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Photoinduced intramolecular electron-transfer events of the newly synthesized subphthalotlygfiaay-
lamine—fullerene triad (SubPeTPA—Cgy) and subphthalocyanindriphenylamine-bisfullerene tetrad
(SubPe-TPA—(Cqg)2) were studied. The geometric and electronic structures of the triad were probed by ab
initio B3LYP/3-21G method, which predicts SUbPEPA"—Css~ as a stable charge-separated state. The
photoinduced events via the excited singlet state of SubPc were monitored by time-resolved emission

measurements as well as transient absorption techniques. Efficient charge-separations via the excited states

of SubPc were observed with the rates~af0' s 1. Compared with the SubPdPA dyad, a long-lived

charge-separated state was observed for the StubiPA—Cso triad with the lifetime of the radical ion pairs
(trip) Of 670 ns in benzonitrile. Interestingly, further charge stabilization was achieved in the charge-separated
state of SUbPeTPA—(Csp)2, in which therrp was found to be 1050 ns in benzonitrile.

designed to mimic the events of the photosynthetic reaction
center has been an important goal in science and technology.

Efficient conversion of light energy into other useful energies E\ i M(j_.
requires the effective formation of charge-separated (CS) stateg 7
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Introduction charge separation charge separation
Development of relatively simple doneacceptor models Q ) 4
O

that exhibit relatively long lifetimes and high-energy conténts.
In years past, various conjugated macrocycles such as porphy-

electron-shift-

rins, phthalocyanines, and naphthalocyanines were widely SubPc-TPA SubPc-TPA-Cg
employed as building blocks for the photoactive and electro-

active assemblies due to their excellent light-harvesting ability CsH 5

in the wide wavelength region (56000 nm) and to their rich charge separation

redox chemistry. Y

electron
sHi7| delocalization

However, only a few studies have been reported for the
photophysical behavior of subphthalocyanine (SubPc), a singular

lower analogue of phthalocynanif&ubPc has thred-fused enersy transfer |5 N/
T . . . . B charge -l]:urulum
diiminoisoindoline units arranged around a central boron atom e N ..‘
and s-electron aromatic core associated with their curved _ Y
structures, which make it different from their higher homo- 3"/ electron-shift-

logues, phthalocyaninés® Particularly attractive points of
SubPc are (1) their optoelectronic features can be finely tuned
by varying their axial ligands or by functionalizing the various
peripheral positions, (2) they are excellent antenna units that
absorb the lights in the visible region (56800 nm) with . . . .
excitation energy above 2.0 eV, and (3) they possess a relatively'oho.tos‘ymh(?tIC .SyStemS and as unique materials for nonlinear
low reorganization energyMoreover, SubPc derivatives are optical applications. ) ] )

strong fluorophores with high quantum yields, which render ~ Because of the versatile chemistry of SubPdheir as-
them ideal molecules to probe electron transfer and energy Sémblies for multicomponent photoactive systems are performed
transfer via the excited singlet states. Therefore, SubPc deriva-via different routes involving periphefadr axial approaches:'*

tives are appealing as new building blocks for the artificial The advantage of the axial approach is to preserve the electronic

characteristics of the macrocycles, since the substitution patterns
*To whom correspondence should be addressed. E-mail: araki@ on the benzene rings remain unaltered. Recently, Torres et al.

tagen.fohoku.ac.jp: mohamedelkhouly@yahoo.com; kykay@ajou.ackr.  reported that the exchange of the original axial halogen atom
¢K‘;f,°E}{sh@ﬁﬁ{sﬂ,zgversity_ with oxygen nucleophiles, particularly phenol, is a very

8 Ajou University. convenient method for introducing diverse functional groups

SubPe-TPA-(Ceo)s

Figure 1. Molecular structures and expected photoinduced processes
of the studied compounds.
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SCHEME 1: Syntheses of SubPe TPA—Cgp and SubPc-TPA—(Cegg)2?
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in the axial position of the SubPc ring as well as for increasing procedures depicted in Scheme 1. Every step of the reaction
the solubility and stability of the SubPc derivativés. sequence proceeded smoothly and efficiently to give a good or
Our strategy is to attach the triphenylamine (TPA) unit and moderate yield of the product (yields are shown in Scheme 1).
the fullerene (Go) units to the SubPc moiety, expecting that Details for syntheses of the final products are described in the
the attached units can modulate and modify the electronic Experimental Section, which includes synthesis of SubHRA,
properties of SubPcs. As reported earlier, the TPA-based furthermore, in the Supporting Information, syntheses of the
compounds have been used in opto-electronic materials owingintermediates are included.
to the high electron-donor ability and good film-forming  Molecular Orbital Calculations. For SubPeTPA, the
properties:® Furthermore, the small reorganization energies for optimized structure and the molecular orbital (MO) calculated
the widely diffusedz-electron on the spherical fullerenedC  py ab intio B3LYP/3-21G methddare shown in Figure 2. The
radical anion are crucial to accelerate the initial CS process andtTpa moiety connected with SubPc via short axial linkage makes
to decelerate exothermic charge recombination (CR) praééSs.  the TPA moiety lie on just the upper position of SubPc, which
Thus, it is expected that the combination of SubPc with C  has a bent structure with upper curvattfalthough the nearest
and TPA may represent excellent building blocks for the gistance between the lowest unoccupied molecular orbital
artificial photosynthetic systems and molecular photovoltaic (LymO) and the highest occupied molecular orbital (HOMO)
devices. is as close as 0.1 A, the both MOs are distinctly separated,
Taking these properties into consideration, we present in this syggesting that the formation of the CS state with the one-
article the photosensitizing electron-accepting ability of SUbPC glectron reduced SubPc and the one-electron oxidized TPA
combined axially with triphenylamine (TPA) donor unit (SubPc  (suppe-—TPA™) is possible.
$E2_d()(/:e:j)) .a':}d :thei %ﬁgnrzle?:]ed':itéhar(l aln)d El'ergreadel(eScL:rbc:Dn(i:c _The optimized structure of SubPd P_A—Ceo is shown in
characterisnt,ics of the SubP@PA dyad can Be compared with Figure 3. T_he molecular topology of this molecule shoyvs that
th f SUbPeCen dvads reported by Torres et Klin the the Gsp moiety connected to one of the three phenyl rings of
0S€ of su 60 Ay P y TPA lies closely to the just upper position over SubPc. The

