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ABSTRACT
We develop a mode]lwhich‘destribes the polarization of the EPR

spectrum of pairs of spatia]]y—fixed radicals which are created by
chemical or photochemical reactions. In such pairs, the exchange
interéction is.like1y to be constant and nonzero dufing the
radical pair lifetime. The double degeneracy of the free doublet

" EPR signal from each radical is removed when the exchange interaction
is nonzero, yie]ding an exchange-split EPR spectrum with four
transitions for the radica]rpair. These transitions are highly
polarized by radical pair formation, even when the pair precursor
is pure sing]et. The analysis predicts that there will be an
observahle nolarization of the EPR spectrum of spatially-fixed
pairs whenever thé exchange interaction is nonzero and both the
magnetié relaxation time and the chemical lifetime of the pair state

are long enough to permit the detection of polarized EPR signals.



INTRODUCTION
- Polarized electron paramagnetic resonance (EPR) spectra have
been widely used to study the mechanisms and kinetics of reactions

in solution which involve radical pair intermediates]’z. However,

3-7

only a few reactions other than the photosynthetic light reactions

~ have been studied in which the radical pair intennediates

are spatially fixed. During the 1ight reactions of aTgaeS']O,

8-12 13-16

- green plants and bacteria » polarized EPR signa]s have

been observed which demonstrate that the radical pair state is an
important intermediate in reactions between spatially fixed species.
Theoretical analysis of polarized EPR spectra can yield important

information such as the distance between the radicals]]’]4,

11,16,17

the

, the orientation of the
14,17

magnitude of ekchange coupling

magnetic axes in ordered or partially ordered samples
11,16 '

s andv
reaction kinetics
Theoretical models describing Chemica]]y'dr Light Induced
‘Magnetic Polarization (CIMP or LIMP) have considered the following

1,2

kinetic process involving two electrons The electrons start out

in the ground state of a reactant molecule, M, where they are.corre]ated‘
by an exchange interaction of molecular magnitude. A radical reaction can
be initiated when a ground state singlet ]M +is. photoexcited to

a state ]M* which then uhdergoes dissociation or charge separation, or
wheh ]M réacts chemically or photochemically with another species, M'.
" The result in any case is radical pai; formation. Most of the

1,2,19-26

theoretical treatments consider the case that the radicals
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are free to move about in solution, and rapid_spatia] separation of the -
pair causes the exchange interaction to vanish. The exchange -interaction
is then nonzero only during subsequent cé]]isiona] encounters. Hence
the EPR observable is a superposition of spin 1/2 free radical
doublet spectra*. Friesner et a]]7 used the theory of Adr'ian]g’z0
" to describe the polarization of the light-induced EPR signal of the
membrane-bound primary donor P700 in spinach th]orop]asts at room
temperature. - The donor and acceptor radicals are sbatia]]y fixed
in the_membranes; nevertheless, the electron donated by P700 moves
rapidly down a chain of acceptors, énd the EPR observable is the
radical doublet of P700". Pederseh's theory of spin poTarization
in photosynthetic sys'cems]8 also assumes the EPR observables to be
uncoupled radical doublet spectra.

Two distinct models have been developed which describe mechanisms
by which a non-Boltzmann population of the energy levels of radical

1,2,23-26

doublets can be achieved: the Triplet Mechanism , and the

1,2,18-23 11 the Triplet Mechanism, the

Radical Pair Mechanism
molecular precursor to the radical pair has some population in its
trip]et‘spin sublevels, either because it is a ground state triplet,
or because the triplet sublevels have been populated by intersystem
crossiné from the singlet manifold after excitation and before
radical separation. In either case, the triplet population pfoduces
an initially non-Boltzmann population difference between the o and B

