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The singlet-triplet spin-state mixing process of a singlet-born radical pair confined in a sodium dodecyl
sulfate (SDS) micelle was studied by observing the nanosecond switched external magnetic field (SEMF)
effect on the transient absorption signals. A long-lived singlet radical pair is generated by the photoinduced
bond cleavage reaction of tetraphenylhydrazine in an SDS micelle. Application-odotiype SEMF results

in the increase of the free radical yield contrary to the decrease produced by an applied static magnetic field.
The S-T mixing process in low magnetic field was observed by means of a delay-shift SEMF experiment.
Observed incoherent mixing processes are explained in terms of the interplay between coherent hyperfine
interaction and fast dephasing processes caused by the fluctuation of electron-spin interactions: Singlet
triplet and triplet-triplet dephasing rate constants are determined independently tex82and 0.2x 10°

s1, respectively, by a simulation based on a modified single-site Liouville equation. This is the first direct
observation of the incoherent spin-state mixing process at magnetic fields comparable to the hyperfine
interactions of the radical pair.

Introduction of the reaction yield (MARY }112From the biological point of
view, spin dynamics of long-lived radical pairs confined in
inhomogeneous environments are of much interest.

A novel insight into the spin-state mixing process in low
magnetic fields, explained in terms of the interplay between

Effects of magnetic fields on chemical and biochemical
reactions have been attracting much interest over the last 30
years. The magnetic field effect (MFE) based on the radical-

pair mechanism is the most commonly known in chemical HFI and fast dephasing processes, has been obtained from a

rz?g'g}ﬁvmcgj_mz r?]eanigﬂgg;g_;@d'gﬁ:jgﬁr;igirn radrlggle-ézn detailed analysis of the dynamic shift to high field (broadening)
P ) 9 p gp of time-resolved and nanosecond pulsed MARY spectra in the

\?v?ttr\}N?eegpzlggl':)t 3;? dtirrzglerte?;ti?)sn Ogrflgfc?lspc?flrfhz ?alé?gaﬁ)rggief’ssystem ofa I_ong-llved triplet radical pair in an SDS micéfié?
because the recombination reaction is generally spin-sta’te-The dephasmg_processes are c_on§|dered to be induced by the
selective. The spin-state mixing process is governed by thefluctuatlon_ of mtt_er-electron-sp_ln interactions suc_h as the
coherent hyperfine interaction (HFI) at weak magnetic fields exchange mterqcnorﬂX and{or dlpoledlpole Interaction E.))
. ; caused by the diffusive motion of the radical pair in the micellar

of less than 10 mT. In particular, the so-called low-field effett supercagés7
whose sign is opposite to the ordinary MFE is peculiar and has _ . . . .
received a lot of attention in the context of the possible Accordingly, it IS clear that the low-field spin dynamics are
mechanism of bird navigation in the earth’s magnetic ffed. strqngly cqupled with the molecular dy."ia_”.“cs of the Iong-llved
One of the possible candidates for the parent molecule of theadical par. Thgre are many _pOSSIbI_lItIeS_ f(_)r probing the
radical pair responsible for birds’ magnetic field sensing is molgcular dynamics of ra}dlcal paurs cpnflned_ n |nhom.ogeneous
cryptochrome, which is one of the flavoproteins. According to environments by ana!yzmg the Iovy-fleld spin dynam|cs O.f t'he
recent reports, a long-lived radical pair is generated by the radical pairs. A rea"t”.“e. obs_ervatlon ofthe spin-state mixing
photoirradiation of the proteif® In such inhomogeneous process in low magnetic field is necessary to clarlfythe prob!em.
biological systems, diffusion dynamics of the radical pairs is !N the present work, we demonstrate the first real-time
considered to be restricted by interactions with, for example, observation of the spin-state mixing process of a photolytically
protein pockets or surfac4? In some cases, the restricted ~9enerated, singlet-born, micellized radical pair by means of a
motion of the radical pair results in extension of the lifetime. transient absorption-detected nanosecond switched external

