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Time-resolved (TR) EPR was used to study the photophysics and photochemistry of 1-(3-(methoxycarbonyl)-
propyl)-1-phenyl[6.6]C61 (M1). The CW TREPR spectra of M1 in the photoexcited triplet state, frozen in a
rigid matrix and in liquid solution at room temperature, were compared with those of3C60. The introduction
of the substituent on C60 has a striking effect on the spectra of the triplets, which is attributed to the lifting
of the orbital degeneracy by the reduction in symmetry. Fourier transform (FT) EPR was used in an investigation
of electron-transfer reactions in liquid solutions mediated by3M1. Of particular interest was the system of
M1/chloranil (CA)/ perylene (Pe). Photoexcitation of M1 is found to lead to the formation of the chloranil
anion radical and the perylene cation radical. From the chemically induced dynamic electron polarization
(CIDEP) patterns in the FTEPR spectra and the dependence of the reaction kinetics on reactant concentrations,
it was deduced that CA- is formed by two competing pathways following photoexcitation of M1: (1) direct
electron transfer from3M1 to CA followed by electron transfer from Pe to M1+ and (2) energy transfer from
3M1 to Pe followed by oxidative quenching of3Pe by CA. In both pathways, M1 acts as a light-energy
harvester and mediator of electron-transfer reactions from Pe to CA without itself being consumed in the
process, that is, as a photocatalyst. It is found that the functionalization of C60 makes its triplet state a worse
electron donor and acceptor, but it has no significant effect on the triplet energy transfer reaction.

1. Introduction

It has been found that C60 strongly absorbs visible light and
that photoexcitation leads to the formation of relatively long-
lived triplets (3C60) with nearly 100% quantum efficiency.1 3C60

can undergo reversible electron-transfer reactions with both
donors and acceptors. In the presence of a good electron
acceptor, such as tetracyanoethylene,2,3 tetracyanoquinodimethane,3

or chloranil,4 3C60 is oxidatively quenched. Alternatively, in the
presence of donors such as tri-p-tolylamine or hydroquinone,5

3C60 is reduced. Because of these unique properties, C60 is a
promising candidate for use in applications such as solar
photochemistry, photodynamic therapy, and optoelectronic
devices.6-10

Of particular interest in this work is the use of3C60 as a
photocatalyst of electron-transfer reactions between species that
do not absorb visible light. The present study is an extension
of an earlier Fourier transform (FT) EPR and flash photolysis
study of the system C60/chloranil (CA)/perylene (Pe), which
established that photoexcited3C60 initiates fast and efficient
electron-transfer reactions to CA by three distinct pathways.4

The use of C60 as a photocatalyst in a homogeneous solution is
somewhat complicated because it remains in solution with the
product(s) of interest, which makes isolating the product(s)
difficult. In addition, recovering the C60 for further use would
be a tedious process. To explore the application of C60 in
photocatalysis of electron-transfer reactions in heterogeneous
media, where product isolation and catalyst recovery problems

may be alleviated, a handle with a terminal ester or carboxylic
acid group was attached to C60 following a literature procedure.11

The acid form of the stable C60 adduct allows for attachment to
solid supports such as silica gel or TiO2, providing a photo-
catalysis system that can be recovered readily after use.

To understand the effect of the substituent on the character-
istics of the EPR spectrum of3C60, the adduct 1-(3-(methoxy-
carbonyl)propyl)-1-phenyl[6.6]C61 (M1, structural formula) was
synthesized11 and studied. The time-resolved (TR) EPR spectra
of 3M1 in frozen toluene/chloroform (1:1) and in toluene at room
temperature were compared with spectra of3C60 under similar
conditions. The distinct features of the TREPR spectra given
by 3M1 in liquid solution and randomly oriented in frozen
solution allow for a straightforward detection of the adsorption
of the C60 adduct from solution onto a solid support such as a
TiO2 film.

FTEPR was used to investigate electron-transfer reactions in
liquid solutions mediated by3M1. Of particular interest is the
system M1/CA/Pe in benzonitrile. The study of the M1/CA/Pe
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system with FTEPR gives a great deal of insight into the
mechanisms leading to electron transfer. This is because the
spectra, in addition to providing data on chemical kinetics, show
chemically induced dynamic electron polarization (CIDEP)
effects12 characteristic of the distinct reaction routes. It is found
that 3M1 acts as a visible-light photocatalyst by mediating
electron-transfer reactions from Pe to CA without itself being
consumed in the process.

