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Empirically established correlations between magnetic resonance parameters of free
radicals (g-factors, isotropic hyperfine coupling constants) and isostructural molecules
{chemical shifts, isotropic spin-spin coupling constants) or structurally similar ligands in
paramagnetic transition metal complexes (isotropic chemical shifts) are systematized and
critically discussed. Quantum-chemical analysis of the suggested spin distribution darnping
coefficients in model systems and structurally similar chemical compounds is performed.
Based on the results obtained, physicochemical interpretation of the observed correlations
between the parameters of ESR and NMR spectra is given.
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Introduction

Basic theoretical concepts! suggest that a close cor-
relation should exist between magnetic resonance pa-
rameters, which characterize magnetic interactions in
isostructural paramagnetic and diamagnetic molecular
systems. The formal analogy between the most signifi-
cant individual components of spin-Hamiltonians? of a
free radical (HS) and the corresponding molecule (H,)
in the magnetic field (H) expressed through electronic
(S) and nuclear (I) spin variables and so-called mag-
netic resonance parameters (gu, Aups Suws Juw) Which,
in the general case, are tensor values, also indicates that
parameters of ESR and NMR spectra can be related:

Hs =S, g, -H, +Y8S, 49 .19, (1
q
R =3i@.¢@ g, + 1P J02 .10 1))
q q=p

A similar analogy also can be observed for some other
components of spin-Hamiltonians Hg and Hy, for ex-
ample, for those describing spin-rotational interactions.

At the same time, it should be emphasized that
although the corresponding terms in Egs. (1) and (2) are
formally similar, they can have different natures. For

* Dedicated to the memory of Academician V. V. Yoevodskii
(to the 80th anniversary).

example, the hyperfine coupling (HFC) constants (4(¢))
of unpaired electrons with magnetic nuclei g can be
determined in the first order of the perturbation theory,
while the spin-spin coupling (SSC) constants (J9) of
magnetic nuclei p and ¢ are determined in the second
order. In addition, in a certain case, we use wave
functions of a paramagnetic compound in quantum-
chemical calculations and, in another case, wave func-
tions of a diamagnetic particle are used. It also should
be taken into account that geometric parameters of a
free radlcal and related molecule usually noticeably
differ.2

Despite this fact, specific correlations between mag-
netic resonance parameters of ESR and NMR spectra
can be experimentally established for sufficiently wide
classes of molecular systems. As will be shown below,
these correlations can be theoretically substantiated.
The practical interest in correlations between different
magnetic resonance parameters is due to the fact that
data obtained by ESR and NMR methods can supple-
ment each other. This gives additional possibilities for
decoding and interpretation of ESR and NMR spectra
and for establishing the structure of chemical com-
pounds. For example, easily accessible data on NMR
spectra of molecules can be used for the qualitative
prediction of the shape of ESR spectra of unknown free
radicals. Deviations from correlations should be taken
into account when the geometry of short-lived particles
is discussed and when some other structural chemical
problems are solved.
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Correlation between g-tensors in
Jree radicals and chemical shift tensors
in isostructural molecules

Nuclear magnetic shielding o-tensors and g-tensors
are among the most important magnetic resonance pa-
rameters in radiospectroscopy and its applications to
chemical problems. The comparison of the well-known
Ramsy (for c-tensor) and Stone (for g-tensor) equations
showed? that for one-electron systems in the nondege-
nerate state, these equations are closely related. This
correlation can be presented as follows:

Ewv =2‘:°ZZA'GZ":.' ’ (3)
A

where g, is the main component of the g-tensor along
the main v axis, and ¢%, is the corresponding compo-
nent of the shielding tensor for the A nucleus with the
2% charge. It is reasonable to expect that multielectronic
systems should be characterized by a correlation be-
tween o~ and g-tensors, which is similar to Eq. (3), but
is more approximate. However, at the present time, this
problem is insufficiently discussed in the literature, al-
though it is doubtless of interest for quantitative analysis
and systematization of radiospectroscopic data.

