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Intramolecular photoinduced charge-separation and charge-recombination processes of tetrathiafulvalene-
(spacer)-naphthalenediimide-(spacer)-tertrathiafulvalenetriads (TTF-(sp)-NIm-(sp)-TTF), which have been
designed to change the length and kind of the spacers, have been investigated in various solvents by time-
resolved absorption and fluorescence techniques. The fluorescence lifetimes of the NIm moiety considerably
decreased compared with that of the NIm molecule, suggesting the photoinduced intramolecular charge-
separation via the singlet excited state of the NIm moiety. From the observed short fluorescence lifetimes,
the charge-separation rate constafts)(and quantum yieldsdcs) of TTF-(sp)-NIm-(sp)-TTF have been
evaluated; thécsvalues for the triads with the rigid cyclohexyl spacers are larger than that with long flexible
alkyl chain spacers. In the nanosecond transient spectra in PhCN, the absorption bands were observed at 480
and 760 nm, which were attributed to the radical anion of NIm (N)rsuggesting the formation of TTF
(sp)-NInt~-(sp)-TTF. From the decays of the radical ion-pair, the charge-recombination rate-consignts (
were evaluated in the range of91®° — 3 x 10" s™L. Longer lifetimes of the radical ion-pair were observed

for the triads with the cyclohexyl spacer than that of the long flexible spacer. From the temperature dependence
of thekcr values, the reorganization energies and coupling constants were experimentally evaluated in PhCN;
small coupling constants of the triads with the cyclohexyl spacers than that of the long flexible spacers support
the relatively long lifetimes of the charge separated states of the chyclohexyl spacer.

Introduction in the presence of electron acceptors such as fulleréhbs.
the TTF-(spacer)-acceptor dyads, intramolecular charge-sepa-

are very attractive with unique photophysical and electrochemi- rated states (TT#-(spacer)-accepton have also been revealed,

cal properties, considerable efforts have been devoted in recent” hen. th.e o derivatives were employed as gccepfb@ms
years to the development of covalently linked dohacceptor pec_ul|a_r|ty Qf the good electron donor ab|I|ty of the TTF
systemg. Such molecular systems are of particular interest in d€rivatives is thought to be because of the gain of aromaticity
that they can exhibit characteristic electronic and excited-state @S & result of the formation of the very stable heteroaromatic
properties, which make them promising candidates for the 1,3_-d|tr_1|ollum catlon_(s)_up_on oxidation(s) of the_TTF molecule
investigations of photoinduced electron-transfer processes andVhich is nonaromatic in its neutral forfOn this basis, the
long-lived charge-separated statésThese phenomena open TTF derivatives have bgen covalently linked to the Nlm mo_|e_ty
potential applications in the realization of new molecular through the spacers with saturated bonds, expecting efficient
electronic devices and photovoltaic cellg. In these intra- phptomduced charge-separation with long lifetime radical ion-
molecular processes involving electron transfer between both P&lrs.
electroactive entities, the diimide derivatives (Im) appear to be  Following a strategy which consists of controlling the distance
of special interese as an efficient electron acceptor in such between both counterparts, TTF-(sp)-NIm-(sp)-TTF triads were
devices because of its good ability as an electron acceptor andprepared as shown in Chart 1, in which two kinds of spacers
the characteristic sharp absorption bands of the radical anions(sp) were chosen; one was long flexible dodecyl group and
which do not overlap with other transient spedd#us, in the another was rigid cyclohexyl group (Supporting Information).
present study, we employed naphthalenediimide (NIm) deriva- To improve the solubility and fabrications, the other side of
tives as an electron acceptor. the TTF moieties are connected with long alkyl chains as shown
Among the wide variety of donor molecules, the tetrathiaful- in Chart 1. Thereby, through-bond interactions which are of
valene (TTF) derivatives are interesting classes of compoundsgreat importance for photoinduced electron-transfer processes
in the light of the photoinduced intermolecular electron transfer gre expected to be controlled by flexible and rigid spacers. Thus,
- in the present study, we investigated the photoinduced charge-
iCC;ST‘;CWChn‘?'Ro‘g’tgsepr??gg‘fjaschj%“'d be addressed. E-mail: dqzhang@ separation and charge-recombination processes in the TTF-(sp)-
‘hinese y es NIm-(sp)-TTF triads by the measurements of fluorescence

