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Abstract: The photophysical properties of tetra-tert-butylphthalocyaninatosilicon (SiPc) covalently linked to
one or two 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) radicals (R1, R2) have been studied by fluorescence,
transient absorption, and time-resolved electron paramagnetic resonance (TREPR) spectroscopies. It is found
that the fluorescence quantum yields and lifetimes of R1 and R2 decrease compared with those of (dihydroxy)-
SiPc ((dihydroxy)SiPc) 6.8 ns, R1) 4.7 ns and 42 ps, and R2) 4.7 ns and<30 ps). Transient absorption
measurements indicate that the lifetime of the excited triplet SiPc is markedly dependent on the number of
linking TEMPO radicals ((dihydroxy)SiPc) 500µs, R1) 7.6 µs, and R2) 3.7 µs). These short lifetimes of
R1 and R2 in the excited states are explained as a result of the interaction with TEMPO changing the ISC
between the singlet and triplet states to spin-allowed transitions. Quantitative TREPR investigations have been
carried out for the radical-quartet pair mechanism of R1 and the photoinduced population transfer of R2. It is
determined that the rise and decay times of these electron spin polarizations denote the spin-lattice relaxation
time of the ground state and the lifetime of the excited multiplet state, respectively. This study contributes not
only to an elucidation of radical-chromophore interactions but also to a novel approach for controlling magnetic
properties by photoexcitation.

Introduction

Interactions between photoexcited triplet molecules and
paramagnetic species result in some important phenomena, such
as quenching of photoexcited molecules1,2 and generation of
the excited singlet oxygen.3 Recently, a time-resolved electron
paramagnetic resonance (TREPR) method, which is a powerful
technique to observe paramagnetic intermediates after photo-
excitation, has been proved to be useful for investigating the
interactions between photoexcited triplet molecules and stable
radicals. In the beginning, the radical-triplet pair mechanism
(RTPM)4 and the electron spin polarization transfer mechanism5

have been reported for electron spin polarizations (ESPs) of
the radicals, which are produced after the interaction with the
excited triplet molecules. Further, some chromophores bonded
to a paramagnetic molecule have been studied in order to
achieve a direct investigation of excited multiplet states consist-
ing of a photoexcited triplet chromophore and a doublet
molecule.6-8

As a development of this kind of excited multiplet studies,
new ESPs were reported for three-center four-spins (3c-4s)
systems.8b,9-11 The first is the photoinduced population transfer
(PIPT) between the singlet (S0′) and triplet (T0′) ground states,
observed for tetra-tert-butylphthalocyaninatosilicon (SiPc) co-
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valently linked to two TEMPO radicals (R2 in Figure 1).9 This
PIPT results from selective population from the excited multiplet
state to the T0′ state. The other is the radical-quartet pair
mechanism (RQPM), observed for SiPc covalently linked to
one TEMPO radical (R1 in Figure 1).10 The RQPM is produced
by an intermolecular interaction between R1 in the excited
quartet state and another R1 in analogy with the RTPM. These
ESPs are not only important for clarifying quenching of
photoexcited molecules but also attractive as a new concept for
controlling magnetic properties by light, because the magnetic
properties in the ground state are varied before and after the
photoexcitation. Since spin dynamics of these PIPT and RQPM
had not been fully elucidated, more quantitative analyses are
required.9,10 Furthermore, it is important in the understanding
of the influences of the linking radicals on photophysical
properties to employ other spectroscopies, such as fluorescence
or transient absorption, while there have been few studies on
the chromophore bonded to stable radicals by using TREPR
together with such optical measurements.

For these reasons, we present an investigation of R1 and R2
by the combined use of TREPR, fluorescence, and transient
absorption spectroscopies. Important features are listed as
follows. (1) The decay kinetics of SiPc in the lowest excited
singlet and triplet states are investigated by fluorescence and
transient absorption measurements. A relationship between
intersystem crossing (ISC) and linking TEMPO radicals is
discussed. (2) Since TREPR signals of both the excited multiplet
state and the ground state are observable, the spin dynamics of
the RQPM and PIPT are analyzed quantitatively not only by
the signal of the excited multiplet state but also by the ESP of
the ground state. The purpose of this work is to establish a novel
approach for evaluating the excited-state dynamics of paramag-
netic molecules.