Correlation between isatrapic kyperfine coupling
constants in free radicals and isotropic
spin-spin coupling constants in isostructural
molecules

In two independent works,*5 the authors observed a
certain correspondence (Fig. 1) between the isotropic
hyperfine coupling (IHFC) constants (g in radicals
with the free valence of the C atom and the indirect
spin-spin coupling (SSC) constants (Jyy-) in molecules,
in which this free valence is saturated with the H atom.
The qualitatively established correlation can be explained
as follows.

all’/Oe
150 I
100}
50F
-3
1. i 1 L
0 10 20 30 Jay-/Hz

Fig. 1. Correlation between IHFC constants of HC'O,
HC =CH,, H;C CO, H,CC"H,, HC=C", and Ph’ radicals
and SSC constants of isostructural molecules.5

In the presence of the magnetic moment of the H
proton, any doubly-occupied MO of the molecule (),
which has no node on the H nucleus, is split into two
spatially different orbitals ¥4® and ¥,4P, since due to the
contact interaction, one electron of the electron pair, for
example, B-electron, 1s somewhat shifted to this proton,
and the x-electron is "pushed out” to other nuclei to the
same extent. This weak polarization in the molecule
results in the noncompensated spin cavities, which should
be distributed approximately in the same manner as in
the isostructural radical that is formed after the elimina-
tion of the H atom.

This follows from the consideration of a hypothetical
limiting case® when the extraordinarily great nuclear
magnetic moment uB = » results in such a strong
redistribution in the molecule that it converts into some
artificially created "virtual” radical. In this hypothetical
system, the B-electron with the lowest energy is entirely
"captured” by the H proton and completely shields this
proton from other electrons with the B-spin. At the same
time, all electrons with the a-spin cannot be present in
the area contacting with the disturbing H proton, be-
cause it has an infinjtely great magnetic moment.

When this limiting situation is formally analyzed in
terms of a simple quantum-chemuical scheme, it can be
shown by the theorems of the matrix algebra® that when
u¥ 5 w, all g, cigenvalues (orbital energies) of the
Hartree—Fock matrix decrease for B-electrons in the
molecule, and the lowest of them g4 — —co, while all
others tend to the ¢ eigenvalue of the corresponding
matrix for B-electrons in the isostructural free radical.
Naturally, the contribution of the 1s-AO centered on
the H proton disappears in all MO except the lowest
one, and, in the limit, they become identical to the
spatial ¥;? MO of the radical. Orbitals of a-electrons
undergo similar transformations with the only difference
that, when u¥ -5 «, the highest eigenvalue g,& — +oo,
and all other orbital energies increase to the g2 values
inherent in the free radical.

It is noteworthy that previous works?—% mainly dis-
cussed planar o-electron radicals (C¢Hs', HC O,
"C=CH, HC =CH,, erc.), whose geometric parameters
are almost the same as those of the corresponding
molecules (CsHg, H,CO, HC=CH, H,C=CH,). Evi-
dently, hybrid ¢-AO of unpaired electrons in these
radicals differ slightly in shape from o-AO participating
in the formation of chemical C—H bonds in the
isostructural molecules, and hence, the direct compari-
son of the ¢ and Jyy- constants is valid. When the
structural analogy of radicals and molecules is not so
complete (see structures A—G presented below), the
following scheme of reasoning can be suggested.”

