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Abstract—A theory of weak exchange interactions in biradicals is developed. The basic idea is to describe the
motion of two weakly bound electrons on paramagnetic centers by a two-particle Schrodinger equation that
takes into account the interaction of these electrons with the closed electron shells of the biradical, described
by a model local potential, and their mutual Coulomb repulsion. The model potential can be constructed
using the pseudopotential method, based on results of ab initio quantum chemical calculations. The
exchange interaction between the unpaired electrons on the paramagnetic centers is calculated by a general-
ized asymptotic method that takes into account the quasi-classical nature of the subbarrier motion of the
electrons in the region between the paramagnetic centers. The developed theory makes it possible to estimate
the magnitude of the exchange interaction and to determine how this interaction depends on the distance
between the paramagnetic centers and their relative orientation.
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1. INTRODUCTION

Biradicals with two spaced-apart paramagnetic
centers are convenient objects for modeling intramo-
lecular dynamics [1, 2], the spatial structure of mole-
cules [1, 3], and the specific features of the delocaliza-
tion of an unpaired electron in a chain of bonds [4—8].
In recent years, these issues have attracted increasing
interest in connection with the creation of organic
magnetic materials and the development of spin elec-
tronics (see, e.g., [9—13]).

The most important characteristic of biradicals in
terms of their use as an object for fundamental
research and as a technological material is the energy
splitting

AEST:ES_ET (1)

between their lower singlet and triplet electronic
states. In the theory of electron paramagnetic reso-
nance, AEgrcan be conveniently defined as the differ-
ence between two eigenvalues of the spin Hamilto-
nian:
~ 1 A

H,, =—§Jab(1+sasb). 2)
Here, §,,and §, are the electron spin operators of para-
magnetic centers Pc, and Pc,, and J,,, = (1/2) AEg; is
the so-called exchange integral. Such a description of

singlet—triplet splitting in two-electron systems goes
back to accounting electronic correlations in pertur-
bation theory. In calculating the matrix elements of
the Hamiltonian between two-electron wave func-
tions antisymmetric with respect to permutation of
electrons, it is convenient to use the Dirac vector
model to represent the permutation operator of elec-
tron spin coordinates (see, e.g., [14]). Accordingly,
hereinafter, along with AE;, the treatment will involve
exchange interaction and the exchange integral.

The first attempts of quantum chemical calcula-
tions of for biradicals were undertaken more than
50 years ago [15, 16] within the framework of the sim-
plest Hiickel approximation. In this method, AE ¢, was
calculated in a straightforward manner, as difference
between the total electronic energies for the singlet
and triplet states. The same straightforward approach
continues to be used in modern ab initio methods,
such as density functional theory (DFT) and ab initio
MCSCF and MCQDPT methods. These methods
enable to calculate, with reasonable accuracy, the
structural and thermodynamic properties of biradicals
and some magnetic resonance parameters (see, €.g.,
[17—20]).

However, quantum-chemical calculations of a
small energy splitting AEg; (~1 cm™! or less), which
determines the exchange integral, face serious diffi-
culties. The matter is that, in quantum chemistry,
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AEg; is calculated as the difference between large
(10*—10° eV) total negative electron energies Eg and
E for the singlet and triplet states. The situation is
aggravated by the fact that it is necessary to calculate
the difference between the total energies of electronic
states of different symmetry. In this situation, the cal-
culated value of AEg; is strongly dependent on the
used quantum-chemical method and basis set (see,
e.g., [19]).

