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ABSTRACT 

We develop a model which describes the, polarization of the EPR 

spectrum of pairs of spatially-fixed radicals which are created by 

chemical or photochemical reactions. In such pairs, the exchange 

interaction is likely to be constant and nonzero during the 

radical pair lifetime. The double degeneracy of the free doublet 

EPR signal from each radical is removed when the exchange interaction 

is nonzero, yielding an exchange-split EPR spectrum with four 

transitions for the radical pair. These transitions are highly 

polarized by radical pair formation, even when the pair precursor 

is pure singlet. The analysis predicts that there will be an 

observable polarization of the tPR spectrum of spatially-fixed 

pairs whenever the exchange interaction is nonzero and both the 

magnetic relaxation time and the chemical lifetime of the pair state 

are long enough to permit the detection of polarized EPR signals. 
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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 intennediates 1 ~2. Hm'lever, 

only a few reactions3- 7 other than the photosynthetic light reactions 

have been studied in which the radical pair intennediates 

are spatially fixed. 
8-12 green plants and 

During the light reactions of algae8- 10 , 

bacteria13-16~ polarized· EPR signals 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 ll ,14, the 

magnitude of exchange couplingll ,16,17, the orientation of the 

magnetic axes in ordered or partially ordered samples 14 ,17, and 

reaction kinetics ll ,16. 

Theoretical models describing Chemically or Light Induced 

Magnetic Polarization (CIMP or LIMP) have considered the following 

kinetic process involving two electrons l ,2. The electrons start out 

in the ground state of a reactant molecule, t'1, where they are. correlated 

by an exchange interaction of molecular magnitude. A radical reaction can 

be initiated when a ground state singlet 1M is photoexcited to 

a state 1M* which then undergoes dissociation or charge separation, or 

\'1hen lr~ reacts chemically or photochemically with another species, MI. 

The result ih any case is radical pair formation. ~'ost of the 

theoretical t·reatments l ,2,19-26 consider the case that the radicals 
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are free to move about in solution, and rapid spatial separation of the' 

pair causes the exchange interaction to vanish. The exchange interaction 

is then nonzero only during subsequent collisional encounters. Hence 

the EPR observ~ble is a superposition of spin 1/2 free radical 

doublet spectra*. Friesner et al 17 used the theory of Adrian19 ,20 

to describe the polarization of the light-induced EPR signal of the 

membrane-bound primary donor P700 in spinach chloroplasts at room 

temperature. The donor and acceptor radicals are spatially fixed 

in the membranes; neverthe 1 e'ss, the e 1 e·ctron dona ted by P700 moves 

rapi dly dmm a chain of acceptors, and the EPR observable is the 

radical doublet of P700+. Pedersen's theory of spin polarization 
18 . 

in photosynthetic systems also assumes the EPR observablesto 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 

doublets can be achieved: the Triplet Mechanisml ,2,23-26, and the 

R d" 1 P" M h " 1,2,18-23 a lca alr ec anlsm . In the Triplet Mechanism, the 

molecular precursor to the radical pair has some population in its 

triplet spin sublevels, either because it is a ground state triplet, 

or because the triplet sublevels have been populated by intersystem 

crossing from the singlet manifold after excitation and before 

radical separation. In either case, the triplet population produces 

an initially non-Boltzmann population difference between the a and B 

doublet states of the radicals after sepa~ation. In the Radical 

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

* "Doublet" refers to spin multiplicity, (2S + 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 TO states when the exchange 

interaction is small or zero. IINet polarization ll19 occurs when 
'

radi~als of a pair which have separated reencounter one another 

later. These encounters produce singlet-To mixing when the 

exchange interaction is briefly nonzero, and this results in a net 

excess of a spins on one radical and an equal excess of B spins 

on the other. 1I~1u1tiplet effects ll19 occur when radicals in solution 

undergo spin selective reactions with other radicals, resulting"in 

a depletion of the singlet population. Non-Boltzmann population of 

the hyperfine sublevels results from the dependence of the singlet-To 

mixing rate on the hyperfine states, and this influences the probability 

that a given pair has singlet character. 