T Chinese Accademy Sciences.
* Tohoku University. lifetimes and transient absorption spectroscopy. The temperature

Since the discovery of donor and acceptor systems which
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dependence of the rate constants gave precise parameters to Nanosecond Transient Absorption Measuremexésosec-
discuss the electron-transfer processes on the basis of Marcusnd transient absorption measurements were carried out using

theory? the SHG (532 nm) of a Nd:YAG laser (Spectra-Physics, Quanta-
Ray GCR-130, 6 ns fwhm) as an excitation source. For transient
Experimental Section absorption spectra in the near-IR region (6A®00 nm) and
Materials. TTF-(sp)-NIm-(sp)-TTF triads1—4) were syn- the time-profiles, monitoring light from a pulsed Xe-lamp was

thesized by methods summarized in the Supporting Information, detected with a Ge-APD (Hamamatsu Photonics, B283Apr
spectra in the visible region (4600 nm), a SiPIN photo-

The NIm derivative §) and TTF derivative § were also t .
prepared according to the methods described in the Suppor'[ingd"r)(ljle (Hamamatsu Photonics, S1722-02) was used as a detec-

Information. Tetrakis(diethylamino)ethylene (TDAE) and sol-
vents are all the best grade commercially available.
Molecular Orbital Calculations. The optimized structure
of the neutral molecule was calculated with the PM-3 level in
MOPAC 10 The energy levels and the electron densities of the
HOMO and LUMO were calculated by Gaussian 98 (HF/3- Molecular Orbital Calculations. Optimized structures of
21G level). 1-3 are shown in Figure 1. Fdr with flexible single chains,
Measurements. Steady-State MeasurementSteady-state  the extended structure has minimum energy.Zo4, according
absorption spectra in the visible and near-IR regions were to the starting configurations with respect to cyclohexyl ring
measured on a JASCO V530 spectrophotometard cmquartz (axial and equatorial), different structures have minimum
cell. Steady-state fluorescence spectra of the samples wereenergies. Among them, the typical configurations 2cand 3
measured on a Shimadzu RF-5300PC spectrofluorophotometerwith minimum energies are shown in Figure2.and 3 have
Time-Resaled Fluorescence Measuremerttbe lifetimes of almost similar structure®®. Two TTF planes have different
the fluorescence bands were measured by a single-photororientations with respect to the NIm moiety. The structural
counting method using a second harmonic generation (SHG, difference betweef and3 due to the length of alkyl chains at
410 nm) of a Ti:sapphire laser (Spectra-Physics, Tsunami 3950-the terminals of the TTF moieties of the opposite position to
L2S, 1.5 ps fwhm) and a streakscope (Hamamatsu Photonicsthe cyclohexyl spacers seems to be small. 4aiith dendron
C43334-01) equipped with a polychromator (Action Research, groups at the terminals of the TTF moieties, a similar mixture
SpectraPro 150) as an excitation source and a detector,structure to3 was evaluated.
respectivelyi! Lifetimes were evaluated with software attached ~ The electron densities of the HOMO and LUMOLf3 are
to the equipment. shown in Figure 1, in which the HOMO localizes on one of the

All of the samples in a quartz cell €1 cm) were deaerated
by bubbling Ar gas through the solution for 10 min.

