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Photoinduced excitation energy transport dynamics in oligothiophiedierene linked dyadsnT-Ceo
(n=4, 8, and 12), have been investigated by femtosecond fluorescence up-conversion.gya8@-C2T-

Ceo, each time profile of the fluorescence due to th&* moiety consists of two components. The sub-
picosecond component and a few picosecond components were experimentally evaluated depending on the
lengths of oligothiophenes &8 and 12) and on the analyzing wavelength of the fluorescence. However, the
time trace of the fluorescence due#r*-Cqo decayed with a single short component~4300 fs due to
direct excited energy transfer (EET) from th&€T* moiety to the Go moiety. On the basis of the kinetic
models considering the short and long locathzonjugative thiophene segments in 8§z@nd 12T-Go, the

rate parameters of the elemental processes were evaluated. Sub-picosecond time consta@ts were
found to be EET from the thiophene segment vicinal to theniety and intrachain energy transfer. Slower
picosecond dynamics mainly corresponds to EET from the thiophene segments apart frogn rtiweg.

1. Introduction isoenergetic oligothiophene segments in the time range from a
Jew picoseconds to several tens of picosecdfid$.Sundstimn

and co-workers also observed the spectral red-shift due to the
torsional relaxation process of polythiopheA&m this process,

the conformation changes from the aromatic structure to the
quinoid structure, accompanying the changes oftto®njuga-

ion lengths'® Photoexcitation dynamics of oligothiophenes
(%nT’s) have been investigated by many research groups as
components of polythiopherdé:*3 It is well-known that proper-

ties of oligothiophenes show a tendency to saturate with an
increase in the thiophene units, suggesting the presence of the
locally 7-conjugative thiophene segments, although the length
of the segments slightly increases with the total length of

The conjugated nanoscale molecules are useful to design th
molecular electronic devices, i.e., electric luminescent devites,
photovoltaic cell$;*field effect transistor8€ nonlinear optics,
and electrical conductofs. Recently, the photoinduced electron
transfer (ET) systems with highly efficient charge-separation
and slow charge-recombination processes have been applied t
the photovoltaic cell$*11Highly conjugated nanoscale molec-
ular wires are indispensable for single molecular electron
devices®? In z-conjugated polymers, the defects of theon-
jugation generate the structural disorder that leads to the
inhomogeneous broadening of the-z* absorption bands. In

olythiophene, ther-conjugation is thought to be separated b . ) . . :
Eor??tormgtional defecthz.JAqs many grougs already giscussed%/ o||goth|ophene§?v29The h|ghest-c_>ccup|ed molecu_lar o_rb&al
the excitation-energy transfer (EET) mechanism among the Iowest-unoccup|e_d mole_cular orblFaI gaps c_>fthe ollgothlophenes
segments is described on the basis of the resonance energf€comMe small with an increase in the thiophene units, which
transfer model between the weakly coupled chromophdrés. 3'59 change og(zatlon potentials and the energy Ie\{els of the
The initial photoexcitation dynamics of conjugated polymers/ excited state$¥-34 Janssen et al. reported that oligothiophenes

oligomerswere welk-investigated experimentally andtheoretiéaflg. ~ have considerable rigid planer structures in the lowest excited
Recently, Sundsfra and co-workers reported the exciton S, state3® Lanzani and co-workers investigated initial relaxation

transfer in a polythiophene in solution revealed by femtosecond dynamics of 0"9??;“'09“9”95 with femtosecond time-resolved
transient absorption measuremetit$-22The observed dynamic ~ SPECroscopie¥: = They observed the dynamical fluorescence
Stokes shift of the stimulated emission was discussed on thePand S.hlf'[ toward the red region with relation to the torsional
basis of Monte Carlo simulations of resonant energy transfer rélaxationz?