2. Experimental Section

All solvents (highest grade available, Aldrich), perylene (gold
label, Aldrich), and all chemicals required for the synthesis of
M1 (Aldrich) were used as received. Chloranil (Aldrich) was
purified by vacuum sublimation. M1 was prepared in accordance
with a literature procedure11 from C60 (99.9%, SES Research).

All samples were excited with the second harmonic (532 nm)
of a Quanta Ray GCR 12 Nd:YAG laser (pulse width∼8 ns,
pulse energy∼20 mJ, and 10 Hz repetition rate). CW TREPR
measurements were carried out with a Varian E-9 X-band
spectrometer equipped with a boxcar integrator for direct
detection of EPR signals. A Varian variable-temperature ac-
cessory was utilized to set sample temperatures. Measurements
were taken at temperatures ranging from 170 to 298 K. Samples
were purged with argon to remove oxygen.

FTEPR measurements were carried out on a home-built
spectrometer described previously.13 The magnetic field was
generated by a Varian 9 in. magnet. The microwave radiation
was provided by a phase-locked source operating at 9.144 GHz
amplified by a 1 kW TWTmicrowave amplifier. The MW pulse
width is ∼15 ns. The FID was detected with an IF quadrature
mixer, and a CYCLOPS phase-cycling routine was employed
to cancel the differences between the two channels.14 All FTEPR
measurements were carried out at room temperature. The
recorded FIDs were the averages of signals generated by 2000

laser shots (500 per phase). Missing points in the FID due to
the dead time of the instrument were calculated with an
LP-SVD routine.15 The signal phase was confirmed by com-
parison with the spectrum given by the tetracyanoethylene anion
radical (TCNE-) in 2-MTHF. Prior to the measurements, the
samples were subjected to several freeze-pump-thaw cycles
under high vacuum to remove oxygen, after which they were
sealed off under vacuum.

The concentration of M1 was∼1.5 × 10-4 M for all
measurements. The concentrations of CA and Pe were varied
from 3.6× 10-4 to 1.1× 10-2 M and from 8.6× 10-5 to 9.6
× 10-3 M, respectively. FTEPR spectra were recorded following
the laser pulse with delay time settings (τd) ranging from 50 ns
to 500µs.

3. Results and Discussion

3.1. TREPR Spectra of3M1 and 3C60. Figure 1a displays
the rigid matrix (toluene/chloroform 1:1,∼171 K) CW TREPR
spectrum given by3M1 for a 500 ns delay between laser
excitation and signal detection. The spectrum exhibits the
characteristic powder pattern caused by the dipolar interaction
between the two unpaired electrons of the triplet.16 The
absorption/emission spin-polarization pattern in the spectrum
reflects the spin selectivity of the intersystem crossing (isc)
process. The dotted line in Figure 1a represents the computer
simulation17 of the spectrum given by3M1. The values of zero-
field splitting parameters,D andE, the relative population rates
of the zero-field spin states,px, py, andpz, and the line width
(full width at half-maximum (fwhm)) used in the simulation
are given in Table 1 together with those derived from the3C60

spectra.18

A comparison with the spectrum given by3C60 under identical
conditions (Figure 1b) illustrates the pronounced effect of the
substituent. The orbital degeneracy of C60 in the first excited

Figure 1. Rigid matrix CW TREPR spectra. (a) Photoexcited M1 in toluene/chloroform (1:1) at∼170 K, τd ) 500 ns. The dotted line represents
the computer simulation of the spectrum with parameters given in Table 1. (b) Photoexcited C60 in toluene/chloroform (1:1) at∼170 K, τd ) 200
ns. CW TREPR spectra in fluid solution at room temperature. (c)3M1 in toluene at room temperature,τd ) 800 ns. (d)3C60 in toluene at room
temperature,τd ) 1 µs.
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triplet state gives rise to a dynamic Jahn-Teller effect (pseu-
dorotation) that at a temperature as low as 171 K already
leads to a partial averaging of the zero-field splitting.18 The
substituent removes the orbital degeneracy so that in the case
of 3M1 a static rigid matrix spectrum is observed. However,
introduction of the substituent does not noticeably affect theD
and E values (cf. Table 1), which indicates that the electron
spin distribution over the C60 moiety remains essentially
unchanged.

