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Electron spin relaxation of radicals in weak magnetic fields
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The review summarizes the results of studies on specific features of spin relaxation of

radicals in liquids in weak magnetic fields.
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Many photochemical reactions involve radical stages.
The interaction of external constant and alternating mag-
netic fields with electron and nuclear spins of intermedi-
ate radicals is the reason for the magnetic field and spin
effects in radical chemical reactions. One of the key pa-
rameters determining the magnitude of the magnetic field
effects is the spin relaxation rate of the intermediate radi-
cals.1:2 In the case of long-lived radical pairs (RPs), e.g.,
RPs in micellar solutions,? radical ion pairs,3 biradicals,*
etc., the spin relaxation is one of the main processes de-
termining the probability of RP recombination. The spin
relaxation rate is an important parameter used in calcula-
tions of the magnetic field effect,2 EPR spectra,’ kinetics
of chemically induced dynamic electron polarization
(CIDEP),1:6 optically detected EPR spectra,3 stimulated
nuclear polarization (SNP) spectra and kinetics, efc. Usu-
ally, the magnetic field effects and the CIDEP, SNP, and
optically detected EPR spectra are calculated assuming
additive contributions of (i) electron relaxation in indi-
vidual radicals due to the interaction between an electron
in a given radical and surrounding nuclei (modulation of
anisotropic or isotropic HFI constant) or with the angular
momentum of this radical (spin-rotational relaxation) and
(ii) dipole-dipole and exchange relaxations due to the
interaction between electrons in the radicals within the
RP. Methods for the description of electron relaxation in
the interacting radicals are not available as yet.

To date, the electron spin dynamics and relaxation of
free radicals have been well studied in strong magnetic
fields that much exceed typical HFI constants of organic
radicals. Various experimental techniques were elaborated
and detailed theoretical concepts were proposed, which
makes it possible to determine the spin relaxation rates by
analyzing experimental data.8® Recently, there has been

increasing literature on the behavior of radicals in weak
magnetic fields whose magnitude is at most equal to the
HFI constants of the radicals. Spin relaxation in weak
magnetic fields has long been poorly studied both experi-
mentally and theoretically. Experimental studies are scarce
because of relatively small number of methods of measur-
ing the relaxation times of radicals in weak magnetic fields.
L-Band time-resolved EPR investigations of the radicals
characterized by high HFI constants (30—70 mT) allow
one to obtain information on the spin relaxation of radi-
cals in weak and zero magnetic fields.!%!1 Because the
sensitivity of c.w. EPR in weak magnetic fields is low
(~10% spins per sample), in this case information on elec-
tron spin relaxation can be extracted using indirect mag-
netic resonance methods, namely, the MARY (magnetic
field effect on the reaction yield),3 switched external mag-
netic field chemically induced dynamic nuclear polariza-
tion (CIDNP),12:13 double-switched external magnetic
field CIDNP,14:15 and electron-nuclear transitions de-
tected using the CIDNP of diamagnetic products.16:17 In
all these methods the CIDEP is formed in geminal or
diffusion RPs on time scales of a few nanoseconds, whereas
relaxation of the electron polarization occurs in free radi-
cals and takes a few microseconds. Thus, spin relaxation
in free radicals is an important parameter governing the
kinetics of the signals detected by the methods mentioned
above.

This work summarizes the results of our experimental
and theoretical studies of spin relaxation in free radicals
in weak magnetic fields.10:11,18—21 We established that the
spin relaxation rates in weak and strong magnetic fields
can differ by a few orders of magnitude; this feature can
not be explained in the framework of the high-field theory.
The main relaxation mechanisms of radicals in liquids are
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considered, the laws of the process are analyzed, and the
results obtained were compared with the available experi-
mental data.

Spin relaxation in radicals:
main computational methods

Electron spin relaxation of radicals in solutions can be
due to modulation of 1) anisotropic hyperfine interac-
tion; 2) isotropic hyperfine interaction; 3) spin-rotational
interaction; and 4) anisotropy of the g-tensor. When study-
ing magnetically concentrated solutions or long-lived RPs,
one should take into account 5) electron spin exchange
and 6) electron dipole-dipole interaction. The first four
mechanisms correspond to relaxation due to intra-radical
interactions, whereas the last two mechanisms correspond
to radical-radical interactions. Because of this calcula-
tions for particular spin relaxation mechanisms are car-
ried out by different methods.

Among theoretical approaches to the relaxation prob-
lem, Redfield’s theory®? is applicable to any magnetic
fields and allows the probabilities of relaxation transitions
between arbitrary spin states to be calculated. This theory
uses the correlation function of a stochastic process

Gup.10(®) = (o] (s = ©[p (4| (1)]5). M

where a, B, v, and & denote the stationary states of the
system and the Hamiltonian H 1(H descrlbes a stochastic
perturbation. The average value of H 1(9) is zero; the bar
denotes the averaging over an ensemble of species with all
possible realizations of the Hamiltonian )ik 1(t). The corre-
lation function charactenzes system’s "memory" and
shows how the observed Hl(t) value depends on the
Hl(t—r) value. The correlation function of a Markov
process is independent of 7. The correlation function de-
cay is often described by an exponent

Gup0(®) = (| B[ ) (3] 1 0fs)- exp(-lel /7o), (@)

where 1, is the correlation time. The spectral density of
noise at frequency o is calculated by integrating the cor-
relation function

Jopys(@) = T Gopp(T) exp(—iwt)dT =

1
2
= (o] fp) (3l o) "y 3

l+oor

Then, the elements of the matrix of relaxation transitions
can be determined using the following expression:

Raﬁ,y?i =

8[35 2 J(sy,ooc (EG - Ey ) -
c

Jay,ﬁé(Eﬁ -E;) + JW’BB(EO( —Ey) -

600{ 2 JGB,GS(EG - ES ), (4)
c

where E; are the energies of the corresponding non-
degenerate eigenstates. Otherwise, this relationship should
be modified.

