Physical Chemistry Chemical Physics

PCCP

Probing a Chemical Compass: Novel Variants of Low-
Frequency Reaction Yield Detected Magnetic Resonance

Journal: | Physical Chemistry Chemical Physics

Manuscript ID: | CP-ART-09-2014-004095.R1

Article Type: | Paper

Date Submitted by the Author: | 03-Dec-2014

Complete List of Authors: | Maeda, kiminori; University of Oxford, Department of Chemistry; Saitama
University, Department of Chemistry

Storey, Jonathan; University of Oxford, Department of Chemistry

Liddell, Paul; Arizona State University, Department of Chemistry and
Biochemistry

Gust, Devens; Arizona State University, Department of Chemistry and
Biochemistry

Hore, P; Oxford University, Physical and Theoretical Chemistry Laboratory
Wedge, Christopher; University of Warwick, Department of Physics
Timmel, Christiane; University of Oxford, Department of Chemistry

ARONE




Physical Chemistry Chemical Physics Dynamic Article Links »

Page1of1h5urnal Name

Cite this: DOI: 10.1039/c0xx00000x

ARTICLE TYPE

Probing a Chemical Compass: Novel Variants of Low-Frequency
Reaction Yield Detected Magnetic Resonance.

WWW.I'SC.Org/XXXXXX

Kiminori Maeda,™”* Jonathan G. Storey,™* Paul A. Liddell,* Devens Gust,® P. J. Hore," C. J. Wedge™**
and Christiane R. Timmel™*

o

Received (in XXX, XXX) Xth XXXXXXXXX 20XX, Accepted Xth XXXXXXXXX 20XX
DOI: 10.1039/b000000x

We present a study of a carotenoid-porphyrin-fullerene triad previously shown to function as a chemical
compass: the photogenerated carotenoid-fullerene radical pair recombines at a rate sensitive to the
orientation of an applied magnetic field. To characterize the system we develop a time-resolved Low-
10 Frequency Reaction Yield Detected Magnetic Resonance (tr-LF-RYDMR) technique; the effect of
varying the relative orientation of applied static and 36 MHz oscillating magnetic fields is shown to be
strongly dependent on the strength of the oscillating magnetic field. RYDMR is a diagnostic test for
involvement of the radical pair mechanism in the magnetic field sensitivity of reaction rates or yields, and
has previously been applied in animal behavioural experiments to verify the involvement of radical-pair-

o

based intermediates in the magnetic compass sense of migratory birds. The spectroscopic selection rules
governing RYDMR are well understood at microwave frequencies for which the so-called ‘high-field
approximation’ is valid, but at lower frequencies different models are required. For example, the
breakdown of the rotating frame approximation has recently been investigated, but less attention has so
far been given to orientation effects. Here we gain physical insights into the interplay of the different
20 magnetic interactions affecting low-frequency RYDMR experiments performed in the challenging regime
in which static and oscillating applied magnetic fields as well as internal electron-nuclear hyperfine
interactions are of comparable magnitude. Our observations aid the interpretation of existing RYDMR-
based animal behavioural studies and will inform future applications of the technique to verify and
characterize further the biological receptors involved in avian magnetoreception.

Low-frequency Reaction Yield Detected Magnetic Resonance
(LF-RYDMR) has previously been proposed as a diagnostic test
for involvement of the RPM'® '* and animal behavioural studies
have indeed shown that oscillating magnetic fields can disrupt the

so magnetic sense of migratory birds, an effect strongly dependent
on the angle between the geomagnetic and the oscillating fields.>
6 Several studies have been conducted to prove that this is a
genuine resonance phenomenon (although a recent study also
provides evidence against a resonant effect’®). For example, it
ss was shown that a 15 nT oscillating field can disrupt migratory
orientation when applied at a frequency matching the (static)
field-induced energy-level splittings within the radical pair.
However, oscillating fields at half or double the expected
resonance frequency were ineffective at disorienting the birds
¢ even when the strength of the RF field was increased by an order
of magnitude. If independently verified, such studies will
provide strong evidence for an RPM based compass sense.
However, animal experiments are limited to a small number of
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It was proposed over three decades ago that biological radical

pairs, as described by the radical pair mechanism (RPM), may be

responsible for the magnetic sense of migratory birds,' yet only

relatively recently have quantitative studies lent weight to this
3 hypothesis.> ®> The investigations include animal behavioural
studies*® and spectroscopic characterisation of the proposed
radicals” ® as well as detailed theoretical descriptions.”'* At the
heart of this recent work is the protein cryptochrome'* '* whose
photoinduced radical pairs have been shown to exhibit magnetic
field effects (MFEs) in vitro® '>. However, up to now only one
molecule, namely a carotenoid-porphyrin-fullerene (CPF) triad
model system,“’ Scheme 1, has been shown to be capable of
detecting the orientation as well as the magnitude of an applied
magnetic field and hence act as a compass.'” Here we probe the
magnetic properties of this molecule, which allow such an
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anisotropic response to occur, in experiments combining weak

static and oscillating magnetic fields. These combined fields

generate a response which is much more structured and

informative than the broad spectrum obtained by application of a
45 static field only.