SUbP(’LTPA._.Ceo triad, SubPc would be expected to act as a center-to-center distanceR«) between SubPc and TPA as well
photosensitizing electron acceptor, TPA as an ele(:tron-donor,aS TPA and G were estimated as 11.0 and 10.0 A, respectivel
and Gy as an additional electron-acceptor. Furthermore, in the It i . ble that th lue b ’ .bP' P Y-
SubPe-TPA—(Cqq)2 tetrad, the dual g5 moieties would be tl 'S no_tlcea;] e that tA(RCChva Fe etween Su cfaﬂd;@s
expected to have synergistic effect for photoinduced CS giving also quite short (12'7. )- The electron distribution ofthe HOMO
stabilized radical ion pair (RIP) was found_ to_be _entlrely located on the TPA entity, while the
' electron distribution of the LUM&3 and LUMO was found
to be entirely located over the SubPc moiety and thg C
spheroids, respectively. The nearest distance between the LUMO
Synthesis and Characterization. SubPe-TPA—Cso and of Cep and the LUMGH3 of SubPc is less than 0.5 A, which
SubPe-TPA—(Cs0)2 have been prepared according to the suggests that the through-space electron migration from SubPc

Results and Discussion
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Figure 2. Frontier HOMO and LUMO of SubP€TPA calculated by
ab intio B3LYP/3-21G method.

LUMO+3

to Cso Within SubPe —TPA"+—Cgo takes place yielding the
stable final CS state like as SUBPTPA ™ —Cgy .

In the case of SubP€TPA—(Csp)2, the MO calculation
predicts several optimized structures with almost the same
minimum energies. In the most optimized structure, the second
Cso approaches closely to anothegCAlthough the HOMO is
localized on the TPA moiety, the lower LUMOs are distributed
over the Go units, and the upper LUMO is localized on the
SubPc moiety.

Electrochemical MeasurementsThe CS process from the

lowest excited singlet state of SubP8ibPc*) can be supported HOMO
from the viewpoint of thermodynamics. In differential pulse Figyre 3. The HOMO and LUMOs of SubP€TPA—Cg, calculated
voltammetry of SubPeTPA—(Cg), in 0-dichlorobenzenect by ab intio B3LYP/3-21G method after optimization of structure.

DCB), the first oxidation potentiaHyy) of the TPA moiety was

located at 0.62 V vs Ag/AgCl, while the first reduction potentials 5,4 phthalocyanines. The absorption spectrum of StbiPA
gifgd) gfs;?(i/sgb:;/ :ggIQB’;‘gé%t'gz Yﬁig?ﬁ&?d a:dlgg in the visible region is almost identical to that of SubfPh
e v : x red VAIUES, - roforence? revealing only weak intramolecular electronic
- e ;
wsrgrg;?c%rgtfgir?r;Tr?eCRSeproc:ﬁ:??(ﬁgﬁ)o\g assulti)slig; interactions in the ground state between the SubPc and TPA
q moieties. In benzonitrile (BN), an appreciable red-shift (ca. 5

in Table 1, in addition to-AGcsvalues vialCgg*. The negative . .

driving forces of the CS processes of the studied compoundsnm.) was observed c_ompare_d with the peak in toluene (56.3 nm),

(Table 1) suggest exothermic CS processes!SiabPc* and which suggests the interaction of the B atom of SubPc with the
lone pair of BN. In the UV region, the new band appeared at

1Cs0* in the studied solvents. However, it has been frequently ) s -
pointed out tha\Ges values in toluene usually contain much €& 350 nm, which may be attributed to the substituted TPA

estimation errors. The driving forces of CR procesf\Gcr) moiety with a triangular pyramidal structure different from
are also listed in Table 2. substituted TPA showing a band at 300 #hThe presence of
Steady-State Absorption MeasurementsThe steady-state the fulleropyrrolidine unit was evidenced by the higher absqrp-
absorption spectra of the intense magenta solutions of SubPc tion between 250 and 350 nm and also by the weak typical
TPA and SubPeTPA—(Cso), are shown in Figure 4. The band at 432 nm, whereas the expected weak peak near 700 nm
absorption spectra of the SubPc moieties consist of a high-energymay be hidden by the huge absorption of the SubPc unit that
B-band (between 368310 nm) and a lower energy Q-band dominates in this region. These absorption spectra revealed that
(560-580 nm¥-8 arisen from ther—xa* transitions associated  intramolecular electronic interactions of thgo@nit with the
with 14 sw-electron systems, analogues to those of porphyrins SubPc and TPA moieties may be weak in the ground state.



Effect of Dual Fullerenes on Lifetimes

J. Phys. Chem. B, Vol. 112, No. 13, 2008913

TABLE 1: Free Energy Changes AGcs), Fluorescence Lifetimes of SubPczf) in the 500-680 nm Region, Rate Constants
(kcs), and Quantum Yields (@cs) of Charge-Separation of SubPe-TPA, SubPc-TPA—Cg and SubPc-TPA—(Cqg), Via 'SubPc*

_AGcs/eVa‘b kcs/Sflc (I)csc’d
compounds solvents SubPe TPA*—Cgo SubPe-TPA+t—Cgo ™ ti(fraction)/ps via 1SubPc*

SubPe-TPA DMF (0.66% 120 (94%) 8.1x 10° 0.94
BN (0.55% 110 (94%) 8.4x 10° 0.95

TN (0.13y 110 (95%) 8.9x 1(° 0.96

SubPe-TPA—Cgo DMF 0.69 1.00 40 (94%) 2.8& 100 0.98
BN 0.67 0.97 30 (95%) 3.4 10 0.99

