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Intramolecular charge separation (CS) and charge recombination (CR) processes of the dyad molecule linking
Ceso and N,N-di(6-tert-butylbiphenyl)benzenamine (BBA) were investigated by pico- and nanosecond laser
flash photolysis methods. Furthermore, intermolecular electron transfer to a methanofulleggfi (@s

also investigated; the electron-transfer rate between triplet exciégdh @Gnd BBA was somewhat slower

than that of G due to less negative reduction potential giH. As for the BBA—Cgo dyad molecule, CS

was successfully observed in polar solvents by excitationggihtiety with picosecond laser pulse, while

only the intersystem crossing was observed in nonpolar solvent. The CS process in the Marcus “normal
region” was confirmed. In moderately polar solvent, radical ion pairs recombined within a few nanoseconds
to generate the ground state and the triplet excited state ofsthmdlety. On the other hand, in polar solvents,

the radical ion pairs decayed by two-steps: Most part decayed within 1 ns, while the radical ions were also
observed in the submicrosecond region for a ca. 10% yield of generatett BB4#\ . An equilibrium between

CS and triplet states was proposed for the mechanism of long-lived CS state.

t-Bu

Introduction tBu

Fullerene Gy and its derivatives exhibit a number of
distinctive electronic and photophysical properties, which have
been investigated for application to novel molecular electronic
devices. Since fullerenes are good electron acceptors in the
excited states, several photoinduced functions are expected for
the materials composed of fullerene and electron donors. To
achieve highly efficient charge separation (CS) between donor
and acceptor, linking them with covalent bonds is an important
and powerful strategyRecently, functionalizations of fullerenes
with donor molecules have been attempted by several gfofips.
As for donors of the dyad molecules, aromatic amino com-
pounds? carotenoid’, porphyrin? tetrathiafulvalené, oligoth-
iophene’, and so oAhave been employed. These fullerene-donor
linked molecules on the electrode exhibit excellent photovoltaic
effects upon photoirradiation:’ These interesting properties
can be attributed to high efficiency of CS in the fullerene-donor
linked molecules.

Among the several donor molecules, triarylamines are known
to form stable radical cations and are often employed for the

building blocks for electron and hole-transport layer in elec- of the dyad in the present paper. As for the fullerene moiety,

Figure 1. Molecular Structures of &H,, BBA, and BBA—Cqgo.

troluminescent deviceéswhich indicates that utilization of
triarylamines in the dyad molecule is beneficial for the
materialization. Therefore, triarylamines are important candi-
dates for the donor moieties of the fullerene-donor linked
molecules. Furthermore, their characteristic and intense absorp
tion bands of radical ions are very useful for the investigation
of the CS and charge recombination (CR) dynamics of the dyad
molecules. From these reasomM§N-di(6-tert-butylbiphenyl)-
benzenamine (BBA, Figure 1) was employed as a donor moiety
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T Tohoku University.
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methanofullerene was employed. Photophysics of methano-
fullerenes have been reported by some researébers.

In the first part of the present paper, we investigated the
intermolecular electron-transfer processes between BBA and

‘methanofullerene (§&H>) in polar solvents, because these data

are indispensable for the study of the photoinduced CS and CR
processes of the dyad molecule. Then, photoinduced CS and
CR processes of BBACgo dyad molecule, which was linked

by threes-bonds, were characterized on the basis of the results
of pico- and nanosecond laser flash photolysis. Furthermore,
CR processes were found to depend on the solvent polarity to
a great extent.
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Figure 2. Steady-state absorption spectra @ftG, BBA, and BBA— Figure 3. Transient absorption spectrum of;8; in toluene at Jus
Ceo in toluene. Superposition indicates linear combination of spectra after 532 nm laser excitation. Inset: Absorptigime profile at 710
of C¢;H2 and BBA. nm.

distance between the chromophores, which are bridged by three
o-bonds. The weak electronic interaction is in accord with the

Syntheses of BBACso and GH; are described elsewhere. fact that the first reduction and oxidation potentials of BBA
Other chemicals were of the best grade commercially available. Cgp were estimated to be-0.42 and+1.02 V vs Ag/AgCl,
Steady-state absorption spectra were measured on a JASCQespectively, which are shifted to anodic potentials compared
V-530 UV/VIS spectrophotometer. Steady-state fluorescence with the redox potentials of the components; the reduction
spectra were measured on a Shimadzu RF-5300 PC spectropotential of G;H, and the oxidation potential of BBA were
fluorophotometer. —0.54 and+0.95 V, respectively.

Fluorescence lifetimes were measured by a single-photon In the present study, laser excitation of BB&gy was
counting method using a second harmonic generation (SHG,conducted at either 532 or 410 nm. Since BBA does not show
410 nm) of a Ti:sapphire laser (Spectra-Physics, Tsunami 3950-substantial absorbance at both wavelengths, excited states of
L2S, fwhm 1.5 ps) with a streak scope (Hamamatsu Photonics, fullerene moiety play an important roll in the photoinduced
C4334-01). processes, such as CS and CR. As for the mixture system of

Nanosecond transient absorption spectra were measured usingsiH2 and BBA, photoinduced processes are also expected to
SHG (532 nm) of a Nd:YAG laser (Spectra-Physics, Quanta- proceed via the excitedegH, for the same reason.