However, most experiments and theoretical work concerning Magnetic field (SEMF) method. From the theoretical analysis

low-field spin dynamics are performed in the systems of a short- of the expe_rlméenta_ll t_|mehevolut|on, W]? dlslcussl, the de_phasmdg
lived radical pair in homogeneous solution, in which the lifetime processes In detal mft he (I:onte|>.<t c()j m(;). e(iu ar motion an
of the radical pair is so short that the coherent spin dynamics is Interspin Interactions of the long-lived radical pair.

the only factor that determines the magnetic field dependence . ]
Experimental Section

5 4*22% ‘2’;123“ EOffefpogdence @S)hou'dh.be ?(ddres.sed- Tel and f&2- Tetraphenylhydrazine [(B1s),N—N(Cg¢Hs),, TPH] was syn-
T aradunte Sehool of Soicace nod éﬁ;?neaéﬁ%g_)' thesized by oxidization of diphenylamine by potassium per-
* Department of Chemistry, Faculty of Science. manganate as reported previod8land recrystallized from
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benzene. Sodium dodecyl sulfate (SDS) was used as receivedSCHEME 1: Photoreaction Process of TPH in an SDS
All of the reagents were supplied by Wako Co. Ltd. The sample Micelle, Where the Bracket Represents the Radical Pair
solution was prepared by first dissolving TPH in a small amount

of benzene, and the benzene solution was added to an aqueous TPH —'TPH* Photo excitation
solution of SDS. The total concentrations of TPH, SDS, and
benzene were 0.1, 100, and 100 mM, respectively. The sample <7ps

solution was deoxygenated by bubbling nitrogen gas before and 'TPH* — '[DPA- -DPA] Bond cleavage
during measurement.

The experimental setup of transient absorption-detected [DPA- -DPA] ¢)°[DPA- -DPA] Spin state mixing
nanosecond SEMF measurement is essentially the same as that
reported elsewhere except for a few poititg1*A XeCl excimer
laser (Lambda Physik COMPex, full width at half-maximum
(fwhm) of ca. 17 ns and wavelength of 308 nm) and continuous- k
wave Xe arc lamp were used as pump and probe light sources, I’S[DP A- -DPA] —» free DPA radicals Escape
respectively. The sample solution was transferred to the sample
cell, where a photochemical reaction takes place, without
recycling. The transient absorption signalat 690 nm, which
was assigned to a diphenylaminyl §).N*, DPA) radicall®
was monitored for the observation of static and switched MFEs.

The nanosecond magnetic field pulser described in the
previous report$-2°was used for SEMF experiments. The rise =
and fall times of the magnetic field were both ca. 15 ns. The T, 61+022
maximum amplitude and duration of the pulsed field were ca.

30 mT and 1us, respectively. where Al = YyyAai — aiso)? is the anisotropic term of the
HFI and . is the rotational correlation tin®&.The high-field
Theory approximation is not applicable at weak fields comparable to
HFI to be exact. However, intraradical relaxations are considered
modified single-site Liouville equation, in which HFIs are to be slower than both the dephasing process stated below and

evaluated by a semiclassical approdtfihe method of simula- (€ dephasing-assisted incoherent mixing process explained in
tion is intrinsically identical with that described in ref 13 except the following sections. Thus, the high-field approximation used
for minor changes. A semiclassical approximation of HFI causes Neré does not cause a severe problem for simulations.
serious problems on simulations in much lower magnetic fields The d_ephasmg terms Qf the_radlcal pair |r_1vo|ve singtaplet

than HFI. However, we are interested in the spin dynamics at 9éPhasing (STD) and tripletriplet dephasing (TTD) as

fields comparable to or larger than HFI. Thus, this approximation

causes few problems in our case. The time evolution of the Riephasing— WsTp Zo (ISTIST| + |T,SIT;S) +

density ket, which is initially a pure singlet state, is calculated i=&0+1

by numerical solution of the Liouville equation WTTDJ_Z_I(WJ‘TODHJ‘TO' + TN T (3)

krec . .
'[DPA- -DPA] —=» TPH Recombination

spin dephasing processéidpnasing Characteristic of the radical
pairs. The intraradical relaxation$; and T,, of each DPA
radical are calculated by the high-field approximation as