discrete experimental conditions and thus can only provide
6s qualitative information; i.e. whether normal magnetic orientation
is retained or disrupted in the presence of an oscillating magnetic
field. The present study of the CPF triad system informs the
interpretation of the zoological observations, with data available
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across a wide range of oscillating and static field strengths. It also
allows the effect of the relative orientation of the fields to be
investigated in detail, a non-trivial task as the typically employed
high-field models of magnetic resonance are not applicable.

It has been reported that oscillating fields applied parallel to
the geomagnetic field do not cause migratory disorientation in the
European Robin, yet when the two fields are oriented at an angle
of 24° the animals lose their ability to use their magnetic
compass.” ®. The high-field selection rules typically employed in
magnetic resonance spectroscopy require a component of the
oscillating field perpendicular to the external magnetic field for
any resonant transition, but break down for the weak static fields
employed in these animal studies. Here, combine
experimental investigations with detailed theoretical models and
simulations to develop our understanding of the spin dynamics of
the radical pairs in such weak fields. We believe that the results
of our study will aid the design and interpretation of in vivo
experiments aimed at determining the origin of the avian compass
sense.*®

From a thermodynamic standpoint the energy of interaction of
an unpaired electron with an applied magnetic field is
significantly lower than typical bond energies (and many orders
of magnitude smaller than the thermal energy, kg7). Hence, the
notion that magnetic fields may affect any radical pair process
may seem farfetched. However, radical pairs are often created
with their spin systems far from thermal equilibrium, typically by
photolysis, electron transfer or H-abstraction. Conservation of
total spin angular momentum, S, from their molecular precursors
results in a spin-correlated singlet (S = 0) or triplet state (S = 1).
In the absence of any inter-radical interactions and external
magnetic fields the singlet and all three triplet (T, T, T-) states
are degenerate and interconversion between them is driven by the
magnetic interactions between electron and nuclear spins (the
hyperfine couplings). Applied magnetic fields lift this
degeneracy, the Zeeman effect energetically isolating T, and T-
from the S/T; manifold and decelerating singlet-triplet
interconversion (see Figure 1B for a pictorial illustration in the
limit of high field). Thus the yield and/or rate of any spin-
selective reaction to singlet (or triplet) products may be affected
directly by the magnetic fields applied.”'
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Scheme 1. Structure of the CPF triad

In conventional RYDMR experiments an oscillating field is
applied in addition and oriented perpendicularly to the static field.
If in resonance with energy splittings within the radical pair the
oscillating field serves to boost ST mixing efficiency, altering the
reaction yields and/or radical pair lifetimes. The RYDMR
technique was initially developed at the microwave frequencies
conventionally used in Electron Paramagnetic Resonance
(EPR)?? but has recently been applied using radiofrequency
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(RF) fields.'® ' 22 Interpretation of LF-RYDMR data is
particularly challenging because the interactions of the electron
spins with the applied fields and the surrounding magnetic nuclei
are of comparable magnitude. As a consequence, the T, states are
not fully isolated and various simplifying approximations
applicable at high field break down: (i) transitions become at least
partially allowed at virtually all orientations of the static and
oscillating fields,' 2
used in high-field simulations to remove the time-dependence of
the spin Hamiltonian becomes invalid.?” ?* So far LF-RYDMR
studies have been limited to continuous-wave techniques based
on fluorescence detection of the reaction yield." " Here we
present a time-resolved transient absorption based LF-RYDMR
experiment which is applicable to a much wider range of systems
and provides additional information on the time-evolution of the
spin system.

The chemical compass investigated here is a biradical formed
photochemically from a triad consisting of carotenoid (C),
porphyrin (P) and fullerene (F) moieties, Scheme 1. Green light
excitation of the porphyrin generates a singlet state from which
rapid and irreversible electron transfer forms the primary radical
pair '[CP™F"], followed by a rapid electron transfer to produce
'[C”PF] in high yield, Figure 1A. Although the inter-spin
coupling in the primary radical pair is strong, precluding any
significant spin mixing, the final charge separated state has a
considerably lower electronic exchange coupling (J = 0.17 mT)*
allowing efficient singlet—triplet mixing and hence the formation
of a large MFE."” The relatively long lifetime of the radical pair
state (approx. 1 ps)'” has allowed observation of MFEs from
fields as weak as that of the Earth. Moreover, experiments
conducted in fixed matrices (liquid crystals and frozen glasses)
proved unambiguously that the magnetoresponse of the radical
pairs was strongly dependent upon the orientation of the CPF
triad molecule within an applied magnetic field."”

