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Abstract: A series of molecular triads,
composed of closely positioned boron
dipyrrin—fullerene  units, covalently
linked to either an electron donor
(donor'-acceptor'-acceptor>-type tri-
ads) or an energy donor (antenna-
donor'-acceptor!-type triads) was syn-
thesized and photoinduced energy/elec-
tron transfer leading to stabilization of

Francis D’Souza*!*!

techniques. The structures of the newly
synthesized triads were visualized by
DFT calculations, whereas the energies
of the excited states were determined
from spectral and electrochemical stud-
ies. In the case of the antenna—donor'—
acceptor’-type triads, excitation of the
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antenna moiety results in efficient
energy transfer to the boron dipyrrin
entity. The singlet-excited boron dipyr-
rin thus generated, undergoes subse-
quent energy and electron transfer to
fullerene to produce a boron dipyrrin
radical cation and a fullerene radical
anion as charge-separated species. Sta-
bilization of the charge-separated state
in these molecular triads was observed

the charge-separated state was demon-
strated by using femtosecond and
nanosecond transient spectroscopic

transfer

Introduction

The ability of natural photosynthetic systems to efficiently
transform sunlight into chemical energy!!! has inspired basic
research in artificial photosynthesis®?” leading to the devel-
opments in the areas of photovoltaics and photocatalysis.*%
The different steps in artificial photosynthesis involve the
sequence of wide-band light harvesting and funneling,
charge separation and migration, combined with slow
charge recombination.”” In this regard, the delocalization
of charges within the spherical carbon structure of the rigid
aromatic 7 sphere of fullerenes!'! offers unique opportuni-
ties for stabilizing charge-separated states in donor-acceptor
systems.*>”! The small reorganization energies of fullerenes
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to some extent.

in electron-transfer reactions have led to advances in syn-
thetic electron donor—acceptor systems capable of perform-
ing fast charge separation and relatively slow charge recom-
bination.'> Often, electron donors, such as porphyrin, fer-
rocene (Fc), thiophene, or carbon nanotubes, have been
linked to fullerene to create plethora of dyads.*>" Attach-
ment of additional antenna or redox-active molecules result-
ed in polyads (triads, tetrads, etc.) capable of undergoing se-
quential energy or electron transfer, or combination of these
photochemical processes leading to long-lived charge-sepa-
rated states. In few studies, the polyads have been utilized
to build photovoltaic devices and successful conversion of
light into electricity has been demonstrated.” Such success
has lead to further exploration of polyads made out of dif-
ferent donor and acceptor entities capable of harvesting
solar energy.®"

Recently we reported a new type of donor'-acceptor'—
acceptor? triads in which a sensitizer, boron dipyrrin (abbre-
viated as BDP and also known as BODIPY =borondipyrro-
methene) was directly linked to an electron donor and an
electron acceptor (acceptor®).'! The first triad, 1, was com-
posed of ferrocene-boron dipyrrin—fullerene, whereas the
second one, 2, was made out of triphenylamine-boron dipyr-
rin—fullerene (Scheme 1). Femtosecond transient absorption
studies revealed occurrence of sequential electron transfer
in the former ferrocene-boron dipyrrin—fullerene triad, ulti-
mately resulting in stabilization of the charge-separated
state. The BDP has so far been used as an antenna molecule
(energy donor) as well as an electron donor and an acceptor
in the photosynthetic antenna-reaction center mimics and
photovoltaic cells.'"*"! However, BDP has yet to be utilized
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Scheme 1. Structures of the donor'-acceptor'-acceptor’ type (1 and 2)
and the antenna—donor'-acceptor' type (3-6) triads investigated in the
present study. Dyad 7 and compound 8 are control compounds. For other
control compounds see Figure S1 in the Supporting Information.

as both, an energy acceptor and an electron donor, within a
supramolecular construct.

We report herein for the first time an extensive series of
triads in which the redox active donors in 1 and 2 are re-
placed by various antenna molecules (compounds 3-6 in
Scheme 1, control compounds 3a—6a that were used in the
present study, are given in the Supporting Information, Fig-
ure S1). Here, BDP acts as both, an energy acceptor and an
electron donor. Femtosecond and nanosecond transient ab-
sorption studies have been performed to visualize charge
stabilization at different time scales in this series of triads.

Results and Discussion

The syntheses of the triads were accomplished, first, by syn-
thesizing the difluoroboron dipyrrin dyads with the desired
donor/antenna entity in the meso position. The difluoro-
boron dipyrrin was subsequently converted into dioxyboron
dipyrrin derivatives by treatment with dihydroxy benzalde-
hyde in the presence of AICI; in dry CH,Cl,. Finally, the
electron acceptor was appended by treatment with fullerene
and N-methylglycine in toluene, according to Scheme 2 (see
the Experimental Section for details). The newly synthesized
compounds were fully characterized by '"H NMR spectros-
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i) CH,Clo/F3CCOOH

p-Chloranil
+ R-CHO -

ii) Toluene/BF 3-Et,O/Et;N

+ Cgo + Sarcocine
in Toluene

Scheme 2. Synthetic methodology adopted for the preparation of triads
in the present study.

copy, MALDI-TOF mass spectrometry (Figure S19 in the
Supporting Information), electrochemical and other spectro-
scopic methods as described in the Experimental Section.

Optical absorption and emission studies: Figure 1 shows the
absorption spectrum of triad 3 and the relevant control com-
pounds in benzonitrile (PhCN). Absorption peaks corre-
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Figure 1. Normalized absorption spectra (to the 500 nm band of BDP,
except for pyrene butyric acid) of a) triad, 3, b) dyad, 7, ¢) pyrene butyric
acid, d) dyad 3a, and e) 8 in PhCN.

sponding to all of the three entities of the triad are observed
and a close examination revealed the following: the pyrene
peaks located in the 300-350 nm region reveal 2-3 nm blue-
shift compared to the control compound (pyrene butyric
acid). However, an opposite effect is observed for the BDP
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band located in the 500 nm region, that is, up to 4 nm red-
shift for the triad compared with the control compound 7,
which lacks the antenna entity, and up to 8 nm redshift com-
pared to compound 8, which lacks both pyrene and fullerene
entities. The fullerene peak maximum located around A=
328 nm is overlapped with the pyrene absorption band in
the case of triad 3. The observed spectral shift and broaden-
ing suggest occurrence of intramolecular interactions be-
tween the different entities of the triad. Similar trends in the
absorption spectra of triads 4-6 were also observed (see the
Supporting Information, Figures S2a-S4a), indicating inter-
actions between the different entities of the triads.

Energy transfer from the antenna unit to BDP was ob-
served in the case of dyads 3a-6a (Figure S1), which have
covalently connected antenna (pyrene, anthracene, fluorene,
or naphthalene) and BDP entities. As shown in Figure 2 A,
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Figure 2. Fluorescence spectra of A) pyrene butyric acid (a), 3a (b), 8
(c), 7 (d), and 3 (e) in PhCN excited at A =345 nm, which corresponds to
the pyrene unit. B) Fluorescence spectra of a) 3a, b) 3, and ¢) 7 in PhCN
excited at A=506 nm, which corresponds to the BDP unit. The 600-
900 nm region in B) is expanded (x100) to visualize the fullerene emis-
sion at A=720 nm.

excitation of the control compound, pyrene butyric acid, at
A=345nm revealed emission bands in the 360-430 nm
range, corresponding to pyrene singlet emission. When dyad
3a, possessing pyrene and BDP units, was excited at this
wavelength, the emission due to pyrene was quenched over
98 % with the concurrent appearance of BDP emission at
A=520nm. In a control experiment, compound 8 having
only BDP but not pyrene unit was excited at 1=345 nm.
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Weak emission of BDP, less than 6% of that observed in
the case of 3a, was observed. These observations suggest
that the emission band of BDP at =520 nm in the case of
3a is due to efficient energy transfer™ from pyrene to BDP.
Similar observations were also made in the case of dyads
4a-6a, where excitation of the antenna entity resulted in ef-
ficient energy transfer to the BDP entity (see Figures S2b-
S4Db). Interestingly, in the case of triad 3, excitation at A=
345 nm, corresponding to the pyrene unit, resulted in no
emission of either pyrene or BDP, suggesting additional
energy- or electron-transfer processes that involve the fuller-
ene entity.

