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Photoinduced intramolecular charge-separation and charge-recombination processes in covalently connected
Ceo-(spacer)-bis(biphenyl)aniline &sp-BBA) and Go-((spacer)-bis(biphenyl)anilingCqso-(sp-BBA),) have

been studied by time-resolved fluorescence and transient absorption methods. Since a flexible alkylthioac-
etoamide chain was employed as the spacer, the folded structures in which the BBA moiety approaches the
Cso moiety were obtained as optimized structures by molecular orbital calculations. The observed low
fluorescence intensity and the short fluorescence lifetime of ghenGiety of these molecular systems indicated

that charge separation takes place via the excited singlet state of¢h®f@ty in a quite fast rate and high
efficiency even in the nonpolar solvent toluene, which was a quite new observation compared with reported
dyads with different spacers. From the absorption bands at 880 and 1000 nm in the nanosecond transient
absorption spectra, generations @fGsp-BBA™ and G ~-(sp-BBA)(sp-BBA) were confirmed. The rates

of charge separation and charge recombination f@r(§€p-BBA), are faster than those fores&sp-BBA,
suggesting that one of the BBA moieties approaches thenGiety by pushing another BBA moiety because

of the flexible spacers.

Introduction prolongation of the lifetime of the charge-separated state was
observed? In the present study, we preparegyGp-BBA and
Cso-(sp-BBA), with a longer flexible linkage as shown in Figure
. Itis interesting that optimized structures afSp-BBA and
s0-(Sp-BBAY), with the flexible alkylthioacetamide chain give
folded structures, approaching the BBA moiety to thgy C
moiety. In addition, a two-donor strategy may give additional

In one of the most attractive strategies to reach efficient
intramolecular electron transfer and to produce long-lived
charge-separated states, various electron donors have bee
covalently connected to thegiccage by different synthetic
procedured 8 These Gydonor dyads and triads have been

ifici i ,6,9-11
employed as artificial photosynthetic systehis; because effects on photoinduced electron transfé?’ 29 The charge-

of properties of & -electron systems, including the small separation and recombination processes were investigated by

reorganization energy due to spherical molecular sfape. the time-resolved fluorescence and absorption spectra in the
Considerable efforts have been devoted in recent years to clarify P P

the photophysical and electrochemical properties gfdonor ;':('jblé a(nsd _?SX)'ZRC;EnQ'825&[5)(':1‘:‘;;%%0? trl(:';v'\[/iiﬁ&ép;ﬁ(?Aeo_
dyads and triadd-17 in addition to the mixture systems o&& Le0-(SP g
and donor8-22 metrical factors.

Among a wide variety of donor molecules, bis(biphenyl)-
aniline (BBA) is one of the strong electron donors, because BBA ]
forms stable amine radical cation compared with other aromatic ~ Synthesis of Ge-(sp-BBA), and Ceo-sp-BBA. Coo-(Sp-BBAR
amines such as dimethylanilines and triphenylamines. Further-Was synthesized as shown in Scheme 1. According to the
more, BBA can be used as building blocks for high-spin reported method, dicarboxylic a(?Iﬂi)EG was treated with oxalyl
polyradical and conducting polymers as well as the hole-transfer chloride to yield dicarboxylic acid chlorid2. The reaction of
layer in electroluminescent devic841t was reported that BBA 2 With triarylamine3, which was synthes[zed. by the Iltgrgture
acts as a good electron donor with respect égi€the dyac® me'ghoc_j?o afforded the correspond|rhg_,N-bls(bl_phenyl)anlllne
generating a quite persistent charge-separated state even in quitderivative possessing a masked diene unit as the sulfolene
short distances between the radical anion and the radical cation™oiety @) in 61% yield in two steps. The DietsAlder
In the case of a dyad with a long rigid spacer, further reactio! of 4 and Gy in refluxing o-dichlorobenzene in the
presence of hydroquinone gaveoedsp-BBA), in 45% vyield.

