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Monte Carlo simulations of the effects of weak magnetic fields on the recombination of interacting radical
pairs undergoing free diffusion in solution have been performed, with the aim of determining the influence
on the low field effect of the magnetic dipolar coupling between the radicals. The suppression of-singlet
triplet interconversion in the radical pair by the dipolar interaction is found to be pronounced at magnetic
field strengths comparable to the hyperfine interactions in the radicals, to the extent that the low field effect
is completely abolished. The averaging of the dipolar coupling by the translational diffusion of the radicals
around one another is relatively efficient in the presence of strong magnetic fields but becomes ineffective in
weak applied fields where the strength of the dipolar interaction is independent of the orientation of the
inter-radical vector. Low field effects are only likely to be observed if the motion of the radical pair is restricted

in some way so as to increase the likelihood that, having separated to the large distance required for the
dipolar interaction to have a negligible effect, the radicals subsequently encounter and have the opportunity
to recombine.

Introduction Radical pair reactions respond to applied magnetic fields
) o because their chemistry is controlled by the magnetic interactions
It has been known for some time that magnetic fields of 1ess 4t the two unpaired electron spins, one on each radical. Chemical
than 1 mT can influence the rates and yields of radical pair reactions in solution create radical pairs in spin-correlated states,
reactions.”" Although the origin and properties of the chemical  gjther singlet (antiparallel electron spins) or triplet (parallel
foects of stronger magnetic fields {0 mT) are well character- spins) according to the spin multiplicity of the precursor
ized both experimentally and theoreticaly,” many details of  mgjecules. Rapid recombination of the geminate radical pair to
the so-called low field effect (LFE) have yet to be elucidated. f5m diamagnetic products usually only occurs via the singlet
The need to understand more thoroughly how magnetic fields giate (3 consequence of the Pauli principle), whereas pairs in a
that are weaker than the intrinsic magnetic interactions in free triplet state tend to escape from the solvent cage, diffuse apart
radicals can nevertheless affect their reactivity has three main g undergo different reactions on a slower time scale. The
origins. First, magnetic field effects (MFEs) have proven to be ¢yciq| factor underlying the MFE is that singlet and triplet states
powerful sources of information on the chemistry, kinetics, are coherently interconverted by the various magnetic and spin
dynamics, and spin relaxation of transient radicals, and LFES jhieractions experienced by the two electrons, in particular the
have the potential to give information not available from pynerfine couplings to magnetic nuclei and Zeeman interactions
experiments at higher fields. Second, the LFE has been discusseg;ith external magnetic fields. An applied field affects the yields
in the context of putative biological effects of nonionizing - of reaction products by modulating the singtétiplet inter-
electromagnetic radiatiohan area that seems to be in need of nyersion process and so altering the competition between
a physically plausible mechanism to guide experiments aimed gcombination of singlet pairs and escape of triplet pairs.
at understanding the biochemical origins of any genuine MFE. The dependence of the LFE on the number, magnitude, and

; : Tl5 o i
Third, there is a proposaf"> which has recently received distribution of electror-nuclear hyperfine couplings in the two

32?:;”&:%;%?%@ tr?::icﬂ:%dnjggha%lsg gynév\r;'c;[i:r']gs radicals that constitute the spin-correlated radical pair has been
9 H 9 studied in some detdil!” In the context of the LFE, much less

aid may rely on a magnetic field-sensitive radical pair reaction work has been done on the effects of the electraiectron

ﬁ\stgreitp{émdagt); rr:]n?r?g?;Zri%irgi%rc;nlzsotrjr?életrh\?vi?caegiszc;ﬁé 'lt_I':sngspin—spin interactions and their modulation by the relative
translational motion of the radicals in solution. The general

can be expec’Fed and i_n parti_cul_ar to un_derstand thg r_ole IOIE’Wedfea'[ures of the MFE on a static radical pair with a fixed radical
by intra- and inter-radical spin interactions and their interplay

with the diffusional dvnamics of reacting radical pairs radical separation, in the absence of radicablical interactions,
y 9 pairs. can be stated as follows. For a radical pair formed initially in
a singlet state and able to recombine only from the singlet state,

