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External magnetic field effects on chemical reactions in solution are studied theoretically and consequently
reactions through radical pairs are shown to be controlled by a magnetic field. Some conditions necessary for the
occurrence of the magnetic field effects are discussed, the effects being classified into three types: (1) the electronic
Zeeman effect (AgBH), (2) the hyperfine interaction effect, and (3) the mixed effect.

Recently, magnetic field effects on dynamical processes
of excited states have been extensively studied. The
phenomena can be divided into two classes; intramolec-
ular and intermolecular cases. The intramolecular
phenomena include magnetic field effects on radiative?)
and nonradiative?) decay processes, predissociation,?
and reactivity of triplet sublevels.¥ The intermolecular
phenomena are related with the selection rule of
reactions induced by the collision of excited molecules
or radicals with some spin multiplicities (i.e. triplet--
triplet, triplet+doublet, doublet+doublet etc.). In
actuality, the intermolecular magnetic field effect has
been observed with delayed fluorescence,® photocon-
ductivity,® chemiluminescence,” chemically induced
dynamic electron and nuclear polarization (CIDEP and
CIDNP).®

Concerning external magnetic field effects upon
chemical reactions through excited states, reliable studies
have scarcely been done. A magnetic field effect upon
photo-decomposition has been observed with iodine
molecules in gas phase.® Gupta and Hammond?®
reported magnetic field effects on some photoisomeriza-
tion reactions through exciplexes in solution.1®)

Recently, the yields of some excited states produced by
pulse radiolysis') and laser photolysis!2!3) have been
found to be affected by a magnetic field. The
Novosibirsk group!#:1% found an external magnetic field
effect on the yield ratio of a cage product to a free
radical product in some thermal reactions between alkyl
lithium and alkyl halide. We also found an external
magnetic field effect on the reaction yields of both the
cage product and the free radical products in the singlet
sensitized photolysis of dibenzoyl peroxide in solution.16)

In this paper, we have developed a theory for the
external magnetic field effect on chemical reactions
through radical pairs in solution on the basis of the
general formula for the spin hamiltonian of a weakly
coupled radical pair which was developed in a previous
paper' and was used as one of the basic theories for
CIDNP.® The purpose of the present study is to clarify
the conditions necessary for the magnetic field control
of chemical reactions.

Theory

It has already been shown that the singlet-triplet
conversion in a radical pair in solution is affected by an
external magnetic field when the energy separation
between the singlet and triplet ground states, |2 ],] is
comparable to or smaller than the difference between

the Zeeman energies of the component radicals or their
hyperfine energies.®  Therefore in this paper, we
consider only a separated radical pair in solution. In
the previous paper,'”) we obtained the matrix elements
between the singlet [S,; M > and triplet |T,,; M'>
(m=0, 41) ground states of a radical pair. It can be
expressed in general as follows:
it = {Tm; M'|Hg|So; M), (1
where Hg, in the second-order matrix element represent-
ing the interaction between the orbitally degenerate
singlet and triplet states,!” and M and M’ stand for
the sets of the nuclear states of the singlet and triplet
ground states, respectively. The non-vanishing elements
for the separated radical pair in solution are given as
follows:
(Tms M, MP[Hg|So5 M2, MyP) = vy
+ (1-m*)[(g*— ") BH + 334" M - 314,°M )12, (2)
(Tap; MPAE1, MPIH Sy M2, M)

= FAL;LM I+ 1) — M (MPr1)]17%/(8)1/2, 3)
{Tyy; M2, MjbIIIHstlso; M, Mjb>
= AP0+ 1) = MP(MPF1) ]2 (8) V2 4)

Here g” (v=a or b) is the average value of the three
principal values of the g* tensor, 4;* is the Fermi
contact term of the k-th nucleus, and H is the strength
of the external magnetic field. As is shown in Appendix,
vy is the usual matrix element for radiationless transition
between the singlet and triplet ground states of the
radical pair. This corresponds to the radiationless
transition rate constant for a large molecule and may
safely be assumed to be much samller than the second
term on the right-hand side of Eq. 2 for the separated
radical pair in solution as is shown in Appendix. Thus,
we disregard vy hereafter in the present paper.
According to the radical pair theory of CIDNP
derived by Kaptein,'® the yield, PT'(H) (I'=S(singlet),
T(triplet), or F(free radical)) of the cage product
through the singlet ground state!® of a radical pair
formed from a I'-precursor is given for the case where
the singlet-triplet transition rate, kj.x is small (k% »=

