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The investigations were made on photoinduced electron transfer (ET) from the singlet excited state of rubrene
(1RU*) to p-benzoquinone derivatives (duroquinone, 2,5-dimethyl-p-benzoquinone,p-benzoquinone, 2,5-
dichloro-p-benzoquinone, andp-chloranil) in benzonitrile (PhCN) by using the steady state and time-resolved
spectroscopies. The photoinduced ET produces solvent-separated type charge-separated (CS) species and the
charge-recombination (CR) process between RU radical cation and semiquinone radical anions obeys second-
order kinetics. Not only the CS species but also the triplet excited state of RU (3RU*) is seen in the transient
absorption spectra upon laser excitation of a PhCN solution of RU andp-benzoquinone derivatives. The
comparison of their time profiles clearly suggests that the CR process between RU radical cation and
semiquinone radical anions to the ground state is independent from the deactivation of3RU*. This indicates
that the CR in a highly exergonic ET occurs at a longer distance with a large solvent reorganization energy,
which results in faster ET to the ground state than to the triplet excited state that is lower in energy than the
CS state. Photoinduced ET from3RU* in addition from1RU* also occurs whenp-benzoquinone derivatives
with electron-withdrawing substituents were employed as electron acceptors.

Introduction

Photoinduced electron transfer (ET) between the excited state
of sensitizer and the ground state substrate forms the radical
ion pair and charge-separated species.1-17 This separation of
charges between the electron donors and acceptors proceeds
followed by energy wasting charge-recombination (CR) pro-
cesses, which might occur by either first- or second-order or a
combination of both processes depending upon the binding
power of the radical ion-pair complex initially formed. It is
known that the decay of the contact radical ion-pair (CRIP)
obeys first-order kinetics when intramolecular ET in CRIP
occurs in the solvent cage.1-6 On the other hand the decay of
solvent-separated radical ion-pair (SSRIP) species obeys the
diffusion-assisted second-order kinetics, when intermolecular
ET of SSRIP species occurs.1-3,6,7a

Because ET quenches the fluorescence from the excited states
of photosensitizers, steady state fluorescence and time-resolved
fluorescence measurements are the useful tools to investigate
ET reactions of the excited state of photosensitizers.18-20 In
bimolecular forward ET reactions, the ET rate constant generally
increases with increasing the ET driving force (-∆Get) up to a
diffusion-limited value and remains unchanged even at the larger
-∆Get.6,7,18-20 Marcus theory of ET predicts the decrease in
the ET rate constant in the region where the ET driving force
is larger the reorganization energy of ET (λ), (-∆Get > λ).21,22

This region is called the Marcus inverted region. The Marcus
inverted region is commonly observed for in the intra- or

monomolecular systems.23-29 In contrast, the Marcus inverted
region has scarcely been observed for bimolecular ET reac-
tions.30 A rare example of the observation of the Marcus inverted
region for bimolecular ET reaction involves the one-electron
oxidation or reduction of fullerenes which have smallλ of ET.31

There are mainly two hypotheses to account for the lack of
the observation of the Marcus inverted region.32 One is the case
in which the CR primary product is the triplet excited state rather
than the ground state of photosensitizers.33 In this case, the actual
driving force is no longer large and CR to the triplet excited
state occurs in the Marcus normal region. The other hypothesis
comes from the distance between radical ions, which may
increase with increasing the driving force of CR.34,35The longer
distance for ET of SSRIP as compared with ET of CRIP results
in the larger solventλ, when it becomes more difficult to reach
the Marcus inverted region (-∆Get > λ).20 These two hypoth-
eses can be distinguished if one examines the dynamics of CR
with the driving force that is larger than the triplet excited state
energy of photosensitizers. If the CR affords the triplet excited
state, the CR rate would coincide with the rate of formation of
the triplet excited state. However, there has so far been no report
on such distinction of the CR to the triplet vs ground state of
photosensitizers.

