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Magnetic Isotope Effect on Kinetic Parameters and Quantum Beats of Radical Pairs in
Micellar Solution Studied by Optically Detected ESR Using Pulsed Microwave
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We investigated the quantum beats, the oscillation between singlet and triplet states of radical pairs induced
by the microwave field resonant to one of the component radicals. They were observed as the alternation of
the yields of the component radicals by a nanosecond time-resolved optical absorption with the X-band (9.15
GHz) resonant microwave pulse. This technique was applied to the photochemical reaction of benzophenone,
benzophenondz, and benzophenonearbonyt3C in a sodium dodecylsulfate micellar solution with a step-
by-step increase of the resonant microwave pulse width. The yields of the component radicals showed alternation
with an increase of the microwave pulse width. This indicates that the radical pair retains spin coherence in
the micellar solution. The magnetic isotope effect on the amplitude of the quantum beat was observed. The
MW effect on the quantum beat of BPC decreases from 80% to 60% of that of BP by irradiation of the
m-pulse MW due to spin-locking. The kinetic parameters were also determined using the X- or Ku-band
(17.44 GHz) region. They are almost similar to each other except for the intersystem recombination rate in
the system of BPC, which may be slightly higher than those in other systems.

Introduction (SDS) or polyoxyethylene dodecyl ether (Brij 35) micellar
solution have been studiéd!! The MIEs could be explained
by the HFC mechanism in a low magnetic field;y 0 mT,
and the relaxation mechanism in a high magnetic fietld30

Chemical reactions through radical pairs (RPs) are affected
by static and oscillating magnetic fielé8The former is known
as the magnetic field effect (MFE), and the latter is called the . : ’
reaction yield detected magnetic resonance (RYDMR). The T. The isotope ennchmgnts and enhanged MIES4 using the
geminate recombination of RPs proceeds from the singlet state'®Sonant MW have been |IIu§trated experimentédiy:
(S). In the absence of a static magnetic field, all spin states of ~Recently, the RYDMR using a short MW pulse and a
RPs, singlet and three triplet sublevels, are degenerated. The'anosecond time-resolved optical absorption have been applied
triplet states (T) induce ST conversion and can recombine 10 the studies on spin dynamits.!® The pulse optical detected
through S. In the presence of a static magnetic field, they split ESR (ODESR) can provide the optical signal in the absence
into three sublevels (T;, To, and T.1). T states are separated and/or before the MW irradiation, which gives a reliable
from Tpand S states by Zeeman splitting. Then ondystate is difference between the signal in the absence and presence of a
converted to the S state due to the degeneration and canMW pulse. If we use the MW detection, the signal in its absence
recombine. The magnetic field suppresseg'$; o conversions can be obtained only at a limit of the power reduction. The low
and the geminate recombination. The resonant oscillating S/N ratio at this limit suffers the reliability of the signals. This
magnetic fields (microwave, MW), whose energy is equal to is one of the major merits of ODESR over fast ESR techniques.
the Zeeman splitting, induce transition from the; fo the T We refer to the above difference as a “single pulse response”,
state. Then, T; states are also converted to S via thesfate which shows the dynamic effect of the irradiated MW pulse.
and recombine. Thus the MW acceleratesTs; g conversions We can control many parameters of the MW irradiation such
and the geminate recombination. as the irradiation time, the pulse width, the pulse power, and

The S-T.10conversions are strongly influenced by hyperfine so on, although the MW frequency is rather restricted owing to
coupling (HFC) interactions. Therefore isotopic RPs which have the resonance condition of the cavity. When we vary the MW
different nuclear spins show distinctive spin dynamics. We refer irradiation time with reference to the reaction initiation fixing