‘doublet states of the radicals after sepafation. In the Radical

Pair Mechanism, there are two ways in which a non-Boltzmann

. _
"Doublet" refers to spin multiplicity, (25 + 1) = 2 for spin 1/2.
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population of the radical spin sublevels can occur, and both result
from mixing of the singlet and triplet T0 states when the exchange

w19 occurs when

interaction is small or zero. "Net polarization
radicals of a pair which have separated reencounter one ;hother

later. These encounters produce sing]et-TO mixing when the

exchange interaction is briefly nonzero, and fhis résu1ts in a net
excess of a spins on one radical and an equal excess of B spins

on the other. "Multiplet effe'cts;"]9 occur when radica]s in solution
undergo spin selective reactidns with other radicals, resulting-in

a depletion of the singlet population. Non-Boltzmann popu]ation of

the hyperfine sublevels results from the dependence of the sing]et-TO
mixing rate on the hyperfine states, and this influences the probability
fhat a given pafr Has singfet character.

We shall concentrate for simplicity on systems in which the
molecular precursor to radical pair formation is a sing]et state and
the Triplet Mechanism does not operate. We consider a model in which
the polarization of the EPR spectra arises in systems of radical
pairs which are not free to move about in solution, but are fixed
together in a definite spatial relationship. Tﬁe difference between
the new model and the other mode]s”'_z6 is that the EPR spectrum
which is observed to be polarized is not simp]y'a superposition
of{radiéa] doublets. When there is a»nonzero, time-independent
exchange interaction, as is likely to be the case when the radicals
_are spatially fixed, the double degeneracy of the uncoupled radical

doublet EPR transitions is removed. If the radical pair state

exists long enough to be observed by EPR, and if the polarization
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does not relax to the Bo]tzhann bdpu]ation before it can be détected,
then we can observe initial polarization which is induced simp]j by the
population of the radical pair states by pair formation from a
singlet precursor. A similar argument can be made for the case of

a precursor with trip]et'character, but we omit it for simplicity.

THEORY

We consider the case whe}e the two radicals have different,
isotropic g-values and are coupled by an isotropic exchange
interaction. We do not include thé effects of anisotropic dipolar,
exchange or hypérfine interactions; however, the theory can be
deneralized to include these effects. In Appendix A, the effect
of isotFopic hyperfine interactions is discussed.

The Hamiltonian is '

B=Hy+Ht) | (1)

where' |

~

Ro = BBola3S1z + 92557) - (2% '%p * 1/2) (2)
and the osci]]atbry Hamiltonian ﬁ(t), resulting from a microwave
field Q](t) which is linearly polarized in the X direction, is
given by

H(t) =2£381cosu>0t(g]S]X + 9232X) ' (3)

‘where ZB] is the amplitude and uy is the frequency of Q](t).



THE RADICAL PAiR EPR SPECTRUM

In the singlet-triplet Basis; the eigenvalues and eigenvectors
of EO are well known 27 and are given in Table 1; The transitions
which will be observed in the radical pair spectrum arevfound by
' evaTuating the matrix elements of H(t) in tﬁe basis_that‘diagona]izes

~

ﬂO' Eq. 3 méy be written in the form

H(t) = [1/2(9,° + 6,001/ B (1) (4)

where
ﬁ‘(t) = [exp(iwot) + exp(-iwot)] ﬁX (5)

- and Hy is the spin operator

A

Hy = (1 +22)71/2

[S, + M(Syy - Spy)] (6)
In Eq. 6, Sy = Sy + S,y and A = /e, where 8 =BBO(g] - 92)/2 and
€ = BBO(g] + 92)/2‘ Then the transition probabilities for the four

transitions denoted u, where u = 1-4, are given by

_ 2, .2y 22
W= 172017 + g,7) 878y

" Aufu(B) (7.)

The fu(B) are shape functions obtained from time-dependent

-perturbation theory,as described in Appendix B. Au is given by

i

A . 2 ’
A, =l | Ry i - | (8)

where i .denotes the initial and f denotes the final state of

transition p. The Au are usually called "relative intensities"

- -

-because they satisfy

ITA =1 (9)
u M .
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It is straightforward to calculate the transition energies AEu and the
Ag‘froﬁ Table 1 and Eq. 8, and -the re;u]ts are given in Table 2.
. We note from Tables 1 and 2,thatlin the 1imit that J >> &, the .
+ state is the singlet state and transitions 1 and 4 vanish, because
transitions between the sing]et'and triplet states are spin forbidden.