Experimental Section
R0, R1, and R2 were synthesized following the methods already

reported.12 In particular, R1 and R2 were purified carefully before the

measurements. Spectral grade toluene (Nacalai Tesque Inc.) was used
as a solvent for all measurements. The concentrations of samples were
(0.2-1) × 10-4 M for time-resolved fluorescence and transient
absorption measurements, and 1× 10-3 M for TREPR measurements.
For these time-resolved measurements, samples were deaerated by
freeze-pump-thaw cycles, and then the measurements were carried
out within 2 days.

Steady-state UV-vis absorption spectra were measured with a
Hitachi 330LC spectrometer. Steady-state fluorescence and excitation
spectra were recorded with a Hitachi F-4500 fluorescence spectrometer.
Fluorescence quantum yields were determined by the use of H2Pc ()
0.60). Time-resolved fluorescence emissions were measured by a single-
photon counting method using an argon ion laser (Spectra-Physics,
BeamLok 2060-10-SA), a pumped Ti:sapphire laser (Spectra-Physics,
Tsunami 3950-L2S, 1.5 ps fwhm) with a pulse selector (Spectra-Physics,
Model 3980), a second harmonic generator (GWU-23PS), and a streak-
scope (Hamamatsu Photonics, C4334-01).13 For the time-resolved
fluorescence measurements, samples were excited at 365 nm. Transient
absorption measurements were performed by using a monochromator
(JASCO CT-25CP) and a photomultiplier (Hamamatsu Photonics R446)
with a continuous wave of metal halide lamp (Sigma Koki IMH-250).
TREPR, pulse-EPR, and steady-state EPR measurements were carried
out on a Bruker ESP 300E spectrometer.10,14For the transient absorption
and TREPR measurements, samples were excited at 620 or 585 nm by
a dye laser (Lumonics HD 500) pumped with an excimer laser
(Lumonics EX 500, 13 ns fwhm), and the signals were integrated using
a digital oscilloscope (Iwatsu-LeCroy LT342). All experiments were
made at room temperature.

Theoretical Background

To discuss the electron spin dynamics, the excited states of
R0, R1, and R2 are illustrated. Simple energy diagrams of the
excited states are shown in Figure 2. For R0, the lowest excited
singlet (S1) state is almost derived from the1(a1ueg) configuration
(the a1u (π) and eg (π*) orbitals denote the HOMO and LUMO
of Pc ligand, respectively), and is located at∼14500 cm-1.12

The lowest excited triplet (T1) state also originates from the
3(a1ueg) configuration, and is located at∼9000 cm-1.15

For R1, the doublet ground (D0) state consists of TEMPO in
the D0 state (2TEMPO) and SiPc in the singlet ground (S0) state
(1SiPc). A pair of2TEMPO and SiPc in the S1 state (1SiPc*)
provides the excited doublet (Dn) state. On the other hand, the
lowest excited doublet (D1) and quartet (QA1) states are
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Figure 1. Molecular structures of R0, R1, and R2.
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generated by an interaction between2TEMPO and SiPc in the
T1 state (3SiPc*).16 Previous TREPR studies indicate that an
energy splitting (3J) between the D1 and QA1 states is evaluated
as> 0.1 cm-1.10,17

In case of R2, the singlet (S0′) and triplet (T0′) ground states
are generated by an interaction between two2TEMPO radicals.
An energy splitting (2J′) between the S0′ and T0′ states is
evaluated as 9.9× 10-4 cm-1 by a steady-state EPR spectrum.9

The excited singlet (Sn′) and triplet (Tn′) states are constituted
by 1SiPc* and two2TEMPO. On the other hand, interactions
with 3SiPc* (3c-4s system) are complicated. The interactions
among3SiPc* and two2TEMPO result in the lowest excited
singlet (S1′), triplet (T1′), quintet (QI1′), and second lowest
excited triplet (T2′) states.16 Here, two2TEMPO radicals exhibit
the triplet and singlet characters in the T1′ and T2′ states,
respectively. Energies of the S1′, T1′, T2′, and QI1′ states are
calculated asJ - J′, -J′, -J, and-2J - J′, respectively.16b

SinceJ (>3.3× 10-2 cm-1) . J′ (∼5 × 10-4 cm-1), they are
reevaluated asJ, 0, -J, -2J, respectively.

