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Yasuhiro Kobori, "+ Shinji Sekiguchi,’ Kimio Akiyama, T and Shozo Tero-Kubota*'

Institute for Chemical Reaction Science, TohokuJdrsity, Sendai, 980-8577, Japan, and
PRESTO, Japan Science and Technology Corporation (JST), Kawaguchi, Japan

Receied: February 1, 1999; In Final Form: April 29, 1999

Photoinduced electron transfer reactions were studied by using the continuous wave time-resolved electron
paramagnetic resonance and Fourier-transformed electron paramagnetic resonance spectroscopy in polar
solvents. The chemically induced dynamic electron polarization was investigated in both singlet and triplet
precursor intermolecular electron transfer systems. The signs of the exchange interaction, which are defined
by the energy differences between the singlet and triplet radical ion pairs, depended on the free energy changes
for the charge recombination processes. The results are interpreted in terms of the mechanism that the spin
selective stabilization and destabilization are caused by the perturbation through the electronic coupling from
the ground state and the locally excited triplet state of the deacteptor pair at the equilibrium nuclear
coordinate. In the singlet precursor electron transfer systems, the positive exchange interaction resulted from
the selective triplet stabilization in the radical ion pair, when the ion pair state crossed with the locally excited
triplet state at the normal region. In the triplet precursor electron transfer systems, the negative exchange
interaction resulted from the selective singlet stabilization when the ion pair state crossed with the singlet
ground state at the normal region. When the free energy change is larger than about 1.8 eV, the positive
exchange interaction resulted from the spin-selective destabilization in the singlet ion pair, since the level
crossing occurs at the inverted region.

Introduction and the signs of the exchange interaction. For example, in the
case of the triplet precursor, the CIDEP spectrum of a radical
shows the microwave emission (E) in the lower magnetic field,
and the absorption (A) in the higher field (E/A pattern), when

Exchange interactiord) between two paramagnetic molecules

is quite important to clarify the nature of the intermediates and
mechanistic details of the reactions. Thés defined as the the J is negative. If thel is positive with the triplet precursor,

energy splitting between the singlet and triplet radical pairs s

(RPs) and has been considered to be due to the effect of thefzigg?sg dOf'IEEE ngZ?iﬁgimgsm;reerﬁ:m;gz ’?‘r/fmp?&em
valence bonding interaction within the intermediate RPs, phases of the mutiplet (E/A or AJE) effects of the RPM
2J = E{RP) — E(RP) 1) polarization if the reaction precursor states are known.

In the liquid phase intermolecular systems of the neutral
radical pairs and radicatriplet pairs*> almost all of the
experimental results showed the negative exchange interactions
and have been consistent with the Heitlebondon model. On
the contrary, in the photoinduced electron transfer reaction
systems, there have been several reports that the sign df the
shows positive J > 0) in some radical ion pairs; that is, the
singlet ion pairs have the higher energies than the triplet
ones®~10 One of the most puzzling subjects has been that the
signs of theJ vary with the species in the doneacceptor
systems in the triplet precursor reaction systéd.he positive
exchange interactions were also obtained in the radical ion pairs
generated via the singlet exciplex&Batchelor et af.observed
the CIDEP spectra in the system of the photoinduced electron
transfer reactions of aromatic hydrocarbons. The CIDEP spectra
were the E/A patterns with the excited singlet quenching, and

whereEs(RP) andEr(RP) represent the energies of the singlet
and triplet RPs, respectively. According to the Heitleondon
model, the singlet RP is stabilized and the triplet RP is
destabilized since the exchange integral is negative with an
overlap of the unpaired electron orbital in the randomly oriented
two molecules] < 0 in eq 12

Observations of the chemically induced dynamic nuclear
polarization (CIDNP) and chemically induced dynamic electron
polarization (CIDEP) enable us to investigate details of the
photochemical reaction dynami&3.According to the radical
pair mechanism (RPM)3when theg value difference between
the two radicals is quite small, the singtgtiplet mixing (S—
To mixing) is induced through the hyperfine interaction (HFI).
The nuclear and electron spin polarization is generated by the
S—To mixing during the diffusive separation and the possible - ) TS .
subsequent reencounter of the two radicals, where the magnitud(-{Ihe positivels were cqncluded in the radical ion p:?urs.'However,
of the J is comparable to the magnitude of the HEIThe a careful analysis is needed for the determination of the

CIDEP spectra due to the RPM are dependent on the Spinprecursor spin mult_iplicity. T_her_e Is a possibility that t_he
multiplicity of the reaction precursor states (singlet or triplet) precursor of thg multiplet polarization m!ght be due to the minor
triplet route withJ < 0, as suggested in the recent studfes.

