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Assuming that exciplexes are formed from solvent-separated ion pairs that are subjected to tsipigiet
conversion, we calculated the exciplex fluorescence andradical separation quantum yields. Analytical
expressions for both were obtained within the contact approximation for ion recombination to the excited
triplet state. The spin conversion affects the competition between exciplex formation and charge recombination
if their rates are not equal. The effect significantly depends on the initial separation of photochemically
generated ion pairs and the rate of spin conversion that can be changed with the external magnetic field.

I. Introduction solvent-separated ion pair in the singlet state undergoing the

. P . L reversible conversion to the triplet state
Exciplex formation in the course of bimolecular ionization P

was recognized long ag@nd is now a commonly accepted
idea that explains some peculiarities of subsequent fluorescence
and charge recombination. Two alternative kinetic schemes of
exciplex formation were discussed in the literature before one
of them was given a preference. “Scheme 1" proposed by
Weller et al>® assumed that the exciplex$®+A~] are primary
products of ionization during encounters of excited reactants,
D* + A (or D + A*). Then, they irreversibly dissociate to a

D*+A—'D'".A1=3D".AT] (1.2)

Both singlet and triplet ion pairs are subjected to further gemi-
nate recombination and separation, but only the singlet pair
undergoes reversible transformation to the exciplex providing
specific fluorescence at red-shifted frequency

solvent-separated ion pair in the singlet stfie"...A"]. It was [DA] + hy ~— '[D'A] === '[D*... A] A (1.3a)
well-established experimentally that the singlet pair reversibly ™S plaA
converts into the triplet staté T l
DY+ A
D*+A—DAT—YD".AT=D".A] (L1) 1. 1] (1.30)
D .. A

The singlet pair is subjected to subsequent geminate recombina- . . ) . .
tion competing with diffusional separation of ions in any spin In this article we will restrict ourself to Sc?eme 2, which to
state® In principle, “Scheme 1” admits that the exciplexes and ©Y’ knowledge is now generally accepﬂéﬁ% S
solvent-separated ion pairs are created in pafadeld the An egser)tlal stage O.f the_ scheme is the _s_,mgbplet
reversible reaction between them was finally assumed to be CONVersion in t_he lon pairr, Wh'Ch. Opens an additional channel
possible (see ref 7 and references herein). forion recomblnatlor) wathe excne(_j triplet state.of the neutral
N product? For normal ionization the triplet channel is much more

However, there was some experimental evidence that “i fici h he sinal . binati h d
polar solvents fluorescence quenching can occur through elec-efficient than the singlet pair recombination to the groun
state*15 Since the latter lays deep in the inverted region, it

tron transfer without excited and quencher molecules forming . . :

a sandwich type charge-transfer complex. Consequently, a.should be much slower'than EXC.Ip|E).( for_matpn and will be
solvent-shared ion pair, [D..A], in which the radical ions are |gnored_ hereafter. Owing to. th|_s S|mpI|f_|cat|on onIy_two
partially solvated has been postulated as primary intermediateS0MPeting channels _Of rec_omblnatlon remain to b_e con_S|dered.
in this process® This is the Scheme 2 also proposed by via exciplex and excited triplet state. The latter is carried out

Weller?® In ref 10 Scheme 1 was proved to be reasonable for by electron transfer in the normal region, if the recombination
bound species (for intermolecular exciplex formation), while free energies are smaller than the reorganization energy of the

for intramolecular electron transfer an alternative Scheme 2 wasSurroundings. Under this condition the recombination rate is
used. In this scheme the primary product of ionization is a sharp quasi-exponential functions of inter-ion dlgtéﬁéﬁhat
allows us to use theontact approximatiof®1° which works
*On leave from the Institute for Water and Environmental Problems, €gually well for an analytical calculation of both exciplex and
656099 Barnaul, Russia. charge separation quantum yields. In fact, this approximation
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will be significantly extended to build up the spin-conversion

Burshtein and Krissinel

The quantum yield of the exciplex fluorescence is

stage into a recombination scheme. This has been done already

for recombination following the ionization of the triplet stéfe.
Here we will do the same for singlet state ionization followed
by exciplex formation. In this case the singtétiplet conver-

P Jy PO = 2,(0) (25)

sion in the ion pair affects the exciplex fluorescence as well as Wherez; is the fluorescence life time arfil(s) is the Laplace

charge separation quantum yield. We will study both of them

transform ofpg(t). Making the Laplace transformation of eq

as functions of the spin conversion rate that can be changed2-4, one can easily find that

with the external magnetic field. It is well-established experi-
mentally that that kind of magnetic field effects indicate that
the spin conversion is the limiting stage of the whole prog¢ess.