by |ine_dip0|e Foster energy transfer mod¥t:16 The vibrational Fullerenes have been recently WeII-investigated moleéﬁn‘é%;
relaxation takes place withir100 fs, because the exciton self- in particular, Go has been widely used for electron-transfer
trapping strongly couples with the phonon mode of polythiophEn&s. ~ Systems as an electron acceptoP® We previously reported
Within 1 ps, the EET occurs from higher-energy oligothiophene that photoexcited fullerenes {gor Cro) accept electrons from
segments to lower-energy segments (downhill excitation energynT’s when they are mixed in polar solver¥it was revealed

transfer). In addition, the energy migration also occurs betweenthat the intermolecular ET process takes place via the triplet
excited states of fullerenes an@’s, depending on the irradiated
*To whom correspondence should be addressed: E-mail: araki@ light. More recently, our group has already reported the

tagen.tohoku.ac.jp. intramolecular charge- and energy-transport dynamics in olig-
T Tohoku University. . . : .
* Hiroshima University. othlophenefu_llerene linked dya_dsr(T-CGO) using pico- an_d
§ Present address: RIKEN, Wako, Saitama, Japan. nanosecond time-resolved techniqb@¥.The charge-separation
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thick LiB3Os (LBO) crystal, which was used for a pump beam
for photoexcitation. To avoid polarization effect, the angle
between the polarizations of the excitation and gate beams was
. set to the magic angle by/d2 plate. The optical path of the
x=1,2,and3 sample cell was 1 mm, and the typical optical density of the
sample at the excitation wavelength weaB.5. The fluorescence
emitted from a sample was collected and focused into a 0.4
mm thick 5-BaB,O,4 (BBO) crystal, which was mixed with the
gate pulse. The gate beam and fluorescence interacted nonlin-
early in a BBO crystal, and the up-converted signal was
generated at the phase-matching angle. The signal was separated
by a monochromator and detected by a photomultiplier tube
(Hamamatsu, R-4220P) with a photon counter (Stanford Re-
search System, SR400). The time resolution of measurements
was estimated as 270 fs from the full width at half-maximum
(fwhm) of the cross-correlation trace between the pump and

nT-ref
n=4,8,and 12

x=1,2,and 3
n=4,8,and 12

Figure 1. Molecular structures of oligothiophenes and oligothiophene- gate pulses. The up-converted signal was accumulated for 10 s

Ceo linked dyads. for each time-delay step. To pick up the up-converted signal

from the SH scattering generated from BBO due to the gate
pulse, the optical light chopper was settled in the sample
excitation beam line. The light was chopped at 500 Hz, and the
signal was counted at this rate.

(CS) process takes place efficiently via the singlet excited states
of thenT’s and Gy. The charge-recombination (CR) processes
take place with fast and slow components. From the slow decay,
lifetimes of the radical ion pair afiT-Cso dyads were evaluated
to be longer than I s in polar solvents. It was revealed that
the slow CR process of these dyads falls in the Marcus inverted
region®¢-62 The intramolecular relaxation dynamics aftejoC 3.1. Steady-State Absorption and Fluorescence Spectra.
excitation were investigated in detail. However, since the energy Figure 2 shows the steady-state absorption spectrll €Eso
and electron-transfer processes from the lowest excited-state ofnd their componenta{-ref's and NMPGg) in toluene. As
thenT moiety ¢nT*) were quite fast and could not be detected mentioned in our previous repoféthe electronic interaction
with picosecond time resolution, the excited energy-relaxation between the components can be ignored in f4hd 12T-
processes frofmT*-Cgo were not investigated well. Therefore, Cgo, because the superposition of the component spectra is in
it is quite necessary to ensure the behaviotnd® in the nT- good agreement with the spectrum of the dyad. However, the
Cso dyads in a femtosecond time resolution. absorption band in the 46€150 nm region of the 4T moiety

In this paper, we report intramolecular energy-transfer of 4T-Cs slightly shifted to the red region compared with the
dynamics ofnT-Cgo (N = 4, 8, and 12 in Figure 1) by using summed spectrum, indicating a weak electronic interaction
fluorescence up-conversion method. A remarkable difference between the componer#sThe steady-state fluorescence spectra
of sub-picosecond dynamics between the blue wing and the redof nT-ref's are also displayed in Figure 2.
wing of the nT fluorescence band was observed in longer  Figure 3 depicts the steady-state fluorescence spectra of 12T-
oligothiophenes of reference compounds without thgniiety, ref and 12T-Gp in toluene with 420-nm light excitation. The
8T-ref and 12T-ref. Moreover, the fluorescence of the 8T and fluorescence band of thesg@moiety appeared at 720 nm, which
12T moieties in thenT-Cgo dyads provided the double expo- indicates that energy transfer from 12T tgy@akes place as
nential decay, while the time profile of the fluorescence of already reporte® In PhCN, this fluorescence due tgdvas
14T*-Cgo consists of a single decay component. On the basis not detected because the CS process takes place frofCEgT-
of these results, we disclose the initial excitation transport In 4T-Cso and 8T-Go, similar spectral behavior due to energy