He shall concentrate for simplicity on systems in which the 

molecular precursor to radical pair formation is a singlet 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. The difference between 

the new model and the other models17-26 is that the EPR spectrum 

which is observed to be polarized i~ not simply a superposition 

of " radical 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 Boltzmann population before it can be detected, 

then we can observe initial polarization which is induced simply 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 triplet character, but we omit it for simplicity. 

THEORY 

\tJe consider the case where the two radicals have different, 

isotropic g-values and are coupled by an isotropic exchange 

interaction. We do not include the effects of anisotropic dipolar, 

exchange or hyperfine interactions; however, the theory can be 

generalized to include these effects. In Appendix A, th~ effect 

of isotropic hyperfine interactions is discussed. 

The Hamiltonian is 

where 

,... A. A "" 

.f\I.o = BBO(91 S1Z + 92S2Z) J(2~1·~2 + 1/2) 

" and the psci11atory Hamiltonian H(t), resulting from a microwave 

field ~l(t) which is linearly polarized in the X direction, is 

given by 
A A A' 

H(t) =2BB1coswOt(glSlX + 92S2X) 

where 2B1 is the amplitude and ~ is the frequency of ~l(t). 

(1) 

(2) 

(3 ) 



THE RADICAL PAIR EPR SPECTRUH 

In the singlet-triplet basis, the eigenvalues and eigenvectors 

of ~ are well known 27 and are given in Table 1. The transitions 

which will be observed in the radical pair spectrum are found by 

. evaluating the. matrix elements of ~(t) in the basis that diagonalizes 

~. Eq. 3 may be written in the form 

(4) 

where 
A A 

H'(t) = [exp(iwot) + exp(-iwot)] HX (5 ) 

and Hx is the spin operatof 

~X =(1 + ~2)-1/2[~x + ~(~'x - ~2X)J (6) 

In Eq. 6, Sx = SlX + S2X and ~ = 8/£, where 8 =8BO(g, - g2)/2 and 

£ = 8BO(g, + g2)/2. Then the transition probabilities for the four 

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

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

perturbation theory,as described in Appendix B. A is given by 
~ 

where i .denotes the i niti a 1 and f denotes the fi na' state of 

transition~. The A are usually called II re l ative intensities" 
~ 

because they satisfy 

L A = 1 
~ ~ 

(7) 

(8) 

(9) 
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It is straightforward to calculate the transition energies ~E and the 
j..l 

A from Table 1 and Eq. 8, and ,the results are' given in Table 2. 
j..l " 

We note from Tables 1 ~nd 2 that in the limit that J » 6, the, 

+ state is the singlet state and transitions 1 and 4'vanish, because 

transitions between the singlet and triplet states are spin forbidden. 

The - state is the TO state in~his limit, and transitions 2 and 3 

are the ~t~s = ±l triplet transitions; The trClnsitions involving the 

+ state are called "s" resonances and those involving the - state 

are called liT" resonances. 

At the other limit, when J ~ 0, transitions ·1 and 2 collapse 

to a doubly degenerate transition at the energy g2SBO' and transitions 

3 and 4 collapse to glSBO' Thus \'/e obtain t\'10 doubly degenerate 

radical doublet spectra at the limit of zero exchange interaction, 

as expected,. 

In the intermediate region, where J 'V 0, the degeneracy of the 

doublets at glSBo and g2SBO is removed,and each transition is split 

into an S and a T component~ This is the regien in which spatially

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

when J = 0 or when J » 0, it is not possible to observe polarization. 

POLARIZATION OF THE RADICAL PAIR EPR SPECTRUM 

When the radical pair is formed from a singlet precursor, the 

system is prepared in'a non-stationary state of~. The population ~ 

of eigenstate i is determined by the. probability ~Sli>1 2, \'/hich 

does not depend on the time. If the Triplet Mechanism23- 26 does not 

operate, then pair formation results in zero population of the 
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triplet Tl and T_l sublevels. If there are N radical pairs and if we 

denote the level i population as Ni = PiN, where ~i = ~ 5Ii>12, then the 

::>opulation diff~rences.~N~· are detennined by 

~P = P _ P = _ I< 5 1 +> 12 
1 T, + 

2 llP 2 = P _ - P T =" I< 5 1- >,1 
. -1 

~P., = PT - P = I< 51_>1 2 
.j , 

~P4 = P+ - PT -1 
= 

,. 

