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Abstract

Charge separation (CS) and recombination (CR) processes in terthiophene-fullerene linked dyads with bridge€s3¥;bbridge-1
(brl)=—C=C—, and bridge-2 (br2) =(CH,)s—C=C—; R=CN or Me) were investigated by fluorescence up-conversion method and transient
absorption measurement in benzonitrile (PhCN) and toluene. With photoexcitation of the 3T moiety mGh-B, the CS process takes
place fast in the region of (0.14-3.5)10'2s™* via 13T*-brn-Cg-R. In the case of 3T-bri+-R, the CS process takes place fast via one step
before the vibrational relaxation of tH8T* moiety, whereas in the case of 3T-br2,R, the CS process occurs two steps competing with
the vibrational relaxation and after the relaxation. Such difference can be interpreted by the rigidity of the bridges:*Ittve-@,*~-R
states were confirmed by the transient absorption spectra in the (1.8-B08ps region. The lifetimes of the radical ion-paik() were eval-
uated to be 10-25 ps for 3TFbrl1-Cs*~-R in PhCN. In toluene, thegrp values became longer ((1.2—4:7)1(? ps) than those in PhCN. In
both solvents, thegp values are longer for R=Me than that for R=CN. In the case of 3T-g2RCin which the methylene chain inserted
between 3T and acetylene bridge, thgr values are longer than the corresponding values for of -BF1-Cs*~-R, i.e., (0.91-1.2x 10° ps
in PhCN and (1.5-3.6) 10°ps in toluene for R=CN and Me, respectively. It is revealed that the radical ion pairs last for longer in toluene
than those in PhCN, suggesting that the CR process in the inverted region of the Marcus parabola, which was also supported by the substitue
effect, i.e., unstable 3T-brn-Cso°~-Me prolongs longer than stable 8Tbrn-Cg°~-CN. Drastic prolongation ofgp for 3T**-br2-Gs*~-R
indicates that the electronic coupling for CR through the normal methylene group in 3Tg$R-€ smaller than ther-conjugated system in
3T-br1-Go-R.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction showing atendency to saturate with increase in the [i8ts20]
The HOMO-LUMO gap of the oligothiophenes becomes small
Organic materials with &-conjugated system have attracted as increase of the thiophene unit, which also changes oxidation
attention, because the conjugated materials exhibit interespotentials, energies of the excited stdfe%s-20] By steady-state
ing properties such as electric conductivity, electrochromismabsorption and fluorescence spectra measurements, Janssen et
optical nonlinearity and so di—11]. Various properties of poly-  al. reported that oligothiophenes have considerable rigid planer
thiophenes and oligothiophenes have been extensively invesstructures in the lowest excited singlet state &fate)[21].
gated both experimentally and theoreticfliy—31] One ofthe  The dynamics for the excitation and relaxation processes of
well-known properties of oligothiophenes is that the electronioligothiophenes were investigated by several groups with fluo-
structures largely depend on their number of the repeating unitescence up-conversion technique and pump-probe methods on
combining with theoretical approachf—31] According to
the reports by Lanzani et al., the planarization occurs after exci-
* Corresponding author. Tel.: +81 22 217 5608; fax: +81 22 217 5608.  tation, and the kinetics of this process are controlled by excess
E-mail address: ito@tagen.tohoku.ac.jp (O. Ito). energy redistribution via vibrational and/or torsional coupling

1010-6030/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
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CBMSH” Cg]‘{k}égH]T 2.2. Experimental set-up
sHi7  CsHy7 CsH .
Cg/ﬂés e ;{8 v O 5 S5 b Steady-state absorption spectra were measured on a JASCO
Lo TS V-530 UV-vis spectrophotometer. Steady-state fluorescence

spectra were measured on a Shimadzu RF-5300 PC spectroflu-
orophotometer.

