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Net absorptive (Abs) chemically induced dynamic electron polarization (CIDEP) is observed in the system
of the lowest excited singlet molecular oxygen(dy) and 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)
radical in benzene by means of the time-resolved ESR (TR-ESR) spectroscopy. As a result of (1) the analysis
of CIDEP time profiles by the modified Bloch and kinetic equations and (2) the quenching of CIDEP by
triethylamine, it is confirmed that the Abs CIDEP is created through the interactiop(&fgpwith TEMPO.

The creation of Abs CIDEP is reasonably interpreted in terms of the radical-triplet pair mechanism (RTPM)
of the Q(°Z4")—TEMPO pair with doublet precursor. The absolute magnitude of net Abs CIDEP created on
TEMPO is experimentally estimated to be 3#Q10 in the unit of Boltzmann polarization. To our knowledge,

this is one of the largest magnitudes of CIDEP measured so far by the TR-ESR method. Based upon the
RTPM theory, the origin of this unusually large CIDEP is attributed to the large spin relaxation effect via the

electron spin dipoledipole interaction of @3%4~) formed in the quenching process of(&\y) by TEMPO.
As a result of the discussion about the large CIDEP i(t&) quenching by TEMPO, it is proposed that the

quenching takes place through the enhanced intersystem crossing accompanied with strong electron exchange

interaction between an oxygen molecule and a TEMPO radical.

1. Introduction 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) radiéalun-
) ) ) . . derstanding of this useful CIDEP was easily done because of a
O:(!Ag) is one of the activate oxygen species and its chemical , mper of previous TR-ESR experiments about CIDEP gener-
and physical processes have been extensively investigated oveLieq through interactions between an excited molecule and a
the last four decadés?® O,(*A) plays an important role in free radicaf8-15 At present, this phenomenon has been well
physiological processésin organic synthesis, in photodegra- explained by the radicaltri’plet pair mechanism (RTPM).

dation of polylmzrs, alnd_so c?r:]n Pf‘j”‘C“'aF' Qh(lAg) iSfOf gre??{:[ According to RTPM, the RT pair with quartet (Q) and doublet
use in recently developing photodynamic therapy for caricer. (D) states are selectively formed through the encounter of triplet

To understand @'Ag) chemistry in various situations, time- and singlet excited molecules and a radical, respectfréfy.

resolved Q(*Ag) detection methods such as measurements of In our previous study, the net Abs CIDEP ’in the(@rg)—

IR phosphorescence, thermal lensing, and the quencher bleaChTEMPO system is int’erpreted by RTPM of the(&, _9’)_
9

'ngtﬁri Very |mpo|r.ta(;1tt atr;]d hfvde 2;&? w(;dely ggemhzs_(ta TEMPO pair with doublet precursor. This CIDEP enhances the
methods were applied to the study (@) dynamics and its transient ESR signal which enables us to measure the time

reactivity with other molecules, even with free radichds. . 1 . : - S
Recently, a time-resolved ESR (TR-ESR) detection of chemi- evplut|on of thg QAAg) conceqtrat|on with a good S|gr;a!5dto
. - L noise (S/N) ratio and to determine the decay rate £4A).5%
cally induced dynamic electron polarization (CIDEP) of stable ) ] : i
Beside a development of the new technique, this experimental

nitroxide radicals has been developed as anothgfAQ) e s . ; ;
detection methoB7 Previously, we have for the first time found ~ finding opens a novel possibility to investigate the fast reaction

that CIDEP giving a net enhanced absorption (Abs) ESR signal dynamics of Q(*Ay) with radicals by analyzing the CIDEP

is produced through the interaction between at®) and a pattern using the TR-ESR method. So far, there are only a few
time-resolved studies on the reaction mechanismy(fAQ) with
) 5 .
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TTokyo Institute of Technology. _ o studied the quenching of BAg) luminescence at 1270 nm by
_*Present address: Department of Chemistry, Keio University, 3-14-1 pjtroxide radicals in the liquid phase and reported that the
i aer, onokurky, Yokonama, Kanagawa 223-6522, Japan. uenching takes place with small rate constant§~10" s-?)