Il. Geminate Recombination of the Solvent-Separated lon
Pair

Under certain conditions one can introduce the rate constants

3ko for singlet to triplet transitions ankh for triplet to singlet

Koe
I(dis,s—i_ 1/Texcp5(0, 0)

Using it in eq 2.5, we see that in this approximation the
fluorescence quantum yield

Pe(0) = (2.6)

®e = Kexd1nPs(0,0) (2.7

transition (see Appendix). This is the simplest way to account i proportional to the concentration of singlet pairs at contact

for the spin conversiof~28 We have also employed this
approximation in our previous wotkand continue to use it
here by writing equations for the populations of singlet and
triplet statesps and pr

2 = — <10 2 rc/rg —rr
aPs = KoPr — 3kps + DomrE e s (2.12)
2 — =19 ZrJréfrc/r
o7 = KoPr + 3kgps + Dore e Mpr (2.1b)

HereD is the coefficient of mutual diffusion of ions; = €/
eksT is the Onsager radius of their Coulomb interaction, and
Wi(r) is the position-dependent rate of triplet pair recombination
to the triplet state of the products. The recombination to their
ground state from the singlet ion pair is ignored.

The initial separation of ion pairs is described by their
normalized distribution functiorig(ro), resulting from precursor
irreversible ionization of the excited reactafts3! In general,
the solution obtained with initial conditions

o(r —ry)

ps(r, I, 0) = W, p:(0)=0 (2.2)

has to be averaged ové(ro). However, for the important
particular case of contact born ions one can simplyrget o
to get the final result.

To account for the formation of the exciplex, we have to
introduce its populatiome(t) and rates of its formation (from
singlet pair) and dissociation (to solvent-separated phik),
andkgiss Then the boundary conditions are

; 50 _—rgr
ips = 470°Dye " p(r, Dl -, = Ko dds(0 1) ~ kysPelD

(2.33a)
pr=4100 e D0l (23b)
The population of exciplexes obeys the equation
1
Pe = kexoOS(U' t) — P~ kdissoe (2.4

Texc

wherepe(0) = 0. The inverse exciplex life time, 4., equals

distance and

1 . Texc

77 = —-—
f 1+ kdissrexc Tt

is the intrinsic quantum yield of the exciplex fluorescence.
On the other hand, by substitution of eq 2.6 into the Laplace

transformation of eq 2.3a, we can present the latter in a

conventional form of the “absorption boundary condition”

iPs(o, 0)= Kpg(o, 0) (2.8)
where
_ kexc
= 1+ kdisstexc (2.9)

is the effective kinetic rate constant of the irreversible contact
recombination of a singlet ion pair. Hereafter we can solve
the problem without use gde, which has been excluded from
all the equations.

Specifically, the charge separation quantum vyield is

@ = [ps(r, @) + py(r, )] d°r (2.10)

It depends on the initial charge separatigras a parameter.
The same is true regarding the quantum yield of exciplex
fluorescencepe(ro). Both ¢(ro) andge(ro) are functions of the
spin conversion ratdp. In the contact approximation these
functions can be obtained analytically.

[ll. Contact Approximation

Equation 2.1b with reflecting boundary condition eq 2.3b
accounts for the geminate recombination in the triplet ion pair
as a remote electron transfer. This is the approach used in ref
32 for examination of the validity limits of the contact
approximation. It is well-known that for the endothermic or
the moderate exothermic back electron transfer in ion pairs that
their recombination may be considered as a contact reaction
with the kinetic rate constant

k= JWg(r) dr

In the contact approximation the electron transfer at o is
ignored by settinghg = 0, but the boundary condition is

(3.1)

to the sum of the rate constants of emitting (fluorescence) andchanged to account for the recombination with the rate constant

radiationless transitions.