Results and Interpretations

Fluorescence and Transient Absorption Measurements.
Steady-state electronic absorption and fluorescence spectra of
R1 are shown in Figure 3. Electronic absorption spectra show
little dependence on substitution of TEMPO radicals, indicating
that the electronic interaction between the excited singlet SiPc
and doublet TEMPO is very weak.12 While the fluorescence
spectra are also independent of the TEMPO substitution, the
fluorescence quantum yield decreases in the order R0 () 0.57),
R1 () 0.21), and R2 () 0.012).12 To investigate in detail, time-
resolved fluorescence emissions of R0, R1, and R2 were
measured. Decay-profiles of fluorescence are shown in Figure
4, and the lifetimes are summarized in Table 1. The decay-

profile of R0 was analyzed with a single-exponential function,
where the lifetime () 6.8 ns) is similar to those of metal-free
or Mg Pc derivatives.18 On the other hand, the fluorescence
decays of R1 and R2 are faster than that of R0, and consist of
fast and slow components, whose decay times were evaluated
as several 10 picoseconds (R1) 42 ps, R2< 30 ps) and several
nanoseconds (R1) 4.7 ns, R2) 4.7 ns), respectively. Since
time-resolved fluorescence spectra of the fast and slow com-
ponents are similar to the steady-state fluorescence spectra, it
is confirmed that both the fast and slow fluorescence emissions
originate from1SiPc*.19 To investigate3SiPc*, transient absorp-
tion measurements were carried out for R0, R1, and R2. A
transient absorption spectrum of R1 is typically shown in Figure
3b. Transient absorption spectra of all complexes exhibit typical
T-T absorption spectra of Pc derivatives,20 indicating that the
electronic interaction between the excited triplet SiPc and
doublet TEMPO is small. Decay-profiles of the transient
absorption signals are shown in Figure 5. The decay-profiles
of R0 are remarkably dependent on the laser power, originating
from T-T annihilation.21 In contrast, the decay-profiles of R1
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Figure 2. Energy diagrams of the excited states of R0, R1, and R2.
The J value is assumed to be negative in these diagrams.

Figure 3. Steady-state electronic absorption (a), fluorescence (b; solid
line), and transient absorption (b; broken line) spectra of R1. The
transient absorption spectrum was observed at 2.2µs after 620 nm laser
excitation.

Figure 4. Decay-profiles of fluorescence (broken lines) of R1 (a, c2),
R2 (b, d), and R0 (c1) with their fitting curves (solid lines). Time-
profiles of laser pulses are shown by dotted lines (a, b). Fitting curves
were calculated by a least-squares method.
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and R2 were independent of the laser power, indicating that
the intramolecular quenching is more efficient than the inter-
molecular quenching. The decay-profiles, except for R0 with
the strong laser excitation, were analyzed with single-exponential
functions. The lifetimes of R0, R1, and R2 were evaluated as
500 µs, 7.6 µs, and 3.7µs (Table 1), respectively, and are
markedly dependent on the number of TEMPO radicals.

TREPR Measurements. Steady-state EPR and TREPR
spectra of R1 are shown in Figure 6a, b, and c. A broadA signal
of the QA1 R1 is seen at 0.1µs after laser excitation,10 and is
generated by selective ISC from the higher excited doublet
states. Here,A and E denote absorption and emission of the
microwaves, respectively. In contrast, theE polarization is
generated in the D0 state, and is reasonably assigned to the
RQPM,10 where the excessR spin is produced by the intermo-
lecular interaction between the QA1 R1 and another R1. To
discuss quantitatively, time-profiles of the TREPR signals were
measured, and are shown in Figure 6d and e.22 For the QA1

signal, the time-profile of theA signal was analyzed with a
double-exponential function (τ1 < 0.1 µs andτ2 ) 5.1 ( 0.9
µs). The fast and slow decay times are reasonably assigned to
the spin-lattice relaxation (SLR) time and lifetime of the QA1

state, respectively. The QA1 lifetime measured by TREPR is a
little different from that observed by the transient absorption
measurement. This originates from a change in experimental
conditions, such as concentration or magnetic field.23 On the
other hand, the rise and decay times of theE polarization in
the D0 state were evaluated as 0.71( 0.04 and 5.5( 0.6 µs,
respectively.