3. Results and Discussion

dynamics innT-Ceo. transfer and electron transfer was observed.
) ] 3.2. Time Traces of Fluorescence.2.1. Fluorescence Time
2. Experimental Section Profiles of nT-ref.Figure 4 depicts time traces of the fluores-

2.1. Materials. Syntheses of the oligothiophentullerene ~ cence of 4T-refin PhCN at a blue wing (460 nm) and red wing
linked dyads (iT-Csg), N-methylpyrrolidino-Go (NMPCeo), and (530 nm). Figure 4a shows the fluorescence temporal profile at
oligothiophenes r(T-ref's) were described in our previous 460 nm, in which globall-fitting analysis.was demonstrated with
paperdi®11 Other chemicals (toluene and benzonitrile (PhCN)) @ sum of two exponential-decay functions (eq 1).
were of the best grade commercially available.

2.2. Measurements.Steady-state absorption spectra were () = [z A, exp(—t/rn)] Q F(t) (1)
measured on a JASCO V-530 WWis spectrophotometer. m
Steady-state fluorescence spectra were measured on a Shimadzu
RF-5300 PC spectrofluorophotometer. HerebyA, is amplitude, and, is decay time-constanf(t) was

As for the setup of our up-conversion fluorescence measuringa constant term convoluted with instrumental response in the
systems, the light source was a mode-locked Ti:sapphire laserGaussian form as experimentally estimated by the cross cor-
(Spectra-Physics, Tsunami 3950-L2S, fwkmi50 fs) pumped relation of the gate and pump pulses with 270-fs fwhm.
with a diode-pumped solid-state laser (Spectra-Physics, Mil- Although only the initial part shorter than 17 ps is shown in
lennia Vs, 6.0 W). The oscillator produced an 82-MHz pulse Figure 4a, two time-constants were found to be 4.5 and 390 ps
train with 1.0 W average power in a fixed range of 800 nm. as listed in Table 1. The slower component is assignable to the
The fundamental pulsel (= 800 or 820 nm) was used as a lifetime of the S state to the ground state. For the fluorescence
gate pulse in the up-conversion process. The second-harmonidime profile at 530 nm shown in Figure 4b, the rise of the
(SH) pulse £ = 400 or 410 nm) was generated in a 0.4 mm- intensity can be fitted with a time constant of ca. 5 ps, which
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. | ca. 5 ps. In toluene, the spectral red shift takes place within ca.
200 00 500 200 a0 0 3 ps (Table 1). It was revealed that the shorter time constants
Wavelength / nm depend on the solvent viscosity, toluene (0.587 cp), and PhCN
(1.24 cp), in agreement with the similar viscosity dependence
(C) ” 0 reported for fast fluorescence decay components with time
I ‘ constants of a few picoseconds of hexamethyl sexiththioptfene.
A - Furthermore, a 4-ps component due to the torsional relaxation
8 [ D 108 was also reported for the-methyl 4T derivative’’ Therefore,
) Iy . = . .
e N Absorption spectra g this short component obtained for the present 4T-ref can be
60 . . . .
-2 6 ’ I 2 Toref {06 assigned to a torsional relaxation from a flexible ground-state
E i \ — 12TC,, = structure to a more rigid planar struct#fe3® accompanying
w Vs Superposition & H i H H
S 4 : ' Fluorescence Spectrum 0.4 5 an electronic change from an aromatic character to a quinoidal
® — - - 12T-ref & characte®® In our experiments, the femtosecond component was
) . doz2 f not observed due to our instrumental response limitation,
\\ ~ because the self-localization of exciton coupling to the initial
R . vibrational relaxation is expected to take place within 100
0 00 500 so0 700 w0 0 fs,13:24.25which was beyond the time resolution of our experi-
Wavelength / nm mental setup.