Let 7, and ¢, be hybrid AO of the C atom in the
molecule and free radical, respectively. When 3, and P,
are real, the following expressions hold:

Yo = 200y @
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Py =12 = T ak0d +2,8,0.0] . ()
VA

The HFC constants of the radical and molecule
cannot be directly compared, because Eq. (5) contains
multiplicative terms (9,9,), which disappear only when
Xu = ¢, The comparison is not difficult when the
difference in hybridization of AO of the C atom in the
molecule and free radical concerns only two (of the
four) AO. This situation can take place when the struc-
ture of the molecule (radical) is rigid and, hence, hy-
bridization of the two other AO is fixed. Structures
A—G,7 whose fragments containing the C(2) (or C(3))
atom are presented in Fig. 2, are aitributed to the case
described.
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X = QH, CN

X = H; Y = OH, CN, COOMe

: X = QH, CN, CCOMe; Y = H

The geometric parameters of these fragments in the
molecules (M! and M2) and in the radical (R) should
not noticeably differ. Then the o3- and 64-AO can be

R

approximately considered to be unchanged, and the
structure of the radical center R can be considered to be
planar. According to Eq. (4),

r = (J/V2)o; — oy, (6)

o = (I/42)(o; + o), )
from where

o+ o = o + =2, €3]

! =g+ o~ ol 9)

It follows from Eq. (9) that the spin population of
the n-AQO of the R radical can be presented as a super-
position of the spin populations on the &;-, ¢,-, and o-
AO of the corresponding M! and M2 molecules. There-
fore, the gl constants in radicals should be compared
to the J! + J? ~ J combination of the constants in
molecules. This comparison’ demonstrated that regu-
larites of long-range hyperfine interactions in structur-
ally similar bicyclic compounds (see structures A—G)
are common.

All the aforesaid makes it possible to show a certain
similarity in distributions of noncompensated spin den-
sities in paramagnetic and related diamagnetic molecu-
lar systems. Successive theoretical interpretation of ex-
perimentally observed correlations should be based un-
ambiguously on detailed analysis of mechanisms of hy-
perfine interactions of magnetic moments of electrons
and nuclei in radicals and molecules.

Taking this into account, one should pay attention to
the simplified method for calculation of Jyp;- constants.
which can be reduced to the isolation of two MO
(bonding and antibonding), which are formed of MO of
the unpaired electron of the free radical and 1s-AO of
the H atom.® Although this approach results automati-
cally in the correlation, it is rather formal because it
does not consider the mechanism of spin perturbation in
molecules. The successive analysis of this mechanism
requires one to take into account all MO. In addition,
difficulties arise when the method suggested is used for
the calculation of Jiy13¢ constants.

Qualitative analogies between electronic and nuclear
spin effects suggest that the similarity of "damping”
coefficients of hyperfine interactions of magnetic mo-
ments of electrons and nuclei in isostructurally free
radicals (KR) and molecules (K™) is a reason for the
existence of correlations between parameters of ESR

c OH

M2 R

Fig. 2. Fragments of structures A—G.
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and NMR spectra. The KR and K™ values calculated
for both protons and *C nuclei in the c-electron C¢Hs,
HC =CH,, "C=CH, and HC O radicals and In the
corresponding C¢Hg, C,H4, C,H,, and H,CO mol-
ecules are compared below.

It is known that in terms of the MO LCAO method,
the isotropic spin-spin coupling constant (J,g) can be
expressed through the fundamental physical constants
(s> Ber B, vp) @nd atom-atomic polarizability (mg,sp):

= - M
Ja = *B"p (10
where
xg = (8%/3)2, " Be* 1~ 5 Isp(O)2,
and the value
P?: = (1/4) " xa " Tg,sp )

should be interpreted as the spin population of the
sg-AO, which is induced in the molecule by the mag-
netic A nucleus. In the same approximation for I[HFC in
free radicals

B

iso

a’ =xg- p}s, (12)
where p§8 contains the one-electron and spin-polariza-
tion contributions? to the spin population of the sg-AO.
It can be seen from Egs. (10) and (12) that the discus-
sion about the correlation considered is reduced to the
analysis of the dependence between pR and pM.

In terms of the RHT method,? let us consider the
simplest model of two interacting equivalent c-bonds
(Fig. 3, Fge- = Fj;-) that are formed of the same
orthogonalized atomic orbitals (AO) and are character-
ized by the resonance integral F, = n-Fgo (n < 1).
The elementary calculation of the atom-atomic polariz-
abilities (msp) gives the following expression for the

damping coefficient:?