t Tohoku University. There are some me_chanisms_ proposed_about the ;igns of the
* Japan Science and Technology Corp. exchange interaction in the radical ion pairs. According to the
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tion process yields excited triplet states of the acceptor or
McConnell mechanisr#? the positive exchange interaction is donor?O_The transient ion radicals are termir_lated by the charge
obtained by the perturbation from the triplet state of the pair of 'eécombination (CR) process. The CIDEP is observed on the
the doubly-charged donor and acceptor. Adriproposed that ~ freée ion radicals which escape from the SSRIPs.
the energy shift of the singlet or triplet radical ion pair may  Second, the RPM CIDEP generated by the triplet quenching
occur by the mechanism that the ion pair wave functions acquire electron transfer reactions is discussed. TREPR spectra observed
a small component of the locally excited states of the denor in the systems oN-methylphenothiazine as an electron donor
acceptor complex with the electronic interaction. Volk et al. and several electron acceptors were investigated. In these
suggested, in the photosynthetic reaction centers, that the energgystems, ISC of the first excited singlet state is so fast that the
difference between the singlet and triplet primary radical ion S; molecules cannot encounter the quencher molecules by the
pairs (P'H™) is determined by the electronic interaction from diffusion motion. The—AGcr energy is smaller than thEr
the singlet and triplet state$* and 3P* at the equilibrium energy, and thus the charge separation occurs from the excited
nuclear configuration of the™ .14 In our previous study, we triplet state as shown in Scheme 2. The SSRIP is formed via
briefly reported that the sign of this dependent on the charge the contact radical ion pair (CRIP). The charge recombination
recombination free energy in polar solve&? Experimental yields the ground state molecules after the ISC from the radical
results indicated that the singlet radical ion pair energy is ion pairs. We propose a general mechanism called charge-
selectively shifted by the perturbation from the ground state transfer type exchange interaction, which explains almost all
encounter complex through the charge transfer (CT) interaction of the experimental results.
at the equilibrium solvent coordinate.

Thus far, some mechanisfis®*"*have been proposed to  gyperimental Section

explain the opposite phases of the RPM CIDEP spectra to the
phases obtained in the case bf< 0. However, a general The FT-EPR measurements were carried out using an X-band
mechanism of the exchange interaction has not been establishegulsed EPR spectrometer (Brucker ESP 380E) equipped with
in the radical ion pair of the liquid phase intermolecular system. the dielectric resonator with a lo® factor of about 100. The
In this paper, CIDEP spectra of ion radicals were observed in microwave was amplifiedypa 1 kW TWT amplifier and the
the several bimolecular photoinduced electron transfer reactionsequence was triggered by the synchronous output of a Nd:
systems by using the continuous wave time-resolved electronYAG laser (Quanta-Ray GCR-150, 30Hz6 ns duration). To
paramagnetic resonance (CW-TREPR) and the Fourier-trans-prevent the dead time problem in the detection of the free-
formed electron paramagnetic resonance (FT-EPR) spectroscopynduction decay, we employed a two-pulseZ—z—x) echo
at room temperature. To determine the signs of dheve sequence with a CYCLOPS phase cycling routine and obtained
analyzed the origin of the CIDEP mechanisms and the precursorthe FT-EPR spectré. The echo signals were accumulated by
spin multiplicities of the geminate radical ion pairs for the the digital storage oscilloscope (LeCroy Model 9450A) syn-
observed multiplet CIDEP signals. The determined signs of the chronized with the microwave pulse programmer. Time resolu-
J are shown to be strongly dependent on the energy gapstion of our FT-EPR measurements was determined by the width
(—AGcr, the free energy changes for the charge recombination of the 7/2 pulse, and was 16 ns in the present experiments.

processes) expressed in polar solvents, as follows The steady-state CW-EPR spectra were measured with the 100
kHz field modulation.
—AGeg=E . — E;;,%— C (2) The CW-TREPR measurements were performed with a

Varian E-109E X-band EPR spectrometer without field modula-
where E1 > and Ey 2 represent the oxidation and reduction tion. Transient EPR signals generated by the pulsed laser
potentials of the donor and the acceptor in polar solvents, irradiation were detected by the diode of the EPR spectrometer
respectively.C denotes Coulomb attraction energy within the and transferred to a boxcar integrator (NF Model BX-531) for
ion pair. the time-resolved EPR spectra. A wide band amplifier was

First, the RPM CIDEP with the singlet precursor electron inserted between the detection system and the signal analyzer.
transfer reactions in the systems of aromatic hydrocarbons isThe frequency of microwave and the strength of magnetic field
discussed. In these systems, the energies of-th&cr are were measured by a microwave counter (Echo Electronics EMC-
larger than the energieEA) of excited triplet states of aromatic ~ 14) and an NMR field meter (Echo Electronics EFM-2000AX),
hydrocarbons as shown in the energy diagram in Scheme 1.respectively. The third harmonics (355 nm) of the Nd:YAG laser
After the charge separation (CS) reactions occur from the was used for the excitation light source in both the FT and CW-
encounter complexes of the fluorescent singlet molecules andEPR measurements. All solutions were deoxygenated by passage
electron donors, the singlet exciplexes (EX) are forifethe of Ar gas for 30 min and flowed into a quartz tube (4 mm od)
ion radicals are separated to form the solvent-separated radicafor the FT-EPR measurements and a quartz flat cell (0.5 mm
ion pairs (SSRIP) via the singlet exciplexes. After the inter- interior space) for the CW-TREPR measurements. All spectra
system crossing (ISC) of the exciplexes, the charge recombina-were measured at room temperature.
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Figure 1. Echo-detected FT-EPR spectra of fluoranthene anion radical
obtained at (a) 100 ns and (b4 after the 355 nm laser excitation in
the fluoranthene (0.6 mMM)DMA (15 mM) system in 3:1 v/v mixture

of cyclohexanol and acetonitrile. (c) Steady state CW-EPR spectrum
of fluoranthene anion radical.