We report herein the dynamics of photoinduced ET from the
singlet excited state of rubrene (1RU*) to p-benzoquinone
derivatives (duroquinone (DQ), 2,5-dimethyl-p-benzoquinone
(Me2Q),p-benzoquinone (Q), 2,5-dichloro-p-benzoquinone (Cl2Q),
andp-chloranil (Cl4Q) in Chart 1) to distinguish between the
two CR pathways to the triplet and ground state of RU. RU is
chosen as a photosensitizer because it has a low lying triplet
excited state.36 There have been many reports for development
of long-lifetime, high-efficiency white organic light-emitting
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diodes with rubrene.37-39 The investigations were made on
photoinduced ET reactions between RU andp-benzoquinone
derivatives in benzonitrile by using the steady state, time-
resolved spectroscopic (fluorescence lifetimes and transient
absorption measurements by the pump-probe technique) mea-
surements.

Experimental Section

Materials. Rubrene (5,6,11,12-tetraphenyltetracene; RU),
duroquinone (tetramethyl-p-benzoquinone; DQ), 2,5-dimethyl-
p-benzoquinone (Me2Q), p-benzoquinone (Q), 2,5-dichloro-p-
benzoquinone (Cl2Q), and p-chloranil (tetrachloro-p-benzo-
quinone; Cl4Q) supplied by Aldrich, were purified by vacuum
sublimation. Benzonitrile (PhCN) was purchased from Wako
Pure Chemical Industries, Ltd. and purified by successive
distillation over P2O5.40 Tetra-n-butylammonium perchlorate
(TBAP), obtained from Fluka Fine Chemical, was recrystallized
from ethanol and dried in vacuo prior to use. Tris(2,2′-
bipyridine)iron(III) hexafluorophosphate, [Fe(bpy)3](PF6)3, was
prepared from a reaction between iron(II)sulfate heptahydrate
and 2,2′-bipyridine followed by oxidation of the resulting iron-
(II) complex by ceric sulfate in aqueous H2SO4.41

Steady State Spectroscopic Apparatus.Steady state elec-
tronic absorption and fluorescence emission spectra of dilute
solutions (10-4 to 10-6 M) of the samples were recorded using
1 cm path length rectangular quartz cells by means of an
absorption spectrophotometer (Shimadzu UV-vis 2401PC) and
F-4500 fluorescence spectrophotometer (Hitachi), respectively.
Time-resolved fluorescence decays were measured by a Photon
Technology International GL-3300 with a Photon Technology
International GL-302 and a nitrogen laser/pumped dye laser
system. The excitation wavelength of 530 nm was obtained by
use of Coumarin 540A (Exciton Co, Ltd.) as a laser dye.

Phosphorescence Measurements.An N2-saturated 2-methyl-
tetrahydrofuran solution containing RU (5.2× 10-6 M) at 77
K was excited atλ ) 530 nm using a Cosmo System LVU-
200S spectrometer. A photomultiplier (Hamamatsu Photonics
model R5509-72) was used to detect emission in the near-
infrared region (band path 2 mm).

Electrochemical Measurements.Measurements of cyclic
voltammetry (CV) were made to determine the redox potentials
of both RU and DQ using a ALS-630B electrochemical analyzer
in a deaerated solvent containing 0.10 M tetra-n-butylammonium
perchlorate (TBAP) as a supporting electrolyte at 298 K. A
conventional three-electrode cell was used with a platinum
working electrode and a platinum wire as a counter electrode.

Laser Flash Photolysis.For nanosecond laser flash photoly-
sis experiments, deaerated PhCN solutions were excited by a
Panther OPO pumped by Nd:YAG laser (Continuum, SLII-10,
4-6 ns fwhm) at λ ) 530 nm. The photodynamics was
monitored by continuous exposure to a xenon lamp (150 W) as

a probe light and a photomultiplier tube (Hamamatsu 2949) as
a detector. The solution was deoxygenated by argon purging
for 15 min prior to measurements.

