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Radio Frequency Magnetic Field Effects on Electron-Hole Recombination
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We present measurements of the spectrum (1–80 MHz) of the effect of a weak (�500 mT) radio
frequency magnetic field on the electron-hole recombination of radical ion pairs in solution. Distinct
spectra are observed for the pyrene anion/dimethylaniline cation radical pair in which one or both of the
radicals are perdeuterated. The radical pair mechanism is developed theoretically and shown to account
satisfactorily for both the magnetic field effect and the associated magnetic isotope effect.
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The radical pair mechanism (RPM) is well established
as the basis of the magnetic field dependence of radical
recombination rates in solution and in modified photosyn-
thetic reaction centers [1]. Conventionally used to ex-
plain the effects of static fields in the range 1–100 mT,
the RPM has recently been extended to describe behavior
down to �100 mT, the so-called low field effect [2–4]. A
largely unexplored implication of this mechanism is that
weak radio frequency fields should also modify reaction
yields, and that the effect should be frequency dependent
[5–7]. We report here experimental measurements of the
spectrum (1–80 MHz) of the radio frequency field effect
on a photochemical electron transfer reaction. Using iso-
topomers of the reactants, we demonstrate the influence of
�100 mT magnetic fields in a much more convincing man-
ner than is possible with time-independent (or 50–60 Hz)
fields. Possible applications of the technique include stud-
ies of the magnetic field sensitivity of electron-hole recom-
bination in light emitting polymers, and discrimination be-
tween mass and magnetic isotope effects on free radical
kinetics. It could also be used to distinguish a magnetite-
based mechanism for the magnetic sense in animals from
a solid state radical pair process.

The RPM describes how relatively weak magnetic inter-
actions influence the yields and rates of chemical reactions
that have radical pairs as transient paramagnetic interme-
diates [8,9]. It may be summarized as follows. (i) Radical
pairs are created, for example, by intermolecular electron
transfer, in a spin-correlated electronic state, which can ei-
ther be singlet (S � 0) or triplet (S � 1) depending on
the multiplicity of the molecular precursor. (S is the to-
tal electronic spin angular momentum quantum number.)
This initial state is not usually a stationary state of the com-
bined electron-nuclear spin system. (ii) Magnetic interac-
tions within the radicals —principally electron-nuclear hy-
perfine interactions —drive coherent intersystem crossing
of the radical pair between singlet and triplet states, on
a nanosecond time scale. (iii) The efficiency and extent
of this process is affected by the Zeeman interaction of the
electron spins with an applied magnetic field. (iv) The radi-
cals react spin selectively from the singlet and triplet states,
with different rates and to form chemically distinct prod-
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ucts. (v) The probability that a radical pair reacts through
(say) the singlet channel at a given time after its forma-
tion depends on the details of the magnetic interactions
that control the singlet $ triplet mixing. (vi) If the radical
pairs are sufficiently long-lived (*100 ns), a weak mag-
netic field (�100 mT) can enhance the singlet $ triplet
interconversion and so significantly alter the fractions of
radical pairs that react via the singlet and triplet channels.
This can take place even though the applied field may be
much smaller than the hyperfine couplings, and all mag-
netic interactions are much weaker than the thermal energy
per molecule, �kT [3].

Not only static, but also radio frequency (rf) magnetic
fields can modify the spin evolution of a radical pair. In
principle, one can expect a response whenever the fre-
quency, vrf, satisfies a magnetic resonance condition in
either radical. The magnitude of such a resonant change
in the product yield will depend on the extent to which the
singlet probability of the system is changed, which in turn
is determined by the hyperfine interactions, the properties
of the applied field, and the kinetics of the radical pair
reactions.