Figure 2. Steady-state absorption spectra in toluene. (a) &J{6)
8T-Cso, and (c) 12T-Go. Their components are also displayed. Dash
dot lines indicate steady-state fluorescence spectnd-oéf in toluene

with 400-nm excitation.
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As displayed in Figure 5, however, fluorescence dynamics
of 12T-ref shows different behavior from that of 4T-ref. At a
blue wing of the fluorescence band near 520 nm, the time profile
with faster decay components was observed as shown in Figure
5a, which was curve-fitted with three-decay components with
time constants 600 fs, 10 ps, and 620 ps in PhCN; a similar
tendency was observed in toluene (Table 1). On the other hand,
as shown in Figure 5b, the fluorescence time profile of the red
wing at 620 nm did not provide apparently slow rise component
as observed for 4T-ref at the red wing in Figure 4b. As changing
the probed wavelength from the blue wing to the red wing, the
initial rapid decay seems to vanish giving a single-exponential
decay at 620 nm. The most proper explanation of this behavior
is the cancellation of the sub-picosecond rise with picosecond-
decay components at 620 nm. For the assignment ofrthe
component of 12T-ref, we must consider two possibilities: (1)
the vibrational relaxation process and (2) the EET process

¢between segments of the 12T moiety. Since the observed
component of 12T-ref (0.6 ps) is longer than the expected
vibrational relaxation time within 0.1 ps in polythiophertés,

is similar to the initial decay constant at 460 nm. This possibility (1) can be ruled out. Thus, the component with
observation indicates that the spectral red shift takes place within0.6 ps is assigned to the EET between the segments of the 12T

Figure 3. Steady-state fluorescence spectra corresponding to 12T-re
and 12T-G in toluene with 400-nm excitation.
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TABLE 1: Time Constants and Their Amplitudes for the Time Trace of Fluorescence omT-ref in Toluene and PhCN

solvent sample 71/ps (W%) 72/ps (V%) 73/ps (AV%)
toluene AT-ref 460 nm 3.2 1.0 (43%) 390+ 30 (57%)
530 nm 2.6+ 1.0 (10%% 390+ 30 (90%)
8T-ref 520 nm 0.58t 0.20 (53%) 3.8+ 1.0 (34%) 610+ 30 (13%)
620 nm - 5.2+ 3.0 (17%) 610t 25 (83%)
12T-ref 520 nm 0.62= 0.20 (53%) 4.7 3.0 (33%) 600+ 20 (14%)
620 nm - 8.8+ 4.2 (14%) 600t 30 (86%)
PhCN 4T-ref 460 nm 4.5 1.0 (40%) 390+ 30 (60%)
530 nm 5.5+ 1.2 (14%}) 390+ 30 (86%)
8T-ref 520 nm 0.66E 0.23 (52%) 5.8+ 1.0 (34%) 620+ 30 (14%)
620 nm - 7.3 2.0 (17%) 620+ 30 (83%)
12T-ref 520 nm 0.62- 0.20 (53%) 6.7 3.0 (33%) 600+ 20 (14%)
620 nm - 9.5+ 4.0 (14%) 600+ 20 (86%)

@ Rise component.

TABLE 2: Time Constants for the Time Trace of

moiety (possibility (2)), because a longer thiophene chain such ' “== < 7 =% 4T-G, in Toluene and PhCN

as 12T-ref is expected to have the partially twisted structure,

making locallysz-conjugative segments in 12T. Such twisting solvent 71/ps (A %)
may be induced by ther-hexyl chains connected at the toluene 460 nm 0.28 0.10 (100%)
f-position of the thiophene rings (Figure 1). This feature BhCN i?é%nm %?é]i 8.18 8882?;
i i i i nm . . 0
contributes to the inhomogeneous broadening of the absorption 530 nm 0.26+ 0,09 (100%)

bands?* Therefore, the 400-nm light can be resonant with the

blue sides of the absorption bands in 8T and 12T, indicating SCHEME 1
that higher energy segment sites of 8T and 12T are selectively oo EET 1

excited. To verify the assignment of 0.6-ps component, the time- 4T-Cop ——» 4T*-Cgp ———— 4T-'Ceo*
dependent fluorescence-anisotropy measureméy ¢f 127- ) 300 fs

