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The effects of simultaneously applied weak static and weak radio frequency magnetic fields on the
recombination of transient (<100 ns) radical pairs have been investigated using a low-field optically detected
electron paramagnetic resonance technique. Measurements on the photoinduced electron-transfer reaction of
perdeuterated pyrene with 1,3-dicyanobenzene using a∼0.3 mT radio frequency field at three separate
frequencies (5, 20, and 65 MHz) in the presence of 0-4 mT static fields yield spectra that are strikingly
sensitive to the frequency of the time-dependent field, to the strength of the static field, and to the relative
orientation of the two fields. The spectra are simulated using a modified form of theγ-COMPUTE algorithm
originally devised for calculating magic angle spinning NMR spectra of polycrystalline samples. The essential
features of the spectra are consistent with the radical pair mechanism and were satisfactorily simulated using
parameters whose values are either known independently or for which estimates are readily available. The
calculations included hyperfine couplings to four deuterons in the pyrene cation radical and three protons in
the 1,3-dicyanobenzene anion radical. Spin-selective recombination was modeled using an exponential
distribution of radical encounter times. The results are discussed in the context of the proposal that radical
pair chemistry forms the basis of the magnetoreceptor that allows birds to sense the Earth’s magnetic field
as a source of compass information during migration.

Introduction

Radical pairs are important reaction intermediates in a wide
range of photolytic, thermal and radiolytic processes.1,2 Their
electron spin-dependent reactivity and magnetic interactions give
rise to magnetic polarization phenomena observable by nuclear
magnetic resonance (NMR) and electron paramagnetic reso-
nance (EPR) spectroscopies.3-5 Radical pairs also form the basis
of the only well-established mechanismsthe radical pair
mechanismsby which magnetic fields are known to influence
the rates and yields of chemical reactions.6,7 These phenomena
have been widely exploited to provide detailed insight into free
radical chemistry and physics,8,9 photosynthetic energy conver-
sion,10 the structure and folding of proteins,11 and enzyme
kinetics.6,12,13

Chemical reactions such as bond homolysis, electron transfer,
or hydrogen abstraction usually create radicals in pairs, with
correlated electron spins. The two unpaired electron spins, one
on each radical, are initially either parallel (a triplet state) or
antiparallel (a singlet state), according to the spin multiplicity
of the precursor(s). The chemistry of radical pairs is controlled
not only by their diffusive motions in solution and their inherent
reactivity but also, crucially, by the spin-correlation via the
requirement to conserve spin angular momentum. For example,
a triplet pair would be unable to recombine to give a diamagnetic

product, unless it could first transform into a singlet state.
Coherent oscillatory interconversion of singlet and triplet states
is driven by intramolecular electron-nuclear hyperfine interac-
tions, a process that is sensitive to the presence of applied
magnetic fields, offering a tool to influence and probe the yields
and kinetics of radical reactions. A weak (j1 mT) magnetic
field typically enhances the efficiency of singletT triplet
interconversion (the so-called low field effect14,15). For a singlet-
born radical pair, therefore, a weak field reduces the probability
of recombination from the singlet state, and consequently boosts
the number of free radicals that escape from the solvent cage
into the bulk solution.14-16

Although modern time-resolved EPR techniques are versatile
and powerful,5 it is often less than straightforward to study
radical pairs directly, principally because of their transient nature
(typical lifetimes are 10-100 ns). Furthermore, despite the
enormous nonequilibrium electron spin polarization with which
the radical pairs are created, such experiments suffer from the
limited sensitivity associated with detecting low energy micro-
wave photons. These considerations, together with the need to
understand more fully the details of radical-radical interactions
and dynamics in solution, led us to devise a new technique for
the direct observation of short-lived radical pairs, a form of
optically detected zero-field EPR.17-22 It differs from more
conventional EPR techniques in two important respects: the
strong static magnetic field, normally required to polarize the
electron spins, is dispensed with and magnetic resonance is
detected optically via the reaction yield. This experiment thus
entails radio frequency (RF) excitation of transitions in the
radical pair between energy levels split only by hyperfine
interactions in order to perturb the singletT triplet intercon-
version and so to modify the yield of the reaction product(s)
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formed from the singlet state. The technique is closely related
to RYDMR (reaction yield detected magnetic resonance) in
which (usually microwave) EPR transitions are excited between
states split by the Zeeman interaction with a strong static
magnetic field.23-25

