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For development of the molecular solar-energy conversion systems,
it is crucial to investigate how both the molecular geometry and
electronic structure of electron donor-bridge-acceptor (D-B-A)
molecules contribute to the electronic coupling for the charge-separation
(CS) and charge-recombination (CR) processes.1-4 Oligo- and poly-
silanes have been shown to possess such unique electronic properties
that the σ-electrons are delocalized along the silicon framework
(σ-conjugation).5,6 In very recent studies, molecular-wire7,8 character
has been reported in the photoinduced electron-transfer (ET) processes
of a series of zinc porphyrin-fullerenes bridged by oligosilane chains
ZnP-[Sin]-C60 (n ) 1-5) at room temperature.9 Since the oligosilane
chains are highly flexible, several molecular conformations exist.9-11

When the chain dynamics couple to the ET processes, roles of both
the geometry and the electronic property on the electronic coupling
may be hidden by the chain motions.9 Therefore, it is very important
to characterize both the molecular geometry and the electronic property
for each molecular conformation of D-B-A in frozen media.

In this study, we have characterized a specific folded geometry of
the diphenyldisilane-linked porphyrin-fullerene dyad (ZnP-C60,
Figure 1) as well as its electronic properties by the time-resolved
electron paramagnetic resonance (TREPR) measurements in a low
temperature matrix. We show that the singly occupied molecular
orbitals (SOMO) in the folded ZnP-C60 are orthogonal to each other
in the photoinduced CS state from the geometry and the exchange
coupling of the radical pair (RP). This orbital conformation leads to
prevention of the energy-wasting CR, although ZnP and C60 are in
close proximity.

Figure 2a shows the TREPR spectra obtained at different delay times
after 532-nm laser irradiation of ZnP-C60 (2 × 10-4 M) in a frozen (T
) 91 K) benzonitrile. At the initial stage (0.2 µs), a broad fine structure
with an A/A/E/E polarization shape is detected (A and E denote
microwave absorption and emission, respectively). This spectrum is

explained by the excited triplet state of fulleropyrollidine,12 showing
that the triplet state of ZnP-3C60* is initially created via the intersystem
crossing of the excited singlet state, ZnP-1C60*.13 At 1 µs in Figure
2a, the triplet signal mostly disappears while another broad A/E
polarized component appears. In a dyad molecule composed of ZnP
and C60, an efficient intramolecular CS from ZnP to 3C60* has been
reported.13 The broad A/E feature is assigned to the fine structure that
is due to an electron-electron dipolar splitting of the charge-separated
state of ZnP+•-C60

-• (Supporting Information, SI) generated by the
intramolecular CS of ZnP-3C60*. From the entire line width of this
spectrum, |D| ≈ 5 mT is estimated as the dipolar splitting constant.
From the point-dipole approximation, the distance between the two
spins is calculated to be rSS ≈ 0.8 nm. This distance indicates that the
origin of the A/E-type spectrum is the RP of one of the folded
conformations, while the center-to-center distance (r) between ZnP
and C60 moieties is estimated to be 2.1 nm for the extended
conformation.14 At the center positions of the TREPR spectra (* in
Figure 2a), narrow A/E-polarized signals are superimposed on the
broad A/E spectra. These narrow signals can be assigned to the CS
state of the extended conformation.15 The broad A/E-type polarization
in the CS state can be explained by the electron spin polarization
transfer (ESPT)16 from ZnP-3C60* to ZnP+•-C60

-•. At longer delay
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Figure 1. Structural formula of ZnP-C60 bridged by diphenyldisilane.

Figure 2. (a) TREPR spectra of ZnP-C60 at different delay times after
532 nm laser irradiations at 91 K in benzonitrile. Black lines are simulated
spectra of the RP in which the triplet-triplet polarization-transfer and spin
relaxation effects are considered. (b) View of the molecular geometry and
SOMOs of one of the folded conformations of ZnP-C60 determined by the
correlated RP simulations. The principal axes (X, Y, and Z) of the spin
dipolar-dipolar interaction on the 3C60 moiety and the dipolar-dipolar axis
(Z′: green arrow) of the CS state are shown. (c) Molecular structure of (b)
which was obtained by molecular mechanics calculation, showing consis-
tency of position and orientation of the ZnP with respect to the C60.
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times of 3 and 9 µs in Figure 2a, the spectrum pattern gradually changes
to A/E/A/E, which is explained by a combination of sublevel-selective
spin relaxation and CR3 in the spin correlated RP.17 (Scheme 1)

