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Double-Channel Contact Recombination of Radical Pairs Subjected to Spin Conversion via
the Ag Mechanism
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The contact recombination from both singlet and triplet states of a radical pair is studied assuming that the
spin conversion is carried out by the fast transversal relaxationAanchechanism. The alternative HFI
mechanism is neglected as being much weaker in rather large magnetic fields. The magnetic-field-dependent
quantum yields of the singlet and triplet recombination products, as well as of the free radical production, are
calculated for any initial spin state and arbitrary separation of radicals in a pair. The magnetic field effect is
traced and its diffusional (viscosity) dependence is specified.

1. Introduction o DA MDA Dy A (L1a)
The most general diffusional theory of contact but spinless T I 0 0

geminate recombination of an ion pair was developed by Hong

and Noolandt Later on, the theory was developed furtherina D+A— YD . A—D+A (1.1b)

few workg-3 and extended for the noncontact recombination kS

from any starting distance between reactéhfsee also section . L
VIIB in the review). Here, T, is the transversal relaxation time assumed to be the

. . . . same in both radicals and
However, as was recognized long ago, in pairs of radicals or

ion radicals the recombination is affected by spin conversion 1
between initially populated and other spin states. Such a Q= %AgﬂOH (1.2)
conversion is carried out by the spin relaxation and/or some

mechanisms acting in a magnetic field. These are Alge Here, o is the Bohr magnetom\g = g+ — g- whereg: and
mechanism of spin conversion in pairs of radicals having g areg factors of radical ions in a pair artd is the external
differentg factors and the mechanism of the hyperfine interac- magnetic field.

tion (HFI) between the electron and nuclear spins if any. The  Unlike the majority of our previous works reviewed in refs
HFI mechanism alone was studied a number of times assumingg and 12, here, we do not assume @4, < 1, allowing the

that the radical recombination proceeds via a single channelspin conversion to be coherent in a large field. The best
(either singlet or triplet}. This is a situation typical for the  analytical solution of this problem valid at agywas obtained
radical pairs with such long spin relaxation timésand T, by Mints and Pukho'? but only for a single-channel recombina-
that the corresponding ratesTi/and 17; are negligible in  tjon of a radical pair (RP}just from its singlet state to the
comparison with a rather large HFI constaatJust recently,  ground state of the product. Unfortunately, the authors did not
HFI theory was extended for the double-channel recombination present the evaluation of their results, and to generalize them
which proceeds into both singlet and triplet products though in for the double-channel recombination, we have to derive
a zero magnetic field.Here, we are going to do quite the everything from the very beginning.

opposite: neglecting HFI in comparison with the fast transversal  This goal will be reached with a method disclosed in the next
spin relaxation I¥,, we will study the magnetic field effect  section.

(MFE) produced by th&g mechanism of spin conversion. The

spin relaxation really dominates over HFI in transition metal Il. General Formalism

complexes with strong spirorbital coupling?~1! The exact
solution of this problem will be obtained analytically assuming
that recombination from the singlet and triplet states of the

The density matrix of the radical pair depending on the inter-
radical distance and timet obeys the following evolution

inAS,16
radical pair proceeds only at contact, with the constihiend equatio
k!, respectively. Provided\T, < 1 is really negligible, the dorl) - N )
theory is valid at arbitrary magnetic fields though it takes into i Lo(r.t) +_7p(r,t) — W(r)p(r.t) (2.1)

account only theAg mechanism of spin conversion.

The pair of radicals created in either of its singlet or triplet with a reflective boundary condition at the contact of radicals
states can recombine from there in the singlet or triplet productsr = ¢
or be separated with the quantum yietd

Je(rl—,=0 (2.2)
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describes the relative stochastic motion of the radicals, Wyhile
is a flux operator. As ta/ this is the Liouville operator which

consists of the rates of the paramagnetic relaxation and the spin

transitions induced by the magnetic field. The rate opet(oy

represents the radical recombination depending on the distance

between the radicals, The recombination occurs from either
the singlet or triplet state of the radical ion pair (RIP) or from
both of them.

One can represent the Laplace transformation of the solution
of eq 2.1 as

p(rres) = éo(r,ro,s)po - féo(l’,l",S)\?V(r')f)(r',ro,s) d:(”rz' )

wherepo = p(r,ro,0) andGo(r,fo,t) is the Green function obeying
the following equation

AG,(r.rot)

T LGy(r rot) + 78,1 rob),

Gy(r.r,0) = (S(r—_rzro)é (2.4)

whereE is an identity operator. It is convenient to represent
the operator Green function
Gy(r,rot) = €”'p(r,rot) (2.5)

via the scalar analogug(r,ro,t), which obeys the conventional
diffusional equation with evident initial and boundary conditions

Ap(r,rot)

at

or —ry) o

= Lo, 9100 == —

b or r:(i_
(2.6)

The sole restriction of the present theory is the assumption
that the recombir)ation takes place only at contact, that is, that
the rate operatoW(r) is

. O(r — o)
Q Aro”

where Q depends only on the rate constar$ and k.
Substituting this expression into eq 2.3, we have

p(riros) = éo(reraS)Po - éo(r,o,S)Qf)(o,l’o,S) (2.8)

This is a closed expression for the contact density matrix,
p(o,ro,9). Resolving it we obtain

W(r) =

2.7)

P09 = [E + Gy(0,0,9Q] 'Cy0r090,  (2.9)
This important result was obtained by Purtov and Doktétov
and efficiently used in a recent investigation of the spin
conversion induced by the HFlI mechanig&m.

The quantum yields of the singlet and triplet products of
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2T, 'T,) T, 2T, 2T, 2T,

111 (1,1, L1 1
T, 2T, or, ' T,) 0 2T, 2T,

1
0 0 -=0 0 0

Tl
Q Q o -2 0 o

T2
1 s R
2T, 2T, T,
1 1 1
2T, 2T, o o 0 T,
2h2)

whereT; and T, are the longitudinal and transversal times of
paramagnetic relaxation, while the mixing of the S agdtates
occurs with a frequency2 from eq 1.2. The recombination
operatorQ in the same basis takes the form

K0 0 0 00
0 ko 0 00
k2 + K
00 > 0 00
QZ T (2.13)
000 kfer"coo
000 0 kI 0
000 0 0 k!