These studies are extended here to investigate the combined
effects of weak static and weak RF fields on radical pair
electron-transfer reactions. We describe the results of experi-
ments on the photoinduced electron-transfer reaction between
perdeuterated pyrene (Py-d10) and 1,3-dicyanobenzene (DCB)
in solution using a∼0.3 mT RF field at three frequencies (5,
20, and 65 MHz) in the presence of 0-4 mT static fields,
varying the relative orientations of the two fields. The spectra
are simulated using a modified form of theγ-COMPUTE
algorithm devised for the calculation of magic angle spinning
NMR spectra of polycrystalline samples.26-28 Some preliminary
low-field optically detected EPR spectra of radical pairs have
been presented in ref 29.

Experimental Methods

Magnetic field effects on the recombination of photoinduced
radical ion pairs were detected as described previously18-21 via
exciplex fluorescence, as summarized in Scheme 1 for the
reaction of pyrene with 1,3-DCB. Radical pairs were produced
by continuous UV illumination. Singlet pairs can recombine to
produce the fluorescent exciplex state while triplet pairs diffuse
apart to form free radicals. Applied static and oscillating
magnetic fields affect the extent and frequency of singlet-triplet
interconversion and so alter the fraction of radical pairs that
form exciplexes, which in turn results in a change in the
fluorescence intensity. The continuous RF field was 100%
amplitude-modulated (at 381 Hz) and the exciplex fluores-
cence was demodulated and recorded using phase-sensitive
detection. The static magnetic field was supplied by water-
cooled Helmholtz coils placed around both the sample cell and
the RF coils which could, together, be rotated with respect to
the static field to allow the orientation dependence of the EPR
spectrum to be measured. A flow system was used to avoid
sample photodegradation. The strength of the RF field was
estimated to be∼0.3 mT.29 Samples were not shielded from
the geomagnetic field because this additional, very small (∼50
µT), static field is expected to have a negligible effect on the
radical pair recombination, a conclusion that is supported by
the insensitivity of the observed fluorescence intensity to small
(∼100 µT) changes in the applied static field (see below).

Experiments were performed on a solution of 5× 10-4 M
Py-d10 and 10-2 M 1,3-DCB in 9:1 cyclohexanol:acetonitrile
at room temperature.

Theoretical Methods

We consider a spin-correlated radical pair evolving under the
influence of (1) isotropic electron-nuclear hyperfine interactions
and (2) the isotropic Zeeman interactions of the electron spins
with (a) a static magnetic field of strengthB0 ) ω0/γe and (b)
a linearly polarized radio frequency field of peak strengthB1

) ω1/γe and frequencyωRF/2π (γe is the magnetogyric ratio of
the electron). The coherent evolution of the radical pair,
described by a spin density operatorF̂(t), is governed by the
spin Hamiltonian (in angular frequency units)

in which j andk label the electron and nuclear spins respectively,
Ŝj and Î k are electron and nuclear spin angular momentum
operators,ajk are the hyperfine coupling constants,t is the time
after the formation of the radical pair,θ is the angle between
the two magnetic fields, andγ is the phase of the RF field att
) 0. If the nuclear spin space is of dimensionM () 2N for N
spin-1/2 nuclei),Ĥ(t;γ) is represented by a 4M × 4M Hermitian
matrix. Anisotropic magnetic interactions are assumed to be
averaged by molecular motion. Spin evolution arising from the
difference in the two electronicg-values and from the nuclear
Zeeman interactions is negligible at the magnetic field strengths
considered (e4 mT). We assume that the exchange and dipolar
interactions between the radicals and all spin relaxation pro-
cesses may be neglected.