Ultrafast fluorescence dynamics of th8T* moiety were
measured using the fluorescence up-conversion method. The
light source was a mode-locked Ti:sapphire laser (Spectra-
Physics, Tsunami 3950-L2S, FWHM 100fs) pumped with a
diode-pumped solid state laser (Spectra-Physics, Millennia Vls,
6.0W). The oscillator produced an 82 MHz pulse train with
1.0 W average power in a fixed range of 800 nm. The fundamen-
tal pulse { =800 nm) was used for a gate pulse in up-conversion
process. The second-harmonic pubse 400 nm) was generated
in a 0.4 mm-thick LiBOs (LBO) crystal, which was used for
3T-brl-Ceo-R 3T-br2-CerR a pump beam for photoexcitation. To avoid polarization effect,
the angle between the polarizations of the excitation and gate
beams was setto the magic angle by2plate. The fluorescence

Fig. 1. Molecular structures of 3T-brlg&R and 3T-br2-Go-R. emitted from a sample was collected and focused into a 0.4 mm-

thick B-BaB,0O4 (BBO) crystal, which was mixed with the gate

of oligothiopheneg23]. The torsional energy redistribution is pulse. The gate beam and fluorescence interacted nonlinearly in
caused by a steric hindrance of substitu¢d8. With employ-  a BBO crystal and the up-converted signal was generated at the
ing pump-probe technique, Rentsch and co-workers revealgshase-matching angle. The signal was separated by a monochro-
that the fast singlet-triplet intersystem crossing occurs withirmator and detected by a photomultiplier (Hamamatsu, R-4220P)
about 2 psin the excited singlet state of terthiophé8&%) [27].  with a photon counter (Stanford Research System, SR400). The
They also reported a conformation dependence of the rate cotime resolution of measurements was estimated as 150 fs from
stants for the radical cation formation in a hybrid polymer matrixthe full width at half maximum of the cross-correlation trace
[29]. Kobayashi and co-workers reported the fluorescencéetween the pump and gate pulses. A typical spectral window
anisotropy and solvent reorientation times during the excitationf fluorescence for up-conversion was 420-640nm. The up-
and relaxation of terthiophene (3T), tetrathiophene (4T) and perconverted signal was accumulated for 10 s for each time-delay
tathiophene (5T) in CBCI; [30,31} inthe case of 3T, the solvent  step.
reorientation time was estimated to bet18 ps in CHCI, [31]. The fluorescence lifetimes of th&Cgg* moiety in the

Meanwhile, the basic physical properties on fullerengg)C  600-800 nm region were measured by a conventional single-
were explored32-37] and many groups utilizeddgas an elec-  photon counting method with a streak scope (Hamamatsu Pho-
tron acceptor inthe donor—acceptor linked systems because of #gnics, C4334-01) using the second harmonic generation (SHG,
small reduction potentigB8—44] In the present study, the CS 400 nm) of a Ti:sapphire laser (Spectra-Physics, Tsunami 3950-
and CR processes were investigated using femtosecond time2S, FWHM 100 fs) as an excitation source.
resolved fluorescence up-conversion technique and transient The femtosecond transient absorption spectra were measured
absorption measured using pump-probe method in terthiophenpy the pump and probe method using a Ti:sapphire regen-
acetylene bridge-§5-R dyads (3T-brl-gp-R), where R is the erative amplifier seeded by the SHG of an Er-doped fiber
subtituent linked with g (R=CN and Me), and pentamethyl laser (Clark-MXR CPA-2001 plus, 1kHz, FWHM 150fs). A
chain inserted type (3T-br2¢g-R) (Fig. 1). In the case of 3T- white continuum pulse used as a monitoring light was gen-
br1-Gso-R, it is expected to exhibit-conjugation between 3T erated by focusing the fundamental of the amplifier on a
and acetylene, whereas such conjugation is not expected for 3fetating HO cell. The samples were excited by the SHG
br2-Gso-R by the insertion of the methylene chain. Changing(388 nm) of fundamental. The monitoring light transmitted
subtituent (R) of Go may cause the variation of the reduction through the sample in a rotating cell was detected with a

R =-Me or-CN

potential; therefore, the driving force can be change. dual MOS detector (Hamamatsu Photonics, C6140) equipped
with a polychromator for the visible region or an InGaAs
2. Experimental linear image sensor (Hamamatsu Photonics, C5890-128) for
the near-IR region. A typical time resolution of the system is
2.1. Materials 200fs.

3T-bm-Cgo-R were synthesized according to the similar2.3. Molecular orbital calculation
method described in the literatss,46] Other chemicals such
as solvents (benzonitrile (PhCN) and toluene) were of the best Optimized structures were calculated with the Gaussian
commercial grade available. package.
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Fig. 2. Optimized structures and the HOMO orbitals of 3T-bgb-Me and 3T-br2-Go-Me.