§ Present address: University of Chicago. q g p

' Present address: Japan Women’s University. through the enhanced intersystem crossing (E-ISC). The CIDEP
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generated via RTPM is directly related to the intermolecular (a)
dynamics in the encounter of an excited molecule with a free

radical. Therefore, the CIDEP gives us more direct information CwW 7@@
of the intermolecular interactions between an excited molecule __ —-—/\/\/\/,. g
and a free radical than the conventional optical measurements. 3 LY - L

In this paper, a further investigation of the CIDEP generated in
the Q(*Ag)—TEMPO system was performed to understand the E}j“
B
Abs ESR transition

10G

reaction dynamics of @'Ag) with a free radical. From the
analysis of CIDEP time profiles based on the modified Bloch
and kinetic equations, we estimated the absolute magnitude of
net Abs CIDEP created at each encounter gft®;) with the
TEMPO radical. As a result, it is found that a surprisingly large
magnitude of net Abs CIDEP is created on TEMPO radicals.
Finally, a theoretical analysis is carried out to rationalize the (b)
origin of unusually large CIDEP creation in the(@\g)—radical

system.

Intensity (a.u

1.0
2. Experimental Methods

TR-ESR Measurements.The TR-ESR measurements were
carried out without field modulation to improve the time
resolution. Transient ESR signals generated by pulsed laser
irradiation were detected by a diode of a conventional X-band
ESR spectrometer (Varian-B.12 or Bruker, ELEXIS 580E)
and accumulated by a boxcar integrator (Stanford SR-250) for
spectra, or a transient memory (Tektronix TDS 350) for time 0.0
profiles. The gate time width of the boxcar integrator and ' 5 10 15
microwave power were suitably set in each measurement. An Time / us

excitation light source was a XeCl excimer laser (Lambda _. .
. ) . . Figure 1. (a) CW and TR-ESR spectra of TEMPO obtained by the
Physik LPX 100) or a Nd:YAG laser (Continuum Powerlight 355 nm laser excitation of the anthracene (7.0 mMEMPO (3.0 mM)

8000) with their power properly attenuated by series of filters. system in air-saturated benzene. The gate time was opened from 3 to
Sample solutions were flowed through a flat cell (0.5 mm 8 us after the laser pulse. (b) ESR time profiles of TEMPQVlat= 0
interior space) in the ESR cavity. All measurements were carried peak in the presence of TEA. TEA concentrations are O (circle), 0.8
out at ca. 300 K. (triangle), and 2.1 (rectangular) mM. The simulation curves were

TR—Thermal Lensing MeasurementsAn excitation light obtained by numerical analysis of Bloch and kinetic equations.

source was the XeCl excimer laser (308 nm) or the Nq:YAG spectrum of TEMPO. The hyperfine structure coincides with
laser (532 nm). A HeNQ laser beam (NEG GLG'538,O’ 15 that in the CW-ESR spectrum of TEMPO. The ESR signal
mW) used as an analyzing beam of TR-thermal lensing (TL) ya4ern is Abs type, which means thiaspin is enriched. Figure
signals was focused in front of a sample cuvette (10 mm interior 1p shows time profiles of the TR-ESR signal at the # 0

space) with a 70-mm focal length lens collinearly to the poar The time evolutions are characterized by a simple rise
excitation laser pulse focuseq with a 200—mn.1.focal length !ens. and decay in Abs signal phase. No significant difference of the
The laser power was monitored by a silicon photodiode {jme eyolution was found among the three hyperfine lines. In
(Hamamatsu Photonics S1336BQ) calibrated with a pyro- ¢ air_saturated anthracenBEMPO system, triplet anthracene

electric detector (Gent_ec ED 1_00). The +|‘§ée laser beam is quenched by g@°5,) and efficiently produces £'Ag) with
sampled through a pinhole with 500m diameter and a g, '— 0 .61.0.8816 Thus, the following scheme is considered:
monochromator (Nikon P-250) was detected by a photomulti-

plier tube (Hamamatsu R928). The output current was converted

into voltage with a 5002 load register and digitized with a

transient memory (Tektronix TDS 350). All measurements were ac — 1

carried out at ca. 300 K. Ty + Oy 2y ) S+ O Ag) (2)
Materials. Anthracene and 9,10-dichloroanthracene (DCA) N

were recrystallized from GR grade benzene. Benzophenone (BP) o,(*A) +R L 20,5,)*R)— 0,2,) +*R (3)

and phenazine were recrystallized from GR gradexane and 9 9 9

ethanol, respectively. GR grade benzene was used as solvent Ky

without further purification. TEMPO and tetraphenylporphin Oz(lAg) — 02(3297) (4)

