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Net and Multiplet CIDEP of the Observer Spin in Recombination of Radical-Biradical Pair
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Net and multiplet chemically induced dynamic electron polarization (CIDEP) of the observer/catalyst spin
formed in recombination of the radical-biradical pair is studied theoretically. We obtained analytical expressions
for the observer spin CIDEP in the high magnetic field and for the multiplet polarization in zero magnetic
field. Polarization in the vicinity of the so-callekdesonance and its magnetic field dependence are investigated
numerically. The observer spin methodology can be useful for probing magnetic interactions in the short-
lived spin triads.

1. Introduction of nanoseconds, it does not allow one to directly detect the
intermediates with shorter lifetimes. At the same time, spin and
reaction dynamics of the triad may significantly affect the EPR
spectra of long-lived paramagnetic reaction produBsspin

Singlet-triplet intersystem crossing is the limiting stage of
many photoreactions involving radical species. Frequently light-
induced radical pairs are formed in the spin-correlated state i :
(singlet or triplet), whereas their recombination to stable products In the case 'under study)..By measuring their CIDEP Pa“ems
is spin-selective and usually is allowed only from their singlet 1€ information on the entire 3-spin system can be deciphered.
state. As a consequence, the transitions between the electronid NUS, the catalyst spiR; plays the role of an observer: being
spin states often play the key role in the kinetics of radical Nonreactive, itis involved into the spin dynamics of the entire
reactions, giving rise to various magnetic field and spin effects three-spin system, whereas its CIDEP spectra carry the informa-
in chemical reactions. The phenomenon of electron spin ion on magneto-resonance parameters of the spin triad. In
catalysid~* has drawn much attention during the past decade. Prereduced bacterial reaction centers the phase of the CIDEP
In the heart of the spin catalysis methodology is a spin fifad, SPectra of the observer spin can be used to determine the sign
the system of three electron spiRs R, R;, whereR, andR, and value of exchange interactions betwé&rfor R;) andR;
constitute a spin-correlated radical pair aRfl is a spin splns§v13'17ln_ essence, the observer spin CID_EP_resembIes the
catalyst sometiméseferred to as an “observer” spin. Typically, ~chemically induced dynamic nuclear polarization (CIDNP)
recombination oR; andR;, radicals selectively proceeds from p_henomen_on often observed_ as the a_nomalous NMR spectra of
their collective singlet state, whereas the triplet states are didmagnetic products of radical reactitrStable radicals can
nonreactive. If the inter-system crossing is the limiting stage 2/S0 acqulire spin polarization in the presence of triplet excited
of the radical pair recombination, then the exchange interaction Molecules’ ¢ that can be accounted for by the radical-triplet
between the catalyst ang, (or R)) facilitates the reaction pair mechanisit described in detail in ref 25. In the radical-

R, + R, — “product” by altering the spin state of the radical triplet pair mec.hanlsrr},. net or multiplet CIDEP are crgated via
. S ; the nonadiabatic transitions between quartet and reactive doublet
pair [R] ... R}]. This is the reason the stable spin center can be

- . i states in triplet-radical pairs. This mechanism of the CIDEP
considered as a catalyst: just as any other catélys not a

) ‘es but it facili h dical . h formation is to a certain extent similar to that in spin triads
reactive species but it facilitates the radical reaction. The although the latter case involves three unpaired electrons instead
catalyzing effect of paramagnetic species on recombination of

. . . . of a pair of radical and triplet molecule.
spin-correlated radical pairs has been observed experimentally In polar solutions spin riads can be formed in reaction of

a number of time&-1° More examples of paramagnetic spin . .
catalytic effects are surveyed in a review by Buchachenko and excne.d.electron donor molecule D* and a molecule $p—-C
containing a stable radical center &d an electron acceptor

Berdinsky? !