1 7. [AA 11 TJAA]
and =1 @

We have carried out theoretical simulations based on a

dip()Zdt = —(iH* + W+ R)|p(t)0 (1) wherewstp andwyrp are the rate constants of STD and TTD,
respectively. These dephasing processes are considered to be
where H*, W, and R represent the commutator of the spin caused by fluctuations af and/orD.15:17
Hamiltonian, the superoperator of chemical reaction, and the The time profile of the transient absorption signal is repre-
relaxation operator including dephasing terms, respectively. sented by the sum of the radical-pair populatitmp(f)] and
The Zeeman interaction and semiclassical HFI are involved the yield of free radicals that have escaped from the micelle as
in the spin HamiltonianyJ and D are not involved directly
because of the frequent fluctuation of these interactions. The AA(t) O trp(t) + j;kesctr p(7) dr 4)
effect of SEMF is taken into account approximately by gradually
changingBy of the Zeeman term in each time step. The rise of
SEMF is evaluated by a single-exponential function with a time
constant of 15 ns. The norm and direction of the semiclassical The photoreaction process of TPH in a SDS aqueous solution
nuclear vector in terms of HFI are evaluated by a statistical reported by Fukuju et &*?°is shown in Scheme 1. The excited
random sampling method. singlet state is generated by photoirradiation of TPH. ANN
With respect toN, the generation kinetics of the radical pair, bond cleavage reaction proceeds within a few picoseconds,
recombination via a singlet state, and escape from the micellargiving a radical pair consisting of two identical DPA radicals,
cage are accounted for as chemical reactions. Photocleavage ofvhich exhibit a transient absorption band arourd 690 nm1°
TPH is so fast that the shape of the laser pulse determines (I) Static MFE and Time-Resolved MARY Spectra. The
generation of the radical paif. The time profile of the laser  transient absorption time profile At= 690 nm with and without
pulse is evaluated by a Gaussian function with fwhm of 17 ns. a static external magnetic field of 50 mT is shown in Figure 1.
Other rate constants are taken from reported values obtainedThe transient signal of the DPA radical shows a decay
by pulsed RYDMR experiments, which akg.= 5 x 1P s1 component {1 us) at early time and a flat component, which
andkesc= 3.5 x 10 s~ for the recombination rate and escape is assigned to the escaped free radical, at late timkesdfis
rate, respectively? . much smaller thark. the radical-pair lifetime in O mT is
The relaxation operatdR is roughly divided into two terms,  determined by a geminate recombination reaction, with a rate
which are the conventional spin relaxations of each radical and 4 times smaller thak....2® The reported rate constants indicate

Results and Discussion



2528 J. Phys. Chem. A, Vol. 112, No. 12, 2008 Miura and Murai

0.001
0.000
-0.001

< -0.002
-0.003 =
A -0.004 5
_0.08 g
E ©
S 0.06 %
o 0.
3 3
I 0.04 1 200 ns
S
d 1 e B=0mT T T T T
S 002 — _ B=50mT 0 20 40 60 80
0.00 Magnetic field / mT
' 1. T T T T Figure 2. Time-resolved MARY spectra obtained by plotting\A at
0 2 4 6 8 200 ns (solid line) and that atds (dotted line) as a function of the
Time / us applied magnetic field. Spectra are normalized to the maximufmas.

The broken line shows curve fitting of the spectrum at 200 ns using a

Fi 1. Ti fil f the transient absorpti ignal of a DPA .
igure ime profiles of the transient absorption signal of a Lorentz function (see text).

radical ¢ = 690 nm) with and without a static external magnetic field.

The subtracted time profildAA = AA(B = 50 mT) — AAB =0 ) .
mT) is shown in the inset. 3.03 mT from reported hyperfine coupling constants of the DPA

