2428 J. Phys. Chem. R005,109, 2428-2435

Photoinduced Intramolecular Electron-Transfer Processes in
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Intramolecular photoinduced charge-separation and charge-recombination processes in a covalently connected
Ceo-(spacer)N,N-bis(biphenylyl)aniline (G-spacer-BBA) dyad, in which the center-to-center distance of the
electron acceptor and electron donor is 15 A, have been studied by time-resolved fluorescence and transient
absorption methods. The observed low fluorescence intensity and the short fluorescence lifetime of the
Cso moiety of the dyad in PhCN and THF indicate that charge separation takes place via the excited singlet
state of the G moiety at a quite fast rate and a high efficiency. The nanosecond transient absorption
spectra in PhCN and THF showed the broad absorption bands at 880 and 1100 nm, which were attributed to
Ceo-spacer-BBA™. The charge-separated state decays with a lifetime of-380 ns in PhCN and THF at

room temperature. From temperature dependence of the charge-recombination rate constants, the reorganization
energy was evaluated to be 0-70.87 eV, which indicates that the charge-recombination process is in the
inverted region of the Marcus parabola. With lowering temperature, the contribution of charge separation via
the excited triplet state of thes&Cmoiety increases due to an increase in solvation gf &pacer-BBA'.

Introduction
Because [60]fullerene, d5 has been revealed as a very O
attractive electron acceptor with unique photophysical and
electrochemical propertiés3 considerable efforts have been
devoted in recent years to develop the systems in whighsC ‘

covalently linked to electron donofs!? in addition to the
mixture systems of & and donoi*-2! Molecular systems N
including Gso are of particular interest, because they can exhibit = /©/ C]
characteristic electronic properties in the excited states in
addition to its small reorganization energy due to spherical
molecular shapé? thus, a lot of research has been conducted
to the photoinduced electron-transfer processes includiptf C°
These phenomena open the potential applications in the realiza-
tion of new artificial photosynthetic systems, molecular elec-
tronic devices, and photovoltaic ceft8.”

Among the wide variety of donor molecules that can be
covalently linked to @, one of the fascinating donors is
aromatic amines; various aromatic amine-connectgaiZads
have been synthesized and the photoinduced processes were

revealec In the previous report, it was reported thajy®is- ref-Ce o N
(biphenylyhaniline (BBA) dyad with a short linkage with a Hsc)j\N/©/
H

Cgo-space-BBA

center-to-center distanc®dc of Csc-BBA) of 10 A generates
a quite persistent charge-separated state in PhCN even in such
a short distance between the radical anion and radical c&tion. ref-BBA

Figure 1. Molecular structures of &-spacer-BBA and reference
* Author for correspondence. E-mail: takata@chem.osakafu-u.ac.jp. samples.
E-mail: ito@tagen.tohoku.ac.jp.

;?jfkjI';;‘aftigu{_eegm‘égsny' In the present study, we report synthesis gf-Spacer-BBA
£Yas)rllima Super Structure%/'Helix Project. dyad with a longer IinkageRcc =15 A), as ShOVYn ir_] Figure
* Tohoku University. 1 and the charge-separation and charge-recombination processes
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investigated by the time-resolved fluorescence and absorptionBBA was almost the same as thg values of ref-BBA Eox =
spectra in the visible and near-IR regions. It would be expected +0.35 V vs Fc/F¢), suggesting the absence of interaction
that the temperature effects on the rate constants of the chargebetween BBA and ¢ in the ground state.

separation and charge-recombination processes afford valuable The reduction potentiaEg of Cs-spacer-BBA was evalu-
information about the Marcus parameters of the electron-transferated to be—1.02 V vs Fc/F¢; this value is corresponding to

processes of this dyad.

Results and Discussion

Synthesis of Go-Spacer-BBA. Cgo-spacer-BBA was syn-

thesized as shown in Scheme 1. The Ulimann coupling of

4-nitroanilinel with 4-tert-butyl-4-iodobiphenyl 2) in 1,2,4-

trichlorobenzene using Cu powder as a catalyst afforded

triarylamine3 in 84% yield. Nitroaren& was subjected to the
catalytic hydrogenation using Pd/C to give amdria 92% yield.
Reaction of4 with acid chloride5 gave amides in 57% yield.
Diels—Alder reaction o6 and Gy in refluxing toluene afforded
Cso-spacer-BBA in 22% yield. The structure ofg&Spacer-BBA
was fully characterized biH and*C NMR, IR, and elemental

analysis. Ref-BBA was prepared according to the literature

method?® Reaction of4 with acetyl chloride in the presence of
an amine gave ref-BBA in 75% yield. Refs§; which is
4-methoxycarbonyb-quinodimethane adduct with ¢6; was

prepared according to the method described in the literdfure.