Spin levels of radicals in weak magnetic fields

From Egs (3) and (4) it follows that the spin relaxation
rate should depend on external magnetic field. Main dif-
ferences from the case of strong magnetic fields are due to
changes in the eigenstates of radicals, which causes sig-
nificant changes in the relaxation transition probabilities.
Consider the simplest model systems, namely, a radical
containing one magnetic nucleus with spin /=1/2 and a
radical containing two equivalent magnetic nuclei with
spins 1} , = 1/2. The last-mentioned system is suitable for
describing a particular case of a radical containing one
nucleus with spin /= 1.

The spin-Hamiltonian of a radical containing one
magnetic nucleus (/ = 1/2) has the form

=08 - o0+ oS+ 2GS, ©

where o, and o, are the electron and nuclear Zeeman
frequencies, respectively; S and [ are the electron and
nuclear spin operators, respectively, and a is the isotropic
HFI constant. The eigenfunctions (wave functions) and
energy levels can be found using the Breit—Rabi relation-
ships>22 in which we neglect o, (Fig. 1)

1) = |oe 0y, £, = w,/2+ a/4,
a (Dg + a2
|2> = C1|05eBn> + C2|Bean>’ E2 - Z * T,
(6)
13) = BBy, Ey=—o/2+a/4,
a mg +a’
|4> = C2|(xel3n> - CllBeun>’ E4 T Z N 2 '
where
| ® ! °
Cl=2|1+—-=e c:=_|1- =
l b 2
2 etea 2 oi e

Here o, and B, are the electron spin projections on the
z axis and oy, and B, are the nuclear spin projections on
the z axis.

The spin-Hamiltonian of a radical containing two
equivalent HFI constants a has the form

Hy = (DeSz - wn(ilz + izz) + as'z(flz + fzz) +

+ %[‘§+(il— + L)+ S (I + i2+):|« (7)
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Fig. 1. Calculated scheme of the energy levels of radicals with
one magnetic nucleus (/ = 1/2) (a) and with two equivalent
magnetic nuclei (/; = I, = 1/2) (b) plotted in the coordinates
E;/avs. o./a.

Neglecting o, compared to m,, one gets the corre-
sponding eigenvalues and eigenfunctions

[17) = lote0t1 40020, E\" = (1/2)(a + ),

|2,> = %(l o(e(xlnB2n> + |aeﬁlna2n>) + Cﬁlﬁealna2n>s

E) = %(—a + ‘/9a2 +4ao,+ 40} ),
|3/> = %(l BealnB2n> + |Beﬁlna2n>) + CélueBIth)’
E§ = %(—a +,I9a2 - 4aooe + 4(1)5 ],

|4'> = |BeB1nB2n>a E4' = (1/2)(‘1 - we)a (8)

C
2

5,> = (l ﬁeulnﬁ2n> + |BeB]na2n>) - Cél“eﬁlnﬁhq);

51

E; = %[—a - ,l9a2 -4an, + 4m§ ),
, G ,
|6> = _Té(laealnBZn> + |aeB1n0‘2n>) + CllBeulna2n>v

Eé = %(—a —,I9a2 + 4acoe + 4(1)2 J,

7,> = %(l ae“lnﬁZn) - |aeB1na2n>>’ E7, = me/za
8,> = %(l BealnB2n> - |BeBlna2n>)5 ES' = _we/za
where

(pr =ty 2220 |

2 ‘/9a2 +4an, + 40)3
(C§)2=ll— a+ 2o, ’

2 \/902+4ame+4m§
(=t 2220 |

2 \/9a2 - 4aw, t 4(1)3
(Cj‘)2=ll— a—2(oe

2 ‘/9azf4au)e+4co§

The spin level scheme is shown in Fig. 1, b. The
states |1 )—|6") correspond to the total nuclear spin Iz = 1
while the states |7 ") and |8 ") correspond to the total nuclear
spin /s = 0. The dependence of the mixing coefficients
C,, C,, and C;"—C," on the magnetic field governs the
changes in the eigenfunctions (wave functions) on going
from a strong (o, > a) to a weak (®, < a) magnetic field.

Spin relaxation due to modulation
of anisotropic hyperfine interaction

Anisotropic hyperfine interaction is one of the key
mechanisms of spin relaxation of radicals in solutions.
The time T of the electron relaxation due to anisotropic
hyperfine interaction in strong magnetic fields (o, > a)
can be calculated using the Redfield theory5:23

1/T, = (1/6)([A : Al)/(1 + w212, )

where [4:A] = 3 (a, — a)? is the HFI anisotropy and a,,
X, )52

ay, and a, are the principal values of the HFI tensor.
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Fig. 2. Probabilities of relaxation transitions |i) < | induced by
modulation of anisotropic hyperfine interaction (Pypy) plotted
vs. magnetic field (in units of w./a) for a radical containing one
magnetic nucleus (I = 1/2); AE2t2 << 1.19

Usually, the time 77 in a weak magnetic field was esti-
mated using the same expression.23—27 On going to the
weak field?8 the parameter o, was replaced by the exact
value of the splitting between the energy levels, but the
T, value changed insignificantly. However, this treatment
ignores the fact that HFI-induced relaxation of the radi-
cal containing one magnetic nucleus in zero magnetic
field causes no transitions between states with different
total spins. Thus, it is of crucial importance to allow for
the changes in the wave functions in weak magnetic fields,
because they lead to large differences between the relax-
ation transition rates of the high-field and low-field com-
ponents of the EPR spectrum.

Radical with spin § = 1/2 (I = 1/2). The Hamiltonian
of the dipole-dipole electron—nuclear interaction in a
radical containing one magnetic nucleus (/ = 1/2) can be
written as follows29—31;

A =[S0, - /.0 + 51| K+

+(Syd, + S -F o+ (S0, + S0 R +

1)
1.0

0.5 F

1) < |4)
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Fig. 3. Experimental CIDEP kinetics (/, 1”) of dimethoxy-
phosphonyl radical (MeO),(O)P* in MeCN (L-band EPR;
room temperature; /(f) is the signal intensity) and its simula-
tion (2, 27).10

where the random functions F are given by

Fy(t) = q[1 — 3cos?d(1)],

Fi(t) = —(3q/2)sind(n)cosd(Dexpl—ig(1)], (11)
Fy(t) = —(3q/4)sin?d(1)exp[—2ig(1)],

and
RORD =3¢ KOR® = 554"
RORTD = 554 a2
¢ = 2lAia] = %,-Eyff" -y,

Here 9(7) and ¢(7) are the azimuthal and polar angles in
the polar laboratory system of coordinates, respectively,
and g, is the isotropic HFI constant.