Results and Discussion

ET Thermodynamics.The one-electron oxidation potential
(Eox) of rubrene (RU) and the one-electron reduction potentials
(Ered) of p-benzoquinone derivatives were determined by the
cyclic voltammograms measured in benzonitrile (PhCN). The
Eox value of RU was determined as 0.74 V (vs SCE) and the
Ered values ofp-benzoquinone derivatives were also determined
as listed in Table 1. The value of the singlet excitation energy
of RU (1E*) was determined from the average of absorption
maximum (λ ) 530 nm) and fluorescence maximum (λ ) 560
nm) to be 2.28 eV. The value of the triplet excitation energy of
RU (3E*) was also determined from the phosphorescence
maximum (λ ) 990 nm) to be 1.25 eV (Figure S1).36

The values of free energy change of photoinduced ET from
1RU* to p-benzoquinone derivatives [∆Get(S); S denotes singlet]
were determined from theEox value of RU and theEred values
of p-benzoquinone derivatives by eq 1.42 The electrostatic

stabilization term is neglected in a highly polar solvent such
as PhCN in eq 1. In the same way, the∆Get(S) values for
otherp-benzoquinone derivatives were determined as listed in
Table 1.

Steady State Spectroscopic Measurements.In PhCN solu-
tion, the UV-vis absorption spectra of the mixture of RU and
DQ are observed to be the superposition of the corresponding
spectra of the two reacting species. This indicates the lack of
formation of any ground state of electron donor-acceptor
complex under the present experimental conditions.

CHART 1

∆Get(S) ) e(Eox - Ered) - 1E* (1)

TABLE 1: One-Electron Reduction Potentials (Ered) of
Electron Acceptors (p-Benzoquinone Derivatives), Free
Energy Changes of Photoinduced ET [∆Get(S)] from 1RU* to
p-Benzoquinone Derivatives, and Rate Constants (ket) of
Photoinduced ET in PhCN at 298 K

no
electron
acceptora

Ered vs SCE in
PhCN, V

∆Get(S),
eV

ket,b

M-1 s-1

1 DQ -0.97 -0.57 4.8× 109

2 Me2Q -0.79 -0.75 5.5× 109

3 Q -0.61 -0.93 5.3× 109

4 Cl2Q -0.29 -1.25 6.0× 109

5 Cl4Q -0.09 -1.45 4.5× 109

a Duroquinone (DQ), 2,5-diemthyl-p-benzouqinone (Me2Q), p-ben-
zoquinone (Q), 2,5-dichloro-p-benzoquinone (Cl2Q), andp-chloranil
(Cl4Q). b Determined by the fluorescence lifetime measurements of RU
in the presence of electron acceptors.
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The steady state fluorescence emission of RU is quenched
regularly throughout the entire band envelop with addition of
the acceptor DQ in PhCN (Figure 1). It is relevant to point out
here that as the fluorescence quenching of RU occurs in the
region of DQ concentrations where the absorption spectrum of
RU remains unaffected, the simple Stern-Volmer (SV) relation
(eq 2) was employed39 to analyze the fluorescence quenching

phenomena. HereinI0 andI represent the fluorescence intensities
of the donor RU in the absence and presence of the quencher
DQ, the rate constant (ket) is the bimolecular quenching rate
constant, [DQ] is the concentration of the quencher DQ,τ0 is
the fluorescence lifetime of RU in the absence of the quencher
DQ, which was determined from the time-resolved fluorescence
decay to be 15 ns in PhCN (Figure 2). The observed linearity
in SV plot (inset of Figure 1) demonstrates in favor of the
occurrence of dynamic quenching of fluorescence emission of
RU in presence of DQ.

The fluorescence decay of RU was also measured in presence
of DQ as shown in Figure 2a. The fluorescence lifetime (τ)
was significantly shortened in the presence of DQ as compared
with that in its absence. The bimolecular rate constant,ket,
obtained from the linear plot (Figure 2b) ofτ0/τ vs concentration
of DQ (4.8 × 109 M-1 s-1) agrees within experimental error
((10%) with the value (5.2× 109 M-1 s-1) determined from

the steady state fluorescence intensity measurements in PhCN
(inset of Figure 1). Similarly, theket values for otherp-
benzoquinone derivatives are determined from the plots ofτ-1

vs concentrations ofp-benzoquinone derivatives (see Supporting
Information S2). Theket values thus determined are listed in
Table 1.