KM=9241’ = Fon _JTI +n §2q2 (13)
Pg}: g 8+flz 8

In the case of the model o-radical formed by the elimi-
nation of the o "-"atom,” for the damping coefficient of

Fig. 3. Model of two interacting equivalent c-bonds.

the one-electron contribution to the spin population of
AQ, we have

K§ =pfa /ol =" a4

The ratio of coefficients KoR/KM = 1.6 is very close
to the value of ~1.4 estimated from the empirical corre-
lation.5 Assuming that the spin-polarization contribu-
tion ApX-,- is caused only by the spin population of the
6-AQ, it can be easily obtained from the perturbation
theory? that

R - R
T " Ap " Poc - .3A(1—2n2) ]

R
R = 80 =
K5 p 7 1+ )R

(13)
Peo P

It can be seen that KR differs from KR in sign (at
< 0.7). This indicates that account for the spin polariza-
tion should decrease the KyR/K™ value. In calculations
by the RHT method? when dimensionless values are
used, it is commonly accepted that 2, = 1 and n = 0.5.

For the elucidation of the mechanism of appearance
of spin populations of atoms, which are more remote
from the disturbing center, let us compare hypothetical
systems of two and four interacting o-bonds. These
hypothetical systems were modeled by H, molecules
located at a distance of 1.5 A with the variable § angle
(Fig. 4). They were calculated by the widely used
semiempirical MNDO method.!®

The ratios of damping coefficients without (K R/K'™M)
and with account (KR/KM) for the spin-polarization
correction at three values of the 6 angle are given in
Table 1 for the hypothetical structures of three and four
H atoms. The data in the last line in Table 1 indicate
that the degree of curvature of the model system has
almost no effect on the KR/KM ratio for the fourth
center, and it is not greater than 1.5 for all 8. This agrees
with the value estimated above for the simpler model
and, in addition, is much closer to the experimentally
determined value of ~1.4. The conclusion that this ratio
should be somewhat greater when the spin-polarization
correction is not taken into accoumnt was also confirmed.

Fig. 4. Model of two (a) and four (b) interacting c-bonds.
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Table 1. Ratios of damping coefficients of spin distributions
(K) in model systems with three and four centers

Center 6 = [80° 8 = 135° g8 = 90°

No.  KR/KM KR/RM KR/KM gR/EM K R/KM KR/KM
2 1.0 1.0 1.0 1.0 1.0 1.0
3 007 203 016 2.8 019 3.0l
4 154 146 153 146 153 146

It is noteworthy that the regularities of damping of spin
distributions for the third center differ strongly from
those for the fourth center.

The results of similar calculations for the model sys-
tem of four interacting o-bonds (see Fig. 4) are presented
in Table 2. It can be seen from comparison of the data in
Tables 1 and 2 that when the number of ¢-bonds in the
hypothetical molecular structure increases, the main
regularities of the spin distribution damping in this struc-
ture remain unchanged. In fact, the KyR/KM value in-
creases as the single-type AO is removed from the disturb-
ing center, and when the contribution of the spin polar-
ization is taken into account, it somewhat decreases for
even AO and sharply increases for odd AO.

It should be specially emphasized that the two strongly
different semiempirical approaches resulted in qualita-
tively similar and quantitatively very close results. This
additionally confirms that the calculation RHT scheme,
which is simple and clear for chemists, is adequate.? In
addition, based on the quantum-chemical analysis of
model systems (see Figs. 3 and 4), we can prognosticate
that no correlation should be expected when IHFC in
free radicals is caused by the spin polarization. This
prognostication is important for the structural chemistry
and radiospectroscopy.