A steady-state EPR spectrum of R2 is shown in Figure 7a.9

The spectrum is conveniently divided into two groups. One is
κn signals (n ) 1-3), which are transitions whenmN1 ) mN2,
where themNi (i ) 1, 2) is the magnetic quantum number of
the nitrogen nucleusi. The eigenfunctions are represented as
|T0+′〉, |T00′〉, |S0′〉, and |T0-′〉 without the S- T0 mixing.24

The other isσn andηn signals, which are transitions whenmN1

* mN2. The eigenfunctions are|T0+′〉, |T0-′〉, |ψ1′〉 () a|S0′〉 +
b|T00′〉), and|ψ2′〉 () -b|S0′〉 + a|T00′〉) with the S-T0 mixing.
TREPR spectra of R2 are shown in Figure 7b, c, and d.9 A
broadE signal (g ) 2.003) is seen at 0.1µs after laser excitation.
This signal is evidently different from the ground state and is
reasonably assigned to the excited multiplet state.25 The excited
multiplet state of the 3c-4s system was observed in solution

(21) Frink, M. E.; Geiger, D. K.; Ferraudi, G. J.J. Phys. Chem.1986,
90, 1924.

(22) The time-profiles of TREPR signals were independent of the
microwave power (0.05-5 mW).

(23) While TREPR measurements were carried out for [R1]) 1 ×10-4

M, significant time-profiles could not be obtained.
(24) |T0+′〉 ) |RR>, |T00′〉 ) (|Râ〉 + |âR〉)/21/2, |S0′〉 ) (|Râ〉 - |âR〉)/

21/2, |T0-′〉 ) |ââ〉.
(25)g Values of the T1′, T2′, and QI1′ states were calculated as 2.003,

2.000, and 2.003, respectively, by usingg(T2′) ) g(T) andg(T1′) ) g(QI1′)
) {g(T) + g(R)}/2,16 whereg(T) () 2.000) andg(R) () 2.006) denote the
g values of3SiPc* and2TEMPO, respectively. While theg(QI1′) andg(T1′)
values are the same as theg value () 2.003) of the broadE signal, it is
difficult to assign the broadE signal clearly due to the small energy splitting
(∼J) and the complicated TREPR spectrum of R2 at 20 K.7f

Table 1. Lifetimes of 1SiPc* and3SiPc*

observed signals R0 R1 R2

fluorescence 6.8( 0.4 ns 42( 4 ps(∼75%) <30 ps(∼90%)
1SiPc* 4.7( 0.3 ns(∼25%) 4.7( 0.3 ns(∼ 10%)
transient absorption
3SiPc*

500( 30 µs 7.6( 0.3µs 3.7( 0.4µs

TREPR (excited state) - 5.1( 0.9µs -
3SiPc*
TREPR (ground state) - 5.5( 0.6µs 1.8( 0.2µs
3SiPc*

Figure 5. Decay-profiles of transient absorption signals (broken lines)
of R0 (a1, a2), R1 (b), and R2 (c) at 490 nm with their fitting curves
(solid lines). For R0, two decay-profiles measured using strong (a1;
5.8 mJ/pulse) and weak (a2; ∼0.1 mJ/pulse) laser excitation are shown.
Fitting curves were calculated by a least-squares method.