(Aldrich) were used as received. All of the other chemicals were

from Tokyo Kasei. Optical densities of sample solution were

determined by a UWvis spectrometer (Shimadzu UV2200).

e
wm
I

Intensity (a.u.)

o4

S+hr—S =T, (1)

kr
O,(*Ay) + S, — product (5)

where S and T represent the singlet and the triplet states of
anthracene, respectively. R denotes TEMPO and *R is a
3.1. Net Abs CIDEP in the @Q—TEMPO System. First of TEMPO radical which has quenched(&\g) and possesses a
all, we overview the CIDEP creation in the™y)—TEMPO certain amount of CIDEP. Th&s*, ka, and k are the rate
system briefly. Figure 1a shows TR-ESR spectrum obtained by constants of @*Ag) quenching by TEMPO, the unimolecular
the laser irradiation of anthracene in an anthracene/TEMPO decay of Q(*Ag), and the chemical reaction of,@Ag) with
mixture in air-saturated benzene, together with a CW-ESR anthracene, respectively. The net Abs CIDEP is created through

3. Results and Discussions
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A i.e., TEMPO-0,(3Z4™) pair, with doublet precursor is produced
Q30> in the quenching process of,®Ag) by TEMPO. Therefore,
the Abs CIDEP observed in the present system can be explained
Q12> by the DP-RTPM 52
3.2. Estimation of the Absolute Magnitude of CIDEP.The
S| Q> T,+Dyva intensity of TR-ESR signal inherently depends on several _factors
o such as the absolute magnitude of CIDER)(the quenching
Q1 Q> — Ti+Dly, To+ Disrz rate constant, and the spin relaxation time. In th€'&)—
ﬁ ‘ v TEMPO system examined here, the quenching gf&) by
-3J(r) — T+*Duan, To+ Dot TEMPO occurs with at very slow rate (e.g-1.5 x 108 st at
D s> V T.1+Douz [TEMPQO] = 3.0 mM in toluenéd, and the spir-spin relaxation
! time of TEMPO is very short due to the dissolved oxygen
i molecules in solution. These facts would cause the large
ID 112> [ reduction of the signal intensity. However, the TR-ESR spectrum
Lo - exhibits a relatively good S/N ratio as seen in Figure 1a. This
d rn n r - seems to imply that the absolute magnitude of CIDEP in the

1 _ A s .
radical-triplet distance _02( Ag). TEMP_O systemP;, is extremely large. Therefore, it
i ) ) is very interesting to measure tﬁ\% value created by the ©

Figure 2. Energy diagram of the spin state of RT encounter complex (1Ag)—TEMPO interaction. To determine thBﬁ value, a

along radical-triplet distance under the Zeeman energw®fThe tandard t ¢ | tus function i ired
electron exchange interaction of radical-triplet pair is assumed to be Standard system 1o cancel an apparatus Tunction Is required.

negative (Q> D). T; denotes the triplet states with magnetic quantum Previously, we reported that a net Em CIDE® ¢nriched
numbersj = 1, 0, and—1, wherea®; denotes the doublet states with ~ population) of TEMPO in a BRTEMPO system is created by

i = 1/2 and—1/2. the quartet-precursor (QP) RTPM through the quenchiny of
BP* by TEMPO!3 In this system, an absolute magnitude of
net Em polarizationP®", at M, = 0 peak of TEMPO has been
quantitatively determined as-6.9 in the unit of the spin
polarization of TEMPO at thermal equilibriurRe,%3 Thus,

we use the time-profile of CIDEP in the BHFEMPO system

as a standard time profile and analyze CIDEP time profiles in
the Q(*Ag)—TEMPO system to obtain thléﬁ value.