N 0.14 0.27 30 (55%) 3.4 1010 0.99

SubPe-TPA—(Cso)2 BN 0.67 0.97 60 (92%) 1.6 1010 0.96
N 0.14 0.27 50 (92%) 2.2 1010 0.98

a8 —AGcs = AEgo — {€&(Eox — Ered + AGs}, WhereAEy is the energy of the 80 transition (2.1 eV fofSubPc* and 1.72 eV folCgo*). AGs
refers to the static Coulomb energy calculated\§ys = —(e%/(4meo))[(1/(2R}) + 1/(2R-) — (L/Rcc)les — (L/(2R:) + 1/(2R-))/er), whereR, and
R_ are radii of the radical cation (TPA; 3.7 A) and radical anion (SubPc (4.8 A) ap@ A)). Rec; SubPe-TPA (10.0 A) and TPA-Cg (11.0
A). The symbolsep and es represents vacuum permittivity and dielectric constant of solvent used for photophysical and electrochemical studies.
b —AGcs values for SubPt—TPA—Cgy~ are in the range 0f-0.1 — 0.0 eV in DMF and BN usindE.x = 1.04 V for SubPc in THR® andRcc=

SubPe- Cgo (12.7 A). ¢ Include energy transfef.dcs via 'SubPc* calculated bybcs = ked(1/t7). € SubPe —TPA'™,

TABLE 2: Rate Constants of Charge-Recombination kcr) and Lifetimes of Radical lon-Pairs (zrip) of SubPc-TPA,

SubPc-TPA—Cgp, and SubPc-TPA—(Cep)2

-AGcrleVaP

compounds solvents SubPe TPA"—Cgo SubPe-TPA+—Cgo~ ker/ st Trip/NS
SubPe-TPA DMF (1.44y <10 <10
BN (1.55¥ <108 <10

N (1.97y <108 <10

SubPe-TPA—Cgo DMF 1.41 1.10 2.5¢ 108 400
BN 1.43 1.13 1.5¢ 1¢° 670

TN 1.96 1.83 1.4x 1¢° <7

SubPe-TPA—(Cso)2 BN 1.43 1.13 9.5¢ 1P 1052
TN 1.96 1.83 2.1x 107 47

a—AGcr = € (Eox —
TPA™.

Steady-State Fluorescence MeasurementBhe photophysi-

Ered + AGs. P —AGcr values for SubP¢—TPA—Cgs~ are in the range of 2:02.1 eV in DMF and BN¢ SubP¢ —

(Figure 5b), suggesting that some intramolecular processes are

cal behavior was qualitatively investigated by steady-state induced by the g moiety, in addition to the vicinal CS process
fluorescence using 520-nm light excitation, which selectively with TPA. Since the weak &-fluorescence peak overlaps with
excited the SubPc moiety. As shown in Figure 5a, the the SubPc-fluorescence peak, it is difficult to recognize the rise

fluorescence spectrum of the SubR@Ph reference shows a

of Cgo-fluorescence, which was usually observed for energy

maximum at 573 (toluene) and 577 nm (BN) with a fluorescence transfer fromSubPc* to Go in nonpolar solvent. Similar

guantum yield of 0.45. ThéSubPc*energy of SubPeOPh

fluorescence spectra were observed for SubFRA—(Cg)2.

evaluated as 2.1 eV is substantially higher than those for From these findings for SubPd@PA—(Csg), that the emission
phthalocyanines (1.7 eV). By the axial linkage of SubPc with intensities of the SubPc moiety are additionally quenched by
TPA, the emission intensity was decreased very much without the G moieties, one could speculate the energy-transfer
an appreciable shift of the emission peak in toluene and BN. pathway from thé SubPc* moiety to the g moieties probably

The fluorescence quantum yields of SubH®A were evaluated

occurring through-space. However, CS pathway generating

to be less than 0.01 in toluene and BN; similar quenching was SubP¢"—TPA—Cgg~ via the!SubPc* moiety may be difficult
observed in dimethylformamide (DMF). Since the possibility to occur, because of the high oxidation potential of the SUBPc.

of the energy transfer process fré8ubPc* to TPA is excluded

Fluorescence Lifetime MeasurementsTo complement the

due to energetic considerations, the CS process predominantlyemission spectral studies, the fluorescence lifetime measure-

takes place vidSubPc* generating SubPe-TPA*" in polar
and nonpolar solvents.
In SubPe-TPA—Cq, further efficient fluorescence quenching

ments (Figure 6) were performed, which tracked the above
consideration in a more quantitative way. The fluorescence
lifetime of 1SubPc*OPh exhibited monoexponential decay

of the SubPc moiety was observed in all solvents employed with a lifetime (1p) of 2080 ps, which is in a good agreement

1.2 - -

— SubPc-OPh /TN
1.0 |8 —SubPcTPA/TN
\ -~ SubPCTPA-Ce /TN
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0.4k /
02\
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Figure 4. Steady-state absorption spectra of Sub®&h, SubPe
TPA, and SubPe TPA—Cg in toluene (TN). The concentrations were
kept at 2.2uM.
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Figure 5. Steady-state fluorescence spectra of (left) Sub®eh and
SubPe-TPA and (right) SubPeTPA and SubPe TPA—Cgin toluene
(TN) and benzonirtrile (BN). The concentrations were kept a2
Aex = 520 nm.
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Figure 6. Fluorescence decay-profiles of SubRaPh, SubPe TPA,
and SubPe TPA—Cso in TN and BN in the region of 556650 nm.
The concentrations were kept at 0.05 mAd; = 400 nm.
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Figure 7. Nanosecond transient spectra and time profile of SubPc
TPA in Ar-saturated BNZex = 532-nm laser light.

with the reported valu& However, the fluorescence time
profiles of 1ISubPc*TPA could be fitted satisfactorily with
biexponential decay functions, from which the fluorescence
lifetimes (@5) of the major short-lived components were evaluated

El-Khouly et al.
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Figure 8. Nanosecond transient spectra and time profile of SubPc
TPA—Cqgo in Ar-saturated DMF/ex = 532-nm laser light.