Details are described in the Experimental Section.
Molecular Orbital Calculations. Figure 2 shows the opti-

Ereq Of the Gio moiety, because a quite similar value was reported
for the ref-Go (Ered = —1.10 V vs Fc/F¢).7¢ From theseEqx
and Eq values for BBA-spacer-§g, the free-energy changes
for charge separatiol\Gcs) and charge recombinationGer)

can be calculated from the Weller equatighs:

—AGes= AEy o — (—AGcg)
—AGcr=Ey — Eog+ AGg

1)
)

ox

~AGg =

El -G o

whereAEg_ is the energy of the-80 transition of Go, R" is

the radii of the radical cation of BBA, an@™ is the radii of

the radical anion of g (Table 1);e, €, €5, and ¢ refer to
elementary charge, vacuum permittivity, and static permittivities
of the solvents used for rate measurements and redox potential
measurements, respectively. TA&cs and AGcr values for
Cso-spacer-BBA are summarized in Table 1. In a polar solvent
such as PhCN and THF, charge separation via the excited singlet

mized structure, the electron densities of the lowest unoccupiedstate of the G (1Cqg*) is exothermic and occurs easily, whereas

molecular orbital (LUMO), and the highest occupied mol-
ecular orbital (HOMO) of Gg-spacer-BBA dyad calculated by
GAUSSIAN 98at the B3LYP/3-21G level’ The optimized
structure shows that relative positions of BBA angh @ith
Rcc = 15 A, in which the BBA plane is in the same plain with
the bridge bonds, but not face-to-face alignment with the C

in toluene, this process is endothermic and hardly occurs. The
charge-separation process via the excited triplet state ofdhe C
(3Ceq*) is slightly exothermic in THF and PhCN.

Steady-State Absorption MeasurementsSteady-state ab-
sorption spectra of BBA-spacer&and its components in
toluene are shown in Figure 4. The broad absorption bands at

sphere. The calculated electron densities of the HOMO indicate 640 and 710 nm of g-spacer-BBA are characteristic of the
the delocalization of electrons in the BBA moiety, whereas the 58 conjugatedz-electrons of the g moiety. The BBA moiety

electron densities in the LUMO are all located on thgr@oiety,

suggesting that the BBA andsgmoieties act as an electron-

donor and an electron-acceptor, respectively.
Electrochemical MeasurementsThe cyclic voltammogram

shows the absorption at shorter wavelength than 400 nm. For
Ceso-spacer-BBA, the absorption intensity in longer wavelength
than 400 nm was almost the same as that of rgfi@dicating

that no appreciable interaction in the ground state. From the

of Cgg-spacer-BBA dyad in PhCN is shown in Figure 3. Almost MO calculation, the charge-transfer band would be anticipated
reversible pattern was observed, suggesting the stability of thein the longer wavelength region than 700 nm; however, the
radical ions. TheEyy value (0.33 V vs Fc/Ft) of Cso-spacer- absorption intensity is too low to observe explicitly.
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HOMO. -4.887 eV

Figure 2. Optimized structures and electron distributions of LUMO 500 nm, where the absorbance of both compounds was matched.

and HOMO of Ggspacer-BBA dyad calculated at B3LYP/3-21G level.
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Figure 3. Cyclic voltammogram of g-spacer-BBA dyad (0.2 mM)
in Ar-saturated PhCN containing BNCIO, (0.05 M) as a supporting

electrolyte at scan rate of 0.1 Vs

TABLE 1: Free-Energy Changes for Charge Separation

(—AGcs) and Charge Recombination (AGcgr) of

Ceo-Spacer-BBA

solvent —AGS:deVa —AG'cdeVve —AGcr/eVa
toluene —-0.20 —0.40

THF 0.27 0.07

PhCN 0.41 0.21

a Calculated from eqs-13 employingAEy— = 1.72 eV forlCeg*,
AEg_o = 1.52 eV for3Ceg*, Eox = 0.33 V for BBA, andEeq = —1.02
V for Ceo vs Fc/F¢ in PACN.R* = 7.5 A for BBA, andR™ = 4.0 A
for Cso, andRcc = 15 A, as evaluated from Figure 2. Permittivities of
toluene, THF, and PhCN are 2.38, 7.58, and 25.2, respectively.