Figure 3 shows TR-ESR time-profiles of TEMPO at # 0
peak in a BR-TEMPO (0.5 mM) system in deaerated benzene
under various laser powers. We simulated the CIDEP time
profiles in the®BP*—TEMPO system on the basis of the QP
RTPM. The simulation is made by numerical integration of the
relevant Bloch equations, modified with additional terms to
allow for chemical kinetic¥

the O(*Ag)—TEMPO interaction as described in reaction 3. We
performed similar TR-ESR measurements with different sen-
sitizers such as phenazine, tetraphenylporphrin, and DCA for
O4(*Ag) production, and the net Abs CIDEP creation on TEMPO
was identified in all of the systems examined. We note that the
net Abs signal of TEMPO observed is not due to a Boltzmann
polarization of TEMPO, because Boltzmann polarization of
stable nitroxide radicals can hardly be detected by our diode
detector with the preamplifier which eliminates the steady-state
polarization as described by Turro et'alThe decay rate of
CIDEP is governed by the 0A) lifetime. In the presence of
O,(*Ag) quenchers such as triethylamine (TEA), the CIDEP
decay rate increases as seen in Figure 1b because,the;0

lifetime becomes short as the quencher concentration increases. dM M
There is a possibility that the deactivation of triplet anthracene —Y_—_ Y00 M, (7
by TEMPO, i.e. dt TS
T, +R=S+™R (6) dm, (M, — PJTEMPO]) N

My R
competes with reaction 2. However, the quenching rate constant T
of reaction 6 determined by the transient absorption method in pEP kﬁP[TEMPO][3BP*] (8)
this work is 1.2x 10’ M~ s71 (M = mol dnT1) in benzene,

which is two orders smaller than that of reaction 2 (i.e., 2<78 drBP¥
10° M1 s71in benzen®). Besides, the concentration of M - 1= _(k_'?P + k:“P[TEMPO] + k$$’[3|3p*])[3|3p*] 9)
air-saturated benzene at 300 K (ca. 1.9 \NB close to that dt

of R, i.e., [TEMPO]= 3.0 mM. This means that the rate of L .
reaction 6 is two orders smaller than that of reaction 2. Thus, whereM; represents the magnetization in the rotating frame,

the process of (6) is negligible. 1 is the microwave field amplitude, are and T3 are the
The CIDEP creation in the excited singlet molecule-radical SPIn—lattice relaxation and the spirspin relaxation times of

system has been explained by the doublet precursor (DP)-TEMPO, respectively. The eq 8 fdd, contains coupling 4,

RTPM 210 Figure 2 shows the potential surfaces of spin states V12 @1, rélaxation toward the equilibrium magnetizatiofy

of RT pairs with exchange interactior;3J(r) = E(quartet)— [TEMPQ], and creation oi, via the QP-RTPM. As mentioned

E(doublet). A negative sign ar) is assumed because a positive above, a Boltzmann polarization of TEMPO cannot be detected

J(r) is unusual in RT pairs of organic compourid#ccording in our TR-ESR measurements. Thus, we regardMhevalue
to the DP-RTPM, E-ISC in the $quenching is spin-selective ~ Créated by the equilibrium magnetizatidh,{ TEMPO], as a

and only D spin states of RT paif® + 1/2> are exclusively baseline of CIDEP time profiles. Th" is a unimolecular
generated. Because there are no populations in Q gtates ~ decay rate, ankf” andky} are the rate constants for quenching
3/2> and|Q + 1/2>, the Q-D mixing in RT pairs starts from by TEMPO and triplettriplet annihilation, respectively. The
the D spin states. Consequently, the absorptive CIDEP is kinetic constants ok?” = 1.5 x 10° st andk;® = 2.0 x 10°
generated on radicald? As shown in reaction 3, the RT pair, M~ sin the literaturé! were used in the analysis. Th&,
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Figure 3. ESR time profiles (open circle) of TEMPO in the system
of BP—TEMPO (0.5 mM) in deaerated benzene under various laser
powers depicted in the figure. The signals were measured afltke

0 peak with a microwave power of 5 mW. The optical density of BP
is 0.18 at 355 nm. Simulation curves (solid lines) were obtained by
the estimated initial triplet BP concentrations of 0.052, 0.13, and 0.18
mM for laser powers of 0.8, 2.0, and 2.7 mJ/pulse, respectively.

value of 1.0x 10'*® M~1s~twhich is the diffusion rate constant

in benzene is assumed because triptaplet annihilation is
diffusion controlled proces®. The T2R value at [TEMPO]=

0.5 mM in deaerted benzene was calculated to be 50 ns from
the line-width of CW-ESR spectrum. The reportBtivalue is
250 ns in deaerated benzerie!4 The w; value for our ESR
cavity was measured to be about %510° rad/s at incident
power of 5 mW. The time-response function of our ESR system
calibrated previously is also considered in the simulation. ESR
signal intensity is related to thd, value multiplied by apparatus
function. Therefore, we determine the apparatus function from
a set of the best-fitted simulation curves shown in Figure 3.
The simulation well reproduces the observed time evolutions
with a unique value of apparatus function.