It is remarkable that catalyzing radical reactions, the observer'g' Whe[r)‘i tSp :I?noc'j[est atipafédfle(;_tron tfrang_ferlqum dt_axcllted_
spin may acquire significant nonequilibrium polarization referred F?Eg D+0+ A?_a_; OC'eI orma |0r|1 0 ral cal- 'ri ical pair
to as the chemically induced dynamic electron polarization ( ) A" —Sp~C*. In nonpolar solutions, three-spin
(CIDEP)>1-16 thereby, the CIDEP may serve as an indication systems of this kind can be generated rad|_olyt|c%ﬂR].In|t|aIIy_
of the catalytic activity of paramagnetic catalysts. The CIDEP D+ angl_ A~ are 'r? spm-lc_o:_r e_Iate(: stt]ate (either smglft or(tjrlplet
of the observer spin in prereduced bacterial reaction centers hagepending on t.e multip 'C't,y ORtne precursor ) and are
been studied experimentally by Hoff et'alAs has been shown allowed to selectlve!y recomblne. from thelr singlet state yielding
later, the methodology of the observer spin can be utilized for StaPle paramagnetic product with radical cgnte?gcn“RBP, i
probing reaction and spin dynamics of the spin th&#1° Since thg C spin center p]ays a role of a catalyst Spin (or an observer
the temporal resolution of the EPR technique is limited to tens SPin), Since it “survives” in RBP recombination and its exchange

interaction with A~ spin affects spin dynamics of the triad

*To whom correspondence should be addressed. E-mail: altering [ + A*7] pair spin state. The effects of the external
ivanov@tomo.nsc.ru. magnetic field on recombination efficiency of the RBP have
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been studied in detail in recent theoretical wétht has been steps for the convenience of the reader. The method is based
shown that the magnetic field effect (MFE) on recombination on analytical solution of the stochastic Liouville equation (SLE)
efficiency of RBP is a useful technique for probing exchange for the electron-nuclear spin density matrix of RBP by using
interactionJ between spin centers in biradical. Characteristic the Green function technique in the so-called kinematic ap-
sharp resonances in magnetic field dependence of recombinatiorproximation33 Despite this approximation, the solution is still
yield in zero field and in magnetic field equal dohave been relatively complicated. To go on further, we shall employ the
predicted. Similar behavior of the MFEs has later been reported low-viscosity approximatiott-3>which implies that the frequen-
in the theoretical work of Magin et &f. cies of electronic singlettriplet mixing in the radical pair

In the present work, we shall study theoretically the CIDEP [D**... A*7], », are relatively small in all spin sub-ensembles.
formed in recombination of RBPs in liquid solution. This That is, the spin density matrix of RBP changes only slightly
treatment is aimed at examining the potential of the CIDEP during the timery that is characteristic for the diffusional
technique for determination of magneto-resonance parameterglisplacement of two particles in the solvent
of elusive spin triads that are beyond the reach of the
conventional EPR methods. In liquid solution, all anisotropic 7y <1, wherery= R’/D Q)
magnetic interactions that significantly affect the observer spin
CIDEP spectra in photosynthetic cenféis1¢ are averaged out  This approximation is fulfilled for solvents with normal viscosity
making our theoretical treatment simpler. On the other hand, and moderate values of the HFI constants and exchange
here we also perform a theoretical study of the CIDEP in RBP integrals, for example, for = 1 mT,R =5 A, andD =
recombination products at variable magnetic field strength 1075 cn¥/s, we obtainvty ~ 4.4 x 1072 < 1. Within this
paying special attention to the CIDEP in zero field, high approximation, the Green function solution of the StE
magnetic fields, and polarization in the vicinity dfesonance. becomes much simpler as well as the result for the elenagnts
We assume that the observer spin is coupled to its magneticof the reaction product density matrix
nuclei by hyperfine interactions (HFI). This may give rise to In RBP the radical centers*Dand A~ are assumed to be
the CIDEP dependent on the nuclear spin state of the observeorn in spin-correlated state, either singlet or triplet. Unless
spin, that is, to the multiplet electremuclear polarization. A otherwise stated, hereafter the terms spin-correlated, singlet- and
detailed study of the observer spin CIDEP can be useful for triplet-born will refer to the initial state of the sub-ensemble
determination of thel couplings in biradicals directly related [D**... A*7]. In the case of a RBP born in its triplet state, the
to the catalytic activity of the spin catalyst from the CIDEP elementsy; att — o are as follows**3%
spectra of RBP recombination products.