Figure 6. A steady-state EPR spectrum (a), TREPR spectra (b, c),
and time-profiles of the QA1 and D0 signals (d, e; broken lines) of R1
with their fitting curves (d, e; solid lines). TREPR spectra were observed
at 0.1 (b) and 3.6 (c) µs after 585 nm laser excitation. Time-profiles of
the QA1 and D0 signals were measured at positions indicated by the
QA1 and D0 arrows, respectively. Fitting curves were calculated by a
least-squares method.
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for the first time. TheEEE EEE EEEandEEA EEA EEAsignals
of the ground state are seen at 0.6 and 1.8µs, respectively. The
first EEE EEE EEEpolarizations originate from the excessR
spin generated in the excited multiplet state. The laterEEA EEA
EEApolarizations are interpreted by selective population to the
T0′ state, since the decays from the T1′, T2′, and QI1′ states to
the T0′ state are faster than those to the S0′ state for the smaller
change in the spin quantum number. To investigate the spin
dynamics in detail, time-profiles of the TREPR signals were
measured, and are typically shown in Figure 7e and f. The
decay-profile of theκ2 signal was analyzed with a single-
exponential function, where the decay time (0.72( 0.1 µs) is
almost the same as the SLR time (0.71( 0.03 µs) measured
by the inversion recovery method.26 This analysis indicates that
the ESP of theκn signal is initially generated by a transfer of
the excessR spin from the excited multiplet state to the ground
state, and is not produced after that. On the other hand, the
time-profile of theη2 signal is different from that of theκ2 signal.
After the decay of the firstE polarization, a newA polarization
is generated. The time-profile of theη2 signal was analyzed
with a double-exponential function (τ1 ) 0.55 ( 0.12 µs and
τ2 ) 1.8 ( 0.2 µs).

Discussion

Fluorescence and Transient Absorption.It is found that
the fluorescence quantum yields and lifetimes of R1 and R2
remarkably decrease compared with those of R0. These changes
in fluorescence properties are reasonably interpreted by the
interaction with 2TEMPO, which changes ISC between the
singlet and triplet states to spin-allowed transitions, such as,
Dn f D1, Sn′ f S1′, Tn′ f T1′, or Tn′ f T2′. The fluorescence
decays of R1 and R2 consist of fast (several 10 ps) and slow
(∼5 ns) components in contrast to the single-exponential decay
of R0. These fluorescence decay behaviors remain to be fully
explored but may be interpreted by a change in the relative
geometry between SiPc and flexible axial ligands,27 providing
both large and small interactions between TEMPO and SiPc in
a time-resolved fluorescence time-scale.

All decay-profiles of the transient absorption signals are
analyzed with single-exponential functions. The lifetime de-
creases in the order R0 () 500µs), R1 () 7.6 µs), and R2 ()
3.7 µs), and is markedly dependent on the number of TEMPO
radicals. From here, an origin of these short lifetimes is
considered. For R1, only the QA1 state could be observed by
TREPR measurements in contrast to no D1 signal.10 However,
the short lifetime of R1 needs a contribution of the D1 state,
since a transition between the QA1 and D0 states is spin-
forbidden.28 In this case, differential equations are expressed
as follows.

Here,k1, k2, k3, andk-3 denote the rate constants of the QA1 f
D0, D1 f D0, D1 f QA1, and QA1 f D1 transitions,
respectively. While an analytical solution of eq 1 is a double-
exponential function, the decay of the transient absorption signal
becomes a single-exponential function due to the rapid averaging
between the D1 and QA1 states (k3, k-3 . k1, k2).29 Assuming
3J , kT, the decay rate of the transient absorption signal is
given by (2k1 + k2)/3. When k2 . k1,28 the k2 value was
calculated as 3.9× 105 s-1. In a similar manner, the decay rate
of R2 is given by (k4 + k5 + 3k6 + 3k7 + 3k8 +3k9 + 5k10

+5k11)/12, wherek4, k5, k6, k7, k8, k9, k10, k11 denote the decay
rate constants of the S1′ f S0′, S1′ f T0′, T1′ f S0′, T1′f T0′,
T2′f S0′, T2′ f T0′, QI1′f S0′, and QI1′f T0′ transitions,
respectively. When the rate constants (k5, k6, k8, k10, andk11) of
spin-forbidden transitions are negligibly small,28 the rate
constants (k4, k7, and k9) of spin-allowed transitions were
estimated as 4.6× 105 s-1, and are a little larger than thek2

value () 3.9 × 105 s-1). In conclusion, the short lifetimes of
R1 and R2 originate from a contribution of the spin-allowed
transitions.

