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Exchange Interaction in Radical-Triplet Pairs: Evidences for CIDEP Generation by Level
Crossings in Triplet-Doublet Interactions
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Chemically induced dynamic electron polarization (CIDEP) generated through interaction of the excited triplet
state of 1-chloronaphthalene, benzophenone, benzil, and Buckminsterfullerene (C60) with 2,2,6,6,-tetramethyl-
1-piperidinyloxyl (TEMPO) radical was investigated by using time-resolved ESR spectroscopy. We carefully
examined what factors affect the CIDEP intensities. By comparing CIDEP intensities of TEMPO in the
1-chloronaphthalene, benzophenone, and benzil systems with that obtained in the C60-TEMPO system, the
absolute magnitude of net emissive polarization was determined to be-2.2,-6.9, and-8.0, respectively, in
the units of Boltzmann polarization. In the 1-chloronaphthalene-TEMPO system, the viscosity effect on the
magnitude of net polarization was studied by changing the temperature (226-275 K) in 2-propanol. The
emissive polarization was concluded to result from the state mixing between quartet and doublet manifolds
in a radical-triplet pair induced by the zero-field splitting interaction of the counter triplet molecule. The
magnitude of net polarization is much larger than the polarization calculated with the reported theory that the
CIDEP is predominantly generated in the region where the exchange interaction is smaller than the Zeeman
energy. Our experimental results are quantitatively explained by the theory that the CIDEP is generated
predominantly in the regions where the quartet and doublet levels cross. We propose a theoretical treatment
to calculate the magnitude of net polarization generated by the level crossings in the radical-triplet pair
mechanism under highly viscous conditions and perform a numerical analysis of the net RTPM polarization
with the stochastic-Liouville equation. The viscosity dependence of the net polarization indicates that the
back transition from the doublet to quartet states sufficiently occurs in the level-crossing region under highly
viscous conditions. The estimated large exchange interaction suggests that the quenching of the excited
triplet molecules by TEMPO proceeds via the electron exchange interaction.

1. Introduction

The quenching of the electronically excited molecules by
paramagnetic species has been extensively studied in many
photochemical processes.1-8 Specifically, the quenching of the
lowest excited triplet state by free radicals was widely inves-
tigated with optical spectroscopy. Porter and his co-workers2

investigated the quenching of the excited triplet state of aromatic
molecules with nitroxyl radicals by using the transient absorption
technique, and the quenching rate constants were measured.
From the triplet energy dependence of the quenching rate
constant, they suggested that charge-transfer (CT) interaction
would be dominant for the quenching process. However, the
CT mechanism could not explain the experimental result that
the solvent polarity did not affect the rate constant of triplet
quenching.3,4,6

Recent experiments show that chemically induced dynamic
electron polarization (CIDEP) is generated through interactions
between excited molecules and free radicals.9-17 This phe-

nomenon is explained by magnetic interaction acting on the
potential surfaces of spin states of radical-triplet pairs (Figure
1)10-21 and is interpreted in terms of the radical-triplet pair
mechanism (RTPM). According to RTPM, two patterns of
CIDEP are observed on free radicals; one is net emission (E)
with an E/A (emission/absorption) pattern (E*/A pattern) at-
tributed as quartet precursor RTPM (QP-RTPM),11-13 and the
other is anA*/E pattern as doublet precursor RTPM (DP-
RTPM).12,16 In QP-RTPM, triplet molecules are selectively
quenched through the doublet spin states of radical-triplet pairs.
During the triplet-doublet interaction, the quartet and doublet
spin states mix with each other by zero-field splitting (zfs)
interaction of the triplet molecule and hyperfine interactions of
both species.10-21 As a result,E*/A polarization is generated
on radicals. On the other hand, in DP-RTPM, S1-T1 enhanced
intersystem crossing caused by radicals selectively yields the
doublet spin states of radical-triplet pairs, and hence one
observesA*/E type CIDEP on free radicals.12,16

In the last few years, as for the net polarization in RTPM,
spin dynamics in the radical-triplet pair system has been
theoretically treated by the stochastic-Liouville equation
(SLE).14,16-21 Comparing to the spin dynamics in the radical
pair mechanism (RPM),25-27 spin dynamics in RTPM has been

† Present address: Institute for Chemical Reaction Science, Tohoku
University, Katahira 2-1-1, Aobaku, Sendai 980-8577, Japan.

‡ Present address: Department of Chemical and Biological Sciences,
Japan Women’s University, Mejirodai, Bunkyoku, Tokyo 112-8681, Japan.

5160 J. Phys. Chem. A1998,102,5160-5170

S1089-5639(98)00870-6 CCC: $15.00 © 1998 American Chemical Society
Published on Web 06/17/1998



considered to be rather complex, and the SLE must be carefully
treated. Two types of CIDEP theories are proposed by the use
of SLE for the net polarization in RTPM: the mechanisms
where the electron exchange interaction (J) in the pair is smaller
and much larger than the Zeeman splittng.14,16-21 In the former
mechanism, the net polarization is generated on free radicals
by the quartet-doublet spin relaxation induced through zero-
field splitting (zfs) interaction of the excited triplet molecule in
regions where the exchange interaction is smaller than the
Zeeman energy (r > r1, r2 in Figure 1).14,19,20 In the latter, the
quartet-doublet mixing by anisotropic zfs interaction is im-
portant around the level-crossing regions (r ) r1, r2 in Figure
1) for the generation of net CIDEP.16-21 Shushin14,19,20

formulated the magnitude of net polarization on free radical in
both RTPM mechanisms. Adrian21 also presented the formula
of the net polarization in the large exchange interaction limit.
However, there were few experimental data to explain the
mechanism of net CIDEP generation except for the study
reported by Goudsmit et al.14 and Obi and his co-work-
ers.11,12,16,17

Thus far, quenching processes of excited molecules by free
radicals have been mainly investigated by optical measurements.
For example, the mechanism of quenching of the excited triplet
states by radicals has been mainly discussed on the basis of
deactivation rates of T-T absorption in the presence of free
radicals.1-4 The transient absorption studies do not give direct
information about the interaction between an excited molecule
and a free radical. Hence, discussions about the intermolecular
interaction were relatively obscure. On the other hand, by time-
resolved ESR (TR-ESR) technique, one can directly observe
the free radicals that experienced an intermolecular interaction
between a radical and an excited molecule through CIDEP
signals. Especially, CIDEP intensity contains information on
the dynamics in the initial photochemical and photophysical
processes. Thus, it is expected that we can quantitatively obtain
information about the photophysical intermolecular interaction
between an excited triplet molecule and a free radical.

Particularly, electron exchange interaction between the tran-
sient paramagnetic species is one of the important intermolecular
interactions for the photoreaction dynamics. The exchange
interaction in radical pairs has been widely studied by TR-ESR
spectroscopy,25,26,35-39 and information about the exchange
interaction has been obtained from the electron spin polarization
generated by the RPM25,26,35-37,39and from TR-ESR spectra of
spin-correlated radical pairs (SCRP).37,38 Quite recently, a TR-
ESR spectrum of SCRP of biradicals was analyzed based on a
relaxation mechanism including theJ modulation caused by
conformational motion in a radical pair.38 Contrary to the

radical pair system, there is little information about the electron
exchange interaction in the system of the radical and excited
triplet molecule, which is an important interaction for the
photochemical dynamics in the more complex paramagnetic
systems.