1000

with a depression in the 568600 nm region in BN. Since these
absorption bands are similar to those of the Sub®Ph, they
are assigned to théSubPc* unit, which is generated via
intersystem crossing frofSubPc*. In the longer time-scale
measurements, these absorption bands were decayed within 50
us, which were unchanged with changing the solvent polarity
(Supporting Information, Figures S1 and S2). These findings
also support the assignment @&ubPc*. Combining with the
rapid fluorescence quenching*&ubPc* due to the CS process,
the generation ofSubPc*TPA may be caused by the rapid
CR of SubPt —TPA*, since the energy levels of the SubPe
TPA"" (2.0-1.6 eV in Table 2) are located higher thi8ubPc*
(1.4 eVp1218in both polar and nonpolar solvents (Supporting
Information, Figure S3). Since SubPeTPA" was not
observed by our nanosecond laser pulse (64tsg CR process

as ca. 110 ps in polar and nonpolar solvents as listed in Tablejs faster than ca. % 108 s71.23 This quick CR process seems

1. The lifetime of the remaining minor slow decay part is almost
the same as that of SubPOPh. Based on the shortening of
the fluorescence lifetimes, the CS ratégss| of the SubPe
TPA dyad were estimated in the range of-@ x 10° s,
Compared witHSubPc*TPA, the fluorescence lifetimes of
1SubPc*TPA—Cgo were further shortened, giving the short-
lived components as 3640 ps in toluene, BN and DMF (Table
1), suggesting that the initial CS process takes placéStaPc*
in SubPe-TPA—Cgo with the kes values of ca. 3x 100 s,
which is larger than thé&cs values for the vicinal CS process
of SubPe-TPA2 In polar solvents, thécs values of SubPe
TPA—(Cqp)2 via 1SubPc* were estimated to be as cax 2010
s L. Thus, thekcs values are in the order of SUbPEPA—Cqgo
> SubPe-TPA—(Cgg)2 > SubPe-TPA in BN. Although the
acceleration role of the &g moieties to the CS process is
prominent, the dual § effect is less effective; probably the
dual attachments of dg considerably change the electronic
character of SUbPETPA unit into an adverse tendency. Since
the kcs values are independent from solvent polarities, it is

to be reasonable due to the close distance between the orbital
of the LUMO of SubPc and HOMO of TPA in Figure 2.
However, since the node at the B atom of the LUMO does not
overlap with the O atom of the HOMO in SubPe TPA'Y,

the lifetime of the RIP €r;p)) may not be very short.

The nanosecond transient absorption spectra of SubPc
TPA—Cgp oObserved in polar solvents show quite different
features from those of SUbPTPA. A typical example is shown
in Figure 8 for DMF solvent; the 1000-nm band is undoubtedly
attributed to characteristic peak of thggC moiety and the 740-
nm band to the TPA moiety. These observations suggest that
the CS state is like as SUbPTPAt—Cgo~ in the nanosecond
time region in polar solvents. Since the initial CT state via
1SubPc* is mainly attributed to SubPe-TPA""—Cg, the
electron migration from SubPtto Cq takes place within 6 ns
before the CR between SubPand TPAT.24 As the observed
additional fluorescence quenching!&ubPc* by G suggested,
the initial energy transfer frofSubPc* to Gy may be possible
forming SubPe-TPA—1Cqg*, from which the CS process takes

suggested that the CS process is located near the top region oplace from vicinal TPA moiety giving SUbPTPAT—Cgg™.

the Marcus parabof&.
In Table 1, the CS quantum yield®¢s) evaluated from the
fluorescence lifetimes dSubPc* are also listed. Thkcsvalues
of SubPe-TPA—(Cgg)n are larger than the values of the vicinal
CS process for SubPa'PA dyad, supporting that the initial
CS process of SubPPA—(Cgp)n accompanies the energy
transfer process from th&SubPc* moiety to the § moiety.
Transient Absorption Measurements.By employing 532-
nm laser light, which predominately excited the SubPc moiety,
the nanosecond transient spectra of SubHeA were observed

In BN, similar transient absorption spectra were observed
(Supporting Information, Figure S4), showing the 1000-nm band
of Ceg~ and 720-nm band of TPA. In addition, the 450-nm
band of 3SubPc* was also found in the same time scale,
suggesting that SubP@PA*+—Cgg'~ coexists with?SubPc*-
TPA—Csgo. On the other hand, the nanosecond transient spectra
of SubPe-TPA—Cgp in toluene exhibited the characteristic
absorption bands clSubPc* moiety at 450 nm and 68@00

nm as shown in Supporting Information (Figure S5). Since the
energy levels of the CS states in toluene are higheri®ahPc*,

as shown in Figure 7. A main absorption band appeared at 450the CR process may populd&®ubPc* (Supporting Information,

nm together with broad weak bands in the 600 nm region

Figure S6).
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Figure 9. Nanosecond transient spectra and time profile of SubPc LY £
TPA—(Ce)2 in Ar-saturated benzonitrilelex = 532-nm laser light. SubPc-TPA-(Cgp),

Figure 10. Energy diagram of SubP€TPA—(Cep)n: CS, charge

The characteristic transient absorption band of thg C  separation; EN, energy transfer; and CR, charge recombination.

moiet+y Wasiem_ployed to determine the CR rates of .SU’OPC Energy Diagram Considerations and Conclusive Remarks.
TPA™—Ceo, since the decays of thes were well-fitted The energy level diagram constructed by utilizing the spectral,

