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Weak magnetic fields are known to modulate circadian rhythms in living systems, yet the chemical basis of their influence
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on oscillatory dynamics remains unresolved. This is a paradox given the negligible energies of the magnetic interactions

(~1072 k) mol*T-?) relative to thermal noise. Using the Briggs-Rauscher reaction as a model system, we show that applied

magnetic fields (0-200 mT) induce an unprecedented amplification of oscillatory behavior via critical dynamics close to a

Hopf bifurcation, driving 12% enhancement in reaction rate while 1500% enhancement in oscillation amplitudes of key

intermediates (Mn2* and I). Simulations using the de Kepper-Epstein model for the inherent non-linearity of feedback-driven

oscillations reveal that magnetic field effects perturb bifurcation thresholds, magnifying even subtle changes in spin-

selective radical recombination rates. Our findings establish a mechanism for magnetic field modulation in oscillatory

networks, resolving the energy paradox and positioning magnetic fields as a potent tool for manipulating non-equilibrium

chemical and biological systems.

Introduction

The influence of weak magnetic fields (~millitesla) (MFs) on
circadian rhythms has been well-documented across various
organisms,* from unicellular to multicellular; however, the
underlying mechanism is not well understood. This knowledge
gap primarily arises from the fact that the energies involved
(~1072 kJ mol=t T-1) are much smaller than the thermal energy
(~2.5 kJ mol™ at 300 K), leading to speculation that any
magnetic field effect (MFE) should be too minor to be significant
for most chemical reactions.>” Biological rhythms are mainly
regulated by the oscillation of chemical concentrations within a
reaction network characterized by intricate positive and
negative feedback loops.® ° Since the discovery of chemical
oscillators by Belousov and Zhabotinsky (BZ), nearly 200 other
chemical reactions that display periodic behavior have been
identified, contributing to the understanding of circadian
rhythms.® 10-12 Therefore, investigating the effects of magnetic
fields—particularly their amplification by chemical oscillators—
holds the promise of exploiting MFs as a means to influence
chemical reactions with potential applications in chemistry,
medicine, and materials science.1316

Despite ongoing controversy, it is generally believed that the
origin of MFEs lies in the spin-conserving nature of the
recombination reactions of radical pairs (RPs), as exemplified by
the light-dependent magnetic compass sense of migratory
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birds.17- 18 Nevertheless, MF-induced changes in reaction rates
are small, even for millitesla field strengths.1? 19 20 This raises
the question of whether such minor changes in individual
reactions could accumulate to significantly alter oscillating
systems, affecting downstream product concentrations or
overall reaction rates. In 1996, Eichwald and Walleczek
proposed the possibility of MFEs in enzyme kinetics when a
reaction step involves RP intermediates.?! Mgller and Olsen
demonstrated MFEs in the NADH peroxidase-oxidase system.®
22 Beyond enzymatic reactions, MFs have also been shown to
influence wave propagation in a cobalt(ll)-hydrogen peroxide
system and the BZ reaction, which is analogous to the biological
tricarboxylic acid cycle.?3-26:27-29 Eyidently, MFs could serve as a
non-invasive means to regulate oscillations across diverse
contexts, from laboratory settings to biological processes.

In contrast, the amplification of MFEs in biological or
chemical oscillations has been largely neglected. Chemical
oscillations feature complex feedback loops with non-linear and
time-delay characteristics. Player et al. used the Brusselator
model to demonstrate that even a minor MF-induced change in
the rate constants of individual reaction steps could significantly
influence the emergence or disappearance of periodic patterns
in the concentrations of reaction intermediates, thereby
altering oscillatory behavior.30 The Hopf bifurcation, a key
element in this process, shifts the system’s steady state and
mediates the transition between different oscillatory
regimes.313% |nspired by these findings, we monitored the
periodic fluctuations in the concentrations of reaction
intermediates and investigated how MFs affect rate constants
and oscillation frequencies near the Hopf bifurcation.32 35 36