This problem was identified a long time ago [21].
The author of [21] tried to calculate AE¢;in the frame-
work of perturbation theory, in which the problem of
difference between large total electronic energies does
not arise. In our previous work [22], it was proposed to
split the procedure of calculating the AE; into two
stages. At the first stage, standard quantum-chemical
methods (preferably of a high enough level) are used to
calculate the spatial and electronic structure of the
biradical. In the case considered here, of small AEg,
these structures for the singlet and triplet states are
almost identical. In the second stage, the results of
these calculations are used to calculate AEg, for the
biradical by the asymptotic method developed in the
theory of atomic collisions [23]. Similarly to [21], in
the asymptotic method, AE; is calculated directly,
not as the difference between very large quantities in
the above-mentioned direct methods of quantum
chemistry. However, in [22], the treatment was per-
formed using a rather strong assumption. It consists in
the fact that the effective potential energy of the two
unpaired electrons in the region of their configuration
space, which determines the value of AEg;, can be
approximated by the Coulomb interaction with the
positively charged cores of the biradical’s groups con-
taining an unpaired electron (paramagnetic centers)
and the mutual Coulomb repulsion. This is evidently
valid for short biradicals. However, if the biradical is
long enough and the paramagnetic centers are signifi-
cantly distant from each other, the exchange interac-
tion should be calculated with a more accurate
account of the effect of the core on the behavior of the
wave functions of the unpaired electrons in the region
of their configuration space between these centers.
The importance of this point is demonstrated by the
available experimental data on the rate of decrease of
the absolute value of AEg; with increasing distance
between the paramagnetic centers (see, e.g., [5]). It is
much lower than that obtained in the framework of the
simplest model considered in [22].

In the present paper, we generalize the approach to
calculating AEg; developed in [22]. The proposed
generalized combined procedure for calculating the
weak exchange interaction in biradicals consists of
three stages. At the first stage, the equilibrium config-
uration of the biradical and its electronic wave func-
tions in this configuration are calculated. At the sec-
ond stage, the results of the quantum-chemical calcu-
lation are used to construct a local pseudopotential
describing the interaction of the unpaired electron
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localized on the paramagnetic centers with the core.
The literature describes in detail a wide variety of the
approaches proposed for constructing pseudopoten-
tials (see, e.g., [24—27] and references therein). In
addition, at this stage, the constructed pseudopoten-
tial is used to calculate the binding energies and the
corresponding one-electron orbitals localized on the
paramagnetic centers. In the third stage, the above
quantum-chemical information is used to calculate,
by the asymptotic method, the exchange interaction
between the paramagnetic centers.

The paper is organized as follows. Section 2 dis-
cusses the qualitative form of the potential acting on
the electrons localized the on paramagnetic centers
and their orbitals. Section 3 is devoted to constructing
two-electron wave functions in the asymptotic region
between the paramagnetic centers with account of the
Coulomb repulsion between the electrons. Section 4
describes the derivation of a general formula for the
exchange integral for the biradical expressed through
the parameters characterizing the molecular orbitals
of the unpaired electrons. Unless otherwise indicated,
atomic units (a.u.), e = m, = h, are used throughout
the paper.

2. PSEUDOPOTENTIAL
AND THE LOCALIZED ORBITALS
OF PARAMAGNETIC CENTERS

Consider a biradical comprised of two paramag-
netic centers Pc, and Pc, separated by a number of
functional groups Gr; (Fig. 1). Analysis of the elec-
tronic structure of the biradical considered in [22]
showed that outer electrons e, and e, are localized on
Pc, and Pc, and that their binding energies €, and g,
are smaller than the binding energies of the electrons
on functional groups Gr; (=1, 2, ..., N) of the frame-
work. It is natural to assume that this situation is typi-
cal, so this assumption will be used below. The inter-
action of each of outer electrons e; and e, with the
framework of the biradical, including the interjacent
functional groups Gr; and positively charged cores C,
and C, of paramagnetic centers Pc, and Pc,, can be
described by a pseudopotential. As noted in Section 1,
it is assumed that this pseudopotential can be approx-
imated by a local potential V,(r;) (i = 1, 2). The vectors
r; are defined in Fig. 1. The qualitative form of the

potential V,.(r;) along the z; axis that passes through the
paramagnetic centers is displayed in Fig. 2. Near pos-
itively charged cores C, and C,, Coulomb attraction
takes place, which, as the distance to the core
decreases, changes to exchange repulsion. As regards
the interaction with functional groups Gr;, it is
assumed (Fig. 2) that they have a certain affinity for
the electrons of the paramagnetic centers, which man-
ifests itself as an effective attraction. However, in prin-
ciple, interaction of another type is possible. To estab-
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y

y

Fig. 1. Coordinate systems of weakly bound electrons e, and e,. All designations are given in the text.

lish the explicit form of the potential of interaction
with Gr,, it is necessary to perform specific quantum-
chemical calculations. For further analysis, it conve-
nient to present V,,(r;) as