We have studied the photochemical reaction of pyrene
(Py) and N,N-dimethylaniline (DMA) in solution. Continu-
ous UV irradiation of pyrene in the presence of DMA, us-
ing a 300 W xenon lamp, produces the transient radical ion
pair Py≤2DMA≤1 in a spin-correlated singlet state that in-
terconverts with the corresponding triplet state on a nano-
second time scale. Electron-hole recombination of the
singlet radical pair produces an exciplex (electronically
excited complex of Py≤2 and DMA≤1 [10]) whose fluores-
cence, detected with a photomultiplier, was used to moni-
tor the concentration of singlet pairs under steady state
conditions, as the rf is swept slowly through the range
1–80 MHz. The field was generated by applying a rf
signal (amplified to 200 W) to an 8 mm diameter coil
surrounding the sample contained in a 3 3 3 mm flow
cuvette. Most of the power was dissipated in a 50 V load
connected in series with the low inductance coil. The rf
field was 100% amplitude modulated at an audio frequency
(381 Hz), and the photomultiplier output demodulated in a
phase sensitive detector at the same frequency. In this way
© 2001 The American Physical Society 077602-1



VOLUME 87, NUMBER 7 P H Y S I C A L R E V I E W L E T T E R S 13 AUGUST 2001
the experiment detects only the magnetic field-sensitive
component of the fluorescence, arising from the exciplex.
The sample and coil were enclosed in a mu-metal box to
reduce the Earth’s magnetic field to a negligible level. All
experiments were performed at room temperature. The
samples, comprising 0.1 mM Py and 10 mM DMA in 9:1
cyclohexanol:acetonitrile (by volume), were deoxygenated
by extensive argon bubbling and flowed through the cuvette
to prevent photochemical degradation. No magnetic field
effects were observed in the absence of DMA, indicating
that fluorescence from pyrene and from pyrene excimers
does not interfere with the measurements. A more detailed
description of the spectrometer is given in Ref. [11].

Four isotopomers of the Py≤2DMA≤1 radical pair have
been studied. Perdeuteration of one or both radicals pro-
duces a magnetic isotope effect [12]on the evolution of the
radical pair via the �6.5 fold reduction in the proton hy-
perfine couplings, and the change in nuclear spin quantum
number, from I �

1
2 to I � 1. The experimental spectra,

shown in Fig. 1, are strongly dependent on whether the radi-
cals are protonated or deuterated. For a proper understand-
ing of the origin of these differences we turn to theory.

An exact calculation of the time-dependent singlet
probability of the multinuclear Py≤2DMA≤1 radical pairs
would be prohibitively time-consuming, even if radical
diffusion and spin relaxation were ignored. We therefore
develop here a novel and much faster, approximate
method for simulating the spectra, which also gives
considerable insight into their form. In the limit that the
radio frequency field, B1, is weak enough that it excites
only transitions that are exactly on-resonance (at vrf), one
can use time-dependent perturbation theory to estimate
the spectrum as a collection of delta functions whose
frequencies are the spacings between the energy levels of
the spin system, and whose heights are proportional to
the change in singlet product yield induced by the field.
This calculation is conveniently constructed in terms of
the density operator of the radical pair, s�t�, and the spin
Hamiltonians that describe the hyperfine couplings (H0)
and the Zeeman interaction of the two electron spins with
the radio frequency field [H1�t�]. The rf field is taken to be
circularly polarized, with strength B1. Both Hamiltonians
are first transformed into a coordinate system rotating at
vrf. Iterative expansion of the Liouville–von Neumann
equation for the system, in the eigenbasis of H0, gives

eiH0ts�t�e2iH0t � s�0� 1 it�s�0�, H̃1�
2

1
2 t2����s�0�, H̃1�, H̃1��� 1 . . . , (1)

where the tilde indicates that matrix elements of H1 con-
necting nondegenerate eigenstates of H0 in the rotating
frame must be set to zero. This is equivalent to retaining
only those transitions for which the radio frequency field
is exactly on-resonance. The initial density operator, s�0�,
of a radical pair created as a pure singlet, and the probabil-
ity, rS�t�, that it is in a singlet state at time t, are given by
077602-2
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FIG. 1. Experimental and calculated (smooth lines) magnetic
field effect spectra of isotopomeric Py≤2DMA≤1 radical pairs.
The relative amplitudes of the four spectra and the four simu-
lations have been preserved. The simulations in (b), (c), and
(d) have been shifted vertically by 11.0, 11.6, and 12.0 units,
respectively, for clarity.

s�0� � PS�M, rS�t� � Tr�s�t�PS� , (2)

where M is the number of nuclear spin configurations (e.g.,
M � 2N for N spin- 1

2 nuclei), and PS is the singlet pro-
jection operator.