Steady-State Fluorescence MeasurementsSteady-state
fluorescence spectrum of ggspacer-BBA in toluene ex-
hibits the fluorescence peaks) at 720 nm as shown in Figure
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Figure 4. Steady-state absorption spectra gf€pacer-BBA (0.1 mM),
ref-Cso (0.1 mM), and ref-BBA (0.1 mM) in toluene.
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Figure 5. Steady-state fluorescence spectra gf€pacer-BBA (0.1
mM) in toluene, THF, and PhCN and re&{n toluene; excitation at
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Figure 6. Fluorescence decay profiles around 7730 nm of Gg
spacer-BBA dyad (0.1 mM) in toluene and PhCN after 410 nm laser
irradiation. Filled curve indicates laser profile. Solid lines are fitting
curves.

fluorescence of gg-spacer-BBA is attributed to theggmoiety.
From the cross point of fluorescence band and absorption band
after normalizing both intensities, the lowest excited singlet
energy Eo—o) of the Gp moiety was estimated to be 1.72 eV.
The fluorescence intensity ofggspacer-BBA in toluene is
almost the same as that of refgwhen the absorbance at
excitation wavelength was matched.

In polar solvents such as THF and PhCN, the fluorescence
intensity of Gg-spacer-BBA becomes lower than that in toluene,
as shown in Figure 5. Such a decrease in fluorescence intensity
of the Gso-spacer-BBA in polar solvent suggests the electron
transfer via thé'Cgo* moiety.

Fluorescence LifetimesThe time profiles of the fluorescence
intensity at the peak position of tA€s* moiety in Csg-spacer-
BBA in toluene and PhCN are shown in Figure 6. In toluene,
the fluorescence decay of tH€s0* moiety obeys a single-

5. Because the spectral shape of the fluorescence band ofxponential function, yielding the fluorescence lifetime of 1400

Cso-spacer-BBA is almost the same as that of reg§-D the
same solvent A = 717 nm), the origin of the observed

ps, which is the same as that of refo&"@This finding indicates
that both energy and electron transfers do not take place for
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TABLE 2: Fluorescence Lifetime (z; at 710-730 nm), 0.4

Charge-Separation Rate Constant vialCeg* (kScs), Quantum 020,

Yield for Charge Separation (@Scs) via Cgo*, 015 |

Charge-Recombination Rate ConstantKcgr) of 0.3F EDONE 860 nm

Ceo-Spacer-BBA at Room Temperature § sk | 1000 nm
© ’ j

solvent 7dps kScdst  ®@Ses Kledst?  ker/st twiplns S o2k 0.00 i :
» 00 05 10 1§

toluene 1400 0.00 % Tire  ps

THF 340 2.2x10° 0.76 3.4x10 2.8x 10 360

PhCN 270 3.0<10° 0.81 4.2x10° 3.1x10F 330 0.1

2Thek'cs (charge separation rate constant 3@ag*) values at—10
°C. 0.085000200007°%%00s0s

600 800 1000 1200
Wavelength / nm

Coospacer-BBA in toluene. In PhCN, the fluorescence intensity Figure 7. Nanosecond transient absorption spectragfspacer-BBA
1 * i H _ . -
of the *Ceg* moiety in Cegspacer-BBA shows fast decay dyad (0.1 mM) observed by 532 nm laser irradiation in at/51®)

obeying a single-exponential kinetics, giving a short fluorescence 4pq 1.4 () in PhCN at room temperature. Inset: absorptitime
lifetime (z+ = 370 ps). In THF,7x = 340 ps was similarly  profiles at 860 and 1000 nm in PhCN.
evaluated as listed in Table 2.