and (ii) the rotating frame approximation

Experimental

The CPF triad was synthesized according to the previously
published procedure.'® All experiments were performed using
~100 uM frozen-solutions of CPF in 2-methyltetrahydrofuran
(MeTHF). The radical pair was generated from the ground state
molecule using a photolysis flash of wavelength 532 nm provided
by a frequency-doubled Nd:YAG laser (Continuum Surelite I
operating at 10 Hz, producing 7 ns, 5 mJ pulses).

EPR experiments were performed on an X-band Bruker E680
pulsed spectrometer using a 5 mm dielectric resonator (MDS5)
within an Oxford helium cryostat. The laser was mounted so as to
allow horizontal access through the optical window of the cavity
and aligned for maximum transient EPR signal intensity using a
single turning prism. Optimal microwave pulse lengths were
determined from the results of nutation experiments [See ESIT].
Owing to rapid loss of phase-coherence in the pulsed EPR
experiments it was not possible to observe a spin-echo.
Consequently, in all experiments discussed the signal is obtained
by using a /2 pulse to generate a free induction decay (FID).
Due to fast recombination from the singlet biradical state the FID
decays rapidly limiting the length of the detection time window in
which the FID can be observed. Along with the deadtime
following the microwave pulse, this limits the spectral bandwidth
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and after phase correction the absolute signal phase is therefore
arbitrary.

LF-RYDMR experiments employed a transient absorption
technique similar to that described previously.'” The probe beam
was provided by a 975 nm 1 W diode laser (Thorlabs L975P1W1J)
which was depolarised and collimated prior to passing through
the sample cell. The monitoring light exiting the sample was
detected by a photomultiplier tube (Hamamatsu R5108) protected
from scattered light by an interference filter angled for maximum
signal transmission (Comar Instruments 980IL25). Transients
were collected on a digital oscilloscope (LeCroy WaveSurfer
42Xs) synchronised to the pulsed laser using a photodiode. Data
throughout the paper are displayed in terms of A4, the difference
in the absorbance of the sample in the presence and absence of
the photolysis beam. The sample was mounted in a 5 mm
Suprasil cuvette (3 mm optical path length) cooled using a flow
of cold nitrogen gas within a quartz Dewar insert of standard
design. As dictated by the optimal dielectric properties of the
frozen solvent at this temperature, all experiments were
performed at approximately 120 K.*' Under these conditions
some molecular tumbling may occur and observation of
anisotropic MFEs is not expected. The static magnetic field (By)
was applied using two perpendicular pairs of Helmholtz coils,
capable of producing a field at any angle (8) within the plane of
the laser table, as described previously.'” The linearly-polarized
RF field (B,) was generated using a pair of flat spiral coils
(separation and outer diameter 16 mm, inner diameter 10 mm, 3
turns each side), which fitted between the static field coils and
cryostat of the existing apparatus. The alignment of the RF coils
was such that their field was parallel to the probe beam which in
this study was defined as the & = 0° orientation of the static field
[Diagram in ESIt].

The transient absorption apparatus may be used in a
number of modes to perform different experiments. (i) In the
absence of oscillating fields, subtracting the transients recorded in
the presence and absence of a static field allows determination of
the normal static MFE (Magnetically Altered Reaction Yield,
MARY) as in ref. 17. In LF-RYDMR experiments the static field
is present throughout every transient, but spectra are obtained by
subtraction of data recorded in the presence and absence of the
RF field. (ii) For a field-swept LF-RYDMR experiment the static
field strength is varied in order to build up a spectrum. During
these experiments, the angle between the RF field and the static
field is held constant. (iii) In the rotary-RYDMR experiment the
strengths of the static and oscillating field and the RF frequency
(Ogp) are held constant while the relative orientation of the
applied fields is varied. For rotary-RYDMR, data are usually
collected under the condition that the oscillation frequency
matches the Zeeman splitting (the energy gap between the S/T,
and the T.,_ manifold, ~28.0 MHz/mT) in the radical pair. In all
experiments a minimum of 100 transients were averaged for each
data point in order to boost the signal-to-noise ratio. The
experiment’s control software randomly ordered the different
field strengths or directions so as to prevent any systematic
distortion of the data by long-term drift, for example from sample
photo-bleaching. The transient absorption signals (A4) were
obtained with higher signal-to-noise than the corresponding
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magnetic field effects (AA4) which were more significantly
affected by the shot-to-shot stability of the light sources.