—» processes in polar solvents

----- »processes in nonpolar solvents

by a+single:exponential function. Ther ‘Cal“?e of SubPe electrochemical and photophysical data of SubPRA—(Cso)n
TPA™"—Cqo'~ was found to be 2.5¢ 10° s™* in DMF from is schematically illustrates in Figure 10. The initial CS process
inset of Figure 8. Based on ther value, thetrp value of  gecyrs from TPA tdSubPc, yielding vicinal radical ion-pairs,

SubPe-TPA"—Cgs'~ wWas evaluatgd as 400 ns in DMF. S_uch SubPe& —TPA*—(Ceo)n. Subsequently, it is possible to shift
a slow CR process may be explained by the inverted region of 5 electron on SubPcto Cso @s an exothermic process by ca.

the Marcus paraboFR. 300 mV, producing stable SUbPEPA™—(Cso)r~. In addition,

In BN, the kcr value was evaluated to be 16 10f s7* the through-space energy transfer process fi8obPc* to Gy
(Supporting Information, Figure S4), which is slower than that is possible to generate th€s5* moiety, from which SubPe
in DMF, giving a longerrgp value of SubPe TPA™"—Ceg~ TPAt—(Cgo)n"~ can be also generated. In polar solvents, the

as 670 ns in BN. Smalleker value in BN may be related to  final CS state, SubPeTPA"—(Cso)~, decays directly to
the coexistence ofSubPc*, which suggests that SubPc  populate the ground state with relatively slow rates. In nonpolar
TPA"*—Ce'~ gains a triplet spin character prolonging thg- solvent, the radical ion-pairs relaxes®®ubPc* with the quick
value? Thesergrip values are significantly longer compared with  CR process for SubP€TPA—(Cgo)n.

those of TPA"—Cgo*~ dyads?* which suggests a role of SubPc As conclusions, high efficient CS processes of the newly

in stabilizing SubPe TPAT—Cg¢'~; that is, an electron of £~ synthesized SubPETPA—Cgy and SubPe TPA—(Cgp)2 Were
interacts with SubPc in the triad due to their close contact observed compared with SUbPEPA by the excitation of the
(Figure 3). huge absorption of SubPc moiety in the visible region. In polar
In the case of SUbPETPA—(Cqo)2, Similar transient spectra  solvents, the CS processes ¥@ubPc* generates mainly vicinal
were observed as shown in Figure 9, in which SubPRA* " — RIP (SubPt —TPA""—(Cgo)n) and, subsequently, stable RIP

(Ce)>>~ was observed in polar solvents. Interestingly, the 1000- (SubPe-TPA"*—(Cgo)n'~). These RIPs have longer lifetimes

nm band and 750-nm band are broader than those of SubPc compared with the corresponding dyads such as SubPc

TPA"*—Cgs~ in BN, suggesting that thegg~ moiety interacts ~ TPA™™ and TPA*—(Cs)a"". Furthermore, the longer lifetime

with another Gy moiety or with the close SubPc moiety. The 0f SubPe-TPA""—(Cq()"~ than that of SubPETPA""—Ceq'~

kg value was found to be 9.5 10° s 1in BN from the inserted was observed revealing the effect of the duag) @oieties on

time-profile at 1000 nm, which corresponds to thgs value the electron-transfer processes. Such photophysical properties

as 1052 ns. Thisgip value is longer than that of SUbPEPA— afford potentials of SubPETPA—(Cg0), for wide applications

Cso (trip = 670 ns), suggesting the delocalization of the negative to artificial photosynthetic systems.

charge over the two ggunits and SubPc unit in SubPTPA*— ) )

(Ceo)2"~. A similar prolongation of thegpe value due to dual ~ Experimental Section

Ceo moieties attached TPA in TPA—(Cgo)>" triad was recently Instruments. Steady-state absorption and fluorescence spectra

found in our previous papéf® In toluene, transient spectra of  \ere measured on a JASCO V-550 spectrometer -(AMg—

SubPe-TPA—(Cg), showed predominantly th#Cse* moiety NIR) and Shimadzu spectrofluorophotometer equipped with a

at 700-750 nm, to which absorption of th&SubPc* moiety  photomultiplier tube having high sensitivity in the longer

was overlapped (Supporting Information, Figure S7), suggesting wavelength region, respectively.

much contribution of th€Cgg* moiety than theé’'SubPc* moiety. The redox values were measured using the differential pulse
Compared with the initial absorbance at 1000 nm, the final voltammetry (DPV) technique by applying a BAS CV-50W

yield of the RIP with Gy~ for SubPe-TPA—Cg was higher voltammetric analyzer. A platinum disk electrode was used as

than that of SubPeTPA—(Cgp)2. This tendency was in good  the working electrode, while a platinum wire served as a counter

agreement with the initiabcs values vialSubPc* as evaluated  electrode. An Ag/AgCI electrode was used as a reference

by fluorescence quenching experiments, indicating that the final electrode. All measurements were carried out in different

RIP yields are proportional to the observéds values. Thus, solvents containing 0.1 Mn{Bu),NCIO, as a supporting

the electron-shift process and energy-transfer/charge-transferelectrolyte. The scan rate was 0.1 Vts

process occurring after the initial CS process may be fast enough Frontier HOMO and LUMO of SubPeTPA—Cg and

to generate final RIP competitively with the initial CR of SubPe-TPA—(Csp), were calculated by ab intio B3LYP/3-21G

SubP¢& —TPA"™—(Cgo)n. method after optimization of the structure.
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The picosecond time-resolved fluorescence spectra wereNMR, and IR spectroscopies; MALDI-TOF mass spec-
measured by a single-photon counting method using a secondroscopies; and elemental analysis.
harmonic generation (SHG, 400 nm) of a Ti:sapphire laser 14 NMR spectra of SubPETPA—Cgo and SubPe TPA—
(Spectra-Physica, Tsunami 3950-L2S, 1.5 ps fwhm) and a (Cgg), in CDCl; are consistent with the proposed structures,
streak-scope (Hamamatsu Photonics) equipped with a poly-showing the expected features with the correct integration ratios.
chromator as an excitation source and a detector, respectivelyThe signals of pyrrolidine protons in SUbPEPA—Cgo and
Lifetimes were evaluated with software attached to the equip- SubPe-TPA—(Ce0)2 appeared as two doubletd £ 9.5 Hz;
ment. germinal protons), and a singlet in tlle= 3.95-4.98 ppm