The ultimate yield of products formed by reaction of
singlet radical pairs is [3]

FS � k
Z `

0
rS�t�e2kt dt , (3)

where k is the recombination rate constant. The change
in FS produced by the radio frequency field is found to
be simply

DFS ~ 2Tr�P̃SH̃1H̃1P̃
S 2 P̃SH̃1P̃

SH̃1� , (4)

where the trace is evaluated in the eigenbasis of H0, re-
taining only matrix elements of H1 and PS that connect
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degenerate eigenstates of H0. The Hamiltonians used to
evaluate Eq. (4) are

H0 �
X
K

X
j

aKjSK ? Ij 2 vrf

X
K

SKz 2 vrf

X
j

Ijz ,

(5)

H1 � v1

X
K

SKx , (6)

in which aKj is the intramolecular hyperfine coupling of
electron K with nucleus j, and Ij and SK are nuclear and
electron spin angular momentum operators. The radicals
are assumed to be far enough apart in solution that, on aver-
age, the interradical exchange and dipolar interactions are
negligible. Electron spin relaxation, caused by the mod-
ulation of local magnetic interactions by molecular mo-
tions, is also neglected: typical relaxation times (�1.0 ms)
are considerably longer than the time required for singlet-
triplet interconversion. Equation (4) is strictly valid in the
limit that the radio frequency field, geB1, is much smaller
than the average rate of disappearance of the radical pairs,
which is itself much smaller than the hyperfine interac-
tions. The spectral intensities, DFS, are expected to be
negative for an initially singlet pair because the applied
field increases the conversion to triplet, so reducing the
probability of recombination via the singlet channel [2].

Figure 2 shows the “stick spectra” for the four isotopo-
meric radical pairs, calculated using the hyperfine coupling
constants in Table I. Each spectrum has distinct features
characteristic of the individual radicals, centered at fre-
quencies approximately equal to the effective hyperfine
coupling of each of the four radicals (Table I), defined as

�aK� �
sX

j

a2
KjIj�Ij 1 1� , (7)

where Ij is the spin quantum number of nucleus j in radi-
cal K. Py-d10

≤2, for example, has resonances exclusively
below 10 MHz, consistent with all its hyperfine couplings
being less than 0.1 mT [spectra (a) and (b)], while
DMA-h11

≤1 has a broad spectrum centered on �80 MHz
arising from couplings larger than 1 mT for both the 14N
and the six equivalent methyl protons [spectra (b) and (d)].
As the radicals are assumed to have no interaction, the
resonance frequencies of each radical are independent of
the identity of its partner. However, it is clear that both
the relative and absolute intensities do differ somewhat,
because the spin correlation at the heart of the field effect
is a property of both radicals.

One can see from Fig. 2 the origin of the more promi-
nent features in the experimental spectra in Fig. 1 (e.g.,
the minimum near 5 MHz in (a) and (b) arising from
Py-d10

≤2. A clearer comparison of theory with experi-
ment can be obtained by convolving the stick spectra with
a Lorentzian line shape to mimic the broadening caused
by off-resonance rf excitation. Spectral simulations for
one-proton radical pairs show that the linewidth is approxi-
mately equal to twice the field strength, B1, and indepen-
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FIG. 2. Calculated magnetic field effect spectra of isotopo-
meric Py≤2DMA≤1 radical pairs. Each “stick” represents a
magnetic resonance among the electron-nuclear spin states of
the radical pair, which produces a change in the yield of the
product formed by recombination of singlet radical pairs.

dent of the diffusion coefficients of the radicals. Based
on the coil dimensions and the circuit design, we estimate
B1 	 500 mT: consequently a line broadening of 1.0 mT
was used. There will undoubtedly be some lifetime broad-
ening of the spectra (Dn � 1�pt), but since the effect
of a weak field will be dominated by radical pairs with

TABLE I. Hyperfine coupling constants (in mT) of radical ions
derived from pyrene [13], N,N-dimethylaniline [14], and their
perdeuterated forms.