In this paper, we measured absolute magnitudes of electron
spin polarization generated through the quenching of the excited
triplet states of 1-chloronaphthalene (1CN), benzophenone (BP),
and benzil by TEMPO radical in benzene by TR-ESR spec-
troscopy. In the 1CN-TEMPO system, viscosity dependence
on the net polarization was observed in the temperature region
226-275 K in 2-propanol. From the theoretical and quantitative
analysis, it is confirmed that the net electron spin polarization
in RTPM is predominantly generated in the level-crossing
regions. We propose a theoretical treatment to calculate the
magnitudes of net polarization generated by the level crossings
in the radical-triplet pair mechanism under viscous conditions
and performed a numerical analysis of the net RTPM polariza-
tion with the stochastic-Liouville equation. From the analysis,
it will clearly be demonstrated that efficiency of the CIDEP
generation caused by RTPM is quite high under viscous
conditions, and the magnitude of exchange interaction in a
radical-triplet pair will be estimated. The quenching mecha-
nism will also be discussed by comparing the works using
optical measurements with those using TR-ESR spectroscopy.

2. Experimental Section

A conventional X-band ESR spectrometer (Varian E-112) was
used to measure TR-ESR spectra. Transient ESR signals
obtained without field modulation were transferred to a boxcar
integrator (Stanford SR-250) for spectrum measurements or a
digital oscilloscope (Techtronix TDS 350) for CIDEP decay
profiles. The data in these instruments were transferred to
personal computers. The time resolution of our system was
about 200 ns. The gate time of the boxcar integrator was opened
for 0.5 µs. Microwave power was fixed at 5 mW. The
excitation light source was a XeCl excimer laser (Lambda
Physics LPX 100). Details of the equipment and method were
described previously.22 Benzophenone and benzil (Tokyo
Kasei) were recrystallized from GR graden-hexane and ethanol,
respectively. GR grade C60 (Buckey), 1-chloronaphthalene
(Tokyo Kasei), and TEMPO (Aldrich) were used as received.
GR grade benzene, 2-propanol, and ethylene glycol (Tokyo
Kasei) were used as solvents without further purification. The
solution was degassed by bubbling Ar gas and was flowed
through a quartz flat cell in an ESR cavity. The temperature
was controlled by flowing cold nitrogen gas with an MTC-
200HL (Micro Device) variable-temperature cryosystem. The
temperature of the sample solution in the ESR cavity was
measured with a thermometer. Optical densities of sample
solutions at 308 nm were determined by a UV-vis spectrometer
(Shimadzu). In laser flash photolysis experiments, a xenon flash
lamp (Ushio UXL150DS) was used as a monitoring light source.
The monitoring light passing through a monochromator (Nikon
P250) was detected with a photomultiplier tube (Hamamatsu
Photonics R928).

3. Results

Magnitudes of RTPM Polarization. Figure 2 shows the
TR-ESR spectra obtained by 308 nm laser excitation in the
systems of (a) 1CN-TEMPO and (b) C60-TEMPO in benzene
solution under the same experimental conditions at room
temperature. In both TR-ESR spectra, three peaks appeared at
the same positions as the peaks of TEMPO in the steady-state

Figure 1. Potential energy surface of spin states in radical-triplet pair
with J < 0.
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ESR spectrum. Hence, signals of these three peaks were
assigned to spin-polarized TEMPO radicals. This polarization
is caused by quenching of the excited triplet molecules with
radicals, as is interpreted in terms of RTPM reported in the
previous studies in the same excited molecule-radical sys-
tems.12,15 One strong absorptive peak marked by an arrow in
Figure 2b was assigned after Goudsmit and Paul15 to the lowest
excited triplet state of C60, which was not quenched by TEMPO
radical in this time window.

In the C60-TEMPO system, relative peak intensity of
TEMPO is almost the same with the CIDEP spectrum obtained
by Goudsmit and Paul15 in toluene. CIDEP patterns of TEMPO
shown in Figure 2 are different from each other; in the C60-
TEMPO system, hyperfine-dependentE*/A polarization is
dominant, while in the 1CN-TEMPO system, net emissive
polarization is dominant. As for the net CIDEP in RTPM, the
polarization is generated by the state mixing between quartet
and doublet states in radical-triplet pairs where the exchange
interaction is effective (see Figure 1), and the state mixing is
induced by zero-field splitting interaction of the counter triplet
molecule.10-17 Because theD value of 3C60 is much smaller
(0.01 cm-1)30-32 than that of31CN (0.1 cm-1),24 net emissive
polarization is weak in the C60-TEMPO system, but strong in
the 1CN-TEMPO system.

To discuss quantitatively the magnitude of CIDEP of
TEMPO, we examine what factors control the signal intensities.
RTPM polarization is generated on TEMPO through quenching
of T1 molecules (T1*) by radicals in the following scheme.

whereΦISC represents the quantum yield of intersystem crossing
from the S1 to T1 state, andkT andkq are the rate constants of
unimolecular deactivation of the triplet state and quenching of
the T1 molecule by TEMPO, respectively. TEMPOq represents

the free radical that experienced the quenching of the T1

molecule and possesses a certain amount of spin polarization
caused by RTPM. In this scheme, the initial concentration of
excited triplet was estimated to be about 2× 10-5 M from the
laser power, the optical density of the sample solution, and the
volume of the irradiated part of the cell. Even if the triplet-
triplet annihilation rate constants in both molecules are diffusion
limited, this process is neglected under our experimental
condition because of too low a concentration of excited triplet
molecules. By this scheme, as described by Bla¨ttler and Paul28

based on Bloch equations proposed by Verma and Fessenden,40

the magnetization on TEMPO radicals is written as follows:

whereMi represents the magnetization in its direction in the
rotating frame,ω1 is the microwave field strength, andT1 and
T2 are the spin-lattice and spin-spin relaxation times, respec-
tively. Peq and PRTPM denote the magnitude of thermal
equilibrium and RTPM spin polarization generated on the
TEMPO radical. In the equations,My corresponds to the CIDEP
signal intensity (IRTPM). In our TR-ESR measurements, Boltz-
mann polarization of TEMPO can be hardly detected since the
signals corresponding to the steady-state polarization ofPeq are
eliminated by a preamplifier, as reported by Turro et al.33 Thus,
we regardPeq , PRTPM in eq 2.

Under the experimental condition thatT1, T2, and ω1 are
constant in both excited molecule-TEMPO systems as in Figure
2, IRTPM at tobs (1.2µs in the present experiment) after the laser
excitation is written in the simple form as follows:17

wherec is a constant depending on spin relaxation times and
experimental conditions.IL and OD represent laser power and
optical density of the sample solution, respectively. From eq
4, aPRTPM value in the 1CN-TEMPO system relative toPRTPM

in the C60-TEMPO system is obtained from CIDEP signal
intensities in Figure 2 measured under the same experimental
conditions, i.e., the same gate time window and microwave
power. The relativePRTPM value (PRTPM

x) to PRTPM in the C60-
TEMPO system (PRTPM

r) is expressed from eq 4 as follows:

Figure 2. Time-resolved ESR spectra in (a) 1-chloronaphthalene- and
(b) C60-TEMPO systems observed at 1.2µs after the 308 nm laser
excitation in benzene at room temperature. Optical densities at 308
nm of sample solution are a) 0.31 and (b) 0.22. In both measurements,
concentrations of TEMPO are 1.95 mM.