of eq 3.1
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=19 2 rdr

%pT = —kgp, + 3k + Dz_arr o a;are,rclrpT (3.2a) Substituting this result into eq 3.5, we obtain
r

@(ro) =1 = Kp(a, ro, 0) = «pr(0, 1o, 0) (4.3)

ipr =kp(o, 1) (3.2b)
) ) ) ) o o The formal solution to eq 3.4b may now be represented as
With the exception of the quasi-static (slow diffusion) limit, gjlows

this approach provides a reasonable approximation that opens
the way for an analytical solution of the problem. Moreover, 5 - ) ., 3,
this approximation makes no difference whether the tripletion  Pr(T: o, S) = 3kofG(r, I, s+ 4kg) P(r', ro, §) dr' - (4.4)
pair recombines to individual triplet molecules as in scheme _ _ _ o
1.3 or transforms to the triplet exciplex, which is subjected to where the Green functioB(r, ro, t) yields an equation similar
efficient radiationless quenching in the liquid state. to eq 3.4a
The complete set of kinetic equations 2.1 in the contact
approximation thus takes the form %G =LG jG=kG(0,1 (4.5)
0 .
—Ps= — 3 +L = Kpg(o, t 3.3a
3tps oPr oPs Ps IPs P8 ) solution to which may be also expressed via the free diffusion
9 Green functionGo(r, ro, t)
2Pr = Koy 3kps +Lpr - jpr=kpe(o,)  (3:3b) i i i i
G(r, 1, 8) = Gy(r, g, 8) — kGy(r, 0, 9) G(o, 1y, 9)
wherelL is the operator of encounter diffusion. Using the total 3
ion pair populationp = ps + pr we can represent eqs 3.3a, At r = ¢ this equation may be solved f@&(o, ro, S)
3.3b in an alternative form

0 G _ GO(G’ oS 46

P =LP  ip=Kplo, ) +prlot)  (3.43) (0.0 8) =77 kGo(a, 0, 9) (4.6)
0 — F— Setting nowr = ¢ in eq 4.1, we can solve it fdd(a, ro, 9)
—p+4 =Lp+3 = 1 3.4b g q 4.2 qoeo, ro.
8tp oPr Pr kP IPr=kpr(0 ) ( ) and find the following expression for the density of ion pairs

on the contact
wherex = k. — K.

Our main goal is to calculate the charge separation quantum Go(a, [0S — KGO(U, 0,9 Pr(0, Ty, )

yield o = = 4.7
P©: 1o, ) 1+ K&y, 0, 9) 4.7)
@(t) = [p(r, 1o, ) & = lim_sPHET  (3.5)
s—0 After substituting this result into eq 4.1 we obtain
and the exciplex fluorescence quantum yield B(r, Foy ) = Gy(r, oy §) —
ro) = Knq[p(o, ro, 0) — d(o, ry, O 3.6 - KGq(a, ro, S) — kp(0, I, S
®ro) 1nolP(a, 1o, 0) — Pr(o, 1o, 0)] (3.6) &yt 0,9 o(0, 7o, S) — «kPr(0, 1o, 9) 4.8)

] ) 1+ Kéo(o, a,9)
whereno = texd7s is the fluorescence quantum yield of the

"stable" exciplex (as if it were not subjected to dissociation),
B(s) = o p(t)e st dt is the Laplace transform of the time-
dependent population, arid.Co0means averaging over space.

Using this result in the right-hand side (rhs) of eq 4.4, the closed
equation for triplet pair density may be found

IV. General Solution in Contact Approximation Pr(r, ro, ) = 3koJo(r, s) —

Let us express all the results via the unperturbed Green 3kyJ, (1, S)
function Go(r, ro, t), which yields the free diffusion equation o
with reflecting boundary conditions:

KGy(a, 1o 9) — kPr(0, 1, 9
1+ Kéo(o, a,9)

(4.9)