3. Results and discussion

3.1. Molecular orbital calculation

CR (—AGcsand—AGcR) in PhCN and-DCB were calculated
by Eqgs.(1) and(2) [47].

—AGcR = Eox — Ered —

Optimized structures calculated with the Gaussian package

are shown irFig. 2 Three thiophene rings are not in the same

esRp-a)

—AGcs= AEpo — (—AGcR)

1)
()

plane, but they seem to be twisted, probably due to bulky

propylenedioxyl rings with long methylene chains. The centern gq,(1), ssrefers to dielectric constant of solveR{p._a) refers
to-center distances betweegg@nd 3T R(p-a)) were evaluated 1 the center-to-center distance between 3T aggl(89A for
to be 8.9A for 3T-brl-Cso-R and 12.8\ for 3T-br2-Cso-R), the  3T-pr1-Go-R and 12.88 3T-br2-Gso-R), AEo_o refers to the
radii of the radical cation of 3T (R and radical anion of 5 singlet energies of th&3T* moiety (3.08 and 3.15eV for 3T-

(R-) were evaluated to be 5.6 and 4 lrespectively. br1-Cso-R and 3T-br2-Go-R, respectively) in Eqg(2).
For 3T-brl-Go-R, the HOMO distributed all over the three

thiophenes and acetylene moieties, showingrthmnjugation

inwholemw-orbital systems. For 3T-br2¢g-R, on the other hand,

the -electron densities of the HOMO mainly localizes on the Fig. 3 shows the steady-state absorption spectra of 37-br

two thiophenes a}nd the electron density shifts to other side iﬁeo-R in PhCN. The absorption bands of 3T-bro@ appeared

the HOMO-1, which has the almost the same energy to HOI\/loaround 380 nm, whereas this absorption band was not observed

showing nearly degenerated character. This may be reflected k?é/ 3T-br2-G-R. Thus. the 380 band indicates that
the flexibility of three thiophenes in 3T-br2g6R with larger ' r2-Ceo-R. Thus, the fm band indicates that e

. i . . conjugation of the 3T moiety extended to the acetylene bridge
torsion than the rigid planar three thiophenes in 3T-beg-R. in 3T-br1-Gso-R. The appreciable difference of the absorption

bands was not confirmed between R=CN and R =Me. Other

3.3. Steady-state absorption and fluorescence spectra

3.2. One electron redox potentials and driving forces

Table 1

Table 1shows the redox potentials of 3T-bridR and 3T- ey potentials in-DCB and PhCN

br2-Gso-R in PhCN ando-dichlorobenzeneofDCB). These

values ino-CDB were used for the calculation of the driv-
ing forces for ET in toluene using Weller equatiptv]. The 0-DCB PhCN
oxidation potentialsKoyx) shifted progressively to a more neg-

E (V)2

) ; . )= 3T/3T* Cg0° /Cso 3T/3T* Cg0° /Cs0
ative direction as the solvent polarity increased froesDCB
(es=9.93) to PhCN¢s=25.2). Negative shifts in the, val- ~ STOC-%0EN 0.5 I o e
ues are principally rationalized by a stronger solvation in highly3T_br2_Q33_CN 0.61 _108 053 _101

polar solvents, in which the resulting radical cations of the 3TaT-pr2-Go-Me 0.61 ~1.20 0.53 ~1.12
moieties experience. On the other hand, the reduction potentiats; - ; , , ,