Results

RPM CIDEP Generated by Singlet Quenching Electron
Transfer of Aromatic Hydrocarbons. In Figure 1, echo
detected FT-EPR spectra observed at (a) 100 ns and #B) 4

after the 355 nm laser excitation are shown in the system of

fluorantheneN,N-dimethylaniline (DMA) in the 3:1 v/v mixture

Kobori et al.
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Figure 2. (a) DMA concentration effect on the time profiles of the
E/A type multiplet contribution observed on fluoranthene anion radical.
(b) Stern-Volmer plot of the signal rise of the multiplet contribution
against [DMA].

dence of the RPM contribution. The time development of the
RPM signal is represented as foll &5

F(7g) = expkise 7o) — €XPE/Ty) )

where
(4)

In eq 3,kise and T, represent the buildup rate of the RPM signals
due to the charge separation reaction and the-dpitice
relaxation time of the radical, respectively, denotes the
lifetime of the excited state ankkr the rate constant of the
charge separation reaction from DMA to the excited state. The
function F(zy) was convoluted with the response function
determined by the width of the/2 pulse ¢r = 16 ns in the
present experiment) to obtain the simulated time profigs)

in Figure 2a, assuming the response function to be exponential

(5)

krise = 1/‘[0 + kET[DMA]

S(ry) = [, exp(-trg)F(zy — 1) dt

of cyclohexanol and acetonitrile. These spectra were assigned

to fluoranthene anion radical by the g value=@0026) and

From the least-squares fits by eqs 3 and 5, Thealue was

the hyperfine structure of the radical obtained by the steady obtained to be 0.%s and was not influenced by the DMA
state CW-EPR measurement of fluoranthene anion radical concentration. In Figure 2b, Sterivolmer plot of kise versus
produced by the reduction of fluoranthene with potassium as DMA concentration is shown. From eq Kgr = 3.3(0.1) x

shown in Figure 1c. Absence of the signal of the counter cation
radical may be due to the fast spin-spin relaxation of DA

1® Mt stand 1tg = 1.50.2) x 10’ st were obtained.
The deactivation rate of the State fluoranthene was determined

or the broadening by the degenerate electron transfer betweerpy the time-resolved emission spectroscopy in the same solvent

DMA** and DMA added with high concentration. The phase
of the RPM CIDEP contribution in Figure 1a was determined
to be the E/A type on the basis of the absorptive thermal
equilibrium signal observed atubs in Figure 1b. In Figure 1a,

to be 1.8x 10’ s~twhich is consistent with the reported vaRfe.
The 1o value obtained above agrees well with the fluorescence
deactivation rate of the;State, and therefore, the precursor of
the E/A polarization is the first excited singlet state. This result

the additional absorptive polarization to the E/A one is caused s well consistent with the Reh#Weller relation?® The rate

by the effect of the g value differencAg mechanisnf)in the
RPM, since the g value of DM is reported to be 2.0083
which is larger than that of the anion radical. The CIDEP from
the triplet mechanism (TMY is not involved in the observed
signal, suggesting no contribution from the triplet reaction
channel on the CIDEP generation.

constant of the charge separation reaction is dependent on the
free energy changé\Ges) to form a pair of separated ions (A

+ D7) from a pair of excited neutral doneacceptor (A*+

D) as

AGcg= E1/2OX - Ellzred —Ex*—-C (6)

To determine the precursor spin state for the generation of
the E/A type polarization, dependence of the FT-EPR spectrawhereEp* is the excited state energy. Ignoring the Coulomb

on the delay time 1) between the laser pulse and® pulse
was measured under the conditions of 5 mMDMA] < 25
mM (Figure 2a). The contribution of the multiplet E/A effect

term in eq 6 as a small contributioAGcs is calculated to be
positive AGcs = +0.20 eV) in the case of the;Tguenching,
while AGcs < 0 (AGecs = —0.57 eV) in the case of the;S

was obtained from intensity difference between the signals at quenching (see Supporting Information). These results show that