Here, we chose the Briggs-Rauscher (BR) reaction as a model
system, catalyzed by Mn?* ions in acidic solution, involving the
oxidation of malonic acid (CH,(COOH), or MA; C3H;0,),
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hydrogen peroxide (H,0,), and potassium iodate (KIO;3).1% 37, 38
Unlike the classic BZ reaction, the BR reaction exhibits more
pronounced color changes when starch is added, due to the
formation of iodine, which causes the solution to oscillate
between colorless, amber, and deep blue. Applying MFs (0—200
mT) revealed chemical amplification of MFEs near the Hopf
bifurcation, enhancing intermediate signals by over an order of
magnitude. Simulations using the de Kepper-Epstein model
show that minor changes in the autocatalysis step rate involving
iodinated radical pairs at the Hopf bifurcation edge can
significantly vary MFEs, supporting the observed amplification.
This study offers new insights into how MFs influence circadian
rhythms at the molecular level and their potential as an external
field comparable to light and electricity in driving chemical
reactions.
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Magnetic field effects on BR oscillations

The overall reaction of the BR oscillator (Eq. 1),

CH,(COOH), + H* + 103~ + 2H,0, — ICH(COOH), + 3H,0 +
202! (1)

can be divided into two component reactions, each consisting of
multiple individual steps. The first involves MnZ* ions and 10,°
radicals and drives the conversion of iodate and hydrogen peroxide
into iodine and oxygen (Eq. 2). The second is a non-radical process
characterized by the slow consumption of free iodine by MA (Eq. 3).

2105+ 5H,0, + 2H* M5 [, + 50, + 6H,0(2)

5CH,(COOH), + H* 4+ 103~ + 21, - 5ICH(COOH), + 3H,0 (3)

To investigate the magnetic sensitivity of the oscillations, we
conducted experiments in MFs between 0 and 200 mT in a water
bath at 21 °C, with initial concentrations: [H,0,] = 1.3 M, [MnSQO,] =
0.0067 M, [MA] = 0.067 M, [KIO3] = 0.067 M, [H,SO,] = 0.1 M. MFs
were generated by a superconducting solenoid (Fig. S1) and the
reactions were carried out in a cell displaced horizontally by 50 cm
from its centre, ensuring a uniform vertical field (Fig. 1a). Fig. 1b
illustrated the potentiometric monitoring of a glassy carbon
electrode against an Ag/AgCl reference electrode. Distinct
oscillations in the range 0.67-0.79 V was observed in 150 s, arising
from periodic redox transitions in the reaction system. To quantify
the timing and the MFE, we define 73 as the time required for the first
8 periods of the oscillation (Supplementary Information, Section 3),

. feas 100% X[ 4 — k. k .k is th
No MFs Applied MF (41 mT) :;za::nfas 00% X [kobs(B) ~ kobs(0)]/ kobs (0). kops(B) is the
Scheme 1 Illustration of magnetic fields impacting a chemical oscillation
reaction with magnetic field effects up to 1500% at a Hopf bifurcation.
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Fig. 1 Experimental setting and MFEs on BR oscillation. a, The sample cell (1X1X1 cm) was placed 0.5 m from the centre of the magnet. b, Potential versus

time plot. c, Relative ks of the BR reaction as a function of applied MF, the error bars represent the standard deviations of 3 independent measurements. d,

Images of the BR oscillation at 0 mT and 41 mT recorded by video. e, The period difference between 41 mT and 0 mT varies with the oscillation number(n).
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Fig. 2 MFEs on the conversion of BzMA. a, Time trace of the BzZMA conversion measured by HPLC at 0 mT (blue line), 41 mT (red line), and 100 mT (green line).
b, Time trace of |, absorbance (460 nm) in BzMA oscillating systems at 0, 41, and 100 mT. ¢, Comparison of mfe between frequency and amplitude in Fig. 2b.

rate constant in the presence of a MF with flux density B, and &ps (58
) % 1/ 1. As shown in Fig. 1c, mfe decreased as the applied MFs was
increased from 0 to 41 mT, reaching a minimum of -11.7% at 41 mT.
Further increase in B from 41 to 200 mT, caused mfe to recover to
-3.0% (Fig. S2). To rule out the magnetic-electrical interference,
control experiments in peroxide-free solutions were carried out
under these conditions: (i) at zero field, (ii) with applied magnetic
field (200 mT), and (iii) with switched fields. The potential traces
exhibited slightly decrease and no oscillations throughout 400 s
monitoring, with negligible abrupt observed with applied magnetic
field (Fig. S3). The results indicate that the observed MFEs originate
from the response of the BR reaction to MFs.