. .. . . An electrochemical cell equipped with a platinum working electrode, an
(Emd) shiftedto a positive directionina polar solvent, due to theAg/Ag+ reference electrode, and a Pt counter electrode. Electrolyte was 0.10 M
stabilization of the radical anion by solvation in a polar solventof (:-Bu)sNPF; in 0-DCB and in PhCN. The potentialgeq values were cor-
similar to theEyy values. The free-energy changes for CS andected against Fc/Faouple.
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0.7 Table 2
Fluorescence lifetimes of 3T ang&in toluene and PhCN
0.6p< —— 3T-br1-C ,-Me
sy 3T-br1-C ;,-CN r(3T) (pS) F(Ce0) (PS)
g —— 3T-br2-C z-Me
£ 04 = 3T-br2-C -CN Toluene PhCN Toluene PhCN
=]
S 03 3T-br1-Gso-CN  0.59 0.51 1.x10° <10
é ) 3T-br1-Go-Me  0.39 0.34 1100 <10
0.2
" x10 3T-br2-Gso-CN  0.66 (77%) 0.58 (75%) 12100 <10
0.1 \—-3\‘ 4.6 (23%) 4.8 (25%)
0.0 L I L _br2-Gao- ) 9
300 400 500 600 700 800 3T-br2-Go-Me ?gz(z(;?/f) ? 7512’2(273@ 1210° <10
Wavelength / nm ) 0 ) 0
) ) ) 3T 1.8 (19%) 1.4 (17%)
Fig. 3. Steady-state absorption spectra of 3T-bgd- and 3T-br2-Go-R in 15x 107 (81%)  1.3x 107 (83%)
PhCN.

weak absorption bands in the visible region are attributed to thg Table 2 In the time-depended fluorescence intensities, the
Ceo moiety. The absorption bands in the UV region are overlapsnitial rise was determined by instrumental function, i.e., this
of the 3T and Gp moiety. rise component following the laser pulse was faster than the
The steady-state fluorescence spectra of 3T-lyt&@N and  time resolution of our instrumental set-up (150fs). Two com-
3T-br2-Gso-CN in toluene observed by selective excitation of ponent decays were observed. The fast component (1.4-1.8 ps)
the 3T moiety by 385-nm light are shown Fig. 4 For 3T- s attributed to the emission due to singlet—triplet intersystem
br1-Cso-CN, a single broad fluorescence peak of the 3T moietytrossing and the time constants are in good agreement with the
appeared at 450 nm. On the other hand, the fluorescence sp&@iue reported by Rentsch and co-worke#® ps)[27], and the
trum of 3T-br2-Go-CN shows sharp peak at 450 nm with a slow one ((1.3-1.5x 10? ps) is attributed to emission from the
shoulder at 460 nm; in addition, the broad peak appeared aroundiaxed $ state.
550 nm. Similar fluorescence spectra were observed for R=Me. |nthe case of 3T-br1-£-CN, the time-resolved fluorescence
These different features in the fluorescence spectra indicate thgpectra at 0.5 and 1.0 ps and the time dependence of the fluo-
the electronic structure of the excited 3T molecule in 3T-br2tescence intensities of tH8T* moiety in PhCN are shown in
Ceo-R is different from that in 3T-br1-65-R, probably due to  Fig. 5a and b, respectively. The spectral reconstruction was per-
conformational flexibility by the subtituents to the 3T moiety; formed by the method of Maroncelli and Flemifgg]. The
one is rigid acetylene and the other is flexible petamethyl chairfluorescence-decay profile was fitted with single exponential
The fluorescence of theggmoiety was not observed at about decay function with de-convolution method as showRim 5,
700 nm by the selective excitation of the 3T moiety, indicatingfrom which the lifetime was estimated to be 0.51 ps. During the
the energy transfer did not occur frof8T* to Ceo. On the other  fluorescence decay, the fluorescence peak and band shape were
hand, by the excitation of theggmoiety with visible light, weak  unchanged as shown ifig. 5a. In 3T-br1-Go-Me, the fluo-

fluorescence peak was observable in toluene. rescence intensity also decayed within 2 ps completely and the
lifetime was evaluated to be 0.34 ps. Similar findings were con-
3.4. Fluorescence dynamics of 3T firmed in toluene (0.59 ps for 3T-brlgesCN and 0.39 ps for

3T-br1-Gso-Me). Comparing with theg values of pristine 3T,
The fluorescence lifetimes for unsubstituted 3T measurethe fluorescence lifetimes are much more shorten gyoon-
by the up-conversion method in PhCN and toluene were listedection, suggesting that the CS or EN process occurs f&im
moiety to the g moiety.
In the cases of 3T-br24g-CN, a fast spectral red-shift was
observed during the decay of emission as showignéa; initial
time, peak position is at 460 nm, whereas the broad emission
band was observed after 2 ps. These two spectratrack the steady-
state fluorescence spectrum. The fluorescence temporal profiles
showed exponential decays at 460 nirig( €b), whereas the
slow rise and decay were observed at 600 nm in PHE§ €c).
The decay-time constants for the fast and slow components at
460 nm were estimated to be 0.58 and 4.8 ps, respectively, for
3T-br2-Gso-CN. As seen itFig. 6¢c, the slow rise was confirmed
"""" ., after the initial rise component due to the instrumental response.
400 500 600 700 800 The time constants for the slow rise and the decay were estimated
Wavelength / nm to be 0.7 and 4.3 ps, respectively, which were in good agreement
Fig. 4. Steady-state fluorescence spectra of 3T-kgh@N and 3T-br2-ge-cN  With the time constants for the fast and slow decay at 460 nm.
in toluene. Excitation wavelength = 385 nm. Similar phenomena were observed in toluene and for R =Me.