Results and Discussion
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= . TABLE 1: Reduction Potentials (Ereq) and Oxidation
s 3 2 Lo e 3 Potentials Eox) of Triad 1—4, Rec
Y g L "#-" ' .!"1: compound Ered V2 EoV2 Rcd/AP
o - 4 1 —0.83 0.46 18
. 2 —0.84 0.48 12.1 (13.0)
(LUMO) 3 —-0.85 0.47 13.2 (14.1)
2, 2 4 -0.85 0.46 13.2 (14.1)
4 { oW, o e B a Potentials vs SCE, in CHEhndEeq 0f 5 (—0.85 eV) andEq of
't,. L ) I'{, e 6 (0.46 eV).” ShorterRec values in Figure 1 were employed for the
B o 1 FERROLY + calculation of the free-energy changes in Tables 2 and 3.
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SAAL T 5(0.02 mM), and6 (0.02 mM) in toluene.
.g,‘)-.“ A A A G
o The NIm moiety of5 shows the absorption band at 360 and
(HOMO) 380 nm. The TTF moiety 06 shows the absorption band at
) 340 nm with a shoulder at 400 nm. The absorption bands of
2 (Rec=12.1 A (left), 13.0 A (right)) triad 3 observed in these wavelength region are almost overlap-
ping the NIm moiety with the TTF moiety, suggesting no
appreciable interaction between the TTF and NIm moieties in
{ the ground states, because of the long distance between the both
b T';“_"" o moieties. The nanosecond laser light (355 nm) from the THG
:‘. Y & S of YAG laser predominantly excites the NIm moiety in the
& EPreT T triads.
-": e ‘ Fluorescence spectra G5 were observed in the visible
T region by steady-state measurements; an example of the
(LUMO) observed fluorescence spectrum is shown in Figure 3 for
{ 4% toluene. The shape of the fluorescence spectruisfalmost
;0 %F, > o the same as that & although the fluorescence intensity ®f
:: ¥ g is weaker than that &. Each fluorescence spectrum is a mirror
N 179 ¢ -‘: image of the absorption of the NIm moiety. Thus, these
o P /7 ' fluorescence bands in the region of 48D0 nm arise from
Mo I the excited singlet state of the NIm moiety.
(HOMO) Fluorescence Lifetimesin Figure 3, the time profiles of the
3 (Ree ~13.2 A (left), 14.1 A (right)) fluorescence intensity at the peak position of triad8, and5

in PhCN are shown. Although the isolated NIm molecg (
showed the initial quick fluorescence decay, its partition relative
to the slow fluorescence decay part is small in PhCN. In the

TTF moieties, which corresponds to the distribution of the hole ¢@S€ Ofl with flexible long spacers, a typical two-component
(radical cation) in the charge-separated state. On the other hangeXPonential decay was observed in PhCN, although a single-
the LUMO localizes on the central Nim moiety, which corre- €xponential decay was observed in toluene. For tBaalith
sponds to the distribution of the electron (radical anion) in the the cyclohexyl spacers, fluorescence decays showed a single
charge-separated state. exponential. These data are summarized in Table 2.

From the optimized structures, the distance between the center From the lifetimes, the charge-separation rate constsgds (
of the NIm moiety and the center of one of the TTF moieties and quantum yields d&§cs) have been evaluated from the
(R0 was evaluated as listed in Table 1, in which the oxidation following relations:
and reduction potentials are also listed.

Absorption and Fluorescence SpectraSteady-state absorp- Kes = (1) sample ™ (1/To)et 1)
tion spectra of triad3, a model of the NIm moietyp, and a
model of the TTF moietys in PhCN are shown in Figure 2. D5 = [(17)sample™ (/70 rer V(1/T)sampie 2)

Figure 1. Optimized molecular structures, the MOMO and LUMO
electron densities, and center-to-center distaisg. (



9750 J. Phys. Chem. A, Vol. 107, No. 46, 2003 Guo et al.

T T T T T T T 0.7 T T T T T
—_ N e 0 mM TDAE
2 087 ----02mMTDAE
% | 0.5 —— 04 mM TDAE |
= 3 | ————— 0.4 mM TDAE
e \
() S 04 bubbled by O, -
2 A o
5 5 03] |
2 z "
(0]
= 0.2 i
ENN S i
=~ 014 . i
N’ .
= Lt
.J 00 S T T 1 T T
-0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 400 500 600 700 800 900 1000
Time/ns Wavelength/nm
Figure 3. Fluorescence time profiles df 3, and5 in PhCN. Figure 4. Absorption spectra db (0.02 mM) with different concentra-

o ) tions of tetrakis(dimethylamino)ethylene (TDAE) in PhCN.
TABLE 2: Fluorescence Lifetime (r;), Charge-Separation

Rate-Constants kcs),* Charge-Separation Quantum-Yields suggesting that the reorganization energys( value may be
®co),P and Free-E Ch for Ch -S ti

g_ZS)G,cs?pOf .I.r.f.g_(s%(;fﬁh/m_(sa&?.leﬂ?':% To?t:gﬁe eéﬁg;ognd larger than ca. 1.8 eV. Fdr, the kcs values seem to saturate
PhCN ' ’ near—AGgs values of 1.5-1.7 eV, suggesting a slightly small