S0 + hν(308 nm)f S1*

S1* f T1* (ΦISC)

T1* f S0 kT
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dt
) -

My

T2
+ ω1Mz (1)
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dt
) -ω1My +
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where superscripts x and r denote the desired molecule-TEMPO
and C60-TEMPO systems, respectively. In Figure 2, optical
densities of 1CN and C60 at 308 nm in the 0.5 mm interior cell
were 0.31 and 0.22, respectively.ΦISC of 1CN24 and C60 are
reported29 to be 0.79 and 1.0. The concentration of TEMPO
was fixed at 1.95 mM, and other experimental conditions (laser
power, signal sensitivity, gate time, and microwave power) were
the same in both systems. Sincekq[TEMPO] (>∼2 × 106 s-1)
is much larger thankT values (triplet lifetimes of C60

15 and
1CN24 are 8 and 280µs, respectively) under our experimental
conditions,kT in eq 6 can be neglected. To determine the triplet
quenching rate, time profiles of CIDEP signals of peaks atMI

) 0 of TEMPO were measured in both systems at the same
radical concentration of 1.95 mM as shown in Figure 3. The
profiles were simulated by using eqs 1-3 for the kinetics of
the RTPM polarization: generation of the spin polarization by
quenching of triplet molecules and spin relaxation in the
TEMPO radical. Parameters used in the equations were as
follows. Under our experimental condition of 5 mW microwave
power,ω1 is known to be 9.5× 105 rad s-1 in our ESR cavity.
T2 of TEMPO is the reported value in toluene (65 ns) in both
systems.15 In eq 3, the rise of triplet states is not considered
due to very fast S1-T1 intersystem crossing rates of 1CN (4.2
× 108 s-1)24 and C60. Then, the time development ofMy, which
was numerically solved with eqs 1-3, was convoluted with the
response function of the spectrometer, and the best fitted profiles
are shown in Figure 3 by usingT1 and kq as parameters. In
both systems, theT1 value was determined to be 270 ns, which
was almost the same asT1 determined with the similar procedure
in the C60-TEMPO system in toluene at room temperature.15

Triplet quenching rates were determined to bekq[TEMPO] )
1.8 × 106 and 6.0× 106 s-1 in the 1CN-TEMPO and C60-
TEMPO systems, respectively. The simulated profiles super-
imposed in Figure 3 agree well with the experimental results.
It is noted that, under the experimental condition of∼2 mM
TEMPO, the signal rises and decays in RTPM CIDEP are

governed by the spin-lattice relaxation of TEMPO and triplet
quenching rates, respectively, as seen from Figure 3.

From eq 6, RTPM polarization (PRTPM
1CN/PRTPM

C60) of
TEMPO in the 1CN-TEMPO system relative to that in the
C60-TEMPO system was determined by using the signal
intensities obtained and the parameters described above. The
magnitude of spin polarization in the C60-TEMPO system was
reported in toluene,15 but the CIDEP spectrum in Figure 2b was
measured in benzene. In both solvents, CIDEP patterns of
TEMPO observed are almost the same, and hyperfine-dependent
E*/A polarization is dominant.15 Since the ratio of the viscos-
ity24 of benzene to toluene is only 1.1, TEMPO will have almost
the same magnitude of polarization in benzene and toluene
solutions;11,25 magnitudes of spin polarization of TEMPO in
Figure 2b are-2.7,-1.7, and 1.3Peq at the peaks ofMI ) +1,
0, and -1, respectively, wherePeq represents the thermal
equilibrium electron spin polarization.15 Magnitudes of spin
polarization (PRTPM

1CN) in the 1CN-TEMPO system were
determined to be-3.1,-2.4, and-1.9Peq at MI ) +1, 0, and
-1 peaks, respectively, in benzene at room temperature.

Although net emissive polarization is dominant at the peak
of MI ) 0, this peak still contains a little emissive polarization
from the multiplet E*/A pattern. The contribution of the
multiplet effect atMI ) 0 was determined from the signal
intensities in observed TR-ESR spectra and simulated relative
intensities of the multipletE*/A spectrum of TEMPO. The
spectrum due to the multiplet effect was simulated with RTPM
theory reported in the previous study,11 assuming that theg value
of triplet 1CN was 2.003. The minor multiplet contribution
was subtracted fromPRTPM at MI ) 0 to obtain the polarization
factor of net RTPM (Pn). In the 1CN-TEMPO system,Pn was
determined to be-2.2 Peq. By the same procedure,PRTPM in
other excited molecule-TEMPO systems were estimated in
benzene from eq 6, i.e., fromIRTPM measured under the same
experimental conditions as in the C60-TEMPO system; the
PRTPM value at each hyperfine state was determined using the
values of OD,ΦISC,24 and kq[TEMPO] in each system.17 Pn

values were determined in the systems of benzil (BZ)- and
benzophenone (BP)-TEMPO to be -8.0 and -6.9 Peq,17

respectively, in benzene at room temperature. Absolute mag-
nitudes of net RTPM polarization obtained in the present
experiments are listed in Table 1.

Temperature Effect on Net RTPM Polarization. Figure
4 shows the temperature effect on steady-state and TR-ESR
spectra of TEMPO obtained in the 1CN-TEMPO system in
2-propanol. All experimental conditions except for temperature
were the same in these measurements. In the steady-state ESR
spectra (a and c in Figure 4), the peak intensity atMI ) 0
becomes slightly strong with decreasing temperature, although
their line widths are almost the same. This is mainly due to
the increase in the solute concentration caused by a slight
increase in solvent density, as discussed later. As discussed
above, peak intensities atMI ) 0 of TR-ESR spectra in Figure
4 mostly originate from the spin polarization due to net effect.
It is noticeable that the CIDEP intensity depends strongly on
temperature; CIDEP intensity becomes drastically strong with
decreasing temperature, or net emissive polarization gets strong.
Under our experimental conditions, the relative diffusion
coefficient (Dr) in the 1CN-TEMPO system in 2-propanol was
estimated to decrease from∼6 × 10-6 to ∼2 × 10-6 cm2 s-1

with reducing the temperature from 275 to 251 K. Details for
determination of theDr values are discussed later. Goudsmit
et al.14 investigated temperature dependence of CIDEP generated
through interaction between excited triplet benzophenone and

Figure 3. Time profiles of CIDEP signals of TEMPO in benzene
observed and simulated at the peakMI ) 0 in (a) 1-chloronaphthalene-
and (b) C60-TEMPO systems at room temperature. In both measure-
ments, the concentration of TEMPO is 1.95 mM.
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TEMPO radical in 1,2-epoxypropane solution. In their study,
the magnitude of net emissive polarization increased with
decreasing temperature in the region of theDr value larger than
∼1 × 10-5 cm2 s-1, but the net polarization did not increase in
the region of smallerDr than this value.14 On the other hand,
in the triplet 1CN-TEMPO system in 2-propanol, our experi-
mental results indicate that the magnitude of net polarization
increases drastically even when theDr value decreases to much
less than 10-5 cm2 s-1.