to this phenomenon as the magnetic isotope effect (MfiEor the other parameters, we get “pulse shift” d&td® This extracts
example, the lifetimes of the RPs formed by the photochemical the dynamics of RPs from those of free radicals escaped from
reaction of benzophenone (BP), benzophenhpéBP-dig), and the pair which have the same optical absorption.
benzophenonearbonyt3C (BP-13C) in sodium dodecylsulfate When we vary the MW pulse width fixing the other
parameters, we get “pulse extension” data, which is similar to
» Corresponding author. E-mail: ysakaguc@riken.jp. varying the MW power. In this experiment, we can control the
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Sanda 669-1337, Japan. Imagine a RP consisting of radicals a and b whichd@aspins
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(T+1 state). When we irradiate the MW field whose magnetic 318 320 322 324 326 328 330 332 334
component is perpendicular to the external field, dhgpin on — 77— 5/
the radical a which is resonant to the MW starts to rotate and ro !
turns to aB-spin. Then the RP hasf spins (ST mixed state) (a)
and can recombine. Thiespin rotates and returns to anspin
by the elongated irradiation of the MW field. Then the RP
recoversoa spins (T.; state) again. It shows the periodic
changes in the spin-state populations of the RP and is called
the quantum bedf,2°
The oscillation frequency depends on the resonant MW field
strength,B; = wilye (w1 is the Rabi frequency, ang: is the
gyromagnetic ratio), and the difference of the resonant frequen-
cies of the radicals a and hy, — wp|.2 (b)
A “weak” B; field (w1 < |wa — wp|) induces the rotation
betweenaa (or ) andof spins, namely, between.T and
STp mixed states. Its oscillation frequencyds. On the other
hand, a “strongB; field (w1 > |wa — wp|) induces the rotation
of both spins, that is, betweearo. and S spins viaaf spins
whose magnetic component is perpendicular to the external
magnetic field. Namely, the rotation takes place withipy §
states, and the geminate recombination is suppressed. This
situation is called the spin-locking. The frequency of oscillation (c)
between T, and To states doubles,d?;.
In this paper, we generated the RPs consisting of a BP ketyl
radical (BPH) and a SDS alkyl radicab$DS), and we observed
the yields of the escaping ketyl radical with changing MW pulse
width in the condition of a “weakB; field. The quantum beat
in the system of 4,4difluorobenzophenone ¢BP) which has T
large hyperfine anisotropy was compared with those of BP and
its isotope derivatives. The kinetic parameters of the RPs were
also determined by the optical detected X- (9.15 GHz) and Ku- (d)
band (17.44 GHz) ESR.

Experimental Section

Benzophenone (Cica-Merck) and 4difluorobenzophenone
(Aldrich) were recrystallized from ethanol. Benzophenalag- 1
(99 atom % D, Merck, Sharp & Dohme), benzophenone- _ i
carbonyb:3C (99 atom %3C, ISOTEC), and sodium dodecyl- Figure 1. The ODESF_\’ spectra, which are measured as the absorbance

. - L of each BP ketyl radical averaged from 10 to 48 after the laser

sylfate (Clca-Merck) were used as obtained. Dlstllled water for irradiation, observed by the photochemical reaction of (a)iBP¢b)
high-performance liquid chromatography (Cica-Merck) was Bp, (c) FBP, and (d) BPSC in SDS micellar solution. The stick
purified in an lwaki UP-100 ultrapure water system by ion- diagrams of (a) SDS alkyl, BBz, (b) BP, (c) REBP, and (d) BF$C
exchanging and ultrafine filtering. The sample solutions were ketyl radicals also are shown. The arrows show the resonance points
degassed by blowing \gas on the surface to avoid bubbling yvhere the quantum beats shown in Figure 5 and the data analysis shown
and flowed into a quartz tube at room temperature. The N Table 1 and 2 are taken.
concentration of SDS and BPs were 0.08 and 0.002 mofdm
respectively. The fourth harmonic, 266 nm, of an Nd:YAG laser
(Quanta Ray GCR-3, Spectra-Physics) was used as an excitin
light source. We observed the time profiles of the transient
absorptions of their ketyl radicals at 525 nm for each compound.
The measurement systems were similar to that described
elsewheré®18 The maximum MW fields for our X- and Ku-
band apparatus were 1.6 and 0.36 mT, respectively.