The TREPR spectra of3M1 and3C60 in fluid solution at room
temperature (cf. Figure 1c and 1d) also illustrate the dramatic
effect that the loss of orbital degeneracy has on the resonance
signal. In both systems, the zero-field splitting is almost
completely averaged out. The narrow line width of the3C60

resonance is due to the fast averaging of the dipole-dipole
interaction between the unpaired electrons by interconversion
between Jahn-Teller states.18,19 The CW TREPR spectrum of
3M1 in toluene is significantly broader because of the absence
of this pseudorotation mechanism.

The room-temperature CW TREPR spectrum given by3M1
(Figure 1c) was analyzed in some detail to extract parameters
that could aid in the quantitative interpretation of the data given
by the FTEPR study of electron-transfer reactions discussed in
the next sections. The3M1 peak was fit to a Lorenzian with a
value of 13 MHz for the fwhm. From this measured value,T2

can be calculated according toT2 ) (π fwhm)-1, which gives
a value ofT2 ) 25 ns. Because the dead time of the FTEPR
spectrometer is∼100 ns, the3M1 signal is not observable using
FTEPR. In contrast,T2 is approximately 500 ns for3C60, which,
consequently, is observable using FTEPR.20

The line width of the EPR signal given by a rotating triplet
is determined by the values ofD and E and the rotational
correlation timeτc according to21

where∆2 ) 2/3(D2 + 3E2)/h2 is the zero-field splitting in rad/s
andω0 is the Larmor frequency. Substituting theD andE values
given in Table 1 andT2 ) 25 ns, a value ofτc ) 29 ps was
derived for3M1 in toluene. This is in close agreement with the
value 22.8 ps predicted22 for 3C60 by the Stokes-Debye-
Einstein equation

whereη ) 0.56 cp, which is the viscosity of toluene at 25°C,23

a ) 0.35 nm,24 which is the molecular radius of C60, kB is the
Boltzmann constant, andT is the temperature. The derived value
τc ) 29 ps is also consistent with the NMR results that giveτc

) 16.9 ps for3C60 in toluene at 303 K.24 The slightly larger
rotational correlation time of3M1 may reflect the effect of the

addition of the substituent on the effective molecular radius and
therefore τc. Because all of the electron-transfer reaction
measurements were performed on solutions in the more polar
solvent benzonitrile and the rotational correlation time is
proportional to the viscosity of the solvent,τc for 3M1 in
benzonitrile can be estimated by multiplyingτc in toluene by
the ratio of the viscosities of benzonitrile (η ) 1.267 cp at 25
°C25) and toluene. This gives an estimated value ofτc ≈ 65 ps
for 3M1 in benzonitrile. In contrast, the pseudorotation effect
reducesτc to ∼0.8 ps in the case of3C60 in toluene at 300 K.22

The spin-lattice relaxation time of3M1, T1
T, can be

calculated from the zero-field splitting parameters and the
rotational correlation time according to21

Using the estimated value ofτc in benzonitrile (65 ps) and the
D and E values from Table 1, a value of 214 ns forT1

T in
benzonitrile was derived.

The initial spin polarizationP of the M1 triplets produced
by the spin-selective intersystem crossing is given by26

In this equation,D* ) (D2 + 3E2)/2, K ) [(px + py)/2 - pz],
and the term 2πkBT/hω is introduced to give the polarization
with respect to the thermal equilibrium value (PB).21 Substituting
the D, E, px, py, andpz values given in Table 1, the calculated
rotational correlation time (65 ps), and a frequency of 9.218
GHz, a value ofP ) 3.3 was found. In contrast,3C60 is generated
with a polarization of approximately 0.1-0.2 with respect to
Boltzmann.22 The drastic difference inP is consistent with the
reduction in the value ofτc on going from3M1 to 3C60.

