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Kinetic Magnetic-Field Effect Involving the Small

Biologically Relevant Inorganic Radicals NO and O,

Tatiana Y. Karogodina,® Igor G. Dranov,® Svetlana V. Sergeeva,” Dmitry V. Stass,*™ and

Ulrich E. Steiner*

Oxidation of dihydrorhodamine 123 (DHR) to rhodamine 123
(RH) by oxoperoxonitrite (ONOO"), formed through recombina-
tion of NO and O, radicals resulting from thermal decomposi-
tion of 3-morpholinosydnonimine (SIN-1) in buffered aerated
~agueous solution at pH 7.6, represents a kinetic model system
of the reactivity of NO and O, in biochemical systems. A mag-
netic-field effect (MFE) on the yield of RH detected in this
system is explored in the full range of fields between 0 and
18T. It is found to increase in a nearly linear fashion up to a
value of 55+1.6% at 18T and 23°C (3.1£0.7% at 40°C). A
theoretical framework to analyze the MFE in terms of the mag-
netic-field-enhanced recombination rate constant k.. of NO

1. Introduction

Many biological species, including mammals, birds, reptiles,
amphibians, fish, crustaceans, and insects, are sensitive to mag-
netic fields and can even use the geomagnetic field for naviga-
tion."*! The biophysical, biochemical, and neuronal mecha-
nisms of magnetic-field perception are still mostly hypotheti-
cal. Usually, one of the three following basic principles is fa-
vored: biogenic magnetite particles, electromagnetic induc-
tion, or spin chemistry. The last-named not only provides
possible mechanisms for biomagnetic sensing, but is also of in-
terest as a diagnostic tool for assigning biochemical reaction
pathways.

The field of spin chemistry®® has been developed during
the last 40 years to the level of a mature discipline with a wide
scope of experimental methods and a solid coherent theoreti-
cal basis. It has also found interesting applications in various
biochemical processes in vitro and in vivo. A central paradigm
of spin chemistry is the radical-pair mechanism. If radical pairs
appear as intermediates of chemical reactions, the alignment
of the unpaired spins—whether they are antiparallel (singlet)
or parallel (triplet)—determines the rates of recombination
into reaction channels of different multiplicity or dissociation
of the radical pair. Therefore, any interaction that affects the
electron spins, including an external magnetic field, can
modify the reaction rates and/or yields into different reaction
channels.

Radical pairs are involved in many biochemical reactions.'”
The primary radical pair in photosynthesis has figured most
prominently in the development of spin chemistry and its ap-
plications to biological systems.” "' Radical pairs are often in-
volved in enzymatic oxidation or reduction reactions. Magnet-
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and O, due to magnetic mixing of T, and S spin states of the
radical pair by the Ag mechanism is developed, including esti-
mation of magnetic properties (g tensor and spin relaxation
times) of NO and O, in agueous solution, and calculation of
the MFE on k... using the theoretical formalism of Gorelik at al.
The factor with which the MFE on k.. is translated to the MFE
on the yield of ONOO™ and RH is derived for various kinetic
scenarios representing possible sink channels for NO and O, .
With reasonable assumptions for the values of some unknown
kinetic parameters, the theoretical predictions account well for
the observed MFE.

ic-field effects (MFEs) have been detected in the photolysis of
adenosylcobalamine® and in the horseradish peroxidase cata-
lyzed oxidation of NADH."¥ In the latter case, the magnetically
sensitive intermediate is assumed to be a pair of a spin-triplet
species (high-spin Fe?* complex in the reduced ferroperoxi-
dase) and a spin-doublet species (NAD' radical). The radical-
pair mechanism is also responsible for kinetic effects that can
be found when substituting nonmagnetic by magnetic nuclear
isotopes (magnetic isotope effect)”' Thus, the occurrence of
such effects is diagnostic of the involvement of radical pairs in
a chemical mechanism. Surprisingly, magnetic isotope effects
were recently reported for ATP synthesis by phosphorylating
enzymes,'” where the involvement of radical pairs would be
counterintuitive according to traditional biochemical concepts.
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A number of small inorganic radicals have proven to be of
high significance in medical biochemistry. Thus, inflammatory
processes are intimately related to the oxygen radicals super-
oxide anion O,, the hydroperoxide radical HO,', and the hy-
droxyl radical "OH."® The role of nitric oxide NO as a messen-
ger molecule”"® important in immune defense, cell commu-
nication, and vasodilatory action has become prominent
during the last 30 years and has attracted broad public interest
since the Nobel prize in medicine in 1998 was awarded for dis-
coveries in this field. In vivo recombination of biogenic O,
and NO to form oxoperoxonitrate (ONOO )" has been recog-
nized as an important route to the oxidation of many bio-
chemical targets.”®?? Since a radical-pair recombination is in-
volved, it would be interesting to find out whether such oxida-
tion reactions with ONOO™ are sensitive to a magnetic field.
The focus of interest would not be, in the first place, to ac-
count for external MFEs on biological systems, but rather to
apply such MFEs as diagnostic tools for identifying the mecha-
nism leading to some biochemical oxidation products.

What kind of MFE should one expect for the recombination
of free radicals if they recombine to form a diamagnetic prod-
uct? Recombination requires that the radical pair is in a singlet
spin state. For freely recombining radicals, this will be the case
for one-fourth of all encounters, while for three-fourths of the
encounters the overall electron spin will correspond to a triplet
state and therefore will be unreactive in the first place. Howev-
er, during the overall time period of an encounter, which may
involve several small separations and recollisions on a short
timescale, there is a finite probability of a multiplicity change
due to locally different interactions of the two radical spins
with internal or external magnetic fields.

As an internal magnetic field, the "N hyperfine interaction
(ca. 22 MHz?¥) must be considered too weak to be effective
during the very short encounter lifetime of the NO radical with
the O, radical in a low-viscosity environment. However, spin-
orbit coupling in small linear radicals causes strong alignment
of the spin with the molecular axis. Thereby, the spin will be
reoriented at a rate comparable to molecular rotation times.
Although, in solution, the electrical interaction with the solvent
shell will partially quench the orbital angular momentum, and
thereby decrease the spin-orbit coupling effect, it can be an-
ticipated that spin relaxation and molecular reorientation will
occur on a similar timescale.

The electron spin relaxation time of a radical represents its
spin memory time. If it is comparable to the timescale of an
encounter, radical pairs that initially come together with triplet
spin alignment will also have a chance of reacting during the
encounter. An external MFE on the overall recombination rate
can ensue only if the external magnetic field enhances the trip-
let-singlet conversion process in the radical pair to such an
extent that it becomes comparable to or faster than the spin
relaxation process.”” In spin chemistry, it is well known that
external magnetic fields can induce fast triplet-singlet inter-
conversion in a radical pair by the so-called Ag mechanism if
the two radicals differ in their g factors and the external mag-
netic field is strong.” In such cases, kinetic MFEs ensue even if
spin relaxation takes place during a few picoseconds.”” Al-

though the g factors of NO and O, in liquid solution are not
known, because these radicals escape EPR detection due to
their fast spin relaxation, the difference in their g factors may
be on the order of unity, so that in fields of several Tesla trip-
let-singlet mixing may become fast enough to affect the re-
combination rate constant.