et*ef“r‘]g‘rzr@gen‘ioc:;easgmde”Ce- Fax+44 1865 275410. E-mail  ne | FE, if present, is seen as a fall in the recombination yield
P t University of Oxford. when th(_a field is increased from zero, _foIIowed by a more
*Kings College. gradual rise that levels out when the field is much stronger than
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the root-mean-square hyperfine interacttoithe minimum in a jump is taken from a spherical Gaussian distribution with
recombination probability occurs at a magnetic field strength mean zero and standard deviatiq@Dsét, where 8t is the
somewhat smaller than the average hyperfine coupling. Thetime-step. Both radicals have been taken to have the same
whole magnetic field effect, including the LFE, has the opposite iffusion coefficientDs, although this is not necessary, because
phase if the radical pair is formed in a triplet state. The LFE oy the relative diffusion of the pair is relevant. The spin
owes it existence tdegenerateero-field states of the radical  o\o1ution of the radical pair wave functioff(t) at the end of

pair spin system, which are no longer degenerate in the presence,, .1, time-step is calculated as

of a weak magnetic field. Because the exchange interadtion
between the two electron spins removes some or all of the
degeneracies that exist in zero field, one might expect the LFE
to be destroyed or significantly attenuated for electron Zeeman R
interactions @usB/h) weaker than] (g is the g-value of the assumingit is small enough that the spin Hamiltoniklt) can
radical andB is the strength of the applied magnetic fiefd). be regarded as time-independent during the intdrval + ot.

For freely diffusing radicals in solution, however, the steep The propagator in this expression is calculated by numerical
decay of the exchange interaction with increasing radical diagonalization ofA(t) at the beginning of each time step. At
radical separatioR becomes important. Geminate radical pairs each step the probability of an encounter is calculated, condi-
are normally formed in solution, e.g., by photoinduced bimo- tional on the simulated pair separation distance at the start and
lecular electron or hydrogen atom transfer, at a separaidn ( the end of the time-step. This method, the Bessel bridpas
nm) whereJ(R) > gugB/fi such that the Zeeman interaction is the virtue of removing all discretisation errors from the

ineffectual for singlettriplet interconversion. However, in encounter probability [N. J. B. Green and S. M. Pimblott,
nonviscous solvents, the radicals are able to diffuse apart rapidly npuplished work].

to a separation at whicB(R) < gugB/h allowing the Zeeman . .
interaction to influence the interconversion of the singlet and When the radicals encounter one anotheR(at R*) during

triplet states of the pair. If the radicals subsequently diffuse back heir random walk, they are allowed to recombine with a
into contact after a period of spin evolution in this exchange- Probability equal to the square modulus of the singlet character
free region beyone-1 nm they once again experience a strong oflllf(t) at the time of the encounFer. FoIIowmg an unreactive
exchange interaction, but by then the weak field has had its (Iriplet) encounter the wave function of the pair is set equal to
effect on the wave function of the radical pair, and all the the projection of W(t) on the triplet subspace. Thus the
exchange does is prevent further spin evolution. It can thereforeecombination of singlet pairs is treated as diffusion controlled,
be anticipated thaf(R) should not affect the LFE too much  Whereas triplet pairs are totally unreactive. Acceptable statistics
provided the radicals have a reasonable probability of first for the ultimate singlet recombination yietlis were obtained
separating to a point at whici{R) is small and then returning by calculating 40,000 diffusive trajectories, for=0t < 400

to allow recombination of singlet pairs to occur. ns.

Qualitatively similar, but quantitatively different effects can  pjstance-dependent time steps were used to accelerate the
be anticipated for the magnetic dipeldipole interaction  simylation. Because of the use of the Bessel bridge encounter
between the two electron spins, arising out of the different ,opapility, which is exact for all step sizes, the time step only
strength and range of the dipolar coupling and its dependencepgq s to be sufficiently small that (i) the spin Hamiltonian can

on the_ orie_ntation O.f the radical _pair With. respect to t_he magnetic be assumed constant throughout the step (angular diffusion) and
field direction. The influence of inter-radical dipolar interactions (ii) there should be no significant possibility of an unreactive

on the spin evolution of radical pairs Is customarily assumed encounter followed by spin evolution and a subsequent reaction
to be negligible. To the best of our knowledge, only two detailed L . L .
; . . [l within the same time-step. The minimum time step used (at
theoretical studies have been published and both were focuse . . .
short separations) was 10 ps, and the maximum time step

on the electron spin polarization observed at high fields in time- . .
pin p J permitted was 100 ps. In between, the time step was calculated

resolved electron paramagnetic resonance sp&citalere, we . .
present the results of a Monte Carlo simulation study of the such that there was a probability of 0.95 that the relative change

effects of weak magnetic fields on the recombination of N the interparticle distance was less than 10%.