The data derived from the CW TREPR spectra of3C60 and
3M1 are useful in the consideration of the FTEPR study of the
M1/CA and M1/CA/Pe systems. First, the pronounced differ-
ences in line widths of the liquid solution triplet spectra (cf.
Figure 1) indicate that the kinetics of triplet quenching by
electron or energy transfer can be monitored via the narrow-
line 3C60 FTEPR signal, whereas the3M1 signal cannot be
observed. Furthermore, according to the interpretation of the
TREPR data, M1 triplets are born withP ≈ 3.3PB. This
spin polarization will be carried over to electron-transfer
products if the rate of electron transfer competes with the triplet
spin-lattice relaxation rate, 1/T1

T ≈ 4.7× 106 s-1, giving rise
to triplet mechanism (TM) CIDEP.12,27

3.2. FTEPR of M1 with Chloranil and Perylene.
A. M1/Chloranil.Photoexcitation of solutions of M1 in the

presence of CA in benzonitrile results in the reversible formation
of a free radical, giving rise to FTEPR spectra with a single
resonance peak. The signal is assigned to CA- on the basis of
the g value (2.0057).4 The CA anion radical is formed by
electron transfer from3M1. The CA- resonance peak is in
absorption at all delay times. No resonance peak was observed
for 3M1 or M1+, which is attributed to the shortT2 of these
species. A representative FTEPR spectrum and the time profile
of the intensity of the CA- resonance are shown in Figure 2.

During the course of a series of measurements with different
delay time settings, an additional peak is observed growing in
gradually. On the basis of theg factor (2.0012) and line width,
this resonance was assigned to3C60.19,20Because the peak grows

TABLE 1: Parameters Used for the Simulation of CW
TREPR Spectra of M1 Triplets in a Rigid Matrix at 170 K
and Those Derived in an Earlier Analysis18 of the Spectrum
of 3C60 Recorded at 4 K

parameters M1 (170 K) C60 (4 K)18

D (10-4 cm-1) -115. -114.
E (10-4 cm-1) 6. 5.
px 0.3 ∼0.5
py 0.7 ∼0.5
pz 0 0
fwhm (mT) 0.6

1
T2

) ∆2

20{6τc +
10τc

1 + ω0
2τc

2
+

4τc

1 + 4ω0
2τc

2} (1)

τc ) 4πηa3

3kBT
(2)

1
T1

) ∆2

10{ 2τc

1 + ω0
2τc

2
+

8τc

1 + 4ω0
2τc

2} (3)

P ) 2
15(2πkBT

hω )(D*ωτc
2)K[4(1 + (2ωτc)

2)-1 +

(1 + (ωτc)
2)-1] (4)
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in slowly during a series of measurements, each requiring 2000
laser shots, the decomposition apparently represents a side
reaction in which a small fraction of M1+ decomposes to C60

before the back electron-transfer reaction regenerates M1. This
interpretation is supported by the finding that the decomposition
reaction can be inhibited by adding pyrene (Py) to the solution.
Pyrene was chosen because it is a good electron donor and can
intercept the M1 cation radical before decomposition can occur
via the reaction

The triplet energy of Py (ET ) 2.1 eV)28 is significantly
higher than that of3M1 (ET ≈ 1.5 eV29,30); therefore, it
should not interfere with the oxidative quenching of3M1 by
CA. This expectation is supported by the observation that
the presence of Py does not appear to affect the time profile of
the CA- resonance with the exception of a reduction in data
scatter.

Whereas the M1/CA system gives rise to an absorption peak,
the CA- signal produced by the C60/CA system is in emission
at early times.4 As noted in section 3.1, photoexcitation of C60

produces triplets with spin polarization far below the thermal
equilibrium value. For this reason, the emissive signal given
by CA- produced in the electron-transfer reaction

was attributed4 to the polarization generated by the spin state
evolution of the transient radical pair [C60

+‚‚‚CA-] (radical pair
mechanism (RPM) CIDEP12). In the system M1/CA, by contrast,
the CA- signal intensity is determined by the spin polarization
transferred from3M1. Because the value of the tripletT1 is
predicted to be relatively high (214 ns, cf. section 3.1), the triplet
spin polarization persists long enough for TM CIDEP12,27 to
play a dominant role.