Figure 2B shows the fluorescence emission behavior of
triad 3 and the control compounds when excited at A=
506 nm, which corresponds to the BDP entity. When com-
pounds 3a and 8 were excited at A=506 nm, emission of
BDP at A=520 nm was observed. However, in the case of
triad 3 or dyad 7, which have a fullerene as an electron ac-
ceptor, the BDP emission was found to be quenched over
99 % suggesting efficient photochemical process from sin-
glet-excited BDP to the attached fullerene. This was also
the case for triads 4-6, where no emission from either the
antenna unit or the BDP unit was observed (see Figur-
es S3¢-S5¢). The quenching process may involve the energy
transfer and/or electron transfer from the singlet BDP to
the closely attached Cg,, as will discuss later in forthcoming
sections. Expanding the scale in the 700-800 nm region re-
vealed weak emission at A=720 nm corresponding to emis-
sion of fulleropyrrolidine. As discussed in the subsequent
sections, involving transient absorption studies, this is indeed
due to the occurrence of singlet-singlet energy transfers
from the BDP (2.38 eV) to Cq, (1.75 eV).

Geometry optimization by using DFT calculations: The
structures of the triads were visualized by performing com-
putational calculations at the B3LYP/6-31G* level.”!! All of
the triads revealed stable structures on the Born-Oppen-
heimer potential energy surface (Figure 3). In all of the
triads the center-to-center distances between the boron
atom to the center of fullerene were found to be around
10.3 A, whereas the center-to-center distances between the
donor entity to the boron atom were found to range be-
tween 10-11 A. Additionally, the molecular size, measured
between the farthest carbon atoms of the triads, were found
to be in the range of 24-26 A, indicating smaller size for the
present triads compared to most of the triads with fullerene
as electron acceptor described in literature.”>” The frontier
HOMOs and LUMOs were also generated to visualize the
electronic structures. In the entire antenna-bearing series of
triads, that is 3—-6 and the dyad 7, the LUMOs were localized
on the fullerene entity, whereas the HOMOs were located
on the BDP entity, partially extended to the pyrrolidine ni-
trogen. These results suggest formation of antenna-BDP"*—
Cq~ as charge-separated species in the photoinduced elec-
tron transfer (PET) reaction.
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Figure 3. Space-filling models of the B3LYP/6-31G*-optimized structures of the triads 1-6 and the dyad 7. The

HOMO and LUMO of triad 3 are also shown in the lower panel.

Electrochemical studies and energy states: Differential pulse
voltammetry (DPV) experiments were performed to evalu-
ate the redox potentials. The site of electron transfer corre-
sponding to different entities was determined by performing
experiments involving the control compounds, the dyads,
and the monomers. For all of the investigated triads, the
first reduction corresponding to fullerene was located at
—1.03 V versus ferrocene/ferrocenium (Fc/Fc*). Additional
reductions at —1.43 and —2.05V were also observed and
correspond to the second and third reductions of the fuller-
ene entity. The BDP reduction in 8 was located at —1.63 'V,
however, in the case of triads 3-6, having covalently linked
fullerene units, this process was anodically shifted by 50 mV
and occurred at —1.58 V versus Fc/Fc* (Figure 4). The oxi-
dation corresponding to ferrocene in 1 was located at 0.05'V,
whereas the oxidation corresponding to triphenylamine in 2
was located at 0.61 V versus Fc/Fct. Boron dipyrrin in the

=21 -1.4 -0.7 0 Q.7
Potential versus Fc/Fc™ / V

Figure 4. Differential pulse voltammograms of triads 3-6 and 8 in PhCN,
0.1m tetra-n-butylammonium perchlorate ((TBA)CIO,). Scan rate=
5mVs~!, pulse width=0.25 s, pulse height=0.025 V.

3150 ——

www.chemeurj.org

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

triads revealed oxidation
around 0.73V versus Fc/Fct,
whereas the oxidation of the
antenna entities of the triads 3—
6 occurred beyond this oxida-
tion process and was often a
quasireversible to irreversible
process. The slight changes in
the redox potentials of the enti-
ties in the triads compared to
reference 8 is consistent with
the earlier-discussed optical ab-
sorption data indicating intra-
molecular interactions. Hence,
the probable light-induced
charge separation is predicted
to occur between the electron-
donating BDP and the elec-
tron-accepting Cq, units, sup-

LUMO

3 porting the computational data.

Free-energy calculations for
different charge-separated (CS)
states were performed accord-
ing to Equation (1), based on
the Weller approach,?

AGcs = Eg—E,g—AEyp+AGs (1)

where AEy and AGs correspond to the energy of 'BDP*
and the electrostatic energy, respectively. E,, and E, 4 repre-
sent the oxidation potential of the donor and the reduction
potential of the acceptor, respectively. On the basis of the
first oxidation potential of BDP and the first reduction po-
tential of the Cg, moiety in the triads 3-7, the driving force
for the charge-recombination (CR) process (—AGcr) was
determined to be 1.71 eV in benzonitrile.'" Considering the
energy level of 'Cg* (1.75 eV), which is very close to that of
the charge-separated state in benzonitrile, the eventual
charge-separation process, to take place between BDP and
Cqo, is expected to be driven by only 'BDP*, possessing an
energy value of 2.30 eV. Accordingly, AGs was estimated to
be 0.67 eV with respect to the —AGcy value and the energy
of the singlet excited state of the BDP chromophore.

As reported earlier, free-energy calculations suggested oc-
currence of sequential electron transfer resulting in a distant
charge-separated state in the case of 1, and population of
low-lying *Cg* in the case of 2. For the triads 3-6, bearing
an antenna unit, owing to the higher oxidation potential of
the antenna unit than that of BDP and the much lower re-
duction potential than that of fullerene, an energy level dia-
gram close to that of 2 could be constructed; as shown for
triad 3 in Figure 5. That is, excitation of the antenna units
results in the singlet excited state of the antenna unit that
would undergo energy transfer to the BDP unit, which in
turn transfers its electron to the attached Cq forming the
antenna-BDP'*-C,'~. Additionally, the singlet-singlet
energy transfer from the BDP to Cg, can also be consid-
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Figure 5. Energy-level diagram depicting different photochemical pro-
cesses of triads 3-6 (X =anthracene, pyrene, 2-naphthalene, or 2-fluo-
rene; ky=decay constant).

ered.™ The finding that the energy level of pyrene-
BDP'*-C4"~ is comparable to that of the singlet state of Cq,
suggests that electron transfer through the 'Cg* is thermo-
dynamically unfavorable. In any case, because the energy
level of the triplet state of fullerene is the lowest, population
of *Cg* prior to the formation of the ground state species
could be rationalized from these studies. The forthcoming
section discusses these photochemical events in detail.

Transient absorption studies: Femtosecond and nanosecond
transient spectral measurements were performed to identify
the electron-transfer products, the mechanistic details of
charge migration, and the kinetics of charge-separation and
charge-recombination processes. Nanosecond transient dif-
ferential absorption spectra of tolylBDP (8) excited at A=
510 nm showed weak absorbance on either side of the
bleaching signal, which were assigned to the triplet excited
state of BDP (see Figure S5 in the Supporting Informa-
tion). The time profile of tolylBDP at 4 =400 nm confirms
a long-lived triplet state of about 45 ps. Excitation at 1=
355 nm gave the same transient spectrum of the triplet state
of tolylBDP. Typically, triplet formation of BDP dyes is re-
markably inefficient.?

Femtosecond measurements of dyad 1a in PhCN by using
A=460nm as excitation wavelength, which selectively ex-
cites the BDP entity, resulted in electron transfer from the
Fc to the attached BDP forming Fc™-BDP'~.['Y The nano-
second transient spectra of dyad 1a lacked absorption bands
of triplet state BDP due to the occurrence of CR to the
low-lying triplet state of the Fc entity. Interestingly, upon
photoexcitation of the BDP entity of triad 1 in deaerated
PhCN, the characteristic absorption bands of BDP~ were
observed at early time scale (&1 ps), however, at longer
time scale, the band corresponding to BDP*~ at 4=590 nm
decreased in intensity with concurrent build-up of the ab-
sorption band of Cg'~ at 1=1000 nm, suggesting an electron
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shift from BDP"" to the attached Cy, entity and formation of
Fct-BDP-Cy,~ as the final CS state. The rate constant of
the charge shift from BDP™ to Cq was determined to be
3.8x10" s'. By following the decay of Fct-BDP-Cq~ in
PhCN, the CR rate constant was determined to be 2.4x
10°s™!, from which a lifetime of 420 ps for the radical-ion
pair (RIP) was derived. The finding that the 7z, of Fct—
BDP-C,,~ is much longer than that of Fc*-BDP"™ (kcg=
5.8x10"s7!; 7qp=17 ps) revealed the effect of the electron
shift mechanism in prolonging the 7y in triad 1. That is, as
a result of relatively distant positioning of the radical cation
and anion, stabilization of the charge-separated state is ac-
complished in triad 1 in spite of closely disposed donor and
acceptor entities.