The - state isvthe T. state in this limit, and transitions 2 and 3

0
are the AMS = %] frip]et transitions. The transitions invo]ying the
+ state are called "S" resonances.and those invo]ving the - state

are called "T" resonances.

At the other 1imit; when J 4»0, transitions -1 and 2 co]]apsé
to a doubly degenerate transition at the energy gZBBD’ and transitions
3 and 4 collapse to g]BBO. Thus we obtain two doub]y degenerate
radical doQb]et spectra at the 1imft of zero exchange interaction,
as expected.

In the intermediate region, wHere_J ~ §, the degeneracy of the
doub]ets‘at g]BBo and 92880 is removed, and each transition is split
into an S and a T component. This is‘the regicn in which spatially-

fixed radicals may exhibit EPR polarization. We will see later that

when J = 0 or when J >> §, it is not possible to cbserve polarization.

POLARIEATION OF THE RADICAL PAIR EPR SPECTRUM
When the radica].pair is formed from a singlet precﬁrsor, the
system is prepared jn‘a non-stationary state of &O' The population Ni
of eigenstate i is determined by the.probability k S|i>| 2, which

23-26

does not depend on the time. If the Triplet Mechanism does not

operate, then pair formation results in zero population of the
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triplet T, and T, sublevels. If there are N radical pairs and if we
denote the level i population as Ni’é PiN; where ﬁi = F_S|1>T2, then the

nopulation diffgrences.ANﬁ~are‘determined by -

. ) 12

BPy = Py - Py = - kS|l
AP, = P_-P. = . ks|-»|2 -

| : -1 | (10)
AP, =Py =P =- kS[->[%

3 T -
AP, =P, - P = kS|+|?

R

Figure 1 shows the radical pair spin-energy levels and the four transitions
- for the case thét Jd = 3}/3, when both.J >0 and § > 0. The populations
of the radical pair energy levels given in Eq. 10 result in positive
intensities for the transitions to the T] state and negative intensities
~for transitions to the T_, state. These polarities are indicated in
Figure 1 by fhe labels E and A, where E denotes a signal in emission
and A denotes a signal in absorption.
According to Eq. 10 and the time-dependent perturbation theory
of Appendix B, the intensity of the polarized radical pair EPR épectrum
is proportional to v
I(t) = kT, B (0)]t]? - kT, B ()]t (1)
where k >is the state of the system at time t, which is given by
| t>= exp(-iwt)C (t)] +> + exp(wt)C_(t)|- > (12)
and

Ci(t) =< i exp(-in(t)t) |S> | . (13)
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We note that Eq. 11 will give cross terms of the form
~<f[ﬁ’(t) [1 ><i”| ﬁ’(f) [f> where i # i”. These cross terms
represent coherence between the transition amplitudes which °

arises when the system is. prepared

N
N

“in a non-stationary state of EO‘ However, in. Appendix B we will
show that the cross terms in Eq. 11 are zero and that we may define
- the intensity
=Ip A f (B ' ' 14)
I(8) = Zo A (B) (14)

u
where pu is the polarization, Au is the "relative intensity" from

Eq. 8 and fU(B)'are shape functions centered at AEu' The pd]arization

pu is defined by

p

y sgn(u)APﬁ ' | | (15)

| where sgn(yu) ié the sfgn and APu is given by Eq. 10. The signs
sgn{u) depend on the signs of J and dband are given by

sgn(u) = (-1)¥] sgn(d)sgn(§) L (16)
where Sgn(J) and sgn(s) aré the signé of J and 6. We will assume'fhat
both J and § are positive, so that sgn(])j= sgn(3) = +1 and |
sgn(2) = sgn(4) = -1. According to Eq. 10 and Table 1, tﬁe APu

are given by

APy = AP, = |a,

AP2 = AP3

Substituting Eq. 16 into Eq. ]4vgives the polarized intehsity

18) = Jag 12 IAYFL(B) - Agfy(B)] = la,|P[A,F,(B) - ALf4(B)]