* Authors for correspondence. E-mail: ito@tagen.tohoku.ac.jp. E-mail: The structure of g-(sp-BBA), was characterized biH and

Results and Discussion

ttal]fata@polymgr.titech.ac.jp. 13C NMR, IR, and FAB-MS spectra. Details of the experimental
¢g‘;gi‘;“#ggg{j;g’-universit procedures are described in the Supporting Information.
$ Yashima Super Structured )I/-.|elix Project. Ina similar_manner, 6e-sp-BBA was obtained by the_ar_nide-
'Tokyo Institute of Technology. forming reaction of sulfolene-containing carboxylic abidith
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Figure 1. Molecular structures of &-(sp-BBA),, Cso-sp-BBA, and
references.

arylamine6 with dicyclohexylcarbodiimide (DCC) followed by
the Diels-Alder reaction of7 and [60]fullerene in a good yield
(Scheme 2). The structure og&sp-BBA was characterized by
1H and 13C NMR, IR, and FAB-MS spectra. Details of the
experimental procedures for the syntheses of tromd Go-
sp-BBA are described in the Supporting Information.
Molecular Orbital Calculations. Figure 2 shows the opti-
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the two BBA units. The calculated electron densities of the
HOMO indicate the delocalization of electrons in the BBA
moiety, whereas the electron densities in the LUMO are all
located on the g moiety, suggesting that the BBA and;C
moieties act as an electron donor and an electron acceptor,
respectively.

Electrochemical MeasurementsThe cyclic voltammograms
of Ceo-(Sp-BBA) and Gg-sp-BBA in PhCN gave an almost
reversible pattern suggesting the stability of the radical ions (see
Supporting Information). Compared with tBgy values of ref-
BBA (Eox = +0.35 V vs Fc/F¢), the peaks observed fore
(sp-BBA), (+0.33 V vs Fc/Ft) and Go-sp-BBA (+0.32 V vs
Fc/Fch) were attributed to th&,y values of the BBA moiety;
resemblance of thés,y values suggests the absence of an
interaction between the BBA andsg&moieties in the ground
state.

The reduction potentiaBeg) of Ceo-(Sp-BBA), and Gg-Sp-
BBA was evaluated to be-1.03 V vs Fc/F¢; this value is
corresponding tde.eq Of the Gso moiety, since a quite similar
value was reported for refeg (Ereg = —1.10 V vs Fc/Ft).
From these observdehx andEeqvalues for Go-(sp-BBA), and
Cso-Sp-BBA, the free-energy changes for charge recombination
(AGcr) and charge separatiodMGcs) can be calculated ac-
cording to the Weller equatiof’s

—AGr=E

Eq+ AGg 1)

*)

ox

—AGes= AEy o — (—AGcg)

il
oo

whereAEq— refers to energy of the-€0 transition of Go, R*
to radii of the radical cation of BBA, an&" to radii of the
radical anion of G (Table 1); e, €, €, and e refer to
elementary charge, vacuum permittivity, and static permittivities
of the solvents used for rate measurements and redox potential
measurements, respectively. Th&cs and AGcr values for
Cso-(sp-BBA), and Gg-sp-BBA in PhCN are summarized in
Table 1. In polar and nonpolar solvents, the charge-separation
process via the excited singlet state of thg @oiety (Cgo*)
is exothermic and occurs easily. The charge-separation process
via the excited triplet state of thes@moiety €Cqc*) is slightly
exothermic in THF, PhCN, and DMF.

Steady-State Absorption MeasurementsUV —vis absorp-
tion spectra of Go-(sp-BBA), and Gg-sp-BBA and its constitu-

—A

mized structures and the electron densities of the lowest ent components (ref-BBA and refs§) in PhCN are shown in
unoccupied molecular orbital (LUMO) and the highest occupied Figure 3. The broad absorption bands at 640 and 710 nm of

molecular orbital (HOMO) of Gy-(sp-BBA), and Go-sp-BBA

Cso-Sp-BBA are characteristic of the 58 conjugateeélectrons

calculated by using the density functional B3LYP/6-31G(*) of the Gy moiety. The BBA moiety shows the absorption in

method.