The outline of the paper is as follows: in the following _ k/ko
section, we present theoretical formalism employed for the i _mzeﬁ,ﬁ;Tyk,TyknT,k 2
CIDEP calculations. In section Ill, we study the high-field and v
zero-field CIDEP, the polarization ai resonance, and the
CIDEP dependence on the external magnetic field strength.
Conclusions (section IV) summarize the main results of the

Here indices S and ,Tdenote the singlet and tripleT(, To,
T-) collective spin states of D and A~ pair, respectively, and
i, j, andk denote the electrornuclear states of a stable reaction
paper. product,nrk is the initial population of the RBP stafe,kiall
nrx are equal to each other and their sum oyek is equal to
2. Theory 1), k; is the kinetic rate constant of RBP recombinatik,=

In the ||qu|d solution, the two radicals do not separate 47RD, andé is the stationary value of the Green function of

immediately by escaping to the bulk but stay close to each otherthe RBP. Notwithstanding the low viscosity condition (1) the

in the solvent “cage” during the characteristic ting = CIDEP of the reaction products can be much larger than their
RZ/D.18 HereR s the distance of the closest approach between €quilibrium (Boltzmann) polarization. It is noteworthy, that in
the radicals, which is equal to the sum of reactant rddliis the low viscosity approximation the result f6r(2) does not
the coefficient of their relative diffusion. Singtetriplet conver-  depend on the exchange interaction of Bpin center with A~

sion during the timey allows the radical pair to react forming ~ and C.3 In principle, the present consideration can easily be
in-cage products (geminate termination). Here we shall assumeextended to the singlet-born RBPs as wéf? however, for
that the reactivity of the singlet radical pair is very high in the sake of clarity, here we shall always consider a triplet-born
comparison with the inverse time of its diffusional displacement; RBP. That is, the present consideration will be addressed to
therefore, for the triplet-born radical pair, the inter-system the following reaction scheme:

crossing is the limiting stage of the geminate radical termination.

3y _ _ 3Dt o—7_ _ e
The intersystem crossing rate is different in different spin sub- 2 tA=Sp=C" 2D+ A7) = Sp—C ®)
ensembles of the radical pairs giving rise to nonequilibrium ?

population of the spin states of the recombination reaction UD*t + A" -Sp—-C* > D+A—-Sp—C".

products. In the case under study, these states are the collective
spin states of the observer spin and its nuclear spins. Conse- The singlet-triplet mixing of the spin states of the sub-
quently, spin-selective recombination may give rise to nonequi- ensemble [D... A*7]is a limiting stage of the RBP recombina-
librium populations of the electremuclear spin states of the  tion to the stable products B- A —Sp—C-. The case of the
observer spin, i.e., to the net and multiplet CIDEP of the singlet-born RBP can be considered in the framework of the
observer spin. The CIDEP can be detected as anomalous EPRpresent formalism as well. In general, the values of polarizations
spectra of the observer spin after RBP recombination. formed from the singlePs and tripletPr precursors are bound
The way of calculating the effects of CIDEP in geminate by the relatiof*3
recombination of RBP follows closely the approach that was
employed earlier to calculate CIDNP in the multinuclear radical Pg=— LPT
pairs3l-32therefore, we shall here only summarize the essential 1+ kiky

4)
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The assumption that the RBP recombines only from the singlet
state of the sub-ensemble*[D.. A*7] is not generally valid and
triplet recombination plays an important in many situations,
e.g., in bacterial reaction centers. In fact, the necessary condition
for the CIDEP formation is the difference in recombination rates
from the singlet and triplet states of {D.. A*~]. Here we shall
restrict ourselves only to the situation of the zero rate of triplet
state recombination.

To calculate the CIDEP, one has to evaluate the elements of
the Green function determined by the spin evolution of RBP
during the timery. As usual, we completely neglect the
paramagnetic spin relaxation that is typically inefficient during
the lifetime of the RBP and consider only dynamic spin
evolution of RBP. Hence, the RBP spin evolution is merely
due to the Zeeman, hyperfine, and exchange interactions. With
these assumptigns in the case of diffusive motion of the radicals
the elements o6 are as follows?

G =Y QunQnQuk QA — &) )

Here & are the eigenvajues of the RBP spin Hamiltonin
(RBP energy levels) an@ is the matrix of its eigenvectors

)=—2r ~1-

IXTy
1+ \/ixry

atxry <1

and. is the imaginary unit.