For checking the conclusions obtained by simplified
mode! systems in terms of the RHT method, neglecting
the c—n-exchange interaction, C¢Hg, C,H,y, C-H,, and
H,CO molecules and the corresponding c-electron radi-
cals were calculated.? "Damping” coefficients were de-
termined by analogy to Egs. (13) and (14) from the ratio
of spin populations of the AO of the H (or C) atoms to
the spin population of the hybrid ¢-AO, which is

kR-19?

[V

]

1. L X
5 10 13 KM - 102
Fig. 3. Correlation between damping coefficients of isotropic
HFC with protons in HC"O, HC"=CH,, HC=C", and Ph~
o-radicals and isostructural molecules determined without (/)
and with account (2) for the polarization correction ?

nonbonding in c-radicals and forms the localized MO
with the AO of the H atom in the molecules. The spin
populations of AO in radicals were calculated without
and with account for the spin polarization. The correla-
tion dependences between KR and KM for the radicals
and molecules considered are presented in Figs. 5 and
6. Dark and light circles correspond to the XR and kM
values determined with and without account for the
polarization correction, respectively. As can be seen,
they are characterized by an approximate linear depen-
dence.

Thus, the results of our calculations agree with those
considered above for the simplified model systems and
make it possible to draw the following conclusions:

1. When only one-electron spin populations of AO
of free radicals are taken into account, the K;R/KM ratio
tends to increase as the atoms are removed from the
disturbing center.

2. An additional contribution of the spin polariza-
tion in radicals results in the fact that relative coeffi-

Table 2. Calculated ratios of damping coefficients of spin distributions (X) in model

svstems with seven and eight centers

Center 9 = 180° 6 = 135°, 8 = 90°,
No. RHT MNDO MNDO MNDO
KR/KM KR/KM KR/KM KR/EM KGR/KM RR/KM KGR/IKM KR/ KM
2 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
3 0 2.2 010 241 014 272 017 290
4 1.6 1.2 164 159 163 159 162 138
5 0 5.1 032 591 036 632 038 653
6 2.1 1.1 2200 204 220 204 220 203
7 0 10.4 031 1270 054 1295 057  13.25
8 2.4 L1 252 228 250 227 250 227
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Fig. 6. Correlation between damping coefficients of isotropic
HFC with !3C nuclei in HC" O, HC =CH,, HC=C", and Ph’
g-radicals and isostructural molecules.®

cients become closer, i.e., a linear dependence between
KR and KM appears.

3. A linear correlation, which is the same as that for
protons, should exist between IHFC constants with 13C
nuclei. (Available experimental data are still insufficient
to check this prediction.)

4. The degree of curvature of molecular fragments
has almost no effect on the ratio of damping coeffi-
cients.

5. The KR/KM ratio for both 'H (¢f. Fig. 5) and 13C
nuclei (¢f. Fig. 6) is close to unity.

6. Varation of semiempirical parameters or choice
of the different calculation scheme affects substantially
only absolute values of IHFC constants, and the corre-
lation ratio berween KR and XM remains almost un-
changed.

The resemblance in regularities of HFC in isostruc-
tural radicals and molecules stimulated the application
of all sufficiently simple and physically clear schemes,
which were developed for systems with open electron
shells, for analysis of J constants. For example, accord-
ing to the general RHF/SP approach that was tested for
free radicals, IHFC in molecules was supposed!! to be
estimated from the expression

Jap = (1/9W 5" xa " KB " Topsp (16)

in which the calibrating }JAB parameter was inserted
additionally as compared to Eq. (10). This parameter is
necessary to "correct” the m,p polarizabilities calculated
using not energies of singlet-triplet excitations, but nor-
mal differences between orbital energies, and, in addi-
tion, to take into account the difference of effective
nuclei charges in molecules from the corresponding
values for free atoms. (The x, and xp parameters are
taken with the Hartree—Fock densities of atomic
s-functions on the A and B nuclei.)