+14.6 MHz in Figure 1a. In Figure 2a, the time profiles of the
RPM contribution were fitted with the simulated time depen-

the reaction predominantly occurs from the Sate. The
viscosity of the 3:1 v/v mixture of cyclohexanol and acetonitrile
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- excited anthracene by 1,4-dicyanobenzene (1,4-DCNB). The
OOO hyperfine structure was well reproduced with the reported

hyperfine coupling constants of 0.6533 (2H), 0.3061 (2H), and

a) 0.1379 (2H) mT2 The oxidation potential of anthracene, the
reduction potential of 1,4-DCNB, and the triplet state energy
Abs. of anthracene yield the positiveGecs (=+0.92 eV) in the case
T of T1 quenching. Therefore, the E/A pattern is also originated
from the excited singlet state.
\L We also observed the FT-EPR spectra in the systems of
b) Em. fluoranthene-4-bromd,N-dimethylaniline (4BrDMA), fluo-

ranthene-1,2,4,5-tetracyanobenzene (1,2,4,5-TCNB), fluoran-

—~— /».J\ /"\)U‘ULA,/\ P thene-1,2,4-trimethoxybenzene (1,2,4-TMB), cororeDMA,
. , : i i : : —— anthracene-1,2-DCNB, and dibeat{lanthracene-DMA in the
4 3 20 10 o0 -0 -2 -30 -4 3:1 v/v mixture of cyclohexanol/acetonitrile. In these systems,
the excited triplet energies are also smaller than-tieGcr
ones. Table 1 summarizes the results of the RPM phases on
Figure 3. Echo-detected FT-EPR spectra of the center part of the ion radicals obtained in the singlet precursor reaction systems
anthracene anion radical obtained at () 100 ns and @ # the together with the reported oné3he E/A type RPM polarization
anthracene (0.45 mM)DMA (100 mM) system in 3:1 viv mixture of o5 ohserved on the ion radicals that can energetically be

cyclohexanol and acetonitrile. . .
y X b generated only from the;States. Since the E/A type geminate

Offset Frequency / MHz

- pair RPM polarization is generated with the @ecursor, the
a) \N ADS. signs of the exchange interaction seem not to be negative but
an, T positive ¢ > 0) in the radical ion pairs. Details about the
determination of the signs of thkare discussed later.
l, RPM CIDEP Generated by Triplet Quenching Electron
¥ Em. Transfer. Figure 5 shows the CW-TREPR spectra obtained by
b) the 355 nm laser excitation &f-methylphenothiazine in the
presence of electron acceptors of (a) 1,2,4,5-TCNB in the 4:1
WT—) (v/v) mixture of dimethyl sulfoxide (DMSO)glycerol and (b)

Figure 4. CW-TREPR spectra of (a) anthracene anion radical obtained 1,4-DCNB in DMSO, respectively. The CIDEP spectrum in the
in the anthracene (2 MMIDMA (100 mM) system in the 3:1 viv N-methylphenothiazine1,4-DCNB system (Figure 5b) agrees

mixture of cyclohexanol and acetonitrile and (b) anthracene cation W'th, that reported by Sakag}JChl etzéIThe b“?ad peaks were
radical in the anthracene (2 mM),4-DCNB (100 mM) system in assigned tdN-methylphenothiazine cation radical and the sharp
dimethyl sulfoxide obtained at 0% after the 355 nm laser excitation. ones to 1,4-DCNB anion radical (DCNB. In the CIDEP
spectrum of Figure 5a, the cation radical is also observed and
is reported to be 3 cP at room temperattfréhe ket (=3.3 x sharp peaks are assigned to the anion radical of TCMBich
10° M~ s71) obtained is well comparable to the diffusion- was reproduced with the reported hyperfine coupling constants
controlled rate constafftunder the 3 cP viscosity of the solvent. (@™ = 0.111 mT (2H) an@™ = 0.115 mT (4N)}’ Investigation
This result strongly supports that the E/A type polarization is of a transient absorption measurement clearly showed the
generated by the singlet quenching reaction originated from the electron-transfer reactions are originated from the excited triplet
geminate radical ion pair. From the above experimental results, N-methylphenothiaziné It is obvious that the CIDEP spectra
CIDEP spectra generated by the singlet precursor reactions carare different from each other in the phase; the RPM polarization
selectively be observed when the triplet state energies are smalleshows the E/A type in Figure 5a, while it shows A/E in Figure
than the energies of the ion pair states, Eg.,< —AGcr (see 5b. The CIDEP spectra of both cation and anion radicals were
Scheme 1). simulated with the square root dependence of the RPM CIDEP
We observed the CIDEP spectra in the other defamceptor on the difference@,p) between the resonance Larmor frequen-
systems of the singlet precursor reaction systems. Figure 3 showssies of the two radicals based on the conventional RPM thory.
the FT-EPR spectra of the center part of the anthracene anionSimulations of the CIDEP spectra are shown under the observed
radical observed with the quenching of excited anthracene by ones. In both spectra, the effect of the net emissive polarization
the electron donor DMA. Hyperfine structure was well repro- due to the TM is added. Experimental results were well
duced with the reported hyperfine coupling constants of 0.5337 reproduced with) < 0 (E/A type polarization) in Figure 5a,
(2H), 0.2740 (2H), and 0.1509 (2H) n¥¥.Also, the charge while with J > 0 (A/E type polarization) in Figure 5b. The
separation hardly occurs from the anthracenstéte since the ~ same RPM phases as in Figure 5, a and b, were respectively
AGcs (=+0.81 eV) is quite larger than th®Gcs = +0.20 eV observed when phenothiazine was used as the donor. Experi-
in the fluorantheneDMA system in the case of the;T ments were also performed with the other electron acceptors of
guenching?24As was seen in the fluoranthenRBMA system, 1,2-DCNB, quinoxaline, 1,3-DCNB, 1,4-DCNB, phenazine,
the E/A type RPM CIDEP was also observed on anthracene nitrobenzene, CGJ 1,2-dibromomethylbenzene (1,2-DBMB),
anion radical with the singlet quenching reaction as shown in and CBu. Results of the RPM phases and the signs ofithee
Figure 3a. With the CW-TREPR measurement, the same CIDEPIlisted in Table 2 together with theAGcr values calculated by
pattern as obtained by the FT-EPR measurement was observethe N-methylphenothiazine and phenothiazine oxidation poten-
in the anthraceneDMA system (Figure 4a). The E/A pattern tials and the reduction potentials of the electron accepfdts.
was also observed with the oxidation of anthracene by electronis evident that the sign of th&depends on the-AGcr value;
acceptors. Figure 4b shows a CW-TREPR spectrum of an-thelJis negative wher-AGcgr < ~1.8 eV, and is positive when
thracene cation radical obtained with the quenching of the —AGcr > ~1.8 eV. For example, thd is negative when