(10) 

Figure 1 shows the radical pair spin energy levels and the four transitions 

for the case that J = 6/13, when both J > 0 and 6 > O. The populations 

of the radical pai-r energy levels given in Eq. 10 result in positive 

intensities for the transitions to the T1 state and negative intensities 

for transitions to the T_1 state. These polarities are indicated in 

Figure 1 by the 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 AppendixB, the intensity of the polarized radical pair EPR spectrum 

is proportional to 

I(t) = I<T11 H~(t)lt>12 - I<T_11 H~(t)lt>12 
where ~ >is the state of the system at time t, which is given by 

It> = exp(-iwt)c+(t)I.+ > + exp(iwt)CJt )1- > 

and 
" Ci (t) =< i I exp(-i~(t)t) 15> 

(11 ) 

(12 ) 

(13) 

. i 
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We note that Eq. 11 wi l1-gi ve cross terms of the fonn 
A. A 

~<f[H'{t) Ii >< iii H'{t) [f>where i :Ii'. These cross tenns 

represent coherence between the transition amplitudes which 

arjses \'/hen the system is prepared 
" in a non-stationary state of~. However, in Appendix B we will 

show that 'the cross terms in Eq. 11 are zero and that we may define 

the intensity 

l(B) :::Lr A f (B) 
II II II II 

(14 ) 

\'Ihere p is the polarization, A is the "relative intensity" from 
II II 

Eq. 8 and f (B) are shal2.e functions centered-at fiE. The polarization 
II II 

p is defined by 
II 

p ::: sgn(ll)flP 
II II 

where sgn(ll) is the sign and flP is given by Eq. 10. The signs 
II 

sgn(ll) depend on the signs of J and 0 and are given by 

(15 ) 

sgn(ll) = (_1)1l-1 sgn(J)sgn(o) (16) 

where sgn(J) and sgn(6) are the signs of J and o. We will assume that 

both J and 0 are positive, so that sgn(l) = sgn(3) = +1 and 

sgn(2) = sgn(4) = -1. 

are given by 

According to Eq. 10 and Table 1, the flP 
II 

~Pl = flP 4 = l al 1
2 

flP2 = flP 3 = l a21
2 ( 17) 

Substituting Eq. 16 into Eq. 14 gives the polarized intensity 

• 

l 



Usually A is small enough that Al = A4 

so that 

(19 ) 

We note that the zero magnetiz~tion of the singlet state precursor 

is conserved, since L P = 0, and that there is no observable 
p ~. 

polarization when either J = 0 or J »6. The polarization in 

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

Boltzmann factor, which is 0(10-3), when J ~ 156. 

We have assumed that no population of the Tl and T_l levels 

occurs from a singlet precursor when there is no intersystem crossing, 

but it has been pointed out19 ,28 that when the change in J is adiabatic 

rather than sudden, the T1 'or T_l level (depending on the sign ofJ) 

may be populated. This occurs because the singlet and triplet T1 

or T_1 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 when the radical sites are spatially fixed. The polarization 

is easily calculated using arguments similar to the present ones 

'In the case19thatB6 i5small or zero,. when the singlet and triplet 

l~v~ls ~re nearly degenetate.and~lJ three triplet-sublevels 

:are 'popul ated. 

Eq. 17 represe~ts the~aximumtheoretical value .of-the polarization 

and does not d~pend on ,the time~~Time dep~ndence of-the polarization results 

. from the interaCtion of the spin syst~mwith the microwSlve:field.Bi{t)29, 

from other relaxation -processes which cause the'polal"ization to decay to 

the Boltzmann population, and from cher.1ica1 reactions. A complete 
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solution-of.the equations 'of motion of the radical~pair:spins- including 

relaxation is-beyond the scope of this paper. - In the Results:and 

Discussion section, we will-co~sider several cases where EPR 

polarization is influenced by chemical reactions. 