ref was performed as shown in Figure 6, in which the anisotropy Presented by Sundstroand co-workers!™1°¢ Moreover, the

decayr(t) is given by eq 2. 72 values slightly depend on the total’s length in addition to
the probe wavelength (Table 1), suggesting that the torsional
I”(t) — Gly(®) motion of the longer chain in this conformational relaxation is
r)y=—————— 2 more strongly restricted by the friction with solvent molecules.
1(t) + 2GI(1) 3.2.2. Fluorescence Time Profiles of nFoCGAT-Ceo. Figure

7a shows the time traces for the fluorescence of the 4T moiety

Hereby,lj(t) andl(t) are the fluorescence decay curves recorded in 4T-Cg in toluene. The decay of the fluorescence intensity
with the parallel and perpendicular polarization of the excitation was much faster than that of 4T-ref, indicating that the EET
pulse.G is a polarization bias (1.32). In Figure 6, a rapid takes place fromt4T* to Cso. Time constants evaluated by
anisotropy decay component was observed, giving the time single-exponential fitting are in the 26@30-fs region as
constant to be 560 fs. Similar anisotropy decay was already summarized in Table 2, in which the slight wavelength
reported in polythiophene, corresponding to the EET among dependence and the solvent dependence of the decay time
the thiophene segmenitsTherefore, ther; component can be  constants are within the experimental error. These time constants
assignable to the EET process between the logattgnjugative can be attributed to the EET frofdT* to Cgo, Which occurs
segments of the 12T moiety. Furthermore, the energy level of before the torsional relaxation &T*-ref within 3—5 ps (Table
the S state of the segments goes down with increasing the lengthl) as represented by Scheme 1.
of the z-conjugatior?’~2° As a consequence, the EET takes  To check the validity of this assignment, the up-converted
place from higher energy short segments to lower energy long signal of the fluorescence at 700 nm due @ 4T-Cso was
segments. 8T-ref is also expected to have the locattpnjuga- monitored (Figure 7b). The signal grew up with a 300-fs time
tive segments, as the blue wings of the steady-state absorptiorconstant was observed in agreement with the decay time constant
and fluorescence of 8T-ref overlapped with the main peaks of of 4T, supporting that the EET from the 4T moiety to thg C
4T-ref. In the case of 4T, however, thieconjugation spreads  moiety takes place predominately.
over almost four thiophene rings acting as a chromophore; thus, 12T-Gsoand 8T-Go. Time traces of the fluorescence of 12T-
the ultrafast component was not observed. Cso at 520 and 620 nm in toluene are displayed in Figure 8a.

In 12T-ref, the other two components; and r3, can be The fluorescence transients of 12Fo@t blue and red wings
assigned to the torsional relaxation dynamics and the internaldecayed faster than those of 12T-ref. The fluorescence dynamics
conversion from the Sstate, respectively. Apparently, the of both wings consists of two stages; a sub-picosecond
solvent-viscosity dependence of the component affords a  component (ca. 0.5 ps) and a picosecond component (ca. 5 ps);
support for the assignment to the torsional relaxation similar to see Supporting Information, Table S1. As shown in Figure 8b,
the shorter component of 4T-ref. In 8T-ref, three time constants the rise profile of the fluorescence at 700 nm mainly due to the
were also evaluated as listed in Table 1. These three time Cgo moiety also consists of two stages. Thus, these observations
constants can be assigned to the EET process between segmenisdicate that the EET takes place from the 12T moiety to the
the torsional relaxation dynamics, and the lifetime of the S Cg moiety. As seen in Figure 8a, the persisting tail of
state of 8T-ref on the analogy of 12-ref. fluorescence at 620 nm decays slower than that at 520 nm. This