V@) =V o 6 + Vo, @)+ V@), (3)

where (Fig. 1)

ri(a) =T +B, ri(b) =T _B,
2 2

={0,0, R}, (4)

Vor.c, (r(a)) and V,, , (r( ) are the effective potentials of
interaction of electron e; with the cores C, and C, of
the paramagnetic centers (at large 7;, these potentials
are Coulomb potentials), whereas V, ,,(r;) is the
potential of interaction of electron e; with the func-
tional groups Gr; in the framework of the biradical.
The potentials V. (r;), V¢, (), and V. ,,(r;) are
defined such that

1 a a a a a a
LAV ) ) = e ),

(%)
[_% A, +Vfb(r(b))} OOy = gy O ).
Here,
Vo6 = Vi e 08+ Vo 1 = B0 (-, |,
) - ) 22 (6)

R} L (R
Ve, b(l' )) =V, cb(l'( ))+ Vs int (l‘(b) + 2)®(E+ri(b)nz),

n, is the unit vector in the direction of the z axis, A; is

L . k
Laplacian in the coordinates of electron e;, and e®
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and \yk(r,-(k)) are the binding energy and the corre-
sponding wave function of outer electron e; localized
at paramagnetic center Pc, (k = a, b). The available
information on the structure of biradicals and binding

energies g suggests that the distance R between Pc,
and Pc, is large in the sense that

1 1
> .
k2 26 " V2e? @

As discussed in [22], if inequality (7) holds, AEg; is
determined by a relatively narrow cylindrical region Q2
of spatial coordinates of electrons e, and e,, positioned
midway between Pc, and Pc, near the z axis (Fig. 3).
This is due to the exponential decay of the orbitals y®
with increasing ri(k). The orbitals behave in this way
because the electrons move far in the classically for-
bidden region. In this situation, it is natural to assume
that, in the region Q, the potentials l/ef’k(ri(k)) have a
local spherical symmetry near the z axis, so that

e}spah)( (tl)) - ef a(r(a) e = 0 (pI - O)

(Sph) (b) (b) (8)
efb n)= Vefa(” ,0, =1, =0).

For further treatment, it is convenient to represent

the orbitals \V(k) (r,-(k) ) in the region Q as the sum of a
finite number of terms in the expansion in spherical
harmonics:

Lo,
v e =3 S 1O o, 1),
(b)e =0m,=4, (9)
L
YEUEEDY Z Y= 0 0 (i),
€ ,=0 my=—4
Vol. 9  No.1 2015
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Fig. 2. Qualitative form of the pseudopotential acting on
the electron. All designations are given in the text.

r r

Fig. 3. Illustration of how the wave function with allow-
ance for electron correlation is constructed. All designa-
tions are given in the text.

where ri(k), Gf.k), and o; are the spherical coordinates of
electron e;in the coordinate system xyz with origin at Pc,.
The lowest singlet and triplet electronic states of birad-
icals are usually orbitally nondegenerate. Therefore, in

what follows, we assumed that the localized one-elec-
tron states described by the functions y“’(r/) and
\V(b)(ri(b)) are also nondegenerate. Therefore, the func-

(b (r (b

tions () and ") will be considered real.

Accordingly, since Y, ,f 6, 0)* = (- l)mem(G, ¢) the func-
tion in (9) must be real and satisfy the relationships

) = )", ),

") = D" ). "

b_mb
In this case, in a distant subbarrier region near the
Z axis, where electron motion is quasiclassical, the

function X(k) (r(k)) in (9) can be approximated by the
semiclassical expression

A1)
A(k) ), (k)
:{ [ e}sih)( (k)) (k):|} l/zexp[—W (r )J’

where

(an
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rf(k)

1/2
WO = [R[rle -] e, a2
o
and rok is the root of the equation
Vi (r) — & (13)

The corresponding asymptotic expressions \yas)(r(k) )

for \ym(rf")) in the region Q read as

1

N 7

€,=0m,=4,

0,9,

(a)

4 Mg

8 {2[ E}SIZI)( (a)) (a):|}
10

\Ilii)(r(b)) - Z Z Y (Tf—ei,q)i)

€ ,=0 my=—t,

1/2 eXp [_W(a)(’;(a)):| bl
(14)

A (b)

€ ymy
X c
Joh) By ®) /2
2™ -

The asymptotic constants A€ can be determined in
the same way as it was done in [22]' by joining the

functions was)(r(k)) and q/(k)(r(k)) at r 1/ 2¢" and
small 6, using the least-squares method A more rigor-
ous approach to determining the asymptotic con-

stants, based on quantum-chemical calculations, was
developed in [28, 29].