Next, we examined the CIDEP time profiles in the(tag)—
TEMPO system. The simulation was also made by a numerical
integration of the modified Bloch equations similar to eg97
In the O(*Ag)—TEMPO system, eqs 8 and 9 are respectively
replaced by the following equations:

dm, (M, — P.J[TEMPOQ])
at = —a)lMy — i? +
Py K[TEMPOJ[O,(*A))] (10)
d[O,(*A)]

_ —(kﬁ[TEMPO] + KOCAIM] + Ti)[oz(lAg)]
(11)

at

The 74 and k** are the Q(*A,) lifetime in benzene and a
reaction rate with DCA. Thd% values were estimated from
the line-width of CW-ESR spectra and ti€ value of about
250 ns atM; = 0 is used.

Because the kinetic parameters are significantly important
for accurate determination of tHe} value, we measured the
values by TR-TL method in the present study. The valuksof
is directly involved in the CIDEP creation term in eq 10 and is
the most important value. Although we have already determined
thekﬁ value in toluene previousKAwe need thés; in benzene
for the present study. The BFFEMPO system used as a
standard system for our apparatus is in benzene. This is becaus
triplet BP usually undergoes hydrogen abstraction reaction with

J. Phys. Chem. A, Vol. 108, No. 7, 2004123
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Figure 4. (a) Typical temporal profile of the TR-TL signal in the DCA
(0.5 mM)-TEMPO (0.2 mM) system in benzene under air-saturated

condition. (b) Plots of the decay rate constant of®,) against
TEMPO concentration measured by TR-TL method.

T T

the solvent, and thus, it is necessary to use a solvent such as
benzene which is chemically stable with triplet BP. Figure 4a
shows a typical time evolution of the TL signal in a DEA
TEMPO system. The signal rises promptly and then slowly as
described byJs. The fast-rising part comes from a heat due to
the fast radiationless transitions such as internal conversion and
ISC of IDCA* and energy transfefFDCA* + O,(3%y") — DCA

+ Ox(*Ag)). The energy transfer is very efficient and is nearly
a diffusion controlled reactioft The slow-rising part reflects
the heat due to E-ISC and unimolecular ISC ef(@&; — 3Z47).

This assignment is confirmed by the fact that the slow-rising
part in the absence of TEMPO is represented by a single-
exponential decay with a rate of 3.45 10* s71, i.e., 29us,
which agrees with the literaturex(3A) lifetime value of 30
us? Thus, the single-exponential fitting was applied to the slow
decay component, and the decay rate constants;3f\g) at
various concentrations of TEMPO were determined. The
observed first-order rate constants fop(fdy) decay were
plotted against the TEMPO concentration as given in Figure
4b. From the least-squares fit of the dd@was determined to

be (5.74 0.2) x 1®* M1 s71in benzene. Similarly, we also
determined thd®“" value as (1.3t 0.2) x 16 M~ s1in
benzene by the TR-TL method.

According to these kinetic values, we simulated the ESR time
evolution curves. In the beginning, we tried to simulate the time
evolution curves in Figure 1b. THe value with anthracene in
the literaturé® of 8.5 x 10° M1 sl was used in the simulation.
The quenching rate constaif,™ of Ox(1Ag) by TEA was the
only parameter and the best simulation was obtained kyfth
& 2 x 10° M~1s7L This value was close to th§=" of 3 x 10
M~1s71 determined by the TR-TL method in this study. This
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Figure 5. Time profiles (solid lines) of the ESR signal of TEMPO in
the system of DCA(1.4 mM)TEMPO in air-saturated benzene under
various laser powers. TEMPO concentrations are (a) 1.8 and (b) 4.0
mM. The signals were measured at Me= 0 peak with a microwave
power of 5mW. An optical density of DCA is 0.24 at 355 nm.
Simulation curves (dotted lines) were obtained by the estimated initial
*DCA concentrations of 0.020, 0.052, 0.13, and 0.23 mM for laser
powers of 0.3, 0.8, 2.0, and 3.5 mJ/pulse, respecti\@walues used

in the simulations are (a) 21.4 and (b) 17.5 ns which were obtained by
the line-width analysis of CW-ESR spectra of TEMPO. Hievalues

in units of Peq obtained by the simulations are (a) 36090 and 320

+ 70 for 0.8 and 3.5 mJ/pulse, respectively and (b) 34040, 340+

50, and 350+ 30 for 0.3, 0.8, and 2.0 mJ/pulse, respectively.

simulation demonstrates that the time evolution can be analyzed
by the present procedure.