Ray, GCR-130, fwhm 6 ns) as an excitation source. For Excited Properties of Gs;H,. At first, excited properties of
measurements in the near-IR and visible regions, a Ge avalanch&siH» were investigated, sinces@. is the component of the
photodiode (Hamamatsu Photonics, B2834) was used as aBBA—Cgo dyad molecule. The transient absorption spectrum
detector for monitoring light from a pulsed Xe-lamp. In the of Cg1H: in toluene was shown in Figure 3. A sharp absorption
visible region, Si-PIN photodiode (Hamamatsu Photonics, band appeared at 710 nm immediately after the laser irradiation,
S1722-02) was used as a detector. The sample solutions conwhich decays within a hundred microseconds in toluene. The
tained in a 10 mm quartz cell were deaerated with Ar bubbling transient absorption band at 710 nm was quenched in the
before measurements at ambient temperature. presence of triplet state quenchers such as oxygerparat-

The picosecond laser flash photolysis was carried out using otene. These results suggest that this absorption peak is due to
SHG (532 nm) of an active/passive mode-locked Nd:YAG laser the excited triplet state of gH2(*Ce1H2*). The spectral shape
(Continuum, PY61C-10, fwhm 35 ps) as the excitation light. A is similar to the triplet-triplet absorption spectrum ofgg; but
white continuum light generated by focusing the fundamental the peak shifted-40 nm to shorter wavelength side. Its triptet
of the Nd:YAG laser on a BD/H,O (1:1 volume) cell was used triplet extinction coefficient at 710 nm was evaluated to be
as the monitoring light. The monitoring light transmitted through 12000 Mt cm™! from the energy transfer tg-carotene.
the sample was detected with a dual MOS detector (HamamatsuFurthermore, it was confirmed th&€eiH,* decayed by the
Photonics, C6140) equipped with a polychromator. triplet—triplet annihilation and the self-quenching processes, the

Cyclic volumetric measurements were carried out with a bimolecular rate constants were estimated to bexd B® and
potentiostat (Hokuto Denko, HAB-151) and a cell equipped with 1.2 x 10° M~* 57, respectively.

a platinum working electrode, an Ag/AgCl reference electrode, ~ Upon excitation at 410 nm,gH, showed a fluorescence band
and platinum counter electrode at scan rates of 100 m/ s  at 705 nm, indicating the lowest excited singlet energy is 1.76
All electrochemical measurements were performed in benzoni- €V. Furthermore, the fluorescence lifetime and quantum yield
trile solution containing 0.10 M otetra-n-butylammonium were evaluated to be 1.4 ns and 5%.@0 %, respectively, which
hexafluorophosphate (Nacalai Tesque) at room temperaturesWere similar values to those ofggt# 14
Photoinduced Electron Transfer of GsiH, and BBA

Results and Discussion Mixture System. In the presence of BBA in benzonitrile, upon

. excitation of GiHz, new transient absorption bands appeared

Steady-State Spectra.Steady-state absorption spectra of 5t 380 and 910 nm (Figure 4), which are attributed to BBA
BBA—Ceo, Ce1H2, and BBA in toluene are shown in Figure 2. (gee Supporting Information, Figure 1S). Since BBAvas
The absorption spectrum of BBACe is similar to the generated with the decay &€s;H>* at 710 nm, the electron
superposition of the spectra of BBA anQoCaIthou_gh shght transfer proceeded from BBA &CeH2* (eq 1):
deviation was observed around 58800 nm region. This
finding indicates weak electronic interaction between the donor 3 ket o -
and fullerene moieties in the ground state due to quite close CeiHo* + BBA — CgH,” + BBA 1)

Experiments
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Figure 4. Transient absorption spectra of;H, (1.0 x 107* M) in

the presence of BBA (4.& 102 M) in benzonitrile at 100 ns (closed
circle) and 1us (open circle) after 532 nm laser excitation. Inset:
Absorption-time profiles at 910, 710, and 380 nm.

From the chemical reduction ofg@, by tetrakis(dimethylami-
no)ethylené? it was revealed that §gH,*~ shows an absorption
band at 1035 nm. In Figure 4, the absorption band due to
CeiH2'"seems to be hidden by the absorption band of BBA
indicating a larger extinction coefficient of BBA

The rise rate of BBA™ at 910 nm increased with an increase
in concentration of BBA in the mixture system. From the pseudo
first-order plot, triplet quenching rate constari,"j was
estimated to be 6.5 10 M~ s7L. Thek," value was smaller
than that observed for the reaction betwé@gy* and BBA (k"
=2.8x 10° M1 s1) by a factor of 1/4. The smalldg" value
of CgH2 is in accord with the prediction based on the free-
energy changes for the electron-transfer procegs8g)('6 The
AGg; values were calculated to be0.23 and—0.41 eV for
electron transfer vidCeiHo* and 3Cgo*, respectively, from the
redox potentials and the lowest triplet energiéSyd = 1.50
and 1.56 eV forfCgH,* and 3Cqg*, respectively)t’

In the mixture system of &H, and BBA, the absorption band
of 3C¢1H2* was quenched in the presence of oxygen (Figure 5
a), on the other hand, the decay rate of BBAvas not
accelerated by oxygen as indicated in Figure 5B, while
generation yield of BBA" decreased due to quenching of
3Ce1H2*, which is the precursor of the electron-transfer process.