The difference between thevalues evaluated from the main 0.25 530
decays in 716730 nm in polar and nonpolar solvents can be 025 J0mm
attributed predominantly to charge separation via 8g* 020 sordl
moiety in Go-spacer-BBA, generating the radical ion-pair state 8 010k
(Ceo"-spacer-BBA") in polar solvents. g 0.15F 0.051-

From thet; value of thelCeg* moiety in Cso-spacer-BBA, 2 010k 0.00 witel 04 08 12
the intramolecular charge-separation rate conskdsg)(in THF S Time / s
and PhCN was evaluated, as summarized in Table 2 using 0,05

S _
K cs— (1/Tf)sample_ (1/Tf)ref (4) 0.00 . I . 1
600 800 1000 1200

where )t is the fluorescence lifetime of refggin toluenel’e Wavelength / nm
Thus, thekScs values were evaluated to be (2.2.0) x 1°s™? Figure 8. Nanosecond transient absorption spectraggfspacer-BBA

in polar solvents, which indicate that charge separation via the dyad (0.1 mM) observed by 532 nm laser irradiation in at/s1@)

1Ces* moiety is an effective process in polar solvents. The qnd 1.0/4.3 ©) in tqueng at room temperature. Inset: absorption
. . . T~ e i time profiles at 720 nm in toluene.

quantum yields of charge separatidh:s) via thelCsg* moiety

in the Gsg-spacer-BBA in polar solvents were evaluated from 18.0
s
D5 = [(1/Tf)sample_ (l/Tf)ref]/(]-/T)sample (5) 175

Thus,®Scs= 0.76 and 0.81 were calculated for theyGpacer- ﬁ;
BBA in THF and PhCN, respectively, which indicates that K 17.0
charge separation via tH€¢g* moiety is competitive with the =
intersystem crossing (ISC) process to ¥gg* moiety even in 16.5
PhCN.

Thus, thekScs and ®Scs values for Gg-spacer-BBA are [ . [
smaller than those reported fogsS BBA with short linkage?® 16.0.5 35 2.0 24
indicating that the long distance between the donor and acceptor 108 T /K!
for Ceo-spacer-BBA is disadvantageous for the charge-separationgjgyre 9. Semiclassical Marcus (modified Arrhenius) plots of the
system in polar solvents. temperature dependencekef for Cso-spacer-BBA in PhCN and THF.

Nanosecond Transient Absorption MeasurementsTran-
sient absorption spectra observed by the nanosecond laselifetime more than 4@is7¢This observation was supported by
excitation (532 nm) of g-spacer-BBA in PhCN are shown in  the positive AGScs value in toluene (Table 1), suggesting
Figure 7. The broad absorption bands were observed in thedifficulty of charge separation.
region of 606-1200 nm, which are the overlapping regions of ~ Temperature Effect. The energy barriers for the charge-

the absorption bands of BBA (880 nm¥® and Gg~ (1000 separation and charge-recombination processes can be estimated
nm)17¢ From the decay time profile at 880 nm, the charge- by measuring the temperature dependence oktheandkcr
recombination rate constarkcg) was evaluated to be 3.& values. From the semiclassical Marcus equatidhe electron-

108 s71, from which the lifetime trip) of the charge-separated  transfer rate constank)(can be described as follows:

state was calculated to be 320 ns at room temperature. 321 1 +
In THF, similar transient spectra to those in PhCN were In(kv/T) = In 2V _AG (6)
observed (Supporting Information; Figure S2), showing the h //1kB kg T

generation of the charge-separated state, which persists with

Trip = 360 ns. whereT, |V|, h, 4, ks, and AG* are absolute temperature, the
In toluene, transient absorption band was observed aroundelectron coupling matrix element, Planck’s constant, the reor-

700 nm at 100 ns (Figure 8). The possible species of the ganization energy, Boltzman’s constant, and Gibb’s activation

absorption band is th&Cgss* moiety (700 nm),t which did energy in the Marcus theo?/ respectively. Figure 9 shows the

not show the appreciable decay durings], because of its long ~ maodified Arrhenius plot for the semiclassical Marcus e[ 6,
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Figure 10. Nanosecond transient absorption spectra gfdpacer-
BBA dyad (0.1 mM) observed by 532 nm laser irradiation in at/@1
(®) and 1.0us (©) in PhCN at low temperature—10 °C). Inset:
absorption-time profiles at 860 and 1000 nm in PhCN.