Photoirradiation of triad 2 revealed the characteristic ab-
sorption band of Cg '~ in the near IR region with a maxi-
mum at Acs=1000 nm.”! The absorption band of TPA'+ was
not observed suggesting that the formation of Cy~ results
from electron transfer from the singlet-excited BDP as an
electron donor to Cg,. A hole transfer from TPA to BDP'*
is slightly exergonic (<0.1eV), however, the lack of a
TPA'" band suggests this process to be less efficient. The
kcg value of TPA-BDP'T—C,,~ was determined to be 2.0 x
10°s7!, from which a 7gpp value of 500 ps was evaluated. At
longer time scale (1800 ps), the spectrum revealed the char-
acteristic absorption of the triplet Cgq suggesting that the
radical-ion pair decays through CR to populate the triplet
Ceo-

The tolylBDP-Cg, dyad (7) revealed transient spectral
traits in which peak formation at A=1000 nm, as a finger-
print of the radical anion of Cy, (Figure 6),%"?! declares that
charge separation occurs between tolylBDP and Cg,. The
broadening in the absorption band in the near IR region
may suggest a contribution of an energy transfer from sin-
glet BDP to singlet Cg, in the quenching process. Formation
of the charge-separated state within a few picoseconds is
probably achieved due to the close proximity of electron
donor and electron acceptor moieties. Considering this prox-
imity, charge separation prior to energy transfer between
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Figure 6. Femtosecond transient absorption spectra obtained by 460 nm
laser excitation of tolyIBDP-Cg, (7) in deaerated PhCN (black =45,
green=130, pink=360, and blue=2500 ps). The inset shows the time
profile of Cy™~ at A=1000 nm.

— 3151

www.chemeurj.org


www.chemeurj.org

CHEMISTRY

S. Fukuzumi, F. D’Souza et al.

A EUROPEAN JOURNAL

tolylBDP and Cg is also possible (Figure S6 in the Support-
ing Information). The rate constant of charge recombination
was determined from the first-order decay at A-s=1000 nm
to be 3.2x10°s™!, corresponding to a lifetime (rcs) of 310 ps.
The quantum yield of charge separation’? was determined
from the quenching of the singlet excited state of Cg, to be
0.87.

In the complementary nanosecond transient absorption
spectral measurements (Figure 7 and Figure S6 in the Sup-
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Figure 7. Nanosecond transient absorption spectra of tolyIBDP-Cy, (7) in
PhCN, 4,=510nm (black=1, dark green=12, pink=20, light green=
28, purple=40, and blue =90 ps). The inset shows the time profile of
3Cq* at A=700 nm.

porting Information), only the characteristic triplet-state
spectrum of Cg, was observed at A =700 nm,**" when excit-
ed with 510 nm laser pulses at which the tolylBDP is excited
dominantly (Figure 7). The formation of triplet Cg, is most
likely due to the charge recombination of BDP*-Cg ™,
taking into account that the energy level of triplet Cg,
(1.55€eV) is located lower than that of BDP'"—Cg ~. The
triplet-triplet energy transfer from tolyIBDP to Cy, was
ruled out due to the lack of transient spectral features of the
triplet excited state of tolylBDP. The decay rate constant of
tolyIBDP—Cgy* to the ground state was found to be 4.3x
10%s7L

The intramolecular photoinduced processes of 7 are com-
piled in a energy level diagram (see Figure S7 in the Sup-
porting Information). Excitation of the tolyIBDP chromo-
phore results in electron transfer/energy transfer to the sin-
glet excited state of Cg,. The formed charge-separated state
undergoes charge recombination to produce the triplet state
of Cg. Then, it decays to the ground state within 24 ps.

The femtosecond transient absorption difference spectra
of triad 3 exhibited quite the same characteristics as those
of tolylBDP-C,, except for the rate constant of charge re-
combination (kcg =1.3x10°s™"), figured through the mono-
exponential decay at 4A=1020 nm, coinciding a CS lifetime
of 770 ps (Figure 8). Fast charge separation within a few pi-
coseconds is also favored in this triad, thereby enhancing
the formation of the triplet excited state of Cg,. As expected,
the nanosecond transient spectra of triad 3 (Figure 9) con-
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Figure 8. Femtosecond transient absorption spectra obtained by 460 nm
laser excitation of pyrene-BDP-Cg, (3) in deaerated PhCN (black =360.
pink =880, and blue =2900 ps). The inset shows the decay time profile of
Cq'~ at A=1000 nm.
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Figure 9. Nanosecond transient absorption spectra of pyrene-BDP-Cg,
(3) in PhCN, 4.,=510 nm (black=1, yellow=5, red=15. green=30, and
blue =85 ps). The inset shows the time profile of *Cgy* at =700 nm.

firm the formation of the triplet excited state of Cg, with the
same decay constant (k;=4.1x10*s™!, z;=24 pus at 700 nm).
In a control experiment, the nanosecond transient spectra of
dyad 3a showed weak absorption bands in the visible region
with maxima at =430 and 630 nm that correspond to the
triplet formation of BDP (see Figure S8 in the Supporting
Information). As depicted in Figure 5 for the photoinduced
intramolecular processes of triad 3 in benzonitrile, the
345 nm laser excitation pumps up the pyrene moiety to its
singlet excited state, from which the energy transfer from
the singlet pyrene to the attached BDP takes place quite ef-
ficiently, as confirmed by steady-state emission studies.
From the time-resolved emission measurements, the charge-
separation process from the singlet BDP to the Cg, was re-
corded. The charge-separated state recombined to populate
the triplet Cg, but not the triplet BDP, as evidenced from
the nanosecond transient absorption measurements.

The triads bearing anthracene, fluorene, and naphthalene
moieties, that is 4-6, revealed similar antenna effects. The
femtosecond transient absorption spectra of each triad had
the same spectral patterns expressing the formation of the
charge-separated states between the BDP moiety and the
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Cy unit with different lifetimes when excited at 1 =460 nm
(see Figure S9-S11 in the Supporting Information). Nano-
second transient absorption spectra of each triad system
confirmed formation of the triplet excited state of Cg, when
laser pulses were utilized at A=510 and 355 nm (see Fig-
ure S12-S18 in the Supporting Information). The lifetimes
of the charge-separated states are compiled in Table 1. Be-

Table 1. Lifetimes of the charge-separated state in the series of triads
and dyad investigated in the present study.

Compound kcr™ [s71] s [ps]
Fc-BDP-Cq, (1) 2.4x10° 420
TPA—BDP-Cq, (2) 2.0x10° 500
pyrene—BDP-Cy, (3) 1.3x10° 770
anthracene—BDP-C, (4) 1.1x10° 900
fluorene—BDP-Cy, (5) 2.6x10° 390
naphthalene—BDP-Cy, (6) 1.3x10° 770
tolylIBDP-Cq, (7) 32x10° 310

[a] The experimental error is +5%.

sides functioning as antenna units in triad systems, anthra-
cene, pyrene, fluorene, and naphthalene entities appear to
affect the lifetimes of the charge-separated states to some
extent, even though they are not directly involve in a charge
migration as electron donor moieties as understood from
the earlier-discussed results that were gained in electro-
chemical measurements.

