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Chemically induced dynamic electron polarization (CIDEP) generated through interaction of the excited triplet
state of 1-chloronaphthalene, benzophenone, benzil, and Buckminsterfulleggneittc2,2,6,6,-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 wpti&RPO system, the
absolute magnitude of net emissive polarization was determined+t®ti& —6.9, and—8.0, respectively, in

the units of Boltzmann polarization. In the 1-chloronaphthatelEMPO system, the viscosity effect on the
magnitude of net polarization was studied by changing the temperature-2286K) in 2-propanol. The
emissive polarization was concluded to result from the state mixing between quartet and doublet manifolds
in a radicat-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—raghtztl 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 nomenon is explained by magnetic interaction acting on the
i . ) potential surfaces of spin states of radietilplet pairs (Figure
The quenching of the electronically excited molecules by 1)19-21 and s interpreted in terms of the radiegtiplet pair
paramagnetic species has been extensively studied in many,achanism (RTPM). According to RTPM, two patterns of
photochemical processés® Specifically, the quenching of the  ~|pEP are observed on free radicals; one is net emis&n (
lowest excited triplet state by free radicals was widely inves- | i an E/A (emission/absorption) pattenE{A pattern) at-
tigated with optical spectroscopy. Porter and his co-woikers tributed as quartet precursor RTPM (QP-RTPR)3 and the
investigated the quenching of the excited triplet state of aromatic yihar is anA*E pattern as doublet precursor RTPM (DP-
molecules with nitroxyl radicals by using the transient absorption TPM)1216 |n QP-RTPM, triplet molecules are selectively

technique, and the quenching rate constants were measuredyoncheq through the doublet spin states of radicgllet pairs.

From the triplet energy dependence of the quenc_hing rate During the triplet-doublet interaction, the quartet and doublet
constant, they suggested that charge-transfer (CT) mteractlonSpin states mix with each other by zero-field splitting (zfs)
would be dominant for the quenching process. However, the

. . 8 interaction of the triplet molecule and hyperfine interactions of
CT mechanism could not explain the experimental result that both specied®2L As a resultE*/A polarization is generated

the solvent polarity did not affect the rate constant of triplet on radicals. On the other hand, in DP-RTPM—S; enhanced

i 4,6 . . . N i
quenching intersystem crossing caused by radicals selectively yields the

Recent experiments show that chemically induced dynamic goyplet spin states of radicafriplet pairs, and hence one
electron polarization (CIDEP) is generated through interactions gpgervesi*/E type CIDEP on free radical&:16

between exciied molecules and free radi€als. This phe- In the last few years, as for the net polarization in RTPM,

spin dynamics in the radicatriplet pair system has been
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Energy radical pair system, there is little information about the electron
'y exchange interaction in the system of the radical and excited
Qarz triplet molecule, which is an important interaction for the
Qi photochemical dynamics in the more complex paramagnetic
systems.

Qi Ta+a In this paper, we measured absolute magnitudes of electron
Qan T To+a T, +B spin polarization generated through the quenching of the excited
98By triplet states of 1-chloronaphthalene (1CN), benzophenone (BP),
-34() LA RS S and benzil by TEMPO radical in benzene by TR-ESR spec-
Dip troscopy. Inthe 1ICNTEMPO system, viscosity dependence
Dap {1 : Ta+B on the net polarization was observed in th(_e temperature region
Pl ; 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 radicat-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.

drn r HT-D)

Figure 1. Potential energy surface of spin states in raditaplet pair
with J < 0.

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 interactidhii the pair is smaller

and much larger than the Zeeman splitthéf 21 In the former
mechanism, the net polarization is generated on free radicals
by the quartetdoublet 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 energyr (> ry, Iz in Figure 1)1419.20 |n the latter, the
quartet-doublet mixing by anisotropic zfs interaction is im-
portant around the level-crossing regions=(r1, r» in Figure A conventional X-band ESR spectrometer (Varian E-112) was
1) for the generation of net CIDEP 2! Shushid419.20 used to measure TR-ESR spectra. Transient ESR signals
formulated the magnitude of net polarization on free radical in obtained without field modulation were transferred to a boxcar
both RTPM mechanisms. Adridghalso presented the formula  integrator (Stanford SR-250) for spectrum measurements or a
of the net polarization in the large exchange interaction limit. digital oscilloscope (Techtronix TDS 350) for CIDEP decay
However, there were few experimental data to explain the profiles. The data in these instruments were transferred to
mechanism of net CIDEP generation except for the study personal computers. The time resolution of our system was
reported by Goudsmit et &. and Obi and his co-work-  about 200 ns. The gate time of the boxcar integrator was opened
ersl112,16,17 for 0.5 us. Microwave power was fixed at 5 mW. The

Thus far, quenching processes of excited molecules by free€xcitation light source was a XeCl excimer laser (Lambda
radicals have been mainly investigated by optical measurements Physics LPX 100). Details of the equipment and method were
For example, the mechanism of quenching of the excited triplet described prewousl% Benzophenone and benzil (Tokyo
states by radicals has been mainly discussed on the basis of<@sei) were recrystallized from GR gradéiexane and ethanol,
deactivation rates of FT absorption in the presence of free respectively. GR grade ¢ (Buckey), 1-chloronaphthalene
radicalsl=# The transient absorption studies do not give direct (TOkyo Kasei), and TEMPO (Aldrich) were used as received.
information about the interaction between an excited molecule GR grade benzene, 2-propanol, and ethylene glycol (Tokyo
and a free radical. Hence, discussions about the intermoleculark@sei) were used as solvents without further purification. The
interaction were relatively obscure. On the other hand, by time- Solution was degassed by bubbling Ar gas and was flowed
resolved ESR (TR-ESR) technique, one can directly observe through a quartz flat cell in an ESR cavity. The temperature
the free radicals that experienced an intermolecular interactionWas controlled by flowing cold nitrogen gas with an MTC-
between a radical and an excited molecule through CIDEP 200HL (Micro Device) variable-temperature cryosystem. The
signals. Especially, CIDEP intensity contains information on témperature of the sample solution in the ESR cavity was
the dynamics in the initial photochemical and photophysical Measured with a thermometer. Optical densities of sample
processes. Thus, it is expected that we can quantitatively obtainSolutions at 308 nm were determined by a-JXs spectrometer
information about the photophysical intermolecular interaction (Shimadzu). In laser flash photolysis experiments, a xenon flash
between an excited triplet molecule and a free radical. lamp (Ushio UXL150DS) was used as a monitoring light source.