0.0

TABLE 3: Gibbs Activation Energy ( AG¥cRr),
Reorganization Energy @cr), and Electron Coupling Matrix
Element (Vcr]) for Charge-Recombination Process of

Ceo -Spacer-BBA™ in THF and PhCN

solvent AGFcrleV AcrleV [Verl/cmt
THF 0.10 0.87 0.64
PhCN 0.09 0.77 0.60

TABLE 4: Gibbs Activation Energy (AG'cs),
Reorganization Energy fcs), and Electron Coupling Matrix
Element (Vcg|) for Charge-Separation Process of
Cso-Spacer-BBA in PhCN

CS process AGcdeV AcdeV [Veslfem™
via 1Ceg* 0.09 0.17 12.9
via 3Cgg* 0.11 0.05 1.61

which shows a linear relation betweenKggT2) values and
1/T. The observed changeskgr value in the temperature region
shown in Figure 9 were larger than the experimental eft&£4;
Supporting Information, Figure S3). From the slope, i.e.,
(—AG*cr/kg), the AGFcr value was estimated to be 0.098 and
0.094 eV in THF and PhCN, respectively. Thealues for the
charge-recombination procesigg) were calculated to be 0.87
and 0.77 eV in THF and PhCH, respectively, from the
following relation?’

_ (AGgr+ A)?

+
AG s

)

From the comparison of thi&cg values with theAGcg values
in PhCN and THF £1.31 and—1.45 eV, respectively), the

Rajkumar et al.
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Figure 11. Schematic energy diagram for electron-transfer processes
of Cso-spacer-BBA in toluene, THF, and PhCN.

moiety. From the rise time profile of theg€ ™ moiety, the rate
constantK'cs) for the charge separation can be evaluated to be
4.2 x 10’ s tat—10°C. In PhCN, theAG'csvalue is negative
allowing the charge separation viCso*. In THF, similar
phenomena were observed givikgs= 3.4 x 10’ st at—10

°C, because th\G'cs value is slightly negative. Probably,
Cesor-spacer-BBA™ may be stabilized in these polar solvents
by lowering temperature, increasing th&cs value negatively.

From the temperature dependency of the rise temporal profiles
of the Gs¢'~ moiety, theAG*T¢s value in PhCN was evaluated
to be 0.11 eV, from whiciiTcs = 0.05 eV andV'cg = 1.61
cml. From AGcs = —0.11 eV, the charge-separation
processes via th#Cgg* moiety are considered to take place at
almost the top region of the Marcus parab®lindeed, the'cs
values are slow at10 °C.

Energy Diagram. Figure 11 shows an energy diagram of
Cso-spacer-BBA when the 532 nm laser light is used as the
excitation light. Energy levels of the radical ion-pairs were cited
from Table 1. In THF and PhCN, the charge separation takes
place vialCgo*-spacer-BBA, as indicated by the weak fluores-
cence intensity and short fluorescence lifetime, because the

charge-recombination processes are considered to take place ienergy levels of g ~-spacer-BBA" were lower than those for

the Marcus inverted regiofi. This clearly explains the longer

lifetimes of G ~-spacer-BBA™ compared with those of other

dyads® The|Vcg| values in PhCN and THF were calculated to
be 0.60 and 0.64 cm, respectively, from the intercept of the

slope in Figure 9. These smdWcg| values are reasonable to
explain the slow charge recombination ofyC-spacer-BBA"™

1Ceo*-spacer-BBA. In toluene, on the other hand, charge
separation is impossible vi#Ceg*, only generating®Ceg* via

the ISC process. Thus, the generatioA@g*-spacer-BBA with

the ISC process frofCqsg* -spacer-BBA is also possible, because

the ®S:svalues are less than unity in polar solvents. The charge
separation vigCgg*-spacer-BBA becomes prominent at low

in polar solvents. From the temperature dependency of fluo- temperature, probably because solvation @f Cspacer-BBA"
rescence temporal profiles (Supporting Information; Figure S4), increased its stabilization.

the AG*Scs value in PhCN was evaluated to be 0.09 eV, giving
AScs=0.17 eV andVS:g = 12.9 cnTt. Compared with/AG®¢s
= —0.41 eV, the charge-separation processed@igt moiety

are also considered to take place in the Marcus inverted région.