The Hamiltonian (see Eq. (10)) in the basis of the

+ (Sl ) B+ (S B, (10) states described by Eqs (6) has the form
[ K G+ GAR E (G- DA ]
4 2 2 2
G+ CHR*  (1+2CC)FR (G + G)R (G- CHF
. ) 3 ) 3
HY = (13)
o _(G+ CR* 22y (G - Q)R
2 2 4 2
(G -C)F* (CF-CHR  (C-C)F _(1-26G)FK
L 2 4 2 4 ]
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Then one should calculate the spectral density of noise
(see Eq. (3)) in the framework of Redfield s theory taking
into account expressions (12). The correlation time can
be estimated using the Debye relationship

T, = (4nr’n)/(3kT), (14)

where 1 is the rotational correlation time of a spherical
particle of radius r in isotropic liquid of viscosity n at
temperature 7.

The elements of the matrix, Rd,-j’k,, of HFI-induced
relaxation are calculated using relation (4). The structure

of the matrix RY and the expressions for calculating
its elements at ((D,-‘cc)2 < 1, where o; denotes all pos-
sible energy splittings between the intrinsic energy
levels, are presented in Ref. 18. To illustrate the laws of
HFI-induced relaxation in a weak magnetic field, we
will describe the relaxation of spin states for the limiting
cases of strong (®, > a) and zero (o, = 0) magnetic
fields.

At w, >> a, the matrix RY in the high-field basis set

|aean9 aean>’ |aeBn’ aeBn)’ |BeBn’ BeBn>’ and |Be(xn’ Be(xn> has
the form

3-15v 3 12v 3y

A 3 -3-5v  3v 2v 1

Ri= L 14:4 15
12v W 3o1sy 3 |0l (19
3v 2v 3 -3 - 5v

where v = 1/(1 + 0.21.%). This expression coincides with
the published ones.30-3%:33 Expression (9) for 1/7; can be
derived with ease by summing the probabilities of all elec-
tron spin-flip transitions, namely: |o.0,) <> |Be0ly),
|aeBn> < |BeBn>> |0Cel3n> < “?eun) and |(xe(xn> < |Bel3n>~

At o, = 0, the matrix RY in the basis of the states 11, 1y,
12, 2y, 13, 3), and |4, 4) has the form:

18 6 120
2 6 .12 6 o i
Rd = —[A: Al 16
2 6 18 of Tao Al (16)
0 0 0 0

The relaxation transition probabilities are plotted vs.
magnetic field in Fig. 2. It is important that in zero mag-
netic field the modulation of anisotropic hyperfine inter-
action causes no relaxation transitions between the proper
levels |1)—|3) corresponding to the energies E,_; = a/4,
and the level |4) corresponding to the energy E, = —3a/4
(see Fig. 1). (Strictly speaking, this approximation is in-
correct in zero magnetic field due to degeneration of the
|1)—|3) levels.) However, it can be shown that in weak
magnetic fields (o, << a) the relaxation transitions are
allowed, although their probabilities are low, namely, of

the order of (o./a)?. A similar situation is also observed if
a radical is characterized by one high HFI constant and a
number of much lower HFI constants (such systems are
much more often to occur compared to the radicals char-
acterized by a single HFI constant). For instance, in the
case of two HFI constants (a; >> a,) the probabilities of
the relaxation transitions analogous to the |1)—|3) <> [4)
transitions in a single-nucleus system are of the order of
a,%/(w.a,) and thus the conclusions drawn above remain
valid.

Earlier,18 the effect of spin relaxation of the popula-
tions of electron-nuclear levels in weak magnetic fields
on the magnetic field and spin effects was studied theo-
retically. According to model calculations, taking into
account the magnetic-field dependence of HFI-induced
relaxation can significantly affect the magnetic field de-
pendence of the CIDNP and magnetic field effect in the
RPs with restricted mobility.!8 Additionally, it was
shown that the inclusion of the magnetic field depen-
dence of HFI-induced relaxation is critical to calcula-
tions of the CIDEP kinetics in weak magnetic fields. This
was experimentally confirmed in the time-resolved X-,
S-, and L-band EPR studies of the photolysis of phos-
phine oxides!®!! (Fig. 3). The CIDEP kinetics deter-
mined by the electron relaxation rate, the reaction rate,
and the formation of the CIDEP by the S—T_-mecha-
nism in diffusion RPs were measured in different mag-
netic fields taking diphenyphosphonyl (¢ = 36.5 mT) and
dimethoxyphosphonyl (a = 69.5 mT) radicals as examples.
For both radicals the experimental CIDEP kinetics mea-
sured using the low-field spectral line (|1) < [4)) at o, = 0
were an order of magnitude slower than the CIDEP ki-
netics measured using the high-field line (|2) <> |3)) at

. = 4a/3. According to calculations with inclusion of all
contributions, the electron relaxation rate in weak mag-
netic field is much lower than the rate of the chemical
decay of radicals that makes the major contribution to the
CIDEP kinetics. In strong magnetic fields, the CIDEP
kinetics is governed by HFI-induced spin relaxation whose
rate is much higher than the rate of the chemical decay of
radicals (see Fig. 3).

Now we will consider the HFI-induced phase relax-
ation in weak magnetic fields. Calculations predict differ-
ent EPR linewidths in weak and strong fields.!8 Although
the HFI-induced population relaxation between the
states |1) and |4) becomes almost forbidden in weak mag-
netic fields, the phase relaxation differs from zero in zero
magnetic field.18 From this, in particular, it follows that
the phase relaxation time and the population relaxation
time due to anisotropic hyperfine interaction become dif-
ferent in weak magnetic fields. This significantly differs
from the strong-field case where 7' = 7.

