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xxThe spin dynamics of the radical pair generated from the photocleavage reaction of (2,4,6-trimethylbenzoyl)-
diphenylphosphine oxide (TMDPO) in micellar solutions was studied by the time-resolved magnetic field
effect (MFE) on the transient absorption (TA) and by a novel technique, absorption detected switched external
magnetic field (AD-SEMF). Thanks to the large hyperfine coupling constant 38 mT), a characteristic
negative MFE on the radical yield was observed at a magnetic field lower than 60 mT whereas a positive
effect due to the conventional hyperfine (HFM) and relaxation mechanisms (RM) was observed at higher
magnetic field. The negative effect can be assigned to the mechanism “so-dalleditld effect(LFE)
mechanism and has been analyzed thoroughly using a model calculation incorporating a fast spin dephasing
process. The time scale of the spin mixing process of LFE studied by AD-SEMF is shorter than the lifetime
of the recombination kinetics of the radical pair. These results indicate that the LFE originates from the
coherent spin motion. This can be interfered from the fast spin dephasing caused by electron spin interaction

fluctuations.

1. Introduction the time scales of HFM (about 10 ns) and RM (100 ns ts)i
Magnetic field effects (MFE) on radical pairs have received are different, the separate observation of those spin mixing
processes by time-resolved spectroscopic methods can be