However, so far spin-chemical effects with such small radi-
cals have mostly escaped detection. In two theoretical papers,
though, it was controversially discussed whether the O, radi-
cal may be involved in the hypothetical radical-pair mechanism
on which the geomagnetic compass of some migratory birds
is suggested to be based.?*?”! A spin-chemical effect of the
‘OH radical has been invoked to interpret chemically induced
dynamic electron polarization (CIDEP) effects in some sys-
tems.”®? To the best of our knowledge, the only statistically
reliable MFE on a product yield was reported in a single field
of 47T for an in vitro model system mimicking biological in
situ generation of ONOO™~ by recombination of NO and O,
and irreversible oxidation of a substrate by ONOO~.B% The
overall reaction system starting with the formation of NO and
0, by thermal decomposition of 3-(4-morpholino)sydnoni-
mine (SIN-1) in aerated solution is rather complex. In this work,
we characterize in more detail the kinetic sequence leading to
the final oxidation product rhodamine 123 (RH) formed by oxi-
dation of of dihydrorhodamine 123 (DHR) via the intermediate
ONOO™, and explore the magnetic-field dependence of the
effect in a field range up to 18 T. Based on the experimental
findings we develop a theoretical framework accounting for
the MFE in terms of the spin chemistry of the NO/O,"" radical
pair.

2. Results
2.1. Reaction System

In the literature, interest in the decay kinetics of SIN-1 originat-
ed from pharmaceutical interest in the metabolites of molsido-
min (the N-ethoxycarbonyl derivative of SIN-1), a vasodilatory
drug that has been in use since 1977. A first kinetic study was
presented in 1979 by Asahi etal®" In this study, the basic
steps of SIN-1 transformation were identified in analogy to ear-
lier investigations on sydnonimines (Scheme 1).52%% SIN-1 is
easily protonated (pK,=9.1 at 25°C).®" Thus, at pH 7-8 the
free base is only present as a minor fraction. It undergoes ring
opening to 2-[(4-morpholino)nitrosoaminolacetonitrile (SIN-1A)
with a rate constant k' of about 0.2 min~' at pH < 7.5. The final
product is 2-[(4-morpholinoiminolacetonitrile (SIN-1C). Elimina-
tion of NO was demonstrated later® as well as the role of
oxygen as a one-electron oxidant of SIN-1A producing its radi-
cal cation and the superoxide ion 0, %%

The thermal decomposition of SIN-1 thus becomes a source
of NO and O, radicals. These can recombine in a nearly diffu-
sion controlled reaction. Values of the recombination rate con-
stant derived from pulse radiolysis experiments are in the
region of (3-6)x10°m~'s™',®”) whereas flash photolysis experi-
ments on ONOO™ yielded a recombination rate constant of
1.6x10"m's7' B8
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Scheme 1. Mechanism of thermal decomposition of SIN-1 in aerated solution.

Although recombination of NO and O, is very fast, it is un-
likely that NO and O, radicals created in the decay of the
same SIN-1 molecule will recombine with each other (gemi-
nate recombination). The reason for this is the delay time be-
tween formation of O, and the SIN-1A radical cation and for-
mation of free NO, which requires a prior deprotonation step
at an sp*-hybridized carbon atom. The activation energy of this
reaction step is probably quite high. Furthermore, there is no
strong base to accept the proton. Hence it seems safe enough
to assume that NO release takes longer than 1 ns. During such
a time span, the mean distance of separation of the O, radi-
cal would amount to Ar = 6Dt =27 A®” if a diffusion con-
stant for O, of 1.2x107° cm?s™" is used."”’ Assuming for NO
and O, a recombination radius of 3.6 A" the probability
that the two radicals would recombine with each other in a
diffusion-controlled reaction would be 3.6/27 =0.13," an esti-
mate which probably represents an upper limit.

To assess the kinetics of ONOO™~ formation under the condi-
tions of our experiments, the thermal decay of SIN-1 was stud-
ied spectrophotometrically (Figure 1). The observed UV/Vis
spectra represent the time-dependent superposition of the
specific contributions of SIN-1 (protonated form), SIN-1A, and
SIN-1C. By applying a global fit for six characteristic wave-
lengths (see Experimental Section and Supporting Informa-
tion), the rate constants k,=0.008 min~' and k,=0.018 min™"
(see Scheme 1) could be assigned. Figure 2 shows the time de-
pendence of the concentrations of the three species derived
from the global kinetic fit. Since NO and O," appear synchro-
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Figure 1. Series of absorption spectra for a SIN-1 solution (50 pum) at pH 7.6.
The spectra were taken at time intervals of 10 min.
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means of its facile reaction with
reduced fluorophores such as
dihydrorhodamine 123 (DHR) or
dihydrofluorescein to form their
oxidized forms, which can be easily detected by their strong
fluorescence or absorption in the visible.?** In this work, we
used DHR as a probe for ONOO . In this regard it is important
that DHR does not directly react with the precursor radicals
NO™ or 0, of ONOO™. Regarding the role of H,0,, which
may be formed on disproportionation of O,”, it has been
stated in the literature that “DHR does not react with H,0,
alone”™ (i.e., in the absence of catalysts or enzymes) or “in
the absence of enzymes H,0, oxidized DHR slowly”.“*"! The ef-
fective second-order rate constant for disproportionation of
0, at pH7.6is 1.5x10°m's™" [see Egs. (34) and (35)]. This is
much smaller than the value for the diffusion-controlled re-
combination of NO and 0,.“” Hence, the yield of H,0, in SIN-
1 decomposition will be low, and we consider the fraction of
oxidation of DHR by H,0, as negligible.

50
— SIN-1C
40-

304

C/uM

20+
SIN-1A

0 T T T T
0 5 10 15 20 25

time / h

Figure 2. Time profiles of various SIN-1 species using the rate constants ob-
tained by the global fit of the spectra in Figure 1.

In the literature, there is some controversy about the mecha-
nism of the reaction between DHR and ONOO . A direct reac-
tion between these species is assumed by Kooy et al.”*! and by
Kumar et al.*® In the latter work, a second-order rate constant
of 82x10*m 's ' was determined at pH 7. On the other hand,
from their kinetic observations other authors concluded that
no direct reaction occurs between DHR and ONOO~. While
Glebska et al”” assumed the intermediacy of a protonated
complex between these two reactants, Jourd’heuil et al*® ad-
vocated the role of NO, and OH, the radical decay products of
ONOOH, as active oxidizing species.
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Figure 3. Yield of RH as a function of SIN-1 concentration for various con-
centrations of DHR: data points 50 pm (e), 100 pm (@), 200 M (0), 250 pm
(m), 500 pm (). The solid lines (——) result from kinetic simulations with
Equation (4). They correspond (from bottom to top) to the concentrations:
50 pm (bold line), 100 pm, 200 pm, 250 pm, 500 pm (for details, see text).

To obtain a suitable kinetic representation of RH formation
under our experimental conditions, we measured the yield of
RH for various concentrations of SIN-1 and DHR. To detect the
total yield, the RH signal was measured after a reaction time of
24 h. The results are shown in Figure 3. They can be kinetically
simulated on the basis of the following reaction sequence

[Egs. (1)-3)I:

SIN—1 Y, g, ONOO™ (1)
ONOO~ %, decomposition (2)
ONOO™ + DHR - a, RH + (1 — @,) DHR (3)

In reaction (1), the factor a, accounts for the fact that
ONOO™ is not necessarily formed with 100% efficiency from
SIN-1 because of other decay channels of NO and O,". As
shown in the Supporting Information, the final value of the
yield [RH],, does not depend on the rate F(t) of reaction (1),
and hence the time dependence of this reaction step need not
be explicitly taken into account.

