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Magnetic field effects (MFEs) on chemical reactions have been
extensively studied during the last two decades.1,2 The MFEs
on reactions of radical pairs in solution can be interpreted by the
radical pair mechanism. The conversion between the triplet (Tm)
and singlet (S) radical pairs arises from the following mecha-
nism:1-4 (1) the ∆g mechanism (∆gM) which is due to the
difference between theisotropic g-factors of two radicals in the
pair, (2) the hyperfine coupling mechanism (HFCM) due to the
isotropichyperfine interaction between electron and nuclear spins,
(3) the level-crossing mechanism due to the crossing of the S
and T(1 levels, and (4) the relaxation mechanism (RM) due to
the anisotropic g-tensor (δg), HFC, and spin-spin dipolar
interactions. Thus, the radical pair lifetime (τRP) and the escape
radical yield (Y(B)) are influenced by external magnetic fields.
According to the∆gM,3 the τRP and Y values from a triplet
precursor should decrease with increasing magnetic field (B)
because theT0-S spin conversion rate increases with increasing
B. Such MFEs due to the∆gM have been studied extensively
under magnetic fields below 10 T,1,2,5-12 where the changes inY
due to the∆gM are theoretically predicted to be proportional to
B1/2.1-3,13 Experimentally, good linear relationships betweenR(B)
() Y(B)/Y(0)) andB1/2 have been obtained.1,5,6,11,12

Recently, the saturation and reversion of MFEs under high
fields (10 Te B e Bmax) have been found for several reactions
of organic radical pairs (Bmax ) 10 T)2, biradicals (Bmax ) 14
T),14 and Ru complexes (Bmax ) 17.5 T).15 Such saturation and
reversion have been interpreted in terms of the spin relaxation
due toanisotropicδg-, HFC-, and dipolar-interactions. There
has been, however, no report on the saturation of the MFEs due
to the isotropic ∆gM. Theoretically, Schulten and Epstein
predicted that such∆g-induced saturation of MFEs would occur
at extremely large magnetic field values of the order of 103 T for

∆g on the order of 0.01 in nonviscous solvent.13 Because this
prediction was obtained by the special selection of various
unknown parameters, it is possible that the saturation field may
be lowered if the parameters are chosen otherwise.

In 1997, we constructed a laser flash photolysis apparatus with
a pulsed magnet to measure the MFEs on dynamic behavior of
radical pairs under ultrahigh magnetic fields of up to 30 T.16 We,
therefore, have challenged the above-mentioned prediction and
tried to find saturation behavior of the MFEs due to theisotropic
∆gM with this apparatus, measuring the hydrogen abstraction
reaction of 4-methoxybenzophenone with thiophenol in 2-methyl-
1-propanol. We observed thatY(B) values of the ketyl radical
decreased with increasingB from 0 to 10 T, but the decrease
was almost saturated at 20 T. The saturatedY(B) value was2/3
of theY(0 T) one. To the best of our knowledge, this is the first
observation of the saturation effect of the MFEs due to the
isotropic ∆g mechanism.

In the photochemical hydrogen abstraction reaction of 4-meth-
oxybenzophenone (MBP) with thiophenol (PhSH), the following
reactions are believed to occur:6-9,11,17,18

Here, 1MBP* and 3MBP* represent the singlet and triplet
excited states of 4-methoxybenzophenone, respectively.1(MBPH•

•SPh) and3(MBPH• •SPh) denote the singlet and triplet radical
pairs composed of the 4-methoxybenzophenone ketyl (MBPH•)
and phenylthiyl (PhS•) radicals, respectively. Using the third
harmonic (355 nm) of an Nd:YAG laser, we carried out a laser
flash photolysis study of 2-methyl-1-propanol solutions containing
MBP (0.02 mol dm-3) and PhSH (0.012-0.12 mol dm-3) at 293
K. The T-T absorption of3MBP* and the transient absorption
bands of MBPH• and PhS• were observed at 520,19 550,19 and
450 nm,20 respectively. The quenching rate constant of the T-T
absorption with PhSH was obtained to be 5.8× 108 s-1 mol-1 dm3.

Time profiles of the transient absorption (A(t)) were measured
at 550 nm under magnetic fields of 0-28 T. The concentrations
of MBP and PhSH in the employed 2-methyl-1-propanol solution
were 0.02 and 0.12 mol dm-3, respectively. TypicalA(t) curves
observed at 0, 6, and 28 T are shown in Figure 1. Each of the
observedA(t) curves has fast and slow decay components. The
fast component is attributed to the decay of3MBP*, and the slow
one to the dynamic behavior of escape radicals. As clearly seen
in this figure, the triplet lifetime is independent ofB (0 e B e
28 T),21 but theY value is appreciably affected. Since the triplet
lifetime was measured to be 15 ns, we take theAB(300 ns) value
to be the escape radical yield (Y(B)). Thus,R(B) ) Y(B)/Y(0 T)
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MBP + hν (355 nm)f 1MBP* f 3MBP* (1)

3MBP* + PhSHf 3(MBPH• •SPh) (2)

3(MBPH• •SPh)f 1(MBPH• •SPh) (3)

3,1(MBPH• •SPh)f escape radicals (4)

1(MBPH• •SPh)f recombination products (5)
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) AB (300 ns)/A0 T (300 ns) gives the MFE on the yield of the
escape MBPH•. The obtainedR(B) values fromA(t) curves are
plotted againstB in Figure 2. In addition, the plots ofR(B) values
versusB1/2 observed at lower fields (e10 T) by an electromagnet
and a superconducting magnet were inserted in Figure 2.