By finding G(r rot) from egs 2.5 and 2.6 and substituting
its Laplace transformation into eq 2.9, one can solve this matrix
equation usingQ from eq 2.13. The elements of the matrix
obtained determine not only the partial yields of the recombina-
tion products from eqgs 2.10 and 2.11 but also the yield of the
separated radicals which escape recombination and become free

@(ro) =1 — @yro) — @((ro) (2.14)
We usually represent all the yields as folld#%
__Db_
" b+z
__4
"Tbtz
zZ
Ps=p1z (2.15)

whereZs andZ; are the efficiencies of recombination through

geminate recombination are defined through the componentsthe singlet and triplet channels, respectively, while

of the matrix 2.9
o) = k?f’ss(a 0,0)

@ro) = kI[ﬁTDTO(OIr@O) + br 1 (016:0) + pr 7, (0:1,0)]
(2.11)

(2.10)

In the Liouville space basipés p1s1o PpsTo JpsT0 PT_T_,
pt,7.), chosen by Mints and Pukhd¥we have

Z=7.+27
is the total efficiency of geminate recombination.

I1l. Exact Solution of the Problem

In our previous article, we solved the double-channel problem
of geminate recombination assuming that the spin conversion
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is incoherent which is the case @fT, < 1.18 This limitation
was obviated by Mints and Pukhé%¥who solved the problem
exactly (i.e., generally, for coherent spin conversion) but for a
single (singlet) recombination channel, wh&rn= 0 while Zs

= Z # 0. Here, we have to do the same but for the double-
channel recombination when bofth and Zs are not zero.

As the first step, one has to specify the exponent operator

e’'in eq 2.5 that was found to be the following

ot
TA+ A 0 -sin(Xt)e?= B B
A 0 sinX@e®= B B
0 0 e’ 0 0 0
Sm(zzgt)efzw2 75"‘(2906—2/5 0 cos(th)eﬁZUTZ 0 0
B B 0 o C, C.
B B 0 o0 cC. C, J
(3.1)
where
_ 1,1 oy, COS(R2) o,
A, 4+ 7€ 5 ¢
1 1 o7
B=>—-e M
2~ 4°¢
_101 am 1 vy
C, 4+ 7€ + 5€

In the particular cas&, < T; = «, we haveB = C, = 0 and

the rank of the problem reduces to44 and becomes formally
identical to the case of spin conversion via the HFl mechanism
at the highest field&? provided the exchange splitting of the
singlet and triplet is negligible. For the particular case of

incoherent spin conversion, the same problem was solved

recently in refs 20 and 21.
Solving eq 2.6 and using the result in eq 2.5, we calculated
exactly the Laplace transformation of the Green operator

Gy(0.76,0) =
F P QO F P Q QL FE P F P
Tyt P2 g 22 r__2
it 2t s 27372 2 4 4 4 4
F P QQF P Q Q, F P F P
Ty 2t P2 1o X2 r__2 F__z2
472 2 273t 2 4 4 4 4
0 0 P, 0 0 0
2 2 0 & 0 0
4 4 2
E_P E_P oo F P PhE P P
4 4 4 4 4 4 2 4 4 2
F P F P F,P. PLE P P
r__z2 r__z 0 0 rp 2 _tFP "2, 1
4 4 4 4 ita 2 a2t
(3.2)
where
F=§5(0,r0,0)
P,=¢(0r,nT) n=1,2 (3.3)
and
Q=2 [, e cos(R)p(0.r 1) dt
Q,=2 [ e sin(2Qt)p(0.rt) it (3.4)

IV. Highly Polar Solvents
In solvents with a large dielectric constanbne can neglect

the Coulombic interactions between the counterions, setting the
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Onsager radiug; = 0. For this particular casé(o,ro,s) is known
to be

exp{ —(ro — 0)v/sD}

~ 1
P01 = (4.1)
0 At oD 1+ ovs/D
so that the expressions in eq 3.3 become
_ 1
F= 47t oD
(1-1d/0),, /(nzd/T1)
p=20€ ¥ — =12 (4.2)

foko(L+ JrogTy

wherekp = 470D is the diffusional rate constant, whitg =
0?ID is the so-called encounter time.

Taking the integrals in eq 3.4, one finds that the results can
be expressed via(o,ro,9) given in eq 4.1. Using the latter, we
obtain for highly polar solvents

Q =
2106(17r°/0)aR (1 + ag)cosfoy(rg/o — 1)] — o sinfoy(ry/o — 1)]
Koro 1+ o)’ +a?

(4.3a)

Q =
;Ue(l—ro/a)aa (1 + ag)sinfoy(ry/o — 1)] + a, cosfoy(ryfo — 1)]

r 2 2
Koo (1+ ap)’+ o (4.3b)
where
T
O = \/;ZW/QZTZZ—F 1+1
T
o = \/%«/./QZT;Jr 1-1 (4.9)

are the most important parameters responsible for the spin
conversion due to transversal relaxatiormgl And field-induced
coherent transitions with a frequen€&y.

In the limit of the low field, Q2T,?2 < 1, the expressions in
eq 4.4 reduce to the following

AtQ—0

274
oRg— T2=y o, —0

Most of the experimental works studying electron-transfer
reactions by optical and electrochemical methods are performed
in the natural magnetic field of the Earth which is rather low.
This is why this particular case is of exceptional importance.