Results and Discussion

The transient absorption data in Figure 2 depict the effect of a
static magnetic field on the recombination of the radical pair
[CPF"] at 118 K. The figure displays the difference between the
absorbance signals (AAA4(By)) recorded in the presence, AA(By),
and absence, A4(0), of the static magnetic field, By, as a function
of the time, ¢, elapsed after the laser pulse. As observed
previously, at early times (¢ < 300 ns) there is a change in the sign
of the signal at ~1 mT."” ' This phenomena giving a maximum
in the radical signal at around 0.5 mT is known as the ‘Low Field
Effect’ and occurs only if the radical pair is sufficiently long-
lived.’> * However, a more unusual feature dominates the
spectrum, namely the biphasic time-dependence of the signal
observed at all field strengths. Using a simplified high-field
model for the energy levels of the radical pair and the kinetic
scheme shown in Figure 1B*' we recently demonstrated that this
time-inversion is due to the interplay of two important factors: (i)
unusually, not all radical pairs are generated in the same initial
spin state; 93% are formed in the singlet state, the other 7%,
however, are triplet-born, (ii) at approximately 120 K,
recombination from the singlet state with rate constant kg is many
times faster than any relaxation processes and also the
recombination from the triplet state with rate constant kr, i.e., kg
» kp.?' The latter observation is in contrast to previous studies
conducted at 77 K and 292 K which found triplet recombination
to be the dominant reaction pathway.’* However, the relative
energies of the radical pair and the triplet recombination product
3CPF are a function of the solvent’s relative permittivity which,
for MeTHF, has been shown to change dramatically across this
temperature range, in agreement with the trend in the rate
constants.’'

This interpretation of the time-inversion feature is further
supported by transient EPR measurements used to probe in more
detail the spin-polarization of the photogenerated radical pair.
Free induction decays (FIDs) are obtained as a function of time
(ty) after the laser trigger. Representative frequency-domain
spectra are displayed in Figure 3A, with integrated frequency-
domain spectra plotted as blue circles in Figure 3B. In the high
fields (300 mT) employed here the energy-level diagram of
Figure 1B aids interpretation of the observed effects: the T.._
states which are characterised by a non-zero magnetic moment
along the field direction are energetically isolated from the two
central states which are linear combinations of S and T, and
hence independent of applied magnetic fields. As relaxation
between the central states and T.,_ has been shown to be slow
(< 10° s it is obvious that creation of the radical pair in a pure
singlet state would lead to an EPR signal whose intensity
monotonically decreased with increasing t;as the radicals
recombined. The observation of a phase change at approximately
300 ns after the laser pulse and the subsequent temporal evolution
of the spectra must be ascribed to (i) an initial population in the
energetically isolated T, states which (ii) decays more slowly
than the population from the central states. In agreement with the
statements above, the EPR data confirm that kg > ky. As shown

This journal is © The Royal Society of Chemistry [year]
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by the comparison in Figure 3B, this result is in excellent

agreement with data we obtained previously using an X-band

pulsed EPR inversion technique®' in which the detection of the

FID was preceded by a m inversion pulse. Using the FID at 1, <0

as a reference level the signal was found to decay approximately

exponentially as a function of the delay between the laser pulse
and the 7 inversion pulse (again changing sign at 300 ns). Here
we wish to highlight that as the radical pair is weakly coupled and
the strength of the microwave field is small with respect to the

10 width of the hyperfine spectrum of the radical pair the two
radicals are not excited simultaneously. The net result of the =
pulse is therefore to transfer all S/T, polarization to the T, states
and vice versa. (double quantum beats are not observed).”*?” At
early times the signal is thus dominated by the initial singlet

15 population and at late times by the initial triplet population with
relative contributions of 93% and 7% as mentioned above. As
ks > kr the decay rate of the signal, ky, can be related to the
recombination rate from the singlet radical pair, ks, through
ks =2 x ky=1.8x10°s! (ref 31).

20  Returning to the low-field regime, Figure 4 depicts the change
in radical absorbance, AAA(By, B))= AA(By, B;) — AA(By, 0),
produced by a radiofrequency field of strength B; and frequency
v;¢=36 MHz when applied perpendicular to a static magnetic
field (By= 0—4 mT). As before, AAA(By, B;) is shown as a

2s function of the time after the laser flash. The two distinct
resonance features observed are both centred at B, ~ 1.3 mT

(corresponding to the conventional EPR resonance condition,

vie = geltgBo/h) but are characterised by very different linewidths.