Concurrent with their spin evolution, the two radicals undergo
rapid translational motions and are assumed to recombine in a
diffusion-controlled manner whenever they encounter in a singlet
state but to be mutually unreactive in the triplet state. We treat
this reaction-diffusion process using the “exponential model”15,30

in which the two radicals of a spin-correlated pair undergo a
single encounter, with a distribution of encounter times given
by f(t) ) ke-kt wherek is a first-order rate constant. The total
probability that the radical pair recombines (the “singlet yield”)
is the integral overt of the probability that the encounter occurs
at time t multiplied by the probability〈P̂S〉(t) that the radical
pair is in a singlet state at the moment of encounter:15

The expectation value of the singlet projection operatorP̂S is
given by

in which the radical pair is assumed to be formed in a singlet
state (F̂(0) ) P̂S/M) andU(t,0;γ) is the spin evolution propagator
for the interval 0f t and initial phaseγ.

In the experiments described here, radical pairs are formed
by continuous illumination in the presence of a continuous RF
field. A given pair may therefore be created, with equal
likelihood, at any point during a cycle of the RF field. In other
words,ΦS must be averaged over a uniform distribution ofγ
in the interval 0f 2π. Approaches to this calculation are
complicated by the time dependence of the spin Hamiltonian:
as the RF field is linearly polarized, comparable in strength to
both the static field and the hyperfine couplings, and not
necessarily perpendicular to the static field, the familiar rotating
frame transformation31 is not applicable. Instead, we exploit the

SCHEME 1: Simplified Photochemical Reaction Scheme
for Pyrene and 1,3-Dicyanobenzenea

a S and T indicate singlet and triplet states of the radical pair; Py*
is the excited singlet state of pyrene. The curved arrows represent the
coherent interconversion of singlet and triplet radical pairs by hyperfine
and electron Zeeman interactions. Magnetic field effects on radical
recombination were detected via the exciplex fluorescence (hνF). The
free radicals that escape from the geminate radical pair eventually
undergo back electron transfer to regenerate Py and DCB.

Ĥ(t;γ) ) ∑
j)1

2

{∑
k)1

N

ajkŜj‚Î k + ω1Ŝjxsin(ωRFt + γ) +

ω0[Ŝjzsin θ + Ŝjxcosθ]} (1)

ΦS ) ∫0

∞
〈P̂S〉(t)f(t)dt (2)

〈P̂S〉(t) ) Tr[F̂(t)P̂S] ) 1
M

Tr[U†(t,0;γ)P̂SU(t,0;γ)P̂S] (3)
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properties ofĤ(t;γ) to perform a time-dependent calculation
over a single cycle of the RF field.

The important symmetries here are the periodicity of the RF
field and the fact that the initial phase can be treated as a time-
shift (m is an integer):

Mathematically similar properties are encountered in magic
angle spinning (MAS) NMR, in which a rapidly rotating
polycrystalline sample with anisotropic magnetic interactions
is subject to a sequence of RF pulses such that the spin system
evolves under a time-dependent Hamiltonian.28,32-36 Further-
more, the random orientation of the crystallites means that the
calculated response must be averaged over an ensemble of
orientations (“carousel averaging”37). Unless done carefully, this
averaging may seriously diminish the performance and hence
the feasibility of the calculations. The magnetic resonance
literature contains several articles devoted to efficient methods
for carrying out such calculations.26,27,38,39Here we adapt the
γ-COMPUTE (calculation over one modulation period using
time evolution withγ-averaging) algorithm as formulated by
Hohwy et al.,27 whereγ is one of the three Euler angles that
relate the crystallite orientation to the MAS rotor axis system.