To obtain temperature effects on the net RTPM polarization
more quantitatively, time profiles of CIDEP at theMI ) 0 peak
were measured at the temperature of 226-270 K. In the steady-
state ESR spectra (a and c in Figure 4), the widths atMI ) 0
were almost the same (0.15 mT at 240-270 K). Since the signal
sensitivity should be independent of temperature, as reported
by Goudsmit et al.,14 the increase in steady-state ESR intensity
at MI ) 0 in Figure 4 with decreasing temperature is caused by
the increase in the (1) solvent density and (2) thermal equilib-
rium polarization, which obeys Curie relation (Peq ) gâI(I +
1)B0/3kT, whereI, B0, andk represent the electron spin quantum
number, magnetic field, and Boltzmann constant, respectively).
Therefore, the measured time profiles were calibrated with the
steady-state ESR intensities atMI ) 0 obtained, and thermal
equilibrium polarization was calculated with the Curie relation.
The calibrated time developments of the relative magnetization

of TEMPO radicals are shown in Figure 5, together with the
simulated ones. It is obvious that the net RTPM polarization
drastically increases with decrease in temperature. The simula-
tion of the profiles was done with Bloch equations (eqs 1-3)
to obtain the magnitudes of RTPM polarization. Since the
thermal equilibrium polarization of TEMPO cannot be detected
with our TR-ESR measurements as described in the previous
section, we discuss the relative magnitudes ofPRTPM compared
to PRTPM at 270 K. Parameters used in the equations were as
follows. As described above,ω1 is known to be 9.5× 105 rad
s-1 in our ESR cavity, and rapid S1-T1 intersystem crossing
and slow unimolecular decay of triplet 1CN are negligible.T2

was obtained to be 82 ns from the line widths of the steady-
state ESR spectra shown in Figure 4. Signal rises and decays
of RTPM CIDEP are attributed toT1 andkq[TEMPO], respec-
tively, as mentioned above. Thus, relativePRTPM values can
be obtained by fittingMy(t) calculated from Bloch equations to
the relative signal intensities in the profiles as shown in Figure
5. The parameters determined are listed in Table 2 together
with the diffusion coefficients (Dr) for the relative motion of
the radical and triplet molecule in 2-propanol, which were
estimated from the reported value of diffusion coefficient of
benzophenone (DBP) in 2-propanol at room temperature mea-

TABLE 1: Absolute Magnitudes of Net Spin Polarization (Pn) in TEMPO Observed (obs) and Calculated (calc) in Excited
Triplet Molecule-TEMPO Systems in Benzene at Room Temperature (in Units of Boltzmann Polarization)

Pn/Peq (calc)

triplet species D/cm-1 Pn/Peq (obs) ref 14a eq 20b eq 21b eq 22c

1-chloronaphthalene 0.11 -2.2( 0.4 -0.4 -2.1 -2.5 -6.5
benzophenone 0.18 -6.9( 0.9 -1 -5.7 -6.7 -17
benzil 0.12 -8.0( 0.3 -0.4 -2.5 -3.0 -7.8
C60 0.01 ∼0 0.0 0.0 0.0 -0.1

a Calculated with the relaxation mechanism assuming exchange interaction at contact to be smaller than Zeemann energy.b Calculated with
3J0eλd ) -5.1 × 1015 rad s-1, λ ) 1.4 Å-1, Dr ) 5.0 × 10-5 cm2 s-1, andτc ) 10 ps.c Calculated withτc > 40 ps in eqs 20 and 21. See text for
discussion.

Figure 4. Temperature effect on the (a, c) steady-state and (b, d) time-
resolved ESR spectra (1.7µs after the laser excitation) of TEMPO
observed in the 1-chloronaphthalene (10 mM)-TEMPO (1.1 mM)
system in 2-propanol.

Figure 5. Temperature effect on time profiles of CIDEP signals at
the peakMI ) 0 in TEMPO observed and simulated in the 1-chlo-
ronaphthalene (10 mM)-TEMPO (2 mM) system in 2-propanol.

TABLE 2: Viscosity Dependence on the Quenching Rate
(kq[TEMPO]) of Excited Triplet 1-Chloronaphthalene,
Spin-Lattice Relaxation (T1), and Net RTPM Polarization
(Pn) of TEMPO in 2-Propanol

T/K Dr
a/10-6 cm2 s-1 kq[TEMPO]b/105 s-1 T1/ns Pn (arb unit)c

270 4.8 8.8 340 -1.0
261 3.4 7.7 360 -1.5
257 2.8 7.0 360 -1.8
249 2.0 6.4 410 -2.2
240 1.3 5.3 420 -3.0
226 0.65 4.5 460 -3.8

a Obtained from eq 7.b [TEMPO] ) 2 mM. c In units ofPn obtained
at 270 K.
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sured with the transient grating method by Terazima et al.23

They reported that the diffusion coefficient of benzophenone
(DBP) in 2-propanol at room temperature was 6.8× 10-6 cm2

s-1 and that theDr value was inversely proportional to the
solvent viscosity. In this study, the molecular radii of the triplet
1CN and TEMPO were assumed to be the same as that of
benzophenone (a ) 3.7 Å). Therefore, from the Stokes-
Einstein relationship,Dr values were determined withDBP,
viscosity (η), and temperature (T) as

where the viscosity of 2-propanol was reported35 to obeyηT )
4.47× 10-4 exp(2532/T) cP. TheDr values estimated from eq
7 may have errors caused by the differences in molecular size,
which would however be within a factor of 20%.

To check the accuracy of viscosity in our TR-ESR experi-
ments at low temperature, the T-T absorption decay profile of
excited triplet 1CN was measured in the presence of 2.0 mM
TEMPO in ethylene glycol (η ) 20 cP) at 20°C with the laser
flash photolysis technique as shown in Figure 6. According to
eq 7,Dr in ethylene glycol is estimated to be 1.3× 10-6 cm2

s-1 at 293 K, which is almost the same asDr at 240 K in
2-propanol. (See Table 2.) The quenching rate constant was
obtained to bekq ) 2.5 × 108 M-1 s-1 from the decay profile
in Figure 6, which was almost the diffusion limit in ethylene
glycol and was quite close to the rate obtained from the time
profiles in Figure 5 at 240 K (kq ) 2.7 × 108 M-1 s-1) in
2-propanol. Therefore,Dr values estimated from eq 7 in
2-propanol will be valid even in the lower temperature region
in Table 2.

As described above, contributions of the multiplet effect at
MI ) 0 were subtracted fromPRTPM to obtain the polarization
factor of net RTPM (Pn in Table 2). In Figure 7, the relative
magnitudes of net RTPM polarization ofPn were plotted against
the values of 1/Dr. It is evident thatPn is almost proportional
to 1/Dr (or viscosity) in the region ofDr ) 2 × 10-6 to 5 ×
10-6 cm2 s-1. It is noticeable that the feature of viscosity
dependence on the net polarization is quite different from the
result reported in the benzophenone-TEMPO system in 1,2-
epoxypropane.14

4. Theory

To interpret the experimental results, it is important to analyze
theoretically the spin dynamics in the radical-triplet pair system.
Two types of CIDEP mechanisms have been considered for the
generation of the net RTPM polarization resulting from the state

mixing between the quartet and doublet states in the pair. The
mechanisms are mainly classified with the magnitude of
exchange interaction, that is, the energy splitting (-3J0) between
the quartet and doublet states at the closest approach in the
radical-triplet pair (see Figure 1).19,20 When-3J0 is smaller
than the Zeeman energy, the radical and triplet molecule cannot
approach closer to the level-crossing regions (r ) r1 andr2 in
Figure 1) than the encounter point. Therefore, the state mixing
will occur in the region ofr > r2. On the other hand, when
-3J0 is much larger than the Zeeman energy, the quartet-
doublet mixing through anisotropic zfs interaction will be
dominant in the level-crossing regions. In the former case,
Shushin19,20and Goudsmit et al.14 proposed a theoretical analysis
of the magnitude of spin polarization in detail. In this section,
we discuss the theory of spin dynamics in the case of large
exchange interaction reported previously16-21 for deriving an
analytical form17-21 and perform numerical calculations of the
magnitude of net RTPM polarization.