Finally, the analysis of CIDEP time profiles in the@\g)—
TEMPO system were performed with the apparatus function
determined by the simulations shown in Figure 3. Figure 5, parts
a and b, shows time evolution curves of CIDEP in th€:®y)—
TEMPO system under various laser powers and TEMPO
concentrations. Other experimental conditions (i.e., laser align-
ment, signal sensitivity, and microwave power) were the same
in the BP~-TEMPO (Figure 3) and the f{')Ag)—TEMPO
(Figure 5) systems. We adjusted the concentration of DCA so

Mitsui et al.

Figure 5, parts a and b. As the final result, #g value was
determined to be (34 40) Peq by using the reported value of
PSP = —6.9 Peg# It is interestingly noted thaP, value is
comparable to the upper limit value of net RTPM polarizattbn,
i.e., 670P¢qand much larger than the reportBglvalues of the
triplet organic molecule-TEMPO systems 10 Pgg).2143715 In
general, P, values of radicals involved in photochemical
processes are on the order of Bg, or less in low viscosity
solvents such as benzene and toluEré.141523To the best of
our knowledge, thé’ﬁ value is one of the largest magnitudes
of CIDEP measured so far by the TR-ESR method.

It is noteworthy that the S/N ratio of time profiles of the-O
(*Ag)—TEMPO system are much lower than those of the-BP
TEMPO system (see Figure 3), though the absolute magnitude
of CIDEP in the Q(*Ag)—TEMPO system is much larger. One
of probable reasons is a quite low quenching efficien®y) (
of O,(*Ag) by TEMPO, i.e.

TEMPO
N = kil ] < (12)
ky + k[M] + KJ[TEMPO]
which is much lower than that 6BP* by TEMPO, i.e.
BP
TEMPO

Tk + CUTEMPO]

Another reason is that th15§ value in the Q(*Ay)—TEMPO
system is much shorter than that of BPEMPO system. As
mentioned above, these factors largely reduce the TR-ESR signal
intensities at each peak of hyperfine lines in the('!Qq)—
TEMPO system irrespective of the quite large absolute mag-
nitude of CIDEP. In the case of a radical having a higher
quenching efficiency of g*Ag), a much larger TR-ESR signal
would be observed.

3.3. Theoretical Consideration. It is very intriguing to
elucidate the origin of the extremely large CIDEP generation
in this system by comparing the experimental value with ones
obtained by a theoretical calculation. Adrian has propidbe
linearly varying model and expressed the formula in the strong
exchange interaction limit,J3> wo where—3J is the exchange
interaction at the closet approach anglis the Zeeman energy.

In this model, the @D mixing by anisotropic zfs interaction
due to electron spin dipoles in the triplet molecule is important
around the level crossing regions# r, ry). Kobori et al*
utilized this formula and express the absolute magnitude of net
CIDEP by RTPM polarization as follows:

P =

n

2
1 . szs
ESSIgn(‘JO)a)Oa—Dr{ r, arctan(2y7,) +
4r, arctanf, )} (14)

as to produce the same initial concentration of the excited triplet wherer, is the correlation time anB, is the diffusion constant

BP @BP*) in Figure 3 and the lowest excited singlet molecular
oxygen, Q(*Ay), in Figure 5 as far as the same laser power is
used. For this procedure, it is necessary to find the ISC quantum
yields of BP and DCA and the quantum yield of(&\)
formation @,) by DCA in benzene. The former values are 1.0
and 0.91 in the literature, respectivé®The latter is 0.82&
0.02, which was determined by utilizing the TR-TL method in
this work. The optical density of BP used in Figure 3 is 0.18 at
355 nm for the 0.5 mm interior cell. Thus, we prepared the
DCA sample solutions with an optical density at 0.24. The best

in the solvent. Thex is a parameter used in the usual form of
an exponentially decaying exchange interaction

J(r) = Jyexp{—a (r — d)} (15)

whered is the distance of the closest approach in RT pair.