Particularly, electron exchange interaction between the tran- The monitoring light passing through almpnochromator (Nikon
sient paramagnetic species is one of the important intermolecular” 220) Was detected with a photomultiplier tube (Hamamatsu

interactions for the photoreaction dynamics. The exchange Photonics R928).
interaction in radical pairs has been widely studied by TR-ESR
spectroscopy>26:3539 and information about the exchange
interaction has been obtained from the electron spin polarization Magnitudes of RTPM Polarization. Figure 2 shows the
generated by the RP#I26:3537.39gnd from TR-ESR spectra of TR-ESR spectra obtained by 308 nm laser excitation in the
spin-correlated radical pairs (SCRP¥® Quite recently, a TR-  systems of (a) ICNTEMPO and (b) G—TEMPO in benzene

ESR spectrum of SCRP of biradicals was analyzed based on asolution under the same experimental conditions at room
relaxation mechanism including themodulation caused by  temperature. In both TR-ESR spectra, three peaks appeared at
conformational motion in a radical pai. Contrary to the the same positions as the peaks of TEMPO in the steady-state

2. Experimental Section

3. Results
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Figure 2. Time-resolved ESR spectra in (a) 1-chloronaphthateaed
(b) Ceo—TEMPO systems observed at 1u2 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.

ESR spectrum. Hence, signals of these three peaks Wereyhere M,

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 moleeubical sys-
tems!215 One strong absorptive peak marked by an arrow in
Figure 2b was assigned after Goudsmit and Paalthe lowest
excited triplet state of g, which was not quenched by TEMPO
radical in this time window.

In the Go—TEMPO system, relative peak intensity of

TEMPO is almost the same with the CIDEP spectrum obtained

by Goudsmit and Palflin toluene. CIDEP patterns of TEMPO
shown in Figure 2 are different from each other; in thg<€
TEMPO system, hyperfine-dependeRt/A polarization is
dominant, while in the 1CNTEMPO 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 radiediriplet 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!®~1” Because thd value of3Cgp is much smaller
(0.01 cnTH)30-32 than that off1CN (0.1 cn1?),24 net emissive
polarization is weak in the —TEMPO system, but strong in
the 1ICN-TEMPO system.

To discuss quantitatively the magnitude of CIDEP of
TEMPO, we examine what factors control the signal intensities.

Kobori et al.

the free radical that experienced the quenching of the T
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 abouk 21075 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 triptet
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 bittRlrand Paff
based on Bloch equations proposed by Verma and Fesséhden,
the magnetization on TEMPO radicals is written as follows:

M, _ M, + w,M 1
& T, oM 1)
dM, " P.JTEMPO] — M,
o M T, *
PrremiITEMPO][T,*] (2)
d[T,"] . .
dt = —kJTEI\/IPO][Tl ] = Ke[T] 3)

represents the magnetization in its direction in the
rotating framegw; is the microwave field strength, afid and

T, are the spirrlattice and spin-spin relaxation times, respec-
tively. Peq and Prrpm denote the magnitude of thermal
equilibrium and RTPM spin polarization generated on the
TEMPO radical. In the equationsly corresponds to the CIDEP
signal intensity kgtpv). 1N our TR-ESR measurements, Boltz-
mann polarization of TEMPO can be hardly detected since the
signals corresponding to the steady-state polarizati¢hgdre
eliminated by a preamplifier, as reported by Turro eéalhus,

we regardPeq < Prrpm in €Q 2.

Under the experimental condition thai, T,, and w, are
constant in both excited molecat@ EMPO systems as in Figure
2, Irtem attops (1.2 us in the present experiment) after the laser
excitation is written in the simple form as follows:

lrrem = CPrreulL(1 — 1070D)q)|scq)q X
[1 — exp{—(k; + k[TEMPO])t;pd] (4)

k[TEMPO]

=+t 5

4 ket K[TEMPO] ©)
wherec is a constant depending on spin relaxation times and
experimental conditionsl; and OD represent laser power and
optical density of the sample solution, respectively. From eq

RTPM polarization is generated on TEMPO through quenching 4, aPgrpy value in the 1ICN-TEMPO system relative tBrrpu

of T1 molecules (T*) by radicals in the following scheme.

S, + hw(308 nm)— S;*
S — T (@50
T - ks

T;* + TEMPO — S, +TEMPO K,

in the Go—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 relativ®rrpy value Prrpi) to Prrpm in the Geo—
TEMPO systemPRrrpM) is expressed from eq 4 as follows:

X X
PRTPM _ IRTPM «

r r

PRTF’M IRTPM

wheredsc represents the quantum yield of intersystem crossing  ®,g/®,/(1 — 10PN 1 — exp{ —(k; + ky [TEMPO])t 8]

from the S to T; state, anckr andk, are the rate constants of
unimolecular deactivation of the triplet state and quenching of
the T, molecule by TEMPO, respectively. TEMP@presents

D'y (L — 10 °P)[1 — exp{ (ki + k, TTEMPO]}t 3]
6)
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Figure 3. Time profiles of CIDEP signals of TEMPO in benzene
observed and simulated at the pd&k= 0 in (a) 1-chloronaphthalere

and (b) Go— TEMPO systems at room temperature. In both measure-
ments, the concentration of TEMPO is 1.95 mM.

where superscripts x and r denote the desired moledi#MPO

and Go—TEMPO systems, respectively. In Figure 2, optical
densities of 1CN and £ at 308 nm in the 0.5 mm interior cell
were 0.31 and 0.22, respectivelyb;sc of 1CN?4 and Gy are
reported® 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. SiHeETEMPO] (>~2 x 10°s71)

is much larger tharkr values (triplet lifetimes of &!® and
1CN* are 8 and 28Qis, respectively) under our experimental
conditionskt in eq 6 can be neglected. To determine the triplet
quenching rate, time profiles of CIDEP signals of peakMat

= 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-2 for the kinetics of

the RTPM polarization: generation of the spin polarization by
quenching of triplet molecules and spin relaxation in the
TEMPO radical.
follows. Under our experimental condition of 5 mW microwave
power,w; is known to be 9.5¢< 10° rad st in our ESR cavity.