Furthermore, we recently reported that the reaction rate between

the radical anion of pristinedgand oxygen is as slow as 3x7
1 M~1s 118 These facts indicate that scavenge of radical ions
by oxygen is not a fast reaction after completion of electron
transfer.

The absorption intensity of BBA at 910 nm decayed slowly
after the formation of the radical ion. This decay obeyed the

second-order kinetics and is attributed to the back electron-

transfer process (eq 2):

- kbet
CgH, ™ + BBA™™ — C4H, + BBA 2)
From the slope of the second-order plot yieldkag/ec (= 5.0
x 10°P cm s71, wherekyetandec are a rate constant for the back
electron transfer and an extinction coefficient of the radical
cation, respectively)kpet Was evaluated to be 2.0 1010 M1
s 1 usingec value of BBA™ (4.0 x 10* M1 cm™1).19 The kpet
value for GiH>*~ and BBA™ was almost the same as that of
Ceo~ and BBA™ (1.7 x 101°M~1s71), indicating that the both
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Figure 5. Absorption-time profiles (A) at 710 nm and (B) at 910 nm

of Cg1H2 in the presence of BBA (4.& 1072 M) in argon-, air-, and
oxygen-saturated benzonitrile solution.
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Figure 6. Fluorescence (solid line) and absorption (broken line) spectra
of BBA—Cg in toluene.

at 410 nm. The fluorescence spectrum was a mirror image of
the absorption spectrum around 700 nm as in the casgbC
indicating that this fluorescence spectrum is originated from the
fullerene moiety. The BBA Cso showed small Stokes shift, and
the lowest singlet excited energyEfo) was evaluated to be 1.76
eV. In more polar solvents, however, no fluorescence was
observed from the £ moiety of the BBA-Cgo dyad. Thus, a
new quenching pathway takes part in the deactivation processes
of BBA—1Cg¢* in these polar solvents.

Fluorescence decay profiles of BBA s in toluene and
anisole were obtained by a single-photon counting method as

back electron transfers are the diffusion-limiting processes duerepresented in Figure 7. The fluorescence decay in nonpolar

to sufficiently negative free-energy changes.
Fluorescence Spectra of BBA-Cgo Dyad. Figure 6 shows
the fluorescence spectrum of BBACs in toluene by excitation

toluene was fitted with a single-exponential function and gave
a lifetime of 1.4 ns (Figure 7 A), which is the same as that of
Cs1H2 (1.4 ns). In more polar anisole, fluorescence decay was
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(A) TABLE 1: Free-Energy Changes for CS AGcs),
Fluorescence Lifetimes £¢), CS Rates kcs), and Quantum

Yields for CS of BBA—Cgo (®cs) in Various Solvents
% solvent es  —AGcdeVP Tels kegs ¢ dcd
g [ BN 25.2 039  2.0<10 50x10° 098
£ ANS/BN 14.8 0.33 2.6<101 3.8x 10° 0.98
QL f THF 7.58 0.27 2.% 101 3.4x10°° 0.98
c ANS 4.33 0.12 5.0< 101 19x 10° 0.95
3 ANS/Tol 3.36 0.03 6.% 1011 1.4x 10 0.95
8L # Tol 2.38 —-0.15 1.4x 10°° 0.00
s b :
_8 ¥ g o aBN, benzonitrile; ANS/BN, anisole/benzonitrile (1:1) mixture; THF,
L j/ TG tetrahydrofuran; ANS, anisole; ANS/Tol, anisole/toluene (1:1) mixture;
: : : : Tol, toluene.? AGes = Eox(D) — EredA) — Eoo + AGs, AGs = €/
0.0 1.0 2.0 3.0 4.0 (dmeq)[(L/(2r) + 1(2r7) —1IRJ(Lle)) — (L/(2F) + L(27))(Len)],
time / ns where Eo(D) and E.(A) are donor and acceptor redox potentials
(+1.02 V and—0.42 V vs Ag/AgCl) and'Eq is the singlet excited
®) energy of the fullerene moietyHy = 1.76 eV). Thees and & are
static dielectric constants of solvents used for the rate measurements
and the redox-potential measuremern®. is the center-to-center
> .5“27'0 distance (12.4 A) and* andr~ are the effective ionic radii of the
@ [ g 26. donor (7.4 A) and acceptor (4.9 A), respectiveiftcs = 1/tr — 1/trer,
§ N = 26.6 wherer is fluorescence lifetime of &H; in toluene.d ®cs = ((5)*
£ B26.4 = (ze) HI(ze)
8¢ E262
% 268 | 1 1 (A)
o 3 34 35 36
o T /102 K 250 ps
g ] N MW
u R S A < I WRW- ’; | ! ! L L
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ire /s s M
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Figure 7. Fluorescence decays of BBACso at 710 nm (A) in toluene S 1.9 ns
and (B) in anisole. Fitted curves and laser profiles are also shown by o L
solid lines and hatched curves, respectively. Inset: Modified Arrhenius 2 MWNWMWW
plot In(kes x T%9) = In(kop)—(AG#cdkg) x 1/T for BBA—Cgoin anisole. g ! ! L L L
< 2.7 ns
substantially accelerated (Figure 7B). Although the fluorescence r
decay needs two exponential functions for adequate fit, the slow ‘ .
decay-component (ca. 1.0 ns of lifetime) is a quite minor
contribution <5%). The slow decay component will be due to 500 600 700 800 900 1000 1100
the decomposed compounds, because the contribution of the Wavelength / nm
slow component increased for repeatedly laser-irradiated sample. B
On the other hand, the lifetime of the fast decay component ®
was 50 ps. The fluorescence lifetime of BB&g, was evaluated .
in a variety of solvents (Table 1). It should be noted that the 2>
fluorescence lifetime of BBACg became shorter as the 2
polarity of the solvent became higher. Therefore, CS in BBA =}
Cso is a possible deactivation process in the polar solvents. 2
Furthermore, the fluorescence lifetime of BB&g, showed <<(]
temperature dependence as discussed in the latter section.