—— 3T-br1-C ,,-CN
== 3T-br2-C,-CN

Fluores. Int. / a.u.
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LOF Lo~
= 08 3T-br1-C -CN E 0.8~ 3T-br2-C,-CN
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= 3
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= = 04f
= 04 g
] E
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001 ]
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Fig. 5. (a) Time-resolved fluorescence spectra of 3T-ky-@N in PhCN at
0.5and 1.0 ps. (b) Time-dependent fluorescence intensities of 3TgarCITin
PhCN at 460 nm; dotted line is the laser profile. Excitation wavelength =400 nm.

Photon Counts / s

Dynamics from the excited-singlet state of the 3T moiety in
3T-br2-Gso-R were quite different from that in 3T-brlsgR.

The fast kinetic process is expected to be the fast singlet—triplet
intersystem crossirj@ 7] or energy redistribution via vibrational (©) Time / ps

and torsional couplinf23]. This fast process competed with fast Fig. 6. () Time-resolved fluorescence spectra of 3T-h2@N in PhCN at

CS or EN process |ﬁ3T*-br2-C60—R. Slow decay part Tay be 0.5and 2.0 ps. (b and c) Time-dependent fluorescence intensities of 3Trl-C
the processes after relaxation to the lowest level of @ CN in PhCN at 460 and 600 nm, respectively; dotted line is the laser profile.

moiety. Excitation wavelength =400 nm.
3.5. Fluorescence lifetime of Ceo 3.6. Transient absorption spectra of 3T-br1-Cgp-R
The fluorescence time profiles of tHesg* moiety were mea- Transient absorption spectra of 3T-brge@N in toluene

sured inthe 600—700 nm region by the conventional method witlyhserved by the 3T moiety excited are showrFig. 7a. At
selective excitation of g moiety. As seen ifable 2 all life-  1.0ps the absorption bands of the*3Tand Go*~ moieties
times of the'Cgo* moiety in toluene are 1.& 10*ps, which  were confirmed at 55[14] and 1000 nnj49], respectively. This

is the same as that of the pristinggCsuggesting that nothing finding suggests that the CS state,*3br1-CGso* ~-CN, was
occurs via 3T-bi-!Ceo*-R. Indeed, the formation of the CS state already formed at 1.0 ps after the excitation of the 3T moiety with
from 3T-br14Ceo*-R is energetically unfavorable. In PhCN, 150fs laser light pulse. Ifig. 7, the temporal profile shows
on the other hand, lifetimes of tHeéCgo* were not estimated, a quick rise at 550 nm, and similar rise was seen at 1000 nm
because the decay rates were too fast to be measured by #i8g. 7c). The temporal profile of thedg®~ moiety at 1000 nm
conventional streak scope method with time constant of 10 pgs more proper to calculate the rate constants, because the other
Although our up-conversion system could not be unfortunatel\absorption bands are absent in NIR region. On the other hand,
applied to the 600—-700 nmregion, the observed phenomena sugre absorption band of the $T moiety was overlapped with
gest that CS occurs in PhCN from th€so* moiety at the  the absorption bands of tH8T* and 33T* moieties, and the
time constant of <10ps and at highly quantum yield (almosbreach of the 3T moiety. From the absence of the absorption of
unite). thelCgo* moiety, which would be expected to appear 950 nm, it
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Driving forces for CS £ AGcs(t+—c)) and rate constants for C&ds(r=—c)) in toluene and PhCN

Initial state

Final state

Toluenes(=2.38)

PhCN £s=25.2)

—AGcs(r—c) (eV)?