2 . : (17)
2T | o an

- (18)
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Usually A is small enough that Ay = A, z.|a2|2 and A, = Ay = |a]|2,
so that . , ‘ '
1(8) = (8/20)°[f)(B) - F,(B) + 5(B) - £,(8)] (19)

We note that the zero magnetization of the singlet state precursor
is Conserved, since ; pu f 0, and that there is no obser?ab]e
polarization when eifher J=0ordJd > 6. The po]arizatidn in

Eq. 19 is comparable to or smaller than the room temperaturé

Boltzmann factor, which is 0(10'3), when J 2 156.

We have assumed that no population of the T] and T_] levels
occurs from a singlet precursor when there is\no'intersystem crossing,

19,28 that when’the change in J is adiabatic

but it has been pointed out

rather than sudden, the T]‘or T_] level (depending on the sign of J)

may be populated. This occurs because the singlet and triplet T]

or T_]:levels cross during the change in J. However, we expect that

in most cases the change in J attending pair formation will not be

adiabatic wheﬁ the radical sites are spatially fixed. The polarization

is easily calculated using arguments similar to the present ones

4n the éasé]g‘that“Bo i§-sma1]_6r,zern;iwhen the sihg]et‘and triplet

levels are nearly degenerate:and all three trjp]et'syb]evé}s

‘are populated. _

Eq. 17 répfesents the*maximum'theoretica1 value of -the polarization

and does not dépend on the time;f:Time.depEndence 6f’the polarization results
- from fhe interaction of the .spin systém,with the microwgveifieldABi(t)zg,

from other re]axatioh»protesses which cause the polarization to decay to

~the Boltzmann popd]ation, and from chemical reactions. A complete
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solution of the equations ‘of motion of the radiéa1fpaiffspins.inc1udih9
vrelaxation'i$=beyond the scope of this paper. In the RésU]tsfand“
Discussion section, we will consider several cases where EPR

polarization is influenced by chemical reactions.

RESULTS AND DISCUSSION

Figures 2 and 3 ii]ustrate that the fitting parameters are
the exchange interaction, J, and the ratios Auls, where Au
are thé halfwidths of the fu(B) and § is the difference in resonance
frequency of radicals 1 and 2. The top three traces of Figures
2 and 3 show the polarized spectra as a function of J when & is
constant, assuming for sjmp]icity that the four fu(B) are
gaussian derivatives of equal homogeneous linewidths, so that Au= A.
The lowest traces of Figureé 2 and 3 représent the unpolarized
and uncoupled doublet spectra: We see that the fu(B) are well
separated at J = 0 ~in Figure 2, where A/8 = 0.25,
and they overlap at‘J =.0 in Figure 3, where A/S§ ='0.75. The case
of inhomogeneods]y broadened f“(B) is discussed iﬁ the Appendi x. |
Inhomogeneous lines will give sbectra with the same qualitative

appearances as in Figures 2 and 3. |

In summary, there are two distinguishable cases in which
spétia]]y-fixed radicals, which are created in chemical or
photochemical reactions, can give rise to EPR polarization.

Case (1) When J ‘remains nonzero during ‘the time of the EPR
measurements fgr spatially-fixed paifs, the model that we nresented

above will apply and an EPR experiment will measure the four



-
nondeqenerate transitions of the coupled.pair spectrum with po]érized
intensities broportiona] to the population differences given by
Eq.10. The conditions for observing the po]érized EPR spectrum of
a radical pair are that both the chemical lifetime and the |
magnetic relaxation time of the pair.are sufficieht]y long to
permit detection of the po]ariéatioﬁ.