Expression 5 gives the relationship between the Green
function G and the Hamiltonian of the RBBZ that has the
following form:

H= wAéAz + woéoz + wcécZ + J(éA'éC) + Zaj(éc'fj) (6)
]

Here wapc = 0apcB/ge represent the electronic Zeeman
interactions of the radical centerB (s the external magnetic
field strengthga, go, andgc are theg factors of radical centers
A, D*t, and C, respectively,ge is the g factor of a free
electron),J is the strength of exchange interaction between A
and C spins,g; is the HFI constant of the catalyst spin with its
jth magnetic nucleusSa, Sp, and Sc are the operators of the
electron spins, ang is the operator of thgh magnetic nucleus
spin. For simplicity, we assume that the radical centersahd

D** have no magnetic nuclei. The Hamiltonia#i (eq 6) is
written in the units of the magnetic field to make the theoretical
treatment of the CIDEP field dependence more convenient. As
usual, we neglect the nuclear Zeeman interactions with external

magnetic field that are evanescent as compared to the eIectronigN

ones.

3. Results and Discussion

Following the work of Lukzen et & dedicated to MFE on
the RBP recombination efficiency, we consider three main
regions of magnetic fields where the RBP spin dynamics exhibits
qualitatively different behavior: (i) high magnetic fields far from
Jresonance; (ii) very weak magnetic fields; (iii) fields close to
the value of| J|. In all cases, we consider a triplet-born RBP
and assume that its recombination to a stable product is diffusion
controlled, that isk, > kp.

3.1. CIDEP in High Magnetic Fields.First we consider high
magnetic fields far from) resonance, i.eB > g and|B — J|
> g. This means that flip-flop electrermuclear transitions
involving C spin and its nuclear spins are forbidd€ms a

consequence, secular approximation for HFI can be applied and

lvanov

in the Mth nuclear spin sub-ensemble characterized by certain
projectionsM; of all nuclei: {M} = {My, My, ..., M;, ..} the
RBP Hamiltonian of the form:

H= 05, + 0p%, + 0cne, T IGS) (7)

where

Wem = @c T+ ZajMi (8)
]

wcw is the precession frequency of the observer spin inMtie
nuclear sub-ensemble. The valueady is varied by varying

the nuclear configuratiofiM}. In prereduced reaction centers
where theg-tensor anisotropy is not averaged out, the observer
spin precession frequency is varied due to the different orienta-
tions of the sample thus giving rise to the anomalous observer
spin EPR spectPd? that can be used to determine tke
couplings in the spin tria®!317In the case under study, the
CIDEP formation is due to different rates of sinlget-triplet
conversion in RBPs witht-1/, and —%/, projections of the
observer spin on thg axis.

The solution of the eigenproblem of the Hamiltonian (eq 7)
required to obtain the expression for density maitdixis
relatively simple and can be done analytically by making use
of the computer algebra software (e.g., Mathematica or Maple).
To calculate the CIDEP in th&lth nuclear sub-ensemblBy,,
one has only to calculate the populationgafland|3c[states,

i.e., the following two elements of the product spin density
matrix: Oacoc aNdogese. AS usual, hereaftgoband|f0denote
the states of/, spin with +/, and —%/, projections of theZ
axis. The value of the CIDEMRy, is then as followd8

g,

o
B
Py = fe

OcOc

5 ©)

It is equal to the product of the polarization formation efficiency
at givenwem, P(wcwm), and initial population of T, MUstate of
RBP, ny. Analytical expression for CIDEP which can be
obtained from eq 9 by using the general formula (eq 2) is as
follows:

Py = Plocwny = 2_’;(1 - %){ 9~ — ) -

Ny o
90+ o + )} +4—8(1+E){g(\]—a)+1/1) -
g+ o —y)} (10)
here

Axeg2) + A—xt2)
X = 2

= Wepm — Was

Y =Vor+

w=wp+ wcy — 205 =0+ 2(w, — wp) (11)

In the framework of the low viscosity approximation (eq 1)
xtg < 1 andg(x) ~ 1 — v/|x|t4/2. As a consequence, the
expression for the CIDEP can be recast as follows:

N

_N%W, o Y
PM—96(1 w)(\/IJ+w+tp| V= o = yphny +

Je

96

(1+%)(x/|\]+a) - VI— o +yhn, (12)
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SincePy depends omcw (i.e., on the nuclear spin configuration (a) (b) (c)
{M}), the CIDEP value, that is the electron spin magnetization, ;5
is different in different nuclear subensembles. This means thats