13T"-br1-Cso-CN
13T"-br1-Cso-Me

137" -br2-Cs0-CN

13T"-br2-Cso-Me

3T*-br1-Cgo* ~-CN
3T *-br1-Cgo* ~-Me

3T*-br2-Ggo* ~-CN

3T *-br2-Cgo* —-Me

0.75
0.63

0.55

0.40

keser—c) (s71)° —AGcs(r—c) (V)P keser—c) (s7H)°
1.7x 10'2 1.65 2.0x 10'2
2.7x 1012 1.54 2.9x 102
1.5x 10'2 1.83 1.7x 10'2
2.2x 101 2.1x 1011
1.6x 10'2 1.72 1.9x 102
1.3x 1011 1.3x 1011

a From Egs{(1) and(2) in text; Coulomb term can be calculated freni\ Gcr = Eox — Ered + €/[(1/(2R:) + 1/(2R_) — UR(p-a))les — (L/(2R:) + 1/(2R_))/eR], in
which R: and R are radii of cation and anion, respectively (3T (B)&and Gy (4.1A)). The es ander are dielectric constants of solvents used for photophysical

studies and for electrochemical study, respectively.

b From Egs(1) and(2) in text.
¢ From the time profiles from the transient absorption measurements.

100x10~

AAbsorbance

(a)

100x10”
80
60

40

AAbsorbance

20

600

700 800

Wavelength / nm

1000 1100

(b)

a0x10”

30

AAbsorbance

1000 nm

5 10
Time / ps

15

AAbs.(0.01/div.)

Time / ps

1 |

(c)

Fig. 7. (a) Transient absorption spectra of 3T-bgh-CN in toluene

100

200
Time / ps

300

400 500

can be concluded that the EN did not occur fromie* moiety

to the Ggo moiety in 3T-br1-Go-CN even in toluene. In the case

of 3T-br1-Gso-Me in toluene, similar transient spectra and time
profiles were obtained. In PhCN, similar transient spectra were
also obtained. Thus, the following path (K8)) was confirmed

and the rate constants for the G {t_c+) are summarized

in Table 3 Thekcs(t+—c) values evaluated from the rise of the
transient absorption band are almost the same as the those from
the fluorescence decay within the experimental and estimation
errors.

CS(M—)=TF.
—_—

k 1
13T*-br1-Gso-R 3T**-br1-Gso*~-R (3)

In the long time-scale time profile as shownHig. 7c, the
Ces0®~ moiety began to decay after reaching the maximum at
ca. 5 ps. From the curve-fitting with single-exponential, the rate
constant for CRXcr(r—c) was evaluated to be 8:310°s1
(trip=120ps) for 3T-brl-go-CN in toluene. For 3T-brl-gp-

Me in toluene and for R=CN in toluene and PhCN, Xag(t—c)
values were evaluated as summarizedable 4 Thekcr(r—c)
values in PhCN are larger than the corresponding ones in toluene
by factors more than 10.

3.7. Transient absorption spectra with 3T excitation in
3T-br2-Cgp-R

Fig. 8a shows the transient absorption spectra of 3T-kyg-C
CN in toluene at 1.0 and 10 ps after 150-fs laser irradiation.
At 1.0 ps, the absorption bands of 3T13T* and Gso*~ were
observed at 550, 64[14] and 1000 nnf49], respectively. At
10 ps, the absorption of thE8T* moiety was lost with slight
increase in the absorption bands of the8and Gg®*~ moi-
eties at 550 and 1000 nm, respectively. These observations indi-
cate that the intramolecular CS state®8br2-Csg°* ~-CN, was
formed from13T*-br2-Cso-CN. The absorption band due to
33T* moiety was not observed around 450 nm, indicating that
the fastintersystem crossing did not occurred. As seEigirgb,
the temporal profile of the 3T moiety at 530 nm shows slow

(2.0x 104 M) at 1.0 and 15 ps after 388-nm laser irradiation. (b and c) TemporalfiS€ from 2 ps after the quick rise. The temporal profile of the
profiles at 550 and 1000 nm, respectively.