On the other hand, ShusRproposed another theoretical
model, i.e., the relaxational mechanism, where all couplings
between Q and D spin states are considered and the net CIDEP
is created on free radicals by the-@Q transitions induced by

fitting curves for each time profile were obtained as shown in the fluctuating zfs interaction of triplet molecule. In the strong
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TABLE 1: Absolute Magnitudes of Net Abs CIDEP of
TEMPO Observed (obs.) and Calculated (calc.) for the
0O,(*Ag)—TEMPO System in Benzene Solution at Room
Temperature (in Units of Boltzmann Polarization)

P (obs.) P4 (calc.} P, (calc.p
340+ 40 10406 740

abCalculated by (a) eq 14 and (b) eq 16. The parameters used are,
3Jee™d = —5.5x 10" (rad/s),o. = 1.4 (A1), D, = 8.2 x 1075 (cm/$),
andt. = 4 (ps).

exchange interaction limit 3> wo), the formula for the
magnitude of net CIDEP by RTPM is given 45y

JT szs2 de 1 4

P = —_— —|
45 w2 OD\1 + (wyt)® 4+ (wyTy)?

(16)

n

In this theoretical formula, it is assumed that the RT pair is
initially produced at the distance of the closest approach. Both
egs 14 and 16 were derived under the short correlation time
approximation, and no back transitions between Q and D spin
states are consideré2> These formulas can be applied under
the nonviscous conditionwgr, < 1). To calculate thePﬁ
values from egs 14 and 16, we used the following parameters:
Zeeman splitting obtained from the microwave countes €

6.0 x 10'° rad/s under the present X-band ESR experimental
condition) and the reporteD s value®® of 7.53 x 10 rad/s

(= 3.96 cm?) for Oy(°Z47). Dy of O, in benzene at room
temperature has been reported to be 5.20°° cm?/s?7 and
that of TEMPO was assumed to be %5105 cn?/s at room
temperature14 (and, thus, additionallyp, = 8.2 x 1075 cm?

s). The correlation time. is assumed to be 4 ps. The parameters
in the exchange interaction of the@&y")—TEMPO pair were
assumed to be on the same order of the magnitude with thos
in the transient radical pairs. Thus, we pu&d = —5.5 x
10%rad/s,o. = 1.4 A-1, andd = 4 A. This gives the separations
between the TEMPO and,3Z;") at the level crossing of, =

7.2 Aandr, = 7.7 A from eq 15. As the final result, the absolute
magnitudes of CIDEP created on TEMPO in the(*dg)—
TEMPO system were calculated as 10Bg; and 740 Pegq
respectively by eqs 14 and 1B, values determined experi-
mentally and theoretically are summarized in Table 1.

Both models predict that the extremely large magnitude of
CIDEP can be created on TEMPO in the(fg)-TEMPO
system. This is apparently due to the very large zfs constant
(3.96 cml) of Oy(3Z4) which highly accelerates the BQ
mixing. However, both predicted values ﬁl} are larger than
the experimental value and exceed the upper limit of net
polarization (i.e., 67MPey). Kobori et al. studied the viscosity
dependence on the magnitude of net CIDEP in 1-chloronaph-
thalene-TEMPO system by changing the temperatifréhey

e
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r1, r2).1* However, it appears that this picture is not suitable for
the G(*Ag)—radical system, because the zfs constant6¥X3")
is ca. 13 times larger than the Zeeman energy at the X-band
ESR measurement. This large zfs interaction gfE) ) allows
all of the Q and D spin states for coupling with one another not
only around the level crossing regions but also in the wide range
of regions.

3.4. O(*Ag)—TEMPO Reaction Dynamics.Darmanyan et
al.* pointed out that neither the energy transfer nor the CT
mechanisn® are responsible for the quenching of(&\g) by
nitroxide radicals because both the &ergy of nitroxide and
predicted CT levels of(O,~:+-1oR*) lie higher than that of
the A4 state. Furthermore, the quenching rate constant does
not increase sharply with solvent polarity. They have thereby
concluded that only the electron exchange interaction leading
to E-ISC is responsible for £#Ag) quenching by nitroxide
radicals. However, they did not present any direct experimental
evidence showing that there is intermolecular exchange interac-
tion between molecular oxygen and nitroxide radical. In the
present study, the large magnitude of CIDEP can be explained
by assuming that the exchange interaction of th€Xy~)—
TEMPO pair is much larger than the Zeeman energy ¢6.0
10 rad/s). If the exchange interaction is weallf&® wo), the
predicted value oPﬁ should be very small. According to the
formula for the weak exchange interaction case proposed by
Shushir?sa Py value for Pp = 0.01 x g is calculated to be
ca. 5Peq This is far less than the experimental value. The
extremely large CIDEP magnitude evidently demonstrates
that the Q(Z;)—TEMPO pair is generated in the strong
exchange interaction regions (i.e., regionrof r4, r» in Fig-
ure 2). Namely, the quenching of.@Ag) by TEMPO takes
place through E-ISC with the exchange interaction between
them.