To validate these results, we introduced starch as an indicator to
allow the I, concentration to be monitored: from colorless (low [l,])
via brown-yellow to blue (high [l,]) and back. Using a video recorder
to track the oscillations, 7z was measured as 112 s at 0 mT, increasing
to 123 s at 41 mT (Fig. 1d), yielding mfe = -9.8%. Fig. 1d indicates that
73 is increased by the application of a 41 mT MF. The period
difference is defined by At,, = 1;,(41 mT) — 7;,(0). As the number of
oscillations (n) increased, At, steadily grew, reaching 11s by the
ninth cycle (n = 8, Fig. 1e).

We then attempted to compare MFEs on the iodination of
malonic acid (Eq. 3) with those on the reaction intermediate I,
representing thermodynamic and kinetic aspects of the reaction,
respectively. Due to the difficulty of distinguishing MA from the
product, ICH(COOH),, by high-performance liquid chromatography
(HPLC), we employed benzyl malonic acid (BzMA) instead (Fig. S4-
S5). 32 After separating the reaction mixture with HPLC, we obtained
a time-course plot for the conversion of BzZMA at 0, 41, and 100 mT
(Fig. 2a). The results indicate that while MFs had a minimal influence
on the final yield of iodo-BzMA after 2000 s, they significantly
affected the reaction rate, particularly during the initial stages.
Specifically, the conversion at 300 s showed a decrease of 21% and
anincrease of 16% for 41 and 100 mT MFs, respectively. Additionally,
we monitored the changes in [l,] by absorption at 460 nm for MFs of
0, 41, and 100 mT, as depicted in Fig. 2b. The time taken for the first
five oscillations at 41 mT was 16% longer (70 s) than the value (60 s)

This journal is © The Royal Society of Chemistry 20xx

observed at both 0 and 100 mT. Moreover, the amplitude of [l,]
oscillation at 41 mT (0.026 absorbance units, a.u.) was smaller than
that at 0 mT (0.060 a.u.) and at 100 mT (0.075 a.u.). In summary, MFs
have a more pronounced effect on the concentrations of
intermediates (e.g., |, with a reduction of 57% at 41 mT) than the
final conversion of BzMA (approximately 0% at 41 mT), suggesting
that MFs primarily modulate reaction kinetics (e.g., altering
intermediate rates) than affecting the
thermodynamic equilibrium governing the final product yield.

formation rather

Amplification of magnetic field effects at the Hopf bifurcation

Theoretical models suggest that large MFEs on chemical
oscillations might originate near a Hopf bifurcation3% 32 40 at which
the amplitudes of limit-cycle oscillations are extraordinarily sensitive
to small changes in reaction rate constants.*! This possibility led us
to investigate the Hopf bifurcation in the BR oscillator. Based on de
Kepper-Epstein’s model, we simplified the BR reaction into six steps
(Egs. M1-M6) and integrated the kinetics to obtain the time-
dependence of the oscillations:

k
A+V+4+2H3U+P (M1)

k
U+V+H-32P (M2)

B+UM2U+Z+W (Autocatalytic step) (M3)

208 p 1A (M4)
Z+M&v (M5)
W(aq) % w(g) (M6)

where A = 10;; B=H,0,;H=H"; M=MA; P=HIO; U=HIO,; V=1
W = 0,; Z=1,, and ky_¢ are rate constants.

Mn?2* ion plays a crucial role in the autocatalytic step, Eq. M3,
which includes three reactions, Egs. 4, 5 and 6:

HIO, + 105 + H* — 210, +H,0, (4)
H,0 + Mn2* + 10, — HIO, + Mn(OH)2*  (5)

J. Name., 2013, 00, 1-3 | 3
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Fig. 3 Exploring the Hopf bifurcation point. a, Normalized [Mn3*]/[Mn?*] versus time measured for different initial [Mn?*],. The amplitude of [Mn3*]/[Mn?*]

when [Mn?*], = 6.67 mM is defined as 100. b, The dependence of the oscillation amplitude on [Mn?*],. ¢, The square of the oscillation amplitude as a

function of ([Mn?], - [Mn?], ), where [Mn?*], . represents the critical concentration as 2.78 mM. d, Normalized [Mn3*]/[Mn?*] versus time measured at 0 mT