T, of TEMPO is the reported value in toluene (65 ns) in both
systems?® In eq 3, the rise of triplet states is not considered
due to very fast §-T; intersystem crossing rates of 1CN (4.2
x 1 sY)?4and Go. Then, the time development bf,, which
was numerically solved with eqs-B, was convoluted with the

Parameters used in the equations were as.

J. Phys. Chem. A, Vol. 102, No. 27, 1998163

governed by the spinlattice relaxation of TEMPO and triplet
guenching rates, respectively, as seen from Figure 3.

From eq 6, RTPM polarization Perpm®NPrrpre0) of
TEMPO in the 1CN-TEMPO system relative to that in the
Ceo— TEMPO system was determined by using the signal
intensities obtained and the parameters described above. The
magnitude of spin polarization in thes&-TEMPO system was
reported in toluenés 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 dominan® Since the ratio of the viscos-
ity2* of benzene to toluene is only 1.1, TEMPO will have almost
the same magnitude of polarization in benzene and toluene
solutionst!25 magnitudes of spin polarization of TEMPO in
Figure 2b are-2.7,—1.7, and 1.Pqat the peaks ofl; = +1,

0, and —1, respectively, wherd®q represents the thermal
equilibrium electron spin polarizatioy. Magnitudes of spin
polarization Prrpvi®) in the 1ICN-TEMPO system were
determined to be-3.1, —2.4, and—1.9PgqatM, = +1, 0, and
—1 peaks, respectively, in benzene at room temperature.

Although net emissive polarization is dominant at the peak
of M, = 0, this peak still contains a little emissive polarization
from the multiplet E¥/ A pattern. The contribution of the
multiplet effect atM;, = 0 was determined from the signal
intensities in observed TR-ESR spectra and simulated relative
intensities of the multipleE*/ A spectrum of TEMPO. The
spectrum due to the multiplet effect was simulated with RTPM
theory reported in the previous stuthassuming that thg value
of triplet 1CN was 2.003. The minor multiplet contribution
was subtracted froRgrpm at M; = 0 to obtain the polarization
factor of net RTPMP,). Inthe 1ICN-TEMPO systemP, was
determined to be-2.2 Peq By the same procedur@rrpm in
other excited moleculeTEMPO systems were estimated in
benzene from eq 6, i.e., fromgrpy Measured under the same
experimental conditions as in thesgg= TEMPO system; the
Prtpm Value at each hyperfine state was determined using the
values of OD,®;sc,?>* and k[TEMPO] in each systert. P,
values were determined in the systems of benzil (BAnd
benzophenone (BRJTEMPO to be —8.0 and —6.9 Pgq!’
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
shows the temperature effect on steady-state and TR-ESR
spectra of TEMPO obtained in the 1IENEMPO system in

4

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 intensityMat= 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 &t = 0 of TR-ESR spectra in Figure

response function of the spectrometer, and the best fitted profilesg mostly originate from the spin polarization due to net effect.

are shown in Figure 3 by usin@, andk, as parameters. In
both systems, th&; value was determined to be 270 ns, which
was almost the same @gdetermined with the similar procedure
in the Go—TEMPO system in toluene at room temperattire.
Triplet quenching rates were determined tokgg EMPO] =
1.8 x 10° and 6.0x 10° st in the 1ICN-TEMPO and Go—

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 Oy) in the 1ICN-TEMPO system in 2-propanol was
estimated to decrease frowb x 107°6to ~2 x 106 cnP s?

TEMPO systems, respectively. The simulated profiles super- with reducing the temperature from 275 to 251 K. Details for
imposed in Figure 3 agree well with the experimental results. determination of théD, values are discussed later. Goudsmit
It is noted that, under the experimental condition~e# mM et alMinvestigated temperature dependence of CIDEP generated
TEMPO, the signal rises and decays in RTPM CIDEP are through interaction between excited triplet benzophenone and
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TABLE 1: Absolute Magnitudes of Net Spin Polarization (P,) in TEMPO Observed (obs) and Calculated (calc) in Excited
Triplet Molecule —TEMPO Systems in Benzene at Room Temperature (in Units of Boltzmann Polarization)

Pi/Peq (calc)
triplet species D/cmt Pn/Peq (0bS) ref 14 eq 20 eq 2P eq22
1-chloronaphthalene 0.11 —22+04 —0.4 —-2.1 —25 —6.5
benzophenone 0.18 —6.9+0.9 -1 —-5.7 —-6.7 -17
benzil 0.12 —-8.0+£0.3 —-04 —-25 -3.0 —-7.8
Cso 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 ZeemafrCalergied with
3Jed=-51x 10%rad s}, A =1.4 A1 D,=5.0x 10°cn? s %, andz. = 10 ps.¢ Calculated withr. > 40 ps in egs 20 and 21. See text for

discussion.
275K 251K
b
)m d)
Em.
Lx
|
o)
2mT

Figure 4. Temperature effect on the (a, c) steady-state and (b, d) time-
resolved ESR spectra (145 after the laser excitation) of TEMPO
observed in the 1-chloronaphthalene (10 mMEMPO (1.1 mM)
system in 2-propanol.

TEMPO radical in 1,2-epoxypropane solution. In their study,
the magnitude of net emissive polarization increased with
decreasing temperature in the region of thevalue larger than
~1 x 107 cn? s71, but the net polarization did not increase in
the region of smalleb; than this valué* On the other hand,

in the triplet 1ICN-TEMPO system in 2-propanol, our experi-
mental results indicate that the magnitude of net polarization
increases drastically even when evalue decreases to much
less than 10° cn? s 1.

