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There has been considerable interest on radical ion pairs (RIPs),
because they are fundamental intermediates in the photoinduced
electron-transfer reactions.1-5 The exchange interaction (J) in
RIPs is expected to be quite different from that of neutral radical
pairs (RPs), since solvent-solute interactions have characteristic
features. Electron spin polarization observed in the transient free
radicals has been increasingly useful to understand the chemistry
of transient intermediates. The pattern of radical pair mechanism
(RPM), which is one of the important mechanism for generating
chemically induced dynamic electron polarization (CIDEP),
depends on the spin multiplicity as well as the sign of the J of
radical pair precursors.6 TheJ is defined by the energy separation
between singlet (ES) and triplet (ET) radical ion pairs: 2J(r) )
ES - ET. It has been well-known that the sign ofJ is normally
negative in neutral radical pairs, indicating the lower energy of
the singlet state compared with the triplet state. In contrast, recent
studies suggest that some radical ion pairs have a positiveJ.7-10

In the present work, we investigated the CIDEP spectra generated
by photoinduced electron-transfer reactions and found that the
sign of J depends on the charge recombination free energy. A
new mechanism for the sign ofJ has been proposed on the basis
of Marcus theory.11

Xanthone (XN), duroquinone (DQ), and 2,3-dimethoxy-5-meth-
ylbenzoquinone (CoQ0) were used as the acceptors.12 Triphen-
ylamine (TPA) andN,N,N′,N′-tetramethylbenzidine (TMBD) were
used as the donors.12 The continuous wave time-resolved EPR
(TREPR) spectroscopy used was described in a previous paper.13

A Nd:YAG laser (355 nm) was utilized as the light source.
Figure 1 shows the CIDEP spectra of the acceptor anion radi-

cals of XN, DQ, and CoQ0 generated by the photoinduced elec-
tron-transfer reactions with the donors TPA and TMBD, respec-
tively. The cation radicals of the donors did not give well-re-
solved EPR spectra because of the complicated signals.

The CIDEP spectra with theA/E* (A/E + E) pattern were
observed for XN•-, whereA/E andE are enhanced absorption on
the low-field side and emission on the high-field side, and the
net emission of microwave, respectively. For CoQ0

•-, the CIDEP
pattern wasE*/E (E/A + E). Since the netE polarization is
ascribable to the triplet mechanism (TM), the RPM patterns are
A/E andE/A for XN•- and CoQ0•-, respectively. In contrast, the
RPM patterns of DQ•- were dependent on the donor;A/E and
E/A patterns were observed in the presence of TPA and TMBD.
A ∆g effect in the S-T0 mixing of the RPM cannot explain these
results, since theg values of the acceptor anion radicals are larger
than those of the countercation radicals in the present systems.14

The intersystem crossing rates from the S1 to T1 in the carbonyl
molecules used are much higher than the bimolecular electron-
transfer rates in the present concentrations.10 Therefore, the
photoinduced electron-transfer reactions occur through the excited
triplet states, yielding the triplet RIPs as the reaction intermediate.
The observation of E-TM supports the triplet reaction process.
We can, therefore, conclude from the RPM pattern that the RIPs
of XN•--TPA•+, XN•--TMBD•+, and DQ•--TPA•+ have a
positiveJ, while the RIPs of DQ•--TMBD•+, CoQ0•--TPA•+,
and CoQ0•--TMBD•+ have a negativeJ.
The present results are summarized in Table 1 together with

those previously reported for the systems of 4,4′-dimethoxyben-
zophenone (DMBP)-diazabicyclo[2,2,2]octane (DABCO) and
benzophenone (BP)-DABCO.10 The values of the charge
recombination free energy,∆GCR, are also listed. The values are
approximately obtained from the redox potentials of the parent
donor,E1/2ox(D), and acceptor,E1/2red(A); ∆GCR) E1/2red(A)- E1/2ox(D).
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Figure 1. CIDEP spectra of the anion radicals generated by the photo-
induced electron transfer in the systems of (a) 5 mM XN-3 mM TPA in
DMSO/cyclohexanol (1:1, v/v), (b) 5 mM XN-3 mM TMBD in DMSO/
cyclohexanol (1:1, v/v), (c) 5 mM DQ-2 mM TPA in DMSO, (d) 5
mM DQ-2 mM TMBD in DMSO, (e) 2 mM CoQ0-2 mM TPA in
DMSO, and (f) 2 mM CoQ0-2 mM TMBD in DMSO at room tem-
perature. The arrow indicates the center of the CIDEP spectrum due to
the corresponding anion radical. The asterisk indicates the impurity signal.
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Table 1 clearly indicates that the sign ofJ in RIPs depends on
the∆GCR values. Inversion of the sign ofJ seems to occur at
about∆GCR of -1.5 eV. Neither the mixing of the highly excited
donor-acceptor state22 nor the long-range electron spin dipole-
dipole interactions23,24 explain this.
The level crossing between the potential surfaces of the RIP

state and ground state is a key factor because the∆GCR of -1.5
eV corresponds to the boundary between the normal and inverted
regions of the back electron-transfer reactions as reported by
Mataga et al.25 Figure 2 shows the solvent coordinate dependence
of the potential surfaces of the collision complex of the donor
and the excited acceptor (3A*D), the singlet and triplet RIPs
(1,3A-D+) and the ground state (1AD). When the-∆GCR value
is smaller than 1.5 eV, the potential surface of the RIP state
crosses with the ground state at the normal region. The charge-

transfer interaction between the1RIP and S0 states leads to the
stabilization of the1RIP potential as compared to the3RIP one
by avoided crossing (Figure 2). Thus, a negativeJ is indicated
in the RIPs, when the level crossing occurs at the normal region.
On the other hand, when the-∆GCR value is larger than 1.5

eV, the potential surfaces of the RIP and S0 states cross at the
Marcus inverted region. Avoided crossing at the inverted region
induces the destabilization of the1RIP state compared with the
3RIP state, resulting in a positiveJ.
However, one would not expect such an inversion of the sign

of J in the case of neutral RPs which form a new covalent bond
in the recombination process. The present work suggests that
the exchange interaction in RIPs would be governed by charge-
transfer interactions rather than covalent bonding interactions. A
positive J in the RIPs produced from the singlet precursor8 is
also explained by the charge-transfer exchange interaction. When
the 3RIP state crosses with the locally excited triplet donor-
acceptor pair state at the Marcus normal region, the state of3RIP
is selectively stabilized due to the charge-transfer interaction,
leading to a positiveJ.
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Table 1. Correlation between the Sign ofJ and the
Thermodynamic Parameters

E1/2red (eV) E1/2ox (eV) ∆GCR (eV) sign ofJ

XN -1.77a TPA 0.98e -2.75 positive
DMBP -2.02b DABCO 0.68f -2.70 positiveh

BP -1.83b DABCO 0.68f -2.51 positiveh

XN -1.77a TMBD 0.43g -2.20 positive
DQ -0.73c TPA 0.98e -1.71 positive

TMBD 0.43g -1.16 negative
CoQ0 -0.13d TPA 0.98e -1.11 negative

TMBD 0.43g -0.56 negative

aReference 15.bReference 20.cReference 16.dReference 17.
eReference 18.f Reference 21.gReference 19.hReference 10. Figure 2. Free energy diagram for the photoinduced electron-transfer

reactions depicted versus solvent coordinate and the energies of the singlet
and triplet RIP states versus the distance between the ion radicals. Level
crossings of the singlet RIP state with the S0 state (a) at the normal region,
J < 0, and (b) at the inverted region,J > 0.
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