Transient Absorption Measurements.The direct evidence
of the occurrence of photoinduced ET from1RU* to p-
benzoquinone derivatives is provided by the transient absorption
spectral measurements with nanosecond laser flash photolysis.
In the absence ofp-benzoquinone (Q), the transient spectrum
exhibits typical triplet-triplet absorption of RU (3RU*) peaking
at about 380, 420, 560, and 920 nm, together with bleaching at
530 nm due to RU (Figure 3a).43 The decay of the absorbance
at 420 nm due to3RU* obeys first-order kinetics and the rate
constant (kT) the triplet decay to the ground state is determined
as 2.7× 104 s-1 at 298 K (Figure 3b).

Time-resolved nanosecond transient absorption spectra of RU
with a series of electron acceptor,p-benzoquinone derivatives
were measured by nanosecond laser flash photolysis in PhCN.
At first glance, transient absorption spectra of RU in the presence
of Q (Figure 4a) look similar to those in its absence (Figure
3a). However, the decay profiles are quite different. The
absorbance at 420 nm due to3RU* in absence of Q decays to
nearly zero at 300µs (Figure 3b), whereas the observed decay
profile in the presence of Q (1.0× 10-2 M) consists of two
steps: the first fast decay and the second slower decay (Figure
4b,c). The first decay component obeys first-order kinetics and
the rate constant is determined as 2.7× 104 s-1 at 298 K (inset
of Figure 4b).44 This value agrees with thekT value (Figure
3b). At 510µs the transient absorption still remains as shown
by open circles in Figure 4a. This spectrum agrees with that of
RU•+ obtained by the one-electron oxidation of RU with
[Fe(bpy)3](PF6)3 (Figure 5).45 Thus, the transient absorption
spectra of RU in the presence of Q and the time profile indicate
that photoinduced ET from1RU* to Q occurs to produce RU•+

and Q•- in competition with the intersystem crossing (ISC) of
1RU* to 3RU*. The absorption band due to Q•- (λmax ) 420
nm)46 is overlapped with that of RU•+.

The second slower decay curve in Figure 4c obeys second-
order kinetics and it can be analyzed by the second-order plot
(inset of Figure 4c). The rate constant (kbet) of intermolecular
BET from Q•- to RU•+ is determined from a slope of the inset
of Figure 4c as 5.2× 109 M-1 s-1 in PhCN at 298 K. This
value agrees with a diffusion rate constant (kdiff) in PhCN (5.6
× 109 M-1 s-1).47 No rise in the triplet absorption is observed

Figure 2. (a) Fluorescence decay time profiles of RU (1.6× 10-5 M) at 560 nm with various concentration of DQ in deaerated PhCN at 298 K
observed by excitation at 530 nm. (b) Plot ofτ0/ τ vs [DQ].

Figure 1. Fluorescence spectra of RU (2.9× 10-5 M) in the presence
of various concentrations of DQ (0 to 1.5× 10-2 M) in deaerated PhCN
(λex ) 530 nm). Inset: Plot ofIo/I at 560 nm vs [DQ].

I0/I ) 1+ ketτ0[DQ] (2)
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during the intermolecular BET process. This clearly indicates
that the intermolecular BET results in formation of the ground
state reactant RU rather than the triplet excited state3RU*,
although the triplet energy of3RU* (1.25 eV) is lower than the
driving force of intermolecular BET from Q•- to RU•+ to
produce the ground state of RU (1.35 eV). Similar results were
obtained for photoinduced ET of RU with DQ and Me2Q (see
Supporting Information S3 and S4, respectively). In each case,
the photoexcitation results in formation of RU•+ and DQ•- (or
Me2Q•-) as well as3RU*. The decay of3RU* is followed by

the slower intermolecular BET, which results in formation of
the ground state of RU rather than3RU*.