(blue line) and 41 mT (red line). The maximum amplitude at 0 mT is defined as 100. e, The MF-dependence (0-250 mT) of the oscillation amplitude, mfe,

defined here as A(0)/A(B), where A(B) is the average amplitude in the presence of a MF of intensity B. e, Simulated time traces of normalized

log([Mn3*]/[Mn?*]) for different values of k. g, Simulated dependence of the oscillation amplitude on k. h, Square of the simulated oscillation amplitude as a

function of (k; — k3 ), where ks . represents the critical k; value as 0.95x10* s
2Mn(0H)2++H202—>2Mn2++02 (aq)+2H20 (6)

Therefore, we use the [Mn3*]/[Mn?*] ratio to characterize the
oscillatory behaviors. As established in prior study,?® the glassy
carbon electrode measures a mixed potential influenced by the
concentrations of Mn3* and iodide ions. At the constant iodide
concentration ([I]), the fluctuations were directly linked to
variations in the [Mn3*]/[Mn?*] ratio. We directly quantified using an
iodide-selective electrode, and confirmed a small variation within 10
°~10® M (Fig. 5), demonstrating that the contribution of I to
potential was negligible. The dominance of Mn redox species was
further verified by cyclic voltammetry of Mn?* under identical
conditions (E1/> = 0.89 V, Fig. S6), showing significant overlap with the
oscillation window according to Nernst equation.

By varying the initial concentration of Mn?*, denoted as [MnZ*],,
the rate constant k3 can be changed. This, in turn, enables us to
pinpoint the location of the Hopf bifurcation. When [Mn?'],
exceeded 8.89 mM, the oscillations stopped abruptly (Fig. S7a).
Within the range from 2.78 to 6.67 mM, the amplitudes of the
oscillations varied from 55 to 100 (Fig. 3b, with [Mn?*]; = 6.67 mM
normalized to 100). As [Mn?*], approached 2.78 mM, the amplitude
becomes highly sensitive to small changes in concentration (Fig. 3a).
For example, reducing [Mn?*], to 2.70 mM caused a dramatic
decrease in the oscillation amplitude which dropped by

4| J. Name., 2012, 00, 1-3

1

approximately a factor of 11 from 56 to 5 (Fig. 3a, 3b). The
oscillations disappear when [Mn?*], fell below 1.11 mM (Fig. S7a).

We attempted to fit the curve of the square of the oscillation
amplitude (A2) versus ([Mn?*], - [Mn2*], ) within the critical region
(2.78-3.30 mM), where [Mn%*], . represents the critical
concentration as 2.78 mM (Fig. 3c). The resulting relationship was
highly linear (R? = 0.997), indicating the bifurcation at [Mn?**], = 2.78
mM indicates a supercritical bifurcation. Further, the oscillation
frequency showed a continuous decrease when [Mn?*]; > 2.78 mM
(Fig. S7b). Although the system evolves transiently due to reactant
consumption, the observed results identifies the underlying
bifurcation topology as a supercritical Hopf bifurcation. To better
describe this behavior that closely resembles a Hopf bifurcation, we
specifically refer to it as a Hopf bifurcation. Our detailed analysis and
experimental findings indicate that the Hopf bifurcation seems to
occurs near [MnZ*], = 2.78 mM.

Next, we examined whether MFs perturb the oscillations close to
the Hopf bifurcation, specifically at [Mn?*]y ~ 2.78 mM. Increasing the
applied MF from 0 to 41 mT led to a large (15-fold) decrease in the
[Mn3*]/[Mn?*] ratio (Fig. 3d and 3e) and a smaller (10%) decrease in
the oscillation frequency, from 0.125 s to 0.114 s7. At other [Mn?*],
concentrations, the MFEs on the amplitudes were smaller than at
2.78 mM (Fig. S8). To summarize, from 0 to 41 mT, the mfe increased,

This journal is © The Royal Society of Chemistry 20xx
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reaching a maximum value of 15-fold, and then fell to 1.5-fold as the
MF was changed from 41 to 250 mT (Fig. 3e and Fig. S9). Importantly,
the conversion to products was only slightly affected by MFs,
indicating that MFEs primarily influence the kinetics rather than the
thermodynamics of the chemical oscillations.