RESULTS AND DISCUSSION 

Figures 2 and 3 illustrate that the fitting parameters are 

the exchange interaction, J, and the ratios 6 /8, where 6 
11 11 

are the halfwidths of the f (B) and 8 is the difference in resonance 
11 

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 8 is 

constant, assuming for simplicity that the four f
l1

(B) are 
So 

gaussian derivatives of equal homogeneous linewidths, so that 

The lowest traces of Figures 2 and 3 represent the unpo1arized 

We see that the f (B) are well 
11 

6 = /':,.. 
11 

and uncou pled doub 1 et s pect ra . 

separated at J = 0 in Figure 2, where 6/8 = 0.25, 

and they overlap at J = 0 in Figure 3, where 6/8 ='0.75. The case 

of inhomogeneous1y broadened f (B) is discussed in the Appendix. 
p 

Inhomogeneous lines will give spectra with the same qualitative 

appearances as in Figures 2 and 3. 

In sU'l1T1ary, there d.re hID distinguishable cases in which 

spatially-fixed radicals, which are created in chemical or 

photochemical reactions, can give ris~ to EPR polarization. 

Case (1) When J -r~mains nonzero during~the t~me of the EPR 

measurements for spatially.fixed pairs, the model that we presented 

above will apply and an EPR experiment will measure the four 
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nondeqenerate transitions of the coupled pair spectrum with polarized -

intensities proportional to the population differences given by 

Eq.10. The conditions for observing the polarized EPR spectrum of 

a radical pair are that both the chemical lifetime and the 

magnetic relaxation time of the pair are sufficiently long to 

permit detection of the polarization. 

In many cases, the radi ca 1 s \,/i 11 undergo subsequent chemi ca 1 

reactions which give rise to additional EPR polarization. If, for 

examp1 e, the pai r decays chemi ca lly by a back-reacti on- 'faster than 

magnetic relaxation can occur, then population of the molecular triplet 

energy levels will yield the diagnostic "radical pair" polarized 

EPR triplet signa1 13. If the pair (which \'Ie shall call lithe primary 

pair") decays chemically by a fOr\'Jard 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 equal, in general, to the exchange interaction, J 1, 

betv/een the radicals in the primary pair. When J2 is nonzero during 

the time of the EPR measurement, the EPR experiment will measure 

tre four transitions of the secondary pair spectrum ''lith polarized 

intensities proportional to the population-differences of Eq. 10. 

However, the initial conditions for the secondary pair are not 
. 

the same as the initial condit-jons 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 pair, will evolve: 

during the lifetime of the primary pair. As a result, the system 
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will be in a pure state which is a superposition of the singlet and 

TO states at tre time of formation of the secondary pair, if there 

is no magnetic relaxation. The coefficients of the superposition will 

determine the initial conditions of the secondary pair, and will 

thus determine the probability that the system is in the 1+ > or 

1- > state of the secondary pair. The expressions for ~P]..l. 

given in Eq.10 must be modified to include the change of initial 

conditions for the secondary pair. The conditions for observing 

the polarized EPR spectrum of the secondary pair are the same .as 

the conditions for the primary pair, i.e., the chemical lifetime 

and the magnetic relaxation time of the pair must be long enough 

to permit detection of polarization. Clearly, it is possible to 

observe the polarization of the secondary pair spectrum 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 ~he exchange interaction J2 is zero between the 

. radicals in a secondary pair, then the "net polarization"19 

mechanism of the Radical Pair Mechanism applies. In this case, we 

will ,observe the EPR spectra of uncoupled doublet radicals with 

polarized intensities proportional to the population differences 

between the a and B radical spin energy levels given by 

(2.0 ) 

where Pal(t) and PB1(t) are the respective probabilities that spin 1 

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

<tlS2z l t> = -<tISlzlt >. WE' stress two points: (1) Eq. 14 is 
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applicable only when J~ = 0 and the EPR spectium corresponds to 

uncoupled doublet radicals; and (2) If the exchange interaction 

.between the two electrons is always zero, then Eq. 20 is always 

zero, in the absence of spin-selective reactions C'multiplet 

effects" 19 ). Friesner et al 17 shm'led that "net polarization" of the 

EPR spectrum of the uncoupled secondary pair arises from the nonzero 

exchange interaction, Jl , between the radicals in the primary pair. 

Time evo 1 uti on of the sta"te of the system underJ l prepares the 

§:econdary pair in a condition such that Eq. 20 is nonzero. 