great attentio”. The MFE can be explained by a spin mixing ; . . - -
process and spin selective chemical reactions and its mechanism onsidered. Sl_JCh observafions are useful n the discussion of
are categorized by the types of spin mixing processes. Generally,t € more precise natulre c.)f the spn dynamms. However, very
the MFE of the radical pair in a micelle has been explained by few experimental studies incorporating this concept have been
the mixture of two different mechanisms, the hyperfine mech- Performed.
anism (HFM} by isotropic hyperfine interaction and the The time-domain analysis of the spin mixing process of the
relaxation mechanism (RN¥Yue to the longitudinal electron radical pair in a micelle is difficult because the response time
spin relaxation by fluctuation of the anisotropic dipolar interac- 0f the MFE on radical species is determined by the time scale
tions of electror-nuclear and electrerelectron spins. Because  of the recombination kinetics. For long-lived radical pairs, time-
resolved MARY (magnetic field effect on reaction yield)
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pair with and without the magnetic field. The MFE increases were adjusted to 5.0x 1072 M. The experiments were
with the time scale of radical pair recombination. Therefore, performed under argon saturated conditions by purging. To
the time response of transient-absorption detected TR-MARY eliminate the effect of secondary reactions, the sample solution
to the spin mixing is limited by the recombination kinetics. This was excited for a single laser pulse, and after excitation the
is in contrast to the fluorescence detected TR-MARY, in which solution was discarded.
the response of the emission to the singlet radical pair formation  2-2. Time-Resolved MARY SpectroscopyThe TA spectra
is very quick. To solve this problem, we have used a switched were observed by a setup made in hotfs&.A flow system
external magnetic field (SEMF) technique. This technique has was used to transfer the sample solutions into a quartz optical
been developed by Bagryanskaya et al. with CIDNP observa- cell (4 mm square) where the reactions were initiated by a laser
tion.3~® In the present paper, we demonstrate a new technique,pulse. A Nd:YAG Laser (Spectra Physics GCR-3 266 nm)
transient-absorption detected SEMF (AD-SEMF). was used as an excitation source. The probe light generated
Thelow field effecf{LFE) is a unigue MFE proposed to occur from a 500 W Xe lamp (Ushio UXL-500SX) passed through
at very weak magnetic fields, weaker than the hyperfine coupling the sample cell in the perpendicular direction of the laser pulse
constan~10 The LFE can be categorized as being due to the and the light was guided to the front of the slit of a monochro-
HFM, and results from the interference of coherent spin motion mator (JASCO CT-25). The TA signal was detected by a
by hyperfine interactions and the external magnetic field. The photomultiplier (Hamamatsu R-928) attached to the monochro-
LFE mechanism is of interest because it is one of the most mator. The signal from the photomultiplier is recorded by a
probable mechanisms of the magnetic navigation of anitiafs. digital oscilloscope (LeCroy LT-344) and analyzed by a personal
In the previous studies, the LFE has been distinctly observed computer (Epson Direct).
brightly in the electron-transfer reactiotfsphotocleavage re- 2-3. TA-Detected SEMF (AD-SEMF) Experiment.All the
action® and the ionization by pulse radioly&isand vacuum apparatus for TA-detected SEMF (AD-SEMF) measurement was
ultraviolet irradiatio”” in homogeneous solutions. In micelles, identical to TR-MARY spectroscopy setup except for the
the observation of LFE for the radical pairs is dependent on modification of the sample cell and the redesign of the optical
the observed system and was observed in the special condipath of the reference lightA flow system was used to transfer
tions1820 In addition, it is sometime difficult to distinguish  the sample into the quartz optical cell where the sample solution
the LFE mechanism from the contribution of-$ mixing was irradiated by a laser pulse. Probe light from a Xe lamp
mechanism caused by the exchange intera&fidrhese facts was guided to the sample cell by an optical quartz fiber, the
imply that the coherent spin motion would be interfered by the edge of which is fixed in the solution to illuminate the sample
spin dephasing process by fluctuating spapin interactiong:® perpendicular to the excitation light. The transmitted light
Therefore, for the discussion of the relationship between the through the sample solution was guided to a monochromator
LFE and the spin dephasing, it is necessary to use the systenmby another optical quartz fiber of the same diameter.
that clearly shows the LFE. Two identical magnetic field pulse generators have been made
The photochemical reaction of (2,4,6-trimethylbenzoyl)- by ARTEK Corp. on the basis of the paper by Lin efaDne
diphenylphosphine oxide (TMDPO) fulfills the above-mentioned pulse generator provides up to 100 A of current to a triple turned
conditions and was used in the present study. This reactioncoil that is situated on the side of the sample tube. Two coils
produces the radical pair of diphenylphosphonyl radical and (SEMF coil) situated on both sides of the sample cell are each
trimethylbenzoyl radical. The MFE study on the transient connected to the pulser and generate the pulsed magnetic field
absorption (TA) in high magnetic fieldland the time-resolved  under the static magnetic field generated by a electric magnet
ESR measurements in various magnetic figldshave been (TOKIN). The rise time and the maximum amplitude of the
performed to study the confined radical pair in the SDS micelle. pulsed magnetic field are 20 ns and 32 mT, respectiVely.
Diphenylphosphonyl radical has a large hyperfine interaction Two types of the switching experiments, addition and
(A[®P] = 38.5 mT) and trimethylbenzoyl radical has a subtraction of external magnetic field, were performed by
negligibly small hyperfine interactioff- 2> These conditions  changing installation of the SEMF coil. Addition experiments
create the most promising conditions to observe the LFE in the were performed by switching on the two pulse generators that
micellar solution and the data can be simply analyzed and provides additional magnetic field\B) at a fixed delay after
modeled with theoretical calculations because the radical pairthe laser flash under the static magnetic fielid)( Therefore,
is reduced to a simple two-electron and one-nuclear spin systemthe external magnetic field was switched frémto By + AB.
In the present paper, we investigate the effect of the magneticThe subtraction experiment was performed by setting the two
fields on the radical pair dynamics in the micellar solutions. SEMF coils was situated such that cancellation of the static
We wish to describe how the spin dynamics of the radical pair magnetic field was possible. This setting provides a switching
can be resolved from the TR-MARY spectra and the time shift from By + AB to By.
experiments of AD-SEMF.
2. Method and Materials 3. Theory
2-1. Materials. TMDPO (Aldrich Chem. Co.) was used after Theore_tical calculations have been performed f(_)r fitting_ of
recrystallization from mixed solution hexane and ethyl acetate. t€ experimental data of TR-MARY spectra and the time profiles
Distilled water (KISHIDA Reagent Chemicals, liquid chroma- ©f the MFE. The spin dynamics of the radical pair is represented
tography grade) was used as received. Sodium dodecyl salfatd?y @ density ketolJand its time evolution has been calculated
(SDS, KISHIDA Reagent Chemicals, protein analysis grade) PY the following modified Liouville equation.
and dodecyltrimethylammonium chloride (DTAC, Tokyo chemi-
cal reagen_t, normal gr_ade) were used as receiv_ed. _ d|_GD: —iHYoH+ I52|0D+ \MUD+ R|0D 1)
All transient absorption experiments were carried out in SDS dt
or DTAC micellar solution. Concentration of TMDPO was
adjusted to 5.0x 10* M, and concentrations of surfactants The first term in the right-hand side of eq 1 is the superoperator
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that represents the commutator of #yEn Hamiltonian Hand
the density matrido(t) in the Hilbert space as shown

HYoC [H,0(t)] = A o(t) — o(t)A 2)
where the spin Hamiltoniafl is written by
H= |:|z + F'HFI + |:|J )
N B. B.