n1
a a1�mT n2 a2�mT �a��MHzb

Py-d10
≤2 4D 0.073 4D 0.032 6.3

Py-h10
≤2 4H 0.481 4H 0.212 25.5

DMA-d11
≤1 6D 0.181 1N 1.10 47.0

DMA-h11
≤1 6H 1.18 1N 1.10 82.5

ani and ai are, respectively, the numbers of equivalent protons (H)
or deuterons (D), and their hyperfine coupling constants (in mT).
b�a� is the effective hyperfine coupling (in MHz) as defined in
Eq. (7). The remaining H�D hyperfine couplings are all smaller
than �0.5 mT. Their inclusion would have increased �a� by
1.5%, at most.
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relatively long lifetimes (t * 100 ns), this is unlikely to
be important.

Figure 1 compares simulated and experimental spectra.
The important features of the latter are a minimum near
5 MHz in (a) and (b), due to Py-d10

≤2; the negative slope
above �60 MHz in (b) and (d), arising from DMA-h11

≤1;
resonances, noticeable as local minima, at the following
approximate frequencies: 45 MHz in (a) and (b); 50 MHz
in (c); 30 MHz in (d). These are all reproduced in the
simulations, which, though approximate, evidently provide
an excellent guide to the appearance of the experimental
spectra.

These experiments show exceptionally clearly how a
weak rf magnetic field can influence a chemical reaction
via the radical pair mechanism. Less intense, but better re-
solved, spectra can be anticipated for still weaker rf fields.
In principle, the change in reaction yield can be up to 25%
for radical pairs with sufficiently long-lived spin corre-
lation [5]. If spin relaxation and diffusive separation of
the radicals are slow enough, effects approaching this size
might even be seen for fields as weak as the Earth’s. In
our experiments, probably only �1% of pairs live long
enough (*100 ns) to be significantly influenced by the ap-
plied magnetic field. In general, larger effects are expected
if the diffusion is restricted, e.g., in more viscous or micel-
lar solutions, or in the solid state [3]. Methods for quanti-
fying the observed intensities are being developed.

The technique and results described here are relevant
to the debate on the health implications of weak electro-
magnetic fields [15–18]. There are radical pair reactions
that occur thermolytically at physiological temperatures,
including some enzyme reactions [19], which exhibit mag-
netic field effects in vitro. When the spin correlation is
sufficiently long-lived, essentially any radical pair should
have a 10% 20% low field effect, irrespective of the man-
ner of its production and of the number and distribution of
hyperfine couplings in the radicals [3].

The technique described here is a form of optically de-
tected electron paramagnetic resonance (EPR) spectros-
copy, with no requirement for the strong static magnetic
field normally required to polarize the electron spins. It
gives clear insight into the spectrum of frequencies of co-
herent singlet $ triplet interconversion of radical pairs in
zero field. This information is crucial for efficient con-
trol of the quantum yield and lifetime of charge-separated
states of the electron donor-acceptor complexes studied
as model photosynthetic systems [20]. Indeed, Fourier
transformation of the radio frequency spectrum would give
a time-dependent signal closely related to the oscillating
probability of finding the pair in a singlet configuration.

The spectra presented here reveal the individual con-
tributions of the four radicals of which the isotopomeric
pairs are comprised and give a much clearer picture of the
radical pair physics than would static field measurements,
whose outcome is largely controlled by the average hy-
077602-4
perfine interaction of the two radicals [10]. The spectra
provide both a nice illustration of the magnetic isotope ef-
fect [12] and an unequivocal way of distinguishing it from
the more common mass isotope effect arising from differ-
ences in vibrational zero point energies. Magnetic field ef-
fect spectroscopy, as described here, opens the possibility
of identifying and characterizing the paramagnetic species
responsible for the field sensitivity of, for example, en-
zymatic reactions [19] and electron-hole recombination in
light emitting polymers [21], conceivably at concentrations
below the limit of detection of time-resolved EPR. It could
also be used as a diagnostic for the recently developed radi-
cal pair model of photoreceptor-based magnetoreception in
birds [22].
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