adicals, which were accelerated by the population transfer from
he nonreactive I; states to the reactive $mixed state by
the resonant MW. The ODESR spectra in the system of 8PH
dio and EBPHe were narrower and broader than that of BPH
because of the smaller HFC of deuterium and additional
hyperfine splitting due to fluorine, respectively. For BRHC,
the ODESR spectrum was split by the hyperfine splitting due
Results and Discussion to °C. . . ) o )

In this study, the dispersion of spin is the important para-

ODESR Spectra. meter. In the absence of distinct HFC components, it is given
Figure 1 shows the ODESR spectra of the RPs formed by py19.21

hydrogen abstraction reactions of photoexcited BPs in SDS

micellar solution. The X-band MW (9.15 GHz) was irradiated
with Atyw = 10 us, tp = —0.5us, andB; = 0.04 mT. Here
Atww is the MW pulse widthfp is the delay time to irradiate
the MW pulse with reference to the laser excitation, 8ads

1/2

1)

_125 aaq
A(a)_ [3 IZ al I|(|| + 1)

the MW field estimated by the relation between the frequency wherel; is the nuclear spin quantum number of tienucleus
of the quantum beat and the MW power. These spectra werein radical a, andy is its isotropic HFC constant. We estimated
observed as the decreases of the absorbance of their ketythe values ofA using thea values as follows:a(o-H) = 2.1
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Figure 2. The difference of absorbancA(t), curves due to BPC

ketyl radical between in the absence and presence of the X-band
resonant MW pulse which is shown by the solid line. The dotted (---)
and broken € —) lines show theA(t) in the absence and presence of
the microwave pulse, respectively.

mT, a(8-H) = 2.5 mT foreSDS?223 a(0-D) = 0.05 mT,a(m-

D) = 0.02 mT,a(p-D) = 0.056 mT,a(OH) = 0.29 mT for
BPHe-dy;2223 a(0-H) = 0.323 mT,a(m-H) = 0.123 mT,a(p-

H) = 0.366 mT,a(OH) = 0.303 mT for BPH;2* a(p-F) = 0.75

mT for FBPHe;?5 a(t*C) = 2.2 mT for BPH-13C2% The
a(protons) of EBPHes and BPH-13C are assumed to be the same
values to BPHK. The value ofA(eSDS) is 3.8 mT. For the
counter radicalsA(BPHe-dyg) = 0.36 mT,A(BPHe) = 0.65

mT, A(F2BPHs) = 0.9 mT, andA(BPHe-13C) = 1.7 mT. The
observed line widths were 1.0, 2.4, 3.0, and 3.0 x 2)

mT for the systems of B, BP, RBP, and BPLC,
respectively. This order agrees with that of the decrements
induced by the MW, that is, the MW effect at a certain
irradiation becomes smaller for the compounds with a wider
spectrum. It is thought that if the conditi® > A(a) is fulfilled,

the MW rotates all spins on the radical a as single spin. Then
the observed frequency of the quantum beat coincides with the
Rabi frequencyw; = yeB1 = gusBihi 1. WhenB; is larger than
A(a) andA(b), the spin-locking effect occurs, and the frequency
of the quantum beat become®2

Determination of the Kinetic Parameters.

In the presence of an external magnetic field, the reaction
scheme of photoexcited BP in a SDS micellar solution is
described as follow&*

BP— 'BP* — °BP* )

3 ki T
BP* + SDS— "#:9BPHe +SDS) 3)
To(BPHe «SDS)<> S(BPHe «SDS) (4)
ToA(BPHe «SDS)~ ST(BPHe +SDS) (5)

kRec . . .
S(BPHe «SDS)— geminate recombination products

(6)

k,
T+10(BPHe -SDS)&geminate recombination products (7)
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.SDS)E“» BPHe + «SDS

STL9BPHe ®)
Here eq 4 represents the-$, mixing whose rate constant is
larger than any other rate constants. The resonant MW induces
the transition between the.T states and the $Tmixed state.
This process is formally the same as the acceleration of eq 5.
From the data obtained by the X- and Ku-band ODESR using
the short MW pulse, we determined the following kinetic
parameters: eq 3: the hydrogen abstraction reaction tates,
eq 5: the spirlattice relaxation rates (without MW pulsdgx;

eq 6: the recombination rates of the singlet RRggs eq 7:

the intersystem recombination ratégoc, which occur from
triplet RPs due to the spirorbit coupling; eq 8: the escape
rates,kesc