In a given experimental situation, spatially-fixed species 

may be involved in ~eactions which are more complex than the simple 

cases we have discussed. It may be possible in such cases to 

construct a model describing observed EPR dynamics using simple 

arguments including the theoretical model we presented above and/or 

the "net polarization" model. However, in other cases, the 

Hamiltonian of Eq. 1 may be inadequate because anisotropic interactibns 

are important, such as dipolar interactions or g tensor anisotropy 

with attendant anisotropic exchange interactions. Friesner et al 17 

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

in t.he "net polarization" of the primary donor .radical P700+ at room 
-

temperature in ~pinach chloroplasts. Frank et al ll 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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In conc1u~ionJ we suggest that LIMP or CIMP should be looked 

for in other systc,l'S where spatially-fixed radical pair intennediates 

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 detection of polarized 

EPR signa 1 s. 

APPENDIX A 

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

by adding the hyperfine terms 
Nl 

~ = ~ + ~ Ai l i 'S l 
1 

+ 

where Nl and N2 are the number of nuclei coupled to Sl and S2' 

respectively. We assume that the hyperfine states are quantized 

along ~O' and neglect second order terms of the form IXSX and IySy. 

We adopt the basis 5et IMs TIp TIq >, where Ms is the eigenvalue of 

Sz = SlZ + S2Z (that is, the singlet-triplet electron spin basis), 

TIp = TIimli and TIq =TIj m2j , and mli and m2j are the eigenvalues of 

liZ and IjZ in the pth hyperfi"ne state of spin 1 and the qth 

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

(Al) 



for Sl and S2 in their pth and qth respective hyperfine states as 

Nl 
",P=~Am 
"'1 - i' i 1 i 

q _ ~2 
<l2 = j Ajm2j 

For example, if all the hyperfine'nuc1ei are spin 1/2 and the A. 
. 1 

and Aj are all different, 

and 2(N2) values of a
2
Q. 

'" ~ 

then there are 2(N1) values of <l p 
1 

/{.o i It the chosen bas i sis then 

'" ~ ~ ~ ~ . .~'" ( p + q)~ ~ 
< \Msl1p l1Q I tto I tr1sl1p TIq > = . [<. NS I'~ I~s> f cx l : cx2 , I'Sui-1S~'lS 

,. 

(A2) 

+ (Cll P .... <l2q)<HSI .. slZ- S2Z 1~1S>]6pp~?qq~ >(A3) 

where o"~ ,'o· •.. ·~ have the form':l1o"'~ Diagona1ization of:t!1e 
pp qq mimi 

'Hamiltonian matrix'forthe'p,qth radica1"pairhyperfine state: tan easily -

be shown to yield the express'ions in Tab1es:l and2'Tfwe " 

make the substitutions .~~ 

£ = £P,q = 1/2(£l P + £2q) 

o = op,q = 1/2(£lP - £2q) 

where £lP = g16Bo +cx1
p 

and £2
q = g26Bo +<l2

q
. 

To obtain the polarizer radical pair spectrum including the . 

(A4) 

. hyperfine interacticn, one would write the intensity of the spectrum 

from the p,qth pair hyperfine state as 

IP,q(B) = ED pqA pqf pq(B) 
lJ lJ lJ lJ 

(AS) 

where in each case D pq ~ S P pq as defined in Eq. 15. 
lJ lJlJ' 



16 

In general~ the hyperfine energies on radicals 1 and 2 may 
. p q p' q" cross, l.e., some £1 > £2 and some £1 < £2 • The effect of this 

crossing must be included in the expressions p pq. For example, when 
11 

£lP > £2q, the S resonance on radical 1 is emissive and shifts to lower 

energies as J increases. On the other h~l.nd, ~lhen £lP'< £2q', the 

S resonance on radical 1 is absorptive and shifts to higher energies as 

J increases. We assume that the expressions Ppq are corrected for these 

effects. 

In the case of resolved hyperfire structure when Nl and N2 

are small, the polarized radical pair spectrum may be convoluted to the 

total EPR intensity UB) by multiplying each IPq(B) by itscoeffic;ent 

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

p and q, j.e. 

i(B) = r r a a IPq(B) 
p q p q 

where ap and aq are the binomial coefficients. 