interacting radical pairs undergoing free diffusion in solution,  To test the simulation code (in the absence of inter-radical

with the aim of determining how dipolar couplings between interactions), and to assess how closely the recombination yield
the radicals affect the magnitude of the LFE. has approached its asymptotic limit in 400 ns, exact solutions
of the stochastic Liouville equation were obtained for compari-

son. The method used [N. J. B. Green, unpublished work] is
similar to the approximate method described by Hansen and
. . . . Pedersen?® except that it is not a steady-state method but gives
Finite difference techniques have been used extensively t0yhe 1| | aplace transform of the time-dependent density matrix,

calcn;late_ ”‘L‘? Sp'.rlll dynamics of o(l;ffu5|_r1bg rid|cal_pa|rs dusmg thel it permits the pairs to be formed at an arbitrary initial separation,
stochastic Liouville equation to describe the spin and motiona rather than at the encounter distance, and it does not make the

i 0,21 1
dynamics?%2! Although probably the method of choice when approximation that some of the off-diagonal density matrix

all interactions are isotropic, this approach becomes less . .
oo . . elements are zero at the encounter distance, thus retaining the
attractive in the presence of anisotrép$? because it becomes . : .
coherence of the triplet states in an unreactive encounter.

necessary to include a full three-dimensional description of the
diffusive motion. Consequently, we have adopted the Monte ~Monte Carlo calculations were performed for a one-nucleus
Carlo simulation approach described by Green and colledgi#és.  radical pair in which one of the radicals carries a single
The diffusion of each radical is modeled as a free diffusion in spin/> nucleus. The spin Hamiltonian comprised terms for the
a continuous three-dimensional space, sampled with discreteisotropic Zeeman interactions of the two electrons spins, an
time steps, in which the three-dimensional particle displacementisotropic electror-nuclear hyperfine interaction, and electron

W(t + ot) = exp[—iH(t)o]P(t) 1)

Methods
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TABLE 1: Default Values of Parameters Used in the Monte 4 r "
Carlo Simulations N
W\
a g R = M X B Ds 3+t AN — /D]
1mT 20020 1nm 05nm O 16T 2L4ni 100mes* ) i\ o jg:;?:
. . o I IR —-— JB=428
electron exchange and dipolar interactions (in angular frequency \ Vo B
units): E - R/ om
N & L& s e 1, 5 ¢ 3 o 1'
H=gugBy(Sy, + S) + al*S— IR) > +25,:§) + = 3
HoRQ) ) & -1t
where R is the radicat-radical distance,Q2 specifies the -2 r
orientation of the radical pair, and the magnetic field is along
thez-axis. The other quantities have their customary meanings. -3
As usuak??” the exchange interaction is assumed to depend
exponentially onR: -4 L
Figure 1. Exchangel)(R) (broken lines) and dipolaD(R) (solid line)
J(R) = Jy exp=p[R— R¥) 3) interactions used in the simulations (in mT on a logarithmic scale) as

a function of radicatradical separatiorR for R* = 0.5 nm,J, =
whereR* is the encounter distance agids a range parameter. 16 T, ands = 10.7 nm* (short dashed), 21.4 nth(long dashed), and

: ; ; ; ; 42.8 nnt! (dot—dashed). The magnitude of the hyperfine interaction
Lg;”ftmgrfgrm in-eq 2 is the usual dipolar coupling "1 indicated by the horizontal line at log, ©/mT) = 0.

0.43 T T T T r T

Hy(RQ) = Z_;Vezh SAF-:B 3(SA'RI)q(555'R) "

A modest improvement in the speed of the calculation was
obtained by assuming the exchange and dipolar interactions to
be negligible forR > 5 nm.