Indeed, thek®cs values are moderate in the range of 230)

x 10° s1 at room temperature. On lowering the temperature,

Comparison with Other Systems.For Gso—BBA with short
linkage (10 A), thekScs values ((3.45.0) x 1019 s™1) are 1
order larger than those foregspacer-BBA; thedScs values
(0.95-0.99) are also larger than those fogySpacer-BBA.
These observations indicate the charge separation is effective
with short linkage. The lifetime of g ~-spacer-BBA" was

the rise of the radical ions seems to become slowed, as showrevaluated to be 330 ns in PhCN, which is slightly longer than

in Figure 10 for Gg~-spacer-BBA" in PhCN at—10 °C,
suggesting the charge separation also takes place vi€ke

that of Gg~-BBA*" (220 ns in PhCN at room temperatufé),
probably because of the smalldr| values, which are usually
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inverted proportional to the distance between the electron and Synthesis of 6.To a solution o4 (500 mg, 0.95 mmol) and

the hole connected by covalent bonds.

Compared with aromatic amine donors such as dimethyl-
aniline and diphenylaniline, the BBA moiety has excellent donor
ability, giving persistent radical ion-pair, irrespective the distance
between the amine andignoieties. For example, for NMRg
TPA dyad, thergp value was less than 10 A&In the case of
a triad composed of NMPgzquterthiophene-TPA, thexp value
was evaluated to be 18 ns in DMF at room temperatth&he
Trip Value for a triad composed of thes&fluorene-diphenyl-
amine was evaluated to be 150 ns in DMF at room temper&ture.
In the case of gg-bridge-dimethylaniline systems, thgp values
in the range of 8250 ns were reported, depending on the kinds
and lengths of the bridge molecufé$? Compared with these
Ceo and amine systems, g€ -spacer-BBA" showed longrrip
value.

Summary

For Gsg-spacer-BBA, the photoinduced charge separation via
1Cso*-spacer-BBA was observed in polar solvents at room
temperature. By lowering the temperature, the contribution of
charge separation vi&sg*-spacer-BBA increased. The lifetimes
of 320-360 ns were evaluated for thesd=-spacer-BBA" in
PhCN and THF, respectively, at room temperature. Furthe-
rmore, it is revealed that a smallégg value than the absolute
values of AGcr leads to the inverted region of the Marcus
parabola, resulting in slow the charge-recombination rate.
The G -spacer-BBA" gains a chance to mix with the
3Ceo*-spacer-BBA, which makes the lifetime ofs€ -spacer-
BBA*" long. With an increase of distance between donor and
acceptor from 10 to 15 A, the lifetimes increase slightly. These
findings afford a guideline to design new dyads.

Experimental Section

Materials. [60]Fullerene (G was obtained from MER
Corporation, USA (99.5% purity). PhCN, toluenehexane,
benzeneads, N-methylglycine, andx-cyano-4-hydroxycinnamic
acid were purchased from Aldrich Chemicals (Milwaukee, WI).

Synthesis of 3.A mixture of 4-nitroaniline (310 mg, 2.24
mmol), 4tert-butyl-4-iodobiphenyl (3.02 g, 4.49 mmol), Cu
powder (856 mg, 13.4 mmol),#0s (3.70 g, 26.8 mmol), and
18-crown-6 (650 mg, 2.46 mmol) in 1,2,4-trichlorobenzene (30
mL) was heated at 168C under Ar atmosphere for 24 h. The

EtsN (0.18 mL, 1.28 mmol) in THF (30 mL) was added
dropwise a solution 05 (320 mg, 0.98 mmol) in THF (20 mL)

at 0°C. After being stirred at OC for 1 h, the reaction mixture
was stirred at room temperature for 3 h. Then the reaction
mixture was diluted with 70 mL of CHGland washed with 1

M HCI (2 x 10 mL), brine (20 mL), and water (20 mL).
Evaporation of the solvent gave the crude product, which was
purified by preparative HPLC to give as a bright green solid
(440 mg, 57%)IH NMR (CDCls, 500 MHz): ¢ 7.89 (bs, 1H,
NH), 7.79-7.77 (m, 2H, Ar-H), 7.56-7.44 (m, 15H, Ar-H),
7.20-7.16 (m, 6H, Ar-H), 4.80-4.79 (m, 2H, CHBr), 4.69—
4.68 (m, 2H, CHBr), 1.36 (s, 18Htert-Bu).