We used the de Kepper-Epstein model to simulate the
experimental results using Mathematica 12 (Figs. 3f, 3g and S10). By
adjusting the magneto-sensitive rate constant ks;, we were able to
induce the Hopf bifurcation. Since [Mn?*] remains relatively
constant, we represented the changes in the [Mn3*]/[Mn?*] ratio
through [Mn3*] in our simulations. The log [Mn3*]/[Mn?*] oscillated
between 0 and 11 when k3 was within the range 0.75 x 10* to 2.27 x
10* Mt s71, similar to the changes induced by variation of [Mn%*],
shown in Fig. 3a. When we decreased k; from 2.27 x 10% to 0.95 x 10*
M- s71, the amplitudes of oscillation fell from 11 to 7. However,
further decreasing ks from 0.95 x 10* to 0.92 x 10* M~! s™' caused log
[Mn3*] to decrease 10-fold (Fig. 3f and 3g), comparable to the
perturbation caused by either reducing [Mn?*], from 2.78 to 2.70
mM or applying a 41 mT MF. When k3 £ k3 , the squared amplitude
remains linearly proportional to (ks—k; ), where k3 . represents the
critical value of k3 as 0.95 x 10* M1 s7! (Fig. 3h), confirming this as a
supercritical Hopf bifurcation, consistent with experimental results.
This simulation demonstrates that oscillations near the Hopf
bifurcation amplify the MFEs on the concentrations of the reaction
intermediates. Player et al. and others have theoretically proposed
such amplification based on the Brusselator model,3% %% we have now
observed it experimentally for the first time, underscoring the
significance of the Hopf bifurcation for MF-sensitive chemical
oscillations.

Tuning oscillations with a switched magnetic field

To confirm that the applied MF induces changes in the BR
reaction, we conducted experiments with the MF switched on and
off. As shown in Fig. 4a, applying a 41 mT MF resulted in a remarkable
13-fold decrease in the amplitude of oscillations to zero field. On
removal of the MF, we observed a partial recovery in amplitude (Fig.
S11a). Conversely, starting with a 41 mT MF and then switching it off
led to a rapid 3.5-fold increase in amplitude (Figs. 4b and S11b).
These results confirm that addition or removal of the applied MF
greatly impacts the oscillator, particularly when near the Hopf
bifurcation. Following the chemical amplification study by Kattnig et
al.”’, we used the prompt and delayed amplitudes to define the
amplification factor. As demonstrated in Fig. 4c and Fig. 4d, the
application of a 41 mT resulted in a significant 20.6-fold decrease in
amplitude compared to conditions with 0 mT. By contrast, starting
with a 41 mT magnetic field and then turning it off led to a rapid 3.7-
fold increase in amplitude.

We performed additional simulations to explore the dynamics of
the changes in oscillation amplitude. In these calculations, we
assumed that abrupt application of a 41 mT MF changed the rate
constant k3 from 1.02 x 10*t0 0.92 x 10* M~* s71. This change resulted
in a sudden decline in amplitude from 7.5 to 0.75. When k; was
switched back to 1.02 x 10* M1 571, the amplitudes returned to their
former levels (Fig. 4e). In contrast, increasing ks from 0.92 x 10* to
1.02 x 10* Mt s~ produced a sudden increase in amplitude, which
consistently reverted upon changing k; back to 0.92 x 10* M1 s71 (Fig.