Xp [—W(b) (r,-(b))] ‘

3. TWO-ELECTRON WAVE FUNCTIONS
AT LARGE R IN THE Q REGION

As discussed above, the singlet—triplet splitting at R
satisfying inequality (7) is determined by the area Q of
the spatial coordinates of the two electrons, e, and e,,
midway between Pc, and Pc, near the z axis (Fig. 3).
Making use of this fact, the authors of [30, 31] formu-
lated an asymptotic method for calculating the
exchange interaction.

The general scheme for calculating the exchange
integral by the asymptotic method is as follows. The
singlet and triplet states of the system with energies E
and E; are described by the spatial eigenfunctions

@ 4(r,1,) and O, (r,1,) of the full two-electron Hamil-

tonian H, accordingly symmetric and asymmetric
with respect to permutation of the spatial coordinates
of the two electrons. Since the singlet and triplet states
in biradicals are spatially nondegenerate, the functions

@ ((ry,1,) and @, (r;,1,) can be assumed to be real with-
out loss of generality. Within the framework of the
above model of two outer electrons, this Hamiltonian
is given by

Vol. 9 No. 1 2015
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1 1

H =—5A1 —EAI +Vef(r1)+Vef(r2)+| (15)

1 2|

In the states @ 4(r,1,) and @, (r,1,), the spatial dis-
tribution of electrons e; and e, are delocalized: each
electron is equally likely to be found near cores of C,
and C,. For further analysis, it is convenient to com-

bine the functions @ 4(r;,r,) and @, (r;,r,) to construct
the wave functions

W@, = [Dg(n.0) + Q70 )IN2, (46
Wy (1, 1) = [D (0, 15) — D (0, 1) 1/V2 = Py, (1, 1),

where 13‘12 is the operator of permutation of the coordi-
nates of electrons e, and e,. Electrons e, and e, in the

state ¥, (r,r,) are located near cores C, and C,,

whereas in the state W¥,,(r,1,), near cores C, and C,,
respectively (Fig. 4). In this case,

A7)

W (1) oy, = WO 0@
which can be considered normalized at large R.
At R values satisfying (7), when AEg; is exponen-
tially small up to terms of order 1/R?, the function
Y, (r,1,) satisfies the equation

1 1 a a
{—EAI Ay V) Vo )

+ Vo) + Vo (1) + #}\Pab @,r,)  (18)

It =

- (s(”) 4+ g® —Ila)‘l’ab(rl,rz).

The appearance of the term —1/R on the right side of (18)
is due to Coulomb attraction of electrons e, and e, to
the “alien” cores, C, and C,.

The next step is to determine the explicit form of
the function ¥, (r,r,). To this end, it must appear as

W s (1, 12) = Y )W ()T 4501, 12), (19)
where, in accordance with (17) if inequality (7) holds,
the correction function I',,(r;,r,), which takes into

account electron correlation, satisfies the boundary
conditions

l“al,(rl,r2)|rl_>_R/2 —1, Fab(l'l,l'z)|,2_>R/2 —1.  (20)

It is assumed that if inequality (7) holds, I" ,;(r;,1,) var-

ies slowly as compared with \V(‘”(r1 )\V} ® (r,), the product
of the wave functions localized on the paramagnetic
centers. In [30—33], this assumption was confirmed
for the exchange interaction between one-electron
atoms. Substituting (19) into (18), using (5), and
neglecting the second derivatives of I',,(r,r,), we
obtain the first-order partial differential equation

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B
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Fig. 4. Illustration to the description of the asymptotic
method for calculating the exchange integral. All designa-
tions are given in the text.