The nanosecond transient absorption measurements in théegion, which is consistent with spectra obtained for similar
near-IR region were measured by laser-flash photolysis; 532- derivatives®® 1*C NMR spectra contained the signals corre-
nm light from a Nd:YAG laser (Spectra-Physics and Quanta- sponding to the spand s atoms of Goand the expected signals
Ray GCR-130, 6 ns fwhm) was used as an excitation source.corresponding to the organic addends. The MALDI-TOF mass
The monitoring lights from a pulsed Xe-lamp were detected Spectra provided a direct evidence for the structures of SubPc
via Ge-avalanche photodiode module. The samples were heldTPA—Cego and SubPe TPA—(Ceo)2. Compound SubPeTPA—

in a quartz cell (1x 1 cm) and were deaerated by bubbling Ceo Showed a singly charged molecular ion peak that matches
argon gas through the solution for 20 min. the calculated value for the molecular weight, and compound

C- — = +
Materials. Reagents and solvents were purchased as reagentSprC TPA—(Ceo)2 gave a peak atv/z = 962.36 [M—2Ceq] .
grade and used without further purification. All reactions were Further conflrmatlor_l of the hybrid SubPe-fullerene structure was
performed using dry glassware under nitrogen atmosphere.om"jllneci from U_V/V'S spectra O_f SubPEPA—Cepand Su_bPe
Analytical TLC was carried out on Merck 60 F254 silica gel TPA—(Ceg)2, which contain a dihydrofullerene absorption band
plate and column chromatography was performed on Merck 60 at around 430 nm together with the expected Soret band (around

silica gel (230-400 mesh). Melting points were determined on 300 nm) and Q-band (around 562 nm).

an Electrothemal 1A 9000 series melting point apparatus and  SUPPC-TPA—Ce. Compound7 (70 mg, 0.10 mmol) and
are uncorrected. NMR spectra were recorded on a Varian N-0ctylglycine (20 mg, 0.10 mmol) were added to a solution
Mercury-400 (400 MHz) spectrometer with the TMS peak used ©f fullerene (70 mg, 0.13 mmol) in chlorobenzene (40 r#fL).
as a reference. IR spectra were recorded on a Nicolet 550 g7 The reaction mixture was refluxed for 16 h and then filtered
infrared spectrometer and measured as KBr pellets. MALDI- off. The filtrate was eyaporated and chromatographed on silica
TOF MS spectra were recorded with an Applied Biosystems 9€! with toluene to give compound SubPEPA—Ceo (43 mg,

Voyager-DE-STR. Elemental analyses were performed with a 28:7%) @S a.blacl_< solid. Mp 410°C (dec);_lH NMR (400
Porkin-Elmer 2400 analyzer MHz, CDCk): & = 8.77 (dd,J = 8.6 Hz,J = 2.8 Hz, 6H),

. . . . 7.84 (dd,J = 8.6 Hz,J = 2.8 Hz, 6H), 7.15 (m, 3H), 7.10 (t,

In Scheme 1, commercially available diphenylamine was J=7.6 Hz, 2H), 6.85 (M, 4H), 6.50 (d,= 9.5 Hz, 2H), 5.35
coupled with 4-iodoanisole under Ullmann condifidto give @ J — 95 Hz ’2I-i) 494 (d,]’=.9 5 Hz 1|'_|) 483 (S’ iH)
4-methoxytriphenylamine 1j in 86.0%, and subsequently, 3 g «d J=95 Hz’lll-l) 3.24 (t éH) 1251.45 (br iZH)’
Vilsmeier formylatior” was carried out to produce aldehydle 4 g (t ’3H);13C NMR (CD’Cb:CSZ _ 3:1)': 5= 151.37, ’148.03’»,

in 93.7% and3 in 36.7%, respectively. However, direct double 1,6 78 145 28 144.62, 143.99, 142.51, 141.28, 139.72, 131.25,
formylation of 1 by the Vilsmeier reaction proved to be difficult 131.06, 130.03, 129.19, 128.98, 126.13, 123.51, 122.53, 119.90,
due to the deactivation effect of the first carbonyl group on 65.88, 53.79, 32.35, 30.14, 29.80, 23.16, 19.59, 14.60. IR

TPA and mainly gave monoformylated TPAunder normal (KBr): v =705, 738, 896, 1122, 1265, 1421, 1598, 2306, 2987,

stoichiometry of POGIDMF (up to 3.5 equiv). With a large 3054 cntl. UVivis (toluene): Amax (€ x 1075 /ML cmrl) =

was produced with a yield of 36.7%. Subphthalocyanine (SubPc- (MALDI-TOF) for C11HssNgBO (M = 1529.45) mz =

Cl) 6 was synthesized by condensation reaction of phthalonitrile 1529 33(\M); Anal. Calcd: C, 87.95%; H, 2.96%:; N, 7.33%.
in the presence of boron trichloride according to the literature Found: C, 87.91%: H, 2.95%: N, 7.36%.