3 where
a_tG°= LG, jG,=0
I(r,9) = [G(r, 1, s+ Ak)G(r', 1o, 5) ',
where Go(r, ro, 0) = [0(r — ro)l/(4nr?). Using this Green = -
function we can represent the Laplace transform of the solution Jo(0,9) = Gyl0: 70, 9) _ G0, ro, S+ 4ko)
o Ak [1 + kGy(o, 0, s+ 4ky)]

to eq 3.4a in the following form

p(r, ro, ) = Go(r, 1o, S) — KGo(r,~o, SP(o, 1y, S) — (19 = B(r, ', s+ 4G, 0, 9)
kGq(r, 0,9) Pr(o, 1o, 9) (4.1) Gy(0, 0,9 — Gy(0, 0, s+ 4ky)
J,(0,9) = = (4.10)
After averaging over, eq 4.1 gives 4Ky [1 + kGy(o, 0, s+ 4ky)]

1 & = In order to findJo(o) and J,(o), we used the relationship 4.6
S)==[1 — Kp(a, ry, S) — o, S 4.2 o o\0), p
B s[ PO, T 8) — kPr(o, T 9] (4.2) and the following identity
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~ ~ 3 3 o _ot - 5 —(ro—o) =
JGylo, 1,5+ k) Gy(r, 0, 9) dr = ['dr ["edt x G070 S) = Gyl Ty OF VsiD (5.3)

[rGlo,r, t—t)e et Gyr, o, t) dt = 1Hovsb
™ _ Ul (=) s where
J. G0, o,~t)e St j;e:‘k‘)(t Dt = ) )
Gy(0, 0,9 — Gy(0, 0, s+ 4ky) (4.11) Go(a, T, 0) = 1/4nr,D
4Ky . This information is sufficient to obtain the quantum yields, as

well as the kinetics of charge survival, given by its Laplace
At r = 0 eq 4.9 may be resolved for triplet density on the transformation 4.2 and auxiliary eqs 4.7 and 4.12.
contact Let us start from the particular case 3 when no exciplex
formation occursi = 0, k = k;). Thenge = 0 while

Pr(o,1g, 9 = () =
Jo(0, 9L + KGy(o, 0, 9)] — I (0, 9KG(a, I, 9) o .
= — (4.12) 41+ kGqy(o, ro, 4ky)]
H 0 9 TG 029 7 S 0 9 HTLT G0, T A)] T 3k, [0, T 0) — G0 T )]
which determines also the total contact density given in eq 4.7. (5.4

Using these densities at= 0 in eqs 3.6 and 4.3, we obtain
quantum yields for both charge separation and exciplex fluo-

rescence. 14+ o+ (kr/kD)

. @(0) = 3
V. Quantum Yields 1+ a+ (k/ky)(@+ 7,0)

The quantum yield for ion pairs with initial separatiofis
given by the following general formula

KGy(o, 14, 0) o = y/4k0?ID

 1+KGy0,0,0)

If the ion pairs were born at contact the result is even simpler

(5.5)

wherekp = 470D is the diffusional rate constant and

p(rg =1
is the dimensionless rate of spin conversion. As was expected
ke [35(0, 0) (1+ KBy, 0, 0)) — J,(0, 0) KGy(a, To, 0)] for this case, the charge separation quantum yield shows

= = — monotonous decrease with this parameter approaching the
1+ KBy, 0, 0) [1+ 3kskJ (0, 0) + K (Gy(o, 0, 0) — 3kyd, (0, 0))] constant value

(5.1)
| | | | = lm =
while the quantum yield of the exciplex fluorescence is Do s 1+ (3k/4ky)
(r)me = KGy(0, 1o, 0) _ In Figure 1 the transition fromp = 1 to ¢, is shown for contact
#ellollMo 1+ KGo(o, 0, 0) born ion pairs. The higher the ratigkp the faster and deeper
~ is this transition.
. kGy(o, o, 0) L . I
Kpr(o,re, O)[1+ ——=——=| (5.2) A similar decrease in quantum yield is seen for the noncontact
1+ KGyo, 0, 0) ion pair (Figure 2), but here the effect is smaller the farther

apart the ions are in the beginning. We considered the situation
where pr(o, ro, 0), defined in eq 4.12, depends on the spin when geminate recombination is under diffusional contkpl (
conversion rate constakg. If ko is zero, the last terms in eqs > kp). No qualitative changes are expected in the kinetic
5.1 and 5.2 vanish and the remainder gives the same result agontrol limit (k; << kp) except that the difference-1 ¢.. should
that obtained within the spinless reaction scheme. In such abe smaller.