(4.5)

V. Recombination only through the Singlet Channel

To illustrate the general theory, let us start from the simplest
example of the triplet RIP irreversibly created by electron
transfer from a triplet precurs8r! Such a triplet RIP has to
recombine through the singlet channel to the ground state
because recombination from this triplet state is prohibitéd,
=0, that is

2=0, Z=2 (5.1)
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Cumbersome but straightforward calculations show that the
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A. Recombination of a Contact Born Pair. At contact start,

result depends on what spin level of a pair was initially ro = o and therefore it follows from eqs 4.3 and 4.2 that

populated. If this is S, d; or T4, then

s __Z

Ps

" D+%Z
T
W _ 5
° D+ Tz
T _
P =5 Ty Tz (5.2)

where the corresponding recombination efficiencies are

kf((4 + qul)(l: +P,+ Q)+ kngQz)

16+ k(4 + kgay)(f — F + p, — P, + 0, — Q) + 4q, + k3oy(d, — Q)
(5.3)

Toz,
5 =

k(4 + K (F + P, — Q) — kXa,Q,)
16+ k(4 + kgay)(f — F + p, — P+ gy + Q) + 4q, + k(0 + Q)

(5.4
T,
> K + Ka)(F ~ Py 65
(4 + k)@ + K = F + py + Py + q) + (Kap)?
where
p, = P,(r, = 0)
g =Q(rp=0)

f=F(ro=0) = 1k,

are the contact values of the correspondingdependent
guantities. For the particular case of contact stayt o), all

these results are identical to those obtained earlier by Mints

and Pukho3

However, the most reasonable situation, presumed in the
majority of earlier works, is the start from the equilibrated triplet
state (T-pair) whose sublevels, T+, T, are equally populated

with the weights ¥/3,4/3,43).

Summing the above efficiencies with these weights, we obtain

for this case

1 2 'Z,
gDs:éTo(ps—i_:_))Ti(ps: D+TZS

(5.6)

where

'z
==
Kl + ko) (3F — P, — Q) — ki,Q)]

48+ K3I(4 + kSay)(3f — 3F + 3p, + P, + 3q; + Q) + 120, + k(30 + Q)]
5.7)

is the efficiency of a singlet recombination from the initially

equilibrated triplet indicated as T.

0 2 1+ag (5.8a)
== ———=q( .8a
' kD(1+(1R)2+0.|2 '
2 kD(1+(1R)2+(1|2 2 '
_ 1 _
P2 = m =P, (58C)
while ar andq, are defined in eq 4.4 and
214
= T (5.9)
1

1. Recombination of the S-PairUsing the results in eq 5.3,
we obtain from there the recombination efficiency of the contact
born radical pair initially created in the singlet state (S-pair)

Z,_ K
D 16+ 43,

4+ 150 2+ B )
. 1(1+ﬁ+koql)+k§q2] (5.10)

Such a complex result expressed gjéor,o) from eq 5.8 is
identical to that found by Mints and Pukhé¥Fortunately, it

can be represented in a much more simple and transparent form
found in ref 20

st_ K ot 2 B
3—%[ —~ (5.11)

at+1l 2(8+1)

where

o,

a=ogt ——o—
1+ g + K2k,

(5.12)

is the only conversion-dependent parameter.

2. Recombination of the T-Pair. The same simplification
is presented here for the efficiency of the singlet recombination
from the equilibrated triplet state

s
2D = % 2o+ (1 + 30)

(5.13)

2131+ + o)+ B+ 28+ a)—

Ko,

In the limits of kinetic and diffusional recombination, it takes
the alternative forms

ks @ p ke

at— < 1 kinetic

o 2|30+ 6@+pB) Tk
Z/D = 0
200+ B(1 + 3) L kinet
4(3+ Zﬁ + (l) atk—D > Inetic

(5.14)

It must be noted that the general relationship betw&en
andgs reported in section 3.2.1 of ref 7 holds true. The product
yields of the S-pair and T-pair recombination relate to each other
as follows

Sp.=A—-301—-1)"¢p, wherel=—"—

+i
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(A)

+1

0

T1

Singlet

1

Triplet

(B)

Singlet
Triplet

Figure 1. Scheme of spin transitions in the radical pair induced by
transversal and longitudinal relaxation as well as kygamechanism

of incoherent spin conversion (A) and the elementary spin model of
the same at equal relaxation times (B).

It is the straightforward consequence of the detailed balance
principle and can be easily verified here usfigg from eq 5.2
andTgs from eq 5.6.

VI. Incoherent Spin-Conversion

In a rather low field (alQT, < 1)

QZTZZ)
4

Obviously that in such a case the conversion proceeds with the
rate Q?T, which is a parameter of the incoherent process. Using
the results of eq 6.1 in the formulas in eq 5.12, we obtain the
value ofa for the incoherent spin conversion

L.

1
2

214

2y

T,

O ~ o~ QYT T2 (6.1)

Q7T,
4

214

T,

o=

Q%r,T
42 (6.2)
1+ < Nz (1 + QZTZZ)
2k, 4

This parameter depends on recombination only through the ratio
kf/ZkD, that is, small in the kinetic limit and large in the
diffusional one. Correspondingly, we obtain in these limits

242 S
%(1+3QT2) atkc_1<< Ta
T 4 %o T (6.3)
* 2 QT2 IS T '
E(l + _2) at—>1, d
T, 4 2k,

Gladkikh and Burshtein

following from eq 2.1

p=4p
However, under the condition of incoherent conversiQ,
< 1, the latter can be conventionally reduced to a set of four
master equations for only diagonal elements of the density
matrix, that is, populations of a singlet levgg = ps, and three
sublevels of the triplet state,-, po, andp+ (see Figure 1Ap-20

(6.5)

ps=
1 1 1 Pt p
+——— — (kg +=— == ps+ —— (6.6a)
ko T, 2T1) (ko T, 2T1) ST oom,
po=
11 1 P+t P
ot - 2o (lor 2+ &)+ 20 o
Pt Py
=1, T T,
and
_ P+t P p-
-= 7o, T, (6.6¢c)
Here
ko = Q°T, (6.7)

is the rate of incoherent spin conversion in a stable radical pair
proceeding via a\g mechanism.

1. Two-Level Model. For the extreme cask = « (5 = 0),
only two levels out of four are involved in the spin conversion
and the set (eq 6.6) is reduced to the following

ps = ko~ pg) (6.8a)
o = kips — po) (6.8b)
while p+(t) = p+(0), p-(t) = p-(0) and
—k 4L
=kt 69)

The single-channel contact recombination assisted by the
incoherent spin conversion in the two-level system was the
subject of a separate exhaustive investigation in ref 20.