Conclusion

A series of molecular triads with closely spaced different en-
tities, comprising of BDP and fullerene primary entities, and
a third entity, either a redox-active or an antenna entity, was
synthesized to examine the photodynamic properties. The
optical absorption studies revealed intramolecular interac-
tions between the entities of the triads. The geometry and
electronic structure of the triads were deduced from compu-
tational studies, whereas electrochemical studies by using
differential pulse voltammetry technique allowed establish-
ing energy states of the different triads. Fluorescence studies
revealed efficient energy transfer from the antenna entity to
the boron dipyrrin entity in triads 3-6. The 'BDP* transfers
its electron to the attached C,,, thereby generating antenna—
BDP*-C,,~ charge-separated species, as revealed by femto-
second and nanosecond transient absorption techniques. The
anticipated stabilization of the charge-separated state was
observed to some extent in all investigated triads.

Experimental Section

Chemicals: All of the reagents used in the syntheses, and benzonitrile (in
sure seal bottle under nitrogen) were obtained from Aldrich Chemicals
(Milwaukee). Tetra-n-butylammonium perchlorate, (TBA)CIO,, was ob-
tained from Fluka Chemicals. All the chromatographic materials and sol-
vents were procured from Fisher Scientific and were used as received.
The syntheses and purification of 1, 2, and 8 are given elsewhere.!""!
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Instruments: The UV/Vis spectral measurements were carried out with a
Shimadzu Model 1600 UV/Vis spectrophotometer. The fluorescence
emission was monitored by using a Varian Eclipse spectrometer. A right
angle detection method was used. The '"H NMR studies were carried out
on a Varian 400 MHz spectrometer. Tetramethylsilane (TMS) was used
as an internal standard. Differential pulse voltammograms were recorded
on an EG&G PARSTAT electrochemical analyzer with a three electrode
system. A platinum button electrode was used as the working electrode.
A platinum wire served as the counter electrode and an Ag/AgCl elec-
trode was used as the reference electrode. The ferrocene/ferrocenium
redox couple was used as an internal standard. All the solutions were
purged prior to electrochemical and spectral measurements with argon
gas. Matrix-assisted laser desorption/ionization time-of-flight mass spec-
tra (MALDI-TOF MS) were measured on a Kratos Compact MALDI I
(Shimadzu) for metal complex in PhCN with dithranol used as a matrix.
The computational calculations were performed by DFT B3LYP/6-31G*
methods with the Gaussian 03 software package®'! on high-speed PCs.
The HOMOs and LUMOs were generated by using the GaussView pro-
gramP!l,

Laser flash photolysis: The studied compounds were excited by a Panther
OPO pumped by Nd/YAG laser (Continuum, SLII-10, 4-6 nsfwhm) with
the powers of 1.5 and 3.0 mJ per pulse. The transient absorption meas-
urements were performed by using a continuous xenon lamp (150 W)
and an InGaAs-PIN photodiode (Hamamatsu 2949) as a probe light and
a detector, respectively. The output from the photodiodes and a photo-
multiplier tube was recorded with a digitizing oscilloscope (Tektronix,
TDS3032, 300 MHz). Femtosecond transient absorption spectroscopy ex-
periments were conducted by using an ultrafast source: Integra-C (Quan-
tronix Corp.), an optical parametric amplifier: TOPAS (Light Conversion
Ltd.), and a commercially available optical detection system: Helios pro-
vided by Ultrafast Systems LLC. The source for the pump and probe
pulses were derived from the fundamental output of Integra-C (780 nm,
2 mJ per pulse and fwhm =130 fs) at a repetition rate of 1 kHz; 75% of
the fundamental output of the laser was introduced into TOPAS, which
has optical frequency mixers resulting in tunable range from 285-
1660 nm, whereas the rest of the output was used for white-light genera-
tion. Typically, 2500 excitation pulses were averaged for five seconds to
obtain the transient spectrum at a set delay time. Kinetic traces at appro-
priate wavelengths were assembled from the time-resolved spectral data.
All measurements were conducted at 298 K. The transient spectra were
recorded by using fresh solutions in each laser excitation.

General procedure for synthesis of aryl difluoroboron dipyrrin: The aryl
difluoroboron dipyrrin compounds were synthesized according to the
procedure described by Imahori et al.'®! with some modifications. Tri-
fluoroacetic acid (0.19 mL, 2.47 mmol) was added to a mixture of aryl al-
dehyde (12.4 mmol) and 24-dimethylpyrrole (2.16 mL, 21.1 mmol) in
CH,Cl, (800 mL). The reaction mixture was stirred at room temperature
under argon. After 1.5 h the resulting solution was washed with aqueous
NaOH (0.1m, 200 mL) and water (200 mL). The organic layer was dried
over anhydrous Na,SO, and the solvent was evaporated under reduced
pressure. The residue was dissolved in toluene (50 mL) and p-chloranil
(2.73 g, 11.1 mmol) was added. After 10 min Et;N (8 mL) was added fol-
lowed by BF;Et,O (7 mL). The mixture was stirred for 1.5 h and then
poured into water. The organic layer was extracted with CH,Cl,, dried
over anhydrous Na,SO,, and the solvent was evaporated under reduced
pressure. The crude product was purified with column chromatography
by using mixtures of CH,Cl, and hexane as eluent.

1-Pyrene difluoroboron dipyrrin (3a): '"H NMR (300 MHz, CDCl;): 6=
8.29-7.85 (m, 9H; pyrenyl-H), 5.99 (s, 2H; pyrrole-H), 2.6 (s, 6H; CHj;),
2.41 (s, 6H; CH,), 0.85 ppm (s, 6H; CHj).

9-Anthracene difluoroboron dipyrrin (4a): '"H NMR (300 MHz, CDCL):
0=8.5 (s, 1H; aryl-H), 8.0 (d, /=830Hz, 2H; aryl-H), 7.84 (d, J=
8.47 Hz, 2H; aryl-H), 7.51-7.38 (m, 4H; aryl-H), 5.85 (s, 2H; pyrrole-H),
2.6 (s, 6H;CHs;), 0.8 ppm (s, 6 H; CH,).

2-Fluorene difluoroboron dipyrrin (Sa): '"H NMR (300 MHz, CDCl,): 6=
7.92-7.82 (m, 2H; aryl-H), 7.61-7.59 (m, 1H; aryl-H), 7.47-7.28 (m, 6H;
aryl-H & dioxyaryl-H), 5.99 (s, 2H; pyrrole-H), 3.99 (s, 2H; fluorenyl-
H), 2.59 (s, 6H; CHs;), 1.4 ppm (s, 6H; CHj).
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2-Napthalene difluoroboron dipyrrin (6a): '"H NMR (300 MHz, CDCl,):
0=_8.02-7.75- (m, 4H; aryl-H), 7.58-7.52 (m, 3H; aryl-H), 7.38-7.34 (m,
1H; aryl-H), 6.0 (s, 2H; pyrrole-H), 2.6 (s, 6H; CH;), 1.3 ppm (s, 6H;
CH,).

p-Tolyl difluoroboron dipyrrin (7a): 'HNMR (300 MHz, CDCL): 0=
7.28 (d, J=8.54 Hz, 2H; aryl-H), 7.14 (d, J=8.19 Hz, 2H; aryl-H), 5.99
(s, 2H; pyrrole-H), 2.55 (s, 6H; CHjs), 2.41 (s, 3H; CHj;), 1.41 ppm (s,
6H; CH,).

General procedure for synthesis of aryl-dioxyboron dipyrrin: These com-
pounds were prepared according to the literature procedure with few
modifications.” Aryl difluoroboron dipyrrin (0.730 mmol) was dissolved
in dry CH,Cl, (20 mL) and stirred under argon for 10 min. Then AICl;
(146 mg, 1.096 mmol) was added and the solution was further stirred for
15 min before addition of 3,4-dihydroxybenzaldehyde (151.4 mg,
1.096 mmol). The mixture was stirred for 20 min and the solvent was
evaporated under reduced pressure. The crude product was purified by
using a deactivated basic alumina column to give the desired compound.

1-Pyrene-dioxyboron dipyrrin (3b): 'H NMR (300 MHz, CDCL,): 6=9.80
(s, 1H; aldehyde-H), 8.29-7.85 (m, 9H; pyrenyl-H), 7.4-7.3 (m, 2H; di-
oxyaryl -H), 6.88 (d, 1H; dioxyaryl-H), 5.99 (s, 2H; pyrrole-H), 2.1 (s,
6H; CH;), 0.8 ppm (s, 3H; CHj;).