Radical with S = 1/2 (I; = I, = 1/2). To draw general
conclusions about relaxation due to anisotropic hyperfine
interaction, we will consider a radical containing two
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equivalent nuclei with the spins /= 1/2. The spin-Hamil- Py
tonian of this system has the form
4

A,() = [Szilz — /(S + 3‘_f1+):|~1?()(1)(t) + 3 e 47
+ (Sedy + 8,4 EO@) + (S, + S0 ) KOy + 3t
+ (Sedi ) EV@) + (S ) - FV*(t) +

A I IR 2
+ [Szlzz ~(1/4) (S h, + 5_12+)] FO() +
+ (Silyy + S, 1) B + (Sl + S,050)-FP*(0) + 1
+ (SiLy4) - F20) + (S_Ly0) - F2%(r), (a7)
where the random functions F are given by expres- 0 5 10 15 20 25 ./a

sions (11) in such a manner that F()) = F(6,, ;) and
F® = F(8,, ¢,). The angles 8, (8,) and ¢, (¢,) are the
azimuthal and polar angles in the polar laboratory frame
and the subscripts "1" and "2" denote the first and second
nuclei, respectively. Additionally, one should take into
account that

O D 2
FVEP (1) = ng(scoszeo - 1),

Fl(l)(t)Fl(Z)*(t) = Fl(l)*(t)Fl(z)(t) =

= KV () FP* (1) = FV* () FP(1) =

=3

5 q*[cos(26,) + cosd, ], (18)

where 6, is the angle between the radius vectors directed
from the electron to each nucleus; all other average values

are equal to zero (F"(1)F{?" (1) = 0). Thus, spin relax-

ation of the radical containing two nuclei additionally
depends on the structure of this species through the
parameter 6,

Expressions for the relaxation matrix in strong and
zero magnetic fields were reported elsewhere.!® Despite a
large number of the spin states and relaxation transitions,
general trends in the behavior of spin relaxation are very
similar to the case of the radical containing one magnetic
nucleus. In a zero magnetic field the system can occur
only in the states characterized by three different energy
values, namely, E\_4 = a/2, E's g = —a, and E'; 3 =0
(see Fig. 1, b). According to calculations, the relaxation
transitions between the states |57), |6") and |77, [8") at fre-
quency o = a are forbidden in zero magnetic field, whereas
the other two transitions, namely, |1)—[4") < |57, |67
(o = (3/2)+a) and [1HY—[4) 7,18 (o = a/2) are
allowed. The relaxation transition probabilities show a
strong dependence on the magnetic field, as in the case
considered above (S = 1/2, I = 1/2). In Figure 4 the
relaxation rates of three transitions (|17 < [67),[2") <> |57,
and |3") <> [47)) corresponding to the EPR transitions in
strong magnetic field are plotted vs. magnetic field. The
probability of the |17y <> |67) transition corresponding to

Fig. 4. Probabilities of relaxation transitions |i) <> |} induced by
modulation of anisotropic hyperfine interaction (Pyg;) plotted
vs. magnetic field (in units of ./a) for a radical containing two
equivalent magnetic nuclei (/; = I, = 1/2) at 6, = 120° and
(AE )12 << 119

the low-field EPR line |0,,0t,00p,) <> |Be0t,00n) At @, >> @,
decreases by a factor of six on going to the magnetic field
with ®, << ag. On the contrary, the relaxation transi-
tion |27y <> |57) is forbidden in a strong field, being al-
lowed in a weak field. The results of calculations for a
particular case 6, = 120° are shown in Fig. 4. However, it
should be noted that only the absolute values of the relax-
ation rates depend on the angle 6,, whereas the character
of the magnetic field dependences remains unchanged.!®
Unlike the radical with §=1/2 (/= 1/2), not only transi-
tions between degenerate levels, but also transitions at
frequencies w = (3/2) +a and w = a/2 are allowed in zero
magnetic field.

A particular case 6, = 0 corresponds to coincidence of
the coordinates of both nuclei. Although this is impos-
sible in practice, the results obtained for relaxation be-
tween the states |1 ") and |6") (I = 1) are applicable to the
radical containing one nucleus (/ = 1). The relaxation
transition probabilities for the radical with S=1/2 (/= 1)
also strongly depend on the magnetic field, but the relax-
ation transitions at nonzero frequency o = (3/2)-a in
zero magnetic field are allowed in contrast to the case of
the radical with the spins S=1/2 and /= 1/2.

Spin relaxation due to modulation
of isotropic hyperfine interaction

Consider spin relaxation due to modulation of isotro-
pic HFI constant. This mechanism is realized when the
motions of a radical (e.g., rotation of Me group about the
C—C bond in ethyl radical or rotation of Me groups in
tert-butyl radical) are accompanied by a change in its
geometry, which leads to the time dependence of the HFI
constants. Because the HFI constants of methyl protons
are slightly different,34 rotation of the Me group about the
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C—Cbond causes fluctuations of each isotropic HFI con-
stant with time.

If the isotropic HFI constant of a radical varies sto-
chastically, the corresponding Hamiltonian has the form

In this case, efficient cross-relaxation transitions are in-
duced (projection of the electron spin remains un-
changed, Am = 0).

Radical with S = 1/2 (I = 1/2). The relaxation rate
(1/T,,) of a radical containing one magnetic nucleus
(/ = 1/2) in a strong magnetic field (o, >> a) can be
calculated from a relationship3’

2
da‘t,

|
1, %'t (20)
2 1+ mgrg

1

TCI'
where 8a2 = [a(f) — @ ]2. The matrix of spin relaxation due
to modulation of isotropic hyperfine interaction in weak
magnetic fields was calculated similarly to the case of
relaxation due to modulation of anisotropic hyperfine
interaction. The Hamiltonian of stochastically modulated
isotropic hyperfine interaction in the basis of Eqgs (6) can
be written as

Hs, = 8a(1)SI =

1 0 0 0
_ Sa(t) 0 —(1-4CGG) 0 2(C22 - C12) Q1)
4 10 0 1 0
0 2C3-CP) 0 —(1+4CC)

The only relaxation transition |2) <> |4) is allowed in
both strong and weak magnetic fields. Its rate is given by

| (C2- 2y da’t,
T, 2 1+ (02 + )i

(22)

At ®, > a, expression (22) is exactly the same as
relationship (20), but in a weak magnetic field (o, << a)
the relaxation rate 1/7,. — 0 because C; = C,.