) [V 1)) [ V)

~ Y O [Val @] Vv )|
1)

T o W 7 ) SR S
|: of (2 ) f,b(l ) |l'l—r2| R
@ e\ ) _
Xy (g ()01, 1) =0,

which must be solved with boundary conditions (20).
Equation (21) can be simplified still further if the
following points are taken into account:
(1) the motion of electrons near the z axis in the
region €2 is quasi-classical, enabling to use the asymp-

totic expressions y'(r'”) and w(ry”) (Eq. (14)) as the

wave functions localized at the paramagnetic centers;

(2) the derivatives of the functions y“(r/) and

as
wﬁfs)(réb)) are determined mainly by the exponential

function;

(3) in a narrow cylindrical region Q, at large R, the
product ¢ 2@ )y? ) decreases very quickly with
increasing distance between the electrons and the
internuclear axis.

To simplify Eq. (21), it is convenient to introduce the
cylindrical coordinates p;, z;, @®; and p,, 2,, @,. In these
coordinates, in the vicinity of the axis, the above points
make it possible to consider the terms with derivatives with
respect to p;, ¢y, P,, and ¢, negligibly small compared with
the terms with derivatives with respect to z; and z,. As a

2015
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result, in the vicinity of the z axis, I (1}, r,) depends on p;,
®;, P2, O, as on the parameters and satisfies the equation

Ol 4p(2iP1, 22P2, P — P2)

a‘a(zla pl) 8Z
1
or ) ’ —
— 022, P2) ab(Z1P1 2?32 0 —¢,) o
2

1 (R ) (R ) 1
+ +Vdlm—2 |+ Vsl + 2| +=
[|r,—r2| Pe\y )T TR

X I p(21p1, 2202, 91 — 92) =0
with the boundary conditions (see (20))

[ p(ziP1, 22P2, 01 — (P2)|zl_>,R/2 -1, 7+, <0,

Lop(@P1, 2P0 @1 = @)y > L 21+ 22 >0.

Here,

1/2
0oz, P1) = {2[ eﬁf’;”’(g + zl) = 8(")}} ,

(R b 2
ab(z2,p2)={2[1/;}”2)(2—@)—8“}} . (24)

2 2 2 2
|l'| _r2|=[zl +prt2 TP

—2p,p, cos(Q; — (Pz)]l/z

(23)

- 2212,

Equation (22) can be solved numerically using quan-
tum-chemical information.

4. ASYMPTOTIC EXPRESSION FOR AEg¢;

To derive an asymptotic expression for AEgif ine-
quality (7) holds, we introduce regions €, (at 7, < z,)
and Q,, (at z;> z,) in the configuration space of elec-
trons e, and e,, separated by the hypersurface z; =z,
(Fig. 4). Recall that, in accordance with (16),

ﬁ[\}lab (r, 1) + Wy, (r, 1'2)]
=E; [lPab (r,r) + ¥y, (r, l'z)],
fl[q}ab (r,ry) =¥y, (1'1,1'2)]
=Er [\Pab(fl,l'z) - ¥y, (1'1,1'2)]-

(25a)

(25b)

We now multiply Egs. (25a) and (25b) by [V, (1}, T;) —
Wy (r, 1) and [W,,(r,r) + Wy, (r,r)], respectively,
subtract from the first resulting equation the second

where
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resulting equation, and integrate the difference over
Q,, to obtain

(Es = Er) [[¥a,0)" =¥ n,n)’ |drd’,

Qab

= J-[\Pba(rlar2)(A1 + AW (T, Ty)

Qab

P (0, 5) A + AW, (1, 1) Jd 1d .

(26)

In the region Q;, the function ¥, (ry,r,) is non-small,
whereas ¥, (r;,1;) is exponentially small. Conversely,
in the region Q),,, the function ¥ ,,(r;,r,) is non-small,
whereas ¥ ,, (1}, 1,) is exponentially small. Therefore, at
large R, the integral on the right-hand side of (26)
equals unity with exponential accuracy. Rearranging
the right-hand side by means of the Gauss theorem
and taking into account the symmetry properties of
¥,,(r,r,) and ¥, (r,,r,) with respect to permutations
of the coordinates of the electrons (see (16)) and the
fact that these functions tend exponentially to zero at
r,— o and r, — oo, we arrive at the following expres-
sion in the form of an integral over the hypersurface
2,=2, (Fig. 4) for the exchange integral J ,, = 1/2 AEg;:

Jap = Oj[dxl O]AdJﬁ c]‘dxz O]Adh

¥ oW ow
% J.dZ(\Pba b _ Y baj » £ =21 = 2
—0 811 511 =2

Substituting the asymptotic forms of the functions
Y, (,r,) and ¥,,(r,1,): into (27) yields

_(p2),

\chf)(rl’rz) = Wys )(l'(a))\lf(b)(rz( ))Fab(zlpl’ZZPZv(Pl (28)

(as) (as)
leLZZS (rl’rZ) = lP b (rlarl)’

where w2y and ¢ (r\") are given by (14), whereas
the correction function I' ,,(z,p;, 2,02, @, — ©,), describ-
ing electron correlation, is obtained by solving Eq. (22).
Thus, we obtain the following expression for J

€,

(€m:€ (29)

L} L}
oMy )5

mh =L b

Vol. 9 No. 1 2015
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<€ Myt bmb>
o m 2 o

= J.pldpl Id@1 J'Pzdp2 Id(Pz J'dz
0 0 0 0 —0

X | exp [i(ma(Pz +myQ; + mQ; + m;(Pz)J
(30)
(ab)
<L CmiCym

€ ;my; € ymy oz —eXp [l (maq)l + my®,
1

(ba)
Camysym)

' ' (ab)
+ m,0, + mbq)l)i| @ € ,my; € ymy
07,

=2

=23 =2y

(ab)
®€amu €, (zlp17z2p27(pl (Pz)

@ @ 2, +1€, —m,)!
X{’ﬂmaaslil (lel):||: 4 (e +m)'i|

x Prfa" {COS [95”)(1191)}} X({bjm,, as [rzb)(Zzpz)]

. [26,, +1(€, - m,,)!}l 2(_1)e,,+mbpeb
4 €, +m,)! "

X {005[9(2[7)(12[32)]} [ 05(21P1> 2P 2 01 — 92),

1/2
= t pl:| 9

1/2
r;b)(z2p2) = { - t Pz} )

R(zpy) = (31)

a + R/2
cos[eg )(lel [ ZI;/2) / ]1/2
Zt + P
—R/2
Ccos [6(2[))(12‘)2)} = [( Z;/z)z/ 2]1/2 )
Z+ +pP;

OF ¢ (P19 22202
G{fama £y (ZZpZ(prlpl(Pl)

Here, P,f (cos 0) are the associated Legendre poly-
nomials.

CONCLUSIONS

In conclusion, we would like to make a few com-
ments regarding formulas (29) and (30).

(1) The functions G)(um iy, (2P 2P P — )
have axial symmetry with respect to rotations

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B

Vol. 9 No. 1

about the z axis. Therefore, the quantities

(€ ,my; € ym, |3 ‘ € m,; € 'bml',> have the following proper-

ties:
(€ my; € m; ,,mb> =0 at
m, +m, +m;+m; # 0,
(32)
(€, —my;€, - -m; L, mb>
= <€ama;€ a z'v 'bm27>'
(2) If Vy,,(r) can be neglected (Eq.(3)),

(€ jm; € ym, |j‘€'am;;€'bm,;> is identical to the standard
two-electron diatomic exchange integrals, explicit
expressions for which were derived in [32—34]. One
can expect that, if V,,,,(r;) is taken into account, the

signs of (£ ama;€bmb|J‘€ama;€bmb>, which are mainly

determined by the competition between their Cou-
lomb repulsion and attraction to the cores of paramag-
netic centers C, and C,, will be the same as the signs
of the corresponding standard diatomic exchange
integrals.

(3) Exchange integral (29) depends on the relative
orientation of paramagnetic centers Pc, and Pc,
through sets of asymptotic coefficients Aé;a)m and Aé;bb )m \
in expansions (14) of the asymptotic expressions for

the orbital w(k)(r(k)) of the outer electrons localized on
these centers.

ACKNOWLEDGMENTS

This work was supported by the Russian Founda-
tion for Basic Research, project no. 12-03-00623a.

REFERENCES
1. V. N. Parmon, A. I. Kokorin, and G. M. Zhidomirov,
Stable Biradicals (Nauka, Moscow, 1980) [in Russian].