The small wavelength dependence of thevalues was also  difference indicates that the longer segment mainly contributing
observed as listed in Table 1, which may be caused by theto the red wing of the fluorescence band shows slower EET
dynamic red shift of the fluorescence band accompanied with compared with the shorter segment at blue wing in the
the structural relaxation process in agreement with the hypothesispicosecond components.
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Figure 5. Time traces of the fluorescence of 12T-ref in PhCN observed
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with 400-nm excitation: (a) fluorescence at 520 nm and (b) fluorescence
at 620 nm. Dashed and dastiot line are the best-fitted curve and the  Figure 7. Fluorescence decay of 4Ts{n toluene (a) at 460 nm with

instrumental response, respectively. 400-nm excitation and (b) at 700 nm with 410-nm excitation. Dashed
and dash-dot lines are the best-fitted curve and the instrumental
0.30 response, respectively.
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Figure 6. Fluorescence anisotropy time trace of 12T-ref at 520 nm in Delay Time / ps
PhCN observed with 400-nm excitation; anisotropy is defined as eq 2 (b)
in text. Dashed line is the best-fitted curve.
1.0
On the basis of these observations, three models can be ‘é’ o8kt
proposed for the explanation of the EET dynamics in 12§-C 2
as shown in Figure 9. The presence of three types of EET 5 06
from the lower energy segment tagdan be rationalized by 2 g4k
considering three types of relative positions of the segments § o !
with respect to @. The short time constant may be for ~
near-side positions and the longer time constant for far-side 0.0k L L '

0 5 10 15

positions as will be discussed in the next section. Since the
Delay Time / ps

picosecond components (ca. 5 ps) were observed for £3T-C
but not for 4T-Go, these longer components may correspond Figure 8. Fluorescence decays of 12T4n toluene observed (a) at

" . 520 and 620 nm with 400-nm excitation and (b) at 700 nm with 410-
to the segment positioned far from theo@noiety at least by nm excitation. Dashed and dash-dot lines are the best-fitted curve and

the 4T unit. the instrumental response, respectively.
The time traces of the fluorescence!8fT*-Cgq also decay

with biexponential kinetics (see Supporting Information, Figure  3.3. Kinetic Analysis of EET Rates in 12T-CGo and 8T-

S1). From the biexponential curve fitting, sub-picosecond time Cgo. As shown in Figure 9 for 12T-g, a longerz-conjugated
constants (ca. 0.4 ps) and picosecond time constants{eh. 3 segment (LT) is located near thgg@noiety in type A, whereas

ps) were evaluated (see Supporting Information, Table S1), a shorterz-conjugated segment (ST) is located near thg C
which can be attributed to EET from the segments of'81& moiety in type B; furthermore, a relatively longconjugative
moiety to the Gy moiety. These observed fluorescence time unit is located in the center position of 12T in type C. Figure
profiles can be analyzed on the basis of the kinetic models 10 depicts the schematic energy diagrams accompanying the
similar to 12T-Go as illustrated in Figure 9, although the lengths photoinduced energy-transfer processes for 124 @Qur kinetic

of the segments of 8T4g may be shorter than those of 12T- simulations need the following three postulations: (1) the EET
Cso. process within oligothiophenes takes place via thesteo
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Figure 9. EET models of 12T-g, including the relevant EET rate
parameters (also see parts a and b of Figure 10). Arrows indicate EET
pathways. ST refers to shorter thiophene segment and LT refers to
longer thiophene segment. Suffix C is an abbreviation gf C

incoherent energy hopping mechani&msimilar to poly-
thiophened#2% (2) the time constants (rate constants) are
ensemble averages of the segments with trifling distributions,
and (3) the population of the; State of 12T goes back to the
ground state with EET to £ within 15 ps as seen in Figure
8a, that is, no participation of torsional relaxation dynamics of
the S state with the lifetime of 600 ps for 12T-ref. Then, time-
dependent total populatioRa(t)) of the12T* moiety in 12T-

Cso moiety is given by eq 3.

Piotalt) = Psr{t) + Pi1(t) = a{ Psra(t) + Pira(®} +
{ Psre(t) + Pire(®} + agPicc(t) (3)

Here,Ps1(t) andP_1(t) mean the probabilities of ST and LT in
the S states, respectively, which are sumRafra(t) andPp1a-

(t) for type A, sum ofPstg(t) andP.rs(t) for type B, andP cc-

(t) for type C in Figure 10. In eq 3, coefficiergsindicate initial
population fractions. By employment the rate parameters as
defined in Figures 9 and 10, the fitting functiokt)) for the
112T* part is given by eq 4.