As described above, to simulate magnetic field effects, we
must first calculate the time-dependent singlet probability using
eq 3. The propagatorU(T,0;γ) acting over one periodT of the
RF field is of central importance; it is related to the average
HamiltonianHh , by

It is easily shown thatωj r, the eigenvalues ofHh , are independent
of the initial phaseγ.

We evaluate the integral in eq 5 by approximation using an
n-strip trapezium rule, equivalent to assuming thatĤ is
piecewise constant in each intervalT/n.27 Following Hohwy et
al.,27 after some manipulations we arrive at the following
expression for the Fourier transform of〈P̂S〉(t)

In other words, for each pair of eigenstatesr,s of Hh , there is a
group ofn contributions to the singlet probability with frequen-
cies centered around the difference in energy between the states,
ωj rs ) ωj r - ωj s, and spaced by the radio frequencyωRF. The
amplitudes of the peaks are given byajrs

(k) ) |qrs
(k)|2 whereqrs

(k) is
defined by eq 27 of ref 27.40

Finally, combining eqs 2 and 6, we obtain

whereF(ω), the Fourier transform off(t), is given by

for the exponential model.
Calculations were performed in Matlab. Although converged

values ofΦS were obtained forn ) 16, all simulations presented

below were done withn ) 64. The following hyperfine
couplings were included in the simulations (Scheme 2): in 1,3-
DCB•-, a group of 2 protons (a ) 0.829 mT) and a single proton
(a ) 0.144 mT)41 and in Py-d10

•+, a group of 4 deuterons (spin
quantum numberI ) 1, a ) 0.083 mT).42 Smaller couplings in
both radicals were neglected (Scheme 2). The symmetries
associated with equivalence among the nuclear spins were
exploited where appropriate. With these values, the average
hyperfine interactions, defined as21,43

are 0.235 mT for Py-d10
•+, 1.02 mT for 1,3-DCB•-, and 1.05

mT for the radical pair as a whole. The corresponding EPR
frequencies are 6.6, 28.6, and 29.4 MHz, respectively.

In summary, the following modifications to theγ-COMPUTE
algorithm27 were made: (a) the calculation is set up in the
laboratory frame of reference rather than in an axis system
rotating in step with the RF field; (b) the periodicity of the spin
Hamiltonian arises from the interaction of the electron spins
with the RF field rather than the modulation of anisotropic NMR
interactions by sample spinning; (c) the integral over the powder
angleγ becomes an average over the phase of the RF field at
the moment of creation of the radical pair; (d) instead of the
NMR spectrum, we compute the singlet product yield using the
exponential model. We believe this type of approach, which
seems not to have been used before in the context of spin
chemistry, is an attractive alternative to “brute force” methods
in situations where the rotating frame transformation is invalid.
Some preliminary results of the approach have recently been
published.29

Results

A. Preliminary Simulations. Some aspects of the effect of
a RF field on the yield of a radical pair reaction can be seen
from the calculations in Figure 1A, which model a radical pair
comprising Py-d10

•+ and 1,3-DCB•-. Performed withk ) 4.0
× 107 s-1, ωRF/2π ) 5 MHz andθ ) 0 (parallel static and RF
fields), these simulations show the dependence of the singlet
yield ΦS on B0 for values ofB1 between 0 and 1 mT.

Several features are apparent. The low field effect, visible as
a minimum inΦS at B0 ≈ 0.25 mT, is abolished by the RF
field whenB1 is stronger than∼0.3 mT. The magnitudes of the
changes inΦS produced by the two fields acting alone are
roughly similar; for example, relative toB0 ) B1 ) 0, the
reduction inΦS caused byB0 ) 0.2 mT (withB1 ) 0) is very
similar to that arising fromB1 ) 0.2 mT (withB0 ) 0). There
is no obvious resonance at or near the field where the RF would
be in resonance with the electron Zeeman splitting (B0 ) 0.18
mT). A strong resonance is expected23-25 when the radio
frequency is much larger than the hyperfine couplings, as
discussed later.