shorter wavelength than 400 nm. Each absorption spectrum of

The optimized structures show that the alkylthioacetamide Cso-(Sp-BBA), or Cso-sp-BBA is a superposition of those of

chains used as spacers fofoGp-BBA and Go-(sp-BBA), are

the reference compounds, indicating no appreciable interaction

quite flexible. Thus, such spacers give folded structures as morein the ground state. From the MO calculations, the charge-

stable conformation. The center-to-center distafgg)(of the
BBA and Gy moieties with the folded conformations was
estimated to be 9.0 A forgg-sp-BBA, in which the BBA plain
is in face-to-face alignment with respect to the, €phere. In
the case of gg-(sp-BBAY),, theRcc value for the near-side BBA
moiety is 7.8 A, which is shorter than that of;¢Sp-BBA,
suggesting that the near-side BBA was pushed to thenGiety

transfer band would be anticipated in the longer wavelength
region than 700 nm; however, the absorption intensity is too
low to observe explicitly.

Steady-State Fluorescence Measuremersteady-state fluo-
rescence spectra ofg(sp-BBA), and Gg-sp-BBA in DMF,
PhCN, THF, and toluene exhibit the fluorescence péakat
720 nm as shown in Figure 4. Since the spectral shapes of the

by another BBA moiety because of steric interference between fluorescence bands of g&(sp-BBA), and Gg-sp-BBA are
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SCHEME 1: Synthesis of Go-(sp-BBA),
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almost the same as that of refgin the same solventsi{ =
717 nm), the origin of the observed fluorescence efGp-
BBA), and Gg-sp-BBA are attributed to thedgmoiety. From

via the 1Cs* moiety in Ceo-(sp-BBA)y and Gosp-BBA,
generating the radical ion-pair states£C-sp-BBA™ and G-
(sp-BBA)(sp-BBA)). From ther value of thelCeg* moiety

the cross-point of the fluorescence band and the absorption bandn both compounds, the intramolecular charge-separation rate

after normalizing both intensities, the lowest singlet excited
energy AEy—g) of the Gp moiety was estimated to be 1.75 eV.
Both Gso-(sp-BBA), and Gg-sp-BBA show a weak emission
from the Go moiety in DMF, PhCN, THF, and toluene
comparing with that from ref-g3 in toluene, indicating the
efficient quenching of the excited singlet state of thg@oiety,

i.e., the peak intensity decreased markedly by a factéhgin
toluene, compared with that of refs€in toluene. In the case
of toluene, there is no spectral evidence for exciplex formation
or energy transfer. These observations suggest that the C
process predominantly takes place fré@aq* generating Gg -
sp-BBA™ and Go-(sp-BBA™)(sp-BBA) by the excitation with
500-nm light even in the nonpolar solvent toluene. Further

guantitative analyses on the fluorescence properties were carrie

out on the basis of the fluorescence lifetime measurements.
Fluorescence Lifetimesin Figure 5, the time profiles of the
fluorescence intensity at the peak position of #8g* moiety
in Ceo-(sp-BBA), and Gg-sp-BBA in toluene and PhCN and
ref-Cso in toluene are shown. The fluorescence decay of the
ref-1Csg* moiety obeys a single-exponential function, yielding
the fluorescence lifetimer{) of 1400 ps in toluené3 The time
profiles of the fluorescence at 720 nm of thg Goiety in Go-
(sp-BBA), and G-sp-BBA show biexponential decay in DMF,

constants K29 in polar and nonpolar solvents were evaluated
as summarized in Table 2 using the following relation

ks

where €o)ref is the fluorescence lifetime of refggin toluene3!
Thus, thekgS values for Go-(sp-BBA), and Go-sp-BBA were
evaluated to be (1:22.1) x 10°stand (1.6-1.3) x 100s™ 1,
espectively, which indicate that charge separation vid@ae
oiety is an effective process in polar and nonpolar solvents.
The quantum yields of the charge separatid}ﬁg) via the
1Cs0* moiety in Coo-(Sp-BBA), and Go-sp-BBA were evaluated

= (1/Tf)sample_ (1/zo)res (4)

