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The exchange interaction,J, producing quartet and doublet energy separation in radical-triplet excited molecule
encounter pairs, was investigated in solution by measuring chemically induced dynamic electron polarization
(CIDEP) created through the radical-triplet pair mechanism. A time-resolved FT-EPR method was utilized to
measure CIDEP of galvinoxyl radical by recording FID signals and an absolute magnitude of CIDEP,Pn,
was determined for each radical-triplet system by detailed analysis of the time evolution curves of CIDEP.
A transient FT-EPR signal phase remarkably depends on the triplet molecule. The signal phase is related to
the sign ofJ value, which is responsible for the radical-triplet pair interaction. Most of galvinoxyl-triplet
systems showed normal negative sign. An unusual positive sign was found in some systems characterized by
a small energy gap,∆G, between the radical-triplet pair and intermolecular charge transfer (CT) states. A
theoretical calculation ofJ value for radical-triplet encounter pairs was carried out by considering exchange
integral and intermolecular CT interaction. According to the calculatedJ value and the diffusion theory for
CIDEP magnitude, experimentalPn values were theoretically reproduced as a function of∆G. The present
results confirm our previously reported CT model explaining the complicated nature of the sign ofJ value in
the galvinoxyl-triplet encounter pairs. According to the proposed model for CT effect onJ value and CIDEP
results, nature ofJ value in radical-triplet pairs is discussed.

Introduction

Exchange interaction in the pairs of paramagnetic molecules
in solution is related to the energy splitting of degenerate spin
states such as triplet-singlet splitting in radical pairs and quartet
(Q)-doublet (D) splitting in radical-triplet (RT) pairs. This
interaction is significantly important when we study chemical
reaction dynamics in bond formation or cleavage, electron-
transfer and hydrogen atom transfer reactions, and so on.1 So
far, quenching dynamics of the excited states by free radicals,2-7

covalently linked RT complexes,8,9 excited triplet porphyrins
with paramagnetic metal ions,10 and reaction dynamics of the
radical-biradical systems11 have been understood on the basis
of spin dynamics with intermolecular potentials characterized
by Q-D separation due to exchange interaction. Although
importance of exchange interaction is quite high, a direct
measurement of intermolecular potentials of degenerate spin
states produced by exchange interaction is difficult as far as
two molecules of the pair are freely diffusing. There are indirect
methods to investigate exchange interaction using spin coherent
effects on chemical reactions1 such as magnetic-field-dependent
chemical reaction yields and chemically induced dynamic
electron polarization (CIDEP) of free radicals that depend on
spin state mixings on the potential surfaces created by the
exchange interaction. As for the latter, it is fortunate that spin-
lattice relaxation times of organic free radicals are usually on
the order of microseconds,12 which makes it easy to measure
CIDEP by a time-resolved (TR-) EPR method. Because CIDEP
enhances EPR detection sensitivity, EPR spectroscopy of
photochemical intermediate free radicals and radical pairs are

possible as far as CIDEP is created on these species. Moreover,
CIDEP is created through spin dynamic interactions in S-T-1

and S-T0 mixings in radical pairs and is valuable for under-
standing of the intermolecular exchange interaction once a time-
dependent CIDEP creation mechanism is well analyzed.

Although CIDEP is valuable for understanding of the
exchange interaction, an analysis of CIDEP in radical pair
systems is not straightforward because a time profile of TR-
EPR signal depends both on the absolute magnitude of CIDEP
and radical concentration, which requires complicated analysis
of CIDEP. On the other hand, an analysis of CIDEP in the
excited-state quenching process by stable free radicals is
promising because the concentration of free radical is constant
and only decay kinetics of the triplet state should be considered.5

It has been already known that strong CIDEP is created during
the S1 and T1 quenching by free radicals, and the phenomena
is well understood in terms of the radical-triplet pair mechanism
(RTPM).5 There are already many papers studying spin dynam-
ics of RT pairs by quantitative CIDEP analysis13-21 and
exchange interaction in the RT pairs has been discussed. In these
studies, Heisenberg spin exchange expressed by

is used to describe the energy difference between D and Q states,
-2J ) EQ - ED. In usual RT pairs, overlap integral of the pair
is negligibly small andJ is thus in proportion to exchange
integral, Jex, of Q and D states. One of the most important
conclusions of previous works is that most RT pairs show
antiferromagnetic interaction in which the Q state is higher in
energy than the D state (J < 0).5-7 This general trend is similar
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to that in radical pairs which shows antiferromagnetic interac-
tion, namely, a singlet pair is lower in energy than triplet pair
as explained in the Heitler-London model for a chemical bond.
However, the magnitude ofJ0, which isJ value at the closest
approach of the pair, is significantly small in RT pairs and
estimated to be on the order of 0.1 cm-1.13,14This is reasonable
because the RT systems so far studied by CIDEP are the pairs
of a triplet and a chemically stable free radical in which no
significant bond formation is expected.

When J value due toJex is small, intermolecular charge
transfer (CT) interaction becomes important for certain systems
such as radical ion pairs, and a sign ofJ value changes to be
positive.22-24 While most of RT pairs show antiferromagnetic
coupling (J < 0), unusual ferromagnetic interactions (J > 0) in
RT pairs were also found in several galvinoxyl(Galv)/ triplet
systems25,26 and in a 1-diphenyl-2-picrylhydrazyl/triplet coro-
nene system27 according to CIDEP analysis. This means that
Jex is not the only interaction factor to determine positive or
negativeJ value in RT pairs. There exists another factor, which
is more than or comparable to exchange integralJex. The
mechanism of intermolecular CT type exchange interaction for
RT pairs has been proposed to explain this unusual ferromag-
netic interaction,25-27 which is schematically described in
Figure 1. BecauseJ value depends on RT distance,r, we denoted
J asJ(r). In general, the RT pair states split into zero-order Q
and D (4RT0 and 2RT0, respectively) states with negativeJex

value. A positiveJ value is caused by configuration interaction
between RT and CT pair states. When the zero-order CT pair
state (2CT0) is lower in energy than RT pair state and the
intermolecular CT interaction is large (Figure 1b), energy-shift
of 2RT0 caused by the CT interaction with2CT0 becomes
dominant in the energy splitting and an unusual positive sign
of J will be observed. When the CT state is higher in energy

than the RT pair states, neither strong (Figure 1c) nor weak
(Figure 1d) CT interaction result in positiveJ value.