Ĥ(t;γ) ) Ĥ(t + 2mπ/ωRF;γ)

Ĥ(t;γ) ) Ĥ(t + γ/ωRF;0) (4)

U(T,0;γ) ) exp[-i∫0

T
Ĥ(t;γ)dt] ) exp(- iHh T) (5)

〈P̂S〉(ω) ) ∑
r,s

4M

∑
k)-n/2

n/2-1

ajrs
(k)δ(ω - ωj rs - kωRF) (6)

ΦS ) ∑
r,s

4M

∑
k)-n/2

n/2-1

ajrs
(k)F(ωj rs + kωRF) (7)

F(ω) ) k2

k2 + ω2
(8)

SCHEME 2: 1H, 2H, and 14N Hyperfine Coupling
Constants (mT) in the Py-d10

•+ and 1,3-DCB•- Radicals

〈a〉 ) x∑
k

ak
2Ik(Ik + 1) (9)
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Each of the curves in Figure 1A was calculated using a single
value of B1, in contrast to the experimental data which were
recorded with 100% amplitude modulation of the RF field (at
381 Hz). With typical lifetimes of 10-100 ns, each radical pair
experiences an almost constant peak RF field; if the fluorescence
intensity is linear inB1, one could therefore account for the
modulation simply by subtracting the singlet yield calculated
for B1 ) 0 from that calculated using the peak RF field strength.
One such curve is shown in Figure 1B (forB1 ) 0.3 mT and
all other parameters as in Figure 1A) together with the response
generated by numerically integratingΦS over one cycle of the
sinusoidal audio frequency modulation. Despite the nonlinear
dependence ofΦS on B1 evident in Figure 1A, the differences
between the two curves are slight; henceforth we use exclusively
the much faster subtraction method.

B. Experimental Measurements.Figure 2 shows experi-
mental (left-hand side) and calculated (right-hand side) spectra
for the Py-d10/1,3-DCB reaction at three radiofrequencies: 5
MHz (top), 20 MHz (middle) and 65 MHz (bottom), chosen to
be respectively smaller than, comparable to, and larger than the
average hyperfine interaction in the radical pair. The principal
features of the experimental data are discussed in the following
paragraphs.

The effect of the RF field depends strongly on its frequency.
At 65 MHz, a dominant peak appears close to the usual high-
field EPR resonance condition arising from the electron Zeeman
interaction (∼0.036 mT MHz-1, i.e.,∼2.3 mT). The shoulders
and satellite peaks, approximately 0.8 mT either side of the
central resonance, arise from the largest hyperfine coupling in
the radical pair (two equivalent protons witha ) 0.829 mT in
1,3-DCB•-). Essentially similar spectra can be expected for
radiofrequencies higher than 65 MHz, with correspondingly
stronger static fields, except that the signal strength will depend
more strongly on the relative orientation of the two magnetic
fields and the asymmetry in the hyperfine structure should

disappear. In the high field limit, where the static fieldB0 is
much stronger than all hyperfine interactions, no signal is
expected for parallelB0 andB1 fields.44-48 For the weakerB0

fields used here, the selection rules for allowed RF transitions
are less restrictive with the result that parallel and perpendicular
transitions have comparable intensity.27,44-48

The responses for parallel and perpendicular fields also have
comparable amplitudes at the two lower radiofrequencies. The
shape of the signal as a function ofB0 is most sensitive to the
relative orientation of the two fields at 20 MHz, reflecting the
comparable size of the hyperfine interactions (∼1.0 mT), the
B0 field required for the Zeeman resonance (0.71 mT), and the
B1 field strength (∼0.3 mT). Theθ dependence is less complex
at 5 MHz, at which frequency the Zeeman resonance (B0 )
0.18 mT) is obscured by resonances with hyperfine splittings.
In the absence of a dominant Zeeman interaction, there is no
clear spin quantization axis in the laboratory frame leading to
a less pronounced orientation dependence of the spectra. At all
three frequencies the signals are weak forB0 > 4 mT, when
the RF is off-resonance with respect to both Zeeman and
hyperfine interactions.