9-Anthracene-dioxyboron dipyrrin (4b): 'H NMR (300 MHz, CDCL):
0=9.80 (s, 1 H; aldehyde-H), 8.5 (s, 1 H; aryl-H), 8.0 (d, /=8.08 Hz, 2H;
aryl-H), 7.84 (d, J=8.65 Hz, 2H; aryl-H), 7.58-7.39 (m, 6 H; aryl-H & di-
oxyaryl-H), 6.95 (d, J=7.71 Hz, 1H; dioxyaryl-H), 5.9 (s, 2H; pyrrole-
H), 2.1 (s, 6H; CH,), 0.82 ppm (s, 6H; CHj3).

2-Fluorene-dioxyboron dipyrrin (5b): '"H NMR (300 MHz, CDCl;): 6=
9.80 (s, 1H; aldehyde-H), 7.92-7.82 (m, 2H; aryl-H), 7.61-7.59 (m, 1H;
aryl-H), 7.47-7.28 (m, 6H; aryl-H & dioxyaryl-H), 6.88 (d, /=8.22 Hz,
1H; dioxyaryl-H) 5.99 (s, 2H; pyrrole-H), 3.99 (s, 2H; fluorenyl-H), 2.0
(s, 6H; CH3), 1.39 ppm (s, 6 H; CHj;).

2-Napthalene-dioxyboron dipyrrin (6b): 'H NMR (300 MHz, CDCl,):
0=9.80 (s, 1H; aldehyde-H), 8.02-7.79 (m, 4H; aryl-H), 7.60-7.52 (m,
3H; aryl-H), 7.42-7.34 (m, 3H; aryl-H & dioxyaryl-H), 6.88 (d, /=
8.15 Hz, 1H; dioxyaryl-H) 5.99 (s, 2H; pyrrole-H), 2.05 (s, 6H; CHj;),
1.32 ppm (s, 6 H; CHs).

p-Tolyl-dioxyboron dipyrrin (7b): 'H NMR (300 MHz, CDCl,): §=9.80
(s,l H; aldehyde-H), 7.36-7.38 (dd, J=7.88, 7.75 Hz, 1H; dioxyaryl-H),
7.33-7.27 (m, 3H; dioxyaryl and aryl-H), 7.14 (d, /=8.60 Hz, 2H; aryl-
H), 6.88 (d, /J=7.78 Hz, 1H; dioxyaryl-H), 5.99 (s, 2H; pyrrole-H), 2.41
(s,3H; CH,), 2.0 (s, 6H; CH,), 1.59 (s, 3H; CHj;), 1.39 ppm (s, 3H; CHs).
General procedure for synthesis of aryl-dioxyboron dipyrrin—fullerene
triads: The title compounds were synthesized according to the general
procedure described by Prato and coworkers for fulleropyrrolidines®™
with few modifications. Fullerene Cg, (147 mg, 0.204 mmol), aryl-dioxy-
boron dipyrrin (0.613 mmol) and N-methylglycine (36.4 mg, 0.409 mmol)
were dissolved in dry toluene (150 mL). The mixture was heated to
reflux for 6 h. The solvent was evaporated under reduced pressure. The
crude product was purified by using column chromatography. It may be
mentioned here that the triads exist as a mixture of two atropisomers in
fast equilibrium.*

1-Pyrene-dioxyboron dipyrrin—fullerene triad (3): 'H NMR (300 MHz,
CDCl;): 0=8.29-7.85 (m, 9H; pyrenyl-H), 7.4-7.3 (m, 2H; dioxyaryl-H),
6.85 (brs, 1H; dioxyaryl-H), 5.89 (brs, 2H; pyrrole-H), 499 (d, J=
9.50 Hz, 1H; fulleropyrrolidine- H), 4.89 (s, 1H; fulleropyrrolidine-H),
425 (d, J=9.70 Hz, 1H; fulleropyrrolidine-H), 2.91 (s, 3H; fulleropyrro-
lidine-H), 0.81 ppm (s, 12H; CH;); MS (MALDI-TOF): m/z caled for
C,0,H3sBN;0,: 1296.11; found: 1294.4.

9-Anthracene-dioxyboron  dipyrrin—fullerene triad (4): 'HNMR
(300 MHz, CDCl;): 6=8.5 (s,1 H; aryl-H), 8.0 (d, /=8.55Hz, 2H; aryl-
H), 7.84 (d, /=8.55Hz, 2H; aryl-H), 7.58-7.39 (m, 6H; aryl-H & diox-
yaryl-H), 6.75 (brs, 1H; dioxyaryl-H), 5.9 (brs, 2H; pyrrole-H), 4.99 (d,
J=9.61 Hz, 1H; fulleropyrrolidine- H), 4.89 (s, 1H; fulleropyrrolidine-
H), 4.26 (d, J=9.44 Hz, 1 H; fulleropyrrolidine-H), 3.5 (s, 1 H; fulleropyr-
rolidine-H), 2.91 (s, 3H; fulleropyrrolidine-H), 1.21 ppm (s, 12H; CH,);
MS (MALDI-TOF): m/z caled for CosH3BN;O,: 1270.07; found: 1269.5.
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2-Fluorene-dioxyboron dipyrrin—fullerene triad (5): 'H NMR (300 MHz,
CDCLy): 0=7.92-7.82 (m, 2H; aryl-H), 7.61-7.59 (m, 1H; aryl-H), 7.4—
7.28 (m, 6H; aryl-H & dioxyaryl-H), 6.76 (brs, 1H; dioxyaryl-H), 5.9
(brs, 2H; pyrrole-H), 4.99 (d, /=9.42 Hz, 1 H; fulleropyrrolidine-H), 4.89
(s, 1H; fulleropyrrolidine-H), 4.26 (d, J=9.56 Hz, 1 H; fulleropyrrolidine-
H), 399 (s, 2H; fluorenyl-H), 291 (s, 3H; fulleropyrrolidine-H),
125ppm (s, 12H; CH;); MS (MALDI-TOF): m/z caled for
CysH3,BN;0,: 1258.06; found: 1258.8.

2-Napthalene-dioxyboron  dipyrrin—fullerene triad (6): 'HNMR
(300 MHz, CDCL): 8=8.02-7.79-(m, 4H; aryl-H), 7.60-7.52 (m, 3H;
aryl-H), 7.42-7.34 (m, 3H; aryl-H & dioxyaryl-H), 6.75 (brs, 1H; diox-
yaryl-H), 5.9 (brs, 2H; pyrrole-H), 4.99 (d, /=9.45 Hz, 1 H; fulleropyrro-
lidine- H), 4.85 (s, 1H; fulleropyrrolidine-H), 4.22 (d, J=9.41 Hz, 1H;
fulleropyrrolidine-H), 2.85 (s, 3H; fulleropyrrolidine-H), 1.24 ppm (s,
12H; CH,); MS (MALDI-TOF): m/z caled for Cy,Hy,BN,O,: 1220.01;
found: 1219.8.

p-Tolyl-dioxyboron dipyrrin—fullerene triad (7): 'HNMR (300 MHz,
CDCly): 0=7.40-7.38 (m, 1H; dioxyaryl-H), 7.30-7.22- (m, 1H; dioxyar-
yl-H), 7.10-7.18 (m, 4H, aryl-H), 6.75 (brs, 1H; dioxyaryl-H), 5.9 (brs,
2H; pyrrole-H), 4.99 (d, /=9.32 Hz, 1H; fulleropyrrolidine-H), 4.89 (s,
1H; fulleropyrrolidine-H), 4.26 (d, J=9.40 Hz, 1H; fulleropyrrolidine-
H), 2.91 (s, 3H; fulleropyrrolidine-H), 2.44 (s, 3H; CH;), 2.39 (s, 3H;
CH;), 1.59 (s, 3H; CHj;), 1.38 (s, 3H; CH,;), 1.21 ppm (s, 3H; CH,); MS
(MALDI-TOF): m/z calcd for CgH3,BN;O,: 1183.98; found: 1184.3.

Acknowledgements

This work was supported by the National Science Foundation (Grant
Nos. 0804015 and EPS-0903806) and matching support from the State of
Kansas through Kansas Technology Enterprise Corporation, a Grant-in-
Aid (Nos. 20108010 and 21750146) and the Global COE (center of excel-
lence) program “Global Education and Research Center for Bio-Envi-
ronmental Chemistry” of Osaka University from Ministry of Education,
Culture, Sports, Science and Technology, Japan, KOSEF/MEST through
WCU project (R31-2008-000-10010-0) from Korea.