Picosecond Transient Absorption Spectra of BBA-Cgo 00 05 10 15 20 25 30
Dyad. The photoinduced processes of BB&g, were inves- .
tigated in detail by picosecond transient absorption spectra using time / ns
the 532 nm laser pulse. FiguB A shows transient absorption  Figure 8. (A) Picosecond transient absorption spectra of BE&o
spectra of BBA-Cq in toluene. At 250 ps after the laser exci- N toluene excited with 532 nm laser pulse. (B) Absorptitime
tation, a transient absorption band with a peak around 900 nmproflles at 900 and 700 nm. The solid lines are the fitted curves.
vvfars1 conflrmgd, Wgé?_vlvas*asl%:)gﬁhe d(;o thel_;;,lnglet efxglé(;c_i Stateof the rise of BBA-3Cgo* and the decay of BBA-1Cgg*. From
of the Ggo moiety ( Ced")- e decay lifetime o these findings, it can be concluded that BB¥Cs¢* deactivated

1Cs0* at 900 nm was estimated to be 1.2 ns (Figure 8 B), which 3ok : - .
is close to the fluorescence lifetimes of BB&gy and GiH> to BBA—*Ceo" by the intersystem crossing process (eq 3):

in toluene. At 2.7 ns, another absorption band appeared around
700 nm, which can be attributed to the triplet excited state of
the Go moiety (BBA—3Cg¢*) from the comparison with the
absorption spectrum ofCs;Ho* (Figure 3)102€9The absorp-  Other deactivation pathways of BBACs* can be ruled out
tion—time profile at 700 nm dose not show absorbance changein toluene, since the fluorescence decay rate of BB#, was
in the estimated time region (Figure 8B), because of the overlapthe same as that of¢@H>.

BBA—Cg~~ BBA—'Co* —BBA—Co*  (3)
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(A) TABLE 2: Fluorescence Lifetimes ¢g) and CS Rates Kcs) of
BBA—Cgo in Anisole at Various Temperatures
<" 40ps TIK tels keds
St w/"‘"\ 303 4.0x 1071 2.4 x 10
o | | } ) | 298 4.6x 10711 2.1x 100
o 75 ps 293 5.0x 101! 1.9x 101
Q B 288 5.4x 10711 1.8 x 10w
[ M 283 5.8x 10_11 1.7 x 1010
T e TN [ L 278 6.5x 1071 1.5x 101
2| 150 ps 273 7.4% 1071 1.3x 101
<
<L
Free-energy changes for C& from BBA—1Cqo* were
P i S m—‘.“ Ly ay g (ECS) 60

estimated by the method proposed by Weller as listed in Table
500 600 700 800 900 1000 1100 120

To estimate the barrier for the CS step of BBBgo, the
temperature dependence on tkgs rates was investigated.
Fluorescence lifetimes and thes rates by eq 5 at various
temperatures in anisole were estimated as summarized in Table
2. As a referencerfes), the fluorescence lifetime ofgH, was
employed, because the fluorescence lifetime gz did not
show temperature dependence within the present temperature
range. By employing a modified Arrhenius pfot! In(kcs x
T9-9) values showed good linear correlation witil Hs shown
in the inset of Figure 7B. From the slope AG*cdks, where
AGcs and kg are the barrier for the CS step and Boltzman

Wavelength / nm

C

AAbs (0.2/div.)

0.0 01 0.2 03 constant, respectively), thhG"cs value was estimated to be
time /ns 0.15 eV. _ _
Figure 9. (A) Picosecond transient absorption spectra of BEZ, Frpm the classical Marcus e.quat,gyﬂz,z AG#CS has a cor-
in benzonitrile excited with 532 nm laser pulse. (B) Absorptitime relation with AGcs as the following equation (eq 7):

profiles. The solid lines are the fitted curves.