This feature is displayed even more dramatically in Figure SA
30 which provides a snapshot of the LF-RYDMR data obtained for
both parallel and perpendicular orientations of static and RF
fields, averaged from 750 to 850 ns after the laser pulse. It is
obvious that in contrast to the spectra obtained in the
perpendicular orientation, the data collected in the parallel mode
display only the broad resonance feature. Moreover, in agreement
with the time-resolved data for the static magnetic field effect in
Figure 2 and the EPR data in Figure 3, the time-resolved LF-
RYDMR spectra also display the expected biphasic time-
dependence (and zero-crossing at approx. 300 ns), Figures 4 and
6A. [Data for parallel orientation of the fields in ESIt]

Simple, brute force Liouville-space simulations (Figures 5B
and 6B) of the LF-RYDMR data were performed using the
previously described method,> with a singlet recombination rate
constant, ks=1.8x10"s"' and an initial triplet population.
45 4=0.07. Both parameters were determined prior to the

simulations using the inversion experiment described above and

in ref. *'. The relaxation rate was a fitting parameter obtained as
2.09x 10%s™" in satisfactory agreement with our previous
simulations of the MARY spectrum for which the relaxation rate
s0 was found to be 3.5 — 7.1 x 10° s at 123 K and 4 mT. As it has
been verified that ks > kr,>! the recombination from the triplet
state was assumed to be negligible (kr = 0). Simulations included
just two spin-1/2 nuclei in an attempt to reduce the number of
variable parameters: the hyperfine couplings of the fullerene
ss radical are small (< 100 uT) and hence were neglected while
those of the carotenoid radical were represented by two 'H
couplings, both of 0.6 mT
Concentrating on the time-resolved RYDMR data (Figure 6),
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the Liouville simulations are in gratifyingly close agreement with
o the experimental data: (i) the phase change at approx. 300 ns is
well reproduced and its origin has been discussed in detail above;
(ii) the intensity of the signal increases with the amplitude of the
oscillating field employed clearly indicating that the spin-locking
regime'® 2 is not reached for this radical pair even for the high-
¢s amplitude RF fields employed here; and (iii) even the very subtle
delay in the occurrence of the zero-crossing with decreasing
radiofrequency field strength is reproduced as larger RF fields
lead to more efficient and rapid singlet-triplet interconversion.
The simulations are surprisingly insensitive to the hyperfine
70 couplings chosen [see ESIf] but instead show exceptional
sensitivity to the rates of recombination and relaxation. The
origin of this behaviour can be discovered by a re-examination of
Figure 5. The experimental (Figure SA) LF-RYDMR spectrum in
the perpendicular orientation displays one broad and one narrow
75 component which are easily assigned to the hyperfine-rich
carotenoid radical (effective hyperfine coupling a.¢ = 0.988 mT
from DFT calculations'’) and the almost hyperfine-devoid
fullerene radical, respectively. In contrast, application of the static
field parallel to the RF field results in a featureless broad signal
so entirely due to the carotenoid moiety. This general behaviour is
reproduced in the simulation (Figure 5B) although resolved
shoulders are observed which would have been considerably
broader had a greater number of hyperfine couplings been
included in the first radical. This unusual observation of a
ss resonant feature for parallel fields may be rationalised using a
simple two-spin model in which a single electron is coupled to a
single /= 1/2 nucleus with hyperfine coupling a. For this spin
system the only allowed electron spin-flip for parallel oscillating
and static fields has a transition probability containing a factor
o f=a/(By’ + a*)"*.*® In the high field regime when B, > a this
factor becomes negligible and transitions are effectively
forbidden, whereas when the two fields are parallel such
transitions become (partially) allowed when the hyperfine
coupling and the static field strength are of similar magnitude.
s Returning to Figure 5, it is now obvious why the signal in the
parallel case is entirely due to the carotenoid radical cation with
its broad hyperfine spectrum (B, ~ @) whereas the sharp fullerene
signal is observed only for the perpendicular orientation (By > a).
It is therefore obvious that the high-field selection rules typically
10 employed in magnetic resonance (including X-band RYDMR)
break down under the conditions employed here. However, they
do so most dramatically for the carotenoid radical as its hyperfine
couplings are of the same order of magnitude as the applied static
magnetic field. This is an interesting result: the reaction yield
10s probed in the LF-RYDMR experiment is determined by the
concerted spin-evolution of the pair of radicals, yet the high-field
approximation is clearly entirely invalid for one of the radicals
whilst well-describing the field-response of the other. The origin
of this observation lies in the fact that the radicals have a
110 negligible mutual interaction so that the resonance frequencies of
each radical are independent of the identity of its partner.
However, spin-correlation lies at the heart of the RYDMR effect
and it is the concerted spin-evolution of the two radicals that
determines the relative and absolute intensities of the resonance
1s signals.
Armed with this knowledge it is now possible to comprehend
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why, in the simulations, the hyperfine coupling parameters
chosen for the carotenoid have such a minor effect on the time-
resolved LF-RYDMR spectra of Figure 6B: the experiment is
conducted at fields corresponding to the resonance condition for
typical carbon-centred radicals (such as the fullerene and
carotenoid radicals) with g = 2 (v,s= 36 MHz and B, = 1.28 mT).
The sharp resonance feature of the hyperfine-devoid fullerene
radical has its highest intensity at this position whilst the
resonance of the carotenoid is broadened significantly by its
hyperfine couplings leading to a comparatively weaker
contribution. Consequently, LF-RYDMR spectra can be
satisfactorily simulated as long as one radical has no (or very
small) hyperfine couplings (modelling the fullerene radical anion)
whilst its partner has hyperfine couplings that broaden its
spectrum significantly (modelling the carotenoid radical cation).