proceduré;!Pand the axial chlorine atom of SubPc{B) was SubPc-TPA—(C
) . . 60)2. Compound (60 mg, 0.084 mmol) and
then replaced with hydroxytriphenylamine aldehydesnd>5, N-octylglycine (47 mg, 0.25 mmol) were added to a solution

produced from corresponding metho>_<ytriphenyl)amin_e alde- of fullerene (120 mg, 0.17 mmol) in chlorobenzene (50 r#L).
hydes2 and 3 by d.emethylatlon, 1o give formyl-subSt!tuted The reaction mixture was refluxed for 16 h and then filtered
SubPe-TPA 7 and8 in 94.4% and 63.6%, respectively. Finally, ¢ The filtrate was evaporated and chromatographed on silica
fulleropyrrolidine formation was achieved by 1,3-dipolar cy- gel with CS/acetone (40:1) to give SubPEPA—(Cso)2 (7 Mg,
cloaddition reaction between aldehydeand8 and G in the 10.2%) as a black solid. Mp 410 °C (dec);™H NMR (400
presence of exceds-octylglycin€® under the condition de- MHz, CDCh): & = 8.76 (dd,J = 8.6 Hz,J = 2.8 Hz, 6H)
scribed by Praft§ to give SubPe TPA—Ce triad and SubPe 7.83 '(dd,J = 8.6 Hz,J = 2.8 Hz, 6H), 7.15 (dJ= 9.5 Hz,,
TPA—(C50)2 tetrad in 28.7% and 10.2%, respectively. AIthough 4H), 6.77 (le = 9.5 Hz, 4H), 6.42 (dJ = 9.5 Hz, 2H), 5.32
SubPe-TPA—(Cqo) tetrad should be obtained as a stereoiso- (4 j = 9.5 Hz, 2H), 4.98 (dJ = 9.5 Hz, 2H), 4.87 (s, 2H),
meric mixture due to the formation of two asymmetric centers 4 g (d,J = 9.5 Hz, 2H), 3.23 (t, 4H), 1.251.45 (br, 24H),

in 2-fold cycloaddition reaction, high resolutiotH NMR 0.90 (t, 6H).13C NMR (CDCECS, = 2:1): 6 = 156.03, 153.63,
spectrum (400 MHz) of tetrad showed the presence of only one 153 16, 152.98, 150.93,147.38, 146.54, 146.22, 145.97, 145.70,
stereoisomer (see below). 145.54, 145.38, 145.32, 145.04, 144.94, 144.82, 144.75, 144.50,
SubPe-TPA—Cgpand SubPe TPA—(Cgg)2 are very soluble 144.37, 143.99, 143.81, 143.58, 142.29, 142.03, 141.89, 141.68,
in aromatic solvents (i.e., toluen@-dichlorobenzene, and  141.54, 141.37, 141.03, 140.78, 139.58, 139.50, 139.23, 138.50,
benzonitrile) and other common organic solvents (i.e., carbon 136.06, 135.23, 130.89, 130.58, 129.61, 128.58, 125.55, 122.19,
disulfide, acetone, C{Ll,, CHCL, and THF). The structure and  68.44, 66.64, 65.40, 53.15, 32.13, 30.67, 29.90, 29.53, 28.60,
purity of the new compounds were confirmed¥#yNMR, 13C 27.74,22.96, 14.42. IR (KBr)y = 705, 738, 896, 1122, 1265,
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1421, 1598, 2306, 2987, 3054 ck UV/vis (toluene): Amax
(ex 10°5/M~1cm™1) = 301 (6.555), 435 (0.976), 528 (1.332),
565 nm (4.095); MS (MALDI-TOF) for GgHesNgBO (M =
2403.33)m/z = 962.36 (M-2Go)*; Anal. Calcd: C, 90.96%;
H, 2.64%; N, 5.25%. Found: C, 90.91%; H, 2.62%; N, 5.26%.
SubPc-TPA. To a solution of compouné (45 mg, 0.10
mmol) in toluene (7 mL) was added 4-hydroxytriphenylamine
(0.11 g, 0.42 mmol, see the Supporting Information), and
refluxed for 24 h. The reaction mixture was cooled to room

temperature and evaporated. The product was chromatographeg .

on silica gel with dichloromethane/methanol (200:1) to give
compound SubPeTPA (0.042 g, 63.6%) as a red solid. Mp
153~154°C; IH NMR (400 MHz, CDC}): 6 = 8.22 (dd,J =
9.3 Hz,J = 2.7 Hz, 6H), 7.87 (ddJ = 9.3 Hz,J = 2.7 Hz,
6H), 7.08 (t,J = 7.3 Hz, 4H), 6.79-6.86 (m, 6H), 6.49 (dJ =
8.6 Hz, 2H), 5.28 (dJ = 8.6 Hz, 2H). IR (KBr): v = 705,
738, 896, 1052, 1133, 1265, 1421, 1596, 2306, 2987, 3054.cm
UVNis (toluene): Amax (ex 107° /Mt cmt) = 302 (2.182),
385 (1.545), 524 (1.241), 562 nm (4.082); MS (MALDI-TOF);
m/z for CsoHBN;O Calcd. 654.71. Found 655.16. Anal.
Calcd: C, 76.96%; H, 4.00%; N, 14.96%. Found: C, 76.92%;
H, 3.99%; N, 14.98%.

SubPc-OPh. To a solution of phenol (0.12 g, 1.28 mmol)
in toluene (10 mL) was added compou®i{D.12 g, 0.28 mmol)
and refluxed for 6 H2 The reaction mixture was cooled to room
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on silica gel with dichloromethane/methanol (200:1) to give

compound SubPc-OPh (0.11 g, 81.2%) as a red solid. Mp

138°C. 'H NMR (400 MHz, CDC}): 6 = 8.84 (dd,J = 9.3
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6.73 (m, 2H), 6.60 (m, 1H), 5.37 (d] = 8.6 Hz, 2H). IR
(KBr): v = 1036, 1052, 1238, 1506, 1585 ci UV/lvis
(toluene)dmax (ex 107 /M~ cm™1) = 302 (1.545), 524 (1.241),
562 nm (4.093); MS (MALDI-TOF);m/z for CaH26BN7O
Calcd. 487.51. Found 487.45. Anal. Calcd: C, 73.91%; H,
3.51%:; N, 11.49%. Found: C, 73.87%:; H, 3.50%; N, 11.45%.

Acknowledgment. K.-Y.K. acknowledges the financial
support from Brain Korea 21 Program in 2006.