. . . AG#CS = (AGgst 1)2/4/1 (1)

Figure 9 A shows spectra of BBACgo in polar benzonitrile

solution. At 40 ps after the laser irradiation, absorption bands \ here; s the total reorganization energy. The reorganization
were o_bserved at 720 "’“_‘d 880 nm. Both absorptlon bands Carle'nergy may be partitioned into internal;)(and solvent As)
be attributed to the radical cation of BBA moiety from the .. ibutions. Here/; = 0.3 eV was employed as estimated
comparison with the absorption spectrum of BBAFigures 4, \vjjjiams et al. based on the charge-transfer absorption and
and 1S). This finding indicates that CS in BB is efficient. emission maxima of  and diethylaniliné The solvent

The absorption band due to the radical anion gfrGoiety will izati timated by followi ti
be hidden by the intense absorption band of BBAs observed g;f)l;gamza lon energy was estimated by following equation (eq

in the mixture system of BBA anddH- (Figure 4). Since the
fluorescence of BBA-1Cq* was quenched in benzonitrile as 2 + -~ >
discussed in the previous section, the CS state is considered to As= El(ame[(1/(2r7) + 1) = UR)(In" — Lle]]

be generated from BBACq¢* as indicated in eq 4: (8)

b kes wheren is refractive index. Employing the geometric parameters
BBA—Cy,— BBA—'C,;t — BBA™—C,,~  (4) summarized in the footnote of Table 1, theandZ values were
evaluated to be 0.3 and 0.6 eV, respectively. From eq 7, the

Generation of the CS state was also observed in other polarAG’cs value was evaluated to be 0.10 eV, which is in fairly

solvents. good agreement with the experimentally estimated value. This
The rate constants for CS from BBACes* (kcs) were good agreement supports the assumption thatithelue of
estimated from the fluorescence decay rates using eq 5: the present BBA-Ceo is similar to that of the dimethylaniline
Cso dyad. The good linearity of modified Arrhenius plot (inset
Kes = Litg — 1/t (5) of Figure 7B) and the agreement of th&“cs value indicate

that the CS processes take place in the Marcus “normal
region”2122 Williams et al. reported that thAG*cs value of
the dimethylaniline-Cgo dyad connected by threebonds was
0.28 eV in chloroform, which has similar dielectric constant
(es = 4.70) with anisole s = 4.33)2 The smallerAG¥cs of
BBA—Cgo will be attributed to smaller total reorganization
energy of BBA-Cgo due to the larger size of BBA than that of
1 B . dimethylaniline.

Des=((tp) ™ — (tre) HN(TH) (6) Generated radical ions decayed after reaching maximum

(Figure 9B). The decay of the absorption bands of the radical

Thekcs and®cs values in various solvents are summarized in ion can be attributed to the CR process. The absorptiome
Table 1. Thekcs values tend to increase in polarity of the profiles of the radical ions were analyzed by the single-
solvent. In polar solvents, thécs values were almost unity.  exponential function. The CR ratekcf') were estimated as

wheretg and t.ef are the fluorescence lifetimes of BBACso

and that of G;H in toluene, respectively. Thies values in
various polar solvents were summarized in Table 1. Furthermore,
the quantum vyields for CS from BBA!Cgs* (Dcs) were
estimated from eq 6:
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TABLE 3: Free-Energy Changes AGcr) and Rates Kcr) 0.10
for CR in BBA —Cgo and Lifetimes of Radical lon Pair (zion)
in Various Solvents
0.08

—AGcr ke —AGcR' ker! Tion ]
solvent evP st evP st s S 0.06
BN —0.13 2.6x 10° 137 45x 10° 2.2x 107 g
ANS/BN —0.07 2.4x 101 1.43 1.6x 10° 6.3x 1077 ? 0.04
THF —0.01 3.0x10° 149 1.0x 10°F 1.0x 10°® g
ANS 0.14 0.2x 10° 1.64 1.2x 10° 7.1x 10710 <
ANS/Tol 023 25x10° 173 7.0x10° 1.1x 1079 0.02
Tol 0.38 1.88

1 1 1 s —=O-Crrypld |

0.00

. ) L
a Abbreviations for solvents: see footnote of Table® EAGcR 600 700 800 900 1000 1100 1200

(—AGCR”) - 3E00, —AGCR” = EOX(D) - E,—eD(A) + AGs, Where3Eoo is

the triplet energy of the fullerene moiet§Eg = 1.50 eV). Wavelength / nm
0.30 Figure 12. Nanosecond transient absorption spectra of BER, in
anisole at 25 ns (closed circle) and 250 ns (open circle) after 532 nm
laser excitation. Inset: Absorptietiime profiles at 880 and 720 nm.
@ P
20.20 BBA-'Cgq
g . 1.76 eV fos BBA™ -Cgy~ |
e} 76¢€ -Ceo .
5 9-9670 10 20 30 40 T~ e ¥R BBA-Co
2 ) time /ps 1.64 eV ——
< 0.10 1.50 eV
<
hv kcn” kT
0.00 4 L L
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BBA-Cgq y

Wavelength / nm

Figure 10. Nanosecond transient absorption spectrum of Bf#o Figure 13. Schematic energy diagram for photoprocesses of BBA
in toluene at 250 ns after 532 nm laser excitation. Inset: Absorption Ceo in anisole.
time profile at 700 nm.