Spin dynamics in a radical-triplet pair system is described
by the stochastic-Liouville equation (SLE), in which effects of
spin interactions and relative molecular diffusion are considered
as

whereF(r,t) is the density matrix of the radical-triplet pair at
time t and pair separationr. The spin HamiltonianĤ(r) is
represented as follows:16

Figure 6. Transient absorption decay profile of excited triplet
1-chloronaphthalene monitored at 420 nm in the presence of 2.0 mM
TEMPO in ethylene glycol at 20°C. Lifetime of the triplet state was
determined to be 2.0µs.

Dr ) 2DBP

η298K

ηT

T
298

(7)

Figure 7. Plots of viscosity dependence on the magnitudes of net
RTPM polarization (b) obtained with the present experiment in arbitrary
units, (‚‚‚) calculated with the analytical form of eq 22, and (s)
calculated with the numerical analysis of SLE in eq 13 in the
1-chloronaphthalene-TEMPO system. Both calculated results are in
units of thermal equilibrium polarization (Peq) at room temperature.
(2) Pn ) -2.2Peq experimentally obtained in benzene (atDr ) 5.0×
10-5 cm2 s-1).

∂r F̂(r,t)
∂t

) -i[Ĥ(r), rF̂(r,t)] + Dr

∂
2r F̂(r,t)

∂r2
(8)
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where the symbols have their usual meanings. Subscripts T
and R represent the triplet molecule and radical, respectively.
D represents theD value of zfs interaction of triplet molecule.
In eq 9, theE value (typically<0.01 cm-1) is neglected due to
its small contribution compared to theD value (∼0.1 cm-1 in
1CN). ú indicates an eigenaxis of zfs interaction in the frame
of the triplet molecule.J(r) is the exchange interaction in the
pair and is assumed to be dependent only onr. We employ a
usual form of an exponentially decaying exchange interaction,

whered is the distance of closest approach in the pair. In the
presence of electron exchange interaction between the radical
and triplet molecule, spin wave functions of the pair are written
as the eigenstates of the exchange interaction as follows:

where subscripts in the spin function ofR or â denote triplet
molecule (1 and 2) and radical (R). As described above, we
assume that-J0 is much larger than the Zeeman splitting (-J0

. gâB0) and discuss the state mixing between|Q〉 and |D〉
throughĤ(r) around the level-crossing regions (r ) r1 andr2).
As an example, the mixing between|Q-3/2〉 and|D-1/2〉 around
r ) r2 is discussed below. The matrix elements ofĤ(r) for the
quartet-doublet mixing are expressed from eqs 9 and 11,
assuminggR ) gT ) g, as follows:

where θ and æ represent the angles of theú axis along the
laboratory coordinates visualized in our previous study.16

Because triplet molecules are randomly oriented along the
magnetic fieldB0, the second term of〈Q-3/2|Ĥ(r)|Q-3/2〉 averages
zero due to〈cos2 θ〉 ) 1/3. From eqs 8 and 12, the following
relationships are obtained:

Here, F represents the matrix element of the density matrix,
and F0 ) CDCD* + CQCQ*, Fx ) CQCD* + CDCQ*, Fy )
-i(CQCD* - CDCQ*), andFz ) CDCD* - CQCQ*, whereCQ(t)
and CD(t) are the coefficients of the wave function,ψ(t) )
CQ(t)|Q-3/2〉 + CD(t)|D-1/2〉, in the SLE. ω0 denotes Zeeman
splitting between the quartet and doublet states, and in this case,
ω0 ) gâB0. As visualized in our previous study,16 the
mechanism of net RTPM generation is clearly understood by
the vector model of eqs 13 and 14, which is quite similar to the
model of S-T(1 mixing in RPM proposed by Adrian and
Monchick.26 The SLE in the other crossing region (r ) r1)
was previously obtained with almost the same procedure
discussed above.16 The transition probability caused by a level
crossing is represented as the difference in theFz component in
the Fv vector as16,25,26

Here, we treat the case of the high field approximation (B0 ∼
3400 G), where the quartet-doublet state mixing is dominant
around the level-crossing regions. In the system of Figure 1,
total net polarization is represented as a sum of the polarization
generated in the level-crossing regions and is obtained from
eqs 11 and 15 as follows:17,25

In our theoretical treatment of eqs 8, 9, and 12-14, the
anisotropic zfs interaction (Hzfs) is assumed to be static or time-
independent. In the limit of slow diffusion (gâB0 tc . 1, where
τc is the rotational correlation time of the triplet molecule) and
large exchange interaction (-J0gâB0), the effect of fluctuating
Hzfs is eliminated since orientation of a triplet molecule is
preserved when passing through the level-crossing region.
Therefore, eq 13 is applicable under viscous conditions. The
total spin polarization is obtained as an average of CIDEP
generated from all molecular orientations along the magnetic
field. In the level-crossing region (ω0 ) -3J(r2)), the quartet-
doublet mixing rate induced byHzfs of a triplet molecule is
represented from eq 14 as|Ω| ) 2 cosθ sin θ D/x6 rad s-1.
To analyze approximately the magnitude of net RTPM polariza-
tion as an average for the angle ofθ, 〈cosθ sin θ〉 ) 1/3 is put
in eq 14 for the numerical analysis. By employing a finite-
difference technique inr, time development of the density matrix
can be numerically solved at eachr value from eqs 13 and 14
under the initial condition that the doublet states in the radical-
triplet pair are selectively quenched through the triplet quenching

Ĥ(r) ) â(gTŜT + gRŜR)B0 + D(ŜTú
2 - 1

3
ŜT

2) - 2J(r)ŜTŜR

(9)

J(r) ) J0 exp{-λ(r - d)} (10)

|Q3/2〉 ) |R1R2RR〉 (11a)

|Q1/2〉 ) 1

x3
(|R1R2âR〉 + |R1â2RR〉 + |â1R2RR〉) (11b)

|Q-1/2〉 ) 1

x3
(|â1â2RR〉 + |â1R2âR〉 + |R1â2âR〉) (11c)

|Q-3/2〉 ) |â1â2âR〉 (11d)

|D1/2〉 ) 1

x6
(2|R1R2âR〉 - |R1â2RR〉 - |â1R2RR〉) (11e)

|D-1/2〉 ) 1

x6
(2|â1â2RR〉 - |â1R2âR〉 - |R1â2âR〉) (11f)

Ĥ(r) )

[|Q-3/2〉 |D-1/2〉

-3
2
gâB0 + 3 cos2 θ - 1

6
D - J(r)

sin θ cosθ
x6

exp{i(π2 - æ)}D

sin θ cosθ
x6

exp{i(æ - π
2)}D -1

2
gâB0 + 2J(r) ]

(12)

∂rF0

∂t
) Dr

∂
2rF0

∂r2
(13a)

∂rGv

∂t
) Dr

∂
2rGv

∂r2
+ Ω(r) × rGv (13b)

Ω(r) ) ( 2 sinθ cosθ
x6

sin æ D

2 sinθ cosθ
x6

cosæ D

ω0 + 3J(r)
), Gv(r,t) ) (Fx

Fy

Fz
) (14)

∆Fz ≡ lim∫d

∞
(F0 - Fz)r

2 dr (15)

Pn ) -2 lim ∫d

∞
tr{SRz

rF(r,t)}r dr =
1
3

∆Fz(r1) + 2
3

∆Fz(r2)
(16)
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process and the quartet states are initially populated at the closest
pair separation,

Shushin and Adrian separately formulated the analytical
solutions of the electron spin polarization of eq 15 generated
in a two-level system in the case where the mixing interaction
(zfs interaction) fluctuates in the level-crossing region (r ) Rc)
with the correlation timeτc, which can also be applicable under
nonviscous conditions (gâB0τc < 1).