1(t) = A exp(—(Ksca + Ks A1) +
A, exp(—(Kscg T Ks p)t) + Ag exp(—k cct) —
Adexp((Ksca T kst —
As{exp(—(kscg t Ksip)t)} +
A exp(=K cat) + Az exp(=K cgt) (4)

Here, coefficientsh refer as to the amplitudes for the kinetic

components, and the positive sign indicates the decay feature
while the minus sign means the rise kinetics (for details, see
Supporting Information, eq S11). By use of eq 4, the curve-
fitting analysis was carried out. The best-fitted curves are

Nakamura et al.
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Figure 10. Schematic energy diagrams for 12FsGa) and (b) indicate
reaction paths for model A and model B of Figure 9, respectively.

displayed in Figure 8. Since the electronic interaction between
the 12T and & moieties is negligibly small due to the
similarities of the absorption and fluorescence bands to those
of 12T-ref, it is reasonable to employ ther{(1.7 x 102571
value of 12T-ref as foks, s andks; g. The instrumental response
was also considered in this simulation by adopting a Gaussian
function having a time resolution of 270 fs. The obtained time
constants are listed in Table 3, in which the solvent effect is
very small. It is also notable that these time constants are
independent from the monitoring wavelength; that is, the
observed slight difference of the fluorescence decay tail with
monitoring wavelength must come from other factors such as
Ai. In type A, tica (ca. 1 ps) is shorter tharsca (ca. 5 ps),
suggesting that EET from short distance segment is higher
priority to that from the distant higher energy segment. The
shortest time constant isscg (0.42-0.43 ps), which is quite
reasonable on taking both high energy and the short distance
into consideration (type B). In addition, the order wtg >

TLcc IS also reasonable due to longer distance of LCB compared
with LCC in Figure 9.

The sums of amplitude&; —Ag are almost 100% as listed in
Table 4; a fraction of type A is major (about 60%), whereas
the fraction of type B is minor (2636%), and the contribution
of type C is negligibly small. Other amplitudég—A; are listed
in Supporting Information (Table S2). In combination with the
shorter time processi(ca) in type A, the main process for 12T-
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TABLE 3: Time Constants for EET in 8T-C go and 12T-Cq in Toluene and PhCN

solvent sample TscApS Tscdp? TLcAlpS T ce/psS TLedpe

toluene 8T-Go 1.9+ 0.23 0.39+ 0.13 0.74+ 0.19 1.2+ 0.5
12T-Gso 5.1+ 0.8 0.424+0.08 1.0+ 0.14 7.0+ 1.3 2.9+ 1.3

PhCN 8T-Go 2.1+0.11 0.35£ 0.15 0.81+0.21 1.5+ 0.7
12T-Cso 544+1.0 0.43+0.10 0.90+ 0.20 7.2+£1.6 3.0+ 1.0

2 Rate constants for EET evaluated from eqs 4 ankk5; andks s were entered from the experimental results af bf nT-ref. © Lifetimes (¢
= 1K).

TABLE 4: Amplitudes ( A;—As) for Exponential (1/k.cB), suggesting the presence of the long segment near the
Components in Eq 4 in 8T-Gy and 12T-Cq in Toluene and central position ofnT. The order ofA; > A, for 12T-Gs
PhCN (for A,—A7, See Supporting Information, Table S23 (implying type A) is opposite to that for 8T+ (predominant
solvent sample A Ao As SCB process in type B), suggesting that 88 rather similar
toluene  8T-Go 520 nm 18%  73% 9% to single decaying 4T-.
620 nm 17% 75% 10% In our previous report$>57the CS process after the energy
12T-Ceo 520 nm 652@ 372/0 4‘;/0 transfer from!nT* to Ceo was already discussed, in which the
620nm  58%  19% 1% CS process VidCsg* generatingnT*-Cgg~ takes place in the
PhCN 8T-Go 520 nm 17% 73% 9% : e * 1 %
620 nm 18% 71% 10% time range of 50 ps for 4FEs0*, 100 ps for 8T1Cgg*, and 150
12T-Cop 520 nm 64% 36% 4% ps for 12T-1C5_o*. As for CS via!nT*, we could der_1y this direct
620 nm 57% 18% 1% CR process in the present study, because of independence of

the observed time constants for the fluorescence decay on the
solvent polarity. This conclusion is supported by Lanzani and
Janssen groups, since they reported that the energy transfer from
InT* to Cg Of the Gio-nT-Cgo triad predominantly occurs as
fast as 97 f8° They also proved that the CS state was formed
via 1Cgg* with a 10-ps time constant after this energy transfer.

a Amplitudes were determined by global fitting analysis.