In this study, we continued further detailed analysis of CIDEP
created by the RTPM in Galv/triplet pairs by using a Fourier
transform (FT-) EPR method to determine the absolute mag-
nitude of CIDEP namedPn value and sign ofJ0 value. In our
model to understandJ0 value in RT pairs, we consider both
exchange integral creating negativeJ0 value and intermolecular
CT interaction creating either positive or negativeJ0 value
depending on the relation of2CT0 and2,4RT0 energies. Accord-
ing to the diffusion theory for CIDEP magnitude created by
the RTPM,19,20 CIDEP is controlled by absolute magnitude of
J0 value and the potential curvature of Heisenberg spin exchange
interaction,J(r). Therefore, analysis of observed CIDEP mag-
nitude based on the theory enables us to estimate an absolute
magnitude ofJ0 value. We discuss the mechanism determining
J0 value in RT pairs on the basis of CIDEP analysis.

Experimental

Time-resolved FT-EPR measurements combined with UV
laser excitation were carried out by a conventional X-band FT-
EPR spectrometer (Bruker, ELEXIS 580E). The FT-EPR spectra
of Galv were obtained by Fourier transformation of FID
generated by aπ/2 pulsed microwave irradiation of Galv with
12 ns time width, which is wide enough to excite all hyperfine
lines. FID was obtained by a phase cycling routine. A dielectric
cavity with an optical window for laser irradiation was used
for FT-EPR measurements.

In both FT-EPR and transient absorption measurements, UV
excitation at 355 and 282 nm were carried out by the third
harmonics of a YAG laser (Continuum, Powerlight 8000) and
by the frequency doubling (Inrad, R-6G crystal) of a dye laser
output (Lambda Physik, Scanmate) pumped by the second
harmonics of the YAG laser, respectively. The irradiated laser
power was attenuated to be about 0.2 mJ/pulse for 282 nm and
1-10 mJ/pulse for 355 nm. The concentrations of excited
molecules were adjusted to suppress the occurrence of a triplet-
triplet annihilation process as described in the Results and
Discussion section. The repetition rates of lasers were 10 Hz
for FT-EPR and 1 Hz for transient absorption measurements.
The excitation laser covers all the area of the dielectric cavity
where FT-EPR sensitivity is high. Details of lasers, a cell, and
a microwave cavity are described in the Supporting Information.

All of the chemicals (Tokyo Kasei) were used as received.
The concentrations of Galv was ca. 0.1-0.2 mM (M ) mol
dm-3) for FT-EPR measurements. Sample solutions were
degassed by bubbling Ar gas and were flowed through (1) a
quartz cell (0.3 mm diameter) equipped in the dielectric cavity
for the FT-EPR measurements and (2) a quartz rectangular cell
with optical path lengths of 5 mm for excitation laser and 10
mm for monitor lights, respectively, for the transient absorption
measurements. Optical densities of sample solution were
determined by the UV-vis spectrometer (Shimadzu UV2200).
All the measurements were carried out at room temperature
(298 K).

Results and Discussion

FT-EPR Measurements for CIDEP in Galv/Triplet Pairs.
Figure 2 shows FT-EPR spectra of Galv recorded for a Galv/
9-fluorenone (9-FL) mixture system in benzene before (0µs)
and after (2µs) laser excitation at 298 K. At 0µs, Galv is
populated in the thermal state distribution and thus the intensity
reflects the thermal spin magnetization of Galv. The intensity
of Galv recorded after the laser excitation decreased. This signal

Figure 1. Schematic explanation of the previously reported mechanism
for quartet-doublet energy splitting,J(r), in the radical-triplet encounter
pair. J(r) corresponds to the energy difference between2RT and4RT0

states in this model. Splitting between zero-order states of2RT0 and
4RT0 is due to exchange integral. Sign and magnitude ofJ(r) depend
both on∆G () E(CT0) - E(RT0)) and CT interaction,HCT between
CT and RT pair states. (a)∆G < 0 and weakHCT, giving J(r) < 0, (b)
∆G < 0, and strongHCT giving unusualJ(r) > 0, (c) ∆G > 0 and
weakHCT, giving J(r) < 0, and (d)∆G > 0 and strongHCT giving J(r)
< 0. Exponentially decayingJ(r) along the intermolecular distance,r,
is assumed, and the gray and black solid lines are the doublet and the
quartet states, respectively. ThexRT represents the minimum energy
point of radical-triplet encounter pair along the solvent coordinate.
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reduction was observed transiently and the original thermal
signal recovered at much later time delay. The intensity of FT-
EPR signal is in proportion to the electron spin magnetization
of Galv. The transient reduction of FT-EPR signal after the laser

excitation is due to creation of emission (Em) phase CIDEP of
R-spin enhanced population according to the previous time-
resolved EPR studies on the Galv/9-FL system.25 The 355 nm
laser excitation generates triplet 9-FL (39FL*) and CIDEP is
created by the encounter between Galv and39FL* through the
RTPM. After all 39FL* is quenched by Galv, no CIDEP is
created and the FT-EPR signal again reflects original thermal
magnetization. This point will be examined later in detail.

Figure 3 shows the difference FT-EPR spectra of Galv
measured in various Galv/triplet systems before and after laser
excitation. These difference spectra show clear hyperfine
structure of Galv and indicate that CIDEP is created on Galv.
The CIDEP phase depends on the system: Net emission type
CIDEP (net Em) is created in the cases of 9-FL and benzil,
while net enhanced absorption (net Abs) type is created in the
cases of triphenylene and coronene. This observation of CIDEP
phase accords with the previous TR-EPR study on CIDEP of
Galv/triplet systems.25 According to the RTPM, sign ofJ value
in these systems were determined as positive for triphenylene
and coronene, and as negative for 9FL and benzil.27 Figure 4a
shows difference FT-EPR spectra recorded for Galv in Galv/
benzil mixture in benzene at several different time delays. In
this system, net Em type CIDEP intensity becomes the largest
at 2.0µs and then decreases as time passes. At 20µs, CIDEP
component of Galv disappears. Because no CIDEP component
of radicals other than Galv was observed, we confirmed that

Figure 2. FT-EPR spectra of Galv in a 9-fluorenone (5.3 mM)/Galv-
(0.2 mM) mixture in benzene derived by Fourier transformation of FID
signal of Galv obtained byπ/2 pulsed microwave irradiations before
and 2.0µs after the 355 nm laser excitation of 9-fluorenone. Inset:
FID time profile of Galv in benzene obtained by aπ/2 pulsed
microwave irradiation with 12 ns time width. Magnetic field was set
around theg-center of Galv.