radicall-3® The spectrum at 200 ns is fitted by assuming a

that the observed decay component reflects the geminatelOrentzian shape function as
recombination of the singlet radical pair. 5
By application of a magnetic field, the yield of the DPA AAA(B) = AAAsatL (5)
radical decreases, as shown in Figure 1 and its inset. The sign B>+ B,
of the observed MFE is consistent with the conventional theory
of MFE by the radical-pair mechanism, as indicated below. whereAAAqy is the saturation value afAA at high magnetic
The application of an external magnetic field induces the field (Figure 2, dashed line). The experimen®, value
Zeeman splitting in triplet energy levels of the radical pair; thus, obtained is 13 mT, which is somewhat larger tfemp
the S—T4; and S—T-; spin-state mixing by HFI is inhibited. Recently, Rodgers et &l have reported thabes is ap-
Because the radical pair is generated from the singlet state,proximately equal tdy/, only when the radical-pair lifetime is
inhibition of S—T mixing increases the relative yield of singlet  comparable to the time scalea;. It is obvious that the lifetime
radical pairs and thus promotes in-cage recombination. of the radical pair in our system is much longer than the time
Generally, observation of MFEs in singlet radical-pair systems scale ofa.s;, and the rule oB;, does not hold. However, the
is difficult because of a faster recombination reaction of the By, values obtained by their pure quantum-mechanical simula-
singlet radical pair than the diffusion and spin-mixing process. tions are smaller thage if the radical-pair lifetime is much
In the present case, however, the MFE can be successfully|onger than the time scale afs. Consequently, the larg@,
observed because of the low recombination reactivity. The thanae at early time is considered to be mainly due to the fast
reason for low reactivity is considered to be the conformational dephasing process characteristic of micellized radical pairs.
change around the N atom and the delocalization of the unpaired |n the present system, the sh&t T, dephasing time of 50
electron over two benzene rings in the DPA radi¢al. ns was previously reported from the analysis of the time-
The rising component4200 ns) of the subtracted time profile  dependent SCRP pattern in X-band time-resolved EPR spéctra.
at early time reflects the recombination rate, whereas the This fact also supports the idea that observed MARY spectra
decaying one, with a much longer time constant, is due to someare affected by the fast dephasing process. A more detailed
sort of spin relaxation in the field of 50 mT. The observed MFE analysis is possible by observing much faster spin dynamics
is relatively small (4% in 50 mT) compared with triplet using nanosecond SEMF.
micellized radical-pair systems reported previoddE This is (1) Nanosecond SEMF Effect.(1) SEMF from 0 mTWe
also due to slow recombination reaction kinetics comparable have applied a SEMF of 28 mT at 100 ns after a laser shot in
to the spin-relaxation process (including dephasing-assisted spinthe absence of a static magnetic field. The duration of the pulsed
state mixing, shown later) between radical-pair sublevels. field is 950 ns, which is almost the maximum limit of the SEMF
Time-resolved MARY spectra obtained by plotting the static device used here. The time profile obtained by subtracting the
MFE on transient absorption signals at each instant of time aretransient signal of the DPA radical without magnetic field
shown in Figure 2:1314The spectrum at late time € 1 us) switching from that with 8-28 mT field switching is shown in
does not reach a plateau at much higher magnetic field, Figure 3. Despite noise from the current pulser just after
indicating the contribution of a conventional relaxatioh)( switching on and off, the sign of the subtracted signal during
mechanism mainly due to the anisotropic HF# pulse duration is positive. Thus, the radical-pair lifetime and
On the other hand, the spectrum at 200 ns, which is the free-radical yield are increased by nanosecond magnetic field
earliest limit of our measurement, seems to reach a plateau atswitching contrary to the result observed by the applied static
relatively low magnetic field. This is because we can exclude field.
theT1 mechanism by observing the MFE at an earlier time than  This opposite effect is interpreted on the basis of transient
T, operates, usually several hundred nanoseconds or longer. Theontrol of the energy levels of radical-pair spin states, as shown
spectrum is interpreted mainly in terms of the hyperfine in Figure 4. The singlet radical pair proceeds to spin mixing
mechanism. The effective HFI of the radical pair, which has with three triplet sublevels equally in the absence of a magnetic
been believed to be identical wiBy,, (magnetic field giving field and reaches a steady state §f[[T] = 1:3 in a few tens
MFE of half of the saturation value), is determined toshg= of nanoseconds. The application of a switched magnetic field
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Figure 3. Effect of nanosecond external magnetic field switching from
0 to 28 mT on the time profile of transient absorptidA here is
defined asAAA = AA(SEMF) — AA(0 mT). Timing of the field
switching (delay time of 100 ns and duration of 950 ns) is indicated
by the chart attached above the experimental data.
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Figure 4. Mechanism of the nanosecond SEMF effect on the singlet-
born radical pair. Population of the radical pair is expressed by the
size of the circle. Gray-colored circles represent the radical-pair
populations in theTy, states before and immediately after the field
switching.