Shushin’s formula19,20 is

and Adrian’s formula21 is

where Ωx and Ωy are the Fx and Fy components ofΩ(r),
respectively. Both formulas are derived with the assumption
that the triplet quenching occurs at the distance close tor ) Rc

and that the quartet-doublet transitions are “one-sided”; back
transitions from doublet to quartet states are neglected.19,21 By
substituting eqs 18 and 19 into eq 16, total magnitudes of net
RTPM polarization are obtained as

and

respectively.Pn values are theoretically estimated from eqs 20
and 21 and can be compared quantitatively with thePn values
obtained experimentally. In the limit of slow diffusion (gâB0τc

. 1) as in 2-propanol solution at low temperature, both eqs 20
and 21 give the same formula of the net RTPM polarization as

which is proportional to 1/Dr.
5. Discussion

Absolute Magnitudes of Net RTPM in Benzene. It is
interesting to compare quantitatively the absolute magnitudes
of net polarization obtained experimentally in benzene with
those predicted theoretically by the RTPM mechanism. Goudsmit
et al.14 proposed a relaxation mechanism for the quartet-doublet
mixing induced by zfs interaction. According to their study,
net CIDEP is predominantly generated in the regions outside
the level crossing (r > r1, r2) in Figure 1, and the absolute
magnitude of net polarizationPn is theoretically formulated
using the SLE, assuming that the exchange interaction in a

radical-triplet pair is smaller than the Zeeman energy. In ben-
zene solution at room temperature, the diffusion coefficient for
the relative motion of TEMPO and triplet molecule is estimated
to be about 5× 10-5 cm2 s-1 from eq 7. If the exchange
interaction is assumed to be smaller than Zeeman splitting14

(-J0 ) 5.0 × 109 rad s-1), their mechanism predicts thePn

value to be-0.4,-0.4, and-1 Peq in the 1CN-, benzil-, and
benzophenone-TEMPO systems, respectively, all of which are
much smaller than our experimental results. (See Table 1.)
Therefore, our experimental results cannot be explained by this
mechanism.

Pn values are obtained from eqs 20 and 21 in the fast diffusion
(gâB0τc < 1) and large exchange interaction (-J0 . gâB0)
limits. The following parameters were used in eqs 20 and 21
to evaluate thePn values. Zeeman splitting obtained from the
microwave counter (gâB0 ) 6.0 × 1010 rad s-1 under our
experimental condition) and the reportedD value (D ) 2.1 ×
1010, 2.3× 1010, and 3.4× 1010 rad s-1 for triplet 1CN, benzil,
and benzophenone, respectively) were used. The diffusion
coefficientDr in benzene was determined17 from eq 7 with the
reported value of the diffusion constant of BP in benzene (DBP

) 2.5× 10-5 cm2 s-1 at room temperature)29 to be 5.0× 10-5

cm2 s-1. Correlation timeτc was assumed to be 10 ps.17 The
parameters in exchange interaction in a radical-triplet pair were
assumed to be the same order of magnitude as in the transient
radical pairs, and we put 3J0eλd ) -5.1 × 1015 rad s-1, λ )
1.4 Å-1, andd ) 7 Å. Then, the separations between the radical
and triplet molecule at the level crossing are estimated asr1 )
7.6 Å andr2 ) 8.1 Å, which indicates that the quartet-doublet
mixing occurs at 0.6 and 1.1 Å away from the closest approach
in the pair. In all the excited molecule-TEMPO systems,Dr,
τc, J0, d, andλ were assumed to be the same. For example, the
Pn values in the 1CN-, BZ-, and BP-TEMPO systems were
calculated asPn ) -2.1, -2.5, and-5.7 Peq from eq 22,
respectively. Moreover, we calculatedPn with eq 22, assuming
that the molecular rotational correlation time is slower than∼40
ps. Pn values obtained experimentally and theoretically are
summarized in Table 1 together with the reportedD values. In
the 1CN and BP systems, experimentally measured magnitudes
of the Pn values agree well quantitatively with the ones
calculated from eqs 20 and 21 and are about 3 times smaller
than that calculated from eq 22. This result strongly suggests
that the net RTPM polarization is generated in the level-crossing
regions and that the anisotropic zfs interactions fluctuate in the
level-crossing regions due to the effective rotational motions
in benzene and make the net RTPM polarization weak. On the
contrary, in the BZ-TEMPO system, observed|Pn| ) 8.0 Peq

is about 3 times larger than the calculated values from eqs 20
and 21, but agrees well with the calculatedPn ()7.8 Peq) by
using eq 22. Although we used estimatedr i, Dr, τc, andλ values
to calculatePn values, it is difficult to consider that the errors
in r i and λ make thePn value 3 times large. Moreover,Dr

cannot become 3 times smaller in the BZ-TEMPO system than
in the other systems even if BZ molecular size is bigger than
1CN and BP. Therefore, in the BZ system,τc in the excited
triplet BZ will be slower than 40 ps (that is,gâB0τc . 1) due
to the bigger molecular size of BZ than that of 1CN and BP,
and hence the orientation of triplet molecules may be preserved
when passing through the level-crossing region. It is noted that
in Debye’s model the rotational correlation time is sensitive to
the molecular size or radii (a), sinceτc ∝ a3. In the previous
study,11 RTPM polarization of the OTEMPO radical generated
by quenching of the excited triplet acetone was observed in
benzene. In the acetone-OTEMPO system, net RTPM polar-
ization was very weak compared with the hyperfine-dependent

Gv(d,0) ) ( 0
0

-1) (17)

∆Fz ) π
2

sign(J0)
〈Ωx

2〉 + 〈Ωy
2〉

ω0

Rc

λDr

1

1 + (ω0τc)
-2

(18)

∆Fz ) sign(J0)
〈Ωx

2〉 + 〈Ωy
2〉

ω0

Rc

λDr
arctan(ω0τc) (19)

Pn ) 2π
135

sign(J0)
D2

gâB0λDr{ r1

4 + (gâB0τc)
-2

+

r2

1 + (gâB0τc)
-2} (20)

Pn ) 1
135

sign(J0)
D2

gâB0λDr
{r1 arctan(2gâB0τc) +

4r2 arctan(gâB0τc)} (21)

Pn ) π
270

sign(J0)
D2(r1 + 4r2)

gâB0λDr
(22)
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multiplet polarization in spite the relatively largeD value in
triplet acetone (0.15 cm-1). This result is considered to be
caused by the effective fluctuation of the zfs interaction in the
level-crossing region due to the fast rotational correlation time
of triplet acetone, contrary to the BZ system. Ifτc ) 3 ps,Dr

) 5.0 × 10-5 cm2 s-1, andD ) 2.9 × 1010 rad s-1 are put in
eq 20, the magnitude of net RTPM polarization is estimated to
bePn ) -0.6 Peq, which is 10 times smaller than thePn value
obtained in the BP-TEMPO system. At least in the molecular
systems investigated here, it is concluded that the net RTPM
polarization is generated in the two level-crossing regions and
that the exchange interaction in the radical-triplet pair is
stronger than the Zeeman energy.