Thus, when relaxation due to modulation of isotropic
hyperfine interaction in a weak magnetic field dominates,
it should be correctly taken into account. Because in zero
magnetic field one has 1/7,, = 0, exact inclusion of re-
laxation affects calculations of the CIDNP and magnetic
field effects in micelles analogously to the case of re-
laxation due to modulation of anisotropic hyperfine inter-
action. Additionally, because the EPR-transition |2) <> [4)
is allowed in weak magnetic fields provided that the radio-
frequency field is applied parallel to external magnetic
field, the time-resolved EPR kinetics detected using
this transition should also be calculated using correctly
included spin relaxation. It seems quite natural to ex-
pect that correctly included relaxation between the
levels |2) and |4) will strongly influence the kinetics of the

Pyr
3157
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08 L 2167
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0.4 H
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10 20 30 0./a

Fig. 5. Probabilities of relaxation transitions |i} < |} induced by
modulation of isotropic hyperfine interaction (Pyp;) plotted
vs. magnetic field (in units of w./a) for a radical containing two
equivalent magnetic nuclei (/; = I, = 1/2) at 8a,(¢) = 8a,(f) and
(AE )12 < 119
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Fig. 6. Probabilities of relaxation transitions |i} < |/} induced by
modulation of spin-rotational interaction (Pgg;) plotted vs. mag-
netic field (in units of w./a) for a radical containing two equiva-
lent magnetic nuclei (/; = I, = 1/2) at (AE;)*t .2 << 1.19

time-resolved EPR-transitions |1} <> [4) and [2) <> |3) in
weak magnetic field. In this case the kinetics will strongly
depend on the spin-level population ratio in the radical.

Radical with § = 1/2 (I; = I, = 1/2). For a radical
containing two equivalent HFI constants a the spin-
Hamiltonian of a stochastically fluctuating isotropic
hyperfine interaction has the form

H\(t) = da,(1)SI, + 8a,(1)SI, =

= sa0S.41; + A0 S0+ S0y +
+ 80081 + P2 (S, 0+ 5.1, 23)

According to calculations, six relaxation transitions
are allowed in both strong and weak magnetic fields. The
terms (AE;")?1.? in expressions!? for the relaxation transi-
tion rates were found to be erroneous. Here we report the
corrected form of these relationships
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2
1 [—w/f(C()2 +ClCy+ 5(65)2] (3a, + 8a, )1,
Voley 2 N2 )
Tc‘r2 )ol6) 8 + (18a” + 8aw + 80;)1;
>
I [—ﬁ(c§)2 + 0, + \/E(C;)Z] (8a, + 8ay)’t,
Velsy 2 22 )
Tc‘f yols) 8 + (18a” - 8aw, + 8w} )T,
1 (C] - J2C3)? (84, - 8a, )1,
2 7 r )
T g 1 502 + da0+ 407 - (a + 20,) 98 + 4aw, + 402 ]rﬁ
- (24)
Lo (C; - 2C; ) (8a, - 8a, )1,
Vo8 ,
T 5 4[5~ dao 407~ (a - 20,{007 a0, + 40 |

[ (J2C] + C;) (3a, - 8a,)’r,
Yo7 ,
TC‘r Yol 7) 8 + |:5a2 +4aw + 4@)@ +(a +20,) 942 + 4ao, + 4003 ]Tg
1 (2C; + C})* (3a, - 8ay)’1,

N8y :
TP gy [502 - 4a0,+ 40) + (a - 20,)|/94% - 4aw, + 40 ]12

The probabilities of two transitions, [27) < [6”) and
|3y <> |57y, are proportional to (6a, + 8a2)2, whereas
those of the other four transitions are proportional

to (8q, - da, 2. Therefore, spin relaxation strongly de-
pends on the character of intra-radical motions that modu-
late isotropic hyperfine interaction. If both HFI constants
are modulated synchronously (8a;(f) = da,(?)), only two
transitions, [27) <> |6"y and |[3") <> |57), are allowed in both
strong and weak magnetic fields. Asynchronous modula-
tion of both HFI constants requires accurate calculations

of the average values, (8q, + da, > and (8a, - da, ). For
instance, if da; = da* cos(wr) and da, = 8ay - cos(wt + ),
the average values are given by (3q, + da, )2 =

8ay?(1 + cosy) and (8a, — 8a,)* = dap’(1 — cosy).

Using expressions (8) for the coefficients C,"—C,’,
one can show with ease that only two relaxation transi-
tions with ® = a, namely, |6« |7") and |5") < [8"),
are allowed in zero magnetic field. Other possible tran-
sitions at frequencies ® = a/2 and o = (3/2) -a are for-
bidden. Note that this result differs from that given
above for the case of modulation of anisotropic hyperfine
interaction. Therefore, studies of relaxation transi-
tions in zero magnetic field can provide information on
the contributions of the modulation of anisotropic and
isotropic hyperfine interaction to the overall spin re-
laxation rate.

C

Assume that da(f) = da,(f) = da(f). Then, only two
transitions, [27) <> |6") and |37) <> |5"), are allowed in any
magnetic fields. Figure 5 shows the probabilities of
these relaxation transitions plotted vs. magnetic field at
(0.2 + a?)t,2 << 1. In zero field, both transition probabili-
ties are zero as in the case of a radical containing one
magnetic nucleus. Moreover, it is quite obvious that a
similar situation will also be observed for radicals with any
number of synchronously modulated equivalent HFI con-
stants (all da,(7) values are equal to one another). Indeed,
the steady-state spin-Hamiltonian of such a radical in
zero magnetic field has the form

Hy = ay, SI;. (25)
1

Because the HFI constant a appears in Eq. (25) only
as a common multiplier, the eigenfunctions (wave func-
tions) of this Hamiltonian remain unchanged upon modu-
lation of a. In other words, the perturbation has the di-
agonal form in the basis of the eigenfunctions of the
steady-state Hamiltonian and therefore no relaxation tran-
sitions will be induced. Therefore, experimental studies of
the spin relaxation due to modulation of isotropic hyper-
fine interaction in weak and zero magnetic fields can
provide information on the character of intra-radical mo-
tions. For instance, the type of the motion responsible for
relaxation in fert-butyl radical (inversion of carbon or
rotation of Me groups36:37) has not been established so far.
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Modulation is synchronous in the former and asynchro-
nous in the latter case.