trivial casege = 1o(1 — ¢). Now let us turn to the general case when both reaction
A few important particular cases follow from egs 5.1 and channels are open and recombination to the exciplex competes
5.2 at particular values of: with recombination into the triplet product. In Figure 3 we plot
1. k = —K, thatis,k- = 0. The recombination of ion pairs the charge separation and fluorescence quantum yields for

is possible from only the singlet state (to exciplex). The charge contact born pairs as functions of the spin conversion rate
separation quantum yield should increase with increasing the constant. At chosen ratik/kp = 1 andky = 0 we havep =

rate of the spin conversion to the triplet state. @dno = 1/2. In accordance with the qualitative classification
2. k = 0, that is, the rate constant of recombination is the given above, the charge separation quantum yield does not
same for the singlet and the triplet ion paiks € K ). The depend on the spin conversion in case 2 (horizontal line 4),
quantum yields do not depend on spin conversion, as well aswhen the rate constants of recombination through both reaction
in the case&k = 0. channels (the exciplex and the triplet state) are the s#&me (
3. k = k;, that is, eitherky — o« or K = 0. The triplet k). If exciplex formation is more efficient than triplet recom-

recombination is much faster than the singlet one. Therefore, bination K > k;), the spin conversion increases the charge
the quantum yield of charge separation decreases with increasingeparation quantum vyield (approaching case 1). If triplet
the singlet-triplet conversion rate constant. recombination dominates over formation of the excipliéx<(

To make further progress in the analytical calculations, we k;), the charge separation quantum yield decreases approaching
have to restrict our consideration to highly polar liquids, the limit K/k, = O described above (case 3).
assuming. = 0. In this case the only Green function we need Contact generation of ion pairs is the most favorable condi-
is well-known20-34 tion for exciplex formation but exciplex fluorescence is es-
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Figure 2. Same as in Figure 1 but for ions initially separated by
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Figure 3. Quantum yields of exciplex fluorescence {at= 1) and
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Figure 4. Separation quantum yield as a function of the spin conversion
rate for contactrp = ¢) and noncontactr§ = 2¢) ion pairs atk =

10kp andk/kp = (1) 0.01; (2) 0.1; (3) 0.3; (4) 1; (5) 3; (6) 10; (7) 100;
(10) 10.
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in fluorescence with the increasing spin conversion rate is
minimal but nonzero. In this particular case one can obtain
from eq 5.2

Go(0, 1o, 0) = Pr(o, 1, 0)
1+ KGy(o, 0, 0)

@elro)ng =K (5.6)

For ions created at contact distamge= o this expression allows
for further simplification:

Pelro)mo =
kK | L 3 0/ 4ky/D
Ktko| ™ 41 + 0/akyB)(L + Kiks) + 3Kldi,

This is the equation for the upper limit for the curve family
shown in Figure 3. It describes the gradual decrease/gb,
with ko from 1/2 to 1/5 atk/kp = 1.

There is an essential difference in the separation quantum
yields of contact born ion pairs and those created out of contact
(ro > 0). As shown in Figure 4, in case 1 (wh&n> k), the
separation quantum yield of the distant ion pair changes with
the rate constant of spin conversion no-monotonously: it
increases at lowky and decreases at higky. If the spin
conversion is slow and can only partially depopulate the initial
singlet state, during the pair life timg = 02/D, then the more
ion pairs convert into the triplet state (which is practically
stable), the higher are their chances to survive and be separated.
However, if the fast spin conversion can equalize populations

(5.7)

separation of contact born ions as functions of the spin conversion rate of both spin states before ions come in contact, then the back

ko at K/kp = 1 andk/kp = (1) 0.01; (2) 0.1; (3) 0.3; (4) 1; (5) 3; (6)
10; (7) 100; (8) 18 (9) 10% (10) 10.

sentially depleted by spin conversion, opening competing
channels for ion recombination and/or their separation. Even
when triplet recombination is prohibiteld; = 0 ), the decrease

conversion from triplet to singlet state stimulates the contact
recombination to exciplex, thus reducing the fraction of survived
ions. This effect is most pronouncedkat= 0. The curves 1

in Figure 4 are the closest to this limit that can be easily obtained

from the general eq 5.1 & = 0
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(olrg) 1+ a+ 3 exd —o(ry/o — 1)})
1+4/K)(1+0o)+3

lim @r)=1-—
kr_>0§0( o
(5.8)
This curve has a maximum at finitg, at anyr > o.
The total effect of spin conversion may be characterized by
the relative difference in the quantum yield at the infinitely fast

conversion, lim,_.., ¢(ro, ko) = ¢@(ro, ), and the spinless (or
conversion-free) valueo = ¢(ro, 0)