After switching

instantaneously splits the Zeeman energies of triplet sublevels;
namely, the radical pairs populatedlin; andT-; states (colored

gray in Figure 4) are energetically isolated. Because the switched

field of 28 mT is sufficiently larger thages, the isolated triplet
population cannot flow back into the reactive singlet state by
spin-state mixing induced by HFI. Consequently, the recombi-
nation via the singlet state is inhibited and the radical-pair
lifetime is prolonged by the SEMF.

(2) Real-Time Obseation of the Spin-State Mixing by a
Delay-Shift ExperimentFor the detailed and quantitative
analysis of the SEMF effect, we have modified the pulse scheme
as shown in Figure 5a. The experiment is performed in a static
field of 26 mT, and the direction of SEMF is set opposite to
the static field. The pulsed field @B, which is identical with

or somewhat less than 26 mT, is turned on 150 ns before the

laser excitation, which is to say the radical pair is generated in
the field of Bmix defined as follows:
B,y =26 mT— AB (6)
The magnetic field that the radical pair experiences is switched
from Bnix to 26 mT when the pulsed field is turned off. The
time interval between the laser pulse and the falling edge of
the pulsed field is defined dg which is the delay time of the
field switching.
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Figure 5. (a) Pulse sequence of SEMF used in the delay-shift
experiment. (b) Time evolution of spin states under this pulse sequence.
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Figure 6. Delay time {5) dependence of the SEMF effect obtained as
described in Figure 5 foBmix = 0, 3, and 6 mT (solid lines). Broken
lines are simulated curves calculated using the modified Liouville
equation described in the text.

Here we explain the concept of the real-time observation of

the spin-state mixing process using this pulse scheme (Figure

5b). The idea is similar to that of pulsed MARY spectroscopy
described in ref 13. Because the photocleavage reaction is quite
fast, we can say that th®-T.; mixing begins with the laser
excitation in the field ofBnix. Then, the spin-state mixing is
stopped when the field is switched back to 26 mT. The important
point here is that the radical pair undergoes the spin-state mixing
only in the periodty in the low magnetic field oBnyix. The
increment in the radical yield produced by the field switching
relative to the yield obtained at static 26 mT directly reflects
the radical-pair population developed in thg; states by the
spin-state mixing that occurs only during the interval tgf
(colored gray in Figure 5b). Consequently, thelependence
of the SEMF effect (delay-shift experiment) at sev@&g fields
provides the real-time observation of tt®-T.; spin-state
mixing process in weak magnetic fields.

The experimental results of the delay-shift experiment of
SEMF are shown in Figure 6. The SEMF effect is evaluated
by the subtraction of the transient absorption signal as
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AAA = AA(SEMF) — AA(B = 26 mT) (7 a, 2
_ o = VAV + Ao’ = A/ = 4 Aw? (11)
The time average of the flat component®AA (1.5-4.5 us 2
after laser shot), which corresponds to the change in the free-
radical yield, is plotted as a function &f.
We have successfully observed &eT mixing of the radical

Thus, the time average of the population difference

- 2
pair at a weak magnetic field for the first time in a photoge- P(t) = _Aw” (12)
nerated radical-pair system. However, the fastest rise time of ﬁz 5
ca. 10 ns observed in the caseBafik = 0 mT is thought to be > + Aw