The decomposition of ONOO™ must be assumed to involve
the protonated form and its dissociation into the radicals NO,
and OH. It is assigned a reaction constant k; of about 0.32 5™
at pH7.6"” The reaction between ONOO~ and DHR is as-
signed an effective second-order rate constant k,. Formation of
RH occurs mainly through disproportionation of the radical
DHR'*, which is assigned a yield factor a,. From this sequence
of reactions, one can derive the implicit Equation (4) for the
yield [RH], (for the derivation of Equation (4), see the Support-
ing Information):

[RH].= a,a,[SIN — 1]0+Eln (1
4

(1 1) "

~ [DHR],

A global fit of the data points in Figure 3 yields a,a,=0.7
and ky/k,=40 um. Assuming for k; a value of 0.32s™' leads to

k,=0.81x10*m's™", in fair agreement with the value given in
ref. [46].

2.2. Magnetic-Field Effect

When the reaction of the SIN-1/DHR system takes place in a
magnetic field, a field dependence of the yield of RH is ob-
served. In each experiment, the magnet was loaded with five
or six equivalent samples in combination with an equivalent
set of five or six control samples outside the magnet (for de-
tails, see Experimental Section) Typical results of such an ex-
periment are shown in Figure 4. The RH absorbance values
from the samples in the field are higher than from the control
samples outside the field.
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Figure 4, Absorbance curves for a typical run of a magnetic-field experi-
ment. [SIN-1] =50 pum, [DHR] =50 pm, pH 7.6. In this case the average MFE
(for definition, see text) is 5.3 %.

To analyze the size of the effect and the accuracy of its mea-
surement quantitatively, we define the MFE ¢, on the yield of
RH as Equation (5):

where A, is the average value of the maximum absorbance in
the field and A. the corresponding value of the control.

To reduce the statistical error margin, several such runs with
five or six samples in each were performed for each field value.
The statistics of these experiments are shown for two field
values in Figure 5.

The magnetic-field dependence of the field effect is plotted
in Figure 6. Each data point represents the average of m ex-
periments, each with n samples in the sample holder in the
magnet and in the control. The error bars represent standard
deviations of the averages of the m experiments (see Experi-
mental Section). The solid lines represent theoretical fits, as de-
scribed in the Discussion.
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Figure 5. Histograms of several sets of MFE experiments at 18 and 4.7 T. The
columns indicate the average field effect in each experiment and the error
bars the standard deviation. The column marked by the asterisk represents
the measurement shown in Figure 4.

(517)

8-

(513)

61 (513) T
® P -
> (512) //" i ’
F]ow”

. o
t e
A
sy
e
o
0 , . ' '
0 5 10 15 20
Magnetic Field / T

Figure 6. MFE on the yield of RH in solutions with [SIN-1]=50 um,

[DHR] =50 pm, pH 7.6 as a function of magnetic field. The pair of numbers
(n|m) at each data point represents the number m of experiments each
with a number n of samples. The lines represent theoretical simulations cal-
culated by assuming the following standard values of the reaction parame-
ters: R=3.65A,0=03 A, 7.=14 ps, x=1, and k,=2x10" s7" and q values
ranging from 0.25 (lowest curve), through 0.31 (middle curve), to 0.37
(upper curve); for details, see Discussion.

2.3. Temperature Dependence

While the main body of data was determined at a temperature
of 23°C, several experiments were carried out at an elevated
temperature of 40°C at the highest field of 18 T. The resulting
MFE amounted to 3.1+0.7%, as compared to 5.5+1.6% at
23°C.

3. Discussion
3.1. Characterization of the MFE

The main characteristics of the observed MFE are 1) it requires
very high magnetic fields, 2) it rises monotonically, showing no
saturation up to 18 T, 3) it enhances a product yield. These fea-
tures are characteristic of the Ag mechanism in radical pairs
undergoing unrestricted diffusion.” In this mechanism, the dif-
ferent g factors of the two radicals cause different Larmor pre-
cessions of the electronic spins about the direction of the ex-
ternal magnetic field, which thereby lead to a conversion be-
tween the T, and S spin states of the radical pair at a rate/fre-
quency proportional to the external magnetic field“” [Eq. (6)]:
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Aw/s7'T™' =8.79 x 10'°AgB, (6)

which corresponds to an effective Larmor dephasing time 7, of
[Eq. (7)1:

7. /ps T =11.4/AgB, (7)

The positive MFE on the yield of a diamagnetic (i.e., singlet)
product indicates that the radical-pair precursor is predomi-
nantly of triplet multiplicity, because in that case accelerating
the T,<>S process by a magnetic field will support formation of
the recombination product. The requirement of very high mag-
netic fields could indicate that either Ag is rather small,*” or
that at least one of the two radical species is subject to a fast,
magnetic-field-independent electron spin relaxation process
because, in order to appear as a significant kinetic effect, the
magnetic-field-dependent contribution to the rate of the T«S
conversion process should become comparable to the typical
rate constant of spin relaxation in the radical-pair system.?”! As-
suming, for example, a Ag value on the order of unity, a mag-
netic field of 10 T corresponds to a Larmor dephasing time as
short as about 1 ps.

In view of the crucial role of the radicals NO and O, in the
overall reaction mechanism, it is suggested to scrutinize the
spin chemical option of the NO/O," radical pair to account for
the observed MFE. However, due to the not yet fully under-
stood complexity of the overall reaction mechanism on the
way from SIN-1 to RH, the hypothetical character of this ap-
proach must be emphasized. Nevertheless, the characteristics
of the MFE specified above seem to indicate that at least one
of these small inorganic radicals is involved in one or more
types of radical pairs that may be responsible for the observed
effects.

3.2. Magnetic Properties of NO and O,

The NO and O, radicals both have an incompletely filled mo-
lecular 2xt* shell. In NO, it is populated by just one electron,
while in O, there are three electrons or, equivalently, one
hole. For isolated, nonrotating molecules, the electronic
ground term is split due to spin-orbit coupling with a °IT,,,
and a ’I1;, state as the lowest for NO and O,, respectively. In
these states, the electron (hole) spin is strictly coupled to the
molecular axis, as follows from the g-tensor values of g, =0,
g, =0 for NO and g =4, g, =0 for O,” In solution, the rota-
tional symmetry of the orbitals around the molecular axis (z di-
rection) is broken by the electrostatic interaction with the envi-
ronment. Thereby, the orbital angular momentum is more or
less quenched. For a finite splitting 4 between the 2n¥ and
the Zn:;‘ orbitals, the resulting energy difference between
ground and first excited state of the radicals is given by
VA2 + A2 (see Figure 7).

If spin-orbit coupling with terms of o symmetry is neglect-
ed, the g tensors for the ground state are given by Equa-
tions (8) and (9):¢"
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Figure 7. Spin-orbit coupling and ligand-field effects on level splitting and
energies of the lowest two Kramers doublets in linear radicals.
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where g, is the g factor of the free electron. In Equation (8),
the sign of 4 must be taken into account. It is positive
(120 cm™') for NO, and negative (—160 cm™') for 0, .¢?