Acsfor 1. Largerkes values for 2—4) than those fod may be

-1g1 —
compound _solvent _ /ps kedMPs* ®cs —AGcdeV attributed to the large coupling constaf¥|¢s) for the charge-

1 toluene 520 (100%) ~ 1&1C° 082 112 separation process via th8lim* moiety; on the other hand,
CHCl 17%3 ((81‘2'30//‘;)) 9.9x 16 0.96 1.46 the smallkcs value forl with the longer spacer may be due to
PhCN 95(83%) 9.% 1C° 0.92 1.73 smaller|V|cs than those oR—4 with a shorter rigid spacér.
2180 (17%) Absorption Spectra of NIm*~. To assign the absorption
2 toluene 320 (100%) 2.% 1C° 0.89 1.32 bands of the radical ion-pairs generated by the laser flash
CHCl;  84(100%) 11.4<10° 096  1.57 photolysis, the steady-state absorption spectra of the radical
PhCN 41(100%) 23.51¢° 0.97 177 anion of 5 (NIm*~) were observed by the chemical reduction
3 toluene 200 (100%) 4.6 10° 0.93 1.28 . . .
CHG; 53 (100%) 18.4¢ 10° 0.98 155 of 5 with strong elgctron donors such as tetr{ikls.(dlethylamlno)-
PhCN 34 (100%) 28.5 10° 0.97 1.77 ethylene (TDAE) in polar solveri As shown in Figure 4, new
4 toluene 180 (100%) 5.2 1° 0.94 1.27 absorption peaks appeared at 760, 680, 610, and 480 nm. They
CHCl; 44 (100%) 22.3< 10° 0.98 154 are all attributed to NInT, because the cation radical of TDAE
PhCN 38 (100%) 25.5 1C° 0.97 1.76 does not have an appreciable absorption band in the visible
akes = (Litr)sample — (L17t)rer; (Tr)rer = 2860 ps (toluene), 2200 ps  region. The extra peak at 430 nm is due to TDAE. On addition
(CHCl), and 1160 ps (PhCNY.®cs = [(1/71)sample— (1/z1)rel/ (1/T)sample of O, into Ar-saturated solution, all of the absorption bands in

¢ —AGcs = AEo—o — Eox + Ered — AGs; AGs = €¥/(4nAeo)[(1/2R, + the 480-760 nm region disappeared quickly, indicating that

V2R — 1/Reqlles — (1R + 1/2R)1le], whereAEo is energy of NIm*~ is very sensitive to @ probably because of electron
the 0-0 transition of (3.10 eV)E.« and Erq are the first oxidation transfer from NIt~ to Oy, producing G

potential of the donor and the first reduction potential of the acceptor . .
in o-dichlorobenzene, respectivelR; and R_ are radii of the ion Nanosecond Transient Absorption MeasurementsTran-

radicals of TTF (7.6 A) and NIm (5.1 A), respectiveR. is the center- sient absorption spectra observed by the nanosecond laser
to-center distance between the two moieties evaluated from MO excitation (355 nm) of triad. in PhCN are shown in Figure 5.
calculation (Figure 1), ands ande, are static dielectric constants of  |mmediately after the laser pulse exposure, the transient
solvents used for the rate measurements and the redox potentialabsorption bands were observed at 480 and 760 nm at 10 ns.
measurements, respectively. The main two absorption bands at 480 and 760 nm were
For compounds with twor; values, the average lifetimes attributed to the NInT moiety. As two weak bands at 600 and
calculated by multiplying the fractions were employed for the 680 nm were also in good agreement with those in Figure 4,
calculations okcs and ®@cs values using eqs 1 and 2. Thes they are also attributable to Ntm Because of absorption bands
and ®¢s values were evaluated as listed in Table 2, in which of the radical cation of the TTF moiety (TTH, weak bands
thekecs values of TTF-(sp)-NIm-(sp)-TTF triads in toluene were in the 456-550 nm with a shoulder at 610 nm were reportéd.