With the exception of the 65 MHz data, it is difficult to
rationalize the form of the observed spectra using physical
arguments familiar from conventional EPR and RYDMR
spectroscopies. Outside of the high-field limit, the distribution
of spin energy levels and the probabilities of RF-induced
transitions between them become highly complex. Numerical
simulations are therefore indispensable in this low-field regime
if sense is to be made of the observed spectra.

The simulations shown on the right-hand side of Figure 2
were performed using the adaptedγ-COMPUTE algorithm with
the literature values of hyperfine coupling constants quoted
above, a recombination rate constantk ) 4 × 107 s-1 and a RF
field strength B1 ) 0.3 mT. Beyond choosing physically
plausible values of the last two parameters, no attempt has been
made to optimize the resemblance to the experimental data. The
agreement at each of the three frequencies, while clearly not
perfect, is nonetheless striking. All the major features of the
experimental spectra are reproduced in the simulations at
approximately correctB0 field positions. This correspondence
is particularly satisfying given the complexity of the spin
systems, the approximate treatment of the radical diffusion and
the very limited number of variable parameters. Perhaps the
most dramatic discrepancy between theory and experiment is
seen at 5 MHz forB0 < 0.5 mT where the simulated signals
are quite strongly negative in contrast to the experimental
intensities which are close to zero. This difference probably
stems from excluding the smaller hyperfine interactions in the
two radicals. In our earlier study of chrysene with isomers of
DCB, in which only the four nuclei with the largest couplings
were included, the simulated intensities forB0 < 0.5 mT were
much more eccentric than they are here.29

Finally, it is apparent that at certainB0 fields (∼0.9 mT at 5
MHz and∼1.5 mT at 20 MHz), the exciplex fluorescence is
independent ofθ. Although the origin of this effect is unclear,
it is reassuring to see similar features in the simulations.

C. Further Simulations. Although the values ofk and B1

used for the simulations presented in Figure 2 are physically
plausible, their values are not known precisely. The value of
the rate constantk, in particular, is to some extent ill-defined
because it parameterizes an approximate model of the radical
encounters (viz. the exponential model). It is therefore important
to investigate the sensitivity of the simulated spectra to the
values of these two quantities.

Figure 1. (A) Simulated effects of simultaneously applied parallel static
and RF magnetic fields on the Py-d10

•+/1,3-DCB•- radical pair,k )
4.0× 107 s-1, ωRF/2π ) 5 MHz andθ ) 0. The singlet yield is plotted
as a function ofB0 for values ofB1 between 0.0 and 1.0 mT.(B) Change
in the singlet yield produced by a 0.3 mT RF field calculated under
the same conditions as in part A. The result of exact numerical
integration over one cycle of the RF field (black) is compared with
simple subtraction,ΦS(B1) - ΦS(0) (red).
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Figure 3 shows calculations fork ) 2 × 107 s-1, 4 × 107

s-1, and 6× 107 s-1 andB1 ) 0.3 and 0.5 mT forωRF/2π ) 20
MHz, the frequency for which the spectra are expected to be
most sensitive tok and B1. Overall, comparison of Figure 3
with the experimental spectra in Figure 2 suggests that the values
of k andB1 used for the simulations in Figure 2 are probably
close to optimum. Similar calculations forωRF/2π ) 5 and 65
MHz (not shown) bear substantially less resemblance to the
experimental data whenk ) 2 × 107 s-1 and are not much
different from Figure 2 fork ) 6 × 107 s-1 or for B1 ) 0.5
mT.

