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The magnetic field dependence of photoinduced geminate hydrogen (electron) transfer processes originates
from a Brownian motion of radical pairs, a hyperfine coupling, and Zeeman-induced precession of the
unpaired electron spins and a spin-selective recombination. In this paper we introduce a Wiener path
integral description for these processes. This approach entails an integration over all possible diffusion
trajectories of two functionals, one that weights the diffusion paths according to the laws of Brownian
motion, and a second that accounts for the spin motion and recombination of the radical pairs. This
formulation maintains a close connection with the actual physical processes and is suitable for microscopic
radical reaction processes under quite general circumstances. For the path integration we employ a Monte
Carlo method, and for the electron spin precession we adopt a semiclassical approximation. The theory is
then applied to the magnetic field dependence of a photoinduced hydrogen transfer process involving a
ketyl-hexyl radical pair recently observed with nanosecond time resolution at fields of a few kG. It is
argued that the magnetic field dependence observed cannot be reconciled with a simple hyperfine-coupled
Zeeman-induced spin motion. Finally, a simple analytical expression for the magnetic field dependence of
geminate radical pair recombination at high magnetic fields is presented.

Recombination of radical pairs in high magnetic fields: A
path integral-Monte Carlo treatment

. INTRODUCTION

Photochemical hydrogen abstraction involving gemi-
nate radical pair processes has played an important!
albeit somewhat controversial®® role in the understand-
ing of the effect of chemically induced dynamic polariza-
- tion of electron and nuclear spins. Theoretical de-
scriptions based on the radical pair and triplet mecha-
nisms have only provided a qualitative explanation of
the observed NMR and ESR spectra, However, for a
detailed understanding of radical pair processes, com-
parisons with such spectra, which are hampered by a
poor time resolution as far as the geminate processes
are concerned, can hardly be satisfactory. In this re-
spect spectroscopic observations with a time resolution
in the nanosecond range provide much needed informa-
tion (cf. Ref., 4-6). Such measurements have been car-
ried out recently by Staerk and Razi Naqvi’ on hydrogen
abstraction processes and, in this paper, we will pro-
vide a corresponding theoretical description, The the-
ory applied is well developed in principle. We will carry
out our calculations, however, in a novel way applying
the Wiener path integral method,® which seems to be
eminently suitable for the description of microscopic
solvent processes. Our analysis is based on a recent
semiclassical solution of the dynamics of the electron—
nuclear spin motion.?

. Photoinduced electron and hydrogen transfer processes
produce in a ps to ns time range radical pairs, which:
either form geminate recombination products by back -
transfer within a few nanoseconds or separate into long-
lived (us) radicals. The geminate process involves the
diffusion of the radicals within the so-called solvent
cage. The geminate recombination depends on the spin
multiplicity of the radical pair, which determines if
triplet (if energetically accessible) or singlet products
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are generated. It had been demonstrated that the spin
multiplicity is governed by a coherent precession of the
two unpaired electron spins of the radical pair (e.g.,
Ref. 4-6), the precession resulting from the hyperfine
interaction between electron and neighboring nuclear
spins as well as the Zeeman interaction with any applied
magnetic field, The precession starts from a pure quan-
tum (singlet or triplet) state, then alters the relative
orientation of the electron spin pair thereby determining
the spin multiplicity of the geminate recombination prod-
ucts. A variation of the applied magnetic field modulates
the spin precession and, hence, the yield of recombina- .
tion products,

Recently, Staerk and Razi Naqvi’ observed a magnetic
field effect on the recombination of the photogenerated
ketyl-hexyl radical pair as presented in Fig. 1. Benzo-
phenone in its triplet state (°B*) populated by an ns laser

initial radical pair
K-+ 7R
1(2K'. +2R')
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FIG. 1. Energy and reaction scheme for the photoinduced
hydrogen abstraction processes involving the ketyl radica
(see text). ’
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pulse at time £=0 abstracts hydrogen from the hexane
solvent (*RH) to generate a ketyl-hexyl radical pair
’K . +%R - in the triplet state

B* +IRH~3(K - +2R.) .

In the course of the subsequent spin precession the radi-
cal pair assumes partial singlet character

3CK- +2R-)-1(K-+?R ) .

The generation of the pair is also followed by a Brownian
motion leading to the separation of the pair after repeated
reencounters, which for a time of a few nanoseconds,
give the system a change for hydrogen back transfer to
the singlet ground state 'B +'RH. The latter can occur
only if the radical pair has adopted a singlet alignment
of its unpaired electron spins. An external magnetic
field alters the amount of singlet spin character of the
pairs. As a result, the repopulation of B +!RH will be
changed and, complementarily, also the concentration
of ketyl radicals K. at a time after geminate reen-
counters cease, i.e., at about £{> 10 ns. At later times
homogeneous recombination, which is independent of the
applied field, will deplete the radicals. Staerk and Razi
Naqvi monitored with a secondary laser pulse the con-
centration of ’K - at time 7=38 ns, i.e., at a time after
the geminate re-encounters have taken place but before
homogeneous recombination becomes important. These
authors found that a field of 6 kG reduces the zero field
concentration of K - by about 8%, and they explained
their observation by the spin mechanism outlined.