The EPR spectra of the two radicals have only been ob-
served in solid media and at cryogenic temperatures.** For
NO, some studies with zeolites as host material were report-
ed.**** Based on a spin-orbit coupling constant of 120 cm™’,
values of 1.77-1.86 for g, and 1.97-1.99 for g , in a study con-
ducted at 77 K by Gardner and Weinberger® have been attrib-
uted to A values of 1000-1600 cm '. In a more recent study
using X-, Q-, and W-band EPR at 10 K, Rudolf et al.®* found g,
=1.85 and 1.88 and g, ~1.99, leading to 4 values of 1300 and
2100 cm™', respectively. For O, early studies in alkali metal
halide host crystals were reported by Kénzig and Zeller.""*®
Depending on the particular type of host, g, values ranging
between 2.2 and 2.5 and g, values between 1.93 and 1.97
were observed. By using A=—160 cm™', corresponding values
for 4 between about 400 and 900 cm ' can be deduced. EPR
of 0, has been also reported in EtOH glass at 95 K®” and in
D,0 glass at 4.2 K with g;~2.07 and g, close to g..*® These
values indicate rather high 4 values of >4000 cm . In protic
solvents H-bonding to O, is probably of major importance.
Evidence of cluster formation of O, with four H,0 molecules
was reported from a study employing IR cluster spectroscopy
and ab initio calculations.*

From these observations we conclude that in liquid agueous
solution, too, the g factors of the two radicals will significantly
deviate from the value g. of a free electron. However, due to
the much stronger, hydrogen bond type interaction of the sol-
vent with O,", this deviation will be more moderate for that
radical than for NO. In the latter, the ligand-field splitting in
liquid solution at room temperature may be significantly small-
er than observed in low-temperature solid matrices, because
the fluctuation of solvation is much faster and anisotropic in-
teractions may be largely averaged out. Hence, assuming a Ag
value between the two radicals on the order of unity does not

seem unrealistic. In that case, according to Equation (7), we
may expect a Larmor dephasing time (To/S mixing time) 7, of
about 1 ps at a field of 10 T. This is short enough to induce ap-
preciable kinetic effects during a radical-pair cage time of typi-
cally several tens of picoseconds. With radical pairs involving
“normal” organic radicals, for which Ag typically is on the
order of less than 0.01, such effects could never be achieved.
However, whether the magnetic-field-dependent Ty/S mixing
becomes kinetically relevant depends not only on 7, but also
on the spin memory time of the radical pair, as determined by
the time constants of spin relaxation.

3.3. Spin Relaxation

In liquid solution, no EPR spectrum of either NO or O, has
been observed. This fact indicates that spin relaxation in these
radicals becomes too fast as they are allowed to rotate. The
most obvious explanation for this must be sought in spin re-
laxation mechanisms related to g-tensor anisotropy. Individual
spin relaxation in each of the two radicals of a radical pair also
affects the overall spin state of the pair. Longitudinal relaxation
(spin-lattice relaxation, characteristic time T,) leads to T,
<(S,T,) relaxation and transversal relaxation (phase relaxation,
characteristic time T,) leads to S&T, relaxation. The latter pro-
cess adds to the AgBy-induced ST, coherent spin-mixing pro-
cess.

There are two ways by which tumbling of the radicals will
stochastically modulate the spin Hamiltonian and thereby
cause electron spin relaxation: spin-rotational interaction (sri)
and g-tensor anisotropy (gta). For spin-rotational relaxation

one has Equation (10):*”

e e e s 10
T, Iy T 9 7, 1
where dg? is given by Equation (11):

397 = (9y-9.)* +2(9,~9.)’ (1)

and g, is the g factor of the free electron.
The orientational correlation time 7. applying to second-
order tensorial quantities can be calculated by Equation (12):®"

4nR*y
T = Wf

(12)

where R is the van der Waals radius of the radical and # the
viscosity of the solvent. Without the factor f, this equation is
valid for so-called “stick” conditions, where it is assumed that
the solvent sticks to the surface of the rotating spherical parti-
cle. Its validity is restricted to particles that are considerably
larger than the solvent molecules. In that case the factor f is
approximately unity. However, for small molecules, this factor
is considerably less than expected from stick boundary condi-
tions, and rather close to that expected from slip boundary
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conditions.”” Under slip boundary conditions deviation of the
molecule from perfect spherical shape is essential.’*?

It is a characteristic property of the sri relaxation mechanism
that T, =T, and that these relaxation times are independent of
an external magnetic field as long as the correlation time of
molecular angular momentum is shorter than the Larmor
period, a condition that will break down only at magnetic
fields much higher than those applied herein.

Equation (10) is not valid for large values of 6g2. It has been
shown in references [63,64] that the effect of molecular rota-
tion captured in Equation (10) can be understood as a conse-
quence of “adiabatic rotation of effective spin” (ARES), that is,
the trajectory of effective spin orientations (the sequence of
states adopted in the 2x2 spin space of the Kramers doublet)
is a unique function of the sequence of positions adopted in
the orientational space of the molecular axis, irrespective of
the values of angular velocity at which the molecule traverses
this trajectory. The rigidity at which the (effective) spin follows
the molecular axis is defined by the y tensor, and dg? in Equa-
tion (10) should be replaced by 3y2 For weak spin-orbit cou-
pling or strong ligand-field splitting (1 <A4) 632 = d¢?, and the
spin follows the rotation of the molecular axis only very loose-
ly. For strong spin-orbit coupling or weak ligand-field splitting
(A>A), in linear radicals 5}7 approaches a value of 2. In that
case, Equation (10) no longer holds, but z, approaches a limit-
ing value of 7.°"

In case of the gta spin relaxation mechanism, there are dif-
ferent expressions for T, and T, [Eqs. (13) and (14)]:*

11 2 Wl

T, =30 99 T g "
1 _ 1 5.3 1 2 (037:(

7= E(g"_gl) Wy T, +@(9\|*gl) T+ wn (14)

We can assess the contributions of the various mechanisms
in a semiquantitative manner using Equations (10)-(12) if we
can make reasonable estimates of the orientational relaxation
times z.. We will base these estimates for the NO and O," radi-
cals on a comparison to suitable reference molecules rather
than on an attempt to calculate the factor f in Equation (12)
from first principles. For CS,, which we use as reference for NO,
an experimental 7, value of 1.4 ps was determined in neat CS,
at 20°C (y=0.36 cP).*® It was shown by Hu and Zwanzig"*?
that this value is in correspondence with a value of f obtained
under the assumption of perfect slip conditions, while it would
have been about 7.2 ps if perfect stick conditions had applied.
For NO in aqueous solution the viscosity is higher (=
1.002 cP), and the molecule is smaller and less prolate than
CS,, but slip conditions between this molecule and the solvent
may not be perfect. We therefore assume that for NO in water
we should use a similar value as for CS, in CS,, that is, 7.= 1.4 ps.

The interaction of O, with the solvent water is stronger
than that of NO. As far as the size of the molecule and its inter-
action with surrounding water is concerned, we may well com-
pare it with the interaction of a H,0 molecule with surround-
ing D,0, a situation for which 7. of the water molecules has
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been determined as 2.5 ps.””’ Therefore, we use this as a value
for O, too.

Before considering the possible range of relaxation rates to
be expected for NO and O, based on the mechanisms out-
lined above, we briefly mention the idea of another mecha-
nism of spin relaxation for linear radicals in solution, sketched
by Brocklehurst for the ‘OH radical, but in principle also appli-
cable to the O, radical.®® The basic idea of this mechanism
was already suggested for symmetric aromatic radical anions
by McConnell in 1961.°% Phrased for the case of the "OH radi-
cal, it is based on the idea that eventual sudden collapses of
ligand-field splitting due to ruptures of hydrogen bonds will,
for short times, create situations in which the spin will sudden-
ly feel strong spin-orbit coupling and, since due to the sudden
perturbation it is not in an eigenstate of the current spin Ham-
iltonian, will precess around the molecular axis. For a spin-
orbit coupling constant on the order of 100 cm™', complete
spin reorientation would be achieved in about 0.1 ps. To assess
the real contribution of this mechanism to spin relaxation one
would have to specify the frequency of such ligand field jumps
and the time span available for free spin evolution under the
spin-orbit coupling Hamiltonian. Although it is conceivable
that the spin relaxation contribution of this mechanism may
be substantial, to the best of our knowledge, this theory has
not been developed to a more quantitative level. Moreover,
the applicability of the quantum theoretical sudden-perturba-
tion case, as invoked in that mechanism, cannot be taken for
granted, considering that the splitting between the lowest two
Kramers doublets (cf. Figure 7) varies between several 1000
and 100 cm™', while the average thermal energy at room tem-
perature corresponds to about 200 cm . If the perturbation
due to the dynamic change of the ligand field is treated as
adiabatic, the effect on the spin may become much smaller,
unless rotation of the ligand field is involved, which brings us
back to the ARES interpretation'®*" of spin-rotational interac-
tion. In any case, the approach chosen in this work can be con-
sidered as a reasonable basis for estimating the correct order
of magnitude of the rate of spin relaxation in a NO/O," radical
pair.