The comparison of the incoherent and coherent spin conver-

These are exactly the same results that were found in appendixsion assisting a single-channel contact recombination in a two-

B of ref 20.
In the case of a low field

(6.4)

depends on a single variable parameter, encounter diffusion,
changing with viscosity.
A. Rate Models. In a number of our and other works, the

level system was continued in ref 21. It was confined only to
the RIP starting from contact{ = o) when all the results are
much simpler. If, in additiong = 0, then the recombination
efficiencies in eqs 5.11 and 5.13 gain the following form

o

'z.= (6.10)
31+o)+ @3+ ()L)ZBS

spin conversion was presumed to be incoherent and was
considered from the beginning as a stochastic process occurringHere, zs = k§/4no is the usual constant of the conventional

with some rateko.91222-25 |n general, when the nonreacting
radical pair is immobile, its density matrix obeys the equation

(spinless) “exponential model2:6 Exactly the same result has
been obtained in ref 20 solving the rate equations for the two-
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level problem, eq 6.8, except that P o1 z/2 2 % _ TZI 619
= “T3D+z2"3D+z p+z
o= z?d 1+ Q%) (6.11)
2 where

does not depend drf at all, unlike its coherent analogue 6.2. AtD—0

Moreover,a from eq 6.11 does not coincide with either of the 2

expressions in eq 6.3. 1, 24D+ 37 _’§Zt

This is because the rate eqs 6.6 were obtained from their 6D + 4z 4

coherent analogue, eq 6.5, when the motion of radicals was

switched off, together with the boundary conditions accounting This is the very same limit fofZ; as in the casd; = T

for the recombination. When the motion of radicals is accounted considered below and represented by solid lines in Figure 2.
for afterward, their recombination is affected by the spin 2. Equal Spin Relaxation Timeslf Ty is finite, then all four
conversion but the recombination itself no longer affects the states in eq 6.6 are involved in the reaction but the result (eq
spin conversion. This is a main weakness of rate theories first 5.11) first obtained for the incoherent spin conversion in ref 18
reducing the coherent spin conversion to incoherent and only holds true provided that the parameteris given by the
then accounting for the encounter diffusion and recombination expression 6.11. For the particular case of equal times

of radicals. Here, in section Ill, we did quite the opposite: we

first solved the problem by simultaneously taking into account o=y /(A +KkT) (6.14)

the relative motion and conversion and only then turned to the

particular case (eq 6.1) where the latter is incoherent. Therefore,whereT = T; = T

our o for coherent spin conversion is given by eq 5.12 and for

the incoherent limit by eq 6.2, but the rate estimate (eq 6.11) y=4/20JT= VXID
does not follow from either of thei?.
However, there is an exceptional case of zero fi€d= 0) and
when the transfer is carried out by only spin relaxation. This
stochastic process, incoherent by its nature, is executed with x=20°IT (6.15)

the rateks = 1/T,. Hence, the results (eq 6.10) with= y are
exact for the zero field.
According to eq 6.4y increases with viscosity. On the other

In this case, it follows from eq 5.11 that

hand, the rati§Zy4zs monotonically decreases with ()2 from Sis _ E yy1ltkT+2 Y (6.16)
1 to ¥, (upper dashed line in Figure 2(A) At fast diffusion, the D 2k 1+ kT +1 20y + 1) '
spin conversion does not have time to affect the recombination

and SZJz; = 1. On the contrary, for small values @f, the Similarly, from eq 5.13, one gets

equipartition between S andTis completed during the
encounter time, reducing the recombination efficiency by one- TzS k?

half. D % X
As for TZ,, it is zero at fast and slow diffusion passing through
a maximum between (lower dashed line in Figure 2A). At fast Y[+ (24 3y)/1+ KkyT]

diffusion, it is zero because no transition fromtd the reacting

S
S state occurs before separation of the radicals. On the contrary, 31+ N1+ v /1I+ kD +(3+2y+v./1+KT E
at slow diffusion, the encounter time is long enough for transfer () 4 kD) +( vy koT) Ko

to be completed (6.17)
Tzs 1 «a 1 When the magnetic field is zerdy(= Q = 0), we obtain
Dlose 23%4a 2 ata>1 from egs 6.16 and 6.17
so that sZS:Esz+4
T 4y+1
fim Tp. = — =2 _1 (6.12) 2
-0 ** 1+7z/p 3 ' "z=7 —r (6.18)
After T is completely exhausted, the share of triplets that have I+y+ E

reacted is only/; of the initial triplet population. The remaining
23 that were in the other triplet states,,Twere not involved in At very fast diffusion wheny = ¢%D — 0, the spin conversion
the reaction. has no time to occur ang = 0. In this limit, SZs reaches its

A similar picture develops when the system recombines only maximal value, z;, which is the efficiency of the singlet
through the triplet channel except ti¥atandZ are interchanged  recombination in the absence of the spin conversion. As soon
(dashed lines in Figure 2B). The former passes through aas the spin conversion is switched 0iZs falls down with
maximum, while the latter monotonically decreases to another decreasing diffusion and reaches the minimal vali#eatD =
value, %, which needs a special explanation. In fact, the 0. In this limit, all spin states are equally populated and the
efficiency of recombination from glreduces by one-half when  share of the singlet one 4.
D — 0 while that from T. remainsz = kI/4:w at anyD value. Although the diffusional dependence of the singlet recom-
Therefore, eq 5.6 at slo® takes the following form bination from the equilibrated triplet state (the lower solid line
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(A) 1.00-

| Singlet channel only |

0.754

0.50 1

Zlz

0.25 4

(B)

0.75 1

0.50 1

Zlz

0.25

0.00 T T T T T
0.00 0.05

1/D

Figure 2. Zero field recombination efficiencies for a single-channel
recombination through either singlet (A) or triplet (B) channelsad

z were taken equak = 2.63 x 10~ cn¥/s). Dashed and solid lines
relate to the case$; = « and T, = T, = 15 ps, respectively. The
upper curves in (A) and (B) are for the efficiencies of allowed
recombination from initially populated states, while the lower ones are
for the recombination initially forbidden but switched on by spin
conversion to the reacting state. The contact distanee ¥s 10 A
everywhere.

in Figure 2A) is qualitatively the same as for the two-level
model, the result appearing in the slow diffusion limit is different

%
||3|Lno ZS_4
so that
. zJ4D
T = —m—_—- T
M #s=1% zjap (6.19)

In contrast to eq 6.12, in this case, the whole triplet is completely

Gladkikh and Burshtein

with a microscopically defined spin conversion rate

2
1,97

o+ (6.21)

k =

As seen from Figure 1B, the conversion rate kg Br the
transition from singlet to triplet, while from any triplet substate
as well as from all of them this is onlg. Due to the spin
conversion, the population of the singlet and triplet &t kst
relate to each other d#:%,, whatever was the initial state.