Jrom eq 5

(DES: [(1/Tf)sample_ (1/TO)ref]/(1/T)sample (5)
Thus, @3¢ = 0.71-0.97 and 0.560.95 were calculated for
Ceso-(sp-BBA), and Go-sp-BBA (Table 2) in polar and nonpolar
solvents, respectively, which indicates that the charge separation
via the 1Cqsg* moiety is the main process, overwhelming the
intersystem crossing (ISC) process to ¥gs* moiety even in
toluene. Table 3 indicates that tkg; and ®Z values in both

PhCN, THF, and toluene; a major component decayed with the compounds slightly decreased with solvent polarity.

7; values in the 80 ps (75%) to 90 ps (60%) region, whereas
minor slow decay components gamevalues of 1300 ps. The

77 values of the major components are summarized in Table 2.

The difference between thevalues evaluated from the main
fluorescence decays in 72030 nm in polar and nonpolar

Nanosecond Transient Absorption MeasurementsTran-
sient absorption spectra observed by the nanosecond laser
excitation with the 532-nm light, which predominantly excites
the Gso moiety of Gso-(sp-BBA), and Go-sp-BBA in PhCN,
are shown in Figure 6. The broad absorption bands were

solvents can be attributed predominantly to charge separationobserved in the region of 65.100 nm, which is the overlap-
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6-31G(*}+1 level.

TABLE 1: Free-Energy Change for Charge Separation generation of the charge-separated states. The solvent polarity

(~AGcs) and Free-Energy Change for Charge effect on thergp values was significant as listed in Table 3;

Recombination (~AGcr) of CG‘T(SP'BSA)Z and Cersp-BBA for both Go-(sp-BBA), and Go-sp-BBA, the tendency of the
sample solvent ~ —AGZJeV —AGcrYeV 7rip Values in DMF< in PhCN < in THF is found.

Coo-(sp-BBA) E::"CFN %‘276 11-22% In toluene, transient absorption spectra were observed as
THE 0.40 135 shown in Figure 7. At 7 ns after the laser exposure, the transient
™N 0.21 1.54 absorption band appeared at 1000 nm, although the decay was

Ceo-sp-BBA DMF 0.48 1.27 quite quick. This observation was supported by the negative
_'?E'EN 8';86 11??79 AG?S value in toluene (Table 1), suggesting the formation of
N 0.12 163 the radical ion pair (65 ~-(sp-BBA")(sp-BBA) and G¢-sp-

e .
a Calculated from eqs-23 employingAEyo = 1.75 eV forCg*, BBA -t)hln ;toluedne. At 100 ES' tTf-Er(t)ag ?a?pgepeamlg gt 00
AEgo = 1.52 eV for’Ceg*, Eox = 0.33, 0.32 V for BBA, antE,es = nm with slow decay can be atlributed 1o tHes™ moiety.
—1.03,—1.03 V for Gy s Fc/F¢ of Ceo-(Sp-BBA), and Go-sp-BBA Since the absorption intensities of t#&s¢* moiety of Cso-(Sp-
in PhCN, respectivelyR™ = 7.4 A for BBA, andR™ = 4.7 A for Cs, BBA), and Ggsp-BBA were considerably lower than that of
andIRctc :f7-8 '?:,for Cﬁg(?)p'BBﬁ)Z.t"?‘”d i-? IA for %_O:E'BP‘?‘ACI\?S 4 "€F-Ceoin toluene under the same experimental conditions (see
evaluated from rFigure Z. Permittivities or toluene, s , an . . .
DMEF are 2.38, 7.58, 25.2, and 37, respectively. Supporting Informatlon),_some of th_e_parts (_)f iz * moiety
) i  the ab ion bands of the BBANOI go to the charge separation competitively with ISC tobg*
ping region of the absorption bands of the BBAnoiety (880 moiety. The averag@ﬁS values (0.71 for G-(sp-BBA), and

5 — i 8 i
roon St 1020 e, SrargeTenombaton 1ote sonegntsC-56 for Gosp-BBA) n toluene are in agreement with the ow
p ’ 9 ratio of the generation ofCg* via ISC. Furthermore, the