To obtain temperature effects on the net RTPM polarization
more quantitatively, time profiles of CIDEP at thg = 0 peak
were measured at the temperature of-2280 K. In the steady-
state ESR spectra (a and c in Figure 4), the widthslat 0
were almost the same (0.15 mT at 22¥0 K). Since the signal

50 T T N T T T T T

Relative Polarization (arb. unit)

L " L

10

)
133
S

4 6
Time/ ps

12

Figure 5. Temperature effect on time profiles of CIDEP signals at
the peakM, = 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[TEMPQ]) of Excited Triplet 1-Chloronaphthalene,
Spin—Lattice Relaxation (T;), and Net RTPM Polarization
(Pn) of TEMPO in 2-Propanol

TIK DA106cn?s? k[TEMPOP/1Ps

Ti/ns P, (arb unity

270 4.8 8.8 340 -1.0
261 3.4 7.7 360 -15
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

aQObtained from eq 72 [TEMPO] = 2 mM. ¢ In units of P, obtained
at 270 K.

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 (egs31

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 magnitudeBgfoy compared

to Prrpv at 270 K. Parameters used in the equations were as
follows. As described aboves; is known to be 9.5« 10° rad
s71in our ESR cavity, and rapid,ST; intersystem crossing
and slow unimolecular decay of triplet 1CN are negligitilg.

sensitivity should be independent of temperature, as reportedwas obtained to be 82 ns from the line widths of the steady-

by Goudsmit et al** the increase in steady-state ESR intensity
atM, = 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 relatioRef = gBI(l +
1)Bo/3KT, wherel, By, andk represent the electron spin quantum
number, magnetic field, and Boltzmann constant, respectively).

state ESR spectra shown in Figure 4. Signal rises and decays
of RTPM CIDEP are attributed t@; andk[TEMPQ], respec-
tively, as mentioned above. Thus, relatiPgrpm values can

be obtained by fittindvy(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

Therefore, the measured time profiles were calibrated with the with the diffusion coefficients[y,) for the relative motion of

steady-state ESR intensities M{ = 0 obtained, and thermal
equilibrium polarization was calculated with the Curie relation.

the radical and triplet molecule in 2-propanol, which were
estimated from the reported value of diffusion coefficient of

The calibrated time developments of the relative magnetization benzophenoneDgp) in 2-propanol at room temperature mea-
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Figure 6. Transient absorption decay profile of excited triplet c

1-chloronaphthalene monitored at 420 nm in the presence of 2.0 mM
TEMPO in ethylene glycol at 20C. Lifetime of the triplet state was
determined to be 2.0s.

sured with the transient grating method by Terazima &t al.
They reported that the diffusion coefficient of benzophenone
(Dgp) in 2-propanol at room temperature was 6:8L06 cn¥

s™1 and that theD, value was inversely proportional to the ;
solvent viscosity. In this study, the molecular radii of the triplet o= . o

1CN and TEMPO were assumed to be the same as that of 0 é 4'1 6 8 1lo ' 1'2 14 1'6 18
benzophenonea(= 3.7 A). Therefore, from the Stokes
Einstein relationshipD, values were determined witDgp, 5 2

: 1/D,  (10%/cm’)

viscosity ), and temperaturel] as

Figure 7. Plots of viscosity dependence on the magnitudes of net
_ Magsk T RTPM polarization @) obtained with the present experiment in arbitrary
D, = 2Dgp 7 298 7 units, ¢--) calculated with the analytical form of eq 22, and)(
calculated with the numerical analysis of SLE in eq 13 in the

. . _ 1-chloronaphthalenreTEMPO system. Both calculated results are in
where the viscosity of 2-propanol was repofe obeysr = units of thermal equilibrium polarizatiorP{,) at room temperature.

4.47 x 10~* exp(2532T) cP. TheD; values estimated fromeq (4 p, = —2.2P., experimentally obtained in benzene Bat= 5.0 x
7 may have errors caused by the differences in molecular size,10-5 cn? s7%).

which would however be within a factor of 20%.

To check the accuracy of viscosity in our TR-ESR experi- mixing between the quartet and doublet states in the pair. The
ments at low temperature, the-T absorption decay profile of  mechanisms are mainly classified with the magnitude of
excited triplet 1CN was measured in the presence of 2.0 mM exchange interaction, that is, the energy splittinGJ) between
TEMPO in ethylene glycoli{ = 20 cP) at 20C with the laser  the quartet and doublet states at the closest approach in the
flash phgtolysis technique as shpwn in Figure 6. According to radical-triplet pair (see Figure 1£2° When—3J; is smaller
eq 7,D; in ethylene glycol is estimated to be 1:310"° cn¥ than the Zeeman energy, the radical and triplet molecule cannot
s™' at 293 K, which is almost the same & at 240 K in approach closer to the level-crossing regions=(r; andr. in
2-propanol. (See Table 2.) The quenching rate constant wasgigyre 1) than the encounter point. Therefore, the state mixing
obtained to b = 2.5 x 10° M~* s7* from the decay profile i occur in the region ofr > r,. On the other hand, when
in Figure 6, Whlch_was almost the d|ffu5|on_ limit in ethylene —3J is much larger than the Zeeman energy, the quartet
glycol and was quite close to the rate obtained from the time 5 16t mixing through anisotropic zfs interaction will be

profiles in Figure 5 at 240 Kig = 2'? x 100 M™% s7) in . dominant in the level-crossing regions. In the former case,

2-propanol. .ThereforeDr valges estimated from eq 7 N Shushi®2°and Goudsmit et & proposed a theoretical analysis

_2-propan0| will be valid even in the lower temperature region of the magnitude of spin polarization in detail. In this section,

in Table 2'. _— . we discuss the theory of spin dynamics in the case of large
As described above, contributions of the multiplet effect at exchange interaction reported previod§ly: for deriving an

M; = 0 were subtracted frorRgrrpy to obtain the polarization . 7-21 : ,
factor of net RTPM P, in Table 2). In Figure 7, the relative analyt'lcal fornt and pe”"”‘.‘ ngmencal calculations of the
magnitude of net RTPM polarization.