in the region of (1.65.2) x 10° s 1, whereas in chloroform  These bands of the TFFmoiety may be overlapped with the
and PhCN, thécs values increased almost one order. Trdad  absorption bands of the Ntmmoiety. These findings indicate
with the flexible long bond has smallkgsvalues evenin polar  the formation of the charge-separated state (T9(Bp)-NInt~-
solvents compared with other triads<4) with the cyclohexyl (sp)-TTF). The transient spectra of the radical ions disappeared
spacers. Th&cs values of TTF-(sp)-NIm-(sp)-TTF triads are  quickly at 250 ns, indicating a relatively short lifetime of the
quite high, suggesting that the charge-separation process takesharge-separated state beven in polar PhCN.

place predominantly via the singlet excited state of the central The time profiles at 480 and 760 nm are shown in Figure 5.
NIm moiety ¢NIm*). For triads @—4) with the cyclohexyl Because the rises of the 480 and 760 nm bands are quite quick
spacers, appreciable changes were not observed fégélzand just after the 355 nm laser light pulse, TTHsp)-NImt~-(sp)-

dcs values in all solvents. TTF of 1 may be produced via the singlet excited state of the
Compared with the free-energy of charge-separatiohGcs) NIm moiety. If TTP*-(sp)-NInt~-(sp)-TTF ofl was produced

in Table 2, thekcsvalues for 2—4) increase with-AGcsvalues, via the triplet state of the NIm moiety, the slow rises of the

suggesting that the charge-separation process vidNha* absorption bands of the radical ions may be observed. The

moiety may be in the normal region of the Marcus ParaPola, shoulder in the longer wavelength than the 760 nm band, which
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014 1 TABLE 3: Charge-Recombination Rate-Constants Kcr),
Lifetimes of lon-Pair (Zion—pair), and Free-Energy Changes for
w7 0500 Charge-Separation AGcr) of TTF-(sp)-NIm-(sp)-TTF in
400 500 600 700 800 900 1000 CHCIs and PhCN
Wavelength/nm compound  solvent  kee/st Tion-paiiNS  —AGcrleV
Figure 6. Transient absorption spectraobserved by the 355 nm laser 1 CHCl 2.03x 107 49 1.64
excitation of3 (0.1 mM) in deaerated PhCN. PhCN 2.90x 107 34 1.37
o o 2 CHCl;  3.00x 10f 330 1.57
was not observed for NIm in Figure 4, was characteristic of PhCN 1.78x 1(f 560 1.33
the transient spectra of TTR(sp)-NImt~-(sp)-TTF @). Al- 3 CHClz  3.15x 1C° 320 1.55
though the band between 800 and 1000 nm was not reported PhCN  9.07x 1g 1100 1.33
for the TTP moiety in the literaturé? weak absorption bands 4 CHCL  5.26x1 190 1.56
. A b PhCN 1.74x 10° 580 1.34
were sometimes observed for the TTEerivatives in the near-
IR region in our previous papefs. toluene, the transient absorption spectrum was not observed even
From the decays of the 480 and 760 nm bands, the ratefor 2—4 within the time resolution of the laser light pulse (6
constant for charge recombinatid@g) for TTF*-(sp)-NInt—- ns).
(sp)-TTF of1 was evaluated to be 2.9 10’ s! in PhCN at Time profiles of the bands at 480 and 760 nm of the NIm

room temperature, which corresponds to the lifetime of the moiety for3 are shown in Figure 7. The decays of the 480 and

radical ion-pair {rip) Of 34 ns. In chloroform, similar transient 760 nm bands were very slow, suggesting the long lifetime of

spectra and decay time profiles were observed, givigg = TTF*-(sp)-NInt~-(sp)-TTF for3. On addition of Q, the decay

49 ns, which is slightly longer than that in PhCN. In toluene, rates of these bands were increased very much, suggesting that

on the other hand, no transient spectra was observed, suggestinthe NImt~ moiety is quite sensitive to £ which is in good

Trip IS shorter than 6 ns which is the laser pulse width. agreement with the £effect on the steady-state measurement
The transient spectra observed by the laser excitation of triadas shown in Figure 4. In the case of the Ninmoiety in1, a

3 with the cyclohexyl spacers in TTF-(sp)-NIm-(sp)-TTF are slight O, acceleration effect for the decay curves was also

shown in Figure 6. Because the transient absorption spectrumobserved; the difference was small, because the original decay

observed at 250 ns was almost the same as the spectrum at 16f TTF*-(sp)-NInt—-(sp)-TTF for1 was as fast as £accelera-

ns for 1 in Figure 5, the formation of TTE-(sp)-NInt~-(sp)- tion. The kcg and trip values in the absence of ,Care