~
&
~
&

Siof R0 w Sp73S
the multiplet electrornuclear CIDEP is formed. Xy _/K/ X F S sl
Now let us consider the CIDEP patterns and CIDEP signs in & 2 g2 E—\
different cases. g0 S ]® 0 .. ° 0 o
Case 1: 6 > J. In this case secular approximation forthe 2, 5 0 2 ¢ 4 2 0 2 2 ‘4 2 0 2 4
8, mT 8, mT 6, mT

exchange interaction can be applied because the mutual flip-
flop transitions of A~ and C spins are forbidden. Consequently,
the CIDEP is due to different rates of singlétiplet conversion
in the states withuc andSc Z projections of the observer spin
that are conserved sinc&d, %] ~ 0. This physical situation —
formally coincides with the CIDNP formation in high external L L L ) L L ) L L L )
magnetic field. As a consequence, the expression for the CIDEP -0 I 2 -0 I 2 -0 I 2
6, mT 6, mT 6, mT
takes the form

F
=

Figure 1. Dependencies of the high field CIDEP on the parameter
0 = wem — wa (top graphs) and the corresponding CIDEP spectra of
CIDEPL \/|2(‘UA —wp) T — «/|2(a’A —wp) —J (13) the otfglerverAsEpirE %a\f)ing) 4 equivalent npuclei \?vith HFI CF())nstants
. . a = 0.5 mT (bottom graphs). The RBP parameters are as follows:
The rule for the CIDEP sigr, is as follows: J=1mT,wn — wp=0.2mT (@);J=1mT,wa — wp = 1 mT (b);
J=1mT,wan — wp =0 (c) andwc — wa = 0.5 mT,7q = 0.2 ns.
I'=ul’ )l ,LtFJFg (14)

WpA—Wp —0,
n spin one may substantially change the CIDEP value. Thereby,

Hereafter,I'x = sgn§) and u is determined by the initial  the CIDEP patterns carry the information about the interactions

multiplicity of the spin-correlated pair in the spin triad. To illustrate the CIDEP effects we have taken
C radical center having 4 equivalent nuclei and with the HFI

_ {"’1, triplet— born pair (15) constants = 0.5 mT. At thermal equilibrium the EPR spectrum
—1, singlet— born pair of C consists of 5 equally spaced lines (with splittings equal

to a) with the intensities (proportional to the statistical weights
of the corresponding hyperfine structure components) being in
the ratio 1:4:6:4:1. To calculate the intensity of the line with
certain frequencwcw in the observer spin CIDEP spectra, one
has to take the product of the statistical weight of the
corresponding hyperfine structure component and the polariza-
tion formation efficiency at this frequend(wcwm) from eq 12.

The rule (eq 14) exactly coincides with the famous Kaptein
rules®3¢for the CIDNP sign in high magnetic fields where the
HFI constant is replaced hyandAg is replaced byga — gp.
According to eq 4, the polarization sign changes with changing
the multiplicity of the precursor.

Case 2:0 < J. The expression for the CIDEP is as follows:

CIDEPOV[2J+ o] — V]2] — o] (16) The C 'CIII.)EP patterns fqrmed in the coursglof. the triad
recombination differ drastically from the equilibrium EPR
and its sign is given by the rule spectra: some of the lines are in absorption and some are in
emission and their relative intensities obviously deviate from
I'=ul'l, (17) 1:4:6:4:1 ratio. Inasmuch as the EPR line intensities are