- The generation, diffusion, spin motion, and recom-
bination of a radical pair is described by coupled diffu-
sion equations each representing the concentration of
pairs in the different electron~-nuclear spin states.!® In
Ref. 5 and 6 we employed a solution procedure, which
in practice is rather limited, e.g., to spherically sym-
metric situations in the absence of exchange interaction.
Here we will adopt instead the well-known path integral
approach to diffusion processes, which traces for a suf-
ficiently large number (~2000) of radical pairs the dif-
fusion trajectories generated by a Monte Carlo proce-
dure. This approach mimics the actual histories of the
recombining radical pairs and can be generalized readily

“to anisotropic situations including exchange interactions.

In Sec. II we describe the spin precession of the ketyl—
hexyl radical pair. It is argued already at this point that
the observed magnetic field dependence of the recombina-
tion process cannot be reconciled with a hyperfine cou-
pling and Zeeman interaction-induced electron spin mo-
tion. In Sec. III we introduce the path integral formula-
tion of diffusion processes combined with a coherent spin
motion and spin-selective reactions. In Sec. IV we cal-
culate the magnetic field dependent yield of the ketyl-
hexyl geminate recombination , Finally, in Sec, V, we
present a model for which the high field geminate recom-
bination yield is given by a simple analytical expression.

tl. SPIN MOTION

The unpaired electron spins in the ketyl and hexyl radi-
cals carry out a coherent motion which is induced by the
hyperfine interaction between electron and nuclear spins,
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by the Zeeman interaction with an external magnetic
field B and, in case the radicals come into contact, by
an exchange interaction. The spin Hamiltonian govern-
ing this motion is

H=H +H,+J(r)($+8;-8,) , 1
'-H,-=<giuB/ﬁ+Z a,.,,I,,;o S , @)
kR

where H, ({=1,2) contains the intramolecular Zeeman

- and hyperfine intéractions (g; is the g value, a;, are the

hyperfine coupling constants, and I;, the nuclear spins
of radical i) and J(r) represents the strength of the in-
termolecular exchange interaction., H neglects the
smaller nuclear Zeeman terms as well as all anisotropic
contributions to hyperfine coupling and g values. J(r)
rapidly decreases to zero with increasing radical sepa-
ration », ' The intramolecular spin interactions are only
of order 107 eV and, upon approach of the radicals,
J(r) far exceeds H, +H,, This results in a freezing of
the spin motion in the contact region of the radicals,

As the radicals reside in this narrow region of a few A
width only for very short times, the exchange interac-
tion can be neglected for most of the life span, In this
Section we will assume therefore J(r)=0, The influ-
ence of a nonvanishing exchange interaction will be con-
sidered in Sees, III and IV.

The hyperfine coupling constants of the ketyl radical
11
are""; .

4xay=2,52.G,
4%ay=0.82 G, o 3)
2Xay=3.50 G .

In lieu of hexyl coupling constants we assumed the cou-
pling constants of its butyl relative, It is not evident,
however, if hydrogen abstraction by B* leads to the
hexyl, sec-hexyl or tert-hexyl radical or a mixture
thereof, We opted quite af’bitrarily for a sec-hexyl
structure and assigned the sec-butyl coupling constants:

1%a,=21.8 G,
3Xay=24.5G, ¢
2Xay=27.9G.

We may note, however, that the hexyl radical probably
exhibits somewhat weaker hyperfine coupling judged by
the  sum of all coupling constants amounting to 151 G for
the sec-butyl radical and to 104 G for the 3-butenyl
analog of butyl, 12

The quantity which governs the ketyl-hexyl recombina-
tion 'CK - +?R -)~'B+'RH and, hence, the concentration
of ketyl, is the probability 2 ¢(¢) that the radical pair ex-
ists in the singlet state (K. +2R.) at time ¢, In eval-
uating this probability for a ketyl-hexyl pair generated
initially (#=0) in a triplet state >(K- +?R-), we employ
the semiclassical approximation developed by Schulten
and Wolynes,® The probability is

D) =3(tr[Qs(t) QL (0)]y . (5)

@s and Qr are the projection operators on the subset of
singlet and triplet states, respectively, The treatment
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FIG. 2. Comparison of the singlet probabilities of a ketyl—

hexyl vadical pair starting (£=0) in the triplet state at differ-
ent magnetic fields. ‘

in Ref. 9 takes no account of a possible difference in the

- g values of the radical pair which plays an important role
in the high field behavior of the geminate recombination
process, However, the corresponding modification of the
the theory is a trivial matter and we will quote explicitly
those expressions for p ¢(¢) which deviate from the ones

- given in Ref, 9, .