In Figure 8, the contributions of the various spin relaxation
mechanisms are plotted as functions of the magnetic field. In
calculating these functions, the g-tensor components were de-
rived from Equations (8) and (9). Within that g-tensor model
they depend on just one parameter x=A/4. The spin-orbit
coupling constant may be considered as independent of the
medium, but this is not the case for the ligand-field splitting
parameter 4. Although some information on this value for NO
and O," is available for solid low-temperature matrices from
the measured g-tensor values, it is unknown which values
should be used in liquid aqueous solution at room tempera-
ture. Therefore, we consider different orders of magnitude for
x. As representative values we chose x==+0.1 (the negative
sign referring to the O, case), values that roughly describe
the findings in the cryogenic hosts, and x=+1 corresponding
to a strongly reduced ligand-field splitting, as may be conceiv-
able for the situation at room temperature in liquid solution,
where the solvation shell of the radicals is dynamic and less or-
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Figure 8. Comparison of field dependences of relaxation rate constants and S/T, mixing frequency. k,;: spin-rota-
tional relaxation (1/T, =1/T,), 1/T, for gta mechanism, 1/T, for gta mechanism, Aw: angular frequency of S/T,
mixing according to the Ag mechanism assuming a “normal” counter-radical of the radical considered.

dered. It may be surmised, though, that the ligand field re-
mains much stronger for the O, radical ion than for the neu-
tral NO radical.

Apart from the curves for (1/T; ;)i (1/T))gia @and (1/T,)ga the
diagrams in Figure 8 also show the magnetic-field dependence
of the Ag-type coupling Aw [cf. Eq. (6)] between the S and T,
states of the radical pair. For these calculations, Ag was ap-
proximated as Ag =< g > —g. where < g > represents the
isotropic g value of the radical considered, and it was assumed
that it is paired with a counter-radical for which spin-orbit
coupling effects on the g value are negligible.

For x=40.1, the pictures for NO and O, are very similar.
Over the full field range, T,-type spin relaxation is dominated
by the sri mechanism. Regarding the T, process, the gta contri-
bution surpasses that of sri relaxation above 5-10 T. However
(1/T))ga always remains far below Aw of the coherent S/T, tran-
sitions.

At higher values of x, that is, smaller ligand-field splitting,
the situations for NO and O, are quite different. This is be-
cause as the absolute value of x increases, g, and g, move
away from g,, both for positive (NO) and negative (O,) values
of x, but they both get smaller for NO, and thus reduce the
value of < g >, whereas for O,” g, gets larger and g, smaller
than g, so that their effects are compensated when taking the
average < g >, and this quantity changes only little. In conse-
quence, (1/T,,),; increases strongly both for NO and O, . The
same is true for (1/T)),, which, however, increases more
strongly for O, than for NO, but even in the latter case stays
clearly below (1/T, ,); up to 20 T. Such a quantitative difference
between NO and O, is also seen in the curves for (1/T,)g,.
This value increases more strongly for O,, surpassing the
value of (1/T, ,); at about 4 T, while in the case of NO this hap-
pensonly at 18 T.

x=-0.1 =220 g =1.991 <g>=2.06 B, T

posedly larger ligand-field split-
ting of O, in water, it is as-
sumed in the following model
calculations on the MFE that the
properties of NO will dominate
the spin dynamics, whereas O,
will be assumed to behave like a
“normal” radical.

10 15 20

3.4. Modeling the Kinetic MFE on Radical Recombination

As was pointed out in the Introduction and at the beginning
of the Discussion, it is reasonable to assume that the MFE on
the recombination rate of NO and O, (or of one of these with
some other radical) is due to the Zeeman effect of the external
magnetic field on the two radical spins, which induces triplet/
singlet transitions in the pair during their encounter and thus
allows to some extent recombination of radicals that enter an
encounter with initial triplet spin.”” As noted when explaining
Scheme 1, the radical recombination is predominantly between
radicals created from different SIN-1 precursor molecules, such
that no a priori spin correlation exists between them (so-called
F-pairs).”" Quantitative theories to deal with such situations
have been provided by Mints and Pukhov’? and by Gorelik
etal’? The treatment by the latter is based on integral en-
counter theory” and is more general. Thus we base our calcu-
lations on the equations given there (for details, see the Sup-
porting Information).

According to reference [73], the recombination reaction is
described in terms of Scheme 2 adapted to our reaction

5 .
3k, [NO-...05]
2NO- +20y Agya
T(
iy
TIN T INO-..0y]

Scheme 2. Kinetic scheme characterising the spin-chemical assumptions un-
derlying the theoretical treatment. (Adapted from ref. [73].)
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system. The radical pairs are formed at diffusion controlled
rate modified by a spin statistical factor of '/, for each of the 4
spin substates. The rate constant kg4 is given by Equation (15):
ky = 4nRDN, (15)
where R is the reaction distance, D is the sum of the diffusion
coefficients of the two radical species, and N, is Avogadro’s
constant. The reaction is assumed to occur in a reaction zone
of thickness ¢ wherein its rate constant is assigned a value of
W,. This quantity specified, the bulk second-order rate constant
k. of radical recombination under conditions where diffusion is
infinitely fast would correspond to Equation (16):
k, = 4RO W, N, (16)

It is important to distinguish the (not directly observable, vir-
tual) reaction rate constant k, which we call “true” reaction
rate constant, from the observable rate constant k., which we
call “apparent” rate constant. If no spin conversion takes place
during the encounter of a radical pair only those radical pairs
encountering with singlet spin could react. In that case the ap-
parent second-order rate constant k., would be given by
Equation (17):7*

ko 1 Kk (17)
4ky + k,

In reality, radical-pair encounters with triplet spin can also
lead to recombination if during the period of geminate re-en-
counters the multiplicity changes, a process that can occur
through spin relaxation in the individual radicals and/or coher-
ent motion of the electron spins in the external magnetic
field.” To estimate the maximum effect a magnetic field can
exhibit on k.., one could assume that the field would make
the conversion between S and T, infinitely fast. In that case
these two spin substates would behave as two states each
with 50% singlet character. Accordingly, Equation (17) would
change to Equation (18):

w1 k% 1 kek,

= = 18
R P P e

Hence, the limiting high-field MFE ¢;° on k.. would be
given by Equation (19):
ke — K 1

o0 __ rec ree <1

[/ — P —_ ‘Ig
" B  142% (19)

rec

It depends on the ky/k, ratio and it could reach a value as
high as 100% in the limit k. >kg. In principle, the increase of
ke With increasing rate of Ty/S transitions is due to the fact
that it is more efficient to distribute the reactivity over more
than one state, even though the reaction rate constant for
each of these states is reduced in proportionality to its singlet
character. In reality, the individual spin relaxation processes of
the two radicals contribute to the rate of Ty/S (and T./S) tran-
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sitions. Therefore, k.. in zero field is already larger than k2.
Furthermore, at finite fields the field-induced T,/S process is of
finite rate. Therefore, k.(Bo) is always smaller than £, and the
value of @}’ is always smaller than that given in Equation (19).