) dependent on the parametess, wp, andJ, the shape of the
Case 3: wa = op = acw. This case resembles the CIDNP  c|pEP patterns can be used for probing magnetic interactions
formation in Iow_magneuc fields. The value afis equal tod in the spin triad (the frequencies,p and exchange coupling
and the CIDEP is as follows: J).
5 3.2. CIDEP in Zero Magnetic Field. Since in the zero
CIDEPO (1 - —)(\/|J +o+yl—VI—-0—y|)+ magnetic field there is no preferred axis of quantization, no net
4 s zero-field CIDEP is expected &= 0. Nevertheless, if Chas
(1 + —)(J|J +o—yl—VII—0+y|) (18) magnetic nuclei, one may expect the formation of the multiplet
Y electron-nuclear polarization. Although the spins do not acquire
net magnetizations the populations ofelectron-nuclear states
may differ from those at thermal equilibrium. As usg$2-37-39
= —ul,; (19) one should expect that*@lectron-nuclear states of the same
multiplicity (same total momentum) are equally populated: due
In the case under study the valuesdoindw are varied and  to the symmetry of space, the electranuclear state populations
different CIDEP regimes are reached by varying the nuclear are independent of the total spin projections in this state. At
state{M} of C. As a consequence, at different regions of C the same time, the states with different multiplicity acquire
EPR spectrum (corresponding to different nuclear states), thedifferent populations because of the different singleiplet
CIDEP formation efficiency and sign may differ and the CIDEP conversion rates in RBP in these states. To check this expecta-
value depends on the observer spin nuclear state. That is, notion, we have calculated the spin state populations of the stable
only the net but also the multiplet CIDEP is formed in RBP paramagnetic product of RBP recombination foh@ving one
recombination. magnetic nuclei with spid/, and HFI constana. The Hamil-
The CIDEP dependencies ey frequency and the corre-  tonian of RBP can be written as follows:
sponding CIDEP spectra of the observer spin are shown in . o o
Figure 1. In all of the cases, the CIDEP value is a relatively H=ISy'S) + a(S) (20)
complicated function of all three frequenciesa(wp,wcm) and
the exchange integrdl Varying the nuclear state of the observer In zero field, the spin states of the stable radical centeza@

and its sign is the following®
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gt:a/4 J anda values the differenc®; — Ps can be either positive or
negative. The energies of the triplet and the singlet states,
& and &, are the following: & = &, = &, = & = al4,
&s = — 3ald. If ais positive andP; > Ps, then the enriched
triplet states will lie higher in energy than depleted singlet state
|s) 55:-3a/4 and in the EPR spectrum there will be one emissive line. On
0.006 the contrary, ad < 0 andP; > Ps, there will be one absorptive
line in the zero-field EPR spectrum. As usual, the CIDEP sign
changes with the change of the precursor multiplicity. As a
consequence, the CIDEP spectrum phase is either absorptive
ar or emissive depending on the valuesJodinda and the signs

£, [to), |1.) ee—

0.004 -

5:0002 B of aandu. The dependence of the differerfée— Psresponsible
for the zero-field CIDEP formation oa andJ is depicted in
0.000 Figure 2.
\/ It is important to note that zero-field multiplet electren
-0.002 ! L ! L L nuclear polarization can be formed not only in recombination
40 -20 J 0 20 40 of RBPs but also in transient radicdfkAlthough the mecha-
, mT nisms of the CIDEP formation are different in both cases, the
Figure 2. Dependence of the zero-field CIDER— Ps on J-coupling main peculiarities of the CIDEP patterns are the same: in zero

gnzd gcr?neTmre g Bhg ﬁf?ﬁg%ﬂ?;gﬁ;ﬁigﬁgI?Sg\ﬁ abt:tr?é ';’frrgw field the states are always selected with respect to their total
e ' y " momentum. This zero-field CIDEP spectra can be detected by

be separated separated into two manifolds, one with the total@Pplying oscillating magnetic field$.Studies of the zero-field
spin (which isS + 1) equal to 1 (triplet) and one with the ~ Multiplet polarization are very useful and allow one to measure
total spin equal to O (singlet). Our analytical calculations have the electror-nuclear relaxation times in zero magnetic fiétd. _
shown that three electremuclear eigenstates of the stable This law of selecting the spin states with respect to their
product within the triplet manifold have equal populatidhs ~ Momenta is very general and holds not only for the zero-field

which differ from thatPs of the singlet state CIDEP but for the zero-field CIDNP3237%%as well.
If C* has only one nucleus with spify the zero-field CIDEP
P =011, = 0y, = 0rt * 0ss= Ps (21) can be calculated analytically. Unfortunately, if the hyperfine
structure of the observer spin is more complex, the analytical
Here solution of the problem becomes problematic. Nevertheless, one
may expect that the main peculiarities of the zero field
lo By H 8o polarization remain the same. We anticipate that for an arbitrary
It 0= loconll [tol= T It = BBND hyperfine structure of the observer spin, the electnonclear
(22) spin states having the same multiplicity are equally populated,
whereas the populations of states with different momenta have
are the electronnuclear triplet states and different populations. This gives rise to significant multiplet
electron-nuclear polarization that can be deteéfday means
o= oy 1Bco 0 23) of the EPR technique.
V2 3.3. CIDEP in the Vicinity of J Resonance and lIts Field