At zero field the Zeeman term in (2) vanishes and,
hence, the expressions of Ref. 9 still apply, i.e.,

ps)=5[1 - g(t/r)g /)], (©)
where _ '
g@k)=4[1-2(1 -2x%) exp(-4?)] ,
and®®
,T;a:‘é‘ik: a%klgh(klik'f'l) . (7)

At field strengths such that the Zeeman term g; uB/%
exceeds in magnitude the hyperfine term },a;,I;, the
Hamiltonian H couples only the states S, and T, leaving
the nuclear spin configurations unaltered, This situa-
tion holds for field strengths much greater than J; ,a;,
~171 G, i.e., for fields above 1 kG. In the high field .
case the interaction responsible for the coupling of S,
and T, is (the magnetic field B is taken parallel to the
z axis)

V=%[(g1 ~g.)uB/r+ ; Qg My, — Z: az; sz] (S1e=S2e) -

(8)
At short times the singlet probability at zero field ex-
ceeds its values at high field as long as the Ag=g,~4;
contribution to V is negligible. However, since this con-
tribution increases linearly with the field, sufficiently
high fields will make p¢(¢) ultimately exceed its zero
field values, For the evaluation of the high field singlet
probabilities one needs to modify the expressions of
Ref, 9 slightly:

ps®) =411 ~cos(awt) et/ e (t/1.)], (9)

where
e (x) =exp(~x?)

31

and (10)

Aw =(g] —gg) lJ.B/h- .

The singlet probabilities evaluated by means of Eqgs.
(6)-(10) are presented in Fig. 2. Unfortunately, the

g values of the ketyl-hexyl pair are not known, We as-
sumed a value Ag =102 which probably represents the
upper limit of the actual value.'* The results in Fig, 2
demonstrate that the ketyl-hexyl pair develops about
20% singlet character soon after its generation. An ex-
ternal field of 1 kG reduces the singlet probability. A
further increase of the field strength, however, induces
an increase in the probability values, Yet, rather large
fields above 10 kG are needed to exceed the zero field
singlet probability at short times, This finding is at
variance with the observations of Staerk and Razi Naqvi’
who reported that fields of a few kG suffice to de-
crease the concentration of the ketyl radicals below the
zero field value. For this to happen the Ag contribution
must be at least of the same magnitude as the average
hyperfine contribution of (8), i.e.,

1/2
AgB:n[%Zaik] =138 G, (11)
iR

which corresponds (Ag=0,01) to B~14 kG, A smaller
Ag value would raise this field even higher, For fields
smaller than 14 kG to be effective the hyperfine coupling .
must be significantly weaker than 138 G.

The following remark regarding the contribution of
the Ag effect is of importance: the factor cos(Awt) ac-
counting for this effect in Eq, (9) is multiplied by fy z(¢)
=e (/1) e (t/7,). The factor fy z(¢) decays to zero
and, hence, attenuates the Ag effect with time. The
origin of this behavior is the spread of nuclear spin con-
figurations in a random sample of radical pairs which
entails a corresponding spread of spin precession fre-
quencies, leading to a decay of “spin memory” of.the
sample as a whole,

i1l. PATH INTEGRAL DESCRIPTION

The magnetic field modulated recombination of radical
pairs entails a coherent spin motion and a Brownian mo-
tion and is described by a stochastic Liouville equa-
tion.5%1° Under conditions which prevail in most cases
the Liouville equation can be reduced to two coupled dif-
fusion equations for the concentration of radical pairs
in the singlet state c4(r, ) and in the triplet state cp(r, ),
respectively, 5°

= osr, 1) =[DV =ks(r)]eglr, 1) +55 1) loslr, ) +erx, 1))
(12a)

-:—tc,-(r, 1) =DVc,(r,t) =ps(t) [cs(r, ) +epx,)] . (12b)
r denotes the relative distance between the radicals, ¢
the time since generation, DV? is the free diffusion op-
erator where D is the (relative) diffusion constant, s(r)
describes the domain in which hydrogen back-transfer
takes place [fdrs(r)=1], and  is the rate of this reac-
tion, The solution of Egs. (12a) and (12b) is subject to
the initial condition .
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cg(r, t=0)=0, (12¢)
cp(r, t=0)=1I(r), (124)

fixing the spatial distribution I(r) of the radical pairs in
the triplet state at =0, We will assume [drI(r) =1,
i.e., we want Eq. (12) to describe a single pair, pg(f)
denotes the probability that the radical pair has adopted
singlet character in case no reaction takes place, i.e,,
k=0, InRef. 6 we applied a solution procedure to Eq.
(12) based on a finite difference approximation which,