5420 J. Phys. Chem. A, Vol. 103, No. 28, 1999

TABLE 1: Thermodynamic Parameters, Observed Phases of the

Kobori et al.

Multiplet RPM Polarization, and the Signs of the Exchange

Interaction in Radical lon Pairs Generated by Singlet Quenching Electron Transfer Reactions of Excited Aromatic

Hydrocarbons in Polar Solvents

fluorescer quencher
E;|_/2r(5d/Va El/zoxNa ET/E\/D E;|_/2r(5d/Va El/zoxNa —AGCR — E‘r/eVC RPM phase Sign of ref

fluoranthene —-1.78 229 DMA 0.71 +0.20 E/A positive  this work
4-BrDMA 0.86 +0.35 E/A positive  this work
coronene —2.07 2.37 DMA 0.71 +0.41 E/A positive  this work
anthracene —-1.95 1.85 DMA 0.71 +0.81 E/A positive  this work
1.09 1,4-DCNB —1.68 +0.92 E/A positive  this work
dibenzp,hjanthracene —2.04 2.26 DMA 0.71 +0.49 E/A positive  this work

pyrene 1.16 2.10 1,3-DCNB -—-1.88 +0.94 E/A positive 6

1.16 1,4-DCNB —1.68 +0.74 E/A positive 6

—2.09 DMA 0.71 +0.70 E/A positive 6

a Reference 24° Reference 22 Calculated from—AGcr = Ey* — Ey0d 9 Obtained in DMSO.

S~ ; .
a) (I WQ :Z@z’:‘ Negative J
Ve Abs.

A
e

b) @iﬁ . OCN' Positive J
Me

imT

Sim.

Figure 5. CW-TREPR spectra observed at QS after the laser
excitation of the systems of (&)methylphenothiazine (3 mMj1,2,4,5-
TCNB (5 mM) in 4:1 v/v mixture of DMSO and glycerol and (b)
N-methylphenothiazine (3 mM)1.4-DCNB (5 mM) in DMSO.
Simulated CIDEP spectra are shown under the observed spectra.

—AGcr = 1.37 eV in theN-methylphenothiazinel,2,4,5-
TCNB system, while thd is positive when-AGcr = 2.32 eV
in the N-methylphenothiazinel,4-DCNB system in Figure 5.
As far as we investigated, there were no exception results of
the —AGcr dependence of théd in the bimolecular electron
transfer systems. There are many other CIDEP studies reporte

about the signs of the exchange interaction generated by the

triplet precursor electron transfer reactions in the polar solvents
as listed in Table 8.11.28-31 Similar dependence of the signs of
the exchange interaction on theAGcr is also seen in the
previously reported systems.

Discussion

Assignment of the Multiplet RPM CIDEP: Contributions
of the Exchange and Dipole-Dipole Interactions. Recently,

CIDEP spectra. The contribution of the DDI mechanism was
estimated to be much smaller than that from the RPM induced
by the exchange interactiaht® Shkrod® demonstrated that the
DDI mechanism cannot be applied in the systems of radical
ion pairs generated via the exciplex or the contact radical ion
pair. In the systems in Table 1, the long-range charge separation
reactions hardly occur, since, as studied by Kikuchi et al., the
energy gaps AGcs) are smaller than 1 eV for the charge
separation reactions from the §ates®® The short-range spin
exchange will dominantly occur in the singlet geminate radical
pairs. This is confirmed from the results that the obtained rate
constanker of the charge separation reaction is diffusion limited
in the fluorantheneDMA system, and, as in Scheme 3, the
charge recombination rat&g] of the singlet geminate radical
ion pair is smaller than thatkf) of the triplet pairs (see
Supporting Information).