=g Mot o (3a)

h h
A = ArSel, (3b)

Nl s s
Ay = —J(z + 2sa-so) (30)

whereH; and Hyr represent Zeeman interactions of electron
spin a and b with external magnetic field and Hyperfine
interaction between electron spaand nuclear spin in the
diphenylphosphonyl radicaH; represents the exchange interac-
tion by the effective valuéd.

In our system, the radical pair consists of a diphenylphos-
phonyl radical and a trimethylbenzoyl radical. In our calculations
we take into account only the one nuclear spin that is coupled
with the electron spin, this is because the hyperfine coupling
constants for another nuclei are negligibly small. This feature

is one of the advantages of this system because a one nuclea
spin system enables us to calculate the electron and nuclear spir)

dynamics without approximations. This is in contrast to multi-
nuclear systems when the dimension of the density matrix is
too large to calculate by simple quantum mechanical calculation.
One of the most useful approximations for the multinuclear
system is the semiclassical model proposed by Shulten?t al
However, the semiclassical model is not suitable for studying
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The HFI anisotropy A:A] and the correlation time of
diphenylphosphonyl radical in SDS micelle have been deter-
mined by Ananchenko et al. to be 230 fMmand 45 ps,
respectively?!

The high field approximation for the spin relaxation is not
valid at low magnetic field because in the low field condition,
the eigenstate of the spin Hamiltonian does not quantize in the
Z direction of the external magnetic field. Therefore, the value
of T; and T, cannot be correctly defined in low magnetic field
region. Recently, Fedin et & .calculated the description of the
spin relaxation by an anisotropic hyperfine interaction in a low
magnetic field. They calculated the eigenstates of the spin
Hamiltonian at low field and formulated the spin relaxation
matrix element between each eigenstate of the radical under
the perturbation approximation. They also calculated the effect
of the correction of the spin relaxation on MARY spectra. Their
calculation shows that the LFE is always slightly overestimated
if we use the matrix with the high field approximation, but not
significant to change the spectral shape of MARY. This result
indicates that the LFE is due to a faster spin mixing process
than to the spin relaxation of the radical in micelle. We have
therefore used the high field approximation in our calculation
for simplicity.

In our calculation, we have not taken into account the sto-
chastic modulation of the exchange interaction and the dipolar
interaction caused by the mutual motion of the radical pair in
explicit form. Instead of that, we effectively added the terms of
the spin dephasing. The spin dephasing in the radical pair can

singlet-triplet dephasing) and TTD (tripletriplet dephas-
ing).33-36 STD is caused by the fluctuation of the exchange
interaction due to the re-encounter process of the radical pair.
The superoperator for STD is given¥y**

fe considered as two types of the dephasing phenomena, STD

Wirp = —Wsrp % (ISTIST| + [TSITS)  (7)
j=0,x1

the LFE because this is essentially caused by quantum mechan- The TTD is caused by the fluctuation of the electron spin
ical coherent motions of both electron and nuclear spins. In the gipole—dipole interaction (DDI). Because the interaction is

calculations, the values used for tigefactor and hyperfine
coupling constant of the diphenylphosphonyl radical gre=<
2.0034,A = 38.5 mT) and they factor of trimethylbenzoyl
radical @, = 2.0006) comes from ESR det& .2

R represents the spin relaxations of each radicals and is given

by

R={R,®1,+R,®1} 4)
whereR,, andl,, represent the electron spin relaxation matrices
of radicalsa andb and identity matrices for the electron spin
space of radicala andb, respectively. We assume that the spin
relaxation originates from the anisotropic hyperfine interaction.