4. Concluding Remarks

We have observed the net Abs CIDEP on TEMPO in an O
(*Ag)—TEMPO system in benzene by means of TR-ESR. From
the simulation of the ESR time profile and they(&)
guenching experiment, we confirmed that net Abs CIDEP is
created through the interaction of an(&g) with a TEMPO
radical. The CIDEP mechanism was interpreted by the RTPM
of an O(3%y~)—radical encounter pair with doublet precursor.
The absolute magnitude of CIDEP generated in th€é/&Q)—
TEMPO system was experimentally estimated. Consequently,
it was revealed that the surprisingly large CIDEP is created on
TEMPO radicals through the interaction with(€2,~) formed
in the &(*Ag) quenching process. Based upon the RTPM
theories, the origin of the extremely large CIDEP created in
the Q(*Ag)—TEMPO system was attributed to the large zfs
interaction of Q(324™) which highly accelerates the-BQ state
mixing. Finally, we revealed that the mechanism of(*Q)

predicted that the back transition between Q and D spin statesquenching by nitroxide radicals is E-ISC induced by a strong

should simultaneously occur under viscous conditians (20

cp) where the magnitude of net CIDEP amounts to 80
This suggests that back transitions from the Q to the D spin
states may also occur in the;@\g)-TEMPO system. In the
two models applied here, however, only one-sideltransi-
tions are considered; namely, B Q transitions exclusively
occur and Q— D type back-transitions are neglecéd>2Thus,

this may be a reason both models predict the larger values
(which exceed the upper limit of net polarization) than the
experimental one. In most of the RT systems, it has been
successfully explained that the net CIDEP by RTPM is
predominately created around the level crossing regioms (

electron exchange interaction in an encounter collision complex.
Because the first phosphorescence detection(fAQ) was
reported by Khan and KasB&most of the kinetic studies of
O2(*Ag) have been owing to the time-resolved detection gf O
(*Ag) phosphorescentéhough the sensitivity in this method is
not always high due to the relatively low sensitivity of the Ge
diode detector or interference of other luminescence coexisting
in the sample. Recently, a detection of(fg) in vivo has
attracted much interé8tand a position sensitive detection
method has been required. The present method GfAQ)
detection by CIDEP measurement utilizes TEMPO radical as a
sort of O(*Ag) sensor without any chemical reaction. Once
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TEMPO radical was successfully doped at a position where O (9) (a) Kawai, A.; Obi, K.J. Phys. Chem1992 96, 52. (b) Kobori,
(1Ay) physics and chemistry are of interest, CIDEP of the Y- Kawai, A; Obi, K.J. Phys. Cheml994 98, 6425.

TEMPO radical could be used as a position sensitive detector ~(0) Kawai, A;; Obi, K.Res. Chem. Intermed993 19, 865.

of Of*Ag). For application of CIDEP for this purpose, a g715543 &) Goudsmi, G, b Paci, Kchem. Phys. Leito3 206, 73,
sensitivity should be mcrease_q by more effor_ts to find better (12) (a) Kawai, A.; Shibuya, K.; Obi, KAppl. Magn. Resor200Q 18,
sensor molecules, LHAy) sensitizers, EPR cavity and sample 343, (b) Kawai, A.; Watanabe, Y.; Shibuya, Kol. Phys.2002 100, 1225.
cell designs and so on. The absolute magnitude of CIDEP is (¢) Kawai, A; Shibuya, KJ. Phys. Chem 2002 106 12305. (d) Kawali,

quite important when we build a news@®A) detection system
and thus, it is necessary to obtaR] values of other free

radicals. Measurements of these values are now in progress.
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