magnitudes of net RTPM polarization Bf were plotted against
the values of I,. It is evident that, is almost proportional Spin dynamics in a radicatriplet pair system is described

to 1/D, (or viscosity) in the region oD, = 2 x 1076t0 5 x by the stochastic-Liouville equation (SLE), in which effects of
1076 cn? s It is noticeable that the feature of viscosity spin interactions and relative molecular diffusion are considered
dependence on the net polarization is quite different from the as

result reported in the benzophenetfl EEMPO system in 1,2-

epoxypropané? ar p(rb)
ot

5
—i[A(r), rp(r ] + DraL(zf,t) .
4. Theory j

To interpret the experimental results, it is important to analyze
theoretically the spin dynamics in the radieéiiplet pair system. wherep(r,t) is the density matrix of the radicatriplet pair at
Two types of CIDEP mechanisms have been considered for thetime t and pair separation. The spin HamiltoniarH(r) is
generation of the net RTPM polarization resulting from the state represented as follows:



5166 J. Phys. Chem. A, Vol. 102, No. 27, 1998 Kobori et al.

N N N A N A A 2

FT) = BorS: + 08080 + D3 ~ 387) ~ 22085, Py _ b 2100 (133)
©) ot ar?

where the symbols have their usual meanings. Subscripts T arp, 82I‘pv

and R represent the triplet molecule and radical, respectively. el Y + Q(r) x rp, (13b)

D represents th® value of zfs interaction of triplet molecule. ar

In eq 9, theE value (typically<0.01 cn1?) is neglected due to 2 sinf cosf

its small contribution compared to tti2 value (~0.1 cnT?tin ——————singp D

1CN). ¢ indicates an eigenaxis of zfs interaction in the frame . NG Px

of the triplet molecule.J(r) is the exchange interaction in the Q(r) = wcow Dl AD=1py] (14)

pair and is assumed to be dependent only.oWe employ a NG Pz

usual form of an exponentially decaying exchange interaction, wq + 33(r)

J(r) = Jyexp{—A(r — d)} (10) Here, p represents the matrix element of the density matrix,

and pPo = CDCD* + CQCQ*, Px = CQCD* + CDCQ*, Py =
whered is the distance of closest approach in the pair. In the —i(CoCp* — CpCq*), and p, = CpCp* — CoCo*, where Cq(t)
presence of electron exchange interaction between the radicalnd Cp(t) are the coefficients of the wave functiop(t) =
and triplet molecule, spin wave functions of the pair are written Cq(t)|Q_z/20+ Cp(t)|D-1,20] in the SLE. wo denotes Zeeman
as the eigenstates of the exchange interaction as follows:  splitting between the quartet and doublet states, and in this case,
wo = gBBo. As visualized in our previous stud§,the
Q321 00,050 (11a) 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-Ty; mixing in RPM proposed by Adrian and
@(|ala2ﬁRDF 103204 10,050 (11b) Monchick26 The SLE in the other crossing region £ ry)
was previously obtained with almost the same procedure
1 discussed aboV¥. The transition probability caused by a level
Q2= ﬁ(WlﬁZaRm B105BRLH lauffrl)  (11c) crossing is represented as the difference incteomponent in
the py vector a4?:2526

1Qu =

= O 11d
1Q_3p 1B1PPr ( ) Ap, = |imj:°(Po - Pz)rz dr (15)

1
Dy 0= —=(2]0 0,850 |ayBr050- |B0,050 (11e)

NG

Here, we treat the case of the high field approximatiBs
3400 G), where the quartetioublet state mixing is dominant

1 around the level-crossing regions. In the system of Figure 1,
ID_y2l= %(2lﬂ1ﬁ2aRD— 1B100PR0— 050 (11f) total net polarization is represented as a sum of the polarization
generated in the level-crossing regions and is obtained from

where subscripts in the spin function afor 8 denote triplet ~ €ds 11 and 15 as follow:?®

molecule (1 and 2) and radical (R). As described above, we 1 5

assume that-Jo is much larger than the Zeeman splittingd P =—210im [CtrfSaro(r thr dr = =Ao(r.) + SAo(r

> gBBg) and discuss the state mixing betwe@{land DO " fd {Skre(r0} 3 Py 3 Z 2216)
throughH(r) around the level-crossing regions=f r; andry).

As an example, the mixing betwe¢R-s,[Jand|D_1,00around

r =r,is discussed below. The matrix elementdigf) for the In our theoretical treatment of egs 8, 9, and-13, the
quartet_doublet mixing are expressed from eqs 9 and 11, anisotropic zfs interaction'(zfs) is assumed to be static or time-
assuminggr = gr = g, as follows: independent. In the limit of slow diffusiorgfBo tc > 1, where
¢ is the rotational correlation time of the triplet molecule) and
A(r) = large exchange interactior-ygfBo), the effect of fluctuating
Hzs is eliminated since orientation of a triplet molecule is
Q4,0 ID_,0 preserved when _passin_g through the_ Ievel-cross_ing region.
. Therefore, eq 13 is applicable under viscous conditions. The
3 3co€0—-1 sin 6 cosf N . o .
—S9BB, + 222D 3(r) T X I(E qo)}D total spin polarization is obtained as an average of CIDEP
,2 6 G generated from all molecular orientations along the magnetic
sin 6 cosf ex[{i((p — E)}D —lgﬂB +2J(r) field. In the level-crossing regiomg = —3J(r2)), the quartet
NG 2 270 doublet mixing rate induced bl of a triplet molecule is

12) represented from eq 14 &| = 2 cos6 sin 0 D/V/6 rad st
To analyze approximately the magnitude of net RTPM polariza-

where 6 and ¢ represent the angles of ttieaxis along the  tion as an average for the angle@fl¢os6 sin 6C= 1/3 is put
laboratory coordinates visualized in our previous stifdy. in eq 14 for the numerical analysis. By employing a finite-
Because triplet molecules are randomly oriented along the difference technique in time development of the density matrix
magnetic fieldBo, the second term af)_z-|H(r)|Q—s.[averages can be numerically solved at eaclvalue from eqs 13 and 14
zero due tdéos 00= 1/3. From egs 8 and 12, the following under the initial condition that the doublet states in the radical
relationships are obtained: triplet pair are selectively quenched through the triplet quenching
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process and the quartet states are initially populated at the closestadical-triplet pair is smaller than the Zeeman energy. In ben-
pair separation, zene solution at room temperature, the diffusion coefficient for
the relative motion of TEMPO and triplet molecule is estimated