In the theoretical papers mentioned,”>’* the kinetic prob-
lem is solved by taking explicitly into account diffusion with
geminate re-encounters, coherent Ty/S mixing by the external
magnetic field according to the Ag mechanism, and incoher-
ent T,2T=S<T, transitions according to individual spin re-
laxation in the two radicals. In ref.[73] the simpilification is
made that spin relaxation in only one of the radicals is relevant
and that transversal and longitudinal relaxation times are
equal, that is, T, =T,. For the purpose of a semiquantitative es-
timation this approximation is not a serious one. In the discus-
sion above, arguments were provided that it is the NO radical
that carries most of these properties and in comparison to
which O, might be treated as a “normal” radical.

In reference [73], an analytical, albeit quite complex, expres-
sion for the dependence of k. on the parameters of the
model is given (see the Supporting Information) [Eq. (20)]:

krec = krec(Ag i BO) Ts, kr)o,R‘D (20)

In our model calculation, the parameters 6, R, and D are
kept fixed. For D we use a value of 3.4x107° cm?s™' and for R
a value of 3.65 A, as given by Bott et al.*” For o-bond forma-
tion, a reaction zone ¢ of 0.3 A seems physically reasonable, al-
though the absolute value of this parameter is not important
as long as it is small and the reaction rate constant W, in this
zone [and hence k, cf. Eq.(16)] is a free fitting parameter.”®
Two characteristic times derived from the parameter values
given here are 7, the average time of diffusional separation of
a radical pair, and 7., the dwell time of the radical pair in the
reaction zone [Egs. (21) and (22)]:

RZ
rd:5:39ps (21)
7, = % =3.2ps (22)

The value of the orientational relaxation time .= 1.4 ps was
already given above.

To provide an idea of the parameter dependence of the MFE
on k., in Figure 9 we show characteristic curves for this MFE
as a function of the “effective field” AgB, bringing about the
coherent transitions between T, and S. The different curves
refer to a variation of the spin relaxation time 7. The MFE
strongly increases as 7, gets longer. At the same time, the
main rise of the MFE is shifted to lower fields. For r,—o0, the
limiting MFE at infinite field reaches the value that is predicted
by Equation (19) (see Table 1). An interesting point is the curva-
ture of the MFE in the region from 0 to 20 T. A rough measure
of the concavity of the curves is given by the ratio of the MFE
at 20 and 10 T. A value of 2 would be expected for linear be-
havior, while values greater than 2 indicate upward concave
curvature, and values less than 2 downward concave curvature.
It follows from Table 1 that the curvature behavior changes be-
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Figure 9. Magnetic-field effect on k. as a function of the effective magnetic
field AgB, for various values of spin relaxation time z, (from bottom): 1, 5,
20, 100, 500, and 10° ps. Values of fixed parameters: k,.=5x10"m~'s™",
D=34x10°cm’s", R=3.65A,6 =03 A.

Table 1. Ch c values for the parameters used in Fig /
; 0 P (20)
Tc [pS] Phee (20) [%] P (00) [%] m
1 4.1 16.30 2.67
5 18.7 34.62 1.57
20 36.4 53.30 1.30
100 54.9 71.88 1.19
10° 80.3 96.39% 172
[a] Agrees with the limiting value of ¢ _ (o) according to Equation (19):
96.39%

tween 7.=1 and 5 ps. This point will be of some significance
when comparing the theoretical simulations with the observed
MFE.

In Figure 9, some general predictions of the spin chemical
model of NO/O,"~ recombination specified by Scheme 1 are
presented. To sharpen the focus on this concrete system, we
need to employ the specific magnetic properties of these radi-
cals, as discussed above. Using Equations (8)-(14), we can ex-
press the essential spin-chemical parameters 7, and Ag as func-
tions of just one parameter x=A4/4, the ratio of spin-orbit cou-
pling constant and ligand-field splitting in the NO radical.

When investigating the dependence of the MFE ¢ on the
parameter x, it is found that it steeply rises with x up to a max-
imum around x=:0.2, after which it decreases slowly. This find-
ing is rather independent of the reaction rate constant k, over
a wide range of the latter parameter (see Figure S3, Supporting
Information). On the other hand, for x=0.2, the curvature of
the magnetic-field dependence of ¢,  is rather pronounced
[curvature parameter ¢ = g, _(20T)/¢; (10 T) ~ 1.45] and
gets considerably less (c—1.75) if x is allowed to reach a value
of 1 (Figure S4, Supporting Information). In Figure 10 we show
the predicted field dependence of the MFE ¢, for x=1 and
for several values of the true reaction rate constant k,. Interest-
ingly, the curves obtained do not vary in a monotonic way
with k. The MFE ¢,  at 20 T passes through a maximum at k,
~120x10°m~"s™". At this point also the curvature (see Table 2)
starts to decrease and continues to do so up to k=~ 1000Xx

0.204
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. 6
& 0.101 2
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0 5 10 15 20

Bo/T

Figure 10. Magnetic-field effect on k. as a function of the magnetic field
for various values of the reaction rate constant k, (in units of m~'s™"): 1) 10%°,
2)2x10'", 3) 5x10', 4) 1.2x10", 5) 10", 6) 10", All spin parameters were
derived from Equations (8)-(12) by using A/4 = 1. For the values of the
other parameters, see Table 2 and Figure 9.

le 2. Characteristic values of MFE for the parameters used in Fig-
ueldd =

k e | (- [ Pk, (20)
10°M7'sTT] ke [10°M7s7T] o (20) [%] @ (00) [%] o 0)

10 17 6.6 8.8 1.32

20 2.5 10.4 14.1 1.35

50 3.6 15.4 222 1.42

120 4.3 18.0 28.5 1.51

10% 49 14.8 34.7 1.68

0 5.0 11.6 358 1.63

[a] The values of the spin parameters employed (r,=4.6 ps, 0g? =2.69,
Ag=0.86) were derived from Equations (8)-(12) by using A/4 =1.

10°m~"'s7". Note, however, that in the limit of very high field,
@x,.. does increase monotonically with k, (see Table 2).

The rationale for an increase of the MFE ¢, was given in
the discussion of Equation (19). It is strictly valid in the limit of
infinitely high magnetic field. At finite field, however, increas-
ing k. is tantamount to introducing a lifetime broadening of
the RP singlet state. This leads to a slowing down of the S/T,
conversion process for a given coupling strength (AgB,), but
can be overcome if the coupling strength is increased corre-
spondingly.’”’ From a comparison of the curves in Figure 10
with the size and the apparently linear behavior of the experi-
mental MFE ¢, shown in Figure 6, we conclude that a k, value
on the order of (200-1000) x 10° would be suitable to account
for the observed effects. (For a connection between the theo-
retical MFEs on k.. and the observed MFE on the yield of
ONOO™, see below.) While such an order of magnitude for k,
seems very high, it does not lead to unrealistically high values
for k. (cf. Table 2), which, however, is a matter of course, since
k. is bounded by k;. When discussing the relevance of the k,
value, one must convert it to W, [Eq. (16)], the first-order rate
constant in the reaction zone. For k,=200x10°m~'s™!, we
obtain W,=10"s"" corresponding to a vibrational frequency
of about 300 cm™". It seems reasonable to assume that forma-
tion of the ON—OO~ bond is activationless, and sliding down
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the bonding potential surface might well occur on a timescale
comparable to a low-frequency molecular vibration.

3.5. Modeling the MFE on the Product Yield

The last step of a theoretical simulation of the MFE on the re-
action yield Y of the recombination product ONOO™ is to relate
the values of k.. and Y. Although all the details of side reac-
tions of NO and O, are not precisely known, or too complex
in their entity, it is clear that such reactions must exist because
a MFE on the yield Y can follow from a MFE on k.. only if the
yield is less than 100%, that is, only if there is competition be-
tween radical recombination to form ONOO™ (and from it RH)
and some other “sink channels” of NO and O, that are less
sensitive to a magnetic field.