This journal is © The Royal Society of Chemistry 20xx
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4f). These results demonstrate that even weak MEs_can, disrupt
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Fig. 4 Switched magnetic fields affect the BR oscillation. Time traces of
normalized [Mn3*]/[Mn?*] with off-on-off (a) and on-off-on (b) MF modes.
respectively. The amplitude of the oscillations can be reversibly altered by
changing the applied MF. The MF was 41 mT in the gray areas and 0 mT in
the white areas. (c) Amplitude traces with cycle of off-on-(41 mT)-off and O
mT. (d) Amplitude traces with cycle of on-(41 mT)-off- on-(41 mT) and 41
mT. e, f, Simulated time traces of normalized log[Mn3*] when small, sudden
changes were made in the value of ks: e, k3 = 1.02 x 10*> 0.92 x 10*-> 1.02
x10* M1 s?tandf, ks =0.92 x 10*> 1.02 x 10*-> 0.92 x 10* M1 571,

Magnetic field effect on the limit cycles

lodide (I7), another key intermediate in the BR reaction, can also

exhibit nonlinear concentration changes (Eqs. 7-10):
105~ + 1™ + 2H' - HIO, + HIO (7)
HIO, + 1~ + H* - 2HIO (8)
I"+H* +HIO >, + H,0 (9)
I, +MA->IMA+I1~ +HY (10)

To establish the correlation between [I"] and the normalized
concentration ratio [Mn3*]/[Mn?*], we monitored [I"] using an iodide-
selective electrode for different initial Mn?* concentrations. When
[Mn?%*], was 3.00, 2.85, and 2.78 mM, the amplitude of the
oscillations in [I"] remained stable, fluctuating between 0.9 x 1078
and 1.1 x 108 M. However, when [Mn?*], was further lowered to
2.70 mM, there was a substantial drop in the amplitude of [I7]
oscillations, to 1.0 x 10 M, which persisted when [Mn?*], was
further decreased to 2.22 mM (Fig. 5a, b and Fig. S12a). The
reduction in [Mn%*], from 2.78 mM to 2.70 mM resulted in a 9-fold
decrease in the amplitude of [I], which correlates with the amplitude
change for [Mn3*] observed at the Hopf bifurcation.
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During this investigation, we measured the mfe of [I"]. At a MF
strength of 41 mT, the amplitude of [I7] oscillations decreased by a
factor of 5 compared to zero field, clearly demonstrating that [I7] is
sensitive to MFs when [Mn2*], = 2.78 mM, as illustrated in Fig. 5¢ and
Fig. S12b. Importantly, the phase of the [I7] oscillations was opposite
to that of [Mn3*], indicating that [I-] acts as a reduced species while
[Mn3*] operates as an oxidized species (Fig. S13). Therefore, the
range of limit cycle oscillations in [I7] and in the normalized
[Mn3*/Mn?*] ratio is between 6 x 102 and 1.2 x 108 M, and between
0 to 100, respectively. After applying a 41 mT MF, the oscillation
ranges for [I-] and normalized [Mn3*]/[Mn?*] changed to 3.4 x 10~ to
5.5 x 1078 M, and 0 to 7, respectively, resulting in approximately 5-
and 15-fold decreases, respectively, in the two amplitudes (Fig. 5d).
Such changes lead to a significant contraction in the shape and size
of the limit cycle. Thus, these results further demonstrate that both
[I'] and [Mn3*] intermediates exhibit considerable amplification near
the Hopf bifurcation, even though the MFEs on the individual
reactions are minor.
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Fig. 5 lodide concentration and limit cycle. a, Time traces of A[l7] at different
[Mn?*], (ranging from 2.22 mM to 3.00 mM), A[I-] is defined as the difference
between the real-time concentration and the minimum concentration. b, The
dependence of the oscillation amplitude on [Mn?*],. ¢, Time traces of A[l7] in
0 mT (blue line) and 41 mT (orange line) MFs. d, Oscillations of [I-] and
normalized [Mn3*]/[Mn?*] represented as a limit cycle at 0 mT (blue line) and
41 mT (red line). The concentration of I~ was measured using an iodide ion-
selective electrode.

The proposed mechanism related to radical pair mechanism

In the fields of biology and chemistry, MFEs have been well-
established and are plausibly attributed to the spin dynamics of
transient radical pairs according to the radical pair mechanism
(RPM).> 2L 42 However, when considering magnetic fields with
weaker interaction energies (approximately 102 kJ mol=? T-1), the
observed changes in reaction rates and product yields are typically
small—often less than a few percent. In spite of extensive research*3,
there has been no conclusive evidence to show that a magnetic field
as weak as Earth's can induce measurable alterations in the rates of
chemical reactions or the yields of their products. Nonetheless,
previous studies have shown that weak MFs can effectively influence
biological oscillatory processes, such as circadian rhythms.” 4> Using

6 | J. Name., 2012, 00, 1-3

the Brusselator model oscillator,40 the intermediate coneentrations
can be extraordinarily sensitive to minor ¢HangedOredeStheI6pf
bifurcation, forming a chemical basis for amplifying MFEs in
oscillatory processes.