Synthesis of Gg-spacer-BBA.A mixture of 6 (60 mg, 0.074
mmol), KI (87 mg, 0.52 mmol), 18-crown-6 (79 mg, 0.30
mmol), and Gp (69 mg, 0.096 mmol) in dry toluene (25 mL)
was refluxed for 16 h under argon atmosphere. The reaction
mixture was evaporated to dryness, and the residue was
subjected to silica gel column chromatography (from 50%
toluene in CHG to 100% CHCY) to afford the crude product
(96 mg). The crude product was subjected to preparative HPLC
to afford Gg-spacer-BBA (22 mg, 22%). Mp:>300°C. H
NMR (CDCl, 500 MHz): ¢ 7.89 (bs, 1H, NH), 7.797.77 (m,
2H, Ar—H), 7.56-7.44 (m, 15H, Ar-H), 7.20-7.16 (m, 6H,
Ar—H) 4.80-4.79 (bs, 2H, CH), 4.69-4.68 (bs, 2H, CH),

1.36 (s, 18Htert-Bu). 13C NMR (CDCk, 125 MHz): 6 165.41,
156.28, 155.94, 149.68, 147.60, 146.46, 146.39, 146.16, 145.36,
144.83, 144.59, 144.57, 144.15, 143.06, 142.50, 142.10, 142.03,
141.49, 140.14, 138.81, 137.57, 135.14, 134.63, 133.05, 128.33,
127.61, 126.60, 126.22, 125.60, 125.15, 123.87, 121.64, 65.63,
65.59, 45.06, 34.57, 31.45, 29.77. FT-IR (KBn):3433 (N—

H), 1652(CO—NH), 1493, 1261, 1098, 1020 crh Calcd for
(C107H46N20)(CHCb)o.5(H20)4_oZ C, 85.65; H, 3.65; N, 1.86%.
Found: C, 85.86; H, 3.79; N, 1.88.

Synthesis of ref-BBA. To a solution of4 (27.8 mg, 53.0
umol) and triethylamine (8.0@L, 57.4 umol) in chloroform
(1.00 mL) was added acetyl chloride (5,00, 70.3umol) at O
°C. The mixture was stirred at room temperature overnight. The
reaction mixture was evaporated to dryness, and the residue was
subjected to silica gel column chromatography (chloroform/ethyl
acetate= 19/1, R = 0.22) to afford the crude product (28.1
mg). The crude product was subjected to preparative HPLC to
afford ref-BBA as a white solid (22.4 mg, 40/mol, 75%).

Mp: 146-150 °C. 'H NMR (CDClz, 400 MHz): 6 7.63 (s,

reaction mixture was filtered, and the filtrate was passed over 1H), 7.52-7.39 (m, 16H), 6.85 (br s, 4H), 2.24 (s, 3H), 1.35

a short column on Si® Elution with hexane removed 1,2,4-
trichlorobenzene followed by elution with CHEthexane (ca.
1/1) to afford the crude product. Further purification by $iO
column chromatography (eluent: CH@lexane (1/4)) afforded
3 as a bright orange crystal (1.05 g, 84% yielthi NMR
(CDCl3;, 500 MHz): ¢ 8.08-8.07 (2H, m, AH), 7.59-7.58
(4H, m, Ar—H), 7.54-7.52 (4H, m, ArH), 7.48-7.46 (4H,
m, Ar—H), 7.27-7.19 (4H, m, Ar-H), 7.05-7.03 (2H, m, Ar-
H), 1.37 (18H, stert-Bu).

Synthesis of 4.A mixture of 3 (600 mg, 1.08 mmol) and
5% Pd-C (131 mg) in THF (40 mL) was stirred under,H

(s, 18H) ppm. IR (KBr): 2961, 1655, 1601, 1508, 1497, 1319,
1273, 820, 527 cri. FAB-MS (matrix: mNBA): m/'z566 [M]*.
Anal. Calcd for GoH4oN,O: C, 84.77; H, 7.47; N, 4.94.
Found: C, 84.33; H, 7.74; N, 5.14.

Measurements

Electrochemical MeasurementsReduction potentialHeq)
and oxidation potentialsE,x) were measured by a cyclic
voltammetry with a potentiostat (BAS CV50W) in a conven-
tional three electrode-cell equipped with Pt-working and counter

atmosphere at room temperature for 24 h. The reaction mixture electrodes with an Ag/Agreference electrode at scan rate of
was filtered, and the filtrate was evaporated. The residue was100 mV/s. TheE.q and Eox were expressed vs ferrocene/

purified by SiQ column chromatography (eluent: CHCI
hexane (1/3)) to afford amin&(520 mg, 92%) as a bright red-
brown crystal.