Figure 2 shows the time profiles of the transient absorptions
due to the ketyl radicalg\(t), in the absence and presence of a
single short MW pulse and their difference, which is called
“single pulse response”. The X-band MW pulse was irradiated
with Atyww = 15 ns,tp = 750 ns, and; = 1.2 mT. Because
the populations of the .I; state are generally larger than those
of the ST, mixed state due to much smallefoc andkgix than
kreo the resonant MW pulse transfers the RP in the States
to that in the ST mixed state withimAtyw. Since the decay of
the STy mixed state is much faster than those of the States,
the total population of RP after the MW pulse irradiation
decreases faster than that in the absence of irradiation. If
we use a very short MW pulse, the disappearance of the
transferred population of RP due to the MW pulse cannot be
completed withinAtuw. Thus, we can obtain the decay rate of
the ST mixed statekgec ~ kred2 + ksod?2 + kesc + Krix, By
fitting the fast exponential decay part of the subtraction of the
A(t) in the absence and presence of the MW pulse as shown in
Figure 2.

Figure 3 represents the decrements of the component radicals
of RPs due to the MW pulse with “pulse shift technique”,
namely, shifting the irradiation time of the MW pulse with
reference to the laser excitatioth, The MW pulses were
irradiated withAtyw = 15 ns,tp = —0.5 to 8us,B; = 1.2
(X-band) or 0.36 mT (Ku-band). The effect of MW pulse is
proportional to the difference between the;Tstates and the
STy mixed state, [E1] — [STo]. Since [T.4] and [STy] grow
together with the formation of RP via reaction ] — [STo]
increases withky except for the special polarization that )]
= [STq]. In the early stage after laser excitation, it can be
assumed that only [SJ decreases through the recombination
with kgee Which contributes to the increase ofiil — [STo).
Therefore the rise of [T1] — [STo] consists of two components,
ky andkges On the other hand, the quasi-stationary concentration
of STo mixed state is very low at a later time due to the fast
recombination. Therefore [] — [STo] is almost equal to [T4]
at a later delay time, and hence its decay rate is determined by
the decrease in [I;]. We estimated the values & and the
decay rates of the i} stateskr,, = ksoc+ kesc 1 krix, by the
fitting of the rise and decay of the curves as shown in Figure 3,
respectively.

In Figure 3, the decay of the curves depends on the external
magnetic field, which originates from the magnetic field
dependence of the spithattice relaxation. Under high magnetic
field, krix is proportional taBy~2 in the absence af anisotropy
shown as

2, 2 2
Y BIoc ~ BIoc

1+ 7.2y°B,?

9

Ix
c
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Figure 3. The difference between the yields of B# ketyl radical

in the absence and presence of the resonant MW pulse. The signals
were obtained by averagir(t) from 10 to 18us after the laser pulse

and are plotted against the irradiation time of the resonant MW pulse
with reference to the laser excitatidp, The curves are normalized to

each other.
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Figure 4. The external magnetic field dependence of the decay rates
of the T.; states of radical pair formed from BR;_, (closed circles).
The escape rate&gs, are given by open circles. The dotted (-----),
broken  —), and solid lines show the values kfix + ksoc + kesa
ksoc + kese andkges, respectively.

TABLE 1: Decay Rates of the ST Mixed State (kqed and
the T, States kr_,) at X-and Ku-band Regions (units are

1% s
kged X-band) kr., (X-band) kr., (Ku-band)
BP 10+1 0.44+0.02 0.34+ 0.03
BP-dyo 10+1 0.44+ 0.02 0.34+ 0.04
BP-13C 11+1 0.524+0.03 0.37+ 0.05
F.BP 10+1 0.53+0.03 0.34+ 0.04

where . is the rotational correlation time; is the electron
gyromagnetic ratioBec is the anisotropy of hyperfine coupling
constants to induce the spitattice relaxation, andBy is the
external magnetic field. The extrapolated value&gf, at By2