In the case that the hyperfine structure enters primarily ~s 

an inhom0geneous broadening, the binomial distribution is well 

aporoxirnated by a gaussian distribution. If the two J = a 

(A6. ) 

spectra do not overlap, then there is n0 crossing of hyperfine energies, 

"f d h' 1 h P q 1.e., 1 gl > g2 an t ere 15 zero over ap, t en no £1 <£2' 

'the radical pair spectrum for J fa can then be calculated without 

taking explicit account of the hyperfine interaction, by adopting 

for the f (n) gaussians of the appropriate widths and using the 
11 

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 calculations are essentially 

- the same in the inhomogeneous case as in the case of resolved 

hyperfine structure, and Eq. A6 is used. 

APPENDIX B 

\~e will use time-dependent perturbati on theory to justi fy 

Eq. 14 above, in the case that the system is prepared in a 

non-stati onary state of- the unperturbed Hami ltoni an HO' . However, 

~e will adopt a more general notation than that used above. 

If the Hamiltonian is 

H = HO + V (t) (Bl) 

then the state of the system at time t in the interaction representation 

is given by 

It > = L. Ii >exp{-iE.t)C.{t) 
_1 1 1 

(B2) 

C;{t) = < i I exp(-iV(t)t) IS > 

where IS >is the state of the system before the perturbation Q(t) 

is turned on, and Ii >is the eigenstate of HO with the eigenvalue Ei . 

We are assuming that K = 1. The time-dependent Schroedinger equation 

is then 

(B3) 

A • 

He now suppose that V(t) is periodic and given by 

(B4) 

Substituti~g Eqs. B2 and B4 into Eq. B3, multiplying from the left 

by < j I exp(iEjt), and integrating from 0 to T , Vie obta'in 
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= b~V .. C.(T}[exp(-i(w .. -woh ) - l](w .. -wo)-l 
1 J1 1 ,1J 1J 

(B5) 
" where Wij = (E; - E) and Vj; is the transition moment < j Ivli>. The prime 

on the sum denotes .that we are assuming that all of the wij > 0 and that 
" only the exp(iwot) component of V(t) is effective. It is straightforward 

to genera 1 i ze to all W ••• 
1J 

" 
Since V(tj is a small perturbation,'\'/e assume that C.i(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 >, ~f HO so that Ci(O) = 0ik' However, we relax this assumption and 

say the ~ystem is prepared in an arbitrary state given by 

IS > = Lkaklk> 

In this case we have the initial condition 

Ci{O) = <ils> = a i 

Then Eq. B5 becomes 

c.(T) = L:" v .. a-.[exP(-i{w.·.-woh) - 1](w .. -wo)-l 
J 1 J1 1 1J 1J 

The probability that the system makes a transition to state j 

is given by 

Nhere 

2 
= IC·(T).I 

J 

= r:" ... 1 a . 12W •• ( T ) + L. -I' .. X ..... ( T ) 
l=lllJ 1r11)J 

Wij{T! = 41Vj; 12sin2[(wij-wO)~/2](wij-wo)-2 

X. ' ... (T) 
11 J 

= 21r ... I[cos(w .. -w .... h - cos(w .. -wOh - cos(w .... -wOh + 1] 
11 .. J 1.J 1.1 _ - ._..!.J... _ __. 1 J . 

( w. . -wO )( w .... -wO ) 
1 J 1 J 

r. . .. . = a. a~ .. V .. V~ ... 
11 J 1 1 Jl Jl 

(B6) 

(B7) 

(B8) 

(B9) 

(B10a) 

{BlOb] 

(BlOc) 
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The goal is to calculate the total 'spectral intensity when the 

system is prepared in an arbitrary state Is >, 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 

when particular initial conditions are assumed, namely that the 

system starts out in the ith eigenstate of HO' The presence of 

cross terms in Eq. B10a means that the W .. and the populations 
1J 

of the eigenstates do not determine the total spectral intensity 

when the system is prepared in an arbitrary ~tate. We shall now 

prove that the.cross terms given by Eq. BlOb are zero. 