nearly the instrumental function, mainly limited by the duration

arlld./or jitter of thg laser pulse. This indicates that the spin-stgte is drastically increased by the applied magnetic field. The so-
mixing in 0 mT is comparable to or faster than 10 ns. This cajled hyperfine mechanism is roughly explained as noted above.
time scale is quite reasonable because the characteristic timgt should be noted that the frequeney does not change
scale of spin-state mixing induced by the HFI is about 10 ns. significantly or become larger in an applied magnetic field
Thus, it is difficult to extract information about the dephasing  comparable to the HFI. This feature is consistent with the spin-
process from the obtained time profile, which is distorted by state mixing observed in the radical-pair systems generated by
the laser pulse with a comparable duration to the frequency of radiolysis3233
the cohert_ent spin-state mixing. The dephasing process comparable to the spin-state mixing
Interestingly, the time profiles in the caseBfix = 3and 6 frequency changes the mixing feature depending on the ampli-
mT show much slower rising components than that in 0 mT, tyde of the magnetic field. In zero magnetic field, the coherence
18 and 43 ns, respectively. Such a mixing feature has not beenis damped on the time scale of the dephasing riedg) (and
observed in the system of short-lived radical pairs generatedregched = 0 at late time. However, the time scale and time-
by radiolysis in homogeneous solutiofs® The spin-state  averaged population difference are almost the same as those
mixing process detected by delayed fluorescence in such systemgithout dephasing. That is why we have observed only a fast
shows a coherent feature, and the time scale is almostrising of ca. 10 ns in zero magnetic field.
independent of the applied magnetic field. This is due to the  The situation is completely different when a magnetic field
short lifetime and the small reencounter probability of the radical comparable to the HFI is applied. Fast damping of the coherence
pair in such systems, which fully separate the spin dynamics petween two states induces an incoherent spin-state mixing
from the diffusive molecular motion. Our result Clearly dem- process at later time and f|na||y reachies= 0. Though this
onstrates the existence of an incoherent spin-state mixing procesfeature is apparently indistinguishable from ordinary longitudinal
that is considered to be characteristic of micellized radical pairs, re|axation T2), the incoherent population transfer can be induced
which are so long-lived that the spin dynamics couples to their py interplay between the coherent interaction and the fast
diffusive motion in the micellar cage. _ dephasing process even without the difEcprocess. The time
The observed incoherent mixing with a time scale of a few scale of incoherent mixing is slower than that of coherent mixing
tens of nanoseconds is considered to be much faster thanpr the dephasing rate itself depending on the applied magnetic
conventionall; relaxation, which is generally longer than 100  field. If the dephasing rate is fast enough compared with the
ns. Thus, the incoherent mixing is attributed to interplay between time scale oy, the spin-state mixing becomes fully incoherent

coherent spin mixing by HFI and fast dephasing caused by the gnd the rate of spin-state mixing is obtained as
fluctuation ofJ and/orD as suggested by time-resolved MARY

spectra. _ _ . 1 kdepaefle 2

(1lM) Mechanism of the Incoherent Spin-State Mixing. The - . 3 (13)
effect of dephasing processes on the coherent spin-state mixing T kdep + Aw
is roughly explained by the simple quantum mechanics of two
states, for exampléSJand | T.1Cextracted from four radical- by an analytical solution of the Broch equatir* Here we
pair spin states, coupled by a matrix elem&h(HFI in this notice that the incoherent mixing becomes slower when the

case), as shown in refs 13 and 14. An energy gap of these twomagnetic field By (Aw) is increased. This prediction is
states is considered to be linearly proportional to the external sSeemingly consistent with the experimental result of Bag

magnetic field Bo) as dependence of the shift experiment, but the assumption might
not be true in this system.
Aw ~ gugByh (8) If the dephasing rate, magnetic field, arads are all

comparable, the spin-state mixing shows a biphasic feature,

Whereg andluB are the averagmvajue of the radlcal pa"' and namely, fast COh.eren'[ m|X|ng at eal’|y t|me and SlOW inCOherent
Bohr magneton, respectively. The amplitude of the matrix Mixing at later time. Thus, in the case Bfix = 3 mT, the

element is expressed as obtained time profile might retain the coherent feature at the
earliest time, which is followed by the incoherent mixing
V= —aeﬂ/Z«/E (9) g;]c;isssiss. Computational simulations allow us more quantitative

(IV) Theoretical Simulation of the SEMF Effect. For
etailed analysis, we have carried out theoretical simulations
as described in the Theory section. The simulated results of the

5 shift experiment of SEMF are shown by broken lines in Figure

P(t) = [S(t)] — [T.4(t)] = cosw't + A—wz(l — cosw't) (10) 6. The experimental curves are reproduced well by the simula-
' tion with reasonable parameters. A little deviation at relatively

shortty might be due to the difference between the Gaussian

where time profile and the real laser pulse. The time profiles obtained

In the absence of the dephasing process, one can analyticallyd
calculate the time evolution of the population difference as
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by simulation of SEMF with eacBny qualitatively correspond mainly appears as the population relaxation between the middle
with the calculated time evolutions of tig; population in the two states, which are referred to & T mixed states, of the
respective fields, convoluted by the laser pulse (Supporting SCRP36 In this case, one can selectively observesaTy
Information). This indicates that we have certainly observed dephasing process by the time dependence of the SCRP phase
the S—T1; mixing in low fields by the SEMF shift experiment.  pattern.