Based on previous works,3% 4% we also propose that MFEs could
arise at the autocatalysis step via a radical pair driven by HIO,
autocatalysis.3® 45 Thus, we suggest that single-electron transfer
from I~ to HIO produces the singlet RP [I°* *|IOH"] that can recombine
to generate |, and enable the reaction to progress (Eq. 11). The
singlet RP can undergo reverse electron transfer to regenerate I,
while the triplet spin state is unreactive, resulting in the formation of
free I° radicals. We tentatively suggest that the sharp decrease and
recovery of the MFE in Fig. 1c emerges from a change in singlet-
triplet mixing due to a “2J-resonance” (Fig. S14-S17, S18b and S19).
However, the BR system involves several reactive species and
radicals, including Mn?*, Mn3*, and I*, adding complexity to our
understanding of the mechanisms by which MFs influence
autocatalysis (details in Supplementary Section 10).

[+ HIO- [I* IOH] -1, +H,0 (11)

Meanwhile, to further investigate the MF-responsive species, we
conducted experiments using Ce3* (Ce(NOs);, 0.0067 M).
Interestingly, by monitoring the open-circuit potential-time profiles,
we observed that at 41 and 200 mT, ks decreased by 4.3% and 6.1%
respectively (Fig. S20). The MFEs are comparable to those found in
the Mn?* systems (Fig. 1c). This finding not only provides further
validation for the radical pair mechanism of the reaction, but also
suggests that the MFEs are not limited to a specific catalyst ion, and
iodine-centered radicals serve as the primary magneto-responsive
species in this system. The divergence in MFE magnitudes likely
stems from variations in radical-pair lifetimes and associated
electron-transfer kinetics induced by different metal ion catalyst.
This observation opens up new avenues for future research to
explore the underlying principles and potential applications of such
MFEs
investigating the detailed mechanisms of how different catalyst ions

in chemical reactions. Future studies could focus on
influence the radical pair dynamics and the resulting magnetic field
effects, as well as exploring the possibility of using other types of
catalysts or reaction systems to achieve similar or even enhanced

effects.

Conclusions

This study demonstrates that weak magnetic fields (MFs) can
exert profound control over chemical oscillators when the
system operates near a critical threshold known as the Hopf
bifurcation. By applying MFs (0—200 mT) to the Briggs-Rauscher
reaction, we observed 12% enhancement in reaction rate while
1500% amplitudes of key
intermediates (Mn2* and I7), far exceeding previously reported
effects in feedback-driven chemical systems. This phenomenon
arises from the inherent nonlinear sensitivity of systems near
bifurcation points, where even minor perturbations such as MF-
induced changes in spin-selective radical recombination rates
are amplified, driving macroscopic transitions from steady
states to sustained oscillations.

enhancement in oscillation

This journal is © The Royal Society of Chemistry 20xx
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Mechanistically, magnetic fields alter the spin dynamics of
radical pairs, shifting their recombination efficiency and
affecting reaction kinetics. Simulations using the de Kepper-
Epstein model confirm that such subtle kinetic changes can
destabilize steady states and dramatically amplify oscillatory
behavior. These findings highlight the critical role of proximity
to bifurcation points in governing system responsiveness,
similar to phase transitions in physical systems.

The implications of this research extend beyond oscillatory
chemistry, providing a framework for exploiting critical
dynamics in magnetically tunable systems. Furthermore, this
work bridges nonlinear dynamics and magnetochemistry,
suggesting that weak environmental fields often dismissed as
inconsequential could play significant roles in biological
rhythms or material science. Future research should investigate
the effects of MFs in various oscillatory systems (e.g., biological
clocks) and refine theoretical frameworks to exploit bifurcation-
sensitive control. Ultimately, this study highlights the potential
of critical-point engineering to unlock
responsiveness to external stimuli, paving the way for
innovations at the intersection of chemistry, physics, and
biology.
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