Figure 3. Transient FT-EPR difference spectra of Galv obtained by substraction of FT-EPR spectra derived by FID signals before and 2.0µs after
laser excitation. Samples include (a) 9-fluorenone (5.3 mM), (b) benzil (6.9 mM), (c) triphenylene (0.08 mM), and (d) coronene (0.67 mM) in
benzene. The concentrations of Galv were 0.21 mM except (c) 0.13 mM. Dissolved oxygen molecules were removed by Ar bubbling. Laser
wavelengths: (a,b,d) 355 nm, (c) 282 nm.
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there is no photochemical generation of other radicals. This
indicates that the FID signal at any time window is entirely
due to Galv. Therefore, to obtain time evolution curves of Galv
signal, we monitored FID intensity marked by an asterisk in
FID profile shown in the inset of Figure 2 as a function of time
delay between a laser andπ/2 pulses. A time-evolution curve
measured was shown in Figure 4b. In this profile, intensity is
normalized by the FID signal intensity of the thermal magne-
tization measured before laser excitation. As clearly seen in the
time-evolution curve, FID signal decreases after laser excitation
and then thermal magnetization signal appears again at 20µs.
The similar time-evolution curves were measured for other Galv/
triplet systems, and only simple rise and decay of CIDEP in
either Em or Abs phases were observed.

In Galv/triplet systems, we consider the reaction scheme as
follows.

The kq andkTT are the rate constants for quenching of triplet
molecule by Galv and triplet-triplet annihilation, respectively.
The kT is a unimolecular triplet decay rate in the absence of
quencher. Galv* denotes a Galv radical that is involved in the
triplet quenching and possesses a certain amount of CIDEP with
either of Em or Abs phase by the RTPM. Spin-polarized Galv*
disappears to give Galv without CIDEP with a rate of spin-
lattice relaxation. As triplet concentration decreases, Galv*

concentration becomes low and the FID intensity approaches
to the intensity of thermal magnetization as observed in the later
time region.

One of advantageous points of FT-EPR spectrometry is that
there is no continuous microwave perturbation on the dynamics
of spin magnetization of radicals.16,17 Therefore, the time-
evolution of CIDEP is more correctly measured by the FT-EPR
method than by the continuous-microwave TR-EPR method.
This enables us to simulate the time evolution curve with very
simple Bloch equation with chemical kinetics. Another advanta-
geous point is that the thermal magnetization signal of Galv,
which is easily measured, can be used as a standard of FID
signal intensity. This standard signal is very important when
we need to determine an absolute magnitude of CIDEP created
in the photosystem of interest. To ensure that these CIDEP
signals were due to the RTPM and to determine a magnitude
of CIDEP created at each triplet quenching event, the time
evolutions were simulated by the following Bloch (eq 8) and
kinetic (eq 9) equations for FT-EPR measurements.13,14,28

whereMz represents the magnetization ofz axis in the rotating
frame, andT1

R is the spin-lattice relaxation time of Galv.
Equation 8 contains terms due to the relaxation toward the
thermal magnetization,Peq[Galv], and CIDEP,Pn, created by
the RTPM. As mentioned above, the signal by the thermal
magnetization,Peq[Galv] was normalized to a unity. TheT1

R

value of about 3.0µs in benzene was determined by a
conventional method of inversion recovery for FID.29 Thekf is
the fluorescence decay rate, which equals the rate of triplet
generation. ThekT for our sample systems and thekq are
unknown, and we determined these kinetic parameters by a
conventional transient absorption method. The triplet-triplet
absorption was monitored in the presence of Galv, and the

Figure 4. (a) Transient FT-EPR difference spectra of Galv derived by FID at various delay times after 355 nm laser excitation in benzil
(6.9 mM)/Galv(0.14 mM) mixture in benzene. (b) Time-evolution curve of FID intensity as a function of delay time between laser andπ/2 pulses.
FID intensity was monitored at the peak marked by an asterisk in Figure 2 inset. Signal intensity was normalized by the intensity at thermal
equilibrium of Galv. Reduction of FID signal observed at 0-15 µs is due to Em phase CIDEP of Galv created by the RTPM.
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Stern-Volmer analysis of triplet decay rate was performed. The
results are summarized in Table 1. In all systems examined,
thekq values are on the order of 109 M-1 s-1, which is close to
the diffusion rate constant of 1.0× 1010 M-1 s-1 in benzene.30

The lowest doublet excited state (D1) energy of Galv3 is
11 000 cm-1, which is lower than the triplet energies of all the
molecules examined. In the radical-triplet system where D1

energy is lower than the T1 energy, triplet quenching through
exchange mechanism is quite efficient, and it is reasonable that
the measuredkq value is close to the diffusion rate constant.2

ThekTT value is assumed to be 1010 M-1 s-1 because the triplet-
triplet annihilation occurs at a diffusion controlled rate.31 To
evaluate annihilation rates, it is important to know the triplet
concentration. In the present experiment (see Supporting
Information), the sample flowed in a cylindrical tube and the
laser beam was perpendicular to the cell tube. Under these
conditions, the optical path length ranged from 0 to 3 mm, and
the optical density was on the order of 0.1 per 10 mm. Therefore,
the light intensity depended on the position in the cell. To
estimate triplet concentration in the sample cell, we calculated
representative light intensity for typical sample solution with a
certain laser power. The triplet concentrations were thus
estimated to be on the order of 10-5 M using reportedΦT

values.30,32 If the triplet-triplet annihilation is the dominant
triplet deactivation process, the triplet decay rate should show
square dependence on the triplet concentration and depends on
the position in the cell. If that is the case, the triplet kinetics
depends on the position in the cell and one cannot use a mean
light intensity to estimate triplet concentration for determination
of Pn value. The annihilation rate constant is 1010 M-1 s-1, and
the triplet decay rate constants ofkq and kT are listed in
Table 1. Hence, typical triplet concentration of 10-5 M gives
the initial annihilation rate of 105 s-1, which is comparable to
or slower than the unimolecular triplet decay rates. Under low
concentrations of triplet molecules, the contribution of annihila-
tion to total decay rate becomes smaller, especially in the later
time region as the triplet concentration decreases. The triplet
disappears within 2µs, and the triplet molecules deactivated
by the annihilation in this time window are typically about 10-
20% of the total number of triplet molecules. This condition
for the triplet concentration is comparable to those in the
previous study.17a When we use even lower laser power, these
numbers decrease, for example, 1% for Galv/triphenylene under

low laser power excitation (0.83 mJ). Therefore, under our
experimental conditions, we can neglect the contribution of the
triplet-triplet annihilation and mean light intensities, namely,
mean initial triplet concentrations can be used for estimation
of triplet time evolution.