IH NMR (CDCls, 270 MHz): 6 7.51-7.49 (m, 4H, Ar-H),
7.45-7.42 (m, 8H, ArH), 7.13 (d, 4H, Ar-H, J = 8.5 Hz),
7.05 (d, 2H, Ar-H, J = 8.5 Hz), 6.69 (d, 2H, ArH, J =85
Hz), 1.36 (s, 18Hert—Bu).

ferrocenium (Fc/Ft) used as internal reference. In each case,
a solution containing 0.2 mM of a sample with 0.05 MneBuy-
NCIOy (Fluka purest quality) was deaerated with argon bubbling
before measurements.

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
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were measured on a Shimadzu RF-5300 PC spectrofluoropho-M. V.; Guldi, D. M.; Kamat, P. V.J. Phys. Chem. A998,102 5341. (€)

tometer equipped with a photomultiplier tube having high
sensitivity in the 706-800 nm region.
Time-Resolved Fluorescence MeasurementShe time-

Guldi, D. M.; Garscia, G. T.; Mattay, J. Phys. Chem. A998 102, 9679.
() Maggini, M.; Guldi, D. M.; Mondini, S.; Scorrano, G.; Paolucci, F.;
Ceroni, P.; Roffia, SChem. Eur. J1998 4, 1992. (g) Polese, A.; Mondini,
S.; Bianco, A.; Toniolo, C.; Scorrano, G.; Guldi, D. M.; Maggini, Nl

resolved fluorescence spectra were measured by single photorftm- Chem. Sod.999 121, 3446.

(9) Llacay, J.; Veciana, J.; Vidal-Gancedo, J.; Bourdelnde, J. L.;

counting method using a streakscope (Hamamatsu Photonicsg >0 o>"\isreno. R.- Rovia. O. Org. Chem1998 63, 5201.

C4334-01) as a detector and the laser light (second harmonic

(10) Tkachenko, N. V.; Rantala, L.; Tauber, A. Y.; Helaja, J.; Hynninen,

generation (SHG), 410 nm) of a Ti:sapphire laser (Spectra- P. V.; Lemmetyinen, HJ. Am. Chem. Sod.999 121, 9378.

Physics, Tsunami 3950-L2S, 1.5 ps fwhm) as an excitation

source® Lifetimes were evaluated with software attached to
the equipment.
Nanosecond Transient Absorption MeasurementdNano-

second transient absorption measurements were carried out usini‘i

(11) 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.

(12) (a) Yamashiro, T.; Aso, Y.; Otsubo, T.; Tang, H.; Harima, T;
Yamashita, KChem. Lett1999 443. (b) Fujitsuka, M.; Ito, O.; Yamashiro,
Aso, Y.; Otsubo, TJ. Phys. Chem. 200Q 104, 4876. (c) van Hal, P.
Knol, J.; Langeveld-Voss, B. M. W.; Meskers, S. C. J.; Hummelen, J.

SHG (532 nm) of a Nd:YAG laser (Spectra-Physics, Quanta- c; Janssen, R. A. J. Phys. Chem. 200Q 104, 5974. (d) Apperloo, J. J.;
Ray GCR-130, 5 ns fwhm) as an excitation source. For transientLangeveld-Voss, B. M. W.; Knol, J.; Hummelen, J. C.; Janssen, R. A. J.

absorption spectra in the near-IR region (64200 nm) and
the time profiles, monitoring light from a pulsed Xe lamp was

Adv. Mater. 200Q 12, 908. (e) Fujitsuka, M.; Matsumoto, K.; Ito, O.;
Yamashiro, T.; Aso, Y.; Otsubo, Res. Chem. Interme@001, 27, 73. (f)
Fujitsuka, M.; Masuhara, A.; Kasai, H.; Oikawa, H.; Nakanishi, H.; Ito,

detected with a Ge-APD (Hamamatsu Photonics, B2834). For O.; Yamashiro, T.; Aso, Y.; Otsubo, T. Phys. Chem. B001, 105, 9930.

the measurements in the visible region (40®00 nm), a St
PIN photodiode (Hamamatsu Photonics, S17@2) was used
as a detecto¥’-36

Molecular Orbital Calculations. The optimized structure,

energy levels of the molecular orbitals, and electron densities

were calculated bysAUSSIAN 98B3LYP/3-21G level)°
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