(kcr) were evaluated to be 4.2 10° s71 for Ceo-(Sp-BBA) . . . . . g
and 3.0x 10° 1 for Ceo-sp-BBA, from which the lifetimes inserted time profiles (Figure 7) at 1000 nm shOW|.ng quick
(rip) Of the charge-separated states were calculated to be 25¢1€cay of Go™~(sp-BBA™)(sp-BBA) and Gy~ -sp-BBA™ in the
and 330 ns in PhCN, respectively, at room temperature as listedtime region until ca. 20 ns obey first-order kinetics with rate
in Table 3. Thus, thécg value for Go-(sp-BBA), is greater constants of 1.2 10° s and 1.1x 1C® s 1, respectively, at
than that for Go-sp-BBA. room temperature. Thesgp values 10 ns) are significantly
In other polar solvents such as DMF and THF, similar shorter than thegre values in polar solvents such as DMF,

transient spectra to those in PhCN were observed, showing thePhCN, and THF, which are capable of fully solvating the radical
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Figure 3. Steady-state absorption spectra of (a)-@p-BBA), and

(b) Cso-sp-BBA in addition to reference compounds in PhCN; concen-
tration= 0.1 mM.
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Figure 4. Steady-state fluorescence spectra of (&)(€p-BBA), (0.1
mM) and (b) Go-sp-BBA and reference samples (0.1 mM) in toluene,
THF, PhCN, and DMF and ref<g (0.1 mM) in toluene;iex = 500
nm.
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Figure 5. Fluorescence decay profiles around #¥30 nm of (a) Go-
(sp-BBA), (0.1 mM) and (b) Go-sp-BBA (0.1 mM) in toluene and
PhCN and ref-G (0.1 mM) in toluene after 410-nm laser irradiation.

TABLE 2: Fluorescence Lifetime (r; at 700—-800 nm),
Charge Separation Rate Constan(kgs),

Quantum Yield for Charge Separation (@ES),
via 1Cgg* of Cgo-(sp-BBA), and Cgo-sp-BBA

sample solvent  w/ps st D&
Cor(Sp-BBA, DMF 50 21x 100 097
PhCN 55 1.8< 10'° 0.96
THF 70 1.4x 10 0.95
™ 80 (75%) 1.2x 10° 0.94 (0.70)
Cso-Sp-BBA DMF 70 1.3x 10°° 0.95
PhCN 75 1.3x 10 0.95
THF 80 1.2x 10  0.94

™ 90 (60%) 1.0x 10  0.94 (0.56)

a Lifetime (1) of reference was evaluated to be 1390 ps-Cefin
toluene), Thekds and ®Z; were calculated from egs 3 and 4.
b Average values including the slow fluorescence lifetimes.

TABLE 3: Charge Recombination Rate Constant kcg) and
Lifetime (zrip) Of Ceo-(Sp-BBA), and Cso-sp-BBA

sample solvent ker/s™t TrRIPINS
Ceso-(sp-BBA). DMF 6.20x 10° 160
PhCN 4.00x 10° 250

THF 3.10x 1C° 320

TN 1.20x 1¢° <10

Cso-sp-BBA DMF 5.50x 1C° 180
PhCN 3.00x 1¢¢ 330

THF 2.60x 10° 390

TN 1.10x 1¢® <10

Energy Diagram. Figure 8 shows an energy diagram @(C
(sp-BBA), when the 532-nm laser light is used as the excitation
light. Energy levels of the radical ion pairs are cited from the
AGcr values in Table 1. A similar energy diagram can be
depicted for Gg-sp-BBA. In polar and nonpolar solvents, the

ion pair2>2%|n toluene, on the other hand, the charge-separatedcharge separation takes place ¥@yg*-(sp-BBA), and 1Cgg*-

states are not fully solvated, giving short lifetimes.

sp-BBA, since the energy levels of& -(sp-BBA)(sp-BBA)
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Figure 6. Nanosecond transient absorption spectra of {g(sp-BBA)

(0.1 mM) and (b) Gg-sp-BBA (0.1mM) observed by 532-nm laser

irradiation in at 0.1«s (@) and 1.Qus (O) in PhCN. Inset: Absorption
time profiles at 1020 nm in PhCN.