[1] a)J. Deisenhofer, O. Epp, K. Miki, R. Huber, H. Michel, J. Mol.
Biol. 1984, 180, 385; b) The Photosynthetic Reaction Center (Eds.: J.
Deisenhofer, J. R. Norris), Academic Press, San Diego, 1993; c) C.
Kirmaier, D. Holton in The Photosynthetic Reaction Center, Vol II
(Eds.: J. Deisenhofer, J. R. Norris), Academic Press, San Diego,
1993, pp.49-70; d) R. E. Blankenship, Molecular Mechanisms of
Photosynthesis, Blackwell Sciences, Oxford, 2002; ¢) Handbook of
Photosynthesis, 2nd ed. (Ed.: M. Pessarakli), CRC, Boca Raton,
2005; f) Photosynthetic Light Harvesting (Eds.: R. Cogdell, C. Mulli-
neaux), Sprigner, Dordrecht, 2008.

[2] a) M. R. Wasielewski, Chem. Rev. 1992, 92, 435; b) D. Gust, T. A.
Moore in The Porphyrin Handbook, Vol8 (Eds.: K.M. Kadish,
K.M. Smith, R. Guilard), Academic Press, Burlington, 2000,
pp- 153-190; ¢) D. Gust, T. A. Moore, A. L. Moore, Acc. Chem. Res.
2001, 34, 40; d) D. Gust, T. A. Moore, A. L. Moore, Acc. Chem. Res.
2009, 42, 1890; e) M. R. Wasielewski, Acc. Chem. Res. 2009, 42,
1910.

[3] a) A. Harriman, J. P. Sauvage, Chem. Soc. Rev. 1996, 25, 41; b) V.

Balzani, A. Juris, M. Venturi, S. Campagna, S. Serroni, Chem. Rev.

1996, 96, 759; c) M. J. Blanco, M. C. Jiménez, J. C. Chambron, V.

Heitz, M. Linke, J. P. Sauvage, Chem. Soc. Rev. 1999, 28, 293;

d) Electron Transfer in Chemistry (Ed.: V. Balzani), Wiley-VCH,

Weinheim, 2001; e) N. Armaroli, V. Balzani, Angew. Chem. 2007,

119, 52; Angew. Chem. Int. Ed. 2007, 46, 52.

a) H. Imahori, S. Fukuzumi, Adv. Funct. Mater. 2004, 14, 525; b) L.

Bouamaied, T. Coskun, E. Stulz, Struct. Bonding (Berlin) 2006, 121,

1; ¢) S. Fukuzumi, Phys. Chem. Chem. Phys. 2008, 10, 2283; d) D. 1.

Schuster, K. Li, D. M. Guldi, C. R. Chim. 2006, 9, 892; ¢) J. N. Clif-

ford, G. Accorsi, F. Cardinali, J. F. Nierengarten, N. Armaroli, C. R.

[4

—

Chem. Eur. J. 2011, 17, 3147-3156


http://dx.doi.org/10.1016/S0022-2836(84)80011-X
http://dx.doi.org/10.1016/S0022-2836(84)80011-X
http://dx.doi.org/10.1021/cr00011a005
http://dx.doi.org/10.1021/ar9801301
http://dx.doi.org/10.1021/ar9801301
http://dx.doi.org/10.1021/ar900209b
http://dx.doi.org/10.1021/ar900209b
http://dx.doi.org/10.1021/ar9001735
http://dx.doi.org/10.1021/ar9001735
http://dx.doi.org/10.1039/cs9962500041
http://dx.doi.org/10.1021/cr941154y
http://dx.doi.org/10.1021/cr941154y
http://dx.doi.org/10.1039/a901205b
http://dx.doi.org/10.1002/ange.200602373
http://dx.doi.org/10.1002/ange.200602373
http://dx.doi.org/10.1002/anie.200602373
http://dx.doi.org/10.1002/adfm.200305172
http://dx.doi.org/10.1039/b801198m
http://dx.doi.org/10.1016/j.crci.2005.11.013
http://dx.doi.org/10.1016/j.crci.2005.11.010
www.chemeurj.org

Photochemical Charge Separation in Boron Dipyrrin—Fullerene Triads

(5]

[6

—

[7

—

8

=

[9

—

(10]

(11]

(12]

(13]

(14]

Chem. Eur. J. 2011, 17, 3147 -3156

Chim. 2006, 9, 1005; f) G. de La Torre, G. Christian, T. Torres,
Chem. Commun. 2007, 2000; g) S. Fukuzumi, Pure Appl. Chem.
2007, 79, 981; h) S. Fukuzumi, T. Kojima, J. Mater. Chem. 2008, 18,
1427; i) S. Fukuzumi, Bull. Chem. Soc. Jpn. 2006, 79, 177.

a) D. M. Guldi, Chem. Commun. 2000, 321; b) L. Séanchez, M. Naza-
rio, D. M. Guldi, Angew. Chem. 2005, 117, 5508; Angew. Chem. Int.
Ed. 2005, 44, 5374; c) A. Mateo-Alonso, D. M. Guldi, F. Paolucci,
M. Prato, Angew. Chem. 2007, 119, 8266; Angew. Chem. Int. Ed.
2007, 46, 8120; d) D. M. Guldi, Phys. Chem. Chem. Phys. 2007, 9,
1400; e) V. Sgobba, D. M. Guldi, Chem. Soc. Rev. 2009, 38, 165;
f) G. Bottari, G. de La Torre, D. M. Guldi, T. Torres, Chem. Rev.
2010, 110, 6768-6816..

a) I. S. Sessler, B. Wang, S. L. Springs, C. T. Brown in Comprehensive
Supramolecular Chemistry (Eds.: J. L. Atwood, J. E. D. Davies, D. D.
MacNicol, F. Vogtle), Pergamon, New York, 1996, Chapter9;
b) J. L. Sessler, C. M. Lawrence, J. Jayawickramarajah, Chem. Soc.
Rev. 2007, 36, 314.

a) M. E. El-Khouly, O. Ito, P. M. Smith, F. D’Souza, J. Photochem.
Photobiol. C 2004, 5, 79; b) F. D’Souza, O. Ito, Coord. Chem. Rev.
2005, 249, 1410; c) R. Chitta, F. D’Souza, J. Mater. Chem. 2008, 18,
1440; d) F. D’Souza, O. Ito in Handbook of Organic Electronics and
Photonics, Vol 1 (Ed.: H. S. Nalwa), American Scientific, Los An-
geles, 2008, Chapter 13, pp. 485-521; e) F. D’Souza, O. Ito in Hand-
book of Porphyrin Science, Vol. 1 (Eds. K. M. Kadish, R. Guilard,
K. M. Smith), World Science, Singapore, 2010, Chapter 4, pp. 307—
437; f) F. D’Souza, A. S. D. Sandanayaka, O. Ito, J. Phys. Chem. Lett.
2010, 7, 2586.

a) B. O'Regan, M. Gritzel, Nature 1991, 353, 737; b) Energy Har-
vesting Materials (Ed.: D. L. Andrews), World Scientific, Singapore,
2005; c) S. Giines, H. Neugebauer, N. S. Sariciftci, Chem. Rev. 2007,
107, 1324; d) H. Imahori, T. Umeyama, S. Ito, Acc. Chem. Res. 2009,
42, 1809; e) P. V. Kamat, J. Phys. Chem. C 2007, 111, 2834; f) B. C.
Thompson, J. M. J. Frechet, Angew. Chem. 2008, 120, 62; Angew.
Chem. Int. Ed. 2008, 47, 58.

a) T. Hasobe, S. Fukuzumi, P. V. Kamat, Interface 2006, 15, 47; b) T.
Hasobe, H. Imahori, P. V. Kamat, T. K. Ahn, D. Kim, T. Hanada, T.
Hirakawa, S. Fukuzumi, J. Am. Chem. Soc. 2005, 127, 1216; c) T.
Hasobe, K. Saito, P. V. Kamat, V. Troiani, H. Qiu, N. Solladié, T. K.
Ahn, K.S. Kim, S.K. Kim, D. Kim, F. D’Souza, S. Fukuzumi, J.
Mater. Chem. 2007, 17, 4160; d) D. Hirayama, K. Takimiya, Y. Aso,
T. Otsubo, T. Hasobe, H. Yamada, H. Imahori, S. Fukuzumi, Y.
Sakata, J. Am. Chem. Soc. 2002, 124, 532; e) S. Fukuzumi, T. Honda,
K. Ohkubo, T. Kojima, Dalton Trans. 2009, 3880.