According to these kinetic parameters and the modified Bloch
equation, we have simulated the time evolution curves. Ex-
amples of the simulation were shown in Figure 5. The time
evolution curves were well reproduced by the present model of
the RTPM for CIDEP creation. From the best fitting simulations,
Pn values were determined in the unit ofPeq for each time-
evolution curve. To determine an accurate value ofPn for the
Galv/triplet pair, measurements and simulations were carried
out for various laser powers, giving different triplet concentra-
tions. ThePn values were determined by averaging individual
Pn values for each data set, which are summarized in Table 1.
It is noteworthy that the times of initial reduction and recovery
to the thermal magnetization do not depend on the laser power
as shown in Figure 5, although higher triplet concentration due
to higher laser power is expected to result in a greater
contribution of the annihilation process. This observation implies
that the annihilation process is not important in the present
system, and the time profiles shown in Figure 5 can be analyzed
with mean values of light intensity. On the other hand, a change
in the radical concentration significantly affects the time
evolution curves as shown in Figure 6, where the time evolution
of Mz magnetization in the Galv in Galv/benzil system was
monitored by FID signals after the 355 nm laser excitation. The
triplet decay profile changes with the radical concentration and
the initial reduction profile changes accordingly. The recovery

TABLE 1: Triplet Quenching Rate Constants (kq) by
Galvinoxyl Radical, Unimolecular Triplet Decay Rates (kT),
the Absolute Magnitudes of CIDEP (Pn), and Energy Gaps,
∆G, between the RT Pair and CT States in Benzene at 298
K

triplet molecule kq/109 M-1 s-1 kT/105 s-1 Pn/Peq
a ∆Gb/kJ mol-1

tetracene 2.9( 0.1 0.8 -7 +45.5
anthracene 4.2( 0.8 3.5 -5 +25.2
pyrene 4.7( 0.3 2.5 -2 +15.7
naphthalene 6.2( 0.5 1.5 +1 +1.1
chrysene 4.6( 0.3 2.2 +2 -4.1
coronene 5.4( 0.6 1.9 +8 -12.2
tetraphenylporphin 0∼-2.0c -17.9
triphenylene 7.1( 0.4 2.1 +10 -25.2
quinoxaline 5.3( 0.6 3.2 +2 -34.8
fluoranthene 4.9( 0.4 0.7 -2 -37.8
phenazine 1.8( 0.1 1.3 -7 -51.4
9-fluorenone 2.7( 0.3 1.1 -9 -70.6
benzophenone 3.9( 0.4 2.1 -3 -94.8
benzil 1.3( 0.1 0.8 -15 -139.3

a Error bars of ca.(20% due to both the experiment and simulation
are estimated.b Calculated by eqs 10 and 11 for∆G(r) at r ) 0.7 nm.
Error bar of ca. 10 kJ mol-1 is expected due toλv value estimation
procedure.c The Pn/Peq value is estimated from ref 17.

Figure 5. Normalized time-evolution curves of FID intensity as a
function of delay time between laser andπ/2 pulses. FID intensity was
monitored at the peak marked by an asterisk in Figure 2 inset. Samples
are (a) 9-fluorenone (5.3 mM) and (b) triphenylene (0.08 mM) in
benzene. Simulations were made by using Bloch and the kinetic
equations described in the text. The excitation laser powers were noted
in each Figure.
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profile is essentially controlled by the spin-lattice relaxation
of Galv and does not change, as seen in Figure 6.

Evaluation of Pn Values in Galv/Triplet Systems.The Pn

value measured ranges from-15 to+10 Peq depending on the
triplet molecule. The phase of CIDEP is a fingerprint of the
sign of exchange interaction of RT pairs: negative and positive
Pn values are, respectively, related to the antiferro- (J < 0) and
ferromagnetic (J > 0) interaction.27 To examine an effect of
CT interaction on thePn values, we have estimated the energy
difference,∆G(r), between2,4RT0 without Jex and 2CT0 as a
function of intermolecular distance,r, by the following equation.

λs(r) is a solvent reorganization energy between the RT and
the CT states and was calculated to be 1.32 kJ mol-1 by
assuming Marcus’ formula ofλs(r)33 with an ion radius ofrAcc

) rDnr ) 0.35 nm, where Acc and Dnr denote charge acceptor
and donor, respectively, and withn ) 1.501 andε ) 2.284 for
benzene. As for CT state, we consider that triplet and Galv
molecules are acceptor and donor, respectively, otherwise CT
state energy is much higher than the T1 energy.λv is a sum of
vibrational reorganization energies of donor and acceptor
molecules. According to the previous studies on CT reactions,
λv of 24.0 kJ mol-1 was a typical value for various donor-
acceptor pairs of aromatic compounds with a few benzene
rings.34 Therefore, we adoptedλv ) 24.0 kJ mol-1 for the energy
calculation. ∆E(r) is an energy gap between the potential
minimum energies of2CT0 and2,4RT0 withoutJex along solvent
and intramolecular nuclear coordinates. The∆E(r) value is
expressed by

E1/2
ox(Galv) andE1/2

red(T1) are half-wave redox potentials of
Galv (+0.07 V) in acetonitrile (AcCN)35 and triplet molecule25-27

with respect to standard calomel electrodes, respectively.
Because redox potentials were obtained in highly polar solvents
(ε > 30), an additional correction term,∆Ecorr of 67.4 kJ mol-1

reported previously for cyclohexane (CyH) solution,36 was added
to obtain the∆E(r) value in nonpolar solvent.Ecoulomb(r) is the
Coulomb energy of the2CT0 state. The∆E(T1) values were
obtained by reference to the literature.30,32 ∆G values atr )
0.7 nm, which is assumed to be the intermolecular distance at
the closest approach of the pair, are summarized in Table 1.