Summing up, note that in the case of synchronous
modulation all conclusions drawn for radicals with more
than one equivalent nuclei (/ = 1/2) are also valid for a
radical containing one magnetic nucleus and an arbitrary
spin (I > 1/2). In particular, relationships (24) for the
states |1)—|6") (Iz = 1) are applicable to a radical with
S=1/2U=1).

Spin relaxation due to spin-rotational interaction

Gas-phase studies of radicals showed that the mag-
netic moment of the unpaired electron interacts with the
total angular momentum of the radical. In liquids, the
angular momentum fluctuates because of collisions with
other species, thus leading to spin relaxation. The main
relaxation mechanism of small alkyl and acyl radicals
(e.g., "CH;3 and HC(O)") in nonviscous fluids is spin-
rotational relaxation.38:39

For most radicals the components of the tensor of
spin-rotational interaction are unknown, but they can be
estimated using the components of the g-tensor.4? For
instance, if the g-tensor is axially symmetric, the time of
relaxation due to spin-rotational interaction in a strong
magnetic field is given by

-, (26)

where Ag; = g; — 2.0023 (i = ||, L), r is the radius of the
radical, k is the Boltzmann constant, 7 is temperature,
and n is the viscosity of the solution.

To consider spin-rotational relaxation in weak mag-
netic fields, we will carry out calculations similar to those
of modulation of anisotropic and isotropic hyperfine in-
teraction. It should be noted that collisions of radicals
with the surrounding species cause modulation of the iso-
tropic and anisotropic components of the spin-rotational
interaction with the same correlation time. Therefore, it
is sufficient to allow for isotropic spin-rotational interac-
tion because the inclusion of anisotropy will only intro-
duce minor corrections.

Radical with S = 1/2 (I = 1/2). The Hamiltonian of
isotropic spin-rotational interaction written in the basis of
Egs (6) has the form

H=CSjt) =
}l CZ;— 0 _ Cl/A—
A I 2
Cjr (G -Gj, Cj 4
N CiCyj
=Cx| 2 2@ 21 1 % < , Q7
0 Cij+ Jz CoJs
.2 7 o
CiJ 3 GJj. (G5 -CP)j

where C is the isotropic spin-rotational coupling constant
and f (?) is the angular momentum operator for the radi-
cal. The spectral density of spin-rotational interaction is
given by expression (3). The correlation time of the angu-
lar momentum fluctuations is

T = 1/(8nrn), (28)

where [ is the isotropic momentum of inertia. Then
one gets

Ji=Ji ==y =1-kT. (29)

1
2
Because the parameter 7; is similar to the inverse
frequencies of molecular collisions in liquids
(10-13—10"%s71) and w212, a’t? << 1 in magnetic fields
0—300 mT, the last-mentioned two quantities can be ne-
glected if the HFI constants lie within a conventional
range. Then one can calculate the elements of the relax-
ation matrix R;, for zero magnetic field using expres-
sions (4) and (27)—(29). The expressions for the matrix
elements R; ;; related to the probabilities of transitions
between the spin levels of the radical are as follows:

Pisy=Ryn= C2Cy? - IkT- T = R3340 = P304

Pio3=Ry133=R3311 =0,
(30)
Pig=Ryj44=CC2 - IkT ;= Ry 33= Py.3,

PZ(—>4 = R22’44 = 2CQC12C22'IICT‘ Tj.

The number of the allowed transitions is two (|1) <> |4)
and |2) < |3)) in a strong and five (|1) < [4), [2) < |3),
|1y < [2), [3) <> [4) and |2) <> |4)) in a weak magnetic field.

For the spin levels |1) and |3) the sum of the transition
probabilities is independent of magnetic field

Pyt Pioyt Proy = Py + Py + Pyoyy = C2kTr,.

Therefore, in a weak magnetic field the overall rate of
relaxation between each of these levels and other levels
remains unchanged, being redistributed.

In zero magnetic field the levels |1)—|3) are degener-
ate. From relationship (30) it follows that the total prob-
ability of the relaxation transitions |1)—|3) <> [4) in zero
field is 1.5 times higher than the probability of the relax-
ation transition |1) <> |4) in a strong field. This is due to
the fact that yet another transition, |2) <> |4), becomes
allowed in a weak magnetic field. The probability of this
transition in zero magnetic field equals the probability of
each of the two transitions |1) <> [4) and |3) <> [4). Note
that in strong magnetic fields the [2) <> |[4) transition is
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1(By)

1.0

1 2
ABL/mT
b

0.28

1
0.24 |
0.20
0.16 2
0.12 |—3 ! | L

4 6 8 [C]/mmol L~}

Fig. 7. a. Experimental (solid line) and simulated (dotted line)
EPR spectra of radical TEMPO in a weak magnetic field (slow
exchange; [C] = 2 mmol L~!, B, = 0.02 mT). b. Half-width at
half-height (AB;) of the line corresponding to the |37) < |4")
transition plotted vs. TEMPO concentration: experiment (open
and solid circles) and simulation (lines) in a weak (94 MHz) (1)
and strong (10 GHz) (2) magnetic field.2® Here and in Fig. 8
B, is the external magnetic field strength and [/ is the signal
intensity.

forbidden. This should be kept in mind when calculating
the CIDEP kinetics in perpendicular and parallel radio-
frequency fields (especially in the latter case) and when
calculating the absolute values of the CIDNP and mag-
netic field effects in micelles.