a) H. Kotani, K. Ohkubo, Y. Takai, S. Fukuzumi, J. Phys. Chem. B
2006, 710, 24047; b) H. Kotani, T. Ono, K. Ohkubo, S. Fukuzumi,
Phys. Chem. Chem. Phys. 2007, 9, 1487; c) S. Fukuzumi, Eur. J.
Inorg. Chem. 2008, 1351.

a) H. W. Kroto, J. R. Heath, S. C. O’Brien, R. F. Curl, R. E. Smalley,
Nature 1985, 318, 162; b) W. Kritschmer, L. D. Lamb, K. Fostiro-
poulos, D.R. Huffman, Nature 1990, 347, 354; c) R. E. Smalley,
Angew. Chem. 1997, 109, 1666; Angew. Chem. Int. Ed. Engl. 1997,
36, 1594; d) Fullerenes Chemistry Physics and Technology (Eds.:
K. M. Kadish, R. S. Ruoff), Wiley-Interscience, New York, 2000.

a) S. Fukuzumi, K. Ohkubo, H. Imahori, J. Shao, Z. Ou, G. Zheng,
Y. Chen, R. K. Pandey, M. Fujitsuka, O. Ito, K. M. Kadish, J. Am.
Chem. Soc. 2001, 123, 10676; b) K. Ohkubo, H. Imahori, J. Shao, Z.
Ou, K. M. Kadish, Y. Chen, G. Zheng, R. K. Pandey, M. Fujitsuka,
O. Ito, S. Fukuzumi, J. Phys. Chem. A 2002, 106, 10991; c) K.
Ohkubo, H. Kotani, J. G. Shao, Z.P. Ou, K. M. Kadish, G. L. Li,
P. K. Pandey, M. Fujitsuka, O. Ito, H. Imahori, S. Fukuzumi, Angew.
Chem. 2004, 116, 871; Angew. Chem. Int. Ed. 2004, 43, 853.

a) J.-F. Nierengarten, New J. Chem. 2004, 28, 1177; b) F. Langa, M. J.
Gomez-Escalonilla, J.-M. Rueff, T. M. Figueira Duarte, J.-F. Nieren-
garten, V. Palermo, P. Samori, Y. Rio, G. Accorsi, N. Armaroli,
Chem. Eur. J. 2005, 11, 4405; c) A. Gégout, J.-F. Nierengarten, B.
Delavaux-Nicot, C. Duhayon, A. Saquet, A. Listorti, A. Belbakra,
C. Chiorboli, N. Armaroli, Chem. Eur. J. 2009, 15, 8825.

a) A. Takai, M. Chkounda, A. Eggenspiller, C. P. Gros, M. Lachkar,
J-M. Barbe, S. Fukuzumi, J. Am. Chem. Soc. 2010, 132, 4477; b) F.

(15]

[16]

(17]

(18]

(19]

(20]

[21]

(22]
(23]

(24]
(23]
[26]

(27]

[28]

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

D’Souza, N. K. Subbaiyan, Y. Xie, J. P. Hill, K. Ariga, K. Ohkubo, S.
Fukuzumi, J. Am. Chem. Soc. 2009, 131,16138; c) F. D’Souza, E.
Maligaspe, K. Ohkubo, M. E. Zandler, N. K. Subbaiyan, S. Fukuzu-
mi, J. Am. Chem. Soc. 2009, 131, 8787.

a) N. Nagata, Y. Kuramochi, Y. Kobuke, J. Am. Chem. Soc. 2009,
131, 10; b) B. Rybtchinski, L. E. Sinks, M. R. Wasielewski, J. Am.
Chem. Soc. 2004, 126, 12268; c) F. J. Céspedes-Guirao, K. Ohkubo,
S. Fukuzumi, A. Sastre-Santos, F. Fernndez-Lzaro, J. Org. Chem.
2009, 74, 5871; d) M. Ohtani, K. Saito, S. Fukuzumi, Chem. Eur. J.
2009, 15, 9160.

C. A. Wijesinghe, M. E. El-Khouly, J. D. Blakemore, M. E. Zandler,
S. Fukuzumi, F. D’Souza, Chem. Commun. 2010, 46, 3301.

a) A. Loudet, K. Burgess, Chem. Rev. 2007, 107, 4891; b)F.
D’Souza, P. M. Smith, M. E. Zandler, A. L. McCarty, M. Itou, Y.
Araki, O. Ito, J. Am. Chem. Soc. 2004, 126, 7898; c) J.-Y. Liu, H.-S.
Yeung, W. Xu, X. Li, D. K. P. Ng, Org. Lett. 2008, 10, 5421; d) E. A.
Ermilov, J.-Y. Liu, D. K. P. Ng, B. Roder, Phys. Chem. Chem. Phys.
2009, /1, 6430; e) J.-Y. Liu, E. A. Ermilov, B. Roder, D. K. P. Ng,
Chem. Commun. 2009, 1517.

a) H. Imahori, H. Norieda, H. Yamada, N. Nishimura, I. Yamazaki,
Y. Sakata, S. Fukuzumi, J. Am. Chem. Soc. 2001, 123, 100; b) E. Ma-
ligaspe, N. V. Tkachenko, N. K. Subbaiyan, R. Chitta, M. E. Zandler,
H. Lemmetyinen, F. D’Souza, J. Phys. Chem. A 2009, 113, 8478;
c) E. Maligaspe, T. Kumpulainen, N. K. Subbaiyan, M. E. Zandler,
H. Lemmetyinen, N. V. Tkachenko, F. D’Souza, Phys. Chem. Chem.
Phys. 2010, 12, 7434.

a) S. Hattori, K. Ohkubo, Y. Urano, H. Sunahara, T. Nagano, Y.
Wada, N.V. Tkachenko, H. Lemmetyinen, S. Fukuzumi, J. Phys.
Chem. B 2005, 109, 15368; b) T. Matsumoto, Y. Urano, T. Shoda, H.
Kojima, T. Nagano, Org. Lett. 2007, 9, 3375; c) R. Ziessel, P. Retail-
leau, K. J. Elliott, A. Harriman, Chem. Eur. J. 2009, 15, 10369.

a) B. Kim, B. Ma, V.R. Donuru, H. Liu, J. M. Fréchet, Chem.
Commun. 2010, 46, 4148; b) T. Rousseau, A. Cravino, E. Ripaud, P.
Leriche, S. Rihn, A. De Nicola, R. Ziessel, J. Roncali, Chem.
Commun. 2010, 46, 5082; c) T. Rousseau, A. Cravino, T. Bura, G.
Ulrich, R. Ziessel, J. Roncali, J. Mater. Chem. 2009, 19, 2298.
Gaussian 03, Revision B-04, M. J. Frisch, G. W. Trucks, H. B. Schle-
gel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, V. G. Zakrzewski,
J. A. Montgomery, Jr., R. E. Stratmann, J. C. Burant, S. Dapprich,
J. M. Millam, A. D. Daniels, K. N. Kudin, M. C. Strain, O. Farkas, J.
Tomasi, V. Barone, M. Cossi, R. Cammi, B. Mennucci, C. Pomelli,
C. Adamo, S. Clifford, J. Ochterski, G. A. Petersson, P. Y. Ayala, Q.
Cui, K. Morokuma, D. K. Malick, A. D. Rabuck, K. Raghavachari,
J. B. Foresman, J. Cioslowski, J. V. Ortiz, B. B. Stefanov, G. Liu, A.
Liashenko, P. Piskorz, I. Komaromi, R. Gomperts, R. L. Martin,
D. J. Fox, T. Keith, M. A. Al-Laham, C.Y. Peng, A. Nanayakkara,
C. Gonzalez, M. Challacombe, P. M. W. Gill, B. G. Johnson, W.
Chen, M. W. Wong, J. L. Andres, M. Head-Gordon, E. S. Replogle,
J. A. Pople, Gaussian, Inc., Pittsburgh, PA, 2003.