The longitudinal and transverse spin relaxation rate constants

can be formulated by

1_7% [AA

R T 2 )
T, 61+ wlt?
1_ 1 T [AA] ®)
T, 2T, 12

under the high field approximatiofi,wherez. and A:A] are
rotational correlation time and anisotropy of the hyperfine
coupling constants of the radical, respectively.

anisotropic, the fluctuation is responsible for the re-encounter
process and the whole rotation of the radical pairs. The
contribution of TTD is expressed By

Wirp = _WTTDZ(|TiTjDIriTj| + [Ty Ti))

=l

(8)

For the simplicity, we have used the same valudor our
simulation

)

This assumption does not have any physical meaning because
in the calculationvstp andwyrp cause very similar effects on
the MARY spectra. Therefore, we cannot distinguish those two
parameters from the simulation of our experimental results. The
mechanism of dephasing is discussed later.

The chemical reaction of the radical pair is described in the
Hilbert space by

Wsrp = Wrrp = W

RI0TH ~(Keso Kecad 1) — 2K edP(0) + o(OPY (10)

wherek.ec andkescare the rate constants of the recombination
and the escape from micelle, respectively, dndis the
projection operator to the singlet electron spin stig. is a

rate constant of the scavenging of the radical pair that contains
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Figure 1. Decay profiles of transient absorption in the system of S “ [ens
TMDPO observed at 340 nm (a) in SDS micelle and (b) in DTAC ,ii
micelle. S
3
the reaction with surfactant molecules and/or the recombination a
reaction by SOC induced intersystem crossifig® <
We have used the initial condition
1 3 l . T T T T T
|o(t=0)= §(|T+T+D+ [T TOHIT_T_O= |Z+ S-S0 (11) 0 100 200 300 400 500

Magnetic field / mT

and the time evolution of the density ket is calculated by the Figg;%é. T_imﬁ-resolved MARY spectra of TMDPO in SDS (a) and
numerical solution of eq 1. The observation value is a sum of " micelle (b).
the concentration of radical pair and that of escaped free radical

. decay rate constant of radical pair in zero magnetic field; this
and is expressed by

estimate comes from the fact that only the singlet state (which
t is only one-fourth of the radical generated) recombines to
AW D tro(t) + kesqfo tro(r)de (12) produce the products, assuming the spin mixing process is faster
. ) than the recombination kinetics. The recombination rate con-
We have calculated this value as the function of the external stants from the singlet radical pair in both micelles are tentatively
magnetic field,Bo and obtained the time-resolved MARY  ogtimated to b&e.= 3.2 x 107 s 1in the SDS micelle ankec
spectra. The simulation has been performed by MATLAB — g7 x 107 5! in the DTAC micelle, respectively.
(Mathworks Co. Ltd) and the determination of the parameters  The time-resolved MARY spectra can be plotted by the
has been done by the automatic fitting program supplied by cajculation of the magnetic field effe&(B.t) as follows.
this language.
A(B,t) — AOY)

4. Results E(B,Y) A0
Time profiles of the transient absorption of diphenylphos-
phonyl radical observed at 340 nm are shown in Figure 1. whereA(B,t) andA(0) are the transient absorption signals in
Because the dissociation of TMDPO takes place within 0.2 ns, the presence and the absence of an external magnetic field,
the TA signal of the triplet excited state and the rising feature respectively.
of the radical species can be neglected because they occur within The time-resolved MARY spectra of the photoreaction of
the pulse duration of the laser pulse and the dead time due toTMDPO in SDS micellar solution are shown in Figure 2a. In
the fluorescence and/or scattered laser light. We compared thethe low field region up to 60 mT, a negative MFE appears in
time profiles of the diphenylphosphonyl radical in SDS micelle the spectra. Generally, a negative dip in MARY spectra had
and DTAC micellar solutions. Whereas the two types of the often been explained by the contribution of the level crossing
micelle in our study have similar diamete®R € 16.5-17.5 mechanism (LC mechanism) due te-$ mixing! However,
A),42 the time profiles are different in the different types of in the present system, this is not reasonable because the observed
micelles. In SDS, the absorption monotonically decayed with a peak position of the negative effect is similar to the hyperfine
lifetime of 120 ns. In DTAC solution, the radical species decays coupling constant of phosphonylradical. Therefore, the negative
can be best fitted to a double-exponential function with lifetimes effect observed around 30 mT can be rationalized by the LFE.
of 60 ns and 2.5us. The short-lived decay components of Owing to the large hyperfine coupling constant of phosphonyl
nanosecond time scales are assigned to the recombinatiomadical, we could observe a clear and strong LFE on the radical
process of the geminate radical pair confined in micelles. The pair in micelles. From the viewpoint of a general discussion of
slow decay component observed in DTAC solution can be the MFE on biological systems including such phenomena as
assigned to the decay of the free radicals that has escaped fronanimal navigations, the LFE observed at about 30 mT is not
the micelle or has stayed in micelle after escape of the partnerreally thelow field because animal sensing occurs in the earth
radical. It is interesting that the escaping process in SDS micelle magnetic field at only~0.04 mT. However, from a physical
is negligibly small, but the escaped radical is observable in and theoretical viewpoint, the present MFE is useful as the
DTAC micelle. This is due to the different boundary character model of LFE for studying the spin dynamics.
of the micelles formed by the different hydrophilic headgroups. At high magnetic field (over 60 mT) the observed MFE (HF-
The recombination reaction rate constant from the singlet MFE) is positive, as shown in Figure 2. The direction of the
radical pair has been estimated to be 4 times that of the observedMFE observed at high magnetic field can be rationalized as