= 0 is free from relaxation and equal keoc + kese Thenkgix

is derived fromkr_,(=krix + ksoc+ kesd andksoc+ kese Here
we estimate the contribution off anisotropy in the spin
relaxation. The relaxation rate duedanisotropy is given by

(o g 0G°By))/5H

Ix,09 2.2p 2
1+ 9B,y

(10)

where ug and g are Bohr magneton and anisotropy,
respectively. We calculated this rate using the parameter:s of
= 16 ps® and og = 0.0022!! The krixsg at the X- and Ku-
band regions are (6 and 1% 10® s1, which are~5% and
~25% ofkgrix as shown in Figure 4 and Table 2, respectively.
These values are within the errorslgiy.
The escape ratées, can be determined by the fitting of the

difference betweer\(t)’s in the absence and presence of the

J. Phys. Chem. A, Vol. 112, No. 2, 200879

0T T T T T
—— BP-d
10
0.1 —a—BP
—o—F_BP
0.2 2

—_— BP_I3C

20 40 60 80
pulsewidth/ns

100

I [Y(MW off)-Y(MW on)]/[Y(326mT)-Y(OmT)]

~~

®=
o
£
&
Ml —e—1.2mT T
& -0 0.85mT
0.6 | —2—0.7mT -
O.SIIAIIIIIIIIIIIIIAII
(b) 0 20 pﬁ?sewidtl’?/ons 80 100
1
0.9
[
=2
Z 08
IS
207
==}
&
0.6
0_5 TR TN [ ST ST [ T S T NS T S N T S
2 4 1
(c) 0 0 pu?sewidti?/%s 80 00

Figure 5. (a) Ratios of the decrements of the radical yields due to the
resonant MW pulseR; =1.2 mT) to the difference in the yields in the
absence and presence of the external magnetic field of 326 mT. These
MW effects are plotted against the MW pulse width. The yields of the
radicals were averaged from 2.0 to 3.6 after the laser irradiation.
Each curve is shifted relatively by 10%. The dotted curve shows the
result of BP13C at the off-resonant point (326.5 mT). (b) Ratios of the
MW effects in the system of BP (open squares in (a)) to those of BP
(closed triangles in (a)). These are plotted against the MW pulse width.
(c) Ratios of MW effects in the system of BRC (closed circles and
solid lines in (a)) to those of BP (closed triangles in (a)). These are
plotted against the MW pulse width.

external magnetic field which requires the exclusion of the
transient absorptions due to the excited triplet states existing at
similar wavelengthg® Fromkgscandksoc + keso the intersystem
recombination rateksog is derived. Thus the kinetic parameters,
ksoc keso and krix, are determined as shown in Figuré’4.
Furthermore krec is determined bykgec (®kred2 + ksod2 +
kEsc+ kRIx), kSOG kEso and kRlx-

Table 1 shows the observed decay rates of the rSiked
and T, states of the each RP. From these data and the above
analyzing procedure, the kinetic parameters in Table 2 are
determined. The distribution of the rate constants in Table 2 is
strongly restrained to fulfill th&,~2 dependence. It seems that
ksocis too large compared tkkix andkese The values in Table
2 should be read as a comparison within the derivatives. Each
kinetic parameter is similar in all systems except for the
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TABLE 2: Hydrogen Abstraction Reaction Rates (ky), Recombination Rates of the Singlet RPsk&eo), Escape Rateskgsg),
Intersystem Recombination Rates Ksoc), Spin—Lattice Relaxation Rates krix), and Decay Rates of the RPs in the Absence of
the External Magnetic Field (ko) (units are 1 s™1)