D. Rehm, A. Weller, Isr. J. Chem. 1970, 8, 259.

J.R. Lakowicz, Principles of Fluorescence Spectroscopy, 3rd ed.,
Springer, Singapore, 2006.

R. Ziessel, B. D. Allen, D. B. Rewinska, A. Harriman, Chem. Eur. J.
2009, 15, 7382.

A. Harriman, J. P. Rostron, M. Cesario, G. Ulrich, R. Ziessel, J.
Phys. Chem. A 2006, 110, 7994.

G. Ulrich, R. Ziessel, A. Harriman, Angew. Chem. 2008, 120, 1202;
Angew. Chem. Int. Ed. 2008, 47, 1184.

a) D. M. Guldi, P. V. Kamat in Fullerenes (Eds.: K. M. Kadish, R. S.
Ruoff), Wiley, New York, 2000, Chapter 5, pp. 225-281; b) H. Ima-
hori, D. M. Guldi, K. Tamaki, Y. Yoshida, C. Luo, Y. Sakata, S. Fu-
kuzumi, J. Am. Chem. Soc. 2001, 123, 6617.

a) M. E. El-Khouly, R. Anandakathir, O. Ito, L. Y. Chiang, J. Phys.
Chem. A 2007, 111, 6938; b) M. E. El-Khouly, K.-J. Han, K.-Y. Kay,
S. Fukuzumi, ChemPhysChem 2010, 11, 1726-1734; ¢) M. E. El-
Khouly, O. Ito, P. M. Smith, FE. D’Souza, J. Photochem. Photobiol. C
2004, 5, 79-104; d) M. E. El-Khouly, P. Padmawar, Y. Araki, S.
Verma, L. Y. Chiang, O. Ito, J. Phys. Chem. A 2006, 110, 884-891;
e) M. E. El-Khouly, E. S. Kang, K.-Y. Kay, C. S. Choi, Y. Aaraki, O.

www.chemeurj.org

— 3155


http://dx.doi.org/10.1016/j.crci.2005.11.010
http://dx.doi.org/10.1039/b614234f
http://dx.doi.org/10.1351/pac200779060981
http://dx.doi.org/10.1351/pac200779060981
http://dx.doi.org/10.1039/b717958h
http://dx.doi.org/10.1039/b717958h
http://dx.doi.org/10.1246/bcsj.79.177
http://dx.doi.org/10.1039/a907807j
http://dx.doi.org/10.1002/ange.200702725
http://dx.doi.org/10.1002/anie.200702725
http://dx.doi.org/10.1002/anie.200702725
http://dx.doi.org/10.1039/b617684b
http://dx.doi.org/10.1039/b617684b
http://dx.doi.org/10.1039/b802652c
http://dx.doi.org/10.1039/b604119c
http://dx.doi.org/10.1039/b604119c
http://dx.doi.org/10.1039/b717502g
http://dx.doi.org/10.1039/b717502g
http://dx.doi.org/10.1021/cr050149z
http://dx.doi.org/10.1021/cr050149z
http://dx.doi.org/10.1021/ar900034t
http://dx.doi.org/10.1021/ar900034t
http://dx.doi.org/10.1021/jp066952u
http://dx.doi.org/10.1002/ange.200702506
http://dx.doi.org/10.1002/anie.200702506
http://dx.doi.org/10.1002/anie.200702506
http://dx.doi.org/10.1021/ja047768u
http://dx.doi.org/10.1039/b706678c
http://dx.doi.org/10.1039/b706678c
http://dx.doi.org/10.1021/ja016703d
http://dx.doi.org/10.1039/b901191a
http://dx.doi.org/10.1021/jp065215v
http://dx.doi.org/10.1021/jp065215v
http://dx.doi.org/10.1039/b612794k
http://dx.doi.org/10.1002/ejic.200701369
http://dx.doi.org/10.1002/ejic.200701369
http://dx.doi.org/10.1038/318162a0
http://dx.doi.org/10.1038/347354a0
http://dx.doi.org/10.1002/ange.19971091506
http://dx.doi.org/10.1002/anie.199715941
http://dx.doi.org/10.1002/anie.199715941
http://dx.doi.org/10.1021/ja015738a
http://dx.doi.org/10.1021/ja015738a
http://dx.doi.org/10.1021/jp026603+
http://dx.doi.org/10.1002/ange.200352870
http://dx.doi.org/10.1002/ange.200352870
http://dx.doi.org/10.1002/anie.200352870
http://dx.doi.org/10.1039/b402661f
http://dx.doi.org/10.1002/chem.200500089
http://dx.doi.org/10.1021/ja100192x
http://dx.doi.org/10.1021/ja8045712
http://dx.doi.org/10.1021/ja8045712
http://dx.doi.org/10.1021/ja0460514
http://dx.doi.org/10.1021/ja0460514
http://dx.doi.org/10.1002/chem.200900427
http://dx.doi.org/10.1002/chem.200900427
http://dx.doi.org/10.1039/c000565g
http://dx.doi.org/10.1021/cr078381n
http://dx.doi.org/10.1021/ol8023677
http://dx.doi.org/10.1039/b823432a
http://dx.doi.org/10.1039/b823432a
http://dx.doi.org/10.1039/b821630d
http://dx.doi.org/10.1021/ja002154k
http://dx.doi.org/10.1021/jp9032194
http://dx.doi.org/10.1039/c002757j
http://dx.doi.org/10.1039/c002757j
http://dx.doi.org/10.1021/jp050952x
http://dx.doi.org/10.1021/jp050952x
http://dx.doi.org/10.1021/ol071352e
http://dx.doi.org/10.1002/chem.200901725
http://dx.doi.org/10.1039/b927350f
http://dx.doi.org/10.1039/b927350f
http://dx.doi.org/10.1039/c0cc01144d
http://dx.doi.org/10.1039/c0cc01144d
http://dx.doi.org/10.1039/b903189h
http://dx.doi.org/10.1002/chem.200900440
http://dx.doi.org/10.1002/chem.200900440
http://dx.doi.org/10.1021/jp054992c
http://dx.doi.org/10.1021/jp054992c
http://dx.doi.org/10.1002/ange.200702070
http://dx.doi.org/10.1002/anie.200702070
http://dx.doi.org/10.1021/ja004123v
http://dx.doi.org/10.1021/jp072193j
http://dx.doi.org/10.1021/jp072193j
http://dx.doi.org/10.1021/jp055324u
http://dx.doi.org/10.1021/jp055324u
http://dx.doi.org/10.1021/jp055324u
www.chemeurj.org

CHEMISTRY

S. Fukuzumi, F. D’Souza et al.

A EUROPEAN JOURNAL

Ito, Chem. Eur. J. 2007, 13, 2854-2863; f) M. E. El-Khouly, D. K. Ju,
K.-Y. Kay, F. D’Souza, S. Fukuzumi, Chem. Eur. J. 2010, 16, 6193—
6202.

[29] C. Tahtaoui, C. Thomas, F. Rohmer, P. Klotz, G. Duportail, Y. Mély,
D. Bonnet, M. Hibert, J. Org. Chem. 2007, 72, 269.

[30] M. Maggini, G. Scorrano, M. Prato, J. Am. Chem. Soc. 1993, 115,
9798.

[31] GaussView, Gaussian Inc., Pittsburgh, 2003.
[32] F. Ajamaa, T. M. Figueira Duarte, C. Bourgogne, M. Holler, P. W.
Fowler, J. F. Nierengarten, Eur. J. Org. Chem. 2005, 3766.

Received: August 23, 2010
Published online: February 14, 2011

3156 ——

www.chemeurj.org

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Chem. Eur. J. 2011, 17, 3147-3156


http://dx.doi.org/10.1002/chem.200601254
http://dx.doi.org/10.1002/chem.200601254
http://dx.doi.org/10.1002/chem.200601254
http://dx.doi.org/10.1002/chem.201000045
http://dx.doi.org/10.1002/chem.201000045
http://dx.doi.org/10.1002/chem.201000045
http://dx.doi.org/10.1021/jo061567m
http://dx.doi.org/10.1021/ja00074a056
http://dx.doi.org/10.1021/ja00074a056
http://dx.doi.org/10.1002/ejoc.200500315
www.chemeurj.org