Figure 7 shows plots ofPn as a function of∆G(r) at r )
0.7 nm. In the plot, a positive and a negative sign ofPn values
are described by open and closed circles, respectively. One of
prominent features is that the positive sign appears in the limited
region of ∆G ) -40 to 0 kJ mol-1. In the region of∆G <
-50 and> 0 kJ mol-1, Pn is positive and the magnitudes are
-3 to -15 Peq. This seems to suggest that the effect of CT
state onPn value is large in the systems of relatively small and
negative∆G value of-40 to 0 kJ mol-1. In this region, negative
value ofJ mainly due to exchange integral may turn out to be
positive due to strong CT effect. AsJ value becomes positive,
Pn value also becomes positive according to CIDEP sign rule
in the RTPM. As described in Figure 1, the sign ofJ value,
which is generally negative for the encounter pairs of paramag-
netic species, will change to be positive when the intermolecular
CT interaction largely contributes to the exchange interaction.25-27

The present results accord with these studies. It should be
mentioned thatPn value is negative for the∆G ≈ 0 region with
positive sign. In this region, CT effect is also large, but it
enhances the magnitude ofJ value in negative sign as described
in Figure 1d.

Theoretical Calculation of J Value Produced by Inter-
molecular CT Interaction. According to the quantitative theory
of the RTPM for CIDEP,19,20 |Pn| value relates to the absolute
magnitude of exchange interaction,J0, at the closest approach
of the encounter pairs. Therefore, analysis of|Pn| values as well
as their sign may assist understanding the complicated nature
of exchange interction in Galv/triplet systems.

To calculate the∆G dependentJ value of RT pairs, both CT
interaction and exchange integralJex are considered. A nearby
electronic state of Galv/triplet pair is2CT0 state as discussed
above and thus energy-shift due to intermolecular CT interaction
between2CT0 and 2RT0 of the same spin multiplicity are
important. The4CT0 is a two-electron excited state and is much
higher in energy than the2CT0 state. Therefore, the energy shift
of 4RT0 by 4CT0 is negligible, and we consider only the
contribution from the2CT0 state. Another contribution to the
energy shift of RT states is produced by exchange integral of
2RT0 and4RT0 states, which shows negativeJ value in general.5

Therefore, a simple calculation for energies of three-level
systems of4RT0, 2RT0, and2CT0 states is carried out to estimate
J value at the closet approach of the RT pair. In the beginning,

Figure 6. Normalized time-evolution curves of FID intensity of Galv
as a function of delay time between laser andπ/2 pulses under
355 nm laser excitation in benzil (6.5 mM)/Galv mixture in benzene.
The concentrations of Galv are denoted in the figure. The FID intensities
were monitored at the peak marked by an asterisk in the inset of
Figure 2. Signal intensities are normalized by the thermal equilibrium
intensity of Galv. Solid lines are simulation curves.

∆G(r) ) ∆E(r) + λs(r) + λv (10)

∆E(r) ) {E1/2
ox (Galv) - E1/2

red (T1) + ∆Ecorr} -
Ecoulomb(r) - ∆E(T1) (11)

Figure 7. Plot of Pn/Peq value against∆G calculated by eq 11 and 12
for ∆G(r) at r ) 0.7 nm in various Galv/triplet systems in benzene.Pn

values were determined by the fitting of time-evolution curves of FID
for CIDEP developments. Abbreviates are Bnzil: benzil; BP: ben-
zophenone; 9FL: 9-fluorenone; Phaz: phenazine; Flrtn: fluoranthene;
Qxln: quinoxaline; tPhln: triphenylene; TPP: tetraphenylporphine;
Cor: coronene; Chrys: chrysene; Np: naphthalene; Py: pyrene;
Anth: anthracene; Tetcn: tetracene.
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Zeemann and ZFS interactions are ignored and Hamiltonian is
written by

whereHex is the exchange integral andHCT is the intermolecular
CT interaction. The spin wavefunctions of4RT0, 2RT0, and
2CT0 states are as follows:

These spin wave functions of the RT encounter complexes are
expressed by using triplet (|(1〉 and |0〉) and doublet (|(1/2〉)
basis sets for the triplet and the radical molecules, respectively,
and the CT complex is described by|T1-(1/2〉 for the anion
radical formed by electron transfer from Galv to triplet molecule.
The secular equation for4RT0, 2RT0, and 2CT0 states at the
closest approach of the pair is then written as

We assume that CT interaction is not large enough to give
remarkable effects on the electronic wave functions of the triplet
and the radical molecules in RT encounter pairs and change in
Jex value due to CT-mediated mixing between2RT0 and2CT0

states is negligibly small. This may be reasonable because no
exciplex formations are recognized in the excited molecule and
Galv pairs studied here, which suggests that CT interaction is
relatively small. Energy shift of2RT0 caused by the2CT0 state
at the closest approach, defined asJCT, is then calculated by a
simple perturbation theory as

Jex in the denominator was excluded because the exchange
integral in the encounter pairs is around 1 cm-1 or much less,
which is negligibly small compared to∆G value unless the∆G
value of RT pairs of interest is nearly zero. The diagonalized
secular equation is then written by

In the present study, we investigate RT systems with wide range
of ∆G values including the systems with∆G values of nearly
zero. Simple perturbation theory cannot be applied to these
systems of close degeneracies. In particular, the RT pairs of
∆G ≈ 0 is very interesting because the sign ofJ value changes
around∆G ) 0. Therefore, we solve the secular eq 14 for∆G
≈ 0 systems by performing approximate calculations.

The characteristic feature in the present data is thatλs(r) is
negligibly smaller thanλv. Under this condition, we applied

treatment of Bixon et al.23 for calculation ofJ value in radical
ion pairs. In their model, the zero-order ion pair state is coupled
to the background vibronic states of the counter-parted electronic
states. Sum of the energy shifts of zero-order state caused by
these vibronic states equals theJCT value. A contribution of a
certain vibronic state is calculated by multiplying a Franck-
Condon weighted density, which is approximately described by
symmetrical Gaussian shape. Their theory is for the radical ion
pairs formed in the photosynthetic center in which solvent
reorganization energy is neglected. In the present2CT0-2RT0

system in benzene,λs(r) is negligibly small (0.02 eV) compared
to λv (0.25 eV) and the treatment of Bixon et al. is applicable.
Under this condition,∆G(r) and∆E(r) are described as shown
in Figure 8. In this model, potentials of both2CT0 and 2RT0

states are described as a function of one effective vibrational
mode,Qeff used as a representative of multimode system.JCT

is then given by the following equation of principal value
integral,

where ωeff is vibrational frequency ofQeff mode. Figure 9a
shows plots ofJCT as a function of∆G values calculated by eq
17. In this simulation,HCT(d) ) 1 cm-1 as an example andλv

) 0.25 eV are used. Because we consider weak CT interaction,
the smallHCT(d) value was tentatively adopted for the simula-
tion. Thehωeff values of 500, 800, 1000, and 1400 cm-1 are
used for these trial calculations. As seen in Figure 9a,JCT tends
to be positive for∆G < 0 and negative for∆G > 0 and the
sign of JCT changes at∆G ) 0. As hωeff becomes larger, the
plot indicates broader feature.