TREPR of R1. The time-profile of theE polarization in the
D0 state is analyzed with a double-exponential function (τ1 )
0.71 µs andτ2 ) 5.5 µs). To discuss quantitatively, the spin
dynamics of the RQPM were investigated using following
differential equations (Scheme 1).

(26) The inversion recovery method was carried out using aπ - π/2
pulse sequence.

(27) An exchange between stable conformations in the excited state or
a difference in the most stable conformation between the ground and excited
states are considered as possible origins.

(28) Since the similarity of the wave functions indicates that the decay
rate of the QA1 R1 is almost the same as that () 2 × 103 s-1) of the T1
R0,7e the decay rate of the spin-allowed transitions is much faster than that
of the spin-forbidden transitions.

(29) Asano, M.; Kaizu, Y.; Kobayashi, H.J. Chem. Phys.1988, 89, 6567.

Figure 7. A steady-state EPR spectrum (a), TREPR spectra (b, c, d)
and time-profiles of theκ2 and η2 signals (e, f; broken lines) of R2
with their fitting curves (e, f; solid lines). TREPR spectra were observed
at 0.1 (b), 0.6 (c), and 1.8 (d) µs after 585 nm laser excitation. Fitting
curves were calculated by a least-squares method.

Scheme 1

d[QA1]/dt ) -(k1 + k-3)[QA1] + k3[D1] (1a)

d[D1]/dt ) -(k2 + k3)[D1] + k-3[QA1] (1b)

d[D0 + 1/2]/dt ) k+1/2{[QA1] + [D1]} + kRQPM[QA1][R1] +
(N - NB)/(2TISLR) (2a)
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Here, NB, T1SLR, and 1/(k+1/2 + k-1/2) denote the Boltzmann
difference, SLR time of the D0 state, and lifetime of the D1 and
QA1 states without the RQPM, respectively. We assume that
the interaction between the QA1 R1 and another R1 results in
the RQPM, and thatkRQPM andkRQPM′ are independent of the
ESP in the QA1 and D0 states. After the SLR in the QA1 state,
the decay of the QA1 state is expressed as

Here, 1/kM and [QA1]0 denote the lifetime of the QA1 state with
the RQPM and the initial concentration of the QA1 state after
laser excitation, respectively. Assumingk+1/2 ) k-1/2, the
differential equation and analytical solution of theE polarization
are expressed as follows:

The analytical solution is expressed by a double-exponential
function, where the rising and decaying parts indicate the SLR
time () T1SLR) of the D0 state and the lifetime () 1/kM) of the
QA1 state, respectively. The fast rise time () 0.71µs) of theE
polarization is almost similar to the SLR time () 0.67( 0.07
µs) measured by the inversion recovery method.26 In addition,
the decay time () 5.5 µs) of theE polarization approximates
to the lifetime () 5.1µs) of the QA1 state measured by TREPR.
That is, the RQPM is well reproduced by eq 4b. The spin
dynamics of R1 are summarized in Figure 8. The excessâ spin
in the QA1 state is generated by selective ISC promoted by the
SOC. TheA polarization of the QA1 state decays with the SLR
time (<0.1 µs) of the QA1 state. After the SLR, the QA1 R1 in
the Boltzmann distribution interacts with another R1, resulting
in the E polarization. TheE polarization rises with the SLR
time () 0.7µs) of the D0 state, and decays with the lifetime ()
5.5 µs) of the QA1 state.

TREPR of R2. The E polarization decay at theκ2 position
is analyzed with a single-exponential function, whose decay time
() 0.72 µs) is the same as the SLR time () 0.71 µs). This
indicates that the ESP of theκn transitions is not produced after
the transfer of the excessR spin from the excited multiplet state.