- however, is limited to rather restricted physical situa-
tions, Here we want to adopt instead the path integral
approach,

Path integration, introduced by Wiener, has been
widely employed for the description of Brownian mo-
tion.® Applied to Eq. (12) the Wiener path integral,

(ry8)

gs,r[r(®)]
(rg,¢0)

X exp [_$ t: i‘(t')zdt'] de®],  (13)

cs,r(r, /14, 49) =

gives the probability for a radical pair starting the dif-
fusion process at distance r, at time ¢, in the triplet state
to appear at distance r at time ¢ in the singlet [c(r, #/
To, )] or in the triplet [c,(r,#/ry, #,)] state. The integra-
tion extends over all diffusion paths r(¢) connecting
(ro, ), i.e., rty)=ro, and (r,#). The contribution of
each path is weighted by the exponential functional
exp [— = ‘f‘(t')zdt'] . (14)
4D/,
The paths are characterized in addition by the functional
gs,r[r(¢)] which accounts for the spin motion as well as
the spin-selective recombination 'K +’R .)-!B+!RH
of the radical pair, gs,r is defined through the first or-
der differential equations

aslr@®]=p s(Mgs [r@®)]+q, [r(E)]} ks [r(O]g5[r )],

(15a)

@ o[r@®]= =5 {gs[r®)]+q-[r@®)]}, (15b)
subject to the initial condition

gs[r(0)]=0, ~(15¢)

gr[r(0)]=1, (15d)

These equations bear an obvious interpretation,

The actual evaluation of the path integral (13) is car-
ried out by a Monte Carlo technique.”® The path r{f) is
represented by pairs (ro, o), (ry,t,), (rs,2,),..., (ty, ty)
=(r,t) and ¥=(r; —r..,)/(¢, -#,.,) is assumed constant in
the time intervals [t,-.l, t,]. The weight (14) correspond-
ing to this path is I, exp[- (v, —r;.,)?/4D(; —¢,.,)]. One
chooses therefore the pairs (ri, t;) in a random fashion
s0 as to conform to this weighting, i,e., one first selects
Aty =t; —t;., and then chooses the distance dy=ry -1,
from the Gaussian distribution

[4n DAt, ]/ exp[~d2/aDAt,] . (16)

(In actuality we adopted a Monte Carlo procedure which
takes advantage of the spherical symmetry imposed on
the radical recombination process.) While propagating
the reaction path the functionals ¢4, ,[r(t)] are being in-

Recombination of radical pairs

tegrated. In effect this calculation procedure mimics
the diffusion path of a radical pair and, therefore, main-
tains a close connection with the actual physical process
of the magnetic field modulated recombination. In this
respect this method is superior to a straightforward
numerical integration procedure as has been adopted,
for example, in Ref. 6, Also, the Monte Carlo tech-
nique is quite flexible and lends itself to the treatment
of phenomena such as an exchange interaction, which
would be exceedingly difficult to deal with otherwise.
The major drawback of this technique is that large
amounts of computer time are required to simulate
enough pairs in order to reduce statistical uncertainties
to an acceptable level,

In the following we present a brief account of the nu-
merical procedures involved in our Monte Carlo approxi-
mation to the path integral (13). The calculation is be-
gun by generating an ensemble of radical pairs at 4, =0,
in a pure triplet state, Since the probability of recom-
bination in any time interval [¢,, ¢,.,] is quite small it is
appropriate to follow an ensemble or swarm of pairs,
reducing its effective weight by the corresponding re-
combination probability at each step rather than to moni-
tor an individual pair which either survives a trajectory
step or recombines and disappears. Such an approach’
has proved successful in the calculation of positron an-
nihilation spectra, '® a process which bears a close
analogy to the present problem.

The spins evolve deterministically according to Eq.
(15) in a manner specified by the Ag value of the radical
pair, the external magnetic field and the size of the ex-
change region, if any, The triplet — singlet transition
rates ps(¢) have been evaluated for Ag=0,01 and for
fields 0,1,2,...,9 kG (i.e., corresponding to the singlet
probabilities in Fig, 2), and are stored over a uniform
time grid of spacing 0,33 ns. A standard calculation
employed the same probabilities for all fields, i.e.,
one set of diffusion paths leads to recombination yields
for all conditions,