In many cases, the radicals will undergo subsequent chemical
reactions which give rise to additional EPR polarization. If, for
example, the péir decays chemically by a back: reaction faster than
magnetic relaxation can occur, then population of the molecular triplet
energy levels will yield the diagnostic "radical pair" polarized
EPR triplet signa]]3. If the pair (which we shall call "the primary
pair") decays chemica]iy by a forward reaction, creating a secondary
radical pair faster than magnetic relaxation can occur, then
we may observe polarization of the EPR spectrum of the secondary.'
pair. The exchange interaction, J2, between the radicals in the
secondary pair is not egual, in general, to the exchange interéctiOn, J],
between the radicals in the priméry pair. When Jé is nonzero during
the time of the EPR meésurement, the EPR experiment will measure
the four transitions of the secondary pair spectrum with polarized
intensities proportional to the popu]ation'differenées of Eq. 10.
However, the initial conditions for the secondary pdir are not
- the same as the initial cenditions for the primary pair given by .
Eq. 10, because the state of the system, which is pure singlet
at the time of formation of the primary bair, wi]] evolve °

during the 1ifetime of the primary pair. As a result, the system



12
'will be in a pure state which is a superposition of the singlet and
T0 §tates at the time of formation of the secondary pair; if there
is no magneticvrelaxatibn. The coefficients of the superposition will
determine the initial conditions of the secondary pair, and will
thus determine the probébility‘fhat the system is in the [+ > or
|- > state_of the secondary pair. The expressions for APn,ﬁ
- given in Eq.10 must be modified to include the change oflinftia]
conditions for the secondary pair. The conditions for observing
the polarized EPR spectrum of the sécondary pair are the éame‘as
the conditions for the primary pair, i.e., the chemical lifetime
and the magnétic relaxation fime of the pair must be long enoﬁgh
to permit detection of po]arizétion. C]ear]y,vit is possible to
observe the polarization of the secondary pair spectfum’when the

polarization of the primary pair spectrum cannot be observed, or to

observe both at different times in time-resolved experiments, et cetera.

Case (2) If the exchange interaction J2 is zero between the
‘ 19

.radicals in a secondary pair, then the "net polarization"
mechanism of the Radical Pair Mechanism applies. In this case, we
will observe the EPR spectra of uncoupled doublet radicals with

polarizad intensities proportional to the population differences

between the a and B radical spin energy levels given by

2<t]Sy,1t > =--Pa](t) - PB](t) | (20)

" where Pa](t) and P_.(t) are the respective probabilities that spin 1

Bl
is a or B when the system is in a state |t> at time t, and

<t|SZZl t> = -'<t|S]Z|t >. We stress two points: (1) Eq. 14 is
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app]icéb]e only wﬁen Jé = 0 and the EPR spectrum corresponds to
uncoupled doublet radicals; and (2) If the exchange interaction
between the two electrons is always zero, then Eq. 20 is a]ways‘
zero, in tﬁe absence -of ;pin—selective reactions ("multip]et

]9). Friesner et’a]]7 showed that "net polarization" of the

effects"
EPR spectrum of the uncoupled secbndary pair arises from the nonzero
: exchange(intéraction, J,» between the radicals in the primary pair.
Time evolution of the state of the system under J, prepares the
secondary pair in a condition such that Eq. 20 is nonzero.

In a given experimental situation, spatia]iy-fiked species
may be involved in reactions which are more complex than the simple
cases we have discussed. It may be possib]e in such cases to
coﬁstruct a model describing observed EPR.dynamics using simple
arguments including the theoretical mdde] we pkesented above and/or
the "net polarization® model. Howevéf, in other cases, the
Hami]tqnian of Eq. 1 may be inadequate because anisotropic interactions
are important, such as dipg]ar interactions or g tensor anisotropy
with attendant anisotropic exchange interactions. Friesner et a]]7

included the effect of g tensor anisotropy of the acceptor radical X |

in the "net polarization" of the primary donor radical P700+ at room

température in spinach chloroplasts. Frank et al]] used the polarization
model - presented here in their simulations of LIMP signals

observed in spinach chloroplasts during primary photochemistry at

10 Kelvin. They found that the theoretical fit to experimental data

improved when dipolar interactions were included.
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A

In conc]uﬁién,;ﬁe suggest fhat LIMP or CIMP'Shou1d be looked
for in other systensjwhere spatially-fixed rédica] pair intermediates
are known or suspected to be involved. Time-resolved EPR studies
should yield observable polarized spectra which are analyzable
by the present model whenever the chemical lifetime and the magnetic
relaxation time are long enough to permit the detectidn of polarized

EPR signals.