The Q-D energy difference in RT pair at the closest
approach,J0 is finally calculated by

The exchange integral is described by the overlap integral of
two molecules in the encounter complex, and thus we assume
that this value is roughly constant for Galv/triplet systems
studied here and is independent of∆G. According to the CIDEP
study, the sign ofJ value is negative in the regions of∆G >
0 kJ mol-1 and∆G < -40 kJ mol-1. A major component ofJ0

value in the region of∆G , -40 kJ mol-1 cannot beJCT

because the sign ofJCT should be positive and|JCT| of the pair
with large |∆G| value is small according to eq 15. Therefore,
we consider thatJex dominatesJ0 value in the region of∆G ,
-40 kJ mol-1. The sign of Jex should be negative for

Figure 8. Schematic drawing of the potentials of RT and CT pairs.
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Galv/triplet systems because the usually encountered pair of
paramagnetic species shows antiferromagnetic interaction.5 The
sign of Pn value changes around∆G ) -40 kJ mol-1 region,
as shown in Figure 7, and we consider that|Jex| equals to
|JCT| for RT pairs of ∆G ) -40 kJ mol-1 where JCT is
+0.00037 cm-1 according to this trial calculation shown in
Figure 9a. Therefore, we appliedJex ) -0.00037 cm-1 as the
representative value ofJex in Galv/triplet systems for the
calculation ofJ0 value by eq 16 when we assume theHCT(d) )
1 cm-1 condition. According to this procedure for the calculation
of J0 value, we obtained theoretical curves forJ0 vs ∆G, as
shown in Figure 9b. The sign ofJ0 value is positive in∆G )
-40 to -4.4 kJ mol-1 region with ωeff of 500 cm-1, while
∆G ) -40 to -15.1 kJ mol-1 region withωeff of 1400 cm-1.
According to the CIDEP results, the sign of thePn value, i.e.,
the sign ofJ0, changes around∆G ) 0 as well as-40 kJ mol-1.
Among theJ0 curves for variousωeff values, the curve with
ωeff of 500 cm-1 shows the better agreement with the experi-
mentally determined sign of thePn value. The calculated curves
with ωeff < 500 cm-1 are essentially the same as that ofωeff )
500 cm-1, namely, the sign ofJ0 value changes when∆G nearly
equals 0. Therefore, we use theJ0 curves withωeff ) 500 cm-1

in the following discussion.
Pn Values Calculated by Shushin’s Diffusion Theory for

CIDEP Created by RTPM. The last step of the present
theoretical analysis for the experimetal results is to calculate
Pn according to the diffusion theory for CIDEP creation19,20with
a theoretically calculatedJ0 value. For calculation ofPn values
by the CIDEP theory, the exchange interaction,J(r), for 2,4RT0

states is important. In usual approximation, the exchange
interaction is given by the exchange integral, which decays
exponentially asr becomes larger. Thus,Jex(r) is expressed by
the equation.20

Similarly, CT interaction approximately depends on the overlap
integral of the molecular orbitals of the pair and is expressed
by another exponentially decaying function as,

Becauseγex andγCT are both parameters related to the overlap
integral of the pair molecules, we assume that these values are
identical. Under this approximation, theJ(r) value is derived
by eq 18 and expressed by the formula

There is a possibility thatγex is largely different fromγCT. In
such a case,J(r) is not expressed by the exponentially decaying
function, and it is quite interesting that the sign of theJ(r) value
could depend on the intermolecular distance whenJex andJCT

are in opposite signs. Recent experimental findings indicate such
a possibility.37 Although this interesting feature is worthwhile
to discuss, we confine ourselves in this study to the model with
the usual exponentially decaying function assumingγex andγCT

are essentially same and expressed byγ.
The Hamiltonian for the present spin system under a magnetic

field is

where symbols are in their usual meanings andEZFS parameter
in ZFS interaction is neglected becauseEZFS , DZFS for usual
triplet states of organic compounds.30,32 Here, we applied
Shushin’s diffusion theory for CIDEP magnitude due to the
RTPM.20 Shushin derived the formula forPn value by solving
the stochastic-Liouville equation including diffusion term and
the spin relaxation superoperator for the RT pair. The spin
polarization,Pn is expressed as a function ofJ0() -Jex - JCT)
by the following equation

whereτc is the correlation time,Dr is the diffusion constant in
the solvent, andri is the RT distance where the triplet quenching
event occurs. In the present RT systems, it is assumed thatri

equals tod because the quenching rate constants are slightly
smaller than the diffusion rate constant and the contact of RT
pair is necessary for the quenching. Them andm′ are the spin
states of Q and D, respectively, andωmm′ is the Zeeman energy
difference betweenm and m′ states. The functionF(ω,J0) in
eq 23 is given by the following formula.

Figure 9. Theoretical calculation ofJCT andJ0 values as a function of
∆G values between RT and CT pair states. Numbers with arrows in
(b) indicate the∆G values forJ0 ) 0. Details are explained in the text.
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ŜT

2) (22)

Pn )
d2τc

2Drγri
∑|〈Qm|Hzfs|Dm′〉|2F(ωmm',J0) (23)

F(ω,J0) ) y

1 + y2 ∫0

∞ ( 1

1 + [ω + 2J0 exp(-r)]2τc
2

-

1

1 + [ω - 2J0 exp(-r)]2τc
2) dr

) y

1 + y2[{arctan(u-) - arctan(u+)} +

y
2

ln(1 + u-
2

1 + u+
2)] (24)

Jex(r) = -Jex exp{-γex(r - d)} (19)
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where

From these equations andJ0 values obtained by the analysis in
Figure 9,Pn values can be calculated as a function of∆G value.

In the calculation forPn values by eq 23, we assume a simple
model RT system with unique values ofDZFS, Dr, andτc. We
used the following parameters: Zeeman energy for a half spin,
ω0 ) gâB0 ) 6.0 × 1010 rad‚s-1 under the X-band EPR
measurements, andDZFS value30,32 of 1.8 × 1010 rad‚s-1 for
usual organic triplet molecules of one or two ring sizes. The
diffusion coefficient of 1.4× 10-5 cm2‚s-1 was used for Galv
and triplet molecules because reported diffusion constants of
some organic compounds are 1.2-1.5 × 10-5 cm2‚s-1 in
benzene or in cyclohexane at room temperature,38 which may
be good representativeDr values of organic compounds studied
here. Therefore,Dr ) 2.8 × 10-5 cm2‚s-1, which corresponds
to the sum ofDr values of Galv and triplet molecules, was used
for Galv/triplet systems. Theτc was estimated to be 28 ps from
the Debye equation for rotational correlation time withη )
0.649 mPa‚s and molecular radius of 0.35 nm.29 The parameters
in J(r) of Galv/triplet pair were assumed to be on the same order
of the magnitude with those in the collisional radical pairs and
RT pairs. Thus, we usedd ) 0.7 nm andγ values on the order
of nm-1. For J0 value, we adopted calculated results based on
Bixon’s model withωeff ) 500 cm-1.