The trajectories are obtained by the method of Ermak?®®
for particles in a force-free environment, One radical
is assumed to be fixed, while the other radical moves
during each step with a constant velocity in a uniformly
distributed random direction, The distance traveled in
each step is chosen from the distribution (16). The sta-
tionary radical is assumed to be a hard sphere of radius
75=6 A. If the moving particle strikes the sphere, it is
specularly reflected. This behavior at the boundary can
be derived from the Green’s function for free diffusion
near a reflective wall, The time interval Af is chosen
initially so that v2DAf <7, —7,, where 7, is the outer
radius of the reaction regionbeyond which s(r) vanishes.
This condition assures an accurate description of the
initial sharp diffusion distribution. For a reaction
domain with 7, -, =1 A an initial time increment At of
107 ns is satisfactory, As the particle moves further
from the sphere, the step size At may be increased con-
siderably, speeding up the calculation without any ad-
verse effect on its accuracy, Generally we choose Af
for a particle outside the reaction region such that were
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the particle to travel directly toward the center of the
fixed reaction partner, it would just reach the reaction
region, However, Af was not allowed to exceed the
spacing between the grid points at which the spin transi-
tion rates pg(f) were stored.

The actual recombination is described by a Feshbach -

optical potential Q¢ks(r) surrounding the stationary radi-

» cal, (@ here is the projection operator on the singlet
radical pair states.) The potential has been assumed to
be spherical and to have the form of a step function

Sgif rosrsvr
s(r)z{ 0 [} £ (17)

0ifr>v,.

In the present application we have chosen k such that the
reaction }CK. +°R - )~ !B +!RH is “90% diffusion con-
trolled,” i.e.,® [1 +D/k7ylr, = 7)1 =0.9.

For each step of the trajectory the fraction f of A¢
spent by the particle inside the reaction region r <7, is
calculated, The singlet recombination yield for that step

"is then given by

65=7s [1 —exp(—ksof A)] , (18)
where
7s=3gs [r(O)] +q5 [x(t + a0)]} (19)

[

is the average singlet population during the step neglect-
ing recombination, i.e., updating the spin populations
gs[r(t)] and ¢o{r(¢)] using the transition probabilities
ps(t+at) and -ps(t+Af), respectively, The singlet popu-
lation g¢[r(t + Af)] is then reduced by the recombination
yield 5¢ before the next trajectory step begins. An en-
semble is followed until some preset maximum time is
reached, at which point a new ensemble is generated.

The program requires 18 K of storage on the Univac
1108. Each ensemble takes about 10 s of computer time
to evaluate the yields of all field strengths when the
maximum diffusion time is set at 9.5 ns and the optical
potential extends from 6 to 7 A. Foran optical poten-
tial reaching only to 6.5 A computation time is reduced
by about 30% because particles are more likely to be
beyond the reaction region where larger A#’s can be
employed,

In order to demonstrate the flexibility of the path in-
tegral approach, we have also undertaken calculations
for radical recombination in the presence of a strong ex~
change interaction J(r). When J(r) greatly exceeds the
intramolecular spin interactions H; the triplet - singlet
transitions are suppressed and, since all pairs start in
the nonreactive triplet state, the recombination yield is
lowered. The exact form of J(r) is not known, We
choose to model the exchange effects by introducing an
exchange region such that spin transitions are forbidden
within the region and occur freely outside, Interms of
the Monte Carlo approximation all that is required is a
calculation of the time spent inside the exchange region
for each trajectory step. The time argument of the spin
probability ps(¢) in Eq. (15) is then simply the labora-
tory time minus the time spent in the exchange region,
i.e., the spin driving term p(¢) of Eq. (15) becomes a
' functional of the reaction path r(#).

313

In order to demonstrate the accuracy of the Monte
Carlo approximation to the Wiener path integral we have
carried out a corresponding calculation for the solution-
of the equation

% d(r,t)= [DVa —ks(r)]d(z,t), (20a)

d(r,t=0)=5(r —,)/4nv}, (20b)

which is amenable to an analytical solution for the case
s(r)=8(r —7)/4rrd (cf. Ref, 5). A most stringent test
for a numerical solution of Eq. (20) is a comparison of
the recombination rate thereby predicted with its exact
values., Such comparison is carried out in Table I for

a sample case, Up to £=4 ns the relative error is about
5%. The error on the total recombination yield at 10 ns,
the quantity of interest in the calculations presented be -
low, amounts to only 0.05%. The comparison of analyti-
cal and numerical results is, however, limited by the
fact that the two calculations correspond to different
forms of the optical potential ks(r).

