Fc) = 0.40 V vs Ag/Ad’) to thenT moiety decreased in
of the near-IR broad band characteristic of £2ih the region the order of oxidation potentials of th& moieties; Eqx(4T)
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= 0.87 V) > (Eox(8T) = 0.76 V) > (Eox(12T) = 0.64 V) vs
Ag/Ag™.18 TheseEq«(nT) values predict the opposite tendency
to the observedkcr-c) values. Therefore, the CR process
happens directly between the*Fenoiety and the g~ moiety

via thenT moiety, as shown in eq 7, in which tmd moieties
act as molecular spacers:
ot .— kCR(PC)
FC-tm-nT-Cy, Fc-tmnT-Cyg, @)

Figure 7c depicts the plots of kfr-c)) vs R(Fc-Gso) for
Fc-tmnT-Cgp in PhCN, in which theR(Fc-Csp) values were
evaluated from the optimized structures (see margin of Table
2). The attenuation factop3), which reflects the nature of the
bridge molecules, can be evaluated from &4 8:

IN(Kerr-cy = Inky — B R(Fc-Gyp) (8)

From the slope of Figure 7c, thg value for kcr-c) of Fc-
tm-nT-Ceo in PhCN was estimated to be 0.10"A which is
much smaller than the reportgdvalues for charge-recombina-
tion processest

Transient Absorption Study on FcnT-Cggin PhCN. Using
the 150-fs laser excitation (388 nm) of the 12T moiety of
Fc-12T-Gyo in PhCN, the transient absorption bands appeared
at 820 and 1040 nm at 500 ps after the rapid decay of the
112T* moiety at~900 nm, as shown in Figure 8a. The 820-nm
band was due to the 12Tmoiety2° whereas the 1040-nm band
was attributed to be the ¢~ moiety??2 For reference com-
pounds, the extinction coefficients of 12Tand NMPGg~ were
reported to be €127 )g20mm &~ 32000 M cm™ and
€(NMPCq¢)1040nm = 7000 M1 cm™1);22 one example was
shown in the transient absorption spectrum at 3.0 ps in Figure
6a for Fc-tm-12T-Ceo"~. However, the observed ratio of the
absorbance at 820 nm (mainly of the ¥2Toiety) to that at
1040 nm of the gy~ moiety at 500 ps was almo¥ in Figure

8a. Therefore, it can be presumed that most of the radical cation

of the 12T+ moiety delocalized to the Fc moiety, generating
(Fc-12T)*-Cso'~, because F¢ has no appreciable absorption

intensity in these wavelength regions. Thus, it was revealed that

the directly linked Fc-12T moiety behaves as one donor for the
Cso moiety. In a 500-ps spectrum, it was difficult to observe
the absorption of th&Csg* moiety, because the fluorescence of
the 1Ceg* moiety decayed within 10 ps, generating (Fc-127)
Ceo” ™.

Figures 8b and 8c exhibit the temporal profiles at 820 nm
(for (Fc-12T)™) and 1040 nm (for the &~ moiety), in which
the slow decay parts are seen after initial rapid decay within 2
ps. The fast decay is attributed to the decayl@T*. From the
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Figure 8. (a) Transient absorption spectra of Fc-12Js0in PhCN at
1.0 and 500 ps after 388-nm laser irradiation. (b and c) Absorption
temporal profile at 830 and 1040 nm, respectively.

the absorption bands of 12T which shows clear peaks at 840
nm and<1300 nm (see Figure S2 in the Supporting Informa-
tion), the absorption of the 12Tmoiety in Fc-12T-Gois broad,

as shown in Figure 9a. In addition, the absorption intensity ratio
of 12T+ to Ce¢"~ does not also obey the relation of the extinction
coefficients €(12TM)g20 nm > €(NMPCs0")1040 nm)-2%22 These
observations support the generation of (Fc-12Wsr~. A

slow decay parts, the rate constant of the CR process fromsjmilar finding was confirmed for Fc-8T+g for Fc-4T-Gyo,

(Fc-12T)*-Cgo~ to Fc-12T-Go (eq 9) was estimated to be 2.0
x 107 s71, corresponding to the lifetimeggp = 50 ns) of
(Fc-12T)*-Cgo'~. Similar CS states were confirmed in Fc-4T-
Cso and Fc-8T-Gp, but the CR process occurred within a few
nanoseconds, as listed in Table 3.

. . Kerero
(FenT) ™ -Cgy ™ — - FenT-Cyy 9)

however, this behavior was not observed, because the CR
process occurred with 1 ns.

The decay rate of the broad absorption at 1500 nm, (Figure
9c), which can be attributed to the (Fc-12T)moiety, was
estimated to be 2.& 10’ sL. This value is equal to that of the
Cso'~ moiety (Figure 9b); therefore, this rate constant can be
attributed to the CR process from (Fc-12FCss ™ to Fc-12T-

Cso (eq 9), as summarized in Table 3.

Figure 9a shows the nanosecond absorption spectra of Energy Diagram and Comparison of Two Types of Triads.

Fc-12T-Gp at 25 ns in PhCN after 532-nm laser irradiation,
which mainly excited the 12T moiety>©@0%). The spectrum
at 25 ns shows the absorption peak of thg Cmoiety at 1000
nm; in addition, the absorption bands of the f2Tmoiety
appeared in the 666900 nm region as a shoulder and broad
bands in the entire region of 11860600 nm. Compared with

Schematic energy diagrams of Fc-t-Cgp and FchT-Cgp are
shown in Figures 10a and 10b, respectively. In FoafrCqo,

the downhill EN process occurred from thel* moiety to the

Cso moiety after the energy redistribution oT. After the EN
process, the exothermic CS process occurs, generating Fc-tm-
nT**-Cgg"~ within 10 ps. Then, the positive charge-shift process
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Figure 9. (a) Transient absorption spectrum of Fc-1245-@t 25 ns
in PhCN after 532-nm laser irradiation. (b and c) Absorption temporal Conclusion
profiles at 1020 and 1500 nm, respectively.

Irrespective to the existence of methylene chain, the EN

from thenT** moiety to the Fc moiety occurs competing with  process occurred from thHeT* moiety to the Go moiety at

the CR process of Fc-tm¥**-Csg~ to the ground state. first, and then the CS process occurred via 1Bg* moiety.

In FenT-Cgo (Figure 10b), the energy level of (F&F)**- Although the (FaaT) moiety in FcnT-Ceo acts as a donor, three
Ceo™ can be calculated from the average of tg values of moieties in Fc-tmAT-Cgo work independently; especially, the
the nT and Fc moieties; thus, the energy level of (HG*- hole shift from Fc-tmAT**-Cee~ and Fer-tm-nT-Ce'~ was
Ceo'~ positioned between Fat**-Ceg~ and Fe"-nT-Cgo'~. The revealed. The prevention af-conjugation between the Fc and

lifetime for the final CS state of Fc-tm-4Tegwas longer than nT moieties is more effective for maintaining the lifetime of

that of Fc-4T-Go, by a factor of~260; fornT = 8T and 12T, the CS state than the positive-charge delocalization between the

this factor is ~6—11. Hence, it was revealed that cutting Fc andnT moieties by extending-conjugation.

sr-conjugation was more effective for lasting the CS state than

the charge delocalization between tiiE and Fc moieties. Acknowledgment. The present work was partly supported
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