Ceo is the EET from LTA to Go. It is notable that only théy
value is dependent on the monitoring wavelength; that is, the
A; values evaluated from the blue wing (387%) are about
twice those from the red wing (38L9%). Since the tail of the
fluorescence transient 1.2T*-Cq (Figure 8a) is dependent 4 conclusion
on the monitoring wavelength, the fraction of the LCB process
is the main origin. The negative amplitudes were found&pr
(20—30%), whereas positive amplitudes were found&o(25—
40%); As andA; are minor. The negativ&, term indicates the
initial formation of ILTA* from 1STA* (ksia = 1/(0.62 ps))
followed by the decay to & with EET (kica = l/rica (1

Investigations of primary energy transfer dynamicsnin
Cso (N = 4, 8, and 12) vialnT*, which had been impossible
with a conventional picosecond fluorescence technigue, were
achieved by using a femtosecond fluorescence up-conversion
technique in the present study. Additionally, fluorescence
(psy Y. The positiveAs term corresponds to the predominant dynamics of the oligothiophenes (4T-ref, 8T-ref, and 12T-ref)
decay of'LTB* to Cp via EET. were also investigated as references, which revealgd that the

. . EET takes place from a segment to another segment imite

_ From Figure 8b, time constants were also evaluated from the ,giaty on a sub-picosecond time scale in longer oligothiophenes
fitting analysis of the rise fluorescence transient at 700 NM (g1_ref and 127T-ref), after which the torsional relaxation occurs
mainly due to G on the basis of the three types in Figure 9. o, 4 picosecond time scale. In 4&Cfluorescence decay of
The evaluated rise time constants were 0.4, 1.1, 2.6, 6.0, andipg 14T+ moiety with single sub-picosecond time constant was
6.9 ps, which are counterparts to the decay time constants ofppserved, which is assigned to the EET from the 4T moiety to
the 12T moietyzsce, 7ica, TLce, Tsca andrics, respectively.  the Gy, moiety. In 8T-Go and 12T-Go, sub-picosecond and
However, the amplitude for the rise component with 2.6 ps was picosecond decays were found in the fluorescence ofrtfie
less than 2%, suggesting that EET in type C is a minor process,moiety, from which the time constants of the elemental processes
which is also consistent with the result from Figure 8a. were estimated on the basis of three models with different

The same procedures could be also applied to &l-Ge positions of the segments in 8T and 12T. These elemental time
evaluated time constants and fractions are added to Tables Fonstants with the sub-picosecond time region are assignable
and 4, respectively. A fraction of type BA{f = 70%) is  to the EET to the € moiety from the segments near theoC
predominant, and the contribution af-g value is too smallto ~ moiety, with which EET along the segments of th@* moiety

evaluate. The fastest process is the EET from STBgtd(£5cs takes place simultaneously. In addition, picosecond energy
= 0.35-0.39 ps), which is almost the same as that for 12T- transfer was found in 8T4gand 12T-G,, which was attributed
Cso. to the EET from the segments in theT* moiety apart from

The order of the main fastest process with time constants the Geo moiety.

tsce for nT-Cg including 71 for 4T-Cgp is given as follows:
12T-Gso (0.42-0.43 ps)> 8T-Ceo (0.35-0.39 ps)> 4T-Cqo
(0.26-0.33 ps). This order for thescg values can be explained
on the basis of the doneiacceptor distance, because the size
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of the STB increases as the lengthnif increases, leading an Supporting Information Available: Derivatives of kinetic
increase in the center-to-center distariRej between STB and  equations. This material is available free of charge via the
Ceo. Since therscg values fornT-Cgo are shorter than the; Internet at http://pubs.acs.org.

value @s.g) at 520 nm fomT-ref (0.58-0.66 ps), the EET from
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