1200

and Gg~-sp-BBA™ were lower than those fdCs0*-(sp-BBA),
andCeg*-sp-BBA. In the case of the nonpolar solvent toluene,
the charge-separation process ¥&g* occurs competitively
with the ISC process{isc can be calculated as (& ®2g)
from Table 2. Thus, the&sc values of'Cg*-(sp-BBA), and
1Cs0*-sp-BBA were calculated as 0.29 and 0.40, respectively.
Since the energy levels ofs& -(sp-BBA™)(sp-BBA) and Gg*-
sp-BBA™* in polar solvents are lower than that of th€c*
moiety, charge separation via tR€ss* moiety is thermody-
namically possible. However, th@gs values are higher than
0.94 in polar solvent and the population of fi@&g* moiety is
quite less; thus, charge separation via #®o* moiety is

J. Phys. Chem. A, Vol. 109, No. 36, 2008093
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Figure 7. Nanosecond transient absorption spectra of {g($p-BBA)
(0.1 mM) and (b) Go-sp-BBA (0.1mM) observed by 532-nm laser
irradiation in at 5 ns@) and 100 nsQ) in toluene at room temperature.
Inset: Absorptior-time profiles at 21000 nm in toluene.

Comparison of Cso-(Sp-BBA), with Cgo-sp-BBA. In each
solvent, thekas and d values for Go-(sp-BBA), are larger
than the corresponding values fogg&p-BBA, indicating that
a short distance between donor and acceptor §gi($p-BBA),
results in higher efficiency in the charge separation. Furthermore,
theker value for Go-(sp-BBAY), is larger than the corresponding
value for Gg-sp-BBA, indicating that the close configuration
of the BBA and Gy moieties in Go-(Sp-BBA), accelerates the
charge recombination, too.

Comparison with Other Cgo-sp-BBA Systems.The geo-
metrical data and kinetic data for othegySp-BBA systems

practically unobservable. In toluene, charge separation via theare summarized in Table 4. TH&, values increase with a

3Ceo* moiety is thermodynamically impossible. Ther values

decrease in the nearest distancBsd) between the electron

tend to decrease with solvent polarity as seen in Table 3, clouds of the HOMO of the BBA moiety and the LUMO of
suggesting that the charge-recombination process is in thethe Go moiety, which can be explained by the increase in the

inverted region of the Marcus parabdéfaThis is reasonable
from the AGcr values that are more negative thari.2 eV,

electron-coupling matrix element of the Marcus theory, because
the charge separation took place on the top region of Marcus

since the reorganization energies for the charge recombinationparabola* that is, thekcs values are proportional to the square

of the G derivatives are reported to be 6:6.7 eVv?150.25

of the coupling matrix element on the top region. On the other
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temperature. The efficiency and rate of the charge-separation
process are quite high. The longest lifetimes fafC(sp-
BBA**)(sp-BBA) and Gy~ -sp-BBA™ were 320 and 390 ns,
respectively, in THF at room temperature. It is revealed that a
smaller value than the absolute values &AGcr leads to the
inverted region of the Marcus parabola, resulting in slowing
down the charge recombination rate.

Experimental Section

Materials. [60]Fullerene (G was obtained from MER
Corporation, U.S.A. (99.5% purity). PhCN, toluemehexane,
benzeneds, N-methyl glycine, andi-cyano-4-hydroxycinnamic
acid were purchased from Aldrich Chemicals (Milwaukee, WI).

Synthesis Ref-Cg,26 ref-BBA,26 and compounds,2 2,26 and
3% were prepared by the methods reported elsewhere. Bgth C
(sp-BBA), and Gosp-BBA were synthesized according to
Schemes 1 and 2. The experimental procedures are described
in the Supporting Information. The characteristics of the two
compounds are shown below.