(1/7) o5 ul <1[tq):

PS(H) = (N)S 31 310~ .x), )

PY(H) = (3N(1—$) 5} 3} ¥ ©)

PP(H) = (4N)5 51 S0+ {p(1 =) + 2%}
(1-p{1-2(1=2)/2)). ™

Here k%.x is the transition rate between [Sy; M > and
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|T,n; M'>, tqis the lifetime of the radical pair, 4 is the
probability for recombination during a singlet encounter,
p is the total probability of at least one reencounter
appearing in Noyes’ reencounter function, f(f)=
mot=32exp(—myp2[t)?®) where m, is a constant with the
dimension of sV/2, N is the number of the nuclear states,

[Sg; M >, and x%. x is given as follows:18)
X, = Mo (U, ) *(Wl, a0) 702, (8)

where

5 = [{J+m(g*+&°) BH|2}*+ (5. ) *1'/2. ©
For the case of large k%.» we need a numerical
calculation!-13) for evaluation PT(H). But for the
extreme case where A%y is very large (k%.au>tql,
(1/2) J1), the singlet—triplet conversion rate is so fast
that [Sy; M > and |T,,; M'>(m=0, +1 for the zero
field and m=0 for high field) are assumed to exist in

equilibrium with each other. Therefore, we can derive
the following equations for PT'(0) and PT'(H..):

PS(0) = pA(1+p(1—=2/4) + ---)/4
= pA[4(1—p(1—-4/4))],
PS(H.) = pA(1+p(1—=4/2) + --)/2
= pA12(1—p(1—-2/2))], (11)
PT(0) = PS(0), (12)
PY(H,) = p(1+p(1-2/2)+ ---)[6
= pA/[6(1—p(1-2/2))]. (13)
Here H.>2v%. 4/(g2+gP)B. In the above evaluation,
we assumed, for simplicity, that the radicals escaped
from the cage disappear so fast that no cage product is
formed through the free radicals.
In order to compare the theory with experiments, we
define the relative change in the yield for the cage

product, RT(H), and that for the i-th free radical
product, QT (H), as follows:

RI(H) = [PT(H)—PT(0)]/PT(0), (14)
Qi (H) = [F{(H)—F[(0)]/F{(0). (15)
Here FT'(H) is the yield of the i-th free radical product

and can be expressed with the fraction, f;, for giving
the product from the escaped radical:

(10)

F{(H) = fi[1-PT(H)]. (16)
Therefore, QT'(H) can be rewritten as
[(H) = —RI(H)PT(0)/(1—PT(0)). (17)

This equation means that QT (H) is independent of f;
and has the opposite sign to RT'(H).

Types of External Magnetic Field
Effects on Chemical Reactions

As mentioned above, the matrix elements between the
singlet and triplet states of a separated radical pair are
expressed by the difference between the g factors and
hyperfine interactions of the component radicals. Here
we classify the external magnetic field effects on chemical
reactions into the following three types: (1) effect of
AgBH (Ag=g*—gP=0 and 42=4,>=0.), (2) effect of
hyperfine interactions (Ag=0, 420, and 4;°=0.),
and (3) mixed effect of AgBH and hyperfine interactions.

Effect of Electronic Zeeman Interaction (AgfH). In
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this case, the following equations hold:
.y = AgBH|20y. y = Oy x, (18)
vt = 0. (19)
These equations show that the conversion occurs only
between |Sy; M > and [Ty; M>. At first, we consider
a reaction through a singlet precursor. For a small »
((Im)v>t4~1), RS(H) can be given as follows:
BS(H) = — falp. (20)
Here fis the fraction with which a cage product is given
through separated pairs,?) x=my/220-3/2, and w?=
J2+v% For o< J| (case a) and v2>| J| (case b), x can be
approximated to be mg¥%?|J|-3/2 and mnl/21/2,
respectively. Thus we can derive the following equa-
tions:
(casea)  RS(H) = — fmen'/*(MgBH )/ (| T %), (21)
(caseb)  RS(H) = — fmg!/*(AgBH) 2)p. (22)
For the extreme case where H is very large (case c),
Rs(H) can be given with the aid of Egs. 5 and 11 as
follows:
(casec)  RS(H) = 1/[2(1—p(1—4/2))]—1. (23)
Equations 21—23, clearly show that R5(H) is propor-
tional to H? at low fields and H'/2 at higher field, but
it saturates at much higher fields. This is shown in

Fig. 1.
y //
/7 -
case a,” case‘/b, -
L 1 0 ~ 1 [l X
-2 -1 0 1 -2 3
7 =zZ

x =log(H/
y= Iog(-RB(H))

Fig. 1. The calculated contribution of the electronic
Zeeman effect to the magnetic field dependence of
RS(H): , plot of log(—R3(H)) wversus log H for the
whole magnetic field region; ———, plots of log(—RS(H))
versus log H for cases a, b, and c.