The elementary spin model (ESM) used in ref 17 enables us
to calculate the efficiency of singlet-channel recombination from
the singlet

S La+4

do+1 (6.22)

Being very similar to the double-level expression 2t in eq
6.10, it is distinguished by

214
T

292T2)

2

o= /dkgy=
The latter differs noticeably from eq 6.11 in the weightCd.

Although in this respect the values from eqs 6.2 and 6.3 are
also different atQ = 0 all of them turn toy.

(6.23)

VII. Double-Channel Recombination after Contact Start

Let us now turn to the most general case when recombination
is possible from either the singlet or triplet state of the pair.
The triplet products are excited triplet molecules whose yield
can be detected spectroscopically immediately after geminate
recombination. Both triplet and singlet yields depend on the
initial state of the pair given byo. Using the corresponding
in eq 2.9 as well as the genef@lfrom eq 2.13 and, from eq
3.2, with parameters from eq 5.8, we calculated from egs 2.10
and 2.11 the yieldg (o) and ¢(0). Only from them can one
obtain the recombination efficiencies defined in eq 2.%75;

Z;, andZ = Zs + Z;, which are discussed below.

A. Start from the Singlet State. If initially only the singlet
state is populated, then the efficiency of recombination through
the singlet channel is

_K

=5

o+ 2(1+ k)
o+ 1+ ki/k,

p . I(?.l)
28 + 1+ K/ky)

SZ/D

exhausted due to the longitudinal relaxation between its @nd that for the triplet channel is

sublevels (see Figure 1A) which is as fast as the transversal

one.
B. Elementary Spin Model (ESM). The simplest, but most

widely used and rather successful, rate model follows from the
set (eq 6.6) phenomenologically reduced to only two equations

at T, = T, = T. These equations relate to each other the
population of the singleins = ps, and the total population of
the triplet, mr = po + p+ + p-. How these equations were

ke
2

o 4 B
1+oa+kiky 2(1+8+klik)

Z/D

] (7.2)

At kI = 0, eq 7.1 reduces to eq 5.11 fé#s = SZ, while Sz
becomes zero as in eq 5.1.
B. Start from the Individual Sublevels of the Triplet State.

obtained one can see in section VIIIA of ref 12. For the case of If initially one populates only thdj state, then the results are

equal relaxation times, we have
M = —3kms + kymy (6.20a)
My = 3kmg — kymy (6.20b)

different

ke
Toz ID =
2k(1 + o+ K/ky)

Ia

.
Blta+ kilkD)] -
2(1+ B + K/ko)
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ke kS
To — -
/D ERTEPREEETR a+21+ il +
.
AL+ a+ k;/kD)] a4
2(1+ B+ k./kp)

Equation 7.3 is the contact analogue of eq 5.4 for the double-
channel reaction, but it is greatly simplified in the same way as
eq 5.11 when compared to eq 5.10.

Subject to similar simplification and generalization, eq 5.5
takes the form

T ZJD —
kK B+ o+ Kl/kp)
25 201+ B)(A + o) + 2kKI ko2 + (24 B+ o) (kS + KDk

(7.5)

and its triplet analogue, which is not zero anymore (sk{ee
0), is equal to

.
T=7/D = %D 2—
B+ o+ kl/ks)
201+ B)A + ) + 23k ko2 + (2 + B+ a) (kS + kl)/kg

(7.6)

The definition of the spin conversion parameferemains the
same as in eq 5.8c, while for eq 5.12should be substituted
for the more general one

of
Tt + (K +k
r T (K 1 k)2

(7.7)

a = og

valid for the double-channel recombinatidd:(: 0).

C. Start from the Equipopulated Triplet States. Having
all the efficiencies, one can calculate any yield including the
total yield of recombination from the equipopulated triplet states,
through either the singlet or triplet channels. Analogous to eq
5.6 we have

1 2 'Z
T _dT [
$s=3 YTz W= T
T
T _11, 21, _ z
Pt 3 T3 Nt ooy (7.8)
where
=1- T _T —__ Y
@ s Pt D+TZ
and
2="2.+"2, (7.9)

Using, in these formulas, the above obtained results, we get
for the efficiencies of the singlet and triplet channels in the case

under consideration
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2D =£ X
201 + kl/kp) + (L + 3o + k/kp)
ST T S T
2(3(1+ﬁ)(1+a)+3%+a%+[3k—k§+(3+ﬁ+a)kc:0kc
(7.10)
TZJDZ%X
. 201 + Kl/kp) + AL + 3o + kifko)
2(3(1+ﬁ)(1+a)+3%+a%+ﬁk£+(3+ﬂ+a)k§+ch
(7.11)

D. General Presentation of the Main ResultsLater on we
will consider only the efficiencies of recombination from either
the singlet or equilibrated triplet staté&Z and TZ. They both
can be represented uniformly in a very compact form

Z,=27(1-°M) =2z (7.12a)
'Z=z'T1 "z=2z(1-") (7.12b)
where
a2 Bl
“Qrozp) T @i prgp (139
=

(1 + z/D)a/2 + (1 + 30+ z/D)B/4
3(1+ a)(1+ B) + (az +32z/D + Bz)/ID + (3 + o + f)(z + z)/D
(7.13b)

E. Double-Channel Recombination in ESMIf the start was
made from the singlet, then the efficiencies of the different
channels in the ESM are the same as in the exact theory, eq
7.12a, but

3o

Sy1 —
41+ o+ z/D)

(7.14)

wherea is given in eq 6.23. Atz = 0, the double-channel
expression in eq 7.14 substituted to eq 7.12a red®ite® its
previously obtained single-channel analogue 6722.

The start made from the equilibrated triplet, treated the same
way, leads to another formula, an alternative to eq 7.13b

(08

Ty —
H_4(1+(1+ZS/D)

(7.15)

It is remarkable that the efficiencies at which the recombination
is switched on by the spin conversioiz; and "Zs, depend on
a single recombination parameteror z, respectively, while
two other efficiencies depend on both of them.