In the case of BBA-Cgo in anisole, the absorption band at

. BBA ™ -Ceo” 880 nm decayed fast, while the absorption band at 720 nm had
_BBACy 1.88 eV a long lifetime (Figure 12). The absorption bands at 880 and
1.76 eV A - ) ?20 nm correspond. to BB'AI—CGO" and BBA—3Cqg*, respec-

isc. BBA-°Cqg tively. BBA—3Cgqo* is considered to be formed by CR of
._1.50ev BBA*t—Cgo'™, because almost BBALCso* undergoes to CS

(®cs = 0.95 in anisole). Triplet state formations via CR was
also observed in anisole/toluene mixture solvent. The CR
processes which generate triplet states have been reported for
other dyad molecules.’” The absorption intensity of BBA
BBA-Cep 3Ce¢* in anisole is ca. 1/6 of that in toluene under the same
photolysis condition, indicating that ca. 5/6 of BBA-Cgo"™
recombined to form BBA-Cg in the ground state as indicated

in the schematic energy diagram (Figure 13). Therefore, the
CR rates generating BBA’Cgs* and BBA—Cgo (kcr' andkcr',

summarized in Table 3. The CR rates tend to increase in polarrespectively) were estimated to be 0210° and 1.2x 10°
solvents, suggesting the CR process is in the Marcus “invertedS *, respectively. As for CR in anisole/toluene mixture, Kag
region”. andkcr! values were estimated as listed in Table 3. The triplet
Nanosecond Transient Absorption Spectra of the BBA- formation from BBA+_CGO ~in anisole and anisole/toluene can
Ceo Dyad. The photoinduced processes of BBBoin a longer be attributed to the relatively high energy level of the CS state
time region were investigated by the nanosecond laser photoly-from which BBA—3Cq* is also accessible as indicated in Figure
sis. Upon excitation of BBACg in toluene with the 532 nm ~ 13. Free-energy changes for the generation of BBBeo* and
laser pulse, a transient absorption band appeared at 710 nm ofhe ground state via the CS stattGcr' and AGcr', respec-
which the lifetime was 4.2us (Figure 10). The transient tively) were also summarized in Table 3.
absorption band can be assigned to BEi&€s* by comparison By excitation of BBA—Cgg in benzonitrile with the 532 nm
with the absorption spectrum &Es;:H,* (Figure 3). In toluene, laser pulse, transient absorption bands appeared at 700 and 880
therefore, the photoinduced CS process was not observed bottinm (Figure 14). These absorption bands can be attributed to
in the singlet and triplet excited states. The poor reactivity of the radical cation of the BBA moiety, indicating that BBA-
BBA—Cg in toluene can be attributed to a thermodynamically Cgg ™ is persistent in the submicrosecond region. Therefore, in
unstable CS state. On the basis of the free-energy changes (Tablbenzonitrile, BBA™—Cgs~ decayed by two steps: One is decay
1), the energy diagram was constructed as shown in Figure 11.within 1 ns, and the another is decay in the submicrosecond
In toluene, the energy level of the CS state is located at higherregion. The decay rate constant of BBACso'~ (kcr') was
energy than that of BBACs* by 0.12 eV, indicating that CS  estimated to be 4.5 10° s71, which corresponds to 220 ns of
in toluene is a thermodynamically inaccessible state. the ion pair lifetime tion). It should be noted that the CS state

hv kr

Figure 11. Schematic energy diagram for photoprocesses of BBA
Ceo in toluene.
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0.10 low; 0.94 at 303 K, while 0.68 at 273 K. As indicated in the
0.08 previous section, the absorption band at 700 nm includes
0.08 contribution of BBA—3Cgc*. These findings support the con-
g . Ar . . . . e
8 2004 % o _S|deraf[|on that the _CS state and t_rlplet state are in the ethbngm
€0.06 < % 2 in which generation of the triplet state from CS state is
L2 0.00 hewaak ' endothermic as shown in the energetic diagram (Figure 15). It
?0.04 should be noted that such behavior including the equilibria
< between CS state and triplet state has been reported for some
<002 | other intramolecular systenf&¢23in which the CS state shows
the lifetime of microsecond region. These results indicate that
0.00 L the relative energy level of the excited triplet state to the CS
400 600 800 1000 1200 state is a quite important parameter to optimize the lifetime of
the CS state of the dyad molecules.
Wavelength / nm
Figure 14. Nanosecond transient absorption spectra of BE#, in Conclusions
benzonitrile at 100 ns (closed circle) andi& (open circle) after 532
nm—laser excitation. Inset: Absorptietime profiles at 880 nm in The CS of the BBA-Cq dyad proceeded quite effectively
argon- and oxygen-saturated solutions. in the polar solvents, although the CS was not observed in
. nonpolar toluene. The CS rates were on the order &t 4G
BBA-'Cgo and the quantum yields were almost unity. The CS process in
1.76 eV & \ BBASC.* these solvents can be explained on the basis of the free-energy
BBA™ -Cg” "C/R —— changes. As for the CR processes, two types of the deactivation
-0 1.50 eV were observed. In moderately polar solvent (i.e., anisole), the
1.37 eV CS state recombined to form the ground state and the excited
triplet state (BBA-3Cgg*), while the formation of the triplet
hv ker'! kr state was a minor process. On the other hand, in polar solvents

(es > 7), the CS state was deactivated by two steps. Most of

the CS state deactivated to the ground state, while the minor
\ part shows the lifetime of the submicrosecond region. The long-

lived charge separated state is considered to be in an equilibrium
Figure 15. Schematic energy diagram for photoprocesses of BBA  with the excited triplet state and/or generated from the triplet

Ceo in benzonitrile. excited state. These findings indicate that the relative energy
level of the excited triplet state to the CS state is a quite

important parameter to optimize the lifetime of the CS state of

the dyad molecules aiming at the light-energy conversion

system.