On the other hand, the time-profile of theη2 signal is different
from that of theκ2 signal. After the decay of the initialE
polarization, the newA polarization is generated by selective
population to the T0′ state. Using Scheme 2, a differential
equation of theη2 signal is expressed as follows:

After the SLR in the excited multiplet state, the time-profile of
the excited multiplet state is expressed as

Here, 1/kM′ and [M′]0 denote the lifetime and initial concentra-
tion of the excited multiplet state, respectively. Using eq 6, an
analytical solution of eq 5a is expressed by a double-exponential
function.

Here,N0′ denotes the initialE polarization transferred from the
excited multiplet state. That is, the rising and decaying parts of
the η2 signal exhibit the SLR time of the ground state and the
lifetime of the excited multiplet state, respectively. The rise time
() 0.55 ( 0.12 µs) of theA polarization approximates to the
SLR time () 0.71 ( 0.03 µs) of the ground state. While the
decay time () 1.8 µs) of theA polarization is shorter than the
lifetime () 3.7 µs) of the excited multiplet state measured by
transient absorption, this is due to the change in experimental
conditions, concentration or magnetic field. Therefore, the spin
dynamics of the PIPT phenomenon are reasonably explained
by eq 7, and are summarized in Figure 9. The excessR spin in
the excited multiplet state is generated by selective ISC. TheE
polarization of the excited multiplet state is transferred to the
ground state, and decays with the SLR time (<0.1 µs) of the
excited multiplet state. After the SLR, selective population from
the excited multiplet state occurs to the T0′ state. TheA
polarization of theηn signals rises with the SLR time () 0.7

d[D0 - 1/2]/dt ) k-1/2{[QA1] + [D1]} +
kRQPM′[QA1][R1] - (N - NB)/(2TISLR) (2b)

N ) [D0 - 1/2] - [D0 + 1/2] (2c)

NB ) [D0 - 1/2]B - [D0 + 1/2]B (2d)

[QA1] ) [QA1]0 exp(-kMt) (3)

dN/dt ) (kRQPM′ - kRQPM) [QA1]0[R1] exp(-kMt) -
(1/T1SLR)(N - NB) (4a)

N ) {(kRQPM′ - kRQPM)[QA1]0[R1]/(1/T1SLR - kM)} ×
{exp(-kMt) - exp(- t/T1SLR)} + NB (4b)

Figure 8. Summary of spin-dynamics of R1 after laser excitation.

Scheme 2

dN′/dt ) (kT0- - kΨi) [M ′] - (1/T1SLR′)(N′ - NB′) (5a)

[M ′] ) [S1′] + [T1′] + [T2′] + [QI1′] (5b)

N′ ) [T0-′] - [Ψi′] (5c)

NB′ ) [T0-′]B - [Ψi′]B (5d)

i ) 1, 2

[M ′] ) [M ′]0 exp(-kM′t) (6)

N′ ) {(kT0- - kΨi) [M ′]0/(1/T1SLR′ - kM′)} ×
{exp(-kM′t) - (1 - P) exp(-t/T1SLR′)} + NB′ (7a)

P ) (1/T1SLR′ - kM′)(N0′ - NB′)/{(kT0- - kΨi)[M ′]0} (7b)

N0′ ) [T0-′]0 - [Ψi′]0 (7c)
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µs) of the ground state, and decays with the lifetime () 1.8µs)
of the excited multiplet state.

Conclusions

We have studied SiPc covalently linked to one or two
TEMPO radicals, R1 and R2, and succeeded in clarifying the
photophysical properties by the combined use of fluorescence,

transient absorption, and TREPR spectroscopies. The decay
kinetics of 1SiPc* and3SiPc* were investigated by the fluo-
rescence and transient absorption measurements, and was
explained by the interaction with2TEMPO changing the ISC
between3SiPc* and1SiPc* or1SiPc to spin-allowed transitions.
Quantitative analyses of the PIPT and RQPM showed that the
rise and decay times of these ESPs were the SLR time of the
ground state and the lifetime of the excited multiplet state,
respectively. This study contributes not only to an elucidation
of radical-chromophore interactions, but also to a novel approach
for controlling magnetic properties by photoexcitation.
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Figure 9. Summary of spin-dynamics of R2 after laser excitation.
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