_ @(rg, ©) — @(ro, 0)
¢(re, 0)

_ q)e(rO! oo) - (pe(rov O)
@e(rO! O)

e

(5.9)

These definitions are analogous to those used for estimating
the magnetic field effect on the charge separation quantum yield

and exciplex fluorescencé. As seen from Figure 5, parameter
M does not necessarily coincide with a maximal spin conversion
effect but merely characterizes the scale of it.

Consider for example the simplest case of contact born ion

pairs when the general expression 5.1 reduces to the following

#(0) = ¢ol0) [1~ 754 (5.10)
whereagg = [1 + KGy(o, o, 0)]"* and
Ak = 3k, (0)0 = % (5.11)
From egs 5.95.11 we obtain
M(o) = ——2) 3K~ k) (5.12)

1+ A Ktk + 3k

In the absence of exciplex formatioiK = 0), then the spin
conversion effect is negative and changes from 6-fowith

k.. The effect is 0 ak, = 0 because there is no recombination
at all and the quantum yield is 1 at aky In contrast, ak, =

oo andky = o all triplets immediately recombine, so that after
instantaneous conversion there are no ions to sepagéite ko

= o) = 0 andM = —1. The exciplex formation makes|

Burshtein and Krissinel
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Figure 5. Spin conversion effect in charge separatibt) &nd exciplex
fluorescence Nlg) for the contact born ion pair transforming to an
exciplex with the rateK at k/kp = (1) 0.01; (2) 0.1; (3) 1; (4) 3; (5)
10; (6) 100; (7) 18& (8) 10
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increase up to the upper limit, which equals 3, because at spin

conversion being infinitely fast the quantum yield is four times
higher thango.

Similarly, the fluorescence quantum yield 5.2 in the case of
contact born ions reduces to a much simpler expression

?0) = pAO)[1 — Pr(0, 0, 0)(kp + k)]

where ¢3(0) = noKI(K + kp) is the quantum yield in the
absence of spin conversion and

(5.13)

3o
4(K + kp)(1 + k/ky + o) + 3k
3
4k + 3k + K

pr(o, 0,0)=

at o — o

Using this result, we obtain for the spin conversion effect on
the fluorescence quantum yield

o 3k + k)
Myo) = — | L0, 0)kp + k) = —
40) == lim Pr(0, 0,00 + k) = = gy

(5.14)

Figure 6. Spin conversion effects for charge separation (solid line)
and exciplex fluorescence (dashed line), as functions of the triplet
recombination rate at/kp = 1.

If no exciplex formation occursk( = 0), this parameter varies
from —3/4 in the absence of triplet recombination td at
infinitely fast recombination. Exciplex formation makes this
parameter increase up to 0.

Both M and M. change rapidly from the minimum to
maximum value when the rate of exciplex formation becomes
comparable with the separation rate measuredkgy In the
middle of these S-like curves (Kt= kp), the effect essentially
depends on the triplet recombination rate (Figure 6). This is
especially the case with sign alternatidg that turns to zero at
k- = K as usual.

VI. Discussion

Our main goal in this work was to build the exciplex
formation in the general scheme of photoionization, followed
by spin conversion and recombination in the ion pair. We have
shown how this can be done, in principle, within the consistent
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diffusional theory of the geminate process and obtained an superoperator accounting for the population and phase relaxation
analytical solution for the case when triplet pair recombination in collective states basis of ion pai¢ >, |[T- >, |To >, and

may be considered as a contact reaction. The results dependS >). We will concentrate on the simplest example of g
substantially on the initial ion separation and, generally speaking, mechanism of spin conversion in ion pair at moderate magnetic
should be averaged over their initial distribution, which depends fields.