IV. RECOMBINATION OF THE KETYL-HEXYL
RADICAL PAIR

The quantity of interest, which determines for exam-
ple the magnitude of 2K . luminescence in the experi-
ment of Staerk and Razi Naqvi, is the yield ¢g of singlet
recombination products 'B+'RH formed from the initial
triplet radical pairs via the reaction route

diffusion ‘
————e a1 2
3(2K M +2R ¢ ) spinmotion . (ZK - +°R ')

In terms of Eq. (13), ¢ is

collison

~ 1B +!RH |,

9s=1-tim [drlgs(r, t|x, 0)+ar(r,t|2,, 00, (21)
i.e., the fraction of radical pairs reacted, Free diffu-
sion leads to a rapid separation of radical pairs.® In
fact, for a diffusion constant of 10 cm®s™ the frequen-
cy of collisions between the ketyl and hexyl moieties de-
cays to zero within a few ns., Within 10 ns after gener-
ation of the radical pairs about 90% of all re-encounters
have taken place (as judged from the sample calculation
for Table I). We have chosen to follow the recombina-
tion process of the ketyl-hexy! pair approximately for
this length of time encompassing in our results there-
fore only 90% of the total singlet yield ¢5. The results
of our calculations are presented in Table II and III.,

In our calculations we have accumulated 2000 trajec-
tories. In order to demonstrate that this number is suf-
ficient for the determination of the yield ¢s we add to
Table II also the results of calculations which encom-
pass 2500 trajectories in all, No significant change is
observed by such extension. ‘

Little is known about the dimensions of the spatial
domain over which the hydrogen back transfer (K-
+2R .)-1B +'RH takes place. However, it was found
that the predictions of ¢¢ are rather insensitive to the
choice of the reaction domain, In doubling the width of
the domain from 6.5-6 A to 7-6 A the yields increased
by only about 10% (see Table II), The qualitative behav-
ior of ¢ discussed below did not change.
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TABLE I. Test of Monte Carlo approximation to
" Wiener’s path integral. ?

Recombination rate (ns™)

Time(ns) . Analytical® Monte Carlo®
0.1. 0,4002 0.3979
0.2 0.0994 0.0918
0.3 0.0527 0.0551
0.4 0.0366 0.0378
0.5 0.0276 0.0291
1.0 0.0112 0.0112
2.0 0. 0066 0. 0065
4.0 0. 0020 0.0019

10.0 yield=0, 08536 yield=0.08540

aThree-dimensional free diffusion for » > 6'A,
D=10% cm®s™.

YAssuming a 6-function optical potential with
=1.737 Ans™! corresponding to a total yield of
9.4%; rate as given by Eq. (4.13) of Ref. 5.

°Assuming an optical potential with x=1.737 ns!
and

(1) = {1/47mzofor 6A<r<TA
s 0 for r>7 A&

including 20000 pairs in the calculation.

Table II demonstrates the typical dependence of ¢ on
the applied magnetic field, In our discussion we will
focus on the values corresponding to a reaction domain
6, 7 R). At zero field 4,04% singlet products are pre-

TABLE II. Singlet recombination yield: 3(K+ +?R*)
1K+ +?R+)— I1B+!RH (in %). 2

Magnetic
field Recombination region = Recombination region
(&G) 6.0-6.5 & 6.0-7.0 &
0 . 3.65 4.04
(3.66)®
1 2.04 2.30
"(2. 06) '
2 2.09 2,37
(2.12)
3 2.19 2.47
(2.21)
4 2.32 ' 2,860
(2.34)
5 © 2,47 2.76
- (2.49)
6 2.65 ‘2,95
(2.67)
7 2,85 3.16
(2. 86)
8 3.06 3.37
3.0M
9 3.27 3.60
- (3.28)

2Evaluated by a Monte Carlo calculation as described in the

text averaging over 2000 diffusion trajectories; relative dif-

fusion coefficient D =10"° cm®s™, »)=6 A.

bEvaluated as above averaging over 2500 diffusion trajectories.

TABLE III. Singlet recombination yield: 3K -
+2R*)—~'(K * +’R *)—'"B+'RH (in %) under the in-
fluence of an exchange interaction.?

Magnetic
field Exchange region Exchange region
(kG) 6.0~7.0 & 6.0-8.0 A
0 - 3.83 T 3.62
(3.80)®
1 2.20 2.09
(2.20)
2 2.26 2.14
(2.25)
3 2.35 2.23
(2. 35) :
4 2.48 2.35
(2.49)
5 2.63 2.49
(2.62)
6 2.81 2.66
(2. 80)
7 3.00 2,83
(2.99) *
8 3.20 3.02
(3.18)
9 3.41 3.22
(3.39)

2Evaluated by a Monte Carlo calculation as described

in the text averaging over 2000 diffusion trajec-
torles, relative dlffuswn coefficient D =107 em?s!,

=6 A.
bEvaluated as above averaging over 2500 diffusion
trajectories.