The DDI contribution is also eliminated in the triplet precursor
reaction systems in Figure 5. Shkiéhbcalculated theQgp
dependence of the DDI-induced multiplet polarizatiym,, and
obtained that th®pp, is not proportional to square root Qky;
instead Ppp; 0 Qap0r Pppr 0 Qay * was obtained. The CIDEP
spectra of bottN-methylphenothiazine cation and cyanobenzene
anion radicals were simulated by the conventional square root
dependendeof the RPM polarization on th€,y values, as
shown in Figure 5. The good agreement between the experi-
mental results and the simulations demonstrates that the
J-induced multiplet polarization dominates the observed CIDEP.
The obtained phases of the multiplet RPM CIDEP are not

dgoverned by the DDI but the signs of tldan the radical ion

pairs. Determined signs of tlieare listed in Table +3. Details
of the determination of the signs of tlleare described in the
Supporting Information.

Mechanism of Charge-Transfer Type Exchange Interac-
tion in Radical lon Pairs. In the ionic radical pair systems,
the charge recombination reactions to the ground states and to
the locally excited triplet states occur as in Scheme 1 and 2.
According to the electron transfer reaction theory, the equilib-
rium nuclear configuration (nuclear coordinate) of the solvent
and solute molecules is different between the neutral and charged

a novel mechanism has been proposed for the generation ofdonor-acceptor pairs in the polar solveAts?®It is well-known

the multiplet CIDEP originated from the radical ion pair.
Shushif” theoretically demonstrated an electron dipedigpole
interaction (DDI) also induces the multiplet polarization in the
liquid phase. A long-range -STy mixing induces the DDI
polarization where the magnitude of thés quite smaller than
that of the HFI. The RPM phase due to the DDI mechanism is
the same as the conventional RPM phase With 0. At first,
before we determine the signs of thewe must determine the
origin of the multiplet CIDEP mechanism for the observed

that the effect of the solvent and solute reorganizations has an
important role to determine the electron transfer reaction'éfe.
To completely explain the energy gap dependence of the signs
of the J, we propose a mechanism of the charge-transfer type
exchange interaction which is taken into account the equilibrium
change of the solvent and solute nuclear coordinate.

Here, as in Figure 6, we propose a consecutive dependence
of the signs of thd on the energy gaps 6fAGcr in the systems
of the bimolecular electron transfer reactions. In the left side
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TABLE 2: —AGcr Dependence of the Signs of the Exchange Interaction in Radical lon Pairs Determined from the Phases of
the Multiplet RPM Polarization Generated by the Triplet Precursor Electron Transfer Reactions of Phenothiazine and
N-Methylphenothiazine in DMSO

donor acceptor
Ey V24 Eyedv2 —AGcr/eVve RPM phase sign of

N-methylphenothiazine 0.64 1,3-DCNB —1.88 2.52 AE positive
1,2-DCNB —1.83 2.47 AE positive
quinoxaline —-1.70 2.34 AE positive
1,4-DCNB —1.68 2.32 AE positive
phenazine —-1.23 1.87 AE positive
nitrobenzene —1.08 1.72 E/A negative
CCly -0.78 1.42 E/A negative
1,2,4,5-TCNB —0.73 1.37 E/A negative
1,2-DBMB —0.61 1.25 E/A negative

phenothiazine 0.56 1,3-DCNB —1.88 2.44 AE positive
1,2-DCNB —1.83 2.39 A/E positive
1,4-DCNB —1.68 2.24 AIE positive
1,2,4,5-TCNB —0.73 1.29 E/A negative
1,2-DBMB —0.73 1.17 E/A negative
CBr, -0.3 0.86 E/A negative

a Calculated from—AGcr = Ey®* — Epjred,

TABLE 3: —AGcr Dependence of the Signs of the Exchange Interaction Determined from the Phases of the Multiplet RPM
Polarization with Triplet Precursor Reported in the Bimolecular Electron Transfer Reaction Systems in Polar Solvents

acceptor donor
Euredv24 Eufedv2 —AGcr/eV? RPM phase sign af ref

duroquinone -0.73 ZnTPP 0.71 1.44 E/A negative 11
MgTPP 0.54 1.27 E/A negative 28
H,TPP 0.95 1.68 E/A negative 28
Eosin Y 0.87 1.60 E/A negative 29
DMA 0.71 1.44 E/A negative 30
4-CIDMA 0.71 1.58 E/A negative 30
4-BrDMA 0.86 1.59 E/A negative 30
4-IDMA 0.86 1.56 E/A negative 30

benzoquinone —0.45 EosinY 0.87 1.32 E/A negative 29

dichlorobenzoquinone -0.18 Eosin Y 0.87 1.05 E/A negative 29

benzophenone —1.83 DABCO 0.68 251 AIE positive 9

4-methoxybenzophenone —-1.74 DABCO 0.68 2.42 AE positive 9

4,4-dimethoxybenzophenone —2.02 DABCO 0.68 2.70 AE positive 9

maleic anhydride —-0.85 diphenylamine 0.83 1.68 E/A negative 31
triphenylamine 0.98 1.83 E/A negative 31
TMPD 0.32 1.17 E/A negative 31
9-methylcarbazole 1.16 2.01 AIE positive 31
9-ethylcarbazole 1.21 2.06 AE positive 31
9-phenylcarbazole 1.12 1.97 AE positive 31