DependenceHere we shall study the polarization in the vicinity
is the electror-nuclear singlet state wheog, andy stand for of J-resonance and its dependence on the external magnetic field
the Z projection of the nuclear spin. The multiplet polarization strength. To make it feasible, we restrict ourselves to spin triad
value is then equal to the difference in population of any of the with only one magnetic nucleus ort @dical center with spin

triplet states and that of the singlet state, e.g. 1/, and the HFI constard.
In the work of Lukzen et aF?it has been shown that in high
P=0y, —0s=P — P fields close to the exchange coupling vallispin dynamics of
the triad is qualitatively different from that in fields
={46°+ 334(g(20) — 1) — 6(20 — 2a+ J)g(a+ J + ) — IB — |J]] > a. Namely, forJ > 0 atB = J, the product yield

field dependence has a well-pronounced peak (or trough): the
so-calledJ-resonancé? This resonance is due to the crossing
of the following two spin states of a biradicalA-Sp—C-:

0(20 + 2a— J)gla+ J — 0)}/108 67 (24)

Here we introduced = va’—al+J* and g(x) is given by eq
11. Taking the values of(x) from eq 11, we obtain the B |Ba0D]
following expression folP: ISBIE —————2"C B0 [T o 0= |BaBcoy 0

V2
P= /620 — 2a+ J)Via+ I+ 0] + (26)

0(20 + 2a— JV]a+ J — 0] — 33/20}/216 92«/T—d (25) where|S[] [T, [denote the collective states (singlet or triplet)
of spinsSa andSc. The mixing of the statelS SnyHand | T oy O

In zero magnetic field, all triplet sublevels are degenerate and occurs with a matrix elemesi2+/2 due to flip-flop transitions
the splitting between the singlet and any of the triplet states is involving the observer spin and the spin of magnetic nucleus.
equal toa. Therefore, aB = 0 there are three EPR transitions: The efficiency of the flip-flop transition passes through its
|sO0== |t+[J] |sC== |to[) and |[sC= |t-Oof the same frequencies maximum atB = J, and likewise, the MFE on RBP recombina-
and the CIDEP spectrum consists of only one line at a frequencytion passes through an extremétif J is negative, aB = |J|
equal toa. Our calculations (Figure 2) show that depending on the levels |Saydand [T, Sy0cross and their mixing also
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Figure 3. Field dependencies of the reaction yield (a) and polarization
(b). Graph (b) presents the net CIDEP (solid line), CIDNP (long-dashed
line) and mutliplet polarization (short-dashed line). The parameters of
calculation are as followsd =50 mT,a=3 mT,ga = 0c = Oo =
2.002.
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proceeds with a matrix elemeat2+/2. Spin dynamics then
exhibits the behavior qualitatively similar to the case of a
positive J.

We anticipate that the polarization field dependence exhibits
qualitatively similar behavior: since “flips” of the observer spin
(accompanied by the “flops” of the nuclear spin) efficiently
proceed aB ~ J, the CIDEP field dependence should have a
feature aB = J. To check this expectation, we shall perform
numerical calculation of the polarization formed upon RBP
recombination at variable magnetic field strength.

At arbitrary strength of external magnetic field the polariza-
tions can be defined in the usual Wégs the expectation values
of the corresponding spin operators. For example, the net
polarization of the electron spin is as follows:

S,0= T{ &0} 27

Unless the RBPs have been produced by pulsed chemical

excitation of very short duration, the stationary density matrix
o is diagonal in the basis of the eigenstates of the product
Hamiltonian 97,041

15

0 = 6ij0ii (28)
HereJ; is the Kronecker delta. Consequently, it is sufficient to
calculate only the elemenatg of the product spin density matrix
from the formula (2). According to classification of Ernst et
al*%41 nonequilibrium states given by the density matrix (eq
28) are called the nonequilibrium states of the first kind. In the
opposite case of very rapid photo- or radiochemical excitation
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and the;/fpr eigenstates are given by the well-known Breit-Rabi
formulas?