The energy diagram of photoinduced ET from1RU* to
electron acceptors (A) DQ, Me2Q and Q) and the BET process
is summarized in Scheme 1a. Photoinduced ET from1RU* to
A results in formation of RU•+ and A•- in competition of ISC
to 3RU*. Although the triplet energy of3RU* is lower than the
CS state of RU•+ and A•-, the BET results in formation of the
ground state of RU rather than3RU*. The reason for this is
discussed later.

Figure 3. (a) Transient absorption spectra of RU (6.0× 10-5 M) in deaerated PhCN at 298 K taken at 3.2µs (b) after nanosecond laser excitation
at 530 nm. (b) Time profile at 420 nm. Inset: first-order plot.

Figure 4. (a) Transient absorption spectra of RU (6.5× 10-5 M) in the presence of Q (1.0× 10-2 M) in deaerated PhCN at 298 K taken at 16
µs (b) and 510µs (O) after nanosecond laser excitation at 530 nm. (b) Decay time profile at 420 nm of RU (6.5× 10-5 M) in the presence of Q
(1.0 × 10-2 M) in the 0-360 µs range. Inset: first-order plots for the fast component (∆A∞ ) 0.0031). (c) Decay time profile at 920 nm of RU
(6.5 × 10-5 M) in the presence of Q (1.0× 10-2 M) in the 0-1.8 ms range. Inset: second-order plot for the slow component.
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Whenp-benzoquinone derivatives with electron-withdrawing
substituents such as Cl4Q are employed as electron acceptors,
photoinduced ET not only from1RU* but also from3RU* to
Cl4Q becomes thermodynamically feasible, because the triplet
energy of3RU* (1.25 eV) is larger than the driving force of
intermolecular BET from Cl4Q•- to RU•+ to produce the ground
state of RU (0.83 eV) as shown in Scheme 1b. In such a case,
3RU* is converted to RU•+ by electron transfer from3RU* to
Cl4Q, when transient absorption spectra due to RU•+ and Cl4Q•-

are observed at 16µs after nanosecond laser excitation as shown
in Figure 6a. The absorption band due to Cl4Q•- (λmax ) 450
nm)48 is overlapped with that due to RU•+. The decay time
profile of absorbance at 920 nm due to RU•+ obeys second-
order kinetics without exhibiting the initial first-order decay due
to 3RU* (Figure 6b). Thekbet value is determined from the
second-order plot (inset of Figure 6b) as 5.4× 109 M-1 s-1.

The triplet pathway of photoinduced ET from3RU* to Cl4Q
becomes dominant when low concentrations of Cl4Q are
employed. Figure 7 shows the rise in absorbance at 450 nm
due to Cl4Q•-, where absorbance due to RU•+ is overlapped,
after laser excitation of a PhCN solution of RU (7.0× 10-5

M) and Cl4Q [(0.6-3.0)× 10-4 M]. Under such experimental
conditions, the decay of absorbance due to Cl4Q•- and RU•+ is
negligible. The rate of rise in absorbance obeys pseudo-first-
order kinetics and the observed pseudo-first-order rate constant
(kobs) increases linearly with increasing concentration of Cl4Q
(inset of Figure 7). Theket value of photoinduced ET from
3RU* to Cl4Q is determined from the slope of the linear plot of
kobs vs concentration of Cl4Q as (6.7( 0.7) × 109 M-1 s-1.
Similarly theket value of photoinduced ET from3RU* to Cl2Q
was determined as (1.8( 0.2)× 109 M-1 s-1 (see Supporting
Information S6).

The free energy changes of photoinduced ET from3RU* to
p-benzoquinone derivatives (∆Get(T); T denotes triplet) and BET
(∆Gbet) are determined by eqs 3 and 4, respectively.49 The triplet

excited energy (3E*) of RU is taken as 1.25 eV (vide supra).
The ∆Get(T) and ∆Gbet values are listed in Table 2 together
with the ket andkbet values.