To see how the MFEs on k.. are mapped to the MFEs on Y, it
is useful to consider the mathematical relation between the
two kinds of MFEs in a rather general way. The total magnetic-
field effect on the yield can be expressed as an integral over
the differential magnetic-field effect on the yield [Eq. (23)]:

(23)

Taking into account the dependence of Y on the kinetic pa-
rameters we can expand this as Equation (24):

By

1 [ [ 0Y ) dke
o=y, (ak—) ag, %%

0

(24)

To first order we may assume that the dependence of Y on
k. does not depend on the magnetic field and hence rewrite
Equation (23) as Equation (25):

By
1 /09y " dK,ec
i V(; (akrec>o. dB, dBo
0

which can be rewritten as Equation (26):
By

p— 1 dY krec‘o dkrec dB
R \ D) o] OBy
0 (26)

B k,ec,o aY
TV \ Ok ) o Pl

This means that there is a direct proportionality between ¢y
and g, the two types of magnetic-field effects, with the pro-
portionality constant g between them given by Equation (27):

_ krec,o (()Y
- YO Okrec 0
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(27)

To establish some general relations between the constant g
and the yield Y we consider the following generic kinetic situa-
tions.

1) The sink channels for NO and O, are assumed to be
both of first-order kinetics. In this case the following rate equa-
tions hold [Egs. (28) and (29)]:

g[gl_to_] = ky[SIN — 1A] — k. [NOJ[O; ] — k" [NOJ (28)
d[;)t;] = kZ[SlN - 1A] . krec[NO] [02-] i k;” [02_] (29)

There is no analytical solution for the product vyield as a
function of the rate constants in this situation. So the system
of differential equations was integrated numerically in order to
determine Y as a function of k{" and k" for fixed values of all
the parameters determining K.

2) The sink channels for NO and O, are assumed to be
both of second-order kinetics with the following rate equa-
tions [Eqgs. (30) and (31)]:

dNo)

5 (30)

= kZ[S|N T 1A] - kre([No] [Oz_] - k$2) [No]z

Q.

0] _ ky[SIN — 1A] — ke [NOJ[0;] — k[0, ] 31)

dt

For this case it can be shown (see the Supporting Informa-
tion) that the yield Yoyoo- of ONOO™ is independent of k, de-
termining the rate of formation of the radicals, and it is given
by Equation (32):

k’EC

k'CC + v k$2)k£2)

We will assume that the yield Y of RH will be directly propor-
tional to Yonoo- and not depend on a magnetic field, so that
the MFE on both will be equal.

From Equations (27) and (32) we can directly calculate the
factor g relating @yand g . The result is Equation (33):

k$2)k;2)
gus—a " ==
e + /KO

So, in this case, the factor g and the yield Y are directly relat-
ed in a linear fashion, independent of the individual values of
k) and k.

3) Case of mixed first- and second-order sink channels: In
this case, too, numerical integration had to be employed.

The results of our calculations of the factor q are plotted
against the values of the product yield Y for large variations of
k", k" kP, and k¥ in Figure 11 for cases 1)-3). Not only in
case 2), where this was derived analytically, but also in the
other two cases the results fall on single lines, that is, in all
cases the value of g is uniquely determined by the value of Y,
independent of the individual values of k{" and k{" in case 1,

YONOO

(32)

(33)
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Figure 11. Dependence of factor g on the product yield. Solid straight line
(—): case of second-order sink channels. Open circles (0): case of first-
order sink channels. Closed circles (®): case of mixed first- and second-order
sink channels. The lines through the data points represent fit curves follow-
ing the empirical relation g = b(1-Y)/(Y+b) with b=0.80 (first order) and
1.74 (mixed first and second order).

of k? and k?in case 2, or k{", and k) in case 3. For the con-
stant set of all other rate parameters used, the relation be-
tween g and Y is not linear, but upwardly concave, that is, as Y
increases q is always lower than in the linear case. The curve
for the mixed-order sink channels runs between those of pure
second-order and pure first-order.

We may briefly comment on the possible chemical nature of
the sink channels. Assuming that the yield of ONOO™ in the
decomposition of SIN-1 is around 0.5, as will be substantiated
below, our calculations show that it would be required that
the geometric average of k{*, and k{” be on the order of 5x
10°m~'s7" in the case of second-order kinetic sink channels, or
the geometric average of k{" and k{" should be on the order
of 257" in case of first-order (or pseudo-first-order) kinetic sink
channels. According to the literature, the most prominent
decay reaction of O, is its disproportionation [Eq. (34)]:7

HO," 4+ 0, + H,0 — H,0, + 0, + OH"~ (34)

with k(34) =9.7X 107 M ~! 5_1.
[Eq. (35)]:

It involves the pre-equilibrium

0,"” + H" = HO, (35)
with an equilibrium constant Ks=6.25x10%. Assuming that
the protolytic equilibrium is rapidly established, for pH 7.6 one
can deduce an effective second-order rate constant of 1.5x
10°m~'s™' for the disproportionation of O,. This order of
magnitude is far below the value required to decrease the re-
combination yield of NO and O, appreciably.

For NO, one could discuss the third-order reaction
[Eq. (36)]2(79]
2NO + 0, — 2NO, (36)

with k{3 =6.3x10°M 57", For an O, concentration of 280 ym
in air-saturated aqueous solution at room temperature, the re-
action becomes pseudo-second-order with a rate constant of
kg;)=1.8)<102M_lS_]. This value is far below that of a nearly
diffusion controlled radical recombination reaction and there-
fore cannot decrease the recombination yield of NO and O,

So, for neither NO nor O, are there obvious candidates of
second-order reactions to account for a reduced vyield of
ONOO™, necessary to explain a.MFE. On the other hand, if the
required rate constant of 2s™' for a first-order kinetic sink
channel is interpreted as a pseudo-first-order rate constant, re-
action partners present in as low as 107°~10~°m concentration
could be relevant if they react with these radicals at moderate
rate, that is, with rate constants of 10°-10°m 's'. In this
regard, even potential impurities of for example, Fe** ions
present in one of the buffer components might have an effect.
Thus, it is known that at pH 7.6, EDTA complexes of Fe** react
with O," with a rate constant of 7x10°m~'s™'.*%¥ According to
the supplier’s analysis, Fe is present in our p.a. quality KH,PO,
with a concentration of <0.001%, which would amount to
<1.6 uM in the sample solutions. The DTPA complex of Fe**
formed in our case would probably not be less reactive than
the EDTA complex. However, at the present stage of investiga-
tion no further, specific information on the assignment of the
active sink reactions for NO and O, can be given. They will
be explored during further work in progress.

3.6. Comparison of the Theoretical MFE on k. with the
Experimental MFE on the Yield of RH

Figure 6 shows, together with the experimental data points of
the MFE on the yield of RH, three theoretical curves, calculated
by assuming the standard values of the reaction parameters:
R=34A 6=03A t.=1.4ps, x=1,and k.=2x10" s (yield-
ing a value of k,.=5.1x10°m~"'s™") and values of 0.25, 0.31,
and 0.37 for g. These values would correspond to relative
yields of ONOO™ of 0.75, 0.69, and 0.63 in the case of second-
order sink channels, and 0.57, 0.50, and 0.43, respectively, in
the case of first-order sink channels. As can be seen, the theo-
retical curves fit the experimental data surprisingly well.