We can see from this figure thatR(B) decreases with increasing
B. As clearly seen from the inserted figure, the decrease inR(B)
(1 - R(B)) is proportional toB1/2 in the low field region (0e B
e 10 T). We previously found similar MFEs in the low field
region (B e 10 T).1,5,6,11,12 SuchB1/2 dependence observed in
the low field region can be explained by the diffusion model of
radical pairs.3 As shown in Figure 3b, theT0-S conversion is
accelerated by a weak magnetic perturbation (∆gâB), and the
escape radical yield decreases with increasingB. In this figure,
the rate constants of Tm-S conversion due to the HFCM and
∆gM are represented bykHFCM and k∆gM, respectively, and the
constants of the recombination from the singlet radical pair, and
the radical escape from the pair arekrec, andkesc, respectively.

We found, however, that the decrease inR(B) was almost
saturated at 20 T as clearly seen in Figure 2. TheR(B) value
becomes2/3 of theR(0 T) one forB g 20 T. This is the limiting
value of the∆gM.1-3 To the best of our knowledge, this is the
first observation of the saturation of the MFEs due to theisotropic
∆g mechanism. In the present reaction, the∆g value is tentatively
considered to be 0.0052, but it is possible to be much larger.22

Such saturation can qualitatively be interpreted by a complete
T0-S spin conversion when the recombination reaction from
singlet radical pairs occurs extremely fast. Ifkesc is much larger
than kHFCM at zero field, almost all of radicals in the prepared
triplet radical pair escape from the pairs as shown in Figure 3a.
At high fields (B g 20 T), the radicals in the T(1 pairs escape
from the pairs as shown in Figure 3c, but theT0 pairs can be
converted to the S ones. If theT0-Sconversion (kHFCM + k∆gM)
process and the recombination from the S pairs are much faster
than the escape process (kHFCM + k∆gM, krec . kesc), the pairs
initially produced atT0 predominantly recombined from the S
pairs. This means that1/3 of the triplet radical pairs can disappear
by the recombination process instead of the escape one, as shown
in Figure 3c. Thus, the saturation of the MFEs observed in the
present photochemical reaction can qualitatively be explained by
the completeT0-S spin conversion due to the∆gM.

Let us analyze the present experimental results by the ordinary
theories which are applicable for large∆gB. Schulten and Epstein
obtained saturation behavior at very high fields of the total singlet
geminate recombination yield from a triplet precursor.13 We,
however, could not use their theory because their maximum yield
was as small as1/6. On the other hand, we can apply the following
theory presented by Freed and Pedersen to our results:3

where, Λ is a constant for the degree of diffusion controlled
reaction. D is a diffusion constant. We simulated theB
dependence ofR(B) by this model with a set of adequate
parameters (∆g ) 0.0052,d ) 10 Å, D ) 1.0 × 10-6 cm2 s-1,
Λ ) 1) and plotted our simulation in Figure 2. We can see from
this figure that the saturation of the MFEs due to the∆gM can
be reproduced fairly well by this model. Thus, we conclude that
the extremely large magnetic fields (>103 T) for the∆g-induced
saturation predicted by Schulten and Epstein13 are not necessary,
if suitable reaction systems are chosen. However, the observed
R(B) values shown in Figure 2 are somewhat deviated from the
simulation. The present experimental results, therefore, suggest
that more theoretical investigations are necessary for explaining
our results on the∆g-induced saturation.
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Figure 1. A(t) curves observed at 550 nm for the hydrogen abstraction
reaction of triplet 4-methoxybenzophenone with thiophenol in 2-methyl-
1-propanol at 0, 6, and 28 T.

Figure 2. Magnetic field dependence of the yield of the escape
4-methoxybenzophenone ketyl radical (R(B) ) AB (300 ns)/A0 T (300 ns))
observed at 550 nm in 2-methyl-1-propanol (η ) 3.33 cP) with a pulsed
magnet. Insert: theR(B) values observed at lower fields (e10 T) by an
electromagnet (O) and a superconducting magnet (b).

Figure 3. T-S spin conversion of a radical pair generated from a triplet
precursor (T0 and T(1) at (a)B ) 0 T, (b) 0 T< B < 20 T, and (c)B g
20 T.
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