dicted, Upon application of a field of 1 kG that value de-
creases to 2.30%, the reason being that the Zeeman
splitting ~gB of the S,, Ty and the T, and 7. states abol-
ishes the hyperfine -induced spin transitions from the lat-
ter. At higher fields the additional coupling ~ AgB be-
tween the degenerate S, T, levels develops and increases
¢ again, e.g., from a 2.30% value at 1 kG to 3.60%

at 9 kG,

The results of our calculations to explore the effect of
an exchange interaction acting between the radicals at
contact are presented in Table III. The exchange inter-
action has been assumed to bring the spin motion to a
halt. In our study we have cons1dered an exchange inter-
action ranging from 6 to 7 A (I) and from 6 to 8 A (ID).
The predicted ¢4 values for these two situations are
found to be smaller than the exchange-free values (0),
however, only by a marginal amount, e,g., at zero field
4,04%, 3.82%, and 3.62%for the cases (0), (I), and (1),
respectively. This finding demonstrates clearly that the
majority of trajectories leading to recombination are
“cruising” for most of their lifetime in an area of large
radical separations.

For a comparison of our results with the experiment
of Staerk and Razi Naqvi we present in Fig. 3 the yield
of free ketyl ions
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FIG. 3. Magnetic field dependence of the ketyl ion concentra-
tion at time £=9.5 ns.

¢K =1- ¢S s (22)
asafunctionof the magnetic field. Asobserved by these
authors, the ketyl concentrationdecreases asthe magnetic
fieldincreasesfrom 1to9kG. Accordingtoour calcula-
tions at zero field 96% of the ions are unreacted 9,5 ns
after pair generation. This fraction increases to 97.7%
at a field of 1 kG. This behavior is, however, at vari-
ance with the experimental observation” which estab-
lished that all high field (B> 1 kG) ion concentration val-
ues are below the zero field values and the decrease upon
varying the external field from 1 to 6 kG is over 6%.

There are several possible explanations for this dis-
crepancy. It appears that the observed decrease of the
concentration at fields B >1 kG reflects a Ag effect as
described above, However, our results largely under-
estimate the magnitude of the decrease measured, A
reason could be that the Brownian separation of the ini-
tial pair as described is too fast or the Ag-induced spin
motion is too slow. The latter could be explained by
a still higher Ag value of the ketyl -hexyl radical pair
than the already large value of 10™ assumed in our cal-
_culations, The slowdown of the relative diffusion of the
radicals could be due to hydrodynamic effects at short
separations!” which had been disregarded. For our cal-
culations we have assumed, however, a rather small
value for the relative microscopic diffusion coefficient
of 107 cm?s™,

Another source for the discrepancy between our pre-
dictions and the observations of Ref. 7 may be due to the
fact that about 50% (H. Staerk, private communication)
of the fluorescing ketyl radicals observed are pro-
duced by the route *B*- -!'B+?K-*, This reaction
is also magnetic field dependent!® and may aeccount
for a major part of the magnetic field modulation
of the ketyl fluorescence. Yet another explanation may
be that the formation of the ketyl-hexyl radical pair,
i.e,, the initial radical pair concentration is magnetic
field dependent in that the field modulates either of the
intersystem crossing processes 'B* + 'RH~*B* + RH
~!'B+'RH, Altogether, it must be concluded that the
observations of Ref, 7 escape a complete theoretical
understanding, and that our analysis leaves the ketyl—
hexyl pair reaction an open-ended problem,
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V. AN ANALYTICAL MODEL

It is of obvious interest to.extrapolate the field behav-
ior of the yield ¢ to higher magnetic fields. Experi-~
ments on the magnetic field modulation of radical pro-
cesses in the range 10-100 kG have been carried out by
Tanimoto et al.?® These authors also provided an ap-
proximate theoretical analysis of the magnetic field de-
pendence based on the Noyes step diffusion model?! with
the result that the yield of a spin-selective recombina-

tion route increases with B/2, Here we want to provide
the exact solution of a model geminate process in which
radical pairs undergoing a Ag-induced spin motion re-
combine to the singlet as well as to the triplet state with
equal rates k. If the pair is generated in the triplet
state at £ =0 the probability of being in the singlet state

at time ¢ at high field B(B>Y; ,a;,) is
ps(t) =% sinfw(M, B)¢t , (23)

where
. 1 N1 Ng
w(M,B)=§[uB(g1 —gz)/h’+Z;a,kM1,,-Z;az,Mz,] , (24)
k= I=

for the N, (M,) nuclear spins of radical 1(2), their po-
larization being described by the vector M, The yield
of geminate singlet recombination is given by the formal
expression

¢S(M,B)=f0°ps(t)ﬁ(t)dt , (25)

where 7(¢) is the rate of reencounters defined in Ref. 5.
By virtue of the results presented there _
¢sM, B) =} o, £ [k?/2 ¢2 Dw(M, B)] (26)

where ¢, is the total recombination yield, « as defined
in Ref. 5 and

F)=[1-v372(1 -]/ 1 +y*) .
The total yield is given by the sum

@7)