As the C60 concentration increases and M1 decreases because
of the decomposition of M1+, the parallel electron-transfer
reaction involving3C60 attenuates the absorptive CA- signal.
It is a source of the significant scattering of data in the time
profile of CA- signal intensity displayed in Figure 2. For this
reason, no attempt was made to analyze the time dependence
quantitatively. Superimposed on the data, however, is a simu-
lated time profile of the CA- signal. The simulation is based
on (a) the values of the initial triplet spin polarizationP ) 3.3

and triplet spin-lattice relaxation ratekT1
T ≈ 4.7 × 106 s-1

derived from the CW TREPR data on3M1 (cf. section 3.1), (b)
the published4 relaxation rate of the CA- spin systemkT1

D )
1.9 × 105 s-1, and (c) the values of the electron-transfer rate
constantket ) 1.5 × 106 M-1 s-1 and the pseudo-first-order
radical decay ratekd ) 1 × 104 s-1 derived from the analysis
described in section 3.2 C.

In flash photolysis studies of C60/CA in benzonitrile, it was
found that even though3C60 is quenched by CA no transient
absorption peaks due to the redox products C60

+ and CA- were
evident.4,31 On the basis of this finding and the fact that the
estimated∆G° for the electron-transfer reaction is positive (∆G°
≈ 0.04 eV4), Fukuzumi et al. concluded that no electron-transfer
products were generated in the quenching process.31 However,
the data given by the FTEPR measurements provide unequivocal
evidence that this conclusion is not correct. FTEPR shows the
formation of CA-, identified by its characteristic resonance peak,
at a rate that corresponds within experimental uncertainty to
the rate of quenching of3C60 as measured by flash photolysis.4,31

Furthermore, the CIDEP features in the FTEPR spectra clearly
show that CA- is formed via a3C60...CA encounter. The results
obtained in the FTEPR measurements on M1/CA in benzonitrile
reaffirm this conclusion. In this system, the time evolution of
the CA- resonance peak reflects the unique spin polarization
of the precursor3M1. The fact that flash photolysis failed to
detect C60

+ and CA- can be attributed to the fact that
contributions of these redox products to the transient absorption
spectrum may be masked by spectral features due to other
species. In the case of FTEPR, only paramagnetic molecules
are detected, and in the systems considered here, there is no
overlap of resonance peaks so that CA- concentrations down
to 10-5 M or lower can be readily detected. Even if only a small
fraction of the triplet quenching events lead to the cage escape
of electron-transfer products, the high sensitivity of the magnetic
resonance technique makes it possible to detect the anion
radicals generated.

B. M1/Perylene and Perylene/Chloranil.The measurements
of M1/Pe samples in benzonitrile ([Pe]) 1.1× 10-3 M) failed
to give an FTEPR signal irrespective of the delay time setting.
Because the Pe cation radical is observable with FTEPR,4

this establishes that there is no electron transfer from Pe to
3M1. In contrast, it was found previously that Pe is oxidized by
3C60.4 This difference is in accord with published thermodynamic
data. For the reductive quenching reaction involving3C60 in
benzonitrile,∆G° has been estimated to be-0.13 eV.4 This
value is based on the 1.52 V4 difference in the oxidation
potential of Pe relative to the reduction potential of C60, a C60

triplet energy of 1.57 eV,32 and the assumption that the
acceptor-donor distance is∼7 Å.33 The reduction potential of
M1 is reported11 to be 113 mV more negative than that of C60

(both measured ino-dichlorobenzene), and the triplet energy
of monoadduct derivatives of C60 is 1.50 eV.29,30 Hence,∆G°
for the reductive quenching of3M1 by Pe is estimated to be
∼0.05 eV. According to these data, the introduction of the
substituent turns this electron-transfer reaction into a slightly
uphill process.

Measurements of the Pe/CA system also failed to give FTEPR
signals.

C. M1/Chloranil/Perylene.As illustrated in Figure 3, the
addition of Pe to the M1/CA system makes a dramatic difference
in the FTEPR spectra. The spectra show a single resonance peak
due to CA- and a weak multiline signal due to the Pe+ radical.
The time profile of the CA- peak was followed for delay times
varying from fifty nanoseconds to several hundreds of micro-

Figure 2. Time profile of the FTEPR CA- signal intensity for the
M1/CA (4.3 × 10-3 M) system in benzonitrile following a 532 nm
laser pulse. The solid line is a simulation (see text) using the parameters
in Table 2. The inset shows the FTEPR spectrum for a 1.1µs delay
between laser excitation and microwave pulse.