2 Calculated from—AGcr = B> — B4

SCHEME 3 the neutral species and that the exchange interaction in the
14.0 . L3A~---D") state is discussed at its equilibrium nuclear
\ geminate RIP coordinate as indicated with energy axis on the left side panels
c ksol in the figures. With a simple perturbation theory, the spin-

k S
1(A7..D+) — 1(A- +DH
/ . . selective energy shifts of the solvated ion pair states are caused
/ Kisc S-T mixing _vfree ions

S et ane s by the perturbation from the ground state and the locally excited
ks / PATD) T O TPD triplet state due to the electronic coupling at their equilibrium
/o nuclear coordinates.

; ¥ 3D If values of the—AGcg, the reorganization energy)(and
AD the triplet state energye¢) are known in the polar solvent, we

panels in (a-d) in Figure 6, parabola-shaped electronic poten- are able to predlc_t the sign of_th]em a radical ion pair from
tials of the ground state doneacceptor pair{a---D), radical ~ F'9ure 6, and verify the experimental results.

ion pairt3A—---D™), locally excited triplet state** -+-D), and () Singlet Precursor Reaction Systemsln the singlet
locally excited singlet state'4*---D) are plotted against the  Precursor reaction systems in Table 1, thAGcr values are
nuclear coordinate. In the right side panels that lie perpendicularlarger than thér ones and the energy differences between the
to the left side panels, the potentials of the spin wave functions ion pair states and the excited triplet states of the aromatic
of the radical ion pairs are shown against the distange ( hydrocarbons are smaller than 1 e¥AGcr — Er < 1 eV.
between the ions. The solid and dotted lines show triplet and The reorganization enerdyis the energy required to reorganize
singlet spin multiplicity, respectively. The reorganization energy the system to an optimum configuration for an electron transfer,
is represented ak It is noticeable that the equilibrium nuclear and consists of a solvent component (outer-sphere reorganization
coordinate fod3A~---D") is different from the coordinate for ~ energy,ls), and a component associated with the donor and
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............ Singlet Scheme 3. As a result, potential energy surfaces of the radical
ion pair are plotted againstas shown on the right side panel

in Figure 6¢, and thus, the positive exchange interaction results.
All of the experimental results in Table 1 are consistent with
the positived in Figure 6c¢.

In the case of-AGcr > Er + 4, the sign of thel is expected
to be negative from Figure 6d. However, it is quite difficult to
satisfy the energy relation in the bimolecular electron transfer
reaction systems. To obtain the negatiVewith the singlet
precursor, the energy difference between theu®l T; states
of the aromatic hydrocarbon must be larger than the total
reorganization energy. For example, 5T, energy difference
of anthracene is only 0.95 eV, which is quite smaller than the
energy of thel (about 1.8 eV) in the polar solvents.

(b) Triplet Precursor Reaction Systems.In the triplet
precursor reaction systems in Tables 2 and 3, because the
—AGcr values are smaller than thEr ones, the energy
relationships in Figure 6a,b are applicable. It is evident that the
experimental results of the signs of thare perfectly explained
by the mechanism in the Figure 6a,b. The negatiigeexplained
by Figure 6a. When the-AGcgr energy is smaller than the
Figure 6. Schematic representation of the consecutive dependence ofenergy, the radical ion pair potential crosses with the ground
the singlet-triplet energy splitting in the solvated radical ion pairs, state at the normal region. As described above, the singlet radical
"{A™---D"), on the free energy change-AGcg) for the charge o pair is selectively stabilized. The positidés explained by
recombination process. See text for discussion. . e . . L . .

Figure 6b; singlet radical ion pair is selectively destabilized,

acceptor molecules (inner-sphere reorganization ergigyrhe when the ion pair potential crosses with the ground state at the

following Marcus relation represents the solvent reorganization inverted region. The signs of tievere negative wher AGcr
energyls in a polar solvent d8 values were smaller than about 1.8 eV, and were positive when

—AGcr values were larger than about 1.8 eV in Tables 2 and
- ez( 1 1 2 )(1 1) 3. It is noticeable that the boundary 1.8 eV is quite close to the
==+t =L =-=