The magnitude ofJ0 may change largely as a function of
∆G and it should contribute toPn. Therefore,Pn values as a
function of HCT(d), which controlsJ0 value, were calculated
with the constantγ value of 8 nm-1, as shown in the plots of
Figure 10a. Theγ of 8 nm-1 was reported forγ value in the
triplet benzophenone/nitroxyl pair based on CIDEP analysis,13

and we consider that this may be a good representative value
for the RT pair model. For the plots of eachHCT(d) value, the
magnitude ofJex values were adjusted to satisfy the condition
Jex ) -JCT at ∆G ) -40 kJ‚mol-1. The∆G dependence ofPn

value in Figure 9a drastically changes as a function ofHCT(d)
value. For lowHCT(d) (<10 cm-1), |J0| is smaller thanω0, which
is called the weak exchange limit20 andPn value changes rather
gradually. For highHCT(d) (>30 cm-1), |J0| is larger thanω0,
which is called the strong exchange limit,20 and thePn value
changes drastically around the region whereJ0 changes its sign.
In the latter case, it is clear from the Figure 10a thatPn value
is either+6 Peq for J0 > 0 or -6 Peq for J0 < 0. Any largerJ0

values satisfying|J0| > ω0 lead essentially to the same results,
and better agreement with experimentally determinedPn value
was obtained. On the other hand,HCT(d) of less than 10 cm-1

giving small|J0| value does not show a good consistence with
the experimental results onPn values. Therefore, we conclude
that anyHCT(d) values larger than 30 cm-1 can reproduce the
feature of∆G dependent experimentalPn values. In the studies
of electron-transfer reactions between aromatic compounds,HCT-
(d) values at the contact distance is on the order of 10 cm-1 or
more.39 It may be reasonable thatHCT(d) of Galv/triplet pairs
is larger than 30 cm-1. For instance,HCT(d) ) 60 cm-1 gives
JCT of 1.3 cm-1 at ∆G ) -40 kJ mol-1, and the corresponding
Jex value is-1.3 cm-1, which is ca. 4 times larger than Zeeman
energy. This energy relation indicates that the RT pair belongs
to a strong exchange limit case. This feature is in good
consistence with the previous studies onJex value in RT
encounter pairs such as nitroxide/triplet, benzil ketyl/triplet, and
R,γ-bisdiphenylene-â-phenylallyl/triplet systems.13-15,17Next we
examine theγ value for ∆G dependence ofPn value. Figure

10b shows some examples of calculatedPn values for various
γ values of 3-20 nm-1. In this calculation,HCT(d) of 60 cm-1

was taken as a rough guide of the value. The maximum and
the minimum Pn values largely depend on theγ value.
According to the analysis in the plots,γ ) 8-12 nm-1 gives
better agreement with the experimentalPn values. The param-
eters determined by the present analysis are summarized in Table
2, together with the literature values of CT interaction parameters
in radical ion pairs derived from the analysis on electron-transfer
kinetics. TheHCT(d) values greater than 30 cm-1 for Galv/triplet
pairs seem reasonable as compared with the values in radical
ion pairs.

Nature of J Value in Radical-Triplet (RT) Pairs. It might
be interesting to consider the reason why the CT interaction is
dominant in Galv/triplet pairs and to discuss a nature ofJ value
in RT pairs. As pointed out previously, the sign ofJ value in
the radical ion pairs is totally controlled by CT effect. This is
in accord with the fact that the radical ion pairs of organic
compounds do not form stable chemical bonds, namely,
exchange integrals between the cation and anion radicals are
generally small. This situation in radical ion pairs is quite
different from the case in RT pairs, where a balance between
exchange integrals and CT effects is definitely important in the
sign inversion ofJ value. So far, we have studied the sign ofJ
value intensively for the RT pairs, TEMPO or Galv radical with
various kinds of triplet molecules. It turns out that all the RT
pairs of TEMPO examined show negative sign ofJ value. On
the other hand, several Galv/triplet pairs have been found to
show positiveJ values because the CT effect is dominant in
these pairs as discussed in this study. To understand this
interesting experimental finding on the radical-dependent nature
of the sign inversion ofJ value, we carried out theJCT estimation
by introducing the appropriate values of parameters (HCT(d),
λv, andωeff) into eq 17 as well as examination ofJex value.

u( ) (ω ( 2J0)τc, andy ) 1
ωτc

(25)

Figure 10. Solid lines are∆G dependent theoreticalPn values
calculated by diffusional theory for CIDEP in the RTPM. Dependence
on (a) HCT(d) with γ ) 8 nm-1 and (b)γ values withHCT(d) ) 60
cm-1. Details are explained in the text.
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Among parameters in eq 17,λv value can be roughly
estimated by a quantum chemical calculation. To evaluate a
difference inλv value of RT pairs between Galv and TEMPO,
we considerλv value as being divided into two parts, which
areλv values for the radical (λv

r) and the triplet (λv
T). For λv

r,
we calculated electronic energies of Galv cation (Galv+) at two
different structures, which are the optimized structures of Galv
radical and Galv+ cation. The difference between these two
energies corresponds toλv

r value. A similar calculation was
carried out for the TEMPO radical. According to the calculations
at the B3LYP/6-31G(d) level of theory,40 we found thatλv

r value
is quite different depending on radicals, 8.5 kJ mol-1 for Galv
radical and 48.0 kJ mol-1 for TEMPO radical. Theλv

r values
are related to the structural changes from Galv to Galv+ and
from TEMPO to TEMPO+. The large difference inλv

r value is
important because the Franck-Condon factor between radical
and radical+ is remarkably different between TEMPO and Galv.
Largerλv

r value of TEMPO indicates the significant structural
change from TEMPO to TEMPO+. In eq 17, a fluctuation of
JCT value due to vibration motion along the coordinate of the
effective mode was considered and averagedJCT value was
calculated assuming the Gaussian shape of the wave function
for Qeff mode. In this calculation, continuum background states
in CT pairs are assumed to exist.23 If the structural change from
RT to CT states is significant, the Franck-Condon factor
between the two states is expected to be small. Our quantum
chemical calculation suggests the significant structural change
from TEMPO to TEMPO+, which means that the Franck-
Condon factor for TEMPO/triplet pairs is much smaller than
that for Galv/triplet pairs. Therefore, we expect that theJCT value
is larger in Galv/triplet pairs than the value in TEMPO/triplet
pairs.