BBA-Cgo

with lifetime in the submicrosecond region is quite a rare case.
Usually, the CS states recombine within a few nanoseconds in
many donof-acceptor dyad systems. Similar long-lived CS state

was also observed in tetrahydrofuran and anisole/benzonitrile

mixture (Table 3). In tetrahydrofuramy,, was estimated to be Acknowledgment. The present work was partly supported
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well as that of BBA-3Cgs* were quenched in the presence of

OXygen as indicated in the inset .Of Figure 14.1n thg previous Supporting Information Available: Absorption spectrum
section, it was shown that the radical cation of BBA is oxygen- of radical cation of BBA and transient absorption spectra of

insensitive. Therefore, the foIIo_wing possibilitie_s cfan be expected BBA—Ce, in benzonitrile at 303 and 273 K. This material is
for '[Iu_a CS state n the subm|cros_eco_nd region. (A)_BBA available free of charge via the Internet at http://pubs.acs.org.
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3Cs0*. (B) BBA*"—Cg¢ ™ in the submicrosecond region is in an References and Notes

equilibrium with BBA—3Cgg* (Figure 15). Because of extensive

spectral overiap of BBA—Ceg™ and BBACog (Figure 14), (1) For e, s () wasilewsc, . @her, e 1002 92
we cannot exclude one of the two possibilities by kinetic analy- 1gg’ (c) paddon-Row, M. Nacc. Chem. Rec994 27, 18. ’

ses. In the present case, intermolecular electron-transfer process, (2) For a review, see: Martin, N.;"8ahez, I.; lllescas, B.; Rez, I.
i.e., electron transfer between BBACso* and BBA—Cgo, can Chem. Re. 1998 98, 2527.

; p : ot — (3) (a) Williams, R. M.; Zwier, J. M.; Verhoeven, J. W. Am. Chem.
be ruled out, since the absorptietime profile of BBA™—Cqg( Soc.1995 117, 4093. (b) Williams, R. M. Koeberg, M.: Lawson. J. M.:

did not show dependence on the concentration and laser poweran v.-z.- Rubin, Y.: Paddon-Row, M. N.: Verhoeven, J. WOrg. Chem.
It should be stressed that most part of BBACes'~ decreased 1996 61, 5055. _
within 100 ps as shown in the absorptietime profile of Figure 5 éi)r;rfgafloné_mfgdﬁ&giTTaAfm?AndO?é; IAInLSéN;s%q éigfﬁ;ﬁ' G.
; ; ; N , L; Silber, C.; ,A.L.; Gust, .
9B. Therefore, the long-lived CS state is a minor component Photobiol. 1995 62, 1009.
(ca. 10%). (5) (a) Kuciauskas, D.; Lin, S.; Seely, G. R.; Moore, A. L.; Moore, T.
Transient absorption spectra of BBAgq in benzonitrile were A.; Gust, D.; Drovetskaya, T.; Reed, C. A.; Boyd, P. D. WPhys. Chem.

; ; inn 1996 100, 15926. (b) Imahori, H.; Hagiwara, K.; Aoki, M.; Akiyama, T.;
estimated at several temperatures (See Supporting Informatlon,raniguchi' S. Okada, T. Shirakawa, M. Sakata.JY Am. Chem. Soc

Figure 2S). It was revealed that the ratio of the absorbance atjggq 118 11771. (c) Imahori, H.; Hagiwara, K.; Akiyama, T.; Aoki, M.;
700 nm to that at 880 nm decreased as the temperature becam®aniguchi, S.; Okada, T.; Shirakawa, M.; SakataCiem. Phys. Let.996



11504 J. Phys. Chem. A, Vol. 104, No. 49, 2000

263 545. (d) Imahori, H.; Ozawa, S.; Uchida, K.; Takahashi, M.; Azuma,
T.; Ajavakom, A.; Akiyama, T.; Hasegawa, M.; Taniguchi, S.; Okada, T.;
Sakata, Y.Bull. Chem. Soc. Jpril999 72, 485. (e) Tkachenko, N. V;
Rantala, L.; Tauber, A. Y.; Helaja, J.; Hynninen, P. V.; Lemmetyinen, H.
J. Am. Chem. S0d999 121, 9378. (f) 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.

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

GonZdez-Moreno, R.; Rovira, Cl. Org. Chem1998 63, 5201. (b) Martin,
N.; Saachez, L.; Herranz, M. A.; Guldi, D. MJ. Phys. Chem. £00Q
104, 4648.

(7) (@) Yamashiro, T.; Aso, Y.; Otsubo, T.; Tang, H.; Harima, T.;
Yamashita, KChem. Lett1999 443. (b) Fujitsuka, M.; Ito, O.; Yamashiro,
T.; Aso, Y.; Otsubo, TJ. Phys. Chem. 2000 104, 4876. (c) Fujitsuka,
M.; Matsumoto, K.; Ito, O.; Yamashiro, T.; Aso, Y.; Otsubo,Res. Chem.
Intermed.,in press. (d) Hirayama, D.; Yamashiro, T.; Takimiya, K.; Aso,
Y.; Otsubo, T.; Norieda, H.; Imahori, H.; Sakata, €hem. Lett.2000
570.