(13)
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E section 3. We have reproduced the time evolution of the spectral
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= shape (solid line in Figure 4) by using a fast dephasing rate
S constantw = 5 x 1% s™. The details of the simulation result
I are discussed in the next section.
gi The results of the AD-SEMF shift experiments are shown in
Figure 5. Figure 5a shows the schematic diagram of the AD-
SEMF experiment. After laser irradiation, the external magnetic

T T T T field was switched fronBp to By + AB and vice versa. The
0.0 02 e 04 06 effect of the switching of the magnetic field on the change of
me ks the transient absorptiodA(on) — AA(off), in the time region

"Fil\g/llLljDrSOS' INormalized_ tifr_n'lédg)fofilg hC_thMFE in _D*;_Otlgf(l;E?\VggD% of  of 100-400 ns was averaged after switching (shadow in the

at low magnetlc e an 19 magnetlc e n . . .

micelle (a) and in DTAC micelle (b). The solid and broken lines are ggvlijtrcerzi’ngr][d plotted as a function of the delay time of the
s D-

the results of the theoretical calculations.
Figure 5b is the result that has been obtained by the switching

the HFM and the RM. It is distinctive that the MFE at high from 0 to 34 mT (6-34 mT) and the opposite switching (38
field grows up after the laser flash, in contrast to the LFE, which mT). In this switching range of the magnetic field, the negative
appears immediately and does not have any evolution at longerLFE increases with increasing magnetic field, as shown in Figure
times, as shown in Figure 2. In the DTAC micelle, a similar 4. The time profile of the switching experiment should reflect
time-resolved MARY spectrum is observed except that the the time scale of the spin mixing process that induces the LFE.
absolute value and the time evolution feature of the HF-MFE We have analyzed the time profiles by fitting the decays to
is different, as shown in Figure 2b. The absolute intensity of single-exponential functions. The time constants for84nd
the HF-MFE is larger than that observed in SDS. 0—34 mT are 53 and 78 ns, respectively. In the second region,

The time profile of the MFE has been obtained by a in which the positive HF-MFE increases with increasing
subtraction of the time profile observed in zero magnetic field, magnetic field, the time profiles have decays longer than those
A(t,0) from that in arbitrary magnetic field given by for the LFE and their time constants are 114 ns for88 mT

and 120 ns for 6328 mT, as shown in Figure 5c.
P(t,B) = A(t,B) — A(t,0) (14)