It appears to be impossible to rationalize in any simple way
the shapes of the simulated signals in Figure 3. They reflect, in
a highly complex manner, the resonances between the RF field
and the energy levels arising from the hyperfine and electron
Zeeman interactions. They are further complicated by the fact
that theB1 field is not weak enough to be considered as merely
probing without perturbing the energy level splittings produced
by the intrinsic magnetic interactions.

A little more light can be shed on the form of the spectra at
the lowest radio frequency (5 MHz). With typical radical pair
lifetimes in the range 10-100 ns, there will come a point, as
ωRF is progressively decreased, where the strength of the RF
field does not alter perceptibly on the time scale of radical pair
recombination. In this low-frequency limit, we may approximate
the spectra by treating the RF field as an additional contribution
to the static field, and averaging over a suitable ensemble of
radical pairs to account for the random phaseγ. Thus, the
effective static field varies between the extreme values of
|B0 - B1| and B0 + B1 when θ ) 0 and betweenB0 and

xB0
2+B1

2 when θ ) 90°. Figure 4 shows that this approach
provides a reasonable approximation to the exact calculations
shown in the top right-hand panel in Figure 2. Differences
between the two sets of simulations are noticeable, but not
pronounced. Further calculations (not shown) suggest that the
low-frequency limit is essentially exact for this particular choice
of k, B1 and hyperfine couplings, provided the radio frequency
is less than about 1 MHz; i.e., the radical pair lifetime is less
than∼3% of the period of the RF irradiation.

Discussion

It is clear from the above that the low-field optically detected
EPR spectra of transient (j100 ns) radical pairs can be strikingly
sensitive to the weak applied magnetic fields needed to record
them. The response of the reaction product yield to the linearly
polarized RF field depends in a complex manner not only on
its frequency and on the strength of the applied static magnetic
field, but also on the relative orientation of the two fields. One
can anticipate that the polarization of the RF field (i.e., linear
or circular) will also influence the observed spectra. The spectra
are thus a rich source of information on the kinetics, motions
and relaxation of the radicals, reflecting the comparable
magnitude of the relevant magnetic fieldssapplied static, applied
RF, and intrinsic hyperfine. Simpler, less potentially informative
spectra would no doubt be observed in various limiting cases,
none of which is generally applicable here: the static field is
not strong enough for the high field approximation to be valid;
neither field is weak enough to be treated or thought of as a
perturbation; and the radio frequency is for the most part too

Figure 2. Experimental (left) and simulated (right) low-field optically detected EPR spectra of Py-d10
•+/1,3-DCB•- at radiofrequencies 5 MHz

(top), 20 MHz (middle) and 65 MHz (bottom). Values ofθ are as indicated. The simulations were performed usingB1 ) 0.3 mT andk ) 4 × 107

s-1. The experimental spectra represent the changes in the exciplex fluorescence produced by the radio frequency field.
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high for the RF field to be effectively static on the time scale
of radical recombination.

The customary approaches to simulating such spectra, based
on the rotating frame transformation, are not applicable. Instead,
we have adapted from solid-state NMR a numerical approach
(γ-COMPUTE) valid for a periodic but otherwise arbitrary spin
Hamiltonian. In this way, we have shown that the essential
features of the spectra are consistent with the radical pair
mechanism (RPM) and can be satisfactorily simulated using
parameters whose values are either known independently or for
which reasonable estimates are readily available. The calcula-
tions are efficient enough that it should be possible to extract
quantitative information from the spectra by fitting suitable
models of the radical motion, or even to invert the data to obtain

the reencounter probability distributionf(t) directly. Unlike the
approach of Canfield et al.,49,50 in which the interaction with
the oscillating magnetic field is treated as a perturbation on the
hyperfine and Zeeman interactions (B0), γ-COMPUTE is exact
whatever the magnitude ofB1. It is therefore to be preferred in
the present case whereB0, B1, and the hyperfine couplings are
of comparable size.