0 to be about 5x 107° cn? st from eq 7. If the exchange
p,(d,0)=| O a7 interaction is assumed to be smaller than Zeeman splitting
-1 (—Jo = 5.0 x 10° rad s'1), their mechanism predicts tHey

Shushin and Adrian separately formulated the analytical value to be-0.4,—0.4, and—1 Peqin the 1CN-, benzit-, and
solutions of the electron spin polarization of eq 15 generated PenzophenoneTEMPO systems, respectively, all of which are
in a two-level system in the case where the mixing interaction Much smaller than our experimental results. (See Table 1.)
(zfs interaction) fluctuates in the level-crossing regipr=(Ry) Therefore, our experimental results cannot be explained by this

with the correlation time-, which can also be applicable under Mechanism. , . i
nonviscous conditionsg@Bore < 1). P, values are obtained from eqgs 20 and 21 in the fast diffusion

Shushin’s formul&®2is (gBBotc < 1) and large exchange interactionJy > gf3Bo)
limits. The following parameters were used in egs 20 and 21
to evaluate thé, values. Zeeman splitting obtained from the
microwave countergfBy = 6.0 x 10% rad s! under our
experimental condition) and the reportBdvalue © = 2.1 x

10%, 2.3 x 1019 and 3.4x 10 rad s for triplet 1CN, benzil,

and benzophenone, respectively) were used. The diffusion
coefficientD, in benzene was determingdrom eq 7 with the
reported value of the diffusion constant of BP in benzehg(
=2.5x 105 cn¥? s ! at room temperatur&to be 5.0x 105

cn? s7L. Correlation timer, was assumed to be 10 ps.The
parameters in exchange interaction in a raditaplet pair were
assumed to be the same order of magnitude as in the transient
radical pairs, and we putlgeg’d = —5.1 x 10%rad s, 1 =

@0+ R0R,

Wy

1
AD; 1+ (g7

Ap, = 5sign) (18)

and Adrian’s formuld! is

@0+ @0
———— ——arctanfy,r,)

7D, (19)

Apz = Sign(JO)

where Q, and €, are thepx and p, components ofQ(r),
respectively. Both formulas are derived with the assumption
that the triplet quenching occurs at the distance clogsetd=;
and that the quartetdoublet transitions are “one-sided”; back 1.4 A™, andd= 7 A. Then, the separations between the radical
transitions from doublet to quartet states are negleé&By and triplet molecule at the level crossing are estimated as
substituting egs 18 and 19 into eq 16, total magnitudes of net 7.6 A andr, = 8.1 A, which indicates that the quartedoublet
RTPM polarization are obtained as mixing occurs at 0.6 and 1.1 A away from the closest approach
in the pair. In all the excited molecHerEMPO systemsD),
T, Jo, d, andA were assumed to be the same. For example, the
P, values in the 1CN, BZ—, and BP-TEMPO systems were
calculated asP, = —2.1, —2.5, and—5.7 Peq from eq 22,
(20) respectively. Moreover, we calculatBdwith eq 22, assuming
that the molecular rotational correlation time is slower thai®
ps. P, values obtained experimentally and theoretically are
summarized in Table 1 together with the reporiz@alues. In
the 1CN and BP systems, experimentally measured magnitudes
of the P, values agree well quantitatively with the ones
calculated from egs 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 BZTEMPO system, observee,| = 8.0 Pq
is about 3 times larger than the calculated values from eqs 20
and 21, but agrees well with the calculateg (=7.8 Peg) by
using eq 22. Although we used estimatedy, 7., and/ values
to calculateP, values, it is difficult to consider that the errors
in r; and A make theP, value 3 times large. MoreoveD,
cannot become 3 times smaller in the BEEMPO system than
in the other systems even if BZ molecular size is bigger than
5. Discussion 1CN and BP. Therefore, in the BZ systeng,in the excited
Absolute Magnitudes of Net RTPM in Benzene. It is triplet BZ will be slower than 40 ps (that igfBotc > 1) due
interesting to compare quantitatively the absolute magnitudesto the bigger molecular size of BZ than that of 1CN and BP,
of net polarization obtained experimentally in benzene with and hence the orientation of triplet molecules may be preserved
those predicted theoretically by the RTPM mechanism. Goudsmit when passing through the level-crossing region. It is noted that

2 rl

_2r 0y D
Pn= 135790 9BBAD,| 4 + (g8B,r.) i

I S
1+ (gBByTy) 2

and

2
P,= %Ssign(\lo)ﬁm{ r, arctan(®pB,zr,) +
4r, arctan@pByr.)} (21)

respectively. P, values are theoretically estimated from eqgs 20
and 21 and can be compared quantitatively withPheralues
obtained experimentally. In the limit of slow diffusiogABot.
> 1) as in 2-propanol solution at low temperature, both egs 20
and 21 give the same formula of the net RTPM polarization as

D?(r, + 4r,)

= T v 7Y
Pr‘l - 27OS|gn(‘]O) gﬂBolDr

(22)

which is proportional to I,.