An example of this type of the magnetic field effect
is the singlet sensitized photo-decomposition reaction of
dibenzoyl peroxide in toluene.’® It was observed that
the yield of phenyl benzoate, the cage product of the
reaction, decreased proportionaly to the square root of
the applied field strength. This means that the reaction
shows a case b type magnetic field effect. From the
slope of the observed RS(H) for phenyl benzoate,
versus HY?, fmy[p was determined to be 1.08x 10-6 s1/2
with the aid of Eq. 22. Since f<1, 0.5<p<1, and
my=10-651/2,18) the theoretical value of fm,fp agrees
well with the experimental value.

As for the free radical products (2-methylbiphenyl,
4-methylbiphenyl, and 1,2-diphenylethane) in the
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reaction, their Q(H) values were observed to be
independent of f; and increased by 29, in the presence
of 4.3 T field.® Since R5(4.3 T) and PS(0) were
observed to be —0.08 and 0.12, respectively, for phenyl
benzoate,1%:25) (Q $(4.3 T) was calculated to be 0.01
with the aid of Eq. 17. This value also agrees with the
observed one (0.02)19) within the limitations of experi-
mental error.

Next, let us consider reactions through a triplet
precursor. For a small », P"(H) can be evaluated as
follows:

PT(H) = fx/[3(1—$)]. (24)
This shows that PT(H) has the opposite sign to RS(H)
(see Eq. 20). In the extreme case where v is very large,
P"(H) is given by Eq. 13. The reaction showing an
external magnetic field effect of this type has not yet
been observed. We are now studying the triplet sensitiz-
ed photo-decomposition reaction of dibenzoyl peroxide.
This reaction may be the example of this type.

Effect of Hpyperfine Interactions. The effects of
hyperfine interactions on some reaction intermediates
have been studied by Brocklehurst,!'Y) Michel-Beyerle
et al.,'» and Schulten ez al..'® They evaluated numerical-
ly the effects for some ideal cases. Although it is impos-
sible to derive a simple analytical expression for the
effect, its qualitative features correspond fairly well to
the extreme case where k%.y is very large.  For this
case, the singlet-triplet conversion occurs between
[Sg; M> and [T,,; M'> (m=0, +1 for zero field and
m=0 for high field, H.). Thus PT(H.) for this case are
given by Egs. 10—13. According to these equations,
the yield of the cage product from the singlet (triplet)
precursor increases (decrease) on the application of a
strong external magnetic field. Actually, H. is less
than 0.1 T for many cases.’'~13 On the other hand,
the yield of each free radical product from the singlet
(triplet) precursor is proved to decrease (increase) on
the application of the field.

For a smaller £%.y, the change in the yield of each
product on the application of a strong field shows the
same tendency as that for the strong limit case. But the
degree of the change may be smaller than that of the
strong limit case because of the diffusion of the radical
pair to free radicals. An example of this type of the
effect is the thermal reaction of benzylic chloride with
butyllithium studied by Sagdeev et al.l®

Mixed Effect of AgBH and Hyperfine Interactions.
Although it is also difficult to obtain a simple analytical
form for this case, qualitative analysis can be done for
small | J] (| J|<v%.x) as follow. (1) At zero field, the
conversion between |S,; M > and |T,,; M'> (m=0,
+1) occurs through hyperfine interactions. (2) At a
higher field, H;, where 4/gB<H;< A/Agf, and 4 and g
are the orders of hyperfine interactions and g factors
of the component radicals, respectively, only the
conversion between [S,; M > and |Ty; M> occurs
through hyperfine interactions. Therefore, the yield
of the cage product from the singlet (triplet) precursor is
shown to increase (decrease) on the application of the
field, H,. (3) at a much higher magnetic field, H,
(where A[AgS< H,), the conversion between [Sg; M>
and |Ty; M> occurs through AgfH, and hyperfine
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interactions as shown by Eq. 2. Thus the yield of the
cage product at H, through the singlet (triplet) precursor
is concluded to be smaller (larger) than that at H,.
From Eq. 16, the magnetic field dependence of FI (H)
is also shown to be inverse to that of PT'(H).