10 Jotgay 0
|20= cosglagByTH sin ¢|Bcon0
|30= —sin ¢|oByH cose|BconD

|40= |BBNU (30)
where
a
=2 arctar(—) (31)
Wc
As a consequence, the net CIDEP is as follows:
0,,— O 0y, — O
[S;ZD: 11 5 44+COS2;0 22 5 33 (32)

Together with the net CIDEP, we shall define the multiplet
electron-nuclear polarization (mutual spin entanglement) as an
expectation value of the operatfg 8
Opp — 0331 Oy
4

1

P o
(&) [E T &0} = (33)

and the net magnetization of the nuclear spin (that is, the net
CIDNP)

0117 Oyq O3~ O33
————cosHp————

0,0= Tr{i,6} = 5 5

(34)

All of these quantities can be calculated numerically by taking
the values ofo; from eq 2. To check whether the resonant
behavior of the polarization is accompanied bsesonance in
the MFE on reaction yieR we shall also calculate the product
yield, Y = Tr{5} = S 0.

Field dependencies of the net CIDEP, CIDNP and mutiplet
polarization as well as that of the product yield are shown in
Figure 3. As is clearly seer, resonance appears not only in
the product yield field dependence but in the polarization field
dependence as well. It is important to emphasize that the
behavior of the CIDEP and CIDNP is different in the vicinity
of J resonance: although in the CIDEP field dependence a
trough exists aB ~ J, a well-pronounced peak in the CIDNP
field dependence appears (or vice versa). This is because the
flip-flop transitions|SnC= | T_oyinvolve the observer spin
and the nuclear spins with opposite projections onZteis.

As a consequence, Bt=J, the observer spin and the nuclear
spins acquire opposite sign polarizations in the product of RBP
recombination. Since the flip-flop transitions involve the catalyst
spin and the nuclear spin simultaneously significant multiplet
CIDEP is formed in the vicinity ofl resonance.

Since the polarizations are intricate combinations of magneto-
resonance parameters of the spin triad, we did not manage to
establish the rules for polarization signBat |J| and calculated

the nondiagonal elements become important as well and theihe pojarization only numerically. Our simulations show that

nonequilibrium states of this kind are referred to as the
nonequilibrium states of the second kittd! To make the
present consideration simpler, we content ourselves with the
nonequilibrium states of the first kind. The Hamiltoniaf, is

as follows:

T = oS, + a(&cT) (29)

changing signs o& andJ the signs of the CIDEP, CIDNP and
multiplet polarization may change (see Figures 3b and 4a,b).
In all cases, the net CIDEP and CIDNP always have opposite
signs and the multiplet polarization is efficiently formed in the

vicinity of J resonance.

It is important to emphasize that the featurd@at |J| in the
CIDEP field dependence exists even at relatively small values
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Figure 4. Field dependencies of the net CIDEP (solid line), CIDNP
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Figure 5. Field dependencies of the net CIDEP (solid line) at different
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10 mT (3); 15 mT (4). Hera = 3 mT andga = gc = go = 2.002.
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Figure 6. Field dependence of the net CIDEP (solid line), CIDNP
(long-dashed line) and mutliplet polarization (short-dashed line) at
J=50 mT,a=3 mT (a) andga = go = 2.002,gc = 2.004. Insert
shows the region of field dependence néaesonance.

of J as compared to the HFI constan(Figure 5).J resonance
is seen even at= a, and with increasing, it becomes sharper
(Figure 5).

In the polarization field dependence, there are several different

regions (Figure 6). AB = 0 (or B < a, J), spin evolution of
the triad is governed only by coupling and HFI and only
multiplet polarization is formed. AB ~ a, the net CIDEP and
CIDNP are formed as well. Their field dependencies have
extrema aB of the same order of magnitude asAt B = |J|

Ivanov

the polarization field dependencies have well-pronounced sharp
resonant features discussed aboveBA+ a andB — |J| > a,
the CIDEP is completely described by formula 12.

4. Conclusions

In general, the observer spin CIDEP can be used as an
efficient tool for probing the catalytic activity of paramagnetic
particles and magnetic interactions in short-lived intermediate
spin triads. Investigation of the high-field CIDEP spectra of the
observer spin allows one to determine theouplings respon-
sible for the spin catalysis efficiency amgdfactors of short-
lived radical centers. Investigations of the CIDEP at variable
magnetic field strength extend the capability of the method, for
instance, detection dfresonance in the CIDEP field dependence
allows one to unambiguously determine the exchange interaction
value.
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