M1+ + Py f M1 + Py+

3C60 + CA f [C60
+‚‚‚CA-] f C60

+ + CA-
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seconds. The following two reaction routes can be invoked to
account for the formation of these radicals:4

Both reaction channels have the common back electron-transfer
reaction

which makes the photoinduced processes fully reversible.
As shown in Figure 3, for the system M1/CA (4.3× 10-3

M)/Pe (1.0× 10-3 M) in benzonitrile, the CA- resonance peak
is initially in emission and turns into absorption after ap-
proximately 5µs. Evidently, at these concentrations of CA and
Pe, direct electron transfer from3M1 (route I) is not the primary
route of CA- formation because this has been shown to give
rise to a CA- resonance in absorption at all times. The fact
that the CA- resonance is in emission at early times points to
formation via route II. The emissive signal from CA- can be
accounted for by the spin state evolution during the lifetime of

the radical pair [Pe+‚‚‚CA-] formed by the electron-transfer
quenching of3Pe. The finding that the resonance peaks due to
Pe+ are in absorption on the low-frequency side of the CA-

peak and in emission on the other side (cf. Figure 4) is a
characteristic feature of RPM CIDEP12 and establishes un-
equivocally that CA- and Pe+ are formed in a common reaction
step. A value ofT1

T ) 3 ns was calculated for3Pe in benzonitrile
using eq 3, substituting the values∆ ) 1.7 × 1010 rad/s28 and
τc ) 72 ps (calculated with eq 2 usinga ) 0.38 nm). Given
this shortT1

T, radical formation via electron-transfer quenching
of 3Pe should not result in products with TM spin polarization.

In terms of the time dependence of the CA- signal intensity
at early times, the direct electron-transfer process (route I) should
be identical to that for the M1/CA system described in section
3.2 A. However, with Pe present at a low enough concentration
so that the contribution from route II is negligible, no signal
from 3C60 developed over the course of a series of measure-
ments. Apparently, the presence of Pe leads to the rapid
reduction of M1+, which prevents the decomposition of M1+

into C60 found in the M1/CA system. The initial absorption
signal observed when [CA]> [Pe] is ascribed to TM CIDEP,12,27

where the initial spin polarization of3M1 is carried over to CA-

at early times.
The time evolution of the intensity of the FTEPR signal due

to CA-, inclusive of both pathways of CA- generation and their
respective CIDEP mechanisms, is described by the general
kinetic steps sketched in Scheme 1. In this scheme, it is assumed
that the three triplet sublevels of3M1 react at the same rate,
that RPM CIDEP plays a negligible role in route I, and that
spin alignment is conserved in this CA- formation step in accord
with the TM CIDEP.12,27 The fact that electron transfer from
triplets at thermal equilibrium produces doublet radicals that
are born with a spin polarization that is4/3 of the Boltzmann
value13 is also implicitly accounted for in the scheme. As noted
earlier, theT1 of 3Pe is short so that electron-transfer quenching
by CA cannot compete with the relaxation of the triplet spin
system to thermal equilibrium. Consequently, the CIDEP signal
contribution due to CA- formation via route II is attributed
entirely to the spin state evolution of the [CA-‚‚‚Pe+] radical
pair. In the reaction scheme, this RPM CIDEP contribution is

Figure 3. (a) FTEPR spectra given by M1/CA (4.3× 10-3 M)/Pe
(1.0 × 10-3 M) in benzonitrile, showing resonance peaks from CA-

and Pe+, at delay times ranging from 1-65 µs following a 532 nm
laser pulse. (b) Time profile of CA- resonance peak intensity for this
system.