2. V. A. Tran, K. Rasmussen, G. Grampp, and
A. 1. Kokorin, Appl. Magn. Reson. 32, 395 (2007).

3. Distance Measurements in Biological Systems by EPR,
Ed. by L. J. Berliner, G. R. Eaton, and S. S. N. Y. Eaton
(Kluwer Academic, Plenum, New York, 2000).

4. A. I. Kokorin, Appl. Magn. Reson. 26, 253 (2004).

5. K. Higashiguchi, K. Yumoto, and K. Matsuda, Org.
Lett. 12, 5284 (2010).

6. E. A. Weiss, M. J. Ahrens, L. E. Sinks, et al.,
Chem. Soc. 126, 5577 (2004).

7. W.Wang, S. Wang, X. Li, etal., J. Am. Chem. Soc. 132,
8774 (2010).

8. E. Pardo, J. Faus, M. Julve, et al., J. Am. Chem. Soc.
125, 10770 (2003).

J. Am.

2015



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

UMANSKII

S. A. Wolf, D. D. Awschalom, R. A. Buhrman, et al.,
Science 294, 1488 (2001).

E. Coronado, F. Palacios, and J. Veciana, Ang. Chem.
Int. Ed. 42, 2570 (2003).

V. Mereacre, M. Nakano, J. Gémez, et al., Chem. Eur.
J. 12,9238 (20006).

S. Sanvito and A. R. Rocha, J. Comput. Theor.
Nanosci. 3, 624 (2006).

EPR of Free Radicals in Solids I1: Trends in Methods and
Applications, Ed. by A. Lund and M. Shiotani
(Springer, Dordrecht, Heidelberg, New York, London,
2013).

P. A. M. Dirac, The Principles of Quantum Mechanics
(Clarendon, Oxford, 1958; Nauka, Moscow, 1979).
M. Diatkina and J. Syrkin, Acta Physicochim.
U.R.S.S. 25, 23 (1946).

H. S. Jarrett, G. J. Sloan, and W. R. Vaughan, J. Chem.
Phys. 25, 697 (1956).

J. Grafenstein, E. Kraka, M. Filatov, and D. Cremer,
Int. J. Mol. Sci. 3, 360 (2002).

1. P. R. Moreira and F Illas, Phys. Chem. Chem. Phys.
8, 1645 (2006).

O. Kwon and G.-S. Chung, Bull. Korean Chem. Soc.
29, 2140 (2008).

S. Nishizawa, J. Hasegawa, and K. Matsuda, Chem.
Phys. Lett. 555, 187 (2013).

H. M. McConnel, J. Chem. Phys. 33, 115 (1960).

S. Ya. Umanskiy, E. N. Golubeva, and B. N. Plakhu-
tin, Russ. Chem. Bull. 62, 1511 (2013).

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B

23.

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

E. E. Nikitin and S. Ya. Umanskiy, Theory of Slow
Atomic Collisions (Springer, Berlin, Heidelberg, 1984).

J. D. Weeks, A. Hazi, and S. A. Rice, Adv. Chem. Phys.
16, 283 (1969).

P. Giannozzi, http://www.fisica.uniud.it/~giannozz

D. H. Pereira, A. E Ramos, N. H. Morgon, and
R. Custodio, J. Chem. Phys. 135, 034106 (2011).

A Primer in Density-Functional Theory, Ed. by C. Fiol-
hais, E Nogueira, and M. A. L. Marques, Lecture
Notes in Physics, Vol. 620 (Springer, Berlin, 2003).

M. A. Kozhushner and G. K. Ivanov, Chem. Phys. 170,
303 (1993).

M. A. Kozhushner, K. Ya. Burshtein, G. K. Ivanov,
and V. S. Posvyanskii, J. Exp. Theor. Phys. 82, 32
(1996).

L. P. Gor’kov and L. P. Pitaevskii, Sov. Phys. Dokl. 8,
788 (1963).

C. Herring and M. Flicker, Phys. Rev. A 134, 362
(1964).

B. M. Smirnov and M. I. Chibisov, Sov. Phys. JETP
21, 624 (1965).

S. Ya. Umanskii and A. 1. Voronin, Theor. Chim. Acta
12, 166 (1968).

O. Bouty, G. Hadinger, and M. Aubert-Frecon, J. Mol.
Struct. 330, 97 (1995).

Translated by V. Smirnov

Vol. 9 No. 1 2015