1. Recombination in a Zero Magnetic Field.In the case of
a zero field whero. = v, the results following from egs 7.12
after substituting the expressions from eqs 7.14 and 7.15
coincide with those that can be deduced from the exact eqs 7.1,
and 7.2 and 7.10 and 7.11, respectively, provided

a=pf=y=+xD

that is, T1 = To> = T in addition toQ = 0. This is because

(7.16)



3372 J. Phys. Chem. A, Vol. 110, No. 10, 2006 Gladkikh and Burshtein

A) Singlet Start S7.=72 3vx/D
1.00 4(1+ /XID + z/D)
S
Z
075 D (2 F— o] (7.18b)
K / 4(1+ /XID + z/D)
-~ ] F
N 0.50 E g All of them pass through an extremum at a common point
N T I
| Ic S z=D
0.25
- Sz‘ that is at
0.000 7 0.025 0.050 0.075 0.100 ke =ko
11D The vertical line at this point in Figure 3 separates the kinetic
(B) Triplet Start control, D > z, from the regime of diffusion controD < z
1.00 (left and right branches of the curves).
- 2. Kinetic/Diffisional Reactions of Radicals Started from
b Z, Contact. Far to the right, at the slowest diffusion, we obtain
0.754 I from eqgs 7.18
F
4 l F
N
n 0504 & s At%>>7>>1
N | 'O
1 ¢ N — 5 § — 5 _
025 ] A Z.=1z 27D =1 Z,
:
\ZS and
0.00 . T - . : . 1
0.000 Zm/ 0.025 0.050 0.075 0.100 2=2- 2 yD=2z-"2Z (7.19)
1/D

Figure 3. Diffusional dependence of the efficiencies of the zero field These formulae indicate that the rate constants™; = 34k

gg;‘;'g;\‘;g%’;rﬁﬂ: i%%?ﬁénéﬂél at zgog:)?ﬁtczgérsaigi :f‘rligiae'né‘;a‘:tion and 410"Zs = Y4ykp are proportional to the diffusional constant
= 20T = 5 x 107 crrels whereT = T, = T, = 15 ps. (A) The start <Ko= 470D, multiplied by the spin conversion factor =
from the singlet state of contact radical pair. (B) The start from the VX/D. Therefore, they are proportional t®X'% When the

equipopulated triplet states of the pair. radical pair starts from the singlet, the recombination constant

is three times larger than in the case of the triplet start.
under these conditions the set of egs 6.6 rigorously reduces to This is a very interesting peculiarity of a spin-selective theory
the ESM eqs 6.20 witls = 1/2T. compared to a spinless one. The latter may be diffusional only
Figure 3 shows the viscosity dependence of all the recom- in the case of a noncontact st&#€ while the former is

bination efficiencies at the contact start under condition 7.16. subdivided into kinetic and diffusional regimes, even if the
Unlike Figure 2, where they have been shown for the opposite radicals start to move being in contact. Immediately after the
cases of either the singlet channkf 0= kg) or triplet start they become separated; the reaction is switched off and
channel @ =0= kz) recombination, here we are dealing with  the spin conversion is on. The recombination is now limited by
an intermediate case of “spin-independent recombination” first diffusion of radicals from where they find themselves to the
considered in ref 26. This is an exceptional case when the contact.

reactions from the singlet and triplet proceed with equal rates: Its rate constant is diffusional when diffusion is slow and
kX = k! (z = z = 2). Under such conditions, the spin the reaction is accomplished at the very first recontact but the

conversion does not modulate the recombination and cannotSinglet and triplet products appear with the weights of these

affect its total efficiency states in the radical pair after spin conversion is accomplished:
1/4 and3/4.
Atz=z=z Under kinetic control, the results are different
Z:ZS+ZT:Z (717) At%<<1+’y
However,Zs andZy change with diffusion as shown in Figure 4+
3. Under conditions 7.16 and 7.17, they obey the simple 52, = # z
formulas 1+
S7 — _yz =37
SZSZZl— 3vx/D Z, 4(1+y) Z
4(1+ v/x/D + z/D) TZt _4+3y . (7.20)
T V' XID 4(1 + )/)
Z,=z (7.18a)

4(1+ v/x/D + z/D) However, ad — », the spin conversion rage— 0 andSZs =
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TZ, = zwhile SZ; = TZ; = 0. The same result follows from eq = Q2T,?
7.19 for the opposite diffusional limi) — 0 (y — o).

This means thatZs and 7z, vary with diffusion fromzto z QZTZ2 2y
while SZ; and™Zs change from 0 to 0, but between the deviations a~yll+ 3 (l + 1+y+ Z,JZD) (8.5)
from thez and 0, horizontal lines are three times larger for the
singlet start (A) than for triplet (B). The maximal values of these Under this condition, the MFE is linear i22T,2
deviations reached at= D are
«/_ T Qszz 2y
maxSz,=z— 2. =32 (7214 M~ —® g (1+ 1+y+zJZD) (8.6)
4 2+ Jxiz
where
1. Vxiz

max'Zy=z- "2 =gz = (1210) g (D) (41 + B + 2D

The efficiency of recombination from the singlet state through { [3(1 +y)(1+p)+ ZBS B+28+ }/)] [2(1 +y)(1+p)+
the triplet channel is three times larger than the vice versa.