EPR data provide further insight into the different spectral
characteristics of the two radicals. For measurements at X-band
frequencies (~9 GHz), conducted as usual in the perpendicular
mode, Fourier transformation of the FIDs results in spectra which
lack the broad component but display a sharp resonance feature,
Figure 3A. The integrated intensity of these spectra decays (as
governed by the radical pair recombination) with the delay
between the laser flash and the recording of the FID, Figure 3B.
In analogy with the LF-RYDMR data above, the sharp spectral
component can clearly be assigned to the fullerene radical. The
carotenoid radical, so prominent in all LF-RYDMR spectra
independent of the orientation of the two fields, on the other
hand, is missing.

This observation is likely to be due to the interplay of three
factors: (i) failure to irradiate the full hyperfine spectrum of the
carotenoid radical results in a low intensity FID (ii) homogeneous
broadening causes rapid (or complete) decay of the radical’s
modulations during the ~100ns spectrometer dead time that
follows the m/2 pulse and (iii) due to the carotenoid’s broad
hyperfine spectrum any remaining modulations will be low-
frequency and thus difficult to discern within the observed tail of
the FID. Nevertheless using a second microwave source in a
pulsed ELDOR scheme (Figure 7A) it has been possible to
observe both the fullerene radical anion and carotenoid radical
cation, as shown in Figure 7B. The primary microwave channel is
used to provide two hard pulses, an inversion pulse 200 ns after
the laser flash, and a 7/2 detection pulse at £ =2 ps, both acting on
the fullerene radical anion. Shortly after the inversion pulse the
secondary (ELDOR) microwave channel provides a 500 ns
(~2.4 MHz full width at half maximum) soft pulse. This small tip-
angle pulse projects some carotenoid radical magnetization into
the transverse plane, perturbing the radical pair spin state and
therefore altering the FID observed from the fullerene radical
anion. Sweeping the frequency of the selective ELDOR pulse
therefore maps out a frequency-domain spectrum of the radical
pair. Using low power (highly attenuated) pulses in the ELDOR
channel only a sharp signal arising from the fullerene anion is
observed, whereas at higher powers a second broad resonance
becomes apparent centred at around 9.69 GHz, corresponding to
the carotenoid radical cation. As expected from the previously
reported electron g-values®® the carotenoid signal is centred at a
higher frequency that the fullerene signal, confirming the
assignment.

Finally, the full angle- and time-dependence of the LF-

o RYDMR signal is explored in Figure 8A, for a static field

-
S

100

%
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S

3

By =1.28 mT rotated relative to an oscillating field v,;= 36 MHz,
B;=0.17mT. To allow comparison of different RF field
strengths we average the data over the 850 to 950 ns time
window, Figure 9A, finding that the angular variation of the
broad negative signal close to the perpendicular alignment
(@=-90°, 90°, 270°) broadens with B;. This behaviour is again
satisfactorily ~ reproduced Liouville-space  simulations,
Figure 9B. Overestimation of the relative signal intensity for the
parallel alignment is attributed to the small number of hyperfine
couplings included in the simulations. By simple transition
probability arguments it becomes apparent that power broadening
of the sharp signal is the likely origin of the broadening of the
angular dependence. Extending this argument Liouville-space
rotary-RYDMR simulations have been performed in which the
oscillating field term is removed from the spin-Hamiltonian and
the effect of this field instead included in the relaxation
superoperator for the fullerene radical anion as an additional
Fermi golden rule transition probability. The rate constant of the
RF induced transition can be written as,

in

where,
(f|H|i):<ﬁ|gﬂBBlsX|a)sine=%ﬁsina

assuming that the RF-induced transition only flips the electron
spin of the fullerene radical (at resonance the contribution from
the fullerene radical is dominant because that from the carotenoid
is distributed over a much wider static field range by the many
hyperfine splittings). The state density p is approximated by the
inverse of the linewidth (AB = 0.6 mT) according to,

1
gHyAB

Finally, the RF term in the spin-Hamiltonian is omitted, and the
relaxation superoperator modified to include an effective spin-

lattice relaxation rate,
1 1
[—J =—+ 2k, .
L), 1

The resulting simulations shown in Figure 8B alongside
conventional calculations, Figure 8C, satisfactorily reproduce the
experimental data including the signal-inversion without the need
for an explicit consideration of the time-dependent
radiofrequency field. The time-dependent spectra thus arise
mainly from radical pair recombination kinetics modulated by an
incoherent RF-induced population transfer.