0.42

In the following, it will be convenient to use the customary ¢ 041
dipolar coupling parametdd(R):
3 o Ve
07e 0.40
DR =—7— 5
R= 5 ®)
The spin evolution arising from the nuclear Zeeman interaction, §6p , ; , i ) , , :
the difference between the two Zeeman interactions (kg “ o 2 4 6 8 10
mechanism”), and the anisotropic parts gftensors and magnetic field / mT

hyperfine interactions is considered negligible for the rapidly Figure 2. Monte Carlo simulations of the radical pair recombination
tumbling radicals and low field strengtt8 € 1 mT) considered. yield ®s as a function of applied magnetic fieRlaveraged over the
These terms were not included in the spin Hamiltonian. three values oby, 0, 45, and 90: (circles) J(R) = 0, D(R) = 0;

The initial condition for the radical pair was taken to be a gfrci‘:%ﬁ:s)%g)i 8' g((RR)) :oo%ﬁcgﬂ?;ucftsyéﬁ)e:o?} h':;(';;rjm%ters
singlet state aR = RO g R*’.Wlth gqual prob_a_b_|I|t|es_ of th_e used here and for’ all subsequent figures are given in Table 1. The
my = 41/, nuclear spin configurations. The initial orientation

. D L . X standard deviations of the calculatéd values are~0.0014.
of the pair, which is in principle important when the dipolar

coupling is included in the calculation, is given By the angle  the direction of the interparticle vector is randomized on the

between the radicalradical vector and the-axis. (In reality, time scale of the spin evolution. Each of the four traces in Figure
all values of cosfl are equally likely for an isotropic initial 5 shows the MFE averaged over three initial orientations of
distribution.) Unless otherwise stated, the default values given yhe radical pair with respect to the field direction. That the values
in Table 1 were used for the various parameters. The values s ®s are somewhat below 0.5, can easily be understood. If
for Jo and8 were taken from a study of acyl-ketyl biradics  here were no singlettriplet interconversion, the radical pair
and are typical for radical pairs in solution. The distance \qy|d remain as a singlet, every encounter would be reactive
dependence af(R) andD(R) used in the simulations is shown  5nq¢s would equal the probability that the radicals encounter,
in Figure 1. i.e., R/Ry (= 0.5 in this case). However, singtetriplet
interconversion, driven by hyperfine interactions and modified
by Zeeman, exchange, and dipolar interactions, causes some
The calculated magnetic field effect on the singlet recombina- encounters to occur in an unreactive triplet state leading to a
tion yield ®s att = 400 ns for 0< B < 10 mT is shown in lower recombination yield.
Figure 2 in the presence and absence of the exchange and dipolar The following features of the MFE can be noted in Figure 2.
interactions. No significant dependence@was found when (1) In the absence of the dipolar interaction, there is a
the dipolar interaction is present, and none was expected orpronounced LFE with a minimum & ~ 0.5 mT. (2) The
found in its absence (not shown). Evidently the translational exchange interaction causes a general increase in the product
motion of the radicals around one another is rapid enough thatyield, an effect that is a little more pronounced at low fields

Results
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0.39 L ||3= 428 magnetic field / mT magnetic field / mT
o 2 4 6 8 10 Figure 4. Monte Carlo simulations of the radical pair recombination
magnetic field / mT yield ®s as a function of applied magnetic fieRifor three values of

i H ] — 9 m2 o1 (pi 10 m2 o1
Figure 3. Monte Carlo simulations of the radical pair recombination the diffusion coefficientDs = 10 m® s * (circles), 10%° m* s

yield ®s as a function of applied magnetic fileBifor three values 1of ,(J?gyirec?)o?g;j ieér?g Jl(%himgng(s% ;A%)J(IZ))): J&)Dﬁ% :D?R)(Bi)
Eggu(:r(ggi ngned rzg%en[;? {;2;%53)1:0&)%?}?) (i"g'e(sg) S(le)l ;m(]) 0. The standard deviations of the calculated values are~0.0024.
The standard deviations of the calculated values are~0.0024.
slower diffusion rates that have yet to encounter by the end of

such that the depth of the LFE minimum is slightly reduced by the Monte Carlo calculation (400 ns).
the presence af(R). (3) The dipolar interaction, however, has ) )
a profound effect at low field. Whether or not an exchange Discussion
interaction is present, the LFE is abolished D{R) leaving A. Exchange Interaction. The influence of the exchange
almost no field-dependence between 0 and 10 mT. (4) BY jnteraction on the calculated singlet yield is not unexpected.
contrast, the dipolar interaction has only a minor effect at high The increase inbs caused byd(R) arises from inhibition of
field. singlet-triplet interconversion, an effect that is more pronounced