et all4 proposed a relaxation mechanism for the quaidetublet
mixing induced by zfs interaction. According to their study,

in Debye’s model the rotational correlation time is sensitive to
the molecular size or radigj, sincer. O a3 In the previous

net CIDEP is predominantly generated in the regions outside study!' RTPM polarization of the OTEMPO radical generated

the level crossingr(> ry, rp) in Figure 1, and the absolute
magnitude of net polarizatioR, is theoretically formulated

by quenching of the excited triplet acetone was observed in
benzene. In the aceton® TEMPO system, net RTPM polar-

using the SLE, assuming that the exchange interaction in aization was very weak compared with the hyperfine-dependent
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multiplet polarization in spite the relatively larde value in which means the pair is collected and cannot diffuse back to
triplet acetone (0.15 cm). This result is considered to be the interacting regions. The same parameters were used for
caused by the effective fluctuation of the zfs interaction in the the exchange interaction and zfs constant in the *CEMPO
level-crossing region due to the fast rotational correlation time system as described in the previous sectibn= 2.1 x 10
of triplet acetone, contrary to the BZ system.tif= 3 ps,D, rad s1, 3Jped = —5.1 x 10%rad s, 1 = 1.4 A1, andd =
=50x 105cm?s1, andD = 2.9 x 10 rad s are put in 7 A. From eqs 1417 and 23-26, time development of the
eq 20, the magnitude of net RTPM polarization is estimated to density matrix at each pair separation was numerically solved
be P, = —0.6 Peg, which is 10 times smaller than thi value until the pp — p, value in the outer regiorr (= ry) becomes
obtained in the BPTEMPO system. At leastin the molecular constant, and we obtaineth, from eq 15. We calculated the
systems investigated here, it is concluded that the net RTPM Ap, values generated in the two level-crossing regions (;
polarization is generated in the two level-crossing regions and andr,) and obtained, values from eq 16 as a function of the
that the exchange interaction in the radietplet pair is 1/D, value as shown in Figure 7. The numerical calculations
stronger than the Zeeman energy. were performed under two conditionsy = 12 A with Ar =

For deeper understanding of the influence of the fluctuating 0.025 A, andy = 18 A with Ar = 0.05 A. In the calculations,
zfs interaction of the triplet molecules, investigations on the At values were chosen to satisfy= 1/6 in eq 24, which
microwave frequency dependence on the magnitude of netsufficiently gives the most accurate solutions of the diffusion
RTPM polarization will be very fruitful. For example, mag- eq 13a. Calculated results under the two conditions gave almost
nitudes of the net polarization in the 1IEGNEMPO system are  the sameP, values; at most, the difference was only 10% at
predicted to be-0.09Peqand—4.7Peqfrom eq 20 inthe L-band  the largesD; value of 1.0x 105 cn? s~ Thus, the analysis
(9BBo = 500 G) and Q-bandgfBo = 10 000 G) frequency  of ry = 18 A with D, = 0.05 A will be sufficient to reproduce
regions, respectively. Thus, it may be difficult to detect the the spin interaction and diffusion motion of the pair. Since
net RTPM CIDEP by the TR-ESR spectroscopy in lower than effective regions of the quartetioublet mixing through zfs
the X-band microwave frequency region, since the fluctuation interaction are quite close to the closest distance of the pair,
of the zfs interactions in the level crossings is more effective the possibility of diffusing back from the defined outer region

due togfBore < 1. o to the effective interacting regions will be quite small in a
Numerical Analysis of Viscosity Dependence on Net yiscous solvent.

RTPM Polarization. As theoretically predicted by Shuskii°
and Adrian?! investigations of the viscosity (/) dependence
on the net polarization is important to examine the spin dynamics
in net RTPM. In the limit of slow diffusiondBgz: > 1) as in
2-propanol solution and large exchange interactiody(>
06Bo), the net polarization is proportional toll/ as seenin eq
22. On the contrary, in the case of small exchange interaction
(—=Jo < gfBy), the relaxation mechanisthpredicts that the
polarization is constant in the region of diffusion coefficient
smaller than 10° cn? s 1. Thus, our experimental results
cannot be explained by the relaxation mechanism wifp <
g/3Bo.

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

In Figure 7, the magnitudes of net emissive polarization
calculated with eq 22 and numerical analysis of eq 13 or egs
23—26 are plotted against @/ in the units of Boltzmann
polarization Peq = 7.5 x 1074 at room temperature. In the
region of 1D, < 7 x 10° s cnt?, 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 1D,. This result indicates that the numerical
analysis is well compatible with the analytic form of eq 22 in
the region of 1D, < 7 x 10° s cnT2. In Figure 7,P, values
(plotted with @) 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/Dy in the region of 2x 10 < 1/D; < 7 x 10° (s cnT?). This
po(F AL = py(r,t) + h{ po(r+Ar,E) — 204(r,t) + relationship is consistent with the results of the numerical

calculation and the analytical solution of the SLE as seen in
po(r—Ar,)} (232) Figure 7. Moreover, as described in the previous section, the
. magnitude of net RTPM polarization-@.2 Pgg) in benzene
p,(rt+AY) = p (r,t) + h{ p,(r+Art) — 2p,(r,t) + (plotted with a in Figure 7) was well fitted qu)antitatively to
p,(r—=Ar} + (r) x p,(r,t)At (23b) the ones calculated from egs 20 and 21 in the 2GEMPO
system. Therefore, the experimental results strongly indicate
h= Dﬁ (24) that the net emissive polarization is generated predominantly
"Ar? in the level-crossing regions and that the magnitude of the
polarization amounts to about70 to —200 Peq in the region
To calculate the SLE, we use the boundary conditions reportedof 2 x 106 < 1/D; < 7 x 10° (s cnT2) in the 1CN-TEMPO
by Freed and PedersénAt the closest approach in a radieal system.
triplet pair, the hard-core repulsive interaction forx d leads

= o In the region of 1D, > 7 x 10° s cnT?, the numerically
to the reflective inner boundary condition as

calculated curve is not coincident with the line solved analyti-
dt-+At) = p(d,t) + h{ 2p(c-Ar t) — 2p(d.t 25 cally from eq 22, although both of the calculations were based

ol )= p(d) {20 ) p(d0}  (25) on the SLE in eq 13. The experimentally obtained,1/
and, in the outer regiorr & ry), the equations are represented dependence on the net polarization is well fitted to our numerical

as the collecting-wall boundary condition, analysis rather than eq 22. Especially, under the most viscous
conditions of 1D, = 1.6 x 10° s cnT?, egs 20 and 21 predict
p(r—Ar, t+At) = p(ry—Ar,t) + h{ p(ry,t) — 2o(ry—Ar,t)} the P, value to be~520Peq, while our calculated value is300