Supporting Information Available: Synthetic procedures,

transient absorption spectra, time profiles, and energy diagrams.
This material is available free of charge via the Internet at http:/

pubs.acs.org.

References and Notes

(1) Electron Transfer in ChemistryBalzani, V., Ed.; Wiley-VCH:
Weinheim, Germany, 2001; Vols—V.

(2) Phthalocyanines: Properties and Applicatioriseznoff, C. C.,
Lever, A. B. P., Eds.; VCH: Weinheim, Germany, 1996; Vol. 4.

(3) (a) del Rey, B.; Keller, U.; Torres, T.; Rojo, G.; Agilldpez, F.;
Nonell, S.; Martn, C.; Brasselet, S.; Ledoux, |.; ZyssJJAm. Chem. Soc
1998 120, 12808. (b) Sastre, A.; Torres, T.; Diaz-Garcia, M. A.; Agullo
Lopez, F.; Dhenaut, C.; Brasselet, S.; Ledoux, |.; Zyssl. Am. Chem.
Soc 1996 118 2746.

(4) (a)delaTorre, G.; Torres, T.; AgiHiodpez, F.Adv. Mater.1997,

9, 265. (b) Kobayashi, N.; Ishizaki, T.; Ishii, K.; Konami, Bl.. Am. Chem.
Soc.1999 121, 9096.

(5) (a) Kang, S. H.; Kang, Y. S.; Zin, W. C.; Olbrechts, G.; Wostyn,
K.; Clays, K.; Persoons, A.; Kim, KChem. Commun1999 1661. (b)
Claessens, C. G.; Torres, Tetrahedron Lett200Q 41, 6361. (c) Kobayashi,
N. Bull. Chem. Soc. Jpr2002 75, 1. (d) Torres, TAngew. Chem. Int. Ed.
2006 45, 2834.

(6) (a) Hanack, M.; Heckman, H.; Polley, R. Methods in Organic
Chemistry Schauman, E., Ed.; Georg Thieme Verlag: Stuttgart, Germany,
1998; Vol. E 94, p 717. (b) de la Torre, G.; Nicolau, M.; Torres, T. In

Publishers: Norwell, MA, 2002; pp 16212. (e) Fujutsuka, M.; Ito, O.
Photochemistry of Fullerne$n Handbook of Photochemistry and Photo-
biology, Nalwa, H. S., Ed.; American Scientific Publishers: Stevenson
Ranch, CA, 2003; Vol. 2organic Photochemistrypp 111-145. (f) El-
Khouly, M. E.; Ito, O.; Smith, P. M.; D’Souza, B. Photochem. Photobiol.

C 2004 5, 79.

(16) GonZ#&ez-Rodfguez, D.; Torres, T.; Guldi, D. M.; Rivera, J.;
Herranz, M. A; Echegoyen, LJ. Am. Chem. So2004 126, 6301.

(17) Gaussian 03Gaussian, Inc.: Pittsburgh, PA, 2003.

(18) Rehm, D.; Weller, Alsr. J. Chem197Q 7, 259.

(19) SubPe TPA dyad shows different absorption characters compared
with the reported subphthalocyanine functionalized with TPA, which shows
absorption maxima at 618 and 450 AfA.This observation reflects the
change of the linkage style between the SubPc and TPA, shifting the B-
and Q-bands.

(20) Considerably higher fraction of long fluorescence-lifetime com-
ponent of SubPeTPA—Cgp in toluene suggests that attachment of the C
moiety considerably changes the electronic character of StibPA unit
in this non-polar solvent.

(21) Marcus, R. AJ. Chem. Phys1965 43, 679. (b) Marcus, R. A;;
Sutin, N.Biochim. Biophys. Actdl985 811, 265. (c) Marcus, R. AAngew.
Chem., Int. Ed. Engl993 32, 111.

(22) In Figure 7, weak absorption peak seems to appear in the 600
650 nm region after recovery of depletion in the 5@50 nm region, due
to the decay of the SubPc fluorescence, but not due to appearance of SubPc
at 640 nmt2>

(23) Compared with the reported SubMerrocene dyad with its
extremely long-lived charge-separated state up to 28%" the charge-
recombination of SubPc—TPA"" in our present study occurs rapidly ¢
ns), further producingSubPc*. This difference may be attributed to the
shorter distance between SubPc and TPA, in addition to the position of
TPA right overhead of SubPc as shown in Figure 2, which are quite different
from SubPc-ferrocene dyad with longer linkage and side position of the
ferrocene donor.

(24) (a) Zeng, H. P.; Wang, T.; Sandanayaka, A. S. D.; Araki, Y.; Ito,
O. J. Phys. Chem. R005 109 4713. (b) El-Khouly, M. E.; Kim, J. H.;
Kwak, M.; Choi, C. S; Ito, O.; Kay, K. YBull. Chem. Soc. Jpr2007, 80,
2465.

(25) Verhoeven, J. WJ. Photochem. Photobiol. 2007, 7, 40.

(26) (a) Ullmann, F.; Bierlecki, JBer. Dtsch. Chem. Ged901, 34,
2174. (b) Gauthier, S.; Frechet, J. M.Syntesis1987, 383.

(27) (a) Vilsmeier, A.; Haack, ABer. Dtsch. Chem. Ge4927, 60,

119. (b) Li, X. C.; Liu, Y.; Liu, M. S.; Jen, A. K. YChem. Mater1999
11, 1568.
(28) Dever, C. M.; Adawadkar, P. Biopolymers1979 18, 2375.
(29) Maggini, M.; Scorrano, G.; Prato, M. Am. Chem. S02993 115

Phthalocyanines: Syntheses, Supramolecular Organization and Physical 9798.

Properties(Supramolecular Photosensié and Electroactie Materialg;
Nalwa, H. S., Ed.; Academic Press: New York, 2001; ppl11.

(30) Prato, M.; Maggini, M.; Giacometti, C.; Scorrano, G.; Sandona,
G.; Farnia, GTetrahedron1996 52, 5221.