on whether ionization is kinetic or diffusion-controlléH.This The spin Hamiltonian in collective basis takes the form
has already been done numerically even for noncontact back-

and-forward electron transfer under the spinless approxima- oy 0 0 0

tion 3637 Though we have efficient programs to make this also, 10 —wy O 0

accounting for the spin conversiéh,we ignored such an H 9o 0 0 w_ (A2)
opportunity because this is only a preliminary qualitative 0 0 w_ 0

investigation of the problem. In some respects it needs further
development and generalization before the relevant comparisorivhere
with the experimental results becomes possible. I

The effect of spin conversion shown in Figures@tis only W, = @, g,)ﬁH (A3)
an illustration of the competition between different reaction * h
channels at zero and infinitely fast conversion. In reality the

rate of conversion changes in finite limits with the applied N . " .
magnetic fieldH. As has been shown in the Appendix, this and negative ions, and is the magnetic field. The relaxation

range is rather restricted in the balance approximation. As SuPeroperator in the Liouville space that has the ranik 1%
follows from eq A.9,ko(H) — ko(0) = w?T/12 < 1/12T < can be taken from ref 39. We will use it assuming that the
ko(0). Hence, in balance approximation one cannot change longitudinal and transverse times of both radicals are the same

significantly the spin conversion rate, which is of the order of (equal toT; andT ). L
1/2T. The same is valid for the quantities that characterize the ~FOF moderate magnetic fields, when

B is the Bohr magnetorg, and g- are g-factors of positive

magnetic field effect. For instance 1
[(JERSS T— (A4)
.. ¢(ro ko(H)) — ¢(ro, ko(0)) 31N @(rg, ko) dky 2
@(ro, ko(0)) Ky dH the quasi-stationary solution for off-diagonal elements may be
31n (ry, ko) (9, — 97)252Tu obtained by setting
kg 6h> py=0 for i=] (A5)

However, from this linear dependence one can get at least thejn general kinetic eqs A1. Then the total set of egs Al in the
sign of the derivativelg/ oko nearko ~ 1/To. To inspect the | jouville space reduces to the rate equations for only diagonal
¢(ko) dependence in a wider range kf variation, the rate  elements of density matrix:

description of spin conversion must be replaced by the dynamic

(Hamiltonian) approach, which is free from the limitation A.6. wZ,Tz 1
In fact, this limitation can be easily removed by usingx.68.6 Pss= — 2 + T
rank relaxation matrix accounting for the phase relaxation in 2

line with the interactions of spins with magnetic field. In this a)ET2 1 1 1
case analytical treatment is hardly possible, but the numerical 2 7T o7 |Pre, T op e, Ferr) (AGR)
. . . . . . . . . 2 l 1

investigation of magnetic field effect is reliable in much wider .

+ o+ |PssT

range. An example of such investigation has been given 27 ,
recently in another worf8 prr = w-lp 1 1 poc—
Moreover, it has been shown recently that the spin conversion' ToTo 4 T, 2T,|"SS
can influence not only the quantum yields but also the kinetics 02T ]
of geminate recombination as wéll. The effect was obtained -2 11 4 i( 4 ) (A6b)
. . . . . . 4 T 2T iOTOTo 2T pTJr'I'Jr pT_T_
in balance approximation neglecting the exciplex formation but 2 1 1

taking into account the recombination to the triplet state. This L L

problem is also available for only numerical analysis. pr7, = 2—-'-1(,055"‘ Pror) ~ TP (A6e)
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(A6d)

T,=T,=T (A.7)
VII. Appendix
and both of them are field-independent as in the case of
rotational relaxation mechanism gtH < hAty, wherezy is
the orientational relaxation tinfé. For equal relaxation times
p(t) = —i[H, p] + Rp (A1) the general set of eqs A6 reduces to only two equations for the
total population of the triplet stater = pr,r, + pr7. + proTs
where H is the spin Hamiltonian andR is the relaxation and that of singlet stat@s = pss

In general, the spin evolution is described by the kinetic
equation for the pair density matrix
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Ps = —3KoPs t KoPr (A8a)
Pr = 3KoPs — koPr (A8Db)
with
B [ 1 0’T
Tl 12 (A9)

According to the inequality A4 the second term in A9 sensitive
to magnetic field is a small correction to the first one. Hence,
the rate of spin conversidg has an order of inverse relaxation
time. Itis quadratic in magnetic field, but changes only slightly
within balance (rate) approximation A4.
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