(26a) Peq When the analytical form of eqs 20 and 21 was derived
from the SLE, transitions from the quartet to doublet states (Q
p(ryttAL) = p(ry.t) + 2he(ry—Ar.f) (26b) — D transition) througtH_s were only considered and € D
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Figure 8. Schematic representation of population development of Qg 200 |
quartet and doublet states in radie#liplet pairs around the level- ~
crossing region in the case of slow diffusion. ot
T 150 |
type back-transitions were neglect€d?! This approximation
is valid when the population of doublet state transferred from L s
the quartet throughH, is small; that is eqs 20 and 21 can 100 - g Joe™ = -5.1X10™ (rad/s)
adequately predict the net RTPM polarization when its mag- Joe™ = 5.1 10 (rad/s)
nitude is small. On the other hand, under the more viscous 50+ 7
conditions, the quartetdoublet mixing occurs more effectively
in the level-crossing region. When the population of the doublet
state transferred becomes comparable to the population of the 0 ——
quartet state, the @ D type back-transition throughi,ss 0 2 4 6 8 1012 14 16 18
simultaneously occurs in the level-crossing region, as shown S 2
y g reg 1/D, (10%/cm)

in Figure 8, and makes th®, value smaller than those obtained
rom eqs 20 and 21, 15 noted that, every accelerates  F99 5, Blee o0 Tt o e e
the Q-D mixing much more effectively, the magnitude of net "€ .
RTPM polarization cannot exceed the value of U2(< 1/2), in eq 13 in the 1-chloronaphthalen¥EMPO system.
or the|Py| value must be smaller than 6Pg; In our numerical epoxypropane solution and obtained tRat= —0.6 Peq at D,
analysis, we directly calculated the SLE in eq 13 and obtained = 5.86 x 107® cn? s™1. This magnitude is about 10 times
the time development of the density matrix without the smaller than our experimental result 6.9 Peq Obtained in
assumption that the quartedoublet transition was “one-sided”,  benzene, although the diffusion coefficients are almost the same
and hence the effect of the back-transition was reflected in our in both solvents at room temperature. This difference may be
calculated results in Figure 7. This is confirmed with the result caused by the solvent effect on thevalue; the solvent polarity
that the|P,| in the region of 1D, > 1.6 x 1(f s cnT2 was would affect the potential energy of the radieliplet pair in
calculated to be-520 P¢q from eq 22, the magnitude of which ~ Figure 1. Porter et &.proposed that the contribution of CT
is comparable to the polarization limit of 6/, The good interaction became more important in the triplet quenching by
agreement between the experiment and the numerical analysisiitroxyl radicals with an increase in the triplet energy. The
strongly indicates that the magnitude of net RTPM polarization CT state in the BRTEMPO system (BP---TEMPQO"), which
is very large and amounts to 36Q4 under the highly viscous  lies higher than the excited triplet state, will be stabilized in
conditions ofy > 20 cP in the 1CN-TEMPO system. polar solvents such as 1,2-epoxypropane and might perturb the
The numerical calculations were performed with the param- potential surfaces of the radiedriplet pair in Figure 1. This
eter of Jpe’d to be —5.1 x 10 and—5.1 x 10* rad s'1, as perturbation might make the energy splitting between the quartet
shown in Figure 9. The calculated viscosity dependencies onand doublet states-3J, in Figure 1) small. On the contrary,
the net RTPM polarization were almost the same. This result in nonpolar solvents such as benzene, the perturbation from the
is consistent with the approximated analytical form of eqs 20 CT state would be much weaker, and thus, the quenching
and 21; Adriaf!' suggested theoretically that the net emissive process will be dominated by the exchange interaction.
polarization is not directly dependent on thevalue. Although Experiments about the solvent dielectric constant effect on the
we could not determine the precisg value by fitting the magnitude of net polarization are needed in the-BEMPO
viscosity dependence d#,in Figure 7, our experimental results  system. However, at least in benzene, our experimental result
strongly suggest that the net polarization is predominantly suggests that the quenching of the excited triplet state of BP by
generated in the two level-crossing regions of raditaplet TEMPO proceeds via the exchange interaction. Contrary to
pair and that in highly viscous solveny (> 20 cP) the the BP system, the magnitude of the exchange interaction was
magnitude of the polarization amounts to 3RQ The obtained not apparently affected by the solvent polarity in the XEN
large magnitudes of net RTPM polarization are not necessarily TEMPO system; thd, value was estimated to be the same order
surprising results. Bt#er et al?® investigated the net RTPM  of magnitude in both benzene and 2-propanol solutions. Even
polarization generated through the quenching of the excited if the CT state is stabilized by the polar solvent molecules, the

triplet benzil by benzyl radical at low temperature, dhdvas potential surfaces of the radiedtiplet pair will not be perturbed
roughly estimated to be ca—50 Pe, which cannot be by the CT state. This is caused by the fact that the free energy
reproduced by the relaxation mechanism withy < g5Bo. Our difference between the CT and the excited triplet states should

experimental results of viscosity dependencépim Figure 7 be larger in the 1ICNTEMPO system than that in the BP
strongly support that the exchange interaction in a radical TEMPO system due to (1) lower energy of the excited triplet

triplet pair is very strong. state of 1CN (2.57 eV) than that of BP (3.00 é¥)and (2)
Solvent Polarity Effect on Net RTPM Polarization. It is lower reduction potential of 1CN (ca=2.5 V vs SCE inN,N-

interesting to discuss the solvent effect on the magnitude of dimethylformamide) than that of BP-(L.55 V)2*

the net polarization observed in TEMPO. Goudsmit et*al. Our results of large exchange interactions in raditaplet

measured thd®, values in the BRTEMPO system in 1,2- pairs are consistent with the results reported in the laser flash
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photolysis studie$? Kuzmin et al* measured the quenching Tero-Kubota (Institute for Chemical Reaction Science, Tohoku
rate constants of the aromatic molecules by nitroxyl radicals in University) for useful discussions. This research has been
several solvents. They concluded that the quenching proceedegbartially supported by a Grant-in-Aid on Priority-Area-Research
via energy transfer with the electron exchange interaction rather“Photoreaction Dynamics” from the Ministry of Education,
than enhanced intersystem crossing with charge-transfer interacScience, Culture, and Sports, Japan (06239103).
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