APPENDIX A

HO of Eq. 2 is modified to include the hyperfine interaction

by adding the hyperfine terms
A - A | i
. Th 1. 2p 1.
uo = ﬁo + ? AiIi S] + § AJ.Ij 52 _ (A1)
where N] and N2 are the number of nuclei coupled to S] and 52,

respectively. Ve assume that the hyperfine states are quantized
a]dng QO’ and neglect second order terms of the form IXSX and IYSY.
We adopt the basis set IMS Hp Hq >, where -MS is the eigenvalue of
SZ = S]Z + S22 (that is, the singlet-triplet electron spin basis),

Hp = Him]i and Hq =Hjm2j’ and ms and m2j are the eigenvalues of

IiZ and IjZ in the pth hyperffne state of spin 1 and the qth

hyperfine state of spin 2. Then we define the\hyperfine energies

v



15

for S] and 82 in their pth and qth respective hyperfine states as

N
a]p = % . :
N
E

For example, if all the hypeffine'ndclei are spin 1/2 and the Ai

and Aj are all different, then there are Z(N]) values of a]p

and Z(NZ) values of azq.

HO‘ in the chosen basis is then

< Mg, Tl | Ty IIq >. ENgl g Mg + (°‘ v )"56;15p1§

where 6pb; . ”666, have the formfném%m{ . Diagonalization ofithe
‘HamiTtonian matrix for the’ p,qth radical pair hyperfine state ¢tan easily
be shown to yield the expressions in Tables:1 and 2/ if.we . - .

make the substitutions :.°

e =eP¥= 1/2(€]p + ezq) ,
4 (A4)
= aPsQ _ P__.1q
§=26 1/2(;] € )
P _ P q_ q
where € = g]BB0 +a] and €, 92880 +a2 .

To obtain the polarizecd radical pair spectrum including the
'hyperf1ne interacticn, one would wr1te the intensity of the spectrum

from the p,qth pair hyperf1ne state as

p.q = P4, PGe PQ AS
17:9(B) 5% Au f, (B) - (A5)

where in each case pppq z SuPupq, as defined in Eq. 15.
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In general; the hyperfine energies on radicals 1 and 2 may
.

vcross, i.e., some E]p > ezq and some'e]p'< Ezq The effect oflthis
crossing must be included in the expressjons pupq. For example, when
e]p > azq, the S resonance on radical 1 is emissive and shifts to'1ower
energies as J increases. On the other hand, when e]p',< ezq', thé
: S resonance on radica]\] isbabsorptive and shifts tovhigher_energies as
J increases. We assume that the expressions ppq are corrected for these
effects.

In the case of resolved hyperfire structure when N] and N2
are small, the polérized radical pair spectrum may be conVoluted to the
~ total EPR inteﬁsify I(B) by muTtiplying each '1P9(B) by its coefficient

in the binomial expansion, and summing over'all combinations of

p and q, i.e.

I(B) =z zaaIPiB) - (A6 )
Pq : "
Pq
where a, and aq are the binomial coefficients.

In the case that the hyperfine structure enters primarily as
an inhomogeneous broadening, the binomial distribution is well
aporoximated by a gaussian distribution. If the two J =0
spectra do not overlap, then there is no crossing of hyperfinevenergies,
i.e., if 9, > 9, and there is zero overlap, then no e]p < ezq.
The radical pair spectrum for J #0 can then be calculated without
“taking explicit account of the hyperfihe interaction, by adopting
for the fu(B) gaussians of the -appropriate widths and using the
expressions in Tables 1 and 2 and eq. 14. However, when the lines

-overlap at J = 0, the hyperfine interaction must enter the theory
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explicitly. For computer simulations, the ca]culafions are essentially
" the same in the inhomogeneous case as in the case of resolved

hyperfine structure, and'Eq.A6 is used.