I. 3M1 + CA f [M1+‚‚‚CA-] f M1+ + CA-

M1+ + Pef M1 + Pe+

II. 3M1 + Pef M1 + 3Pe
3Pe+ CA f [Pe+‚‚‚CA-] f Pe+ + CA-

Pe+ + CA- 98
kd

Pe+ CA

Figure 4. FTEPR spectrum given by M1/CA (1.1× 10-2 M)/Pe (3.4
× 10-4 M) in benzonitrile, 10µs after a 532 nm laser pulse. The
spectrum is the result of 4000 laser shots (1000 per phase). The
spectrum of Pe+ shows the characteristic absorption/emission pattern
generated by the RPM. At the bottom is the simulated spectrum of
Pe+ based on published hyperfine coupling data.
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accounted for in terms of distinct population rate constants,Rket2

and âket2 with R + â ) 1, of theR and â spin states of the
anion radical.

Because of the complicated nature of this scheme, a general
analytic solution was not possible. Instead, the resulting system
of differential equations was represented in matrix format and
solved numerically. Under the conditions of the measurements,
[3M1] , [CA], [Pe] so that the reaction steps involving CA
and Pe can be treated as pseudo-first-order processes (indicated
by the rate constants with primes in the matrix). In addition,
the signal decay due to the second-order back electron-transfer
reaction was approximated as a first-order process because this
greatly simplifies the analysis and is not expected to affect the
time evolution of the CA- signal for the first 10-20 µs, which
is of primary interest.

The extraction of reliable values of the rate constants of
interest here,ket andken, from the time profiles of the CA- signal
intensity by this method is greatly facilitated by the knowledge
of the values of most of the parameters in the rate scheme. The
initial relative concentrations of the triplet sublevels of3M1 are
derived from the calculated relative isc population rates (cf.
Table 1). The rate constantskR andkâ are determined from the
relationshipskR + kâ ) kT1

D ) 1.9 × 105 s-1 4 and kR/kâ )
exp(-∆E/kBT) ) 0.9985. The rate constantsk+M andk-M are
analogously determined fromk+M + k-M ) kT1

T ) 4.7 × 106

s-1 (cf. section 3.1) andk+M/k-M ) exp(-∆E/kBT) ) 0.996.

The published4 electron-transfer rate constant from3Pe to CA,
ket2 ) 5.6 × 109 M-1 s-1, was also used as a fixed parameter
in the least-squares analysis. A value ofkd ) 1 × 104 s-1 was
obtained by fitting the data forτd > 20 µs given by systems
with [Pe] > [CA] to a first-order decay with the assumption
that the CA- spin system is at thermal equilibrium and that
quenching of3M1 is essentially complete. The error associated
with this parameter results in negligible differences in the fit
results reported below.

The parametersket, ken, and (â - R) were treated as floating
parameters in a nonlinear least-squares fit of each data set to
eq 5, keeping all other parameters fixed at the values given
above. The resulting values and error margins of the rate
constants are given in Table 2. The value reported forket

represents the average of values from fits of five sets of data
with [CA] and [Pe] chosen so that the CA- signal is in
absorption at early times, which indicates a dominating contri-
bution from route I. Representative examples of fit results are
given in Figure 5a-c.

A value ofket ) (1.5( 0.6)× 106 M-1 s-1 was found, which
is an order of magnitude smaller than the rate constant for
electron transfer found from3C60 to CA.4 The reduction in the
rate constant by a factor of 10 suggests that the introduction of
the substituent reduces the driving force of the oxidative
electron-transfer reaction of the triplet state. The oxidation
potential of M1 has not been measured, but that of a compound
with a similar fullerene structure, Ph2C61, is reported35 to be
190 mV lower than that of C60. If a similar reduction in oxidation
potential applies for M1, assuming a triplet energy of 1.50
eV29,30, then∆G° ≈ -0.08 eV for the reaction

which suggests that the rate constant should exceed that of the
reaction involving3C60, where∆G° ≈ 0.04 eV. The discrepancy
between the experimental result and the prediction based on
these∆G° values is not understood at this time. Interestingly,
however, the value ofket ) (1.5 ( 0.6) × 106 M-1 s-1

determined here is similar to values ofket ≈ (2-6) × 106 M-1

s-1 found for electron transfer from various triplet-state fullerene
derivatives to CA in the presence of scandium trifluoromethane-
sulfonate.31

The value reported forken represents the average of values
from the fitting of seven sets of data with a CA- signal in
emission (e.g., Figure 5c-e) where route II plays a dominant
role. A value ofken ) (8 ( 3) × 108 M-1 s-1 was found, which

SCHEME 1: General Kinetic Scheme, Including Spin
Selective Steps, of the Two Pathways of CA- Formation
in the M1/CA/Pe Systema

a (1) Direct electron transfer from3M1 to CA and (2) energy transfer
from 3M1 to Pe followed by electron transfer from3Pe to CA.