——— Triplet

2 27 ¢ (7) total reorganization energy afroughly estimated above. There

n have been several optical studies that have estimated the

reorganization energies in the dor@cceptor systems by the

plots of the charge recombination rate constants versus the

—AGcr values in the polar solvents 35 The total reorganiza-

tion energies have been determined tolbe 1.5-2.0 eV in

the solvent-separated radical ion pairs from the fitting the plots

with the bell-shaped curves predicted by Suiiarcus® or

Jortner-Bixon.3” The good agreement of the boundary 1.8 eV

with the total reorganization energies demonstrates that the

systems in Table 1, the ion pair potentials cross with the locally exghar)ge Interaction s predominantly governed by the mech-
anism in Figure 6. This good agreement also demonstrates that

excited triplet states at the normal region as shown in Figure th h int " fth vent ted radical .
6¢. The positive exchange interactions obtained in Table 1 are; € exchange Interaction of Ine solvent-separated radical 1on pair

consistent with the model shown in Figure 6c. The singlet radical 'S détectable by the RPM CIDEP measurements.

ion pairs selectively produced with the charge separation from  McConnell® suggested that the triplet st&(@? ---D*) of

the S states are stabilized to the potential minimum of the ion the pair of the doubly charged donor and acceptor, which lies
pair state due to the reorganization in the solvent and solute €nergetically higher than the radical ion pair state, selectively
molecules, as shown in the left side panel in Figure 6c. It is Stabilizes the triplet radical ion pair. Even though the energies
noted that the magnetic interaction operates at the nuclearof the3(A% ---D¥) states are not known, it is quite difficult to
coordinate of the potential minimum &&A~---D"), because explain the inversion of the sign dfaround—AGcgr = 1.8 eV

the reorganization occurs much faster than the time scale forobtained in the case of the triplet precursor reactions. Moreover,
the S-To mixing in the radical ion pair. At the nuclear Kollmar®? suggested a highly symmetrical arrangement of the
coordinate, triplet radical ion pair stat@ ~++-D*) is selectively donor-acceptor complex is needed for the stabilization of the
stabilized by the perturbation from the locally excited triplet triplet radical ion pair. The anion and cation radicals are
StateSA* D through the electronic Coup”ng_ The magnitude randomly orientated within the radical ion pairS and the solvated
of the electronic coupling is governed by the orbital overlap in radical ion pair cannot have symmetrical structures at the
randomly oriented radical ion pair, and is dependent on the distance where the magnitude of thes comparable to the HFI
distance () between the radical ions. The singlet radical ion in the liquid polar solvents. The McConnell mechanism cannot
pair is not perturbed from the triplet locally excited state but be applicable in the bimolecular electron transfer reaction
from the ground state due to the spin selection rule for the chargesystems in the liquid media.

recombination process. From Figure 6c, the triplet radical ion  (c) Prediction of the Magnitude of the Charge-Transfer
pair is more strongly perturbed from the locally excited triplet Type Exchange Interaction.The model of the charge-transfer
state than the singlet radical ion pair is perturbed from the type exchange interaction in Figure 6 explains almost all of the
ground state. This is consistent with the relatiorkpf ks in results of the signs of th& With this mechanism, magnitudes

'A o Tw

whererp andra are radii of the reactants angb is the distance
between the donor and acceptarand ¢ represent refractive
index and dielectric constant of solvents, respectively. Kikuchi
et al33 estimatedis ~ 1.6 eV for the solvent-separated radical
ion pairs. Thely energies were also estimated in these systems
to be about 0.3 eV® Thus, the total reorganization energy is
estimated to bd = As + Ay ~ 1.9 eV. Since thel value is
much larger than the AGcr — Er values in the doneracceptor
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of theJin the radical ion pairs are easily expected to be different has a quite important role for the charge-transfer type exchange
with species of the doneracceptor systems. The charge-transfer interaction. This mechanism is similar to the treatment for the
type exchange interaction is governed by the following param- analysis of the electron transfer reaction probability based on
eters in the liquid media, distance-dependent electronic couplingthe electron transfer reaction theory. On the other hand, in
matrix element,—AGcr and A. For example, in the triplet  neutral radical pairs, exchange interaction can be explained in
precursor reaction systems in Figure 6, a or b, the following terms of the HeitlerLondon model. The exchange integral
secular equation is expressed with the linear combination of governs the exchange interaction with a concept that the singlet
the basis wave functions of the singlet radical ion pair radical pair is stabilized and makes a new chemical bond in
1P(A-D') and the ground state-AD pair 'W(AD) at the ion their recombination process. The Heittldrondon model is not

pair's equilibrium nuclear coordinate as applied to the radical ion pairs because they do not make new
chemical bonds in their recombination processes but yield singlet
—AGcg — € H(r) -0 ®) and triplet donor-acceptor pairs by the back electron transfer
He (1) A—c€ reactions.

Here,He(r) is the electronic coupling (CT interaction) between Acknowledgment. This work was supported in part by a
the radical ion pair and the ground state pair at the distance of Grant-in-Aid of Science Research No0.09740537 from the
r. The He(r) is approximately proportional to the overlap ministry of Education, Science, Sports and Culture, Japan.
between the highest occupied orbital of the donor and the lowest

unoccupied orbital of the acceptor molecules. Therefdggr) Supporting Information Available: Additional experimen-
can usually be expressed in the form of exponentially decaying tal details. This material is available free of charge via the
dependence onas Internet at http://pubs.acs.org.
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