APPENDIX B
We will use time-dependent perturbation theory to justify
‘ Eq.']4 above, in the case that the system is prepared in a
| non-stationary state of the unperturbed Hamiltonian HO" However,
vie will adopt.a more general notation than that used above.
If the Hamiltonian is |

o+ V(D) | e

H=H
then the state of the system at time t in the interaction representation
is given by

[t > = Zili >exp(—iEit)Ci(t)

) (B2)

Ci-(t) =<j| exp(-iv(t)t) [S >
where [S >is the state of the system before the perturbation V(t)
is turned on, and |i >is the eigenstate of ﬁo with the eigenvalue Ei‘
We are assuming that K = 1. The time-dependent Schroedinger equation
is then

i d—d{Q = [l-ll\01+ V()] |t > (B3)

‘We now suppose that Q(t) is periodic and given by
V(t) = V [exp(iugt) + exp(-iwpt)] - (B4)

Substituting Egs. B2 and B4 into Eq. B3, multiplying from the left

by <j| exp(iEjt), and integrating from 0 to T ye obtain
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(0) = 21VJ]C1(T)[exp( -1 (w; 5ug)T) = 13wy =)™ (B5)
where w; —(E - E} and V is the transition moment < j V|1> The prime v
on the sum denotes ,that we are assuming that all of the wfj >0 and that
only the exp(imot)'component of G(t) is effective. It is straightforward
to genera]ize to all w5 | _

Since V(t) is a small perturbation, we essume that Qi(T) = Ci(O)
in the sum of Eq. B5. In conventional time-dependent perturbation
theory, it is assumed that the system starts out in one of the eigenstates,

Ik >, of H0 so that C, (0) = B However we relax this assumption and

say the system is prepared in an arbitrary state given by

IS > = za ]k v (B6)
In this case we have the initial condition
C;(0) = <i|s> =a, (B7)
Then Eq. B5 becomes
- - ' 1
Cj(T) = I J1a [exp(- 1(w O)T) T](wij-wo) (B8)

The probab111ty that the system makes a transition to state j

iS given by

. L 2
(1) = [c;(n)] B
_ 2 | |
= oielag () 4 myy Ky | - (B9)
where
(0 = 4|v..|zsin2[(w..-w 0)T/2) 0y 5mug)” (B10a)
-0 - - - - .,'- +
x1 (1) = 2|rn Jl[cos(w i5795 )r cos(m i37% )t ces(w] ; wO)T ]]_
? wplwg-sug) (B100]
1J “o “j “%o ; .
T.... = a.a*.V..V*. (B10c)

i17] i%i77§i§ic

-



THENEL MU L LTS Wl Mt b e Bd oy ke tmY M e ate AR s w e mc i biade s en eh s w o . e e el T I IR

19

The goal {; to calculate the total spectral intensity when the
system is prebared in an arbitrary state |S >, given by Eq. B6. Each
of the wij'in Eq. B10a corresponds to the transition probability .
that is calculated by conventional time-dependent perturbation theory
. wﬁen partiﬁu]ar initial conditions are assumed, namely that the
system starts out in the'ith eigehstate of GO’ The presencerof
cross terms in Eq. B10a means that the wij and the populations
of the eigenstates do not determine the total spectral intensity
when the system is prepared in an arbitrary state. We shall now
prove that the cross terms given by Eq. B10b are zeré.

Using‘trigonometric identities, one can show that Xii,.(T)

J
has the form

- _ 3
Kiioglt) = BTy gleostlujugylr/el—r—r (1w -5-up)
ij %0 i7370

In the limit that wij_] << T we may write

S]n(wijwa)T

= 3 (w: .=wn)
_ ij 0
n(Qij wo) }

which gives
P N e e -
xii’j(T) = 8w IFii,jICOS[(wij—wi,j)T/Lja(mij wo) 3(wi’j wo)

- Therefore, X....{(t) is zero unless w.., = w..., i.e. unless E, = E. ..

i17] i3 73 i i
When such degeneracies occur, we can choose a new representation,|2> ,
which transforms the cross terms Xii’j(T) to diagonal terms

wlj(r) which have the form of Eq. Bl0a.