Using trigonometric identities, one can show that X .. ~ .(T) 
11 J 

has the form 

-1 In the limit that w.. «T we may write 
1J 

sin(wij-wOh 
= d (w .. -w

O
) 

n ( w. . -w
O 

) 1 J 
1J 

which gives 

(B11 ) 

(B12) 

x ..... (T) = 8n2Ir ..... lcos[(w .. -w.~.')T/2Ja(OI .. -WO) a(w .... -wO) (B13) 
11 J 11 J ')' J lJ , J 

Therefore, X ..... (T) is zero unless w .. = w .... , i.e. unless E,. = E, .... 
11 J 'J , J 

When such degeneracies occur, we can choose a new representation,I£> , 

which transforms the cross terms x ..... (T) to diagonal terms 
" J 

Wn.(T) which have the form of Eq. B10a. JVJ . 
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Finally, We note that the limit wij -1 «T used to obtain Eq.813 

is also used in ordinary perturbation theory to obtain the result 

\-1. .CT} = 4n/V .. /2T a(w .. -wo) 
lJ Jl lJ 

The total intensity of transitions to state j is then given by 

I. (w) = r:-/ a ./2w .. f .. (w) 
J 1 1 lJ lJ 

. 1 
where W .. = T- W .. (T) and f .. (w} is a shape function centered at w

1
'
J
" 

1 J lJ· lJ 

\. 

( 814) 

(815) 
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TABLE 1 

A A " "'" 

The eigenstates and eigenvalues of~ = 8BO(9,SlZ + 92S2Z) - J(2~1·~2 + 1/2), 
" 

where 

IT1> = 100>; IT_l> = 188>; IS > = {/etB> - IBet> )2-1/ 2; ITO> = (I~B> + IBa> )2-1/2 " 

W=. (J2 + 6
2)1/2; 6= BBO(91 - 92)/2; £ = BBO(gl + g2)/2; 

al = «w + ~)/2w)1/2; and a2 = «w - J)/2w)1/2. 

EIGENSTATE EIGENVALUE 

£ - J 

w 

- w 

- £ - J 



.' 

'TABLE 2 

" 

. Energies, ~E , and relative intensities, A. ,for, the trans·itions 
~ ~' 

in the EPR spectrum of two electrons, calculated using Table 1 

and Eq. 8. A = 6/£. 

~ 1 i>·:+ ,If> A ~E 
~ ~ 

1 1+ > :+ IT1> 
' 2 2 2 . ,.' 

. '.£ - J (2 + 2,,)- {la2J + A la1 I - 2Alala~IJ - w 

2 IT_,> :+ I -> ('2 + nf'[la,1 2 + A21a212 - nja,a2lJ £ + J - w 

3 1- > :+ IT,> (2 + 2A)-'[la, 12 + A21a212 + 2Ala,a2lJ £ - J + W 

4 IT_,> :+ 1+ > (2 + 2A)-'[la212 + ,,2 Ia , 12 + 2Ala,a2lJ £ + J + w 
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FIGURE CAPTIONS 

Figure 1. Energy level diagram for the stationary states of 
A. A. ,.... ,..." 

~ = eBo(glSlZ + g2S2Z) - J(2~"~2 + '/2) for the case that 

J = 6/13, where 6 = 1/2(gl - g2)eBo' T, = 100 >, T_l = les >, 

1+ > = a, IS > + a2 ITo>' 1- ~ = a] ITo> - ~21S >, and al and a2 
~re 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 (sm~ller) population in the lower energy level. 

Figure f... Theoretical first derivative EPR spectra when two radica-ls 

in a pair are characterized by gaussian spectra of equal linewidth 

which do not overlap when the exchange interaction J is zero. The 

lowest trace shows the EPR absorption spectrum for radicals 1 and 2 

in the absence of interaction when the respective resonance frequencies 

are glSBo and g28Bo' for the case that OlE = 0.01, where 

E = 1/2(gl + g2)SBo and 0 = 1/2(gl - g2)SBo' The gaussian halfwidths 

are 0/4. The upper traces show'the polarized spectra as a function 

of increasing exchange interaction when the radical pair is formed 

from a singlet precursor. The vertical scale is the same for the 

top three traces. 

Figure 1. Theoretical first derivative 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 halfwidths 

are 30/.4. 
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