This type of the effect has been observed for the cage
and free radical products in the thermal reaction of
decafluorodiphenylchloromethane with butyllithium?9)
and some free radical products (dimethylbiphenyls and
tolyl benzoates) in the photo-decomposition reaction of
dibenzoyl peroxide.29)

The mixed effect at a high field, H (H>H,) can easily
be evaluated by taking the matrix element, 3.,
between [Sy; M > and |Ty; M > as follows:

Vn = [(¢"— &) BH + 4, M~ 14, M"Y [2. (25)
In this case, with a method similar to that used for the

electronic Zeeman effect, P$(H) can be given for small
3. u as follows:

PS(H) = (AN b~ Sxien)> (26)
where
a3y = mo? (03, 1) * (0, ) 7/
and
(Wm)?® = J* + ()™

In order to compare the theory with experiments, we
define R%,(H) as follow:

Ry, (H) = [PS(H,) — PS(H)]/[PS(H,) —P3(0)].  (27)

When H and H, are large enough, P$(H) and P5(H,)
can be evaluated by Eq. 26, and P5(0) can be assumed
to be equal to Ap. In actuality the Risr(H) values
were calculated for phenyl benzoate in the photo-
decomposition reaction of dibenzoyl peroxide, the high
magnetic field approximation being adopted and the
observed hyperfine coupling constants for ortho-(1.74
mT), meta-(0.59 mT), and para-(0.19 mT) protons of
the phenyl radical?) being used. Since no hyperfine
structure was observed for the benzoxyl radical,?? we
did not consider its hyperfine interaction. The calcu-
lated R§.sr(H) values for various J values are plotted

10

05

00 1

Hmiz 2
Fig. 2. The dependence of R gr(H) versus H/* for
phenyl benzoate as the photo-decomposition product

of dibenzoyl peroxide: , the calculated dependence
considering both the electronic Zeeman effect and the
hyperfine interaction effect; | J|=0, 0.3, 1, 3, and 10
mT, for curves 0, 0.3, 1, 3, and 10 respectively; ———,
the calculated dependence for case a (curve a) and
for case b (curve b) considering only the electronic
Zeeman effect: @), the observed R} 3 (H) values for
phenyl benzoate.!®)
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as the function of (H)Y2 in Fig. 2 (solid lines). In this
figure are also shown the experimental results of phenyl
benzoate (filled circle) and the RS(H)-H? relationship
corresponding to cases a and b of the electronic
Zeeman effect (broken lines).

The Risr(H)-HY? plots for |J|=0 and |j|=0.3
mT agree well with curve b corresponding to case b.
This means that in the small [ J| region the effect of the
hyperfine interactions can safely be disregarded for this
reaction compared with that of AgSH. With increasing
|J], the Risr(H) dependence against H gradually
deviates from curve b and approaches curve a corre-
sponding to case a. The observed data fit to the curves
for | J/|=0 and | J|=0.3 mT (0.281 X 10-8 cm~?). This
shows that the magnetic field effect upon formation of
phenyl benzoate is mainly due to the electronic Zeeman

(AgpH) effect.
Discussion

The magnetic field effect upon intramolecular
processes of an excited state observed for small molecules
in gas phase?? is interpreted in terms of the enhance-
ment of the non-radiative decay from the state into a
quasi-continuum by the Zeeman interaction and also
by the energy shift and broadening of rovibronic levels
due to the Zeeman effect.??:2%)

A magnetic field effect on the dynamical process of an
exciplex itself has been observed in solid phase?® or in
polymer.3® This is the case where the acceptor and
donor stay separately for a considerable time. In non-
viscous solution, it seems difficult to observe any magne-
tic field effect on the dynamical process of an exciplex
itself. The magnetic field effect in non-viscous solution,
however, has been observed for reactions through the
ion pair after exciplex formation.1213) This effect can be
explained in terms of the radical pair theory treated in
this paper. Recently, Hata observed a magnetic field
effect on the photo-isomerization of isoquinoline N-
oxide.3) This might be due to a level-crossing® in an
intermediate radical pair.