Ky Krec Kesc ksoc krix(X-band) krix(Ku-band) )
BP 5+ 2 19+ 2 0.13+ 0.02 0.17+ 0.03 0.14+ 0.02 0.04+ 0.03 3.0+ 0.8
BP-dio 6+2 19+ 2 0.13+ 0.02 0.17+ 0.03 0.14+ 0.02 0.04+ 0.04 3.0+ 0.8
BP-C 5+2 20+ 2 0.13+ 0.02 0.19+ 0.02 0.20+ 0.04 0.05+ 0.04 3.0+ 0.8
FBP 6+ 2 19+ 2 0.12+ 0.02 0.15+ 0.02 0.26+ 0.03 0.07+ 0.04 3.0+£0.8

following two cases: (1) The relaxation of the RP consisting and BPd;o. Figure 5, parts b and c, shows the ratios of the
of F.BPHe and «SDS is faster than those of the other RPs. It MW effects in the system of JBP and BPC to those of BP,
may be due to the larg®,2 of fluorine atoms. (2) The respectively. The MW effects for,BP system relative to those
intersystem recombination rate in the system of 'B8P-may for BP system were about 0.9 and independemigfy up to
be slightly higher than those in other systems. The RP decay100 ns. The same trends were shown with a smaller MW field,
rates observed in SDS solution of BR up to 1 T have been  B; = 0.7 and 0.85 mT, which are smaller thAF,BPHs) =
higher than those of BPThe MIE may be caused by larger 0.9 mT. In the system of BEEC, its MW effect relative to those
ksod BP-1°C) thanksodBP). However, it has been reported that  for the BP system showed the minimum, maximum, and second
BPHe-13C has large hyperfine anisotrop§namely, largeBioc?. minimum values (0.6, 0.8, and 0.7) by the irradiation of the
If ksod BP-13C) is larger tharksod BP), the MIE at ultrahigh 27-, and 3r-pulse Atyw = 15, 30, and 45 ns &; = 1.2 mT;
magnetic fields can be observed. The MIEs up to 13 T have Atuyw = 12, 25, and 40 ns &; = 1.6 mT), respectively. Then
been investigate®? Notwithstanding, we cannot infer from these the ratios reached the constant about 0.8 by the longer pulse
results thaksod BP-13C) is larger tharksod BP) because of the  than the &-pulse. They were damped while oscillating in the
large standard deviations of the RP lifetime data. Rabi frequencies.

Isotope Effect on the Quantum Beat. It was shown that the decay of the quantum beat can be

We observed the decrements of absorbance of BP ketyl described using ST dephasing caused by random fluctuation
radicals in the RPs by the irradiation of the MW pulse with Of electron exchange interactiod) petween the radica$and
“pu|se extension", name|y, Step_by_step increase of the MW T-T dephasing that Originated in the random modulation of an
pulse width,Atyw. The X-band MW pulses (9.15 GHz) were €lectron spin dipoledipole and an anisotropic hyperfine
irradiated withAtyw = 0—100 ns,tp = 750 ns, and3; = 1.2 interactior?? It is thought that the interaction depends on the

mT. The value OTB;[ was |arger than the dispersions of SpinS, inter-radical distance and diffusional rotation. However, Jhe

A, except for BPW-13C. In Figure 5a, the ratios of the and the diffusion of the isotope derivatives may be almost the
decrements of the yields of BP ketyl radicals due to the Mw Same among BP derivatives. In order to estimate the amount of
pulse to the difference in the yields in the presence and absence): We observed the time-resolved ESR spectra of the spin-
of the external magnetic field, [Y(MW off- Y(MW on)]/ correlated RP (SCRP) consisting of BP isotope ketyl radicals
[Y(326 mT) — Y(0 mT)] (the yield of the radical, Y, is average ~and SDS alky! radical. In the SCRP, the hyperfine line splits
of the absorbanceA(t), from 2.0 to 3.6us after the laser ~ emission/absorption (E/A) or A/E type peak by Zhe splitting
irradiation), are plotted with reference to the MW pulse width. Of the outside lines due teéSDS in the SCRP spectra among
Here the yields without the MW is equal to those in the presence the isotope derivatives at 750 ns after the laser excitation had
of the external magnetic f|e|d’ Y(MW off;: Y(326 mT) If similar VaerS, which Correspond td 2= —0.32+ 0.04 mT.