Coo-(Sp-BBA),. 'H NMR (400 MHz, CDC}) 6 8.74 (s, 1H),

Figure 8. Schematic energy diagram for electron-transfer processes 7.52—7.43 (m, 28H), 7.227.16 (m, 12H), 4.09 (s, 4H), 3.98
of Ceo-(Sp-BBA), in toluene, THF, PhCN, and DMF.

TABLE 4: Distances (Rcc and Ruea), K2g, ker, and kagkcr of

Various Cgg-sp-BBA in PhCN

sample  RecdA RieafA  K2dst kewls? kdker
Cso-Sp-BBA2 7.9 3.4 1.3x 10° 3.0x 108 4300
Cor(Sp-BBAY® 9.0 23 18<10° 40x10F 4500
Coo-Sp-BBAP 12.4 1.9 5.0< 10 45x 10° 11000
Cso-Sp-BBA® 15.0 7.1  3.0x 1 3.1x 10° 1000
Ceo-TPAY 11.0 1.5 7.3 10° <1.67x 108 43

2 Present study? ref 25 ¢ref 26.9 TPA (triphenylamine) ref 35.

(s, 4H), 3.87 (s, 4H), 1.36 (s, 36H) ppAiC NMR (100 MHz,
CDCly) 6 168.7, 156.6, 149.9, 147.9, 146.61, 146.56, 146.3,
145.9, 145.5, 144.8, 143.2, 142.7, 142.4, 142.3, 142.1, 141.7,
140.24, 140.19, 137.7, 135.7, 135.3, 130.9, 129.7, 128.8, 127.7,
127.1, 126.3, 125.7, 123.9, 121.0, 66.0, 38.8, 36.5, 35.1, 34.5,
31.4 ppm; FAB-MS (matrix: mNBAYWz 1995 [M]*.

Ceo-Sp-BBA. 'H NMR (400 MHz, CDC}) 6 8.63 (s, 1H),
7.58-7.43 (m, 14H), 7.227.15 (m, 6H), 6.82 () = 5.6 Hz,
1H), 4.11 (s, 2H), 4.03 (d] = 5.6 Hz, 2H), 3.80 (s, 2H), 3.58
(s, 2H), 1.36 (s, 18H) ppmt3C NMR (100 MHz, CDC}) 6
166.5, 157.0, 156.9, 149.9, 147.74, 147.70, 146.6, 146.5, 146.3,
145.8, 145.5, 145.4, 145.3, 144.8, 144.7, 143.2, 142.6, 142.4,

hand, thekcr values are almost the same even when changing 142 2, 142.11, 142.08, 141.7, 140.22, 140.18, 138.6, 137.7,
theRcc andRqearvalues. Since the charge-recombination process 135 6, 135.5, 135.3, 129.3, 127.7, 126.3, 125.7, 125.4, 123.9,
is in the inverted region, the distant dependencekfgr may

be more complex, because the solvent reorganization energyKpr) 2954, 2923, 1508, 1495, 819 ¢ FAB-MS (matrix:
also depends on theec or Rearvalues. Therefore, the observed  ymNBA) vz 1384 [M]*.

ratio of kgslkCR, which is a measure of the light conversion

121.0, 65.84, 65.76, 43.1, 40.5, 39.1, 36.2, 34.5, 31.4 ppm; IR

Measurements. Electrochemical Measurement&®eduction

efficiency to charge-separated states, shows a maximum atyotentials E,e and oxidation potentialsEg,) were measured

appropriateRcc andRyearvalues. On the basis of this viewpoint,
Cso-(sp-BBA), and Gg-sp-BBA with the flexible spacer studied

in the present study are better thag-€p-BBA with a rigid

spacer in our previous repdift.