The normalized time profiles observed at low magnetic field 5. Discussion

(LFE: B = 30 mT) and high magnetic field (HF-MFEB = 5-1. Time Profiles of MFE Observed at Low Magnetic
500 mT) in SDS micelles are shown in Figure 3. The LFE in Field and High Magnetic Field. In this section, we discuss
SDS increases up to 110 ns after laser pulse and then decaythe time profiles of the LFE and the HF-MFE. Our calculations
whereas HF-MFE decays in a relatively longer time scale, as of the quantum mechanical spin dynamics have indicated that
shown in Figure 3a. The difference of the time profiles between the HFM on the singlet character of the radical pair spin state
LFE and HF-MFE is caused by the difference of the time scale appears on a time scale of subnanoseconds, which is about 10
of the spin mixing processes. In the DTAC micelle, the times shorter than that in the system of usual carbon centered
difference of the MFE time profiles are more striking as shown organic radicals~{10 ns)*3 The LFE is based on the coherent
in Figure 2b. This difference is due to the different recombina- electron spin motion by hyperfine interaction and a small
tion kinetics. In the DTAC micelle, the recombination rate external magnetic field. Therefore, LFE should be sensitive to
constant is twice as large as that in SDS micelle. Therefore, in the dephasing process by the fluctuation of the spin interactions.
the DTAC micelle, the difference of the spin mixing time scale The theoretical discussion by Brocklehurst has suggested that
between LFE and HF-MFE appears more sharply on the the transverse spin relaxatiofp) quenches the LFE? Recently,
difference of the time profiles of MFE. Monte Carlo calculations by O’Dea et al. show that the motion
For an improvement of signal-to-noise ratio of TR-MARY  of the radical pair is one of the origin of the quenching of LEE.
spectra, we have accumulated the data in the low field region Concerning the suggestion of the theoretical works, we can
(0—90 mT), and the results are shown in Figure 4. The spectra expect that the spin mixing for the LFE will have a time scale
have been simulated by the theoretical calculation described inshorter than that of HF-MFE.
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Figure 5. (a) Schematic representation of the AD-SEMF shift 0 20 40 60 80
experimenttp is the delay time of the magnetic field switching after Magnetic field / mT

laser irradiation. The effect of the pulsed magnetic field on TA signal Figure 6. Effect of the essential parametedsandw, on the MARY
in the time region from 100 to 400 ns after switching has been averagedspectra: (a)J dependence on the calculation of MARY; ()

and has plotted versts. (b) Time profiles obtained by the AD-SEMF  gependence on the calculation of MARY. The other parameters are
shift experiment. Switching range is 0 to 34 mT for open circles and same with that in Figure 4.
34 to 0O mT for filled circles. The solid lines are fitting curves by single-

exponential function and the obtained time constants are printed on  5-2. MARY Spectra. We have studied the time-resolved
the side. (c) The switching range is 28 to 63 mT for open circles and \MARY spectra and compared the results with theoretical
63 to 28 mT for filled circles. The solid lines are fitting curves by  c410jations. The MARY spectrum calculated by the model
single-exponential function and the obtained time constants are prlntedd ibed ab is sh in th lid Ii in Fi 4 Th
on the side. escribed above is shown in the solid lines in Figure 4. The
MARY curve in the low magnetic field region, in which the
The difference of the time scale between LFE and HF-MFE MARY mainly originates from LFE, is very sensitive to both
is reflected in the time profiles of MFE, as shown in Figure 3. the exchange interactichand the dephasing parameterThe
However, the observed time profiles have been broadened inMARY curve calculated with various values dfis shown in
time through the relatively slow recombination kinetics. When Figure 6a. An increase of the absolute valuelaésults in a
we compare the results in SDS and DTAC, the difference of decrease in the LFE component. This result is striking because
the time profiles between LFE and HF-MFE is more striking it is opposite to what is expected if the level crossing mechanism
in DTAC. As discussed above, the response of the MFE on the (LC mechanism) were the origin of the negative MFE. In general
TA signal is determined by the rate constant of the recombina- for radical pair systems it is probable that the LC mechanism
tion process from the singlet radical pair. Therefore, in the produces a similar MARY curve. However, this occurs when
system of DTAC, the MFE time profile has a quicker response the splitting of the singlet and triplet radical pairsq)) is larger
to the spin mixing process because thg is twice as fast as  than the hyperfine interactions and the peak position of the
that in the system of SDS. negative MFE is BJ|. In the present case, the hyperfine coupling
The model calculations reproduce the experimentally ob- constant is much larger than the exchange interaction, which
served time profiles as shown in Figure 3. The optimized has been observed by CIDEP experiméafsIn addition, the
recombination rate constants dg. = 3.6 x 107 s1 for the peak position of the observed negative MFE is comparable to
SDS micelle andec = 7.0 x 107 s7* for the DTAC micelle. the hyperfine coupling constant of the diphenyl phosphonyl
These values are similar to those obtained by the decay kineticsradical. In such a case, the LFE mechanism should be the origin
of TA observed at zero magnetic field. The discrepancies of of the negative MARY curve rather than the LC mechanism.
the theoretical curve in Figure 3 within 80 ns after laser flash  The effect of the dephasing rateon the calculated MARY
are due to the intervention of emission signals from the spectrais shown in Figure 6b. The results clearly show that the
experimental conditions (Figure 1). dephasing mechanism is responsible for the spectral shape of
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MARY. In the previous experimental and theoretical studies unknown modeling and its parameters of the molecular motion
the dephasing rate constamt, of the radical pairs in a micelle  in the micelle.
has been regarded as the order of the re-encounter frequency, 5-3. AD-SEMF Experiment. The time-resolved measure-