the MW induces entire transition of the RP state between T  Furthermore, the escape and recombination rates have similar
and ST mixed states (degeneration of {l and S states), the ~ values in all systems as shown in Table 2. These relate with
state is same as RP in the absence of the external magneti¢he re-encounter frequency in the SDS micelle which may affect
field. Therefore Y(MW on)= Y(0 mT), and the ratio cannot  the dephasing. Therefore the quantum beat for'EPmay be
become |arger than 1. The ratios show MW effects more characterized by the inefﬁciemt—pulse MW effect rather than
quantitatively than absolute values of the decrements, which the fast dephasing.

are influenced by not only the MW but also the difference in ~ We tried a simple quantum mechanical calculation that treats
the yields in the presence and absence of the external magneti®imply two independent spins having a coherent character at
field.1” The MW effects show periodic Changes with reference their birth2! There are no spin relaxations, chemical reactions,
to the pulse width. The MW induces transition of RP between and interactions between two spins. The spin Hamiltonian in
T.; and ST mixed states in the Rabi frequeney,. Thez-pulse the_ rotgting frame with the angular frequency of the MW field,
MW (Atyw = 1/2w1) transfers RPs from I; to the reactive @, Is given by

STo mixed state. However, RPs return to the nonreactive T

state via the Symixed state by the 2pulse MW Atyw = A= 0y = 0)S; + 018, F (0 — 0)S, + 08y (11)
1/w1). It is called the quantum beat. The quantum beats in the h

systems of BRdo, BP, and EBP oscillated in the Rabi where

frequency,w; = yeB1 = (30 ns)L. In the system of BP3C at _ 1 _ 1

the resonant point (325.5 mT), the frequency also was similar Wa = GaltgBoft ~ F z aM;, @1, = QattgBift

to the Rabi frequency in spite & < A(BPHe-13C) = 1.7 mT. '

Unfortunately, we could not observe the quantum beat ®ith — -1 M — -1

larger than 1.7 mT. The quantum beat in the system of¥&P- @y = GotaBoft ~ F ]Z &M;, @1 = GyitgBy (12)

at the off-resonant point (326.5 mT) was too weak to discuss

its frequency. whereM; is the nuclear magnetic quantum number of itte
It is noteworthy that the amplitudes of the quantum beat in nuclei. The probability of finding the STmixed state for the

the system of BP3C and RBP were smaller than those of BP initial T4 state is
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PSTO(t) = —a—BP
—0—

IESlexpi AT, + [Tolexpi YT, 4T (13)  an IDEIGHN nanannase
Equation 11 has been expressed by the analytical forfula. 0.2 AN A
We considered the RPs forming radical a which has 10 hyperfine \ f“.\ /' X [ \ |
lines with an intensity ratio of 1:1:4:4:6:6:4:4:13gM; = 6.05, 04 .

3.95, 3.55, 1.45, 1.05;1.05,—1.45,—3.55,—3.95,—6.05 mT, <, iy, o

respectively) corresponding $&DS and radical b which has 1 o" 0.6 [NA... 4L im

(ZgiM; = 0 mT), 2 €aM; = 1.1 and—1.1 mT), or 3 EgM; = - A

0.75, 0,—0.75 mT), hyperfine lines corresponding to BEH 0.8 -

BPH.-13C, or R,BPHs, respectively. Theg values of radicals a -

and b are 2.003. The frequency of the MW field is 9.15 GHz. 1 * —
The external magnetic field is 326.5 mT except for the BE- (@ o 20 40 S0 80 100
system (325.5 mT). ThB; field of MW is 1.2 mT.

Figure 6a shows the calculated time profiles of the populations 0 YL B B B
of the ST mixed state for the initial T; state. The order of the o1 B o ]
calculated amplitude of the quantum beats within thep2ise Tt i . ]
MW width, 30 ns, is BP> F,BP > BP-!3C. Since we neglected o2k A
the spin relaxation such as the-T and S-T dephasing?2° <, - ]
the calculated quantum beats do not decay. " 03