The simulated time profile in the case Bfx = 0 mT is In the present case, we can selectively observeSth€.,
insensitive to the dephasing parameters because of the instrumixing at weak magnetic fields by means of SEMF, which is
mental function. On the other hand, the simulated time profiles assumed to be the transient projection of The character of
in the case oBnmix = 3 and 6 mT depend owsrp and wyp. the radical pair. The obtained STD rate is understood as a rate
Particularly, the simulated time profile in the case of 3 mT is Of dephasing between singlet affig; states, which are coher-
quite sensitive tanstp and wrrp, which affect the spin-state  ently mixing by the HFI.
mixing feature differently as described later and are determined  The simulation carried out here seems to show the limitation
almost independently to bestp = 2 x 108 s andwrrp = of the modified single-site model for quantitative analysis of
0.2 x 18 s ™1, respectively. This is the first successful example the dynamics of long-lived radical pairs. A trial of Monte Carlo
of the separate determination of two dephasing parameters insimulation$’ in which the fluctuation o andD by molecular
low magnetic field. diffusion is directly taken into account, is underway. Nonethe-

The parameters for intraradical relaxation, which arand less, the real-time observation of teT mixing process by
[A:A], have little influence on simulated curvature as long as Means of the SEMF experiment is a powerful tool for detecting
they are in the range of reasonable values: they are set to 30 pdh€ Spin dynamics of long-lived radical pairs in low magnetic
and 5 mP, respectively:314 This fact indicates that the spin  f€lds. Especially in the singlet-born system, the time profile
dynamics are governed by the cooperative action of dephasingPtained is quite sensitive to the dephasing parameters, which
and HFI in magnetic fields comparable to the HFI. Obtained reflect inter-radical interactions and their fluctuation by molec-

total dephasing rates are reasonable for micellized radical pairsilar diffusion dynamics in confined conditions.
because their reencounter frequency is said to bé# s1.3435 In conclusion, we have observed the singleiplet spin-state
mixing process of the singlet-born micellized radical pair by

means of a delay-shift experiment of nanosecond SEMF. The
observed incoherent mixing process in low magnetic field is
explained by interplay between coherent HFI and fast dephasing
processes characteristic of micellar systems. Our results dem-
onstrate the potentiality of low-field spin dynamics as a probe
of the molecular dynamics of long-lived radical pairs confined
in inhomogeneous environments including biological reaction
systems.

The effect of STD and TTD on the simulated time profile at
Bmix = 3 mT differs to some extent, whereas their effect on the
low-field spin dynamics is identical in triplet radical-pair
systems:1314The reason is explained as follows; in the case
of a singlet-born radical pair, onl$—T mixing works at the
earliest times because the initial state is a pure singlet state.
S-T mixing is followed by populating triplet states and
guantum-mechanical interference with T mixing. Thus, STD
can affect spin mixing at earlier times than TTD does. For this
reason, faster STD can quench the first coherent cycle of the
spin-state mixing more effectively, resulting in a faster rise of J
the incoherent mixing process, which smoothly follows the first
half-cycle of the coherent mixing (Supporting Information). On
the other hand, TTD cannot affect the first coherent cycle, and
it remains almost the same as that without any dephasing Supporting Information Available: Dependence of simu-
process. In order to fit both the fast rise at early time and the |ata4 time evolution of tha ., population on STD and TTD
saturating feature at later time of the experimental time profile, a¢e constants. This material is available of free of charge via
the fast STD rate of #71 is needed. In this case, a slow TTD the Internet at http:/pubs.acs.org.
rate of 10 gives better fitting results than those without a TTD
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