that is, the order of 10to 10% s71.23.3436 ments of the MFE have a limited time resolution for the spin
We have optimized the two parametedsahdw) by using mixing process because of the broadening by the recombination
the automatic fitting program. The fitting results are shown in kinetics and the dead time due to the interference by emission
the solid lines in Figure 4. The optimized parameters ahd or scattered light. This problem can be overcome if the time
w values are-2 mT and 5x 10° s72, respectively. We have  scale of the spin mixing process is measured by means of the
also used the kinetic parametdrs. = 6 x 10" st andkscay= shift experiment of SEMF. However, if the spin mixing

1 x 10° s 1, which do not change the spectral shape of MARY dynamics of the quasi-steady state is observed, the time profile
curve in the low field region effectively but model the time of AD-SEMF should be identical to the time profile of the
evolution of the spectra. The obserwed/alue is similar to the  radical pair. Comparing the AD-SEMF time profiles in radical
value observed by the decay of the transient nutation of the pair systems with small hyperfine coupling constants (in which

radical pair detected by ADMR technique in the same system the LFE was hardly observed) revealed that the time profiles
by Yashiro et af® were identical to those observed by TA experiment in the same

magnetic field before the switching of the magnetic field in the
SEMF experiment! In the pulsed RYDMR experiments in high
magnetic field ¢330 mT), the spin mixing is the same and the
results of the microwave shift experiments show clearly the spin
relaxation and the escape kinetics of the radical Faf&These
facts indicate that the HF-MFE of the radical pair in the micelle
is generally due to the second-order electron spin polarization
of the radical pair in a quasi steady state of populations, which
is determined by the relation between the spin relaxation and
the recombination kinetics of the radical pair. The polarization
in the quasi-steady state is proportional to the concentration of
the radical pair, which can be observed using the TA method.

In the present system of TMDPO, the similar time constants
Jvith the TA lifetimes have been observed in the switching
experiment of 2863 and 63-28 mT. In this region the positive
slope of the MARY spectra is due to the HF-MFE. Therefore,
the SEMF reflects the population decay of the radical pair in
the quasi steady state. In contrast, the time profiles of the
§witching experiment of 834 mT and 340 mT show time

The dephasing phenomena in the radical pair have been
reported by several groups. In the micellar system, Tarasov et
al. have shown the effect of the fluctuation of the exchange
interaction on SNP-#6 and CIDEP347 spectra based on the
theory of Shushif#-3*and Alexandrov et &° In addition, Maeda
et al*® have observed a unusually large broadening of the
ADMR spectra in the polymethylene-linked system of xanthone
and xanthene under the spin locking condition. This broadening
was explained by Gorelik et al. as the effect of TTD due to the
anisotropy of electronelectron and/or electremuclear dipole-
dipole interaction by the precise analysis of the high power and
the pulsed ADMR experimen#s.In a system of the electron-
transfer reaction in homogeneous solutions, PCDMR (photo-
conductivity detected magnetic resonance) spectral shape in
high microwave field also reflects the contribution of TTD or
T, relaxation?®