Cs0°~ moiety at 1000 nmKig. &) also shows the rises with
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Table 4
Driving forces for CR & AGcr(r-c) and rate constants for CRds(t—c) in PhCN and toluene
Initial state Final state Toluene PhCN

—AGcRr(T—c) (eV)? kerr—c) (s7h) Trip (NS) —AGcRr(t—c) (€V)? kera—c)(s71) Trip (NS)
3T**-br1-Geo* ~-CN 3T-br1-Go-CN 2.33 8.3x 10° 0.12 1.43 1.0¢ 101 0.010
3T**-br1-Gsp* —-Me 3T-br1-Go-Me 2.45 2.1x 10° 0.47 1.54 4.0¢ 10° 0.025
3T**-br2-CGgo* ~-CN 3T-br2-Go-CN 2.60 6.7x 10° 1.5 1.32 1.1x 10° 0.91
3T**-br2-Geo® ~-Me 3T-br2-Gg-Me 2.75 2.8¢ 108 3.6 1.43 8.5¢ 108 1.2

a From Eq.(1) in text and margin offable 3

two components. These temporal profiles were analyzed usingents are listed iflable 3 Hence, the CS state was formed from
two-exponential functions: the fast rise (0-2 ps) and slow risé3T*-br2-Cso-CN with two paths (Eq(4)); faster rate refers to
(2-20ps) of the 3T" and Go*~ moieties. The rate constant for klcsm —) and slow rate refers tb'és T—C)- In 3T-br2-Go-Me,

the fast rise was fixed at 1:610'2s~1, which corresponds to these findings were also confirmed and the decay process from
the fast component of the fluorescence decay of the 3T moiet}8T*-br2-Cs-R obeyed Eq(4), irrespective to solvents:

(re(3T, fast) ! listed inTable 2, and the rate for slow rise was
evaluatedtobe 1.5 10'1s~1, whichis in agreement with(3T,

slow)~1 within the experimental and estimation errors. These
rate constants evaluated from the transient absorption measure-

60x10
T !
@ S0 3T — 1.0ps
= --=-10ps
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i
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Y "\
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=
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Fig. 8. (a) Transient absorption spectra of 3T-bgd-CN in toluene . . .
(2.0x 104 M) at 1.0 and 10 ps after 388-nm laser irradiation. (b and c) Temporalcan be explained by the inverted region of the Marcus parabola

profiles at 550 and 1000 nm, respectively.

1 _t—l
CS(T*—C)~ "F.fast
%

|

k
13T*-br2-Gso-R | 3Tt -br2-Gso* ~-R (4)

kCS(T*—C):TI;.éIOW

By the long time-scale measurements as showkidn&e, it
was revealed that thesg ~— moiety began to decay after reaching
the maximum at ca. 25 ps. From the curve-fitting with single-
exponential, the rate constant for Gig&(t—c) was evaluated to
be 6.7x 10® s~ 1 (rrip = 1500 ps) for 3T-br2-gs-CN in toluene.
For 3T-br2-Go-CN in PhCN and for R =CN and Me in toluene
and PhCN, thécr(t_c) values were evaluated as summarized
in Table 4 Thekcr(t—c)values in PhCN are slightly larger than
the corresponding ones in toluene by factors less than 3.

3.8. Schematic energy diagrams and discussion on the CS
and CR processes

Fig. 9a shows schematic energy diagram of 3T-bgb-R.
The 3T*-br1-Cso* —-R was formed from'3T*-br1-Cgo-R by
one step. As shown iRig. 9a, the CS occurred faster than the
vibrational energy relaxationey > rcs=1g) and much faster
than solvent reorientation for the excited state of 3T moiety,
indicating that the brl realized the strongly coupled system. In
PhCN, the CS state was generated slightly faster than in toluene,
which may suggest that the solvent reorientation of the polar sol-
vent accelerates the CS process via the vibrationaly higher state
of the 13T* moiety. Since the absolute value BfGcs(13T*-
br1-CsoR) in PhCN is larger than that in toluene, this difference
does not reflect on thes(t+_c) values, suggesting the electronic
coupling matrix element for the CS process is not influenced by
solvent property. Thics(t+—c)values for R=CN are almost the
same as those for R =Me in both solvents.

The CR process of 3T-br1-Gs*~-R occurred faster in
PhCN than that in toluene by a factor of 10, obeying the
Marcus inverted region, because the absoldt8cr values
(2.32-2.45 V) in toluene are larger than those (1.43-1.54 eV)
in PhCN, both of which are far larger than the reorganization
energy. Slight slow-down of the CR process from R =CN to Me

[49-53]
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