To clarify the molecular geometry of the CS state, we have
modeled (1) the ESPT from the spin eigenstates of ZnP-3C60* to
the eigenstates in the RP under the applied magnetic field16 and
(2) kinetics of the spin-lattice relaxations and the singlet CR in
the RP levels by using the density matrix method (see SI for details).
To calculate the eigenfunctions (Tl, Tm, and Tn in Scheme 1) and
their populations under the applied magnetic field in ZnP-3C60*,
the dipolar splitting parameters of DT ) -9.17 mT and ET ) -1.32
mT were used from reported values for fulleropyrollidine.18

Sublevel-selecting ratios for the S1-T1 intersystem crossing were
also considered to be pX ) 0.67, pY ) 0.33, and pZ ) 0.00 for the
TX, TY, and TZ levels, respectively.18 For the RP, the principal axis
Z′ of the spin dipolar interaction was represented by the polar angles
(θ,φ) with respect to the principal axes (X, Y, and Z) of the dipolar
interaction in ZnP-3C60* as shown in Figure 2b.18 D ) -5.2 mT
was used for the RP with E ) 0. We considered that the CS state
undergoes the S-T0 mixing to create the spin-correlated RP17 (a,
b, c, and d in Scheme 1). As a result of the spin polarization
calculation, the A/E-type spectrum at 1 µs was reproduced, as shown
by the solid line in Figure 2a, when (θ,φ) ) (34°,5°) was utilized.
According to the ESPT model,16 the spin polarization pattern
depends on (1) the direction of the Z′ axis in the X-Y-Z coordinate
system and (2) the differences in pX, pY, and pZ. Thus, by using the
triplet-triplet ESPT phenomenon via the photoinduced CS process,
conformation of the CS state can be characterized with respect to
the dipolar principal axes of the triplet state. Figure 2c shows one
of the folded structures of ZnP-C60 geometrically optimized by
the molecular mechanics calculation. The position of ZnP with
respect to the C60 moiety is consistent with the polar angles of (θ,φ)
) (34°,5°) described above. These results strongly support the
validity of the geometry of the folded conformation (EPR confor-
mation) characterized in the present study.

The gradual changes toward the A/E/A/E shape (3 and 9 µs in
Figure 2a) were reproduced as shown by the solid lines by using
Tbc ) 3.0 µs and kCR ) 2.0 × 105 s-1, where Tbc and kCR denote
the relaxation time between the b-c populations (red arrows in
Scheme 1) and the CR rate constant via the singlet RP, respectively.
Together with the relaxation effects, spin-spin exchange coupling
(2J) of +2.0 mT was required as the S-T energy gap to fully
reproduce the three spectra (shown in Figure 2a) with a common
set of parameters. The positive J is explained by the charge-transfer
interaction as has been reported in numbers of CS systems.3,15,19

According to the model of the J, 2J has been approximated as 2J
) |V|2/∆E, where |V| and ∆E are the electronic coupling matrix
element and the vertical energy gap for the CR, respectively.15,19,20

From 2J ) 2.0 mT, |V| ≈ 4 cm-1 is estimated by ∆E ≈ 1 eV.3 In
a CS state of a compact ZnP-fullerene dyad in which ZnP and
C60 are in close proximity (r ) 0.76 nm), |V| ≈ 200 cm-1 has been
specified as a through-space interaction.21 Since |V| ≈ 4 cm-1 in

the present study is extremely small at rSS ) 0.81 nm which is
estimated by D ) -5.2 mT, it is concluded that the active SOMO
is orthogonal to each other as shown by the π-orbitals4,22 in Figure
2b to suppress the electronic interaction. This orthogonal orbital
relationship explains the small CR rate of kCR ) 2.0 × 105 s-1,
indicating that the CR is inhibited due to the poor orbital overlap
even at the short separation.23,24

In conclusion, by means of the low-temperature TREPR, we have
detected a specific folded conformation of the disilane-linked dyad
ZnP-C60 with a small CR rate due to the orthogonal relationship
of the SOMOs. This conformer should clearly be distinguished from
the charge-transfer (CT) complex observed by the UV absorption
measurements in the previous studies9,10 since such a CS state of
the complex must have a large orbital overlap and is not detectable
by the TREPR (SI). Among several molecular conformations, the
structure in Figure 2c may play a crucial role as an entity to suppress
the energy-wasting CR process.9 Further investigations are in
progress to clarify the molecular geometries and 2J for the other
ZnP-[Sin]-C60 systems.
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Scheme 1. Schematic Representations of EPR Transitions (Blue
Arrows), Polarization Transfer via CS, the Spin Relaxations, and
CR
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