As for the spin conversion, it is either weak or strong % (2 + 55 +y@1+ ﬁ/2))]}
depending on whether = 20%/T is less or greater than If x D 2
= 1/T = 0 is zero, then the expressions in eq 7.21 also turn to

zero and recombination proceeds only from the initial states: The solution of the rate eqs 6.6 leads to a different result

SZs=TZ, = z In the opposite case (~ »), these expressions 0Q2T.2
reach their maximal values which atkz for the singlet start TMS ~—® 2 (8.7)
(A) and Y,z for the triplet one (B). 2
VIIl. Magnetic Field Effect becausenx has to be taken from eq 6.11
In the present theory, the frequency of spin conversion (eq 74 o s QZTZ2
1.2) is proportional to the magnetic fiel. Affecting conver- 0=, /72A+ QLT y|1+— (8.8)
2

sion, the magnetic field changes the free ion quantum yield,

averaged over the distribution of initial separatioffs), As can be seen at slow conversidMs is always linear in

1 Q2T,2, but the slope of this linearity in the exact formula (eq

@(H) = [ o H)(r) dr = (8.1) 8.6) varies front/g aty < 1 up to%g aty > 1, z/2D, while in

1+2(H)D the analogous rate relationship, eq 8.7, it is always lafger,
The quantitative measure of the magnetic field effect (MFE) is Therefore, the paraboli€2 dependence of MFE at slow
conventionally defined as conversion is much sharper in the approximate rate theory than
in the exact one.
@(H) — @(0) Z(0) — Z(H) This conclusion is also valid for the ESM, whéFeis equal
M= #(0) = D + Z(H) (8.2) to T, anda is given by eq 6.23. The MFE estimated with ESM

obeys exactly the same quadratic dependence (eq 8.7) provided
As far as we know, until now, it has been studied experimentally one setsy = 5 in ®(y,f)
only with systems subjected to a single-channel recombination.
In particular, this was done in a wide range of fields with the Py = Pl,—5 =

reaction of photoexcited Ru-trishipyridine with methyl viologen z y(1+ y)(1+ z/D)

as an electron accept®t?® This reaction starts from the D Z Z 5
equilibrated triplet state of a pair that can recombine only 3[1 +y+ _] [2(1+ V)z + = (2 +y+ yz/z)]
through a singlet channel after the field-dependent spin conver- D D 2

sion.

However, the region wheréMs is quadratic inQ holds in such
a narrow strip (see Figure 4) that all the experimental points
are usually obtained out of it.

High Magnetic Fields. In high magnetic fields, the MFE
decreases with retardation approaching the constant negative

A. Singlet Recombination from the Triplet. In this par-
ticular caseZ = "Zs. It depends on the starting poingif f(r)
= O(r — ro)/4zr2. The partial recombination efficiency

T
2(H) = 2@ 83 Lale
is given by expression 5.7, which is too complex for analytic At Q — 0
investigations.
1. Contact Start. The situation becomes much simpler if we T|\/|s ~-T+ A (8.9)
first focus our attention on the pair starting from contact when QT,
Z(H) = "2(Q,0) (8.4)  where
where the latter is given by expression 5.13 vithndo defined = )
in egs 5.9 and 5.12, respectively. 2z(z,+ D)(1 + )
Low Fields. When the magnetic field is so small tH@PT,? [4@1+B)D+z2+ABA+ AL+ y)D +z(3+ 28+ y)]

<1, then using the approximate expressions (eq 6.1) in eq 5.12,
we obtain in the lowest order approximation with respect to andA is also some function af, 5, andy. It is useful to know
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0.0~ 0.0
y -0.01]
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Figure 4. Field dependence of the MFE at contact start in the exact Figure 5. Diffusional dependence of the MFE @i = « and start
theory (solid line) and in the elementary spin model (dastosdted from Ty (dashed line), fofl; = T, = 15 ps, and the same start;Tat
parabolic line). The vertical line separates the low field (incoherent) equal times but starting from the equilibrated triplet (T). The contact
Q2 dependence from the high field MFE, originating from the coherent (ate constankf = 3.31 x 10° A3¥ns, QT, = 0.75.

spin conversion. The latter is well interpolated by the empirical formula

8.10 withé = 0.91,¢ = 3, and® = 1.8 shown as the dashed curve 0.00 -
approaching the exact result from above. The highest field asymptotic

behavior (eq 8.9) and its limit; ", are shown by the dotted lines below.

The rates of contact recombinatian, and other parameters are the -0.05 +
same as in the previous figure while= 1076 cn¥/s.

T which is actually an upper limit of the absolute value of -0.10+
MFE: 0 < |TM4 < T. However, the asymptotic dependence
(eq 8.9) shown by the dotted line in Figure 4 is not achievable =
because it holds at too high a magnetic fiefeTg > 1000),
while the experimentally studied interval is arou@d; ~ 5.

Moderate Magnetic Fields.Within this intermediate interval, -0.20 4
the descending branch of the solid curve should be better
interpolated with the following formula 025

_ 6
QT,+¢

»

-0.15 1

0.0 0.5 1.0 15 2.0 2.5 3.0 3.5
(8.10) oT

Figure 6. Field dependence of the single-channel MFE at different

With a proper choice of, &, and®, this interpolation is as starting distances. The rest of the parameters are the same as in Figure
good as that shown in Figure 4 by the dashed line. This is the 4.
actual observed magnetic field dependefiéd;!® while the _ _ ) _
alternative (incoherent) parabolic dependence (eq 8.6) is hardly'VNen the initial particle separatiog — o is comparable or less
detectable and is described by ESM only qualitatively. than the tunneling length. However, it is instructive to recognize

In Figure 5, the nonmonotonic diffusional dependence of the the general t.end'ency of the MFE to chan.ge wih .
MFE |s used to Compare a feW d|fferent approaches to the As ShOWI’l n F|gure 6, the MFE m0n0t0n|ca”y deCreaseS W|th
problem. It was exhaustively studied in the frame of “a two- 'o at anyQ and the sharper the larger it is.
state (S,§)” model in ref 10, presuming that the system starts ~ However, the space-dependent recombinationWtgis not
from To having8 = 1/T; = 0. The solution to such a problem  actually the contact one, as in eq 2.7. Usually it is not narrower
at contact recombination and contact start can also be obtainedhan the tunneling length ~ 1 A, that is, at so close starts, the
from our theory (dashed line in Figure 5). Nothing changes recombination is for sure not contact. If nevertheless the contact
significantly if we take into account all four spin states, setting approximation (eq 2.7) is used, then the diffusional dependence
T. = T2 (lower solid line in Figure 5). But if the start under of the MFE at the contact start is questionable at slow diffusion
these conditions is taken from the equilibrated triplet state (upper (the lowest curve in Figure 7 & < 10°°). However, the curves
solid line in Figure 5), then the difference is much more forlarge separation are free of this weakness in the fast diffusion
pronounced. This means that the two-level model is too rough region, where the effect is the most pronounced (Figure 7).
for fitting the real experimental data and even more so its  Very similar curves with clearly expressed minima were
incoherent analogue 6.8. On the other hand, it should be notedobtained experimentally by Steiner et?&lThey were fitted in
that the results are rather insensitive to the particular value of ref 10 within the two-level model with an exponential (non-
T, in the whole intervab > T; > T, if the starting state isthe  contact) recombination rate. The calculations include the
same. averaging (eq 8.1) over the realistic distributigry) which is