TheHCT(d) andJex, which are the other important factors to
controlJ value, are in proportion to the overlap integral between
radical and triplet molecule. The SOMO of TEMPO is rather
localized in the NO group, while Galv has a diffuse SOMO
delocalized over the two phenyl type groups. The overlap
integral of RT pairs is thus expected to be larger in the TEMPO/
triplet pair than in the Galv/triplet pair. This means that both
the HCT(d) andJex values would be larger in TEMPO than in
Galv. According to this estimation limited toHCT(d) and Jex

values, bothJCT andJex will be larger in TEMPO/triplet pair.
To explain the sign ofJ value, we should tell which factor of
JCT andJex is more dominant in RT pairs. Therefore, a simple
comparison ofHCT(d) to Jex will not give us the reason why
JCT value is significant in Galv/triplet pairs but not in TEMPO/
triplet pairs. The largerωeff value corresponds to the larger|JCT|
value for a certain∆G value near the∆G ) 0 region as shown
in Figure 9. Thisωeff parameter requires experimental results
such as plots in Figure 7 to be determined. Unfortunately, we
do not have data onPn values vs∆G in TEMPO/triplet pairs.
No clear theoretical explanation is found for the proper value
of ωeff, which is necessary to explain interaction between RT
and CT pair states. At this moment, we are not able to discuss
our results based onωeff value.

Consequently, we consider thatJ value of TEMPO/triplet
pairs is controlled mostly byJex, presumably with a small
contribution fromJCT. BecauseJex is generally negative in sign,
J value of TEMPO/triplet pair shows negative sign. Meanwhile,
J value of Galv/triplet pair is more dominantly controlled by
JCT owing to similar structures of RT and CT pair states, which
results in positiveJ value for some RT pairs with∆G being
negative and close to zero. Our experimental finding on the
nature ofJ value is reasonably explained by a CT-controlled
exchange interaction examined in the present study.

It is noteworthy that thePn value for Galv/TPP (tetraphe-
nylporphin) pair shows an exceptional negative sign although
the estimated∆G of -17.9 kJ mol-1 may indicate the positive
J value (see Table 1 and Figure 10). Actually, thePn values of
the other Galv/triplet pairs in the∆G range of-40 to 0 kJ
mol-1 are positive in sign. We consider the plausible reasons
below. (1) The size of TPP is remarkably large among the
molecules studied in this work, and the estimation ofλv value
of the Galv/TPP pair might be much larger than 24.0 kJ mol-1

used for the present energy calculation. It was pointed out by
Gould et al. that theλv values of the aromatic compounds
become larger as the number of the ring increases.34 If the λv

value becomes twice as large as the other aromatic molecules,
the ∆G value for the Galv/TPP pair becomes positive and the
negative sign ofPn value might be explained reasonably.
However, a quantum chemical calculation for theλv

T value of
TPP performed by the similar procedure as described for the
λv

r calculation gives 10.3 kJ mol-1, which is not beyond our
approximation usingλv ) 24.0 kJ mol-1 for Galv/triplet pairs.
(2) Porphyrin derivatives such as TPP are rather unique
molecules as compared to the other molecules studied here
because their rotational motion is remarkably slow and even
the TR-EPR signal of their triplet can be detected in the solution
at room temperature.4b,41 In this study, we assume that the
rotation correlation time is fast enough to average out the
fluctuatingJ value due to anisotropic interaction between the
two molecules of RT pairs. However, slow rotation of TPP may
provide anisotropic effects onJ value. Although the detailed
mechanism to give negativeJ value is still unknown, we suppose
that the sign ofJ value is related to some anisotropic effect on
the Galv/TPP pair interaction.

Concluding Remarks

As a conclusion for the present study on Galv/triplet pairs,
experimental results ofPn values as a function of∆G are
reasonably explained by a theoretical analysis of Shushin’s
diffusion theory for RT pairs, with theirJ0 values controlled
by both exchange integral of2,4RT0 states and intermolecular
CT interactions between2RT0 and2CT0 states. When exchange
integral dominatesJ0 value, the sign ofJ0 is negative. On the
other hand, when intermolecular CT interaction dominates,J0

value becomes positive for∆G < 0. The∆G range of-40-
0 kJ mol-1 for positiveJ0 value was well reproduced by Bixon’s
model for intermolecular CT interaction with nearly degenerate
systems of RT and CT pair states.

TABLE 2: Parameters of CT Interaction and Intermolecular Potential of Galv/triplet Encounter Pairs Used for the Analysis of
Pn Vs ∆G Plots, Together with the Parameters Reported for Encounter Radical Ion Pairs.

pair type pair speciesa HCT(d)/cm-1 ωeff/cm-1 λv/kJ mol-1 γ/nm-1

contact radical-triplet pairs galv radical /triplet (see Table 1)b >30 <500 24 8∼12
solvent separated radical ion pairs cation (DCA or TCA)/anion (Np, Bip, Phen, or Bz)c 8.0∼11.5 1400∼1500 19.3∼24
contact radical ion pairs TCA cation/Bz aniond 700∼1300 1400 19.3

a DCA: 9,10-dicyanoanthracene; TCA: 2,6,9,10-tetrachyanoanthracene; Np: alkylnaphthalene derivatives; Bip: alkylbiphenyl derivatives; Phen:
alkylphenol derivatives; Bz: alkylbenzene derivatives.b This work. c Taken from refs 34 and 39d.d Taken from ref 34.
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For more complete understanding ofJ value in RT pairs, we
have to examine values appearing in eq 17 such asHCT(d) and
ωeff as well as Franck-Condon factors. To perform this
investigation, we should expand our target to other RT pairs
such as TEMPO/triplet and DPPH/triplet pairs. For these pairs,
it is necessary to show clear evidence that the RT pairs have
some effects due to CT controlled exchange interaction through
detailed studies onPn vs ∆G, as demonstrated in this study for
Galv/triplet pairs. These will be a future plan to understand the
nature of RT encounter complexes.
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