We have provided experimental evidence for the breakdown of
high-field selection rules in the low-frequency limit, yet have
verified that relatively simple models can be used to understand
this behaviour. The frequency of the oscillating field employed in

10s our RYDMR experiments is still many times greater than that

used in previously reported animal behavioural studies exploring
the hypothesis of radical pair based magnetoreception in

This journal is © The Royal Society of Chemistry [year]
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European robins,*® yet we can begin to provide insight into those
experimental observations. It was reported that parallel static and
oscillating fields do not disrupt the magnetic orientation of the
birds but that at an angle of 8 =24° disorientation does occur.>°
If the effect of varying the angle between the fields followed a
simple squared sinusoidal dependence as would be expected at
high field then the RYDMR signal for this angle would be less
than 17% of that expected for the fully allowed perpendicular
alignment, with 6 =0° giving no RYDMR signal at all. Our
results demonstrate experimentally that quite different behaviour
can be seen in the low-frequency regime with both parallel and
perpendicular alignments giving broad RYDMR signals. Only the
narrow feature from a radical devoid of hyperfine couplings was
observed to show a significant angular variation as expected at
high-field (Figure 5), and broadening of this narrow resonance
feature by an increase in the oscillating field strength lead to a
much sharper transition between these two extremes for small
values of 6 (Figure 9). The observation that variation in the angle
between the 46 uT geomagnetic field and an on-resonance
1.315 MHz RF field between only 0° and 24° could disturb
compass orientation of birds® is therefore less perplexing than it
at first appears. One radical will contribute a RYDMR signal of
roughly the same intensity independent of the orientation of the
magnetic fields which is clearly insufficient in magnitude to
cause migratory disorientation, but in addition to this a strongly
orientation dependent response arises from a radical with narrow
hyperfine spectrum which with only a small angular variation is
able to tip the balance to migratory disorientation. Nevertheless,
the earlier report of the same angle dependence for an off-
resonance 7 MHz RF field is surprising,” such an experiment
probing only the broad off-resonance signal that we have found to
be insensitive to field orientation (Figure 5).

Our results suggest that at resonance a more significant
difference will be seen between the LF-RYDMR signals for
parallel and perpendicular orientations if one of the radicals has a
narrow hyperfine spectrum. Recent work has predicted the
increased compass sensitivity to a ~50 uT static field of systems
in which one radical has no significant hyperfine interactions, and
even suggested the possible identity of such a radical pair in
cryptochrome.'? It would therefore be interesting to explore how
the threshold RF field strength for disorientation of migratory
birds varies depending on the angle between static and RF fields.
Previous work which identified a 15 nT threshold at 1.315 MHz
used a 24° angle between static and RF fields*. Moving closer to
perpendicular alignment a stronger RYDMR effect and hence
lower-threshold field is expected if one of the radicals involved
has a hyperfine spectrum that is narrow with respect to the static
field strength. The orientation dependence of the threshold field
could therefore: (i) verify the assertion that one radical is almost
devoid of hyperfine couplings, (ii) indicate the actual width of the
narrow hyperfine spectrum through the strength of the orientation
dependence, and (iii) identify the true RF sensitivity threshold
which for perpendicular alignment could be lower than the
reported 15 nT value.

Conclusions

We have presented time-resolved LF-RYDMR spectra of a model

system for a radical-pair-based avian magnetoreceptor,

©
a

100

105

110

115

demonstrating the way in which the strengths and relative
orientation of static and oscillating magnetic fields,
recombination and relaxation kinetics and hyperfine couplings all
interplay to determine the overall spectral response. Nevertheless,
we are able to reproduce this complex behaviour in simulations
using a minimal number of variable parameters, as described
above. It has been experimentally verified that the effect of
varying the angle between the static and oscillating fields is
crucially dependent on the magnitude of hyperfine couplings
relative to the static field strength. It is hence of crucial
importance to consider this factor when attempting to interpret in
vivo animal studies which have previously used very weak
(46 uT) static fields.*®
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Figure 1. (A) Photochemistry of the CPF triad. The energy of the charge-separated state is strongly dependent upon the polarity of the solvent, with a
more polar environment strongly favouring singlet recombination (Marcus inverted region) over triplet recombination (Marcus normal region). (B)
Electron spin states of a radical pair under high field conditions (applied magnetic field much greater than the average hyperfine interaction within the
radical pair). The thickness of the bars indicates the initial populations of the four states. T+, recombine exclusively by triplet recombination whereas
depopulation of the states M, , which are linear combinations of S and T, is dominated by the much faster singlet recombination. The spin-relaxation
pathways are labelled with the rate constant k.