The agreement between the simulated and experimental
spectra although clearly not perfect is most encouraging. Despite
its simplicity, the exponential modelscombined with the
assumptions of diffusion control, singlet-only reactivity and a
single encounter for all radical pairssappears to be an excellent
basis for understanding the complex field and orientation
dependence of the spectra. As noted above, the correspondence
between theory and experiment could be improved by the
inclusion in the calculations of a few more of the smaller
hyperfine couplings, perhaps by treating them semiclassi-
cally.43,51

The absence of obvious resonances at or near theB0 field at
which the radio frequency matches the electron Zeeman splitting
in the spectra withωRF/2π ) 5 MHz in Figure 2 is seemingly
at variance with Canfield et al.49 who predicted a sharp “Zeeman
resonance” for a one-proton radical pair with a long lifetime
subject to a very weak radio frequency field (see ref 49, Figure
5). The origin of this discrepancy has been clarified by further
calculations (not shown). When the frequency of the RF field
is comparable to the hyperfine couplings, a Zeeman resonance
only occurs when one of the two radicals has no hyperfine
couplings, such that its energy levels are splitonly by the

Figure 3. Simulated low-field optically detected EPR spectra of Py-d10
•+/1,3-DCB•- at a radio frequency of 20 MHz.B1 ) 0.3 mT (left) and 0.5

mT (right). k ) 2 × 107 s-1 (top), 4× 107 s-1 (middle), and 6× 107 s-1 (bottom). Values ofθ are as indicated.

Figure 4. Approximate, simulated low-field optically detected EPR
spectra of Py-d10

•+/1,3-DCB•- at a radio frequency of 5 MHz. The
simulations were performed by treating the RF field as invariant during
a radical pair lifetime. Values ofθ are as indicated.B1 ) 0.3 mT and
k ) 4 × 107 s-1.
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interaction with the applied static field. Even in this special case,
such a resonance is only observable if the recombination rate
constant k and the radio frequency field strengthB1 are
sufficiently small that it is not obscured by other (hyperfine)
resonances and/or by line broadening. Canfield’s result is thus
for a rather special case which does not apply here.

As discussed elsewhere,29 the sensitivity of the chemical
response to simultaneously applied static and oscillatory mag-
netic fields could form the basis of a diagnostic test for the
operation of the RPM. This might be valuable in the context of
magnetic field effects in complex (e.g., biological) systems in
which the identities and properties of any radicals involved
might be completely unknown. The unique features of radical
pair reactions are that, as well as responding to an applied static
field, they should (a) also be sensitive to the frequency and
direction of an additional RF field of comparable intensity and
(b) exhibit a Zeeman resonance at a frequency that is not
strongly dependent on the hyperfine interactions provided they
are weaker than the static field required for resonance (∼0.036
mT MHz-1).

Finally, radical pair chemistry has been proposed as the basis
of the magnetoreceptor that allows birds to sense the Earth’s
magnetic field as a source of compass information during
migration.52-55 This interesting suggestion has very recently
received strong support from the observation that European
robins become disoriented when a radio frequency field (0.1-
10 MHz) as weak as 85 nT is superimposed on the Earth’s field
(46 µT).56 The disorienting effect of the RF field was found to
depend on the relative orientation of the two fields. It is not yet
clear exactly how our experiments on radicals free to undergo
rapid rotational tumbling relate to the situation required for an
avian magnetoreceptor where the radical pairs would need to
be immobile with definite orientation with respect to the
animal’s head. Nevertheless, it would appear from the complex-
ity of the responses observed here, that radical pair chemistry
offers considerable scope for evolutionary optimization of a
sensitive magnetoreceptor. The extreme sensitivity of the robins’
response to a RF field two orders of magnitude weaker than
the Earth’s field, suggests a resonant interaction, perhaps with
specific hyperfine splittings in one of the radicals. Such effects
have not been observed in our experiments which, in general,
show similar sensitivity to static and RF fields.
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