Radical with spin § = 1/2 (I; = I, = 1/2). If a radical
contains one magnetic nucleus or two equivalent nuclei,

-1 (C5)? 0
(©3)? -1-2ACHACH?  (CDHHCH)?
| 0 CHHCH? -1 - 2ACHACH)?
0 0 (C})?
0 (CNHC))? 2C5HACH?
L(C)? 2ACHAC)? (©5)C3)?

By/mT

1.0 |
0.8

0.6

0.4 1 1 1 1
10 [C]~!/L mol~!

Fig. 8. a. Experimental and simulated EPR spectra of radi-
cal TEMPO in a weak magnetic field (fast exchange, [C] =
150 mmol L=, B, = 0.02 mT). b. Half-width at half-height
(ABy) of the exchange-narrowed line plotted vs. TEMPO con-
centration: experiment (open and solid circles) and simulation
(lines) in a weak (94 MHz) (/) and strong (10 GHz) (2) mag-
netic field.20

the nuclear spins are not involved in spin-rotational in-
teraction at all and calculations are reduced to treatment
of the Hamiltonian ﬁl(t) = CLSA’jA () in the basis given
by Egs (8). The probabilities of the relaxation transi-
tions between the spin states |7") and |8 ) in any magnetic
field are Py g = C?IkT T;, whereas other transitions in-
volving these states are forbidden. The probabilities of the
transitions between six other levels in the basis 17,17,
2,2, ..., |67,6") are given by the matrix!® R*"

0 0 (©?
0 (CNHCy)? 2ACHAC3)?
(€ 2ACHACH? (©5)C3)? CRT, (1)
-1 (C5)? 0
(CH? -1-2CHHCH?  (CHHCH)?
0 @HHCH? -1 - 2ACHACH)?]
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Conclusions drawn upon analysis of the matrix (31) in
the limiting cases of zero and strong magnetic fields are
similar to those known for the radical containing one

probabilities of other transitions are redistributed (Fig. 6).

Therefore, one can conclude that the rate of spin re-
laxation due to spin-rotational interaction increases in
weak magnetic fields. A physical explanation for this phe-
nomenon is as follows: the effect of the fluctuating spin-
rotational interaction on the spin system is analogous to
the effect of oscillating magnetic field described by
the Hamiltonian ﬁl(t) = fél(t) (él(t) is the operator of
the alternating magnetlc field). It is well known that in
strong magnet1c ﬁelds (B o) the EPR-transitions are only
allowed at B J_B 0> Whereas in weak fields transitions at

B|||B, are also allowed.

Spin relaxation induced by electron spin exchange

Electron spin exchange (ESE) between radicals in lig-
uids can contribute largely to the relaxation rate if the rate
constant for radical recombination is no higher than the
diffusion constant.3341 Usually, spin exchange causes
broadening of c.w. EPR lines of stable radicals in solu-
tions. As the concentration of radicals increases, the spec-
tral components are averaged (this is called "exchange
narrowing"). This is the case of fast exchange correspond-
ing to the situation where the spin-exchange rate exceeds
the Larmor frequency difference between the spectral
components. Spin exchange at low radical concentrations
is termed slow and only causes broadening of spectral
lines. Since the concentration of radicals in the experi-
mental studies on the magnetic and spin effects in weak
magnetic fields can be high, the contribution of spin ex-
change to relaxation should be taken into account. In
particular, the local concentration of radicals in the ex-
periments on radiolysis and photolysis in the solutions
characterized by high optical density can be rather
high. Additionally, the ESE-induced line broadening in
c.w. EPR spectra recorded in weak magnetic fields can be
large similarly to the situation in strong magnetic fields.
This gives an impetus to ESE studies in weak magnetic
fields.

In terms of the theory of stochastic processes, spin
exchange is a "collisional noise". Here, knowledge of the
correlation function basic to the Redfield theory is insuf-
ficient. This theory is inapplicable even in the case of slow
exchange, because collisions between radicals cause sig-
nificant changes in their stationary states

Hi(t) = T8, > H,,

where J(7) is the exchange interaction constant. In this
connection, treatment of ESE-induced relaxation requires

not only calculations of the probabilities of relaxation
transitions between stationary states, but also the inclu-
sion of the changes in these states. Earlier,?? ESE-in-
duced relaxation in weak magnetic fields was theoreti-
cally treated by solving the Liouville equation. ESE-in-
duced relaxation was calculated following a known ap-
proach.4? In the binary approximation, the kinetic equa-
tion for the single-particle density matrix of radicals has
the form41:43

ag_? - i(i + ,-1%) pa — [C] 2 Try, (I?AA’pA -pA/), (32)
T
p

where p, is the density matrix of radical A; p,- is

the density matrix of the partner radical A”; L is the
Liouvillian describing the spin-state dynamics of the

radicals between collisions; the term R describes relax-

ation of the radical spin states; the Liouville matrix K
describes the change in the radical spin states in the course
of collisions; and [C] is the concentration of radicals. For
simplicity, the exchange interaction was considered con-
stant in a narrow spatial region corresponding to rather
large overlap between the orbitals of the unpaired elec-
trons and equal to zero outside of this region. The volume
of this region is denoted as v and the overall residence
time of radicals in this region is denoted as t,.4! The

matrix KA in the singlet-triplet (ST) basis of a pair of
interacting radicals has only the following nonzero ele-
ments?!:

(KMt 51, = (KM )15 108 = (KA )st, 1, =
= (K™)s1.s = (KM)st st = (KM )ps15 =
=iK;t, /(A +iK;t,) = p, (33)

where K] is the exchange interaction constant expressed
in frequency units and the parameter p characterizes the
efficiency of spin exchange. Using a commonly accepted
terminology, exchange is called strong at K;t, >> 1 and
weak at K1, << 1.41

The convolution over the states of the partner radi-
cal A’ is given by

TrA’(KAA'PA 'PA’] =2 Ki%:n,,nq(pA 'PA’)n,,n,, =

nm Nphyg
2 34
= /2 (R im Pim ) - 9

In the text below we will consider the ESE-induced
phase relaxation.