(8) (a) Sariciftci, N. S.; Wudl, F.; Heeger, A. J.; Maggini, M.; Scorrano,
G.; Prato, M.; Bourassa, J.; Ford, P.Chem. Phys. Lettl995 247, 510.
(b) Maggini, M.; Guldi, D. M.; Mondini, S.; Scorrano, G.; Paolucci, F.;
Ceroni, P.; Roffia, SChem. Euro. J1998 4, 1992. (c) Polese, A.; Mondini,
S.; Bianco, A.; Toniolo, C.; Scorrano, G.; Guldi, D. M.; Maggini, Nl
Am. Chem. S0d.999 121, 3446. (d) Guldi, D. M.; Maggini, M.; Scorrano,
G.; Prato, MJ. Am. Chem. S0d997, 119 974. (e) Guldi, D. M.; Garscia,
G. T.; Mattay, JJ. Phys. Chem. A998 102, 9679. (f) Guldi, D. M.Chem.
Commun200Q 321.

(9) Kuwabara, Y.; Ogawa, H.; Inada, H.; Noma, N.; ShirotaAdv.
Mater. 1994 6, 677.

(10) (a) Guldi, D. M.; Hungerbhler, H.; Asmus, K.-DJ. Phys. Chem.
1995 99, 9380. (b) Guldi, D. M.; Asmus, K.-DJ. Phys. Chem. A997,
101, 1472. (c) Guldi, D. M.; Hungerthler, H.; Asmus, K.-DJ. Phys. Chem.
A 1997 101, 1783. (d) Guldi, D. MJ. Phys. Chem. A997, 101, 3895. (e)

Komamine et al.

Riggs, J. E.; Sun, Y.-Rl. Phys. Chem. A999 103 485. (f) Sun, Y.-P.;
Guduru, R.; Lawson, G. E.; Mullins, J. E.; Guo, Z.; Quinlan, J.; Bunker,
C. E.; Gord, J. RJ. Phys. Chem. B00Q 104, 4625. (g) Prat, F.; Stackow,
R.; Bernstein, R.; Qian, W.; Rubin, Y.; Foote, C.JSPhys. Chem. A999
103 7230. (h) Bensasson, R. V.; Bienvenue, E.; Fabre, C.; Janot, J. M,;
Land, E. J.; Leach, S.; Leboulaire, V.; Rassat, A.; Roux, S.; Se@hém.

A, Euro. J.1998 4, 270. (i) Pasimeni, L.; Hirsch, A.; Lamparth, I.; Herzog,
A.; Maggini, M.; Prato, M.; Corvaja, C.; Scorrano, &.Am. Chem. Soc.
1997, 119 12896. (j) Pasimeni, L.; Hirsch, A.; Lamparth, |.; Maggini, M.;
Prato, M.J. Am. Chem. S0d.997, 119, 12902. (k) Hetzer, M.; Gutberlet,
T.; Brown M. F.; Camps, X.; Vostrowsky, O.; Schonberger, H.; Hirsch,
A.; Bayerl, T. M.J. Phys. Chem. A999 103 637.

(11) Ohno, T.; Moriwaki, K.; Miyata, T. Submittd for publication.

(12) Kim, D.; Lee, M.; Suh, Y. D.; Kim, S. KJ. Am. Chem. So4992
114, 4429.

(13) Ma, B.; Sun, Y.-PJ. Chem. Soc., Perkin Trans.1®96 2157.

(14) Biczok, L.; Linschitz, H.; Walter, R. IChem. Phys. Lett1992
195 339.

(15) Fujitsuka, M.; Luo, C.; Ito, OJ. Phys. Chem. B999 103 445.

(16) Rehm, D.; Weller, Alsr. J. Chem197Q 8, 259.

(17) Murov, S. L.; Carmichael, |.; Hug, G. Handbook of Photochem-
istry, 2nd ed.; Marcel Dekker: New York, 1993.

(18) Konishi, T.; Fujitsuka, M.; Ito, OChem. Lett200Q 202.

(19) Theec value was estimated by the chemical oxidation by EeCl

(20) Weller, A.Z. Phys. Chem., Neue Folg&982 133 93.

(21) (a) Zeng, Y.; Zimmt, M. BJ. Phys. Chem1992 96, 8395. (b)
Kroon, J.; Oevering, H.; Verhoeven, J. W.; Warman, J. M.; Oliver, A. M.;
Paddon-Row, M. NJ. Phys. Chem1993 97, 5065.

(22) Marcus, R. AJ. Chem. Phys1956 24, 966.

(23) (a) van Dijk, S. I.; Groen, C. P.; Hartl, F.; Brouwer, A. M;
Verhoeven, J. WJ. Am. Chem. Sod996 118 8425. (b) Smit, K. J.;
Warman, J. MJ. Lumin.1988 42, 149. (c) Anglos, D.; Bindra, V.; Kuki,
A. J. Chem. Soc., Chem. Commu®994 213.