[M1RR
M1Râ+âR
M1ââ
3Pe
CAR

-

CAâ
-

D′
] )

[-(ket′ + ken′ + k-M) k+M 0 0 0 0 0
k-M -(ket′ + ken′ + k-M + k+M) k+M 0 0 0 0
0 k-M -(ket′ + ken′ + k+M) 0 0 0 0
ken′ ken′ ken′ ket2′ 0 0 0
ket′ 1/2ket′ 0 Rket2′ -(kd + kâ) kR 0

0 1/2ket′ ket′ âket2′ kâ -(kd + kR) 0
0 0 0 0 kd kd 0

][M1RR
M1Râ+âR
M1ââ
3Pe
CAR

-

CAâ
-

D

] (5)

3M1 + CA f M1+ + CA-
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is essentially the same as the value reported for the rate constant
of triplet energy transfer from3C60 to Pe.4 This is in accord
with previous conclusions that the derivatization of C60 has little
effect on the triplet energy.29,30,34,35The quantity (â - R) was
determined to be-1.7 × 10-3, which indicates an emissive
CA- signal generated from route II with approximately twice
the Boltzmann polarization.

Figure 5 illustrates that the nonlinear least-squares fit based
on Scheme 1 withket, ken, and (â - R) as adjustable parameters
fits the data sets remarkably well for a wide range of CA (3.6
× 10-4 to 1.1× 10-2 M) and Pe (8.6× 10-5 to 9.6× 10-3 M)
concentrations. Furthermore, simulations of route I, using the
parameters extracted from the nonlinear least-squares fit results,
are consistent with the data of the M1/CA system as shown in
Figure 2.

4. Conclusions

It was found that the addition of a substituent to C60 had a
significant effect on its photophysical properties. The reduction
of symmetry leads to strikingly different triplet TREPR spectra
for M1 in a rigid matrix and in liquid solution.3M1, like 3C60,

is able to mediate electron-transfer reactions following photo-
excitation, but with significant differences.

First, no electron transfer was observed from Pe to3M1,
whereas it was found previously that3C60 is readily reduced by
Pe as evident from the characteristic transient optical absorption
and FTEPR signals from Pe+.4 However, the rate of triplet
energy transfer to Pe is not affected much by the introduction
of the substituent. These findings are in agreement with data in
the literature that show that the effect of the substituent on the
reduction potential of the C60 moiety (-0.113 V) far exceeds
the effect on the triplet energy (-0.07 eV).11,29,30Second, the
rate constant for electron transfer from3M1 to CA, ket, is found
to be an order of magnitude smaller than that from3C60 to CA
(cf. Table 2). This result conflicts with the expectation that
oxidation of the fullerene becomes easier upon derivatization.31

As noted in the Introduction, the objective of introducing the
handle with a terminal acid or ester group is to be able to anchor
the photosensitizer on a solid support. The present study focuses
exclusively on the properties of M1 in homogeneous solutions.
However, CW TREPR measurements established36 that the acid
derivative is readily bound to TiO2 and silica particles. A
solution of the acid form of M1 in toluene was pumped through
a flat quartz EPR cell with the insides of the windows coated
with a TiO2 film. Alternatively, silica gel was introduced into
a solution of M1 in toluene. In both cases, it was observed that
the triplet spectrum changed from that found in a fluid solution
(cf. Figure 1c) to that found in a solid solution spectrum (Figure
1a). In contrast, in the ester form no adsorption from solution
was found. This allows for the continuous monitoring of the
physical state of M1 by means of the characteristics of the CW
TREPR spectrum of its triplet state. This experimental arrange-
ment should allow the use of FTEPR to monitor electron-transfer
reactions in liquid solution photocatalyzed by M1 bound to a
solid support.
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