For deeper understanding of the influence of the fluctuating
zfs interaction of the triplet molecules, investigations on the
microwave frequency dependence on the magnitude of net
RTPM polarization will be very fruitful. For example, mag-
nitudes of the net polarization in the 1CN-TEMPO system are
predicted to be-0.09Peqand-4.7Peq from eq 20 in the L-band
(gâB0 ) 500 G) and Q-band (gâB0 ) 10 000 G) frequency
regions, respectively. Thus, it may be difficult to detect the
net RTPM CIDEP by the TR-ESR spectroscopy in lower than
the X-band microwave frequency region, since the fluctuation
of the zfs interactions in the level crossings is more effective
due togâB0τc , 1.

Numerical Analysis of Viscosity Dependence on Net
RTPM Polarization. As theoretically predicted by Shushin19,20

and Adrian,21 investigations of the viscosity (1/Dr) dependence
on the net polarization is important to examine the spin dynamics
in net RTPM. In the limit of slow diffusion (gâB0τc . 1) as in
2-propanol solution and large exchange interaction (-J0 .
gâB0), the net polarization is proportional to 1/Dr, as seen in eq
22. On the contrary, in the case of small exchange interaction
(-J0 < gâB0), the relaxation mechanism14 predicts that the
polarization is constant in the region of diffusion coefficient
smaller than 10-5 cm2 s-1. Thus, our experimental results
cannot be explained by the relaxation mechanism with-J0 <
gâB0.

According to the finite difference technique for the numerical
analysis, time development of the density matrix is expressed
in the following forms from the SLE of eq 13 as

To calculate the SLE, we use the boundary conditions reported
by Freed and Pedersen:25 At the closest approach in a radical-
triplet pair, the hard-core repulsive interaction forr < d leads
to the reflective inner boundary condition as

and, in the outer region (r ) rN), the equations are represented
as the collecting-wall boundary condition,

which means the pair is collected and cannot diffuse back to
the interacting regions. The same parameters were used for
the exchange interaction and zfs constant in the 1CN-TEMPO
system as described in the previous section:D ) 2.1 × 1010

rad s-1, 3J0eλd ) -5.1 × 1015 rad s-1, λ ) 1.4 Å-1, andd )
7 Å. From eqs 14-17 and 23-26, time development of the
density matrix at each pair separation was numerically solved
until the F0 - Fz value in the outer region (r ) rN) becomes
constant, and we obtained∆Fz from eq 15. We calculated the
∆Fz values generated in the two level-crossing regions (r ) r1

andr2) and obtainedPn values from eq 16 as a function of the
1/Dr value as shown in Figure 7. The numerical calculations
were performed under two conditions:rN ) 12 Å with ∆r )
0.025 Å, andrN ) 18 Å with ∆r ) 0.05 Å. In the calculations,
∆t values were chosen to satisfyh ) 1/6 in eq 24, which
sufficiently gives the most accurate solutions of the diffusion
eq 13a. Calculated results under the two conditions gave almost
the samePn values; at most, the difference was only 10% at
the largestDr value of 1.0× 10-5 cm2 s-1. Thus, the analysis
of rN ) 18 Å with Dr ) 0.05 Å will be sufficient to reproduce
the spin interaction and diffusion motion of the pair. Since
effective regions of the quartet-doublet mixing through zfs
interaction are quite close to the closest distance of the pair,
the possibility of diffusing back from the defined outer region
to the effective interacting regions will be quite small in a
viscous solvent.

In Figure 7, the magnitudes of net emissive polarization
calculated with eq 22 and numerical analysis of eq 13 or eqs
23-26 are plotted against 1/Dr in the units of Boltzmann
polarization (Peq ) 7.5 × 10-4) at room temperature. In the
region of 1/Dr < 7 × 105 s cm-2, the magnitudes of net emissive
polarization calculated by numerical analysis agree well quan-
titatively with the ones calculated with eq 22 and are almost
proportional to 1/Dr. This result indicates that the numerical
analysis is well compatible with the analytic form of eq 22 in
the region of 1/Dr < 7 × 105 s cm-2. In Figure 7,Pn values
(plotted with b) were experimentally measured as relative
magnitudes of spin polarization and are not in the units of
Boltzmann polarization. As seen in Figure 7, the experimentally
obtained net RTPM polarization was almost in proportion to
1/Dr in the region of 2× 105 < 1/Dr < 7 × 105 (s cm-2). This
relationship is consistent with the results of the numerical
calculation and the analytical solution of the SLE as seen in
Figure 7. Moreover, as described in the previous section, the
magnitude of net RTPM polarization (-2.2 Peq) in benzene
(plotted with 2 in Figure 7) was well fitted quantitatively to
the ones calculated from eqs 20 and 21 in the 1CN-TEMPO
system. Therefore, the experimental results strongly indicate
that the net emissive polarization is generated predominantly
in the level-crossing regions and that the magnitude of the
polarization amounts to about-70 to -200 Peq in the region
of 2 × 105 < 1/Dr < 7 × 105 (s cm-2) in the 1CN-TEMPO
system.

In the region of 1/Dr > 7 × 105 s cm-2, the numerically
calculated curve is not coincident with the line solved analyti-
cally from eq 22, although both of the calculations were based
on the SLE in eq 13. The experimentally obtained 1/Dr

dependence on the net polarization is well fitted to our numerical
analysis rather than eq 22. Especially, under the most viscous
conditions of 1/Dr ) 1.6 × 106 s cm-2, eqs 20 and 21 predict
thePn value to be-520Peq, while our calculated value is-300
Peq. When the analytical form of eqs 20 and 21 was derived
from the SLE, transitions from the quartet to doublet states (Q
f D transition) throughHzfs were only considered and Qr D

F0(r,t+∆t) ) F0(r,t) + h{F0(r+∆r,t) - 2F0(r,t) +
F0(r-∆r,t)} (23a)

Gv(r,t+∆t) ) Gv(r,t) + h{Gv(r+∆r,t) - 2Gv(r,t) +
Gv(r-∆r,t)} + Ω(r) × Gv(r,t)∆t (23b)

h ) Dr
∆t

∆r2
(24)

G(d,t+∆t) ) G(d,t) + h{2G(d+∆r,t) - 2G(d,t)} (25)

G(r-∆r, t+∆t) ) G(rN-∆r,t) + h{G(rN,t) - 2G(rN-∆r,t)}
(26a)

G(rN,t+∆t) ) G(rN,t) + 2hG(rN-∆r,t) (26b)
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type back-transitions were neglected.19-21 This approximation
is valid when the population of doublet state transferred from
the quartet throughHzfs is small; that is eqs 20 and 21 can
adequately predict the net RTPM polarization when its mag-
nitude is small. On the other hand, under the more viscous
conditions, the quartet-doublet mixing occurs more effectively
in the level-crossing region. When the population of the doublet
state transferred becomes comparable to the population of the
quartet state, the Qr D type back-transition throughHzfs

simultaneously occurs in the level-crossing region, as shown
in Figure 8, and makes thePn value smaller than those obtained
from eqs 20 and 21. It is noted that, even ifHzfs accelerates
the Q-D mixing much more effectively, the magnitude of net
RTPM polarization cannot exceed the value of 1/2 (∆Fz < 1/2),
or the|Pn| value must be smaller than 670Peq. In our numerical
analysis, we directly calculated the SLE in eq 13 and obtained
the time development of the density matrix without the
assumption that the quartet-doublet transition was “one-sided”,
and hence the effect of the back-transition was reflected in our
calculated results in Figure 7. This is confirmed with the result
that the|Pn| in the region of 1/Dr > 1.6 × 106 s cm-2 was
calculated to be>520Peq from eq 22, the magnitude of which
is comparable to the polarization limit of 670Peq. The good
agreement between the experiment and the numerical analysis
strongly indicates that the magnitude of net RTPM polarization
is very large and amounts to 300Peq under the highly viscous
conditions ofη > 20 cP in the 1CN-TEMPO system.