Photoinduced ET from1RU* (or 3RU*) to an electron
acceptor (A) may occur as shown in Scheme 2, wherek12 and
k21 are the diffusion rate constant and the dissociation rate
constant in the encounter complex (RU* A),kET and kbet are
the first-order rate constant of the forward ET from RU* to A
in the encounter complex and the second-order rate constant of
BET to the ground state, respectively.50 The observed second-
order rate constant of forward ET (ket) is given by eq 5. The

dependence ofkET on the ET driving force [-∆Get] for adiabatic
outer-sphere ET has well been established by Marcus as given
by eq 6, wherekB is the Boltzmann constant,h is the Planck

Figure 5. (a) UV-vis spectral change upon addition of [Fe(bpy)3](PF6)3 (bpy ) 2,2′-bipyridine) in deaerated MeCN to a PhCN solution containing
RU (9.1× 10-5 M) at 298 K. (b) Difference absorption spectrum of RU•+ obtained upon UV-vis spectral change after addition of [Fe(bpy)3](PF6)3

(9.1 × 10-5 M) to RU (9.1× 10-5 M) solution in PhCN at 298 K.

SCHEME 1: (a) Energy Diagram of Photoinduced ET
from Excited State of RU to p-Benzoquinone Derivatives
[(a) DQ, Me2Q, Q; (b) Cl2Q, Cl4Q]

∆Get(T) ) e[Eox(D/D•+) - Ered(A
•-/A)] - 3E* (3)

∆Gbet ) -e[Eox(D/D•+) - Ered(A
•-/A)] (4)

ket ) kETk12/(k21 + kET) (5)

kET ) (kBT/h)exp[-(λ/4)(1 + ∆Get /λ)2/kBT] (6)

Photoinduced ET from1RU* to p-Benzoquinone J. Phys. Chem. A, Vol. 112, No. 4, 2008639



constant, andλ is the reorganization energy of ET.20,34 From
eqs 5 and 6 is derived eq 7, whereZ [)(kT/h)(k12/ k21)] is the
collision frequency that is taken as 1× 1011 M-1 s-1.49 Thek12

values in PhCN is taken 5.6× 109 M-1 s-1.47

The driving force dependence of theket values of photoin-
duced ET from both3RU* (open squares) and1RU* to
p-benzoquinone derivatives (open circles and closed triangles)
is shown in Figure 8 including the driving force dependence of
the kbet values. At least two differentλ values are required to
fit all the rate constants, i.e., theket values of photoinduced ET
from both3RU* and 1RU* to p-benzoquinone derivatives and
the kbet values using eq 7. Theket values of photoinduced ET
from 3RU* to Cl2Q and Cl4Q including the ket values of
photoinduced ET from1RU* to DQ, Me2Q and Q (open circles
in Figure 8) are best fitted by the solid line in Figure 8 with the
λ value of 0.81 eV. However, significant deviation from the
calculated solid line withλ ) 0.81 eV is observed for theket

values of photoinduced ET from1RU* to Cl2Q and Cl4Q (closed
triangles) with a driving force larger than 1.0 eV as well as the
kbet values which have also a driving force larger than 1.0 eV.
These values are much larger than the calculated solid line with
λ ) 0.81 eV. However, they can be best fitted withλ ) 1.22
eV, as shown by the broken line in Figure 8.51

With regard to BET to generate3RU*, the calculated rate
constants for BET from DQ•-, Me2Q•-, and Q•- to RU•+ with
λ ) 1.22 eV are shown by the arrows (a, b, and c, respectively)
on the broken line in Figure 8. These values are much smaller
than the observedkbet values. This is consistent with the
experimental results in Figure 4, where the BET process affords
the ground state of RU rather than the triplet excited state
(3RU*).52

The solvent reorganization energyλs is known to vary
depending on the distance between an electron donor and an
acceptor as given by eq 8, wherer1 andr2 are the radii of the

reactants,r12 is the reaction distance,ε is the dielectric constant,
andn is the refractive index.34,53 The RU and DQ radii were
reported as crystal structures, and according to those results,
the radii were 13 Å54 and 6.8 Å,55 respectively. If the reaction
distance is assumed as infinite, the term-1/2r12 in eq 8 is
negligible. In such a case, the maximumλs value is estimated
as 1.25 eV, which is comparable with theλ value (1.22 eV) for
photoinduced ET and BET at a driving force larger than 1.0

Figure 6. (a) Transient absorption spectra of RU (6.8× 10-5 M) in the presence of Cl4Q (5.0× 10-3 M) in deaerated PhCN at 298 K taken at
16 µs after nanosecond laser excitation at 530 nm. (b) Decay time profile at 920 nm of RU (6.8× 10-5 M) in the presence of Cl4Q (5.0× 10-3

M). Inset: second-order plot.