2. Noncontact Start. It should be stressed that the results different for any D values. Unfortunately, all diffusional
are very sensitive to the starting point especially if it is close to dependencies were studied by the Steiner group variing
the contact. This peculiarity has been mentioned already in refsvalues (viscosity) by changing the solvent composition. This is
4—6 and 17 where it was shown to result from the contact accompanied by a significant variation of the static and optical
description of the recombination. In this approximation, the dielectric constants changing the outer sphere reorganization
region of too low diffusion is not properly covered especially energy4, parallel to diffusion. It was shown later that such a

"My~ —€T +

2
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0.00 +

-0.01 4

-0.02 4

= -0.03-

D, cmz/s

Figure 7. Diffusional dependence of the single-channel MFE at
different starting pointso. All the parameters are the same as in Figure
4..

TABLE 1
D, créls Tz, pS ro, A
6.67x 1077 47.6 11.2
1.16x 10°© 40.8 10.8
2.30x 1076 37 10.6

variation ofZ affects significantly the space-dependent transfer

rate and changes qualitatively the interpretation of the quantum ’

yield diffusional dependende?® This is not the place to go into
the details of fitting the real diffusional dependencies. Instead,
it is better to concentrate on fitting the field dependence of the
MFE when nothing is changed exce@t

3. Fitting the Field Dependence of the MFEThe expected
field dependence is exhibited in Figure 6. The different starting
distancesry, represent the difference in diffusion. The faster
the latter is the closer to the contact the actual initial distribution,
f(ro), is. Instead of the whole distributiof{ro), we take a single
ro, close to its average value, which shifts to contact when
diffusion becomes faster. However, not only the starting distance
changes withD but also T, is subjected to some changes
indicated in the original experimental work (Table 1 in ref 28).
We used these values to fit the related curlfiégls usingro as
a single variable parameter and borrowing the valuekfm:
3.31 x 10° A%ns from ref 10 (see the caption to Figure 7
therein).

The results of our fitting are shown in Figure 8 and Table 1.

They cannot be expected to be better because the contact ' T T

approximation for recombination (eq 2.7) is employed instead
of the trueW(r) and the single starting distance is used instead
of f(ro).

The monotonic decreasing of with D confirms the nature
of the forward electron transfer (ionization) that should be
diffusional at such a smab value. The effective radius of the
diffusional ionization is known to go down when the diffusion
accelerated?8 Of course, the variation df simultaneously with
diffusion can imitate the same effect as it did already in another
respect—® Nonetheless, the spin conversion responsible for the
really observable MFE is an undoubtedly coherent process
contrary to what was expected in previous wotk®

B. Double-Channel Recombination.When both reaction
channels are switched on, the yield of free radicals (eq 8.1) is
also field dependent, thougt(H) = Zs + Z; depends on both
k% andk!. Until now, there was only one system whetand
Z; were measured simultaneouslHowever, the MFE was not
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-0.05 1
-0.10 1
= -0.154

-0.20
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0.0

Figure 8. Fitting of the field dependence of MFE at various values of
the diffusion coefficient, increasing from top to bottom (Table 1). The
points are taken from experimental wafk.

=

=

-

T
10°
D, cm’/s

107

Figure 9. Diffusional dependence of the MFE for triplet (A) and singlet
(B) radical pairs, starting from contact. Single-channel recombination
is given by solid lines, double-channel recombination by dashed lines,

and the spin-independent border case by a dotted one. The relative

efficiencies of the singlet and triplet recombination channels are pointed
out by the relative andk! values.

Therefore, we restrict our attention to only the contact start
using ¢(o,H) in eq 8.2 instead ofp(H). This is only a
demonstration of the qualitatively different diffusional depen-
dence of the MFE, which is very sensitive to the interrelationship
betweenk andk! at any starting state (Figure 9).

For triplet recombination through the singlet chanridls,
we have in (A) the lowest curvekz(: 0) which is the same as
in Figures 7 and 5. An alternative recombination of the same

detected there. Besides, the spin conversion there was carriegbair, via the triplet channel onlyM;, takes place alf =0and

out by another (HFI) mechanism that was considered sepafately.

has an opposite, positive sign of the MFE. A border case of the
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double channel but “spin-independent recombinatidd” € 5. }((2_) B_urThItEeirg JA(I:h Zhalrjil;]O\;‘,lgAé Aé;ssggll(girev, N. V.; Spirina, O.
kcs) is a horizontal dotted linéM = 0. At comparable but not - Krissinel, E. B.J. Chem. Phys1991, 95, :

equal rate constant§ = 10k] andk! = 10k, the signs of the 25
effect are also the opposite as for the single-channel limits. (4) Neufeld, A. A.; Burshtein, A. I.; Angulo, G.;. Grampp,J5Chem.
For recombination from the singlet initial state (B), the picture Phys.2002 116 2472.

is qualitatively the same, except that the signs of the MFE when EZ; gurs:ttel_n, AA '-I?ANdeUfg'g' A, APJh F;%%-f;‘;g‘-l ggol 105 12364.
the singlet or triplet channel dominates are interchanged. Since urshtein, A. 1.Adw. Lhem. =iy :

S . L (7) salikhov, K. M.; Molin, Yu. N.; Sagdeev, R. Z.; Buchachenko A.
the 'n_'t'al state of the photoinduced pair is usu_a”y kno_wn’ the L. Spin polarization and magnetic effects in radical reactiddslin, Yu.,
diffusional dependence of MFE allows one to find easily what N., Ed.; Elsiever: Amsterdam, The Netherlands, 1984.

channel is more efficient and by how much. (8) Lukzen, N. N.; Pedersen, J. B.; Burshtein, AJlPhys. Chem. A
2005 109 11914.

(9) Steiner, U. E.; Ulrich, ThChem. Re. 1989 89, 51.

(10) Krissinel, E. B.; Burshtein, A. I.; Lukzen, N. N.; Steiner, U. E.
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