Sin[(wij—wo)T/Z] sin[(Qi,j-wO)T/Z] (B11)

- (B12)

(B13)
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Finally, we note that the limit wij-]<<'t used to obtain Eq.B13

is also used in ordinary perturbation theory to obtain the result
- 2 : . :
uij(T) = 47erj1.| T B(w].j.-wo) ‘ | ( B14)
The total intensity of transitions to state j is then given by
a2 | |
Ij(w) = Eilai] wijfij(w) (B15)

© =] . .
! = Y
where_dij T dij(T) and fij(w) is a shape function centered at wj5-
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TABLE 1

The eigenstates and eigenvalues of_};!O = BBo(g]§]Z + 92§22) - J(2§]-§2 +1/2),

where

-1/2, 2

17> = lao>s [T_> = [88>5 S > = (JoB> - [Bo> )27 /%5 [Tp> = ([aB> + |Ba> 2oV

2y1/2,

2 -
w= (J7 + 6 s 6= BBy(gy - 9,)/2; € = 8By(9y + 9,)/2;

ay = ((w + 9)720)"/2; and a, = ((w - 3)/20) 172,

EIGENSTATE - EIGENVALUE
[+ >= a,[s > + a2|To> w
|- >= ay|Ty - a,|S > ' - w
I T-]> ‘ - € -~ J




TABLE 2

. Energies, AEu’ and relative intensitieé, Au,‘fdr;the\transitions
in the EPR spectrum of two electrons, calculated using Table 1

and Eq. 8. A = §/¢.

i> . : E
U | i>» If > . Au - AE

2Ala1a2|] €

T+ >~ |T]> (2 + 2k)~1f|a212“+ AZIa]IZ

21T 5> | > | 2+ 207 [a, 12 + 22[a,

2x|aya,|] 3

+

- 2 2 2
311->~ Ty (2_+ 2X) ][Ia]I +A%a,|% + 2alaga,l] | e

+

ST > [+ > | @2+ 207 ]ay)? + A%ay |2

2A|§]a2|] £



FIGURE CAPTIONS B P

Fiqure 1. Energy level diagram for the stationary states of

Eo = BBo(g]g]Z + gzgzi) - J(Zgl-éz + 1/2) for the casé that

J = §//3, where § = ]/2(91 - 92)880’ T, = oo >, T4 = {gg >,
|+ > = 3 IS > + a, |To>, - > = a]|T°> - 3,|S >, and a; and a,
are defined in Table 1. There are four transitions labeled 1-4.
Signals which are in absorption (emission) when the levels are
populated from a singlet precursor are labeled A (E), reflecting
a larger (smaller) population in the lower energy 1eve1;

Figure 2. Theoretical first derivative EPR spectra when two radicals
in a pair are characterized by‘gaussian spectra of equal linewidth
which do not overiap when the exchangé interaction J is zero. The
Towest frace shows the EPR absorption spectrum for radicals 1 and 2
in the absence of interaction when the respective resonance fréquencies
are g]BB0 and 92580, for the case that &§/e = 0.01, where
€ = 1/2(91 + 92)886 and § = 1/2(g] - gZ)BBO. The gaussian halfwidths
are 5/4. The upper traces show the polarized spectra as a function‘
of increasing exchange interaction when the radiéa] pair is forhed
from a singlet precursor. The vertical scale is the same fdr the
top three traces.

vfjggr§_§, Theoretical first derivati?e EPR spectra when two radicals

in a pair are characterized by gaussian spectra of equal linewidth
which overlap when the exchange interaction J is zero, where the

parameters are the same as in Figure 2, except that the ha]fwidths

are 38/4.

»
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