Figure 7. Decay time profile of absorbance at 450 nm after laser
excitation at 530 nm of a PhCN solution of RU (7.0× 10-5 M) with
Cl4Q (2.0× 10-4 M) at 298 K. Inset: Plot ofkobs vs [Cl4Q].

TABLE 2: Free Energy Changes of Photoinduced ET from
3RU* to p-Benzoquinone Derivatives [∆Get(T)] and Back
Electron Transfer (BET) to the Ground State (∆Gbet) and
the Rate Constants of Photoinduced ET (ket) and BET (kbet)
in PhCN

no
electron
acceptor

∆Get(T),a

eV
∆Gbet,b

eV
ket,

M-1 s-1
kbet,c

M-1 s-1

1 DQ 0.46 -1.71 4.1× 109

2 Me2Q 0.28 -1.53 5.0× 109

3 Q 0.10 -1.35 5.2× 109

4 Cl2Q -0.22 -1.03 1.8× 109 5.4× 109

5 Cl4Q -0.42 -0.83 6.7× 109 5.4× 109

a Determined from eq 3.b Determined from eq 4.c Determined using
the molar absorption coefficients of RU•+ at 920 nm (ε ) 8500 M-1

cm-1). The experimental error is within(5%.

SCHEME 2

ket ) k12Zexp[-(λ/4)(1 + ∆Get /λ)2/kBT]/(k12 +

Zexp[-(λ/4)(1 + ∆Get /λ)2/kBT]) (7)

λs ) e2(1/2r1 + 1/2r2 - 1/r12)(1/n2 - 1/ε) (8)
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eV. This suggests that theλs value increases with increasing
the ET driving force as ther12 value increases, when it becomes
more difficult to reach the Marcus inverted region (-∆Get or
-∆Gbet > λ). Thus, an increase in ther12 value with increasing
the ET or BET driving force is the main reason why theket

or kbet value remains to be diffusion-limited even at a large
driving force of ET or BET without falling into the Marcus
inverted region. It should be noted, however, such an increase
in the r12 value with increasing the ET driving force is
limited by an increase in non-adiabaticity of ET at a longer
distance.

In conclusion, photoinduced ET from1RU* to p-benzo-
quinone derivatives and BET occurs at a longer distance between
an electron donor and acceptor as the driving force increases,
accompanied by an increase in the solvent reorganization energy.
Such an increase in the solvent reorganization energy with
increasing the ET or BET driving force has precluded the
slowdown of the intermolecular ET rate, which would otherwise
occur in the Marcus inverted region at a large ET driving force.
Thus, the Marcus inverted region is observed only when electron
donors and acceptors with extremely smallλ values such as
fullerenes are employed for intermolecular ET reactions.31 In
contrast with intermolecular ET, the Marcus inverted region is
commonly observed in intramolecular ET of electron donor-
acceptor linked molecules with a fixed distance. When intramo-
lecular BET to the ground state has a much larger driving force
than the corresponding BET to the triplet excited state, the triplet
excited state is often formed because the former rate is slowed
down in the Marcus inverted region as compared with the latter
rate in the Marcus normal region.27,56,57However, this is not
the case in intermolecular BET from the radical anions of
p-benzoquinone derivatives to RU•+, which afford the ground
state of RU rather than3RU* even when the intermolecular BET
to 3RU* is thermodynamically feasible. Such a preference to
the intermolecular BET to the ground state of RU with a larger
driving force than the BET to the triplet excited state3RU*
results from an increase in the solvent reorganization energy
with an increase in the BET driving force.
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