Comparison with Other Cgo Systems.In comparison with
aromatic donors such as d|methy| aniline and dlphenyl aniline, case, a solution Containing 0.2 mM of Sample with 0.05 M of

the BBA moiety has excellent donor ability, giving persistent n.gu,NCIO, (Fluka purest quality) was deaerated with argon
radical ion pairs, irrespective of the distance between the aminepypbling before measurements.

and Go moieties. For example, for the NMR& TPA dyad,

the trip value was less than 10 B%.In the case of a triad

composed of NMPg—quaterthiopheneTPA, the tgp value
was evaluated to be 18 ns in DMF at room temperattifehe
Trip Value for a triad composed of the;¢=-fluorene-dipheny-
lamine was evaluated to be 150 ns in DMF at room tempera- sensitivity in the 708-800 nm region.
ture3’ In the case of g—bridge—dimethylaniline systemsgp

values in the range-8250 ns were reported, depending on the egqlved fluorescence spectra were measured by the single-

kinds and lengths of the bridge molecule comparison to
these Go and amine systems, € -sp-BBA™ showed a long

TRIP value.

Summary

For Gso-sp-BBA and Go-(sp-BBA),, in which the flexible
covalent bonds are employed as a spacer, photoinduced charge Nanosecond Transient Absorption MeasurementdNano-
separation vidCgo* was observed in polar solvents at room second transient absorption measurements were carried out using

by cyclic voltammetry with a potentiostat (BAS CV50W) in a
conventional three-electrode cell equipped with Pt working and
counter electrodes with an Ag/Ageference electrode at scan
rate of 100 mV/s. Th&qgandEy were expressed vs ferrocene/
ferrocenium (Fc/Ft) used as the internal reference. In each

Steady-State MeasurementsSteady-state absorption spectra
in the visible and near-IR regions were measured on a Jasco
V570 DS spectrophotometer. Steady-state fluorescence spectra
were measured on a Shimadzu RF-5300 PC spectrofluoropho-
tometer equipped with a photomultiplier tube having high

Time-Resolved Fluorescence Measurementdhe time-

photon counting method using a streakscope (Hamamatsu
Photonics, C4334-01) as a detector and the laser light (second
harmonic generation (SHG), 410 nm) of a Ti:sapphire laser
(Spectra-Physics, Tsunami 3950-L2S, 1.5 ps fwhm) as an
excitation sourcé® Lifetimes were evaluated with software
attached to the equipments.



Photoinduced Electron Transfer ingand BBA
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SHG (532 nm) of a Nd:YAG laser (Spectra-Physics, Quanta- A.; Mondini, S.; Bianco, A.; Toniolo, C.; Scorrano, G.; Guldi, D. M.;
Ray GCR-130, 5 ns fwhm) as an excitation source. For transientMaggini. M. J. Am. Chem. S0d.999 121, 3446.

absorption spectra in the near-IR region (64200 nm) and

the time profiles, monitoring light from a pulsed Xe lamp was

(13) Llacay, J.; Veciana, J.; Vidal-Gancedo, J.; Bourdelnde, J. L.;
Gonzalez-Moreno, R.; Rovia, @. Org. Chem1998 63, 5201.
(14) Tkachenko, N. V.; Rantala, L.; Tauber, A. Y.; Helaja, J.; Hynninen,

detected with a Ge-APD (Hamamatsu Photonics, B2834). For P. V.; Lemmetyinen, HJ. Am. Chem. Sod.999 121, 9378.

spectra in the visible region (46@000 nm), a Si-PIN photo-
diode (Hamamatsu Photonics, S17Z2) was used as a
detector22:38

Molecular Orbital Calculations. The optimized structure,

(15) Schuster, D. I.; Cheng, P.; Wilson, S. R.; Prokhorenko, V.; Katterle,
M.; Holzwarth, A. R.; Braslavsky, S. E.; Klihm, G.; Williams, R. M.; Luo,
C.J. Am. Chem. S0d.999 121, 11599.

(16) (a) Yamashiro, T.; Aso, Y.; Otsubo, T.; Tang, H.; Harima, T;
Yamashita, KChem. Lett1999 443. (b) Fujitsuka, M.; Ito, O.; Yamashiro,

energy levels of the molecular orbitals, and electron densities T-; Aso, Y.; Otsubo, TJ. Phys. Chem. 200Q 104, 4876. (d) Fujitsuka,

were calculated bY5AUSSIAN 98B3LYP/6-31G(*) level).
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