We summarize the conditions necessary for the
magnetic field control of chemical reactions through
raidcal pairs. (1) The magnetic field effect can be
observed for reactions which proceed mainly through
separated pairs, where v%.x>vy. It is believed that
the reaction through close pairs shows no magnetic
field effect.!’® (2) The conversion rate kj.x between
[Sg; M> and |T,,; M'>> should not be much smaller
than the separation rate of radical pair to free radicals.
As is shown in Eqs. 2—4, k%.x is large when Ag,
hyperfine constants, and the number of the nuclei
giving the hyperfine interactions are large. The second
condition is the same as that necessary for CIDNP.8:18)
On the other hand, the first condition is not necessary
for CIDNP because even a small amount of the
product through a separated pair can give the strong
CIDNP signal. The magnetic field effect on chemical
reactions is useful not only for the determination of the
reaction mechanism but also for the control of the
product yields. This paper will give a theoretical
guidance to the future investigation of the magnetic
field effect upon chemical reactions.
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Appendix

Since we use a pure-spin BO representation®? in this paper,
the matrix elements between the singlet and triplet states for
the usual radiationless transition (H’,, ;) and the hyperfine
and electronic Zeeman interactions (Hy,, ,:*) can be written
as follows:

Hpr e = e His [ Pae>
+ X Tal s s B e [ (B — Ey)
+ e His P Pid O Tl (B — ),
(A1)
Hype = <l¢mr|HSI|3¢'nc>
+ 3K Pmr Hya|'Gd ( Pus| His [ ned/ (En— Ey)
+ 2 His* his) Css Huz P Pnod [ (En— Ey)

(A-2)
with
1¢'mr(q’ Q.) = l¢m(q, Q)Amr(Q.)’ (A'S)
30ni(g, Q) = *6n(g, Q) Ani(Q), (A-4)
"Pis(q, Q) = *Py(q, Q) A15(Q), (u=1o0r3), (A-5)

where ¢ and Q denote the sets of electronic, ¢(¢,Q ), and
vibrational, A(Q ), states, respectively. Here H;g, Hg;, and
H, ; are the spin-orbit, hyperfine, and electronic Zeeman inter-
action terms, respectively, and Ty is the nuclear kinetic-energy
term. Matrix elements vp and vy corresponding to the radia-
tionless transitions S;«—T; and T;«-S,, respectively, and the
matrix element vy corresponding to the singlet-triplet conver-
sion of a separated radical pair can be given for a large
molecule:

2p = 3133 33(Hiwr.no + Har, o). (A-6)
p = ? Etl 2(H;n0,1lt+H§no,nt)9 (A-7)
Ur = g g(H;no,no"'ann,no)- (A-8)

Here we used a low-temperature approximation.

Concerning evaluation of vp, H'y, ne is usually approxi-
mated to be propotional to its Franck-Condon facter,
< Ayl Ao >, and Hj,,. »0 can also be shown to be propo-
tional to it. Thus v, can be approximated as follows:

Up = Er(h;rm + hfnn) {Amr lAm)):

where 4y, and £, are the propotional coefficients of H',, o
and HS,,. ., respectively. They can be determined by the
electronic wave functions at the equilibrium position for Q.
Since BH is 0.467 cm! for H=1 T, and vibronic couplings
are usually estimated larger than 100 cm™, £$,,, can safely be
ignored in the evaluation of v, for usual experimental condi-
tions. In asimilar way, HS, ,, can also be shown to be disre-
garded for estimating vg.

Concerning evaluation of vy, Hg 5 is shown to be propor-
tional to its Franck-Codon factor which may be assumed to be
equal to unity for a separated raidcal pair. Therefore, Hj,. 50
in Eq. A-8 can be replaced by £$,, as are shown in Egs. 2—4%.
On the other hand, H’pg n, can be assumed to be much

(A-9)
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smaller than HS, ,, asis shown below. The first order term
in H’}9 o vanishes since the singlet and triplet ground states
have the same electronic structure. The second order terms
are shown to be proportional to the following integral accord-
ing to the promoting mode, Q ,:
< (0)1OM(Q &) |28 (28> <k (28) [ (0) -

Here yk(v%9) is the ¢-th vibrational wave function of the
k-th promoting mode in the p-th electronic state with the
vibrational quantum ‘number, &, and O(Q,) is a linear
operator according to Q; Since [¥(0)>> is nearly the same
as |y¥(0)> for the radical pair, the above integral vanishes
for a harmonic oscillator. Thus this integral can safely bz
assumed to be much smaller than AS,/k'n,. Therefore,
H’ 0,90 in Eq. A-8 can safely be disregarded in estimating g,
as is assumed in this paper. Of course there may be the case
where it can not be disregarded.
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