Radical with S = 1/2 (I = 1/2). The phase relaxation
probabilities calculated for this radical in the case of strong

ph
i = PY; are given by:

exchange (ﬁp)
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h _ 2 vIC] _ pph
P, =-C 41 Rep = Pf,,
p
h _
PIIZ—>3_0’
(35)
h _ 2 vIC] _ ppt
AL, =-C 41 Rep = Pf5,
p
h _
P2p<—>4_0'

As can be seen, the magnetic field dependence of the
transition probabilities is expressed through the mixing
coefficients C;, being similar to the case of longitudinal
relaxation due to spin-rotational interaction and calcu-
lated in the framework of Redfield 's theory (see Eq. (31)).
The difference consists in the absence of the relaxation
transition |2) <> |4).

The EPR spectrum in the frequency domain was cal-
culated as follows2?:

0 = —0.0|[ClICIm(p;; + p3g) + CiIm(py4 + py3)],  (36)

where o, is the frequency of the oscillating magnetic
field and the density matrix elements can be found
from the Liouville equation (32) with allowance for
Eq. (34).

Radical with S = 1/2 ( = 1). In this case the phase
relaxation probabilities under strong exchange can be cal-
culated using the following expressions

cl Cl
PPy = ‘M(Cz)zRe% PIPLG’ -4 ](C])2Rep,
3t 3t
p p
Clypra e
Pty = - U e,
p
b = VICl 20002
PPl = _T(Cl) (C}) Rep,
p
Cl
Pty = -2 c))Rep, (37)
p
Clygr 2
PpR g = -2k (cpcy)Rep,
p
Cle
pps = - UEL () Rep,
p
b = VICl rry20 002
PPl = =S (C)(C)) Rep,
p
h — h —
PP =0, PP =0.

Figure 7, a shows the experimental EPR spectrum of
stable nitroxyl radical TEMPO in CCl, in weak magnetic
fields. Measurements were carried out at a resonance fre-
quency of 94 MHz, which allowed all three EPR transi-
tions to be observed (|17 <> (6" at 1.33 mT, |27 «>|5") at
2.48 mT, and |3") < |4")y at 4.63 mT). The line corre-

sponding to the [27) <> |57) transition is much broader
(by 0.02 mT) than the lines corresponding to the |1 ") <> |67
and |37y <> [47) transitions.

An increase in the TEMPO concentration causes
broadening of the EPR line due to ESE. The half-width
of the EPR line is plotted vs. TEMPO concentration in
Fig. 7, b (the case of slow exchange). For comparison, we
also present here a similar plot for the case of strong
magnetic field. The half-width at half-height of the
Lorentzian line corresponding to the |37y <> |4") transition
is denoted as ABj. According to relationships (37), in
weak magnetic field the rate of phase relaxation due to
ESE should be by a factor of (C4")? lower than in strong
magnetic field at the same concentration of radicals. The
experimental concentration dependences have equal
slopes due to the fact that the difference between the
slopes caused by the ESE-induced relaxation is compen-
sated by the effect of recording field-sweep EPR spectra
in weak magnetic fields. This can be substantiated with
ease analytically. For the |37) <> |4} transition the coeffi-
cient of proportionality (k) between the resonance fre-
quency AE = E5 — E, and the magnetic field in frequency
units ©, = vB, (y is the magnetogyric ratio) is calculated
using expressions (8)

a - 20,

V 90 - 4aw, + 4o’

Therefore, variation of the magnetic field causes a slower
frequency change (by a factor of (C,")?) and the EPR line
is broadened by a factor of (C,")?, which compensates the
predicted line narrowing by a factor of (C,")? due to the
magnetic field dependence of the relaxation transition
probability (see Eqgs (37)). Thus, experimental data are in
excellent agreement with the predicted magnetic field de-
pendence of the relaxation rate. The exchange-narrowed
EPR spectrum of radical TEMPO in weak magnetic field
is shown in Fig. 8, a. In contrast to the case of strong
magnetic field (where position of the narrowed line coin-
cides with the position of the central line in the exchange-
broadened spectrum) in weak field this line is shifted by
3.15 mT toward the strong magnetic field region relative
to the central line (transition [27) <> |57)).

The concentration dependences of the half-widths at
half-height of the exchange-narrowed lines in weak and
strong magnetic fields are shown in Fig. 8, b. In the former
case the slope is 1.5 times greater. As in the case of
slow exchange, in weak fields the lines are broader
than in strong fields at the same radical concentration.
Simulation was carried out using the analytical expres-
sions derived for the radical with S = 1/2. The HFI con-
stant was chosen in such a manner that the second mo-
ment of the EPR spectrum be equal to the second mo-
ment of the EPR spectrum of TEMPO radical. Accord-

o) = SAE - %[1 ]

]= (C3)*. (38)
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ing to calculations, the slopes of the concentration de-
pendences in strong and weak (at a resonance frequency
of 94 MHz) magnetic fields should differ by a factor
of 1.34, which is in reasonable agreement with the experi-
mental data.20

Note that as in the case of spin-rotational relaxation
(see above) ESE in strong magnetic fields induces only
the electron spin-flip transitions, but in weak magnetic
fields relaxation becomes electron-nuclear in character.
This salient feature of ESE-induced relaxation should be
taken into account when analyzing the magnetic field
dependences of the CIDNP in the reactions involving
radical ions and stable nitroxyl radicals in weak mag-
netic fields,# because the effect of this feature on the
kinetics of spin polarization and on the EPR spectra is
mainly determined by the initial spin-level populations in
radicals.20

Thus, we theoretically and experimentally showed that
the spin relaxation rates of radicals in liquids show a
strong dependence on the magnetic field. The behavior of
radicals in weak magnetic fields (at most equal to the
HFI constants of the radicals) is expected to show
some features, e.g., the appearance of new allowed re-
laxation transitions and the changes in the probabilities of
the transitions allowed in strong fields. These conclu-
sions were drawn by analyzing the main relaxation mecha-
nisms of radicals in weak magnetic fields taking simple
radicals containing one magnetic nucleus (/= 1/2, 1) and
two equivalent magnetic nuclei (/; = I, = 1/2) as ex-
amples; however, general trends are also valid for any
radicals.
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