The numerical calculations were performed with the param-
eter of 3J0eλd to be-5.1 × 1015 and-5.1 × 1016 rad s-1, as
shown in Figure 9. The calculated viscosity dependencies on
the net RTPM polarization were almost the same. This result
is consistent with the approximated analytical form of eqs 20
and 21; Adrian21 suggested theoretically that the net emissive
polarization is not directly dependent on theJ0 value. Although
we could not determine the preciseJ0 value by fitting the
viscosity dependence onPn in Figure 7, our experimental results
strongly suggest that the net polarization is predominantly
generated in the two level-crossing regions of radical-triplet
pair and that in highly viscous solvent (η > 20 cP) the
magnitude of the polarization amounts to 300Peq. The obtained
large magnitudes of net RTPM polarization are not necessarily
surprising results. Bla¨ttler et al.28 investigated the net RTPM
polarization generated through the quenching of the excited
triplet benzil by benzyl radical at low temperature, andPn was
roughly estimated to be ca.-50 Peq, which cannot be
reproduced by the relaxation mechanism with-J0 < gâB0. Our
experimental results of viscosity dependence onPn in Figure 7
strongly support that the exchange interaction in a radical-
triplet pair is very strong.

Solvent Polarity Effect on Net RTPM Polarization. It is
interesting to discuss the solvent effect on the magnitude of
the net polarization observed in TEMPO. Goudsmit et al.14

measured thePn values in the BP-TEMPO system in 1,2-

epoxypropane solution and obtained thatPn ) -0.6 Peq at Dr

) 5.86 × 10-5 cm2 s-1. This magnitude is about 10 times
smaller than our experimental result of-6.9 Peq obtained in
benzene, although the diffusion coefficients are almost the same
in both solvents at room temperature. This difference may be
caused by the solvent effect on theJ0 value; the solvent polarity
would affect the potential energy of the radical-triplet pair in
Figure 1. Porter et al.2 proposed that the contribution of CT
interaction became more important in the triplet quenching by
nitroxyl radicals with an increase in the triplet energy. The
CT state in the BP-TEMPO system (BP-‚‚‚TEMPO+), which
lies higher than the excited triplet state, will be stabilized in
polar solvents such as 1,2-epoxypropane and might perturb the
potential surfaces of the radical-triplet pair in Figure 1. This
perturbation might make the energy splitting between the quartet
and doublet states (-3J0 in Figure 1) small. On the contrary,
in nonpolar solvents such as benzene, the perturbation from the
CT state would be much weaker, and thus, the quenching
process will be dominated by the exchange interaction.17

Experiments about the solvent dielectric constant effect on the
magnitude of net polarization are needed in the BP-TEMPO
system. However, at least in benzene, our experimental result
suggests that the quenching of the excited triplet state of BP by
TEMPO proceeds via the exchange interaction. Contrary to
the BP system, the magnitude of the exchange interaction was
not apparently affected by the solvent polarity in the 1CN-
TEMPO system; theJ0 value was estimated to be the same order
of magnitude in both benzene and 2-propanol solutions. Even
if the CT state is stabilized by the polar solvent molecules, the
potential surfaces of the radical-triplet pair will not be perturbed
by the CT state. This is caused by the fact that the free energy
difference between the CT and the excited triplet states should
be larger in the 1CN-TEMPO system than that in the BP-
TEMPO system due to (1) lower energy of the excited triplet
state of 1CN (2.57 eV) than that of BP (3.00 eV)2,24 and (2)
lower reduction potential of 1CN (ca.-2.5 V vs SCE inN,N-
dimethylformamide) than that of BP (-1.55 V).24

Our results of large exchange interactions in radical-triplet
pairs are consistent with the results reported in the laser flash

Figure 8. Schematic representation of population development of
quartet and doublet states in radical-triplet pairs around the level-
crossing region in the case of slow diffusion.

Figure 9. Effect of exchange interaction (J0) on the magnitudes of
net RTPM polarization calculated with the numerical analysis of SLE
in eq 13 in the 1-chloronaphthalene-TEMPO system.
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photolysis studies.3,4 Kuzmin et al.3 measured the quenching
rate constants of the aromatic molecules by nitroxyl radicals in
several solvents. They concluded that the quenching proceeded
via energy transfer with the electron exchange interaction rather
than enhanced intersystem crossing with charge-transfer interac-
tion due to no solvent polarity dependence on the quenching
rate constants by nitroxyl radicals. Considering that the
quenching of triplet molecules by TEMPO in Table 1 occurs at
a rate close to the diffusion limit, the exchange interaction in
the excited triplet molecule-TEMPO system should be the same
order of magnitude as that in the transient radical pairs.
Therefore, the exchange interaction in a radical-triplet pair
estimated above is reasonable. To completely clarify the
mechanism of the quenching process of the excited molecules
by radicals, more experiments on the magnitudes of net
polarization seem to be needed in many molecular systems and
in several solvents. However, our experimental results strongly
suggest that the exchange interaction in the excited triplet
molecule-TEMPO systems is strong and that the triplet
molecules are quenched by TEMPO with energy transfer
through the electron exchange mechanism.

6. Conclusion

We have quantitatively measured the absolute magnitudes
of net CIDEP generated through the quenching of the excited
triplet 1-chloronaphthalene, benzophenone, and benzil by
TEMPO radical in benzene. In the 1-chloronaphthalene-
TEMPO system, viscosity dependence on the polarization was
also investigated in 2-propanol. We have proposed a theoretical
treatment for the net CIDEP generation in the system of
quartet-doublet spin states resulting from the radical-triplet
molecule interaction with strong exchange interaction. Accord-
ing to this treatment, the spin polarization is effectively
generated through the zero-field splitting interaction in the level-
crossing region. Obtained magnitudes of net spin polarization
are well explained with the theory. Numerical analysis based
on our proposed theory has perfectly reproduced the viscosity
dependence on the magnitude of polarization and clearly
demonstrated for the first time that the magnitude of polarization
exceeds 300Peq and that the back-transition from doublet to
quartet states simultaneously occurs under viscous conditions
(η > 20 cP). It has been demonstrated that the exchange
interaction in a radical-triplet pair is much larger than the
Zeeman energy of the X-band region (0.3 cm-1).

We have also demonstrated that the electron exchange
interaction in the system of an excited molecule and a free
radical can be directly estimated from the magnitude of electron
spin polarization caused by the radical-triplet pair mechanism.
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