Table 3. Experimental and calculated spin-spin coupling con-
stants (/) in the molecules studied

Mole-  Atomic nuclei J/Hz
cule A B experi- INDO MNDO
ment

CgHg H, H, 7.5 8.9 8.8
H, H,, 1.4 25 1.7
H, H, 0.7 0.6 0.6
H, C, 137.5 134.6 140.1
H. C, 1.0 2.0 1.1
H, Chn 7.4 6.1 7.9
H, G, 1.1 0.1 0.3
Cq C, 63.9 66.2
Co C, 0.4 0.3
C. C, 5.1 5.2

C,H,; H H, 2.5 10.7 7.0
H H; 1.7 9.8 10.7
H H, one 9.1 24.8 23.0
H C, 156.4 154.4 157.6
H Cs 24 2.0 1.3
C C 67.6 68.9 70.7

C,H, H H 9.5 10.2 7.8
H Cq 248.7 249.9 253.3
H Cy 49.3 89 9.2
C C 171.3 1823 168.6

H,CO H H 40.2 299 28.7
H C 172.0 180.0 176.1

The isotropic spin-spin coupling constants in the
aforediscussed C¢Hg, C,H4, C,H,, and H,CO mol-
ecules, which were experimentally determined and cal-
culated from Eq. (16) in terms of the INDO and MNDO
methods at Mgy =7, Aye = 4.5, Mee =4and Myy =
4, 3ye = 3, Wee = 3, respectively, are compared in
Table 3. As the data in Table 3 show, these approaches
reproduce satisfactorily the majority of the qualitative
regularities, which are well known for a number of
molecules. A cormrect order of the Jyy- and Jiyiic
constants was obtained, which characterizes the spin-
spin coupling of the !H and !°C nuclei in the ortho-,
meta-, and para-positions of the benzene ring. Among
proton-proton coupling constants. in the C,H; mol-
ecule, Jgy- related to rrans-H is rnost significant. As a
whole, the MNDO method reproduces the measured
spin-spin coupling constants somewhat better than a
simpler semiempirical variant of INDO. Nevertheless,
in the case of molecules, both approaches are appropri-
ate for simplified quantum-chemical calculations.

The theoretical interpretation of IHFC in aromatic
and planar nonsaturated molecules often raises a ques-
tion concemning the role of x-electrons in the spin-spin
coupling between protons located in the zero plane of
the n-AO (¢, and ¢g) (Fig. 7). When this problem is
considered in terms of the perturbation theory with
account for one-centered exchange integrals (z,,), the
following formula can be easily derived!? '

Fare = (1/16)(kp)? - ®a0 By Tap” Tari “Ton (17
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Fig. 7. Fragments of the molecular system with nonsaturated
chemical bonds.

which takes the simple form in assumption of localized
C—H bonds:

Fun = (/) Q%ch - maz, (18)

where Qcy is the spin-polarization constant entering
the known McConnel relation.? It is noteworthy that
the more complicated but less exact formula has been
previously obtained!3 instead of Eq. (18). The use of this
formula for delocalized r-electron systems meets some
basic objections. 4

Correlation between IHFC constants in radicals
and isotropic chemical shifts in structurally similar
ligands of paramagnetic transition metal complexes

The problematic work5 discusses the correspondence
between the afl and Jyy- values considered in the
previous section and also a certain similarity between
the IHFC constants with protons () in free radicals
(C¢Hs, HC =CH,;) and isotropic chemical shifts (3H)
in structurally related ligands (NCsHs, HN=CH,) in
the coordination sphere of paramagnetic Nil! and Col!
ions. To the present time, there are many examples of
this similaritv and due to this, it became obvious that the
problem of analysis and systematization of regularities of
IHFC in complicated paramagnetic complexes with
multiatomic organic ligands can be reduced to consider-
ably less labor-consuming and more reliable quantum-
chemical calculations of structurally related free ra-
dicals.