TTF was also confirmed fd. Similar transient absorption bands summarized in Table 3 with the free-energy changes of charge-

were observed fo2 and4 in PhCN. Even in less polar solvents  recombination £ AGcr). Thekcgr values of2—4 were evaluated

such as chloroform, similar transient absorption spectra wereto be (0.9%1.78) x 10° s71 in PhCN at room temperature,

observed for2—4. However, in nonpolar solvents such as which are more than one order smaller than thatlofrhis
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TABLE 4: Activation Free-Energies (AG¥cRr),
Reorganization Energies fcr), and Coupling Constants
(IV|cr) for the Charge-Recombination Process for
TTF-(sp)-NIm-(sp)-TTF in PhCN

compound AGL eV AcrleV [V|crlem™?
1 0.086 0.80 0.38
2 0.061 0.92 0.10
3 0.025 1.06 0.07
4 0.069 1.01 0.12

Guo et al.
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Figure 9. Energy diagram of triads in PhCN; TTF-NIm-TE TTF-
(sp)-NIm-(sp)-TTF.

The Acr values for2—4 were evaluated to be ca. 1 eV (Table
4), which is slightly large compared with that f(0.8 eV) in
PhCN.

From the comparison of thia:g values (0.8-1 eV) with the
—AGcr value (ca. 1.31.6 eV), the charge recombination
processes can be considered to belong in the Marcus “inverted
region” in PhCN. These findings support that the radical ion-
pairs have long lifetimes. The shorkp for 1 cannot be
interpreted by the larger energy difference betweer ghevalue
(0.8 eV) and theAGcr value (ca. 1.3 eV) compared with those

indicates that the flexible long spaces accelerate the charge<for 2—4 (the 1 o values (0.9-1.0 eV) and theAGer values
recombination rates. To reveal the reasons, we tried to evaluateca, 1.3 eV)) in PhCN.

experimentally theA) and|V| values for charge-recombination
from the temperature changes of thg values.

Temperature Effects. More detail parameters for electron

The|V|cr values for2—4 were calculated to be ca. 0.1 cin
from the first term of eq 3 (intercept of the line aff1# 0 in
Figure 8). ThesgV|cr values are small compared with the

transfer can be evaluated by the temperature changes of the rateeported|V|cr values (100 cnt?) for other electron-transfer

constants. In general, the free-energy barrig6G{) for the

systems?16In the case ofl with the flexible spacers, th¥/|cr

electron-transfer process can be estimated by measuring thevalue was calculated to be ca. 0.4 Tmwhich is larger than
temperature dependence of the electron-transfer rate constanthose for2—4 with the cyclohexyl spacers. The larg@ficr

(k). From a semiclassical Marcus ed 3he k value can be
described as follows:

_ 2.7'[3/2|V|2 _A_G*
In(kv/T) = In N Ti] KT (3)

where T, h, and kg are the absolute temperature, Planck’s

value for 1 supports the fast charge-recombination process.
Generally, the smallgiV|cr value for the longer spacer between
TTF* and NInt~ in 1 than those for shorter cyclohexyl spacer
in 2—4 would be anticipated. Thus, it is suggested that the*TTF
moiety becomes closer to the Ntmmoiety with a conforma-
tional change accompanying the attraction force between the
oppositely charged species in resulting in the largetV|cr
value. Therefore, the contribution of the through space electron

constant, and Boltzman’s constant, respectively. The plots of transfer may be considered for such a charge recombination of

eq 3 for thekcg values ofl and3 in PhCN are shown in Figure

8, which exhibits linear relations between RggT¥?) vs 1/T.
Only in PhCN, reliable temperature changes of kbe values
were observed with low noise. Because PhCN solidified to white
polycrystals at a temperature lower thad0 °C, the temper-
atures were changed to the-80 °C region, in which thekcgr
values were varied from 1.78 10’ to 4.62 x 10" s for 1
and from 0.87x 10°to 1.10x 1(P s~ for 3. These changes in
the kcr values are larger than the experimental error of our
equipment. From the slopes-AGg/ks), the AGL, values
were estimated to be 0.2@.02 eV for1—4 in PhCN (Table

4); the IargestAGjéR value was evaluated fol, and the
smallestAGLy, value was for3. The 4 value was calculated
from the following relatior?