The exact asymptotic solution of the stochastic Liouville the longer the range of the interaction. The effecti@) on
equation forJ(R) = D(R) = 0 (not shown) has essentially the the LFE is greater than at higher fields because the crucial
same field dependence and LFE as the corresponding Montesinglet-triplet mixing process is slower at low field. In general,
Carlo simulation except for a field-independent offsetig of whenB < a, an exchange interaction stronger ttawill inhibit
~+0.015. This small discrepancy, which does not affect the spin evolution in the radical pair, whereas fBr> a, the
qualitative conclusions of the present study, arises from the exchange must be stronger thamo have a significant effect.
radical encounters that occur after the 400 ns time-limit of the The range of separations for whid{R) is important is therefore
Monte Carlo simulations. If the Laplace variable in this larger at low field than at high field (and larger for smalr

calculation is set equal to (480s) ™, instead of zero, the exact Additionally, we note that there is no evidence here fa} “2
solution becomes indistinguishable from the Monte Carlo resonances” arising from the level crossings of the singlet state
simulation. with the Ti; or T_; triplet state3°—33 Although similar in

Figure 3 shows the effect of the range of the exchange appearance to the LFE, these features should become more
interaction, with and without dipolar coupling. As anticipated, pronounced as the range of the exchange interaction is increased,
the larger the region of space in which singlaiplet inter- in contrast to the behavior shown in Figure 3.
conversion is inhibited by the exchange interaction, the larger  B. Dipolar Interaction. Essentially similar effects are found
the value of®s. This is true whether the dipolar interaction is  for the dipolar interaction, except that the suppression of
present or not. Doubling or halvingy, keepingg fixed at the singlet-triplet interconversion, as judged by the valueday,
default value has a negligible effect on the MFE (not shown). is much more pronounced at low field, to the extent that the

Finally, Figure 4 explores the influence of the diffusion rate. LFE is completely abolished. This arises becabD¢R) has a
As the motion becomes faster, the radicals encounter on a shortemuch longer range than the exchange interactions considered
time scale, leaving less time for conversion out of the singlet here: D(R) does not fall below 0.5 mT until the radicals have
state, resulting in an increased recombination yield and a smallerseparated by 1.8 nm, compared to 0.99 nm for the default
LFE (for D(R) = 0). The dipolar interaction abolishes the LFE, exchange interaction. The volumes of the space in wbi@R)
as before, and has a greater effectdanat high field when the and J(R) are greater than 0.5 mT (aRl> R*) are 22.8 and
diffusion is slower. The exact solutions of the stochastic 3.5 nn¥, respectively.

Liouville equation for theJ(R) = D(R) = 0 case (not shown) On this basis, one would also expect the dipolar interaction
have the same field dependence as the Monte Carlo calculationgo increasebs significantly at high field: in factD(R) is rather
but are offset to higher singlet yields. The offsets).06, less effective in this respect thal{R). This—at first sight
~0.015, and~0.0 for Ds = 1079, 10719, and 10 m? s, surprising-result arises from the orientation dependence of the

respectively, reflect the larger number of radical pairs at the dipolar interaction. In a strong magnetic fieB,> D(R), the
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electron spins are quantized along the field direction, and the

dipolar interaction is purely anisotropic, with a (3 éds— 1)

dependence on the anglebetween the field direction and the
inter-radical vector. This interaction averages to zero for

sufficiently rapid and extensive modulation @by the relative

translational diffusion of the radicals around one another. Hence,
D(R) is less important at high field than might otherwise be
expected, especially for fast diffusion, as found in the simula-

tions.
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