Figure 6b expresses the calculated results in the cases of the : ]
center hyperfine line) and the sum of two side hyperfine 0.4 F ]
lines (---) for LBPHs. The MW produces resonance at the center . . . . . ]
hyperfine line, but does not cause resonance at the side hyperfine (b)o'so. ' '20' ' '40' ' Ieo. ' Isol ' '100
lines. Therefore the dotted curve has a smaller amplitude and time/ns
oscillates in a higher frequency than the solid curve which 0 s
oscillates in the Rabi frequencys. In the case of resonant b 9 P R
condition, the spin rotates on the axis which is perpendicular oos H{ £ 1 PR 6L AL [ L
to the external magnetic field. When the off-resonant MW b o) ¥ 0.6 . 8 "-;
irradiates, the axis inclines to the external magnetic field and  OTER A/ Y. ¥ d ol
the spin. Then the spin runs along a smaller circle than that for Rz P "o - ]
the resonant condition. The precession frequency due to the off- 015 | 7 3
resonant MW for the two spins is mainly determined{loy;2 oz b
+ (wp — w)?}2221 “F

In the system of BP3C, the calculated quantum beat was ops b Yoo
broken down into four cases according to whether the hyperfine (c) 0 20 40 60 80 100
lines ofeSDS exist in the low- or high-field sid&&M; > 0 or time/ns

SaM; < 0, respectively) and wheth#t, of 13C is +1/2 or—1/2 Figure 6. (a) The calculated time profiles of the probabilities of finding

N _ . . the ST mixed state for the initial J; state under continuous resonant
(ZgM; = 1.1 or—1.1 mT, respectively). Herdl, is the nuclear it B, = 1.2 mT. Each curve is shifted relatively by 20%. (b)

spin magnetic quantum number. The results are shown in Figurethg calculated time profiles of the probabilities of finding the Silxed

6c and as follows. (1) For the high-field side akii = +1/2 state for center and side hyperfine lines of taBFE ketyl radical. Solid
(—O—), the MW rotates theM, = +1/2 spin of BPH-13C and dotted lines show the cases of the center hyperfine line and the
between thex andj spin. The RP changes between; To) sum of_two side hyperfine lines t_jue to th_e HFC of ﬂuorine_ atoms,
state and Sg mixed @f) state. Thus the frequency of the respectively. (c) The calculated time profiles of the probabilities of

. S . . . - finding the ST mixed state for four combinations of hyperfine lines
nutation coincides witlw;. The amplitude is the largest in four of SDS alkyl and BPEC ketyl radicals. Closed and open circles show

cases. (2) For the low-field side antj = —1/2 (--@---), the the cases in which the hyperfine lines of the SDS alky! radical exist in
beat oscillates i because the partial hyperfine liness&DS the low- and high-field side, respectively. Solid and dotted lines show
in the low-field side resonate with the MW. (3) For the high- the cases oM, = +1/2 and—1/2 due to théC atom, respectively.
field side andM, = —1/2 (---O---), the precession frequency HereM, is the nuclear spin magnetic quantum number.

due to the off-resonant MW for the two spins is mainly be slightly higher thanksod BP) and ksod BP-di0). In the
determined by{ w12 + (wp — w)?}1221 which is accidentally quantum beat, it is observed that the MW effect for Be-
similar to 2v;. The amplitude is the smallest in four cases. (4) decreases from 80% to 60% of that for BP by irradiation of the
For the low-field side antl, = +1/2 (—®—), the spin-locking m-pulse. The reasons are not only inefficient spin-inversion due

effect occurs because the condition > |wa — wp| is partly to the off-resonant MW for the RPs but also that the spin-locking
fulfilled, where w, andwy, are the resonant frequencies of the effect partly takes place. For BPC, thesz-pulse MW effect is
hyperfine lines 0»SDS in the low-field side and thd, = +1/2 always smaller than the normal MW effects. There may be a

spin of BPR-13C, respectively. Namely the MW rotates both probability that the enhanced magnetic isotope effects using the
spins partly. The beat oscillates in double the Rabi frequency, z-pulse MW in consideration of the quantum beat frequency
2w1. From these results, especially case (4), we concluded thatare applied to isotope enrichment.

the z-pulse MW effect in the system of BBC is always

canceled out by the spin-locking effect as shown in Figure 5¢c. Acknowledgment. This work has been carried out under
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