_ (AGgr+2)?

+
AG v

(4)

1. For charge separation, on the other hand, such an acceleration
effect was not appreciably observed fgbecause the lifetime
of the singlet excited state dfis shorter than the lifetime of
the ion pair, in addition to the lack of the attraction force
between neutral molecules during the conformational change.
Energy Diagram. From the fluorescence spectrum in Figure
2, the energy of the excited singlet state of the NIm moiety is
3.10 eV. The charge-separated states can be calculated to be
ca. 1.3 eV in PhCN, which corresponds AG5cr in Table 3.
Thus, theAG¢s values via the singlet excited state of the NIm
moiety can be evaluated to be cal.8 eV in PhCN, although
the AGcs and AGcr values depend on thB.. and solvent
polarity. Thus, an energy diagram can be schematically il-
lustrated as shown in Figure 9. The 355 nm laser excitation
(3.52 eV) pumps up the NIm moiety of TTF-(sp)-NIm-(sp)-
TTF to its singlet excited energy, from which the charge
separation takes place quite efficiently in PhCN, chloroform,
and toluene, indicating that a wide polarity of solvents are
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effective to charge separation as confirmed by the time-resolvedgarten, J.-F.; Liu, S.-G.; Echegoyen, L.; Barigelletti, F.; Armaroli, N.; Ouali,

fluorescence measurements (Table 2).
For 1, a small part of the singlet states of the NIm moiety

L.; Krsnikov, V.; Hadziioannou, GJ. Am. Chem. So@Q00Q 122 7467,
(c) Imahori, H.; Sakata, YEur. J. Org. Chem1999 445 5. (d) Guldi, D.
M.; Prato, M.Acc. Chem. Re00Q 33, 695. (e) Yamazaki, M.; Araki,

may be converted to the triplet state, because of the smallery.; Fuijitsuka, M.; Ito, 0.J. Phys. Chem. 2001, 105, 8615.

than unity®cs value as shown in Table 2. If the energy level
of the triplet state of the NIm moiety is higher than that of the

charge-separation state, the charge-separation is po5sible.
However, fluorescence lifetime measurements indicate that the

(3) (a) Davis, W. B.; Ranter, A.; Wasielewsky, M. Rhem. Phys
2002 281, 333. (b) Sinks, L. E.; Wasielewsky, M. R. Phys. Chem. A
2003 107, 611. (c) Lukas, A. S.; Bushard, P. J.; Weiss, E. A.; Wasielewsky,
M. R. J. Am. ChemSoc.2003 125 3921.

(4) (a) He, Z.; Gosztola, D.; Demg, Y.; Goa, G.; Wasielewsky, M. R;

fraction of intersystem crossing from singlet states to the triplet Kispert L. D.J. Phys. Chem. 800 104, 6668, (b) Lukas, A. S.; Bushard,

state of the NIm moiety is small. Therefore, the fraction of

P. J.; Wasielewsky, M. Rl. Am. ChemSoc.2001 123 2440.
(5) (a) Sariciftci, N. S.Prog. Quantum Electran1995 19, 131. (b)

charge separation via the triplet state of the NIm moiety is small. Jensen, A. W.; Wilson, S. R.; Schuster, DBloorg. Med. Chem1996 4,

Indeed, the observed sharp rise and decay of T-{$p)-NInt~-
(sp)-TTF for1 in Figure 5 may exclude the triplet route for
charge separation. Highdrcs values for2—4 further decrease
the possibility of the triplet rout.

Comparison with Other Similar Systems. O’'Neil et al.

767. (c) Prato, MJ. Mater. Chem1997, 7, 1097. (d) Gust, G.; Moore, T.
A.; Moore, A. L. Res. Chem. Intermed997, 23, 621. (e) Imahahori, H.;
Sakata, YAdv. Mater. 1997, 9, 537. (f) Gust, D.; Moore, T. A.; Moore A.
L. Acc. Chem. Re2001, 34, 40. (g) Imahori, H.; Mori, Y.; Matano, YJ.
Photochem. Photobiol. C: Photochem..R2003 4, 51.
(6) (a) Ohkochi, M.; Takahashi, A.; Mataga, N.; Okada, T.; Osuka,
; Yamada, H.; Maruyama, Kl. Am. ChemSoc.1993 115 12137. (b)