Singlet Recombination Yield in percent
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FIG. 4. Magnetic field dependence of the total singlet geminate
recombination yield for a model radical process described by
Eq. (30); open circles designate ¢g values for which the hyper-
fine coupling (3), (4) of a hexyl—ketyl pair has been taken into
account.
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FIG. 5. Saturation behavior at very high fields of the total

singlet geminate recombination yield for a model radical pro-
cess described by Eq. (30); open circles designate ¢g values
for which the hyperfine coupling (3), (4) of a hexyl-ketyl pair
has been taken into account.

bs(B)=27"r%2 3" 6 (M, B), (28)
M

which carries out the average over all nuclear spin ori-
entations. In case the hyperfine interaction is negligible
the result is simply

¢s(B) =t ¢ f 1"/ $% DuB(gy ~£2)] .

" For a typical situation (D=10"° cm?s™, 7,=6 4, ¢.
=0.5) one has simply (B in kG)

¢AM~EK¥wF f‘fﬁ+ﬂ P7]/h4~wf%)
30
For small AgB values this expression becomes pro-
portional to B!/2 as pointed out before,' The overall
functional behavior of ¢4(B) /givex_l by Eq. (30) is presented
in Fig. 4 for field values up to 100 kG (ag =107?).
Fig. 5 the behavior at even higher fields is presented to
demonstrate that the Ag-induced recombination saturates
at extremely large magnetic field values of the order of
10* kG,

(29)

ACKNOWLEDGMENTS

_The authorsare grateful to Dr, Z, Schultenfor herval-.
uable suggestions andto Professor AWeller for helpful

Recombination of radical pairs

discussions, Professor Manfred Eigen is thanked for
his kind hospitality extended to I.R,E, In addition,. ,
I.R.E. thanks the National Science Foundation for a Sci-
ence Faculty Professional Development Grant and the
Dreyfus Foundation for a Teacher~Scholar Award, We
also acknowledge the provision of computer time by the
Gesellschaft fiir wissenschaftliche Datenverarbeitung
mbH Gottingen.

G. L. Closs in Chemically Induced Magnetic Polarisation,
edited by A. R. Lepley and G. L. Closs (John Wiley, New
York, 1973), pp. 117.

3. K. Wong, D. A. Hutchinson, and J. K. S. Wan, J. Chem.
Phys. 58, 985 (1973). '

3p. W. Atkins, A. J. Dobbs, G. T. Evans, K. A. McLauchlan,
and P. W. Percival, Mol. Phys. 27, 769 (1974).

4K. Schulten, H, Staerk, A. Weller, H.~J. Werner, and B.
Nickel, Z. Phys. Chem. NF 101, 371 (1976).

7. Schulten and K. Schulten, J. Chem. Phys. 68, 4676 (1977).

$H.-J. Werner, Z. Schulten, and K. Schulten, J. Chem. Phys.
67, 646 (1977).

"H. Staerk and K. Razi Naqvi, Chem. Phys. Lett. 50, 386
(1977).

8(a) for an account of Wiener’s work see M. Kac, Bull. Am.
Math. Soc. 72, part II, 52 (1966); (b) a recent review on
path integral methods 1s by F. W. Wiegel, Phys. Lett. C 186,
58 (1975).

%K. Schulten and P.. Wolynes, J. Chem. Phys. 68, 3292 (1978).

Wpor a review see J. H. Freed and J. B. Pedersen, Adv.
Magn. Reson. 8, 1 (1976).

p, H. Rieger and G. K. Fraenkel, J. Chem. Phys 87, 2811
(1962).

2R, W.- Fessenden and R. H. Schuler, J Chem. Phys. 39,
2147 (1963).

187 misprint oceurred in the corresponding Eq. ('7) of Ref. 9.

“Ag values fitted to the CIDNP spectra of similar reaction
processes have been employed in G. L. Closs, C. E. Couble-
day, and D. R. Paulson, J. Am. Chem. Soc. 92, 2185 (1970);
G. L. Clossand A. D. Trlf\mac, J. Am. Chem. Soc. 92
2186 (1970).

5p. 1. Ermak, J. Chem. Phys. 62, 4189 (1975); 62, 4197
(1975).

16 Farazdel and I. R. Epstein, Phys. Rev. A 18, 518 (1977)

p  G. Wolynes and J. Deutch, J. Chem. Phys. 65, 450
(1976).

BK. Razi Nagvi, H. Staerk, and T. Gillbro, Chem. Phys.
Lett. 49, 160 (1977).

¥y, Tanimoto, H. Hayashi, S. Nagakura, H. Sakuragi, and
K. Tokumaru, Chem. Phys. Lett. 41, 267 (1976).

R, M. Noyes, J. Am. Chem. Soc. 78, 5486 (1956).

J. Chem. Phys., Vol. 71, No. 1, 1 July 1979