Figure 2. Time-resolved static MFE spectrum of the CPF triad in MeTHF solvent, at 118 K. Data were recorded by transient absorption with a
monitoring wavelength of 975 nm.

Figure 3. (A) Time-resolved Fourier transform 9.7 GHz EPR spectra of photo-excited CPF at various times relative to the laser pulse; the inset shows
the pulse sequence employed. Inversion of spin-polarization is apparent in the obvious phase inversion at 300 ns after the laser pulse, though it should
be noted that the absolute phase is arbitrary. The linewidths of the spectra are limited due to apodization with an exponential window function prior to
Fourier transformation. Spectra were recorded at 110 K in MeTHF. (B) Time-dependence of the electron spin polarization observed, blue open circles
for the pulse sequence shown as an inset in (A) in which the frequency-domain spectra are integrated and the red line for the inversion experiment,
using the pulse sequence in the inset in (B) in which the time-domain FID is integrated directly. In both cases the time 7; between the laser flash and
the first microwave pulse is varied.

Figure 4. Time-resolved LF-RYDMR spectrum of the CPF triad in MeTHF with static field B, perpendicular to the oscillating field B;= 0.1 mT, v,;=
36 MHz. Other experimental conditions are as indicated in Figure 2.

Figure 5. Comparison of LF-RYDMR spectra for parallel and perpendicular orientations of static and oscillating magnetic fields. In the perpendicular
case a sharp resonance is observed centred at By ~ 1.3 mT, along with a broader signal; only the broad signal is observed for parallel orientations. (A)
Experimental data recorded for CPF at 118 K in MeTHF using time traces averaged from 750 to 850 ns; B; =0.1 mT, v¢=36 MHz. (B) Simulated
data generated using two electrons (both §'=1/2; g, =2.00271, g, =2.00023) and two nuclei (/ = 1/2) with hyperfine couplings a;= as= 0.6 mT (both
on radical 1), Tv=To=1x10°s™", ks=1.8 x 10" s ', and initial triplet fraction A = 0.07.

Figure 6. (A) Experimental LF-RYDMR data for CPF at 118 K following a 532 nm laser flash at time ¢ = 0 for perpendicular orientations of static and
oscillating fields. The data show the difference in transient absorption traces in the presence, A4(Bo, B)) and absence AA(Bo, 0) of the 36 MHz
oscillating field, with a By = 1.28 mT static field applied in both cases. All traces have been filtered to remove 36 MHz interference as detailed in the
ESIt. (B) Simulated time traces, parameters as for Figure 5B. Additional fine structure in (B) arises from inclusion of only a small number of
hyperfine couplings in the simulation.

Figure 7. (A) Pulse scheme for the transient-EPR ELDOR experiment on the CPF triad. (B) The FID-detected ELDOR spectra observed at 110 K.
Coloured lines are spectra recorded for various powers of the second microwave source (v,) as indicated by the source attenuation in the legend. For
the v, channel 16 ns pulses had a turning angle of /2; the v, pulse is 500 ns in length corresponding to an excitation bandwidth of ~2.4 MHz. Smooth
curves are Gaussian fits to the red and blue spectra. Static field By = 344.8 mT, main microwave frequency v, =9.675983 GHz.

Figure 8 Rotary-RYDMR spectra of the CPF triad in MeTHF. (A) Experimental data obtained by transient absorption, recorded at 114 K with
vie=36 MHz, B; = 0.17 mT and B, = 1.28 mT. Simulated rotary-RYDMR spectrum using (B) Fermi-golden rule transition probabilities and (C)
conventional quantum mechanical treatment of the oscillating field (see text for details). Both simulations use the parameters given for Figure 5B.

Figure 9. Rotary-RYDMR spectra of the CPF triad in MeTHF averaged between 850 and 950 ns after the excitation pulse. (A) Experimental spectra
recorded at 118 K with v,;=36 MHz and B, = 1.28 mT for a range of RF field strengths as indicated. (B) Simulated spectra using the parameters given
for Figure 5B. In all cases spectra are scaled to have the same maximal negative signal intensity in order to aid comparison of the spectral widths.
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