: A.
observed a super-exchange electron-transfer mechanism folg eenfield, S. R.: Svec, W. A.; Gosztola, D.; Wasielewisky, MJRAM.

porphyrin-NIm-porphyrin triads with a short spaéét?In the

Chem.Soc.1996 118 6767. (c) Imahori, H.; Tamaki, K.; Araki, Y.; Hasobe,

present study, because we employed the relatively long spacers] ; Ito, O.; Shimomura, A.; Kundu, S.; Okada, T.; Sakata, Y.; Fukuzumi,

such a super-exchange electron mechanism between apart TTF-

moieties was not expected. For TTF-(sppy@ith a flexible

J. Phys. Chem. 2002 106, 2803.
(7) (@) Alam, M. M.; Watanabe, A.; Ito, Ql. Photochem. Photobiol.
A: Chem.1997 104 59. (b) Alam, M. M.; Watanabe, A.; lto, GBull.

long chain spacer, it was reported that charge separation takeshem. Soc. Jpri1997, 70, 1833. (c) Alam, M. M.; Ito, O.; Sakurai, N.;

place via the singlet excited state afgQproducing TTE"-(sp)-
Ceso'~; however, thebdcs value was smaller than that afwith

a similarly long flexible bond¢ The trip of TTF™-(sp)- Geo*™
was evaluated to be 49 ns in Ph@&Nyhich is almost the same
as that of TTE"-(sp)-NInt~-(sp)-TTF for1.

Conclusion

Moriyama, H.Fullerene Sci. Technoll998 6, 1007. (d) Alam, M. M.;
Ito, O.; Sakurai, N.; Moriyama, HRes. Chem. Intermed999 25, 323.

(8) (a) Martn, N.; Sanchez, L.; Herranz, M. A.; Guldi, D. NI. Phys.
Chem. A200Q 104, 4648. (b) Herranz, M. A.; Ollescas, B.; Martin, N.;
Luo, C.; Guldi, D. M.J. Org. Chem200Q 65, 5728. (c) Segura, J. L.;
Martin, N. Angew. Chem., Int. E@001, 40, 1372. (d) Allard, E.; Cousseau,
J.; Orduna, J.; Garin, J.; Luo, H.; Araki, Y.; Ito, ®hys. Chem. Chem.
Phys.2002 4, 5944. (e) Sadaike, S.; Tokimiya, K.; Aso, T.; Otsubo, T.
Tetrahedron Letts2003 44, 161.

(9) (a) Marcus, R. AJ. Chem. Physl956 24, 966. (b) Marcus, R. A.

In the intramolecular_ phot(_)indu_ced ch_arge-separation Process,. chem. Phys1957, 26, 867. (c) Marcus, R. AJ. Chem. Phys1957, 26,
rapid charge separation with high efficiency was found for 872. (d) Marcus, R. AJ. Chem. Physl1965 43, 679.

TTF*-(sp)-NInmt~-(sp)-TTF for 2—4 with rigid cyclohexyl

spacers, whereas a slightly low efficiency was found for the

flexible spacer (triadl). On the other hand, slower charge
recombination was found for TTF(sp)-NInt~-(sp)-TTF for
2—4 with rigid cyclohexyl spacers than that with a flexible

(10) Stewart, J. J. P. Comput. Cheml989 10, 209; MOPACversion

(11) (a) Fujitsuka, M.; Ito, O.; Yamashiro, T.; Aso, Y.; Otsubo,JT.
Phys. Chem. 2001, 104, 4876. (b) Fujitsuka, M.; Tsuboya, N.; Hamasaki,
R.; Ito, M.; Onodera, S.; Ito, O.; Yamamoto, ¥. Phys. Chem. 2003
107, 1452.

(12) Inthe observetH NMR spectra, it was also difficult to discriminate

spacer. The reorganization energies and coupling constantsyyich’configuration is more stable.

evaluated from the temperature effects for the charge-recom-

(13) (a) Fujitsuka, M.; Luo, C.; Ito, OJ. Phys. Chem. B999 103

bination rate constants afford some keys to interpret the observed#45. (b) Luo, C.; Fujitsuka, M.; Huang, C.-H.; Ito, ®hys. Chem. Chem.

phenomena.
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