3.7. Temperature Dependence of the MFE

A preliminary experimental test of the temperature depend-
ence of the MFE yielded a decrease of the value of ¢,=5.5%
at 18 T to ¢y =3.1%, that is, a relative reduction by 45%, on in-
creasing the temperature from 23°C to 40°C. Qualitatively, a
reduction of the MFE on ¢, _ is to be expected if, all other pa-
rameters being unchanged, the spin relaxation time of the rad-
ical pair decreases, because this increases the rate of T/S transi-
tions independent of an external magnetic field, so that the
field-induced contribution to this process will lose in relative
weight.

Considering a more quantitative analysis of the temperature
effect in the framework of the present theory, we must take
into account a temperature-dependent change of solvent vis-
cosity # from 1.002 mPas at 23°C to 0.653 mPas at 40°C, of
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the diffusion coefficient D from 3.4x107°cm?s™' to 5.5x

107 cm?s™", and of the spin relaxation time z, from 4.67 ps to
2.88 ps. Leaving all the other parameters constant with values
used as a standard set (see caption of Figure 6), we calculate
that ¢y is reduced by 25% on increasing the temperature
from 23 to 40°C. This is not quite as big as observed for ¢y
but of the right direction and order of magnitude. In view of
the many parameters that might be optimized, a better agree-
ment would be certainly fortuitous.

4. Conclusions

We have shown that there is a significant MFE on the yield of
a reaction product, the formation of which involves recombi-
nation of two small inorganic radicals, NO and O,"". As was de-
tailed in the theoretical analysis, the MFE shows all characteris-
tics of a field-induced acceleration of the free (i.e., nongemi-
nate) recombination of the two radicals. If this interpretation
were confirmed, the effect would represent the first evidence
of spin-chemical behavior of these radicals, which have escap-
ed so far magnetic resonance detection in liquid solution. We
are aware, though, that without more experimental evidence
on the postulated reaction scheme, and in particular the chem-
ical nature of the necessary sink channels for NO and O,", the
interpretation remains hypothetical.

The theoretical treatment of the spin-chemical kinetics of re-
combination of NO and O, was carried out in the framework
of a simplified spin-chemical scheme” wherein the g tensors
of the radicals are assumed to be isotropic, or the anisotropy
averages out on the timescale of the geminate recombination.
Further development of the theory would require that the
spin-orbit mixed nature of the radical-pair substates and the
anisotropy of the spin Hamiltonian together with the dynamics
of molecular rotation are explicitly taken into account.”

Experimental Section

Reagents and Sample Solutions: Standard phosphate buffer solu-
tions of pH 7.6 were prepared from deionized water, K,HPO,, and
KH,PO, (>99.0%, Fluka) by mixing 50 mm solutions of K,HPO, and
KH,PO, in a ratio of 9:1 (v:v) and adjusting to pH 7.6 by controlled
addition of the deficient component using a glass electrode. To
eliminate traces of transition metal ions, diethylenetriamine penta-
acetic acid (DTPA, >99.0%, Fluka) was added at a concentration of
1 mm. The buffer solution was stored at —20°C. Stock 1 mm solu-
tions of SIN-1 (3-morpholinosydnonimine hydrochloride, Sigma) in
pH 7.6 buffer and dihydrorhodamine 123 (DHR, Sigma, >95%) in
acetonitrile were also stored at —20°C after preparation.

Determination of ONOO™: The yield of ONOO~ on decomposition
of SIN-1 was determined by means of the reaction of ONOO™ with
DHR producing rhodamine 123 (RH) with a characteristic optical
absorption band at 500 nm (¢=78500M 'cm™') as a stable prod-
uct. To determine the amount of accumulated RH, optical absorp-
tion spectra of the incubation mixtures were taken, and the ab-
sorbance in the maximum of the RH absorption band converted to
RH concentration. For measuring the yield of RH in a set of sam-
ples from one magnetic-field experiment, the absorption of each
sample was measured in the same cuvette (path length 1 mm).
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After each absorption measurement, the cuvette was rinsed with
water, then with acetone (chromatography grade), and finally
blown dry with a gentle flow of dry air or nitrogen. The spectra
were taken on a Shimadzu UV-2401 or a Varian CARY 50 UV/Vis
spectrometer.

Magnetic-Field Experiments: For measurements at 4.7 T (Novosi-
birsk), a 200 MHz NMR magnet (Bruker Avance 200) was used, and
for measurements at zero field and between 7 and 18 T (Konstanz)
a Nb,Sn superconducting magnet (Oxford Instruments) was used.
In the latter magnet, the field could be continuously varied from 0
to 18 T. For each magnetic-field experiment, 5.0 mL of a fresh incu-
bation mixture was prepared after allowing the stock solutions
taken from the refrigerator to thermalize. For example, for a reac-
tion solution to be 50 pm in SIN-1 and DHR, 4685 L of buffer were
mixed with 250 pL of SIN-1 and 65 pL of DHR stock solutions. From
this mixture, 400 uL each was transferred into 10-12 1600 pL Ep-
pendorf cups, of which 5-6 samples were incubated in the field
and 5-6 samples were left as controls. In each experiment, the ex-
posed group of samples was placed in the bore of the magnet in
the region of maximum field, and the group of control samples
was placed at the top opening of the bore, where the measured
magnetic field was about 1 mT for the 475T field in the Bruker
magnet. Such a low field can be neglected for the purposes of this
study, but the described placement of control samples helped
reduce the difference in the temperatures of the exposed and con-
trol samples down to several tenths of a Kelvin. For the experi-
ments in the variable-field magnet, a special sample holder for the
two groups of samples was designed. For both control and in-field
samples a tandem sample holder consisting of two cylindrical
parts, each with, openings to hold three Eppendorf cups was avail-
able. All cylinders were threaded on a system of three brass rods.
The distance between the in-field tandem and the control tandem
was about 1 m. When the in-field tandem reached the center of
the field the control was just above the top of the opening of the
magnet bore. The fringe field at the control amounted to about
0.3% of the central field, which causes a negligible error for the
MFE. The cylindrical sample holders had a water jacket and were
connected to a thermostat. (for details, see the Supporting Infor-
mation). In each of the two tandem compartments of the holder
one position was occupied by a dummy sample with a thermocou-
ple junction to control the temperature. The temperature differ-
ence between control and in-field sample holders was recorded
throughout the reaction period, and it was made sure that the
temperature difference between them was kept within 0.3°C. The
thermostat also allowed experiments to be performed at elevated
temperature (40°C). Since SIN-1 decomposition and DHR-123 oxi-
dation are light-sensitive,**®" the samples were kept in the dark
by wrapping the Eppendorf cups in aluminum foil. After preparing
the reaction mixtures, the samples were immediately transferred to
the magnet and were allowed to react for 24 h before analyzing
the yield of RH.

Evaluation of the Experimental Data: The magnetic-field effect was
calculated as the relative difference between the average absor-
bances of RH in the two groups of samples. To exclude doubtful
results, the Q criterion with a confidence probability of P=0.95
was applied, and at most one, if any, outlier value was excluded
from each sampling. The standard deviation of the determined
magnetic-field effect was calculated by using the law of error prop-
agation. The magnetic-field effect in a single experiment and its
standard deviation were calculated by using Equations (37) and
(38):



(37)

where ¢ is the sought magnetic-field effect, s, its standard devia-
tion, A,, and A, are the average optical densities of the groups of
samples in the maximum of the RH-123 absorption band (500 nm)
for exposed and control samples, respectively, and s,and s. are
their respective standard deviations. The average magnetic-field
effect and its standard deviation over several experiments at the
same magnetic field were calculated by using Equations (39) and
(40):

o(6,) = 2 0E)

2 [i(Bo) — @(Bo))®

54(Bo) = m—1

where the @; are the average MFEs of the individual sets of alto-
gether m experiments at the same field.
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