The simulation by the model calculation indicates that the
fast dephasing decreases the LFE. This fact is one of the reason

the LFE has been hardly observed in the micellarized radical .,nstants £60 ns) shorter than the lifetime of the radical pair
pair with a small hyperfine coupling constaitn contrast, the (150 ) "This fact is a novel feature in that previous similar
LFE has clearly been observed in homogeneous solétith. techniques such as pulsed RYDMR and CIDNSFEMF did not
In the homogeneous solutions the radical pair lifetime is so short ohserve in a long lived radical pair. It is because it is the transient
that the LFE is not affected by the spin dephasing. and coherent spin dynamics of the radical pair from the quasi
Our calculations based on the single site model in the presentsteady state of the radical pair spin states that is being observed.
analysis are a useful practical method for fittiljg the experi-  previous theoretical studies0 suggest that the LFE origi-
mentally observed MARY data. However, this model has nates from the coherent spin dynamics in the radical pair and
limitations. First we have used a Redfield matrix on the basis g quenched by the spin dephasing phenomena. The observed
of a perturbation theory under the high field approximation. It ghort time constant of the AD-SEMF in low field region0
is still qguestionable whether the perturbation theory is applicable 34 mT and 34-0 mT) supports these theoretical suggestions.
when the energy splitting of the eigenstate is comparable t0 The pulse width €10 ns) of the laser pulse and the rise time
the fluctuating perturbation by the anisotropic hyperfine interac- of the SEMF 20 ns) are comparable to those of the observed
tions. Fedin et al. has developed a relaxation theory by SEMF decays, and therefore a more quantitative discussion
anisotropic hyperfine interaction in low fields by calculating about the time scale of the spin mixing is not possible. However,
the eigenstates of the spin Hamilton®nThis theory is,  the theoretical simulation that take these factors into account
however, still in the category of a perturbation approximation. may be helpful for discussions of the effect of spin dephasing
We conclude, however, that the dephasing mechanism is moregn the LFE.
efficient mechanism for describing the spectral shape of MARY g 4 Origin of the Dephasing.The spin dephasing phenom-
spectra in the low field region. ena is a crucial component in determining the spectral shape of
The other limitation of our simulation is that we have used MARY with LFE mechanism. That diminishes the LFE
an effective parameter for the dephasing of the radical pair spin contribution effectively. It is interesting to determine the origin
dynamics. The observed dephasing parameter should reflect theof the fast spin dephasing in a micelle. However, it is difficult
fluctuation of the spin interactions due to the molecular because it was not possible to obtain the parametevesas
dynamics. The analysis by stochastic Liouville equafidhand/ andwrrp from MARY spectra, independently. There are three
or Monte Carld* calculations that take into account the possible origins:J modulation (STD), electronelectron dipolar
fluctuation of the exchange and the anisotropic interactions spin interaction (TTD by DDI), and electremuclear (anisot-
would be useful for the discussion of the relationship of the ropy of HFI). The modulation of the anisotropy of HFI
LFE and the molecular dynamics. Such calculation requires a contributes to both STD and TTD. As discussed above, the
lot of CPU time and memory. Moreover, there are many contribution of the anisotropy of HFI should be small if the
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assumption of the Redfield theory were valid. The contribution Ph(19)19T8%rc’ils??g,3\/élF-; Shkrob, I. A.; Step, E. N.; Buchachenko, &hem.

i i i i yS. .
O.f the I.DDI on the eleqtron_ spin dephas_lng Is a subject for (20) Shkrob, I. A.; Tarasov, V. F.; Buchachenko, A.Ghem. Phys.
discussion. About the high field MFE, Steiner et al. calculated 1991 153 443,
the effect of the dipoledipole interaction on th&; relaxation (21) Tarasov, V. F.; Ghatlia, N. D.; Avdievich, N. I.; Turro, N. 2.
of the radical pair and showed that the contribution of DDI is Phyzsé Cnemlgr?3H1?2é 2k27- b Y Kamachi. M. Sehnabel aWeh
small on the radical pair dynamics in a miceifedowever, for Chsem).lgg%/aslasllé%qﬁ. akaguchi, ¥, kamachi, M., Schnabel, JVhys.
the LFE, the Monte Carlo calculation by O’Dea et&showed (23) Tarasov, V. F.; Yashiro, H.; Maeda, K.; Azumi, T.; Shkrob, I. A,
that the LFE is eliminated by DDI. More experimental results Chem. Phys1998 226, 253.

from various systems are required before definite conclusions ., (24) Bagryanskaya, E.; Fedin, M.; Forbes, M. D.JEPhys. Chem. A
can be made 2005 109, 5064.

(25) Adrian, F. J.; Akiyama, K.; Ingold, K. U.; Wan, J. K. &hem.
Phys. Lett.1989 155, 333. _
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