It should be emphasized that a large experimental
materiall3-16 on the spin density distribution in complex
organic ligands of paramagnetic complexes is available.
At the same time, problems on theoretical interpretation
of experimental data are insufficiently studied. There
were rare attempts to estimate relative spin populations
of AO of organic ligands on the basis of theoretically
determined results for similar radicals. In addition, oniy
few calculations of HFC in simple paramagnetic com-
plexes were performed in terms of simplified semi-
empirical quantum-chemical methods.!” This is because
sufficiently reliable semiempirical methods for studying
the electronic structure of complex compounds are ab-
sent, and it is technically difficult to calculate com-
plexes with four or six multiatomic ligands. Therefore,
search for approximate schemes, which partially elimi-

nate these difficulties and are appropriate for estimation
calculations providing possibilities for quantitative com-
parison and analysis, is justified.

A linear correlation between IHFC constants in
ligands of paramagnetic complexes and the correspond-
ing free radicals is a prerequisite for the formulation of
the approximation given below.5 It is this correlation
whose existence justifies the approximations that lie at
the basis of the simple calculation scheme, in terms of
which the problem on delocalization of spin densities in
paramagnetic complexes can be divided into two stages.

In the first stage, a subsystem consisting of a metal
ion and hybrid AO of unshared electron pairs of coordi-
nated atoms is distinguished from the complex. (In
further discussion, to be specific, let us restrict our
consideration to the case of coordinated N atoms.) In
the second stage, we consider the distributions of spin
densities in ligands that appear due to the resonance and
exchange interactions between an unpaired electron lo-
calized on the antibonding ¥, orbital and electrons of
the ligands. The resonance and exchange interactions
result in the appearance of the one-electron and polat-
ization contributions, respectively, to spin populations
of AO of the ligands. The squares of the resonance
integrals or exchange integrals for the x, orbital and MO
of the ligands should be taken proportional to the spin
populations of AO of coordinated unshared electron
pairs of nitrogen atoms (p}y).

For simplification, let us assume that the central
metal ion has only one unpaired electron, aithough the
generalization of the model for the central ion with a
greater multiplicity is not difficult. When the AO of the
unpaired electron of the central ion is designated as @
and the hybrid AO of the unshared electron pair of the
N atom as ¢y, for the bonding and antibonding orbitals
with the ¢, and ¢, energies, we obtain

xp = Nylon + o), (19)
Xa = N(op — won), (20)

where © < 1, and N, and N, are the normalizing
coefficients. In the first stage, the spin population of the
coordinated atom (p} - @?) can be empirically esti-
mated from IHFC with the magnetic N nucleus.

Let us determine the one-electron contributions to
the spin densities of the ligand. Since © < 1, the wave
function of the unpaired electron can be determined by
the perturbation theory in the second stage. Taking into
account the resonance By ; integrals for the ¢y AO and
the ¥; MO of the ligand with the ¢; energies in the basis
of orbitals with appropriate (o or n) symmetry, we
obtain the following expressions for the MO of the
unpaired electron:

Wo(n) = Ny n
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Table 4. Spin populations (p) and damping coefficients (X) in ortho-, meta-, and para-positions
of the s-electron CgH ; radical calculated by the RHT and perturbation theory (PT) methods

o? PR Kg. of g, ok kg,
RHT PT PT RHT PT PT RHT PT PT
1.00 0.042 0.041 =] 0.010 0.010 =] 0.006 0.005 =1
0.49 —_ —_ 0.48 — — 0.53 — - 0.48
0.25 - — 0.24 —_ — 0.25 — —_ 0.24
0.09 — - 0.09 - — 0.09 — — 0.08

and for the one-electron contributions to the spin densi-
ties of the ligand:
W;(’)st

(In Egs. (21) and {(22), the sumnmation is performed over
i = a.) Since p{ = Ny?- N,?- @2, the relative spin popu-
lations of the , AO of the ligand (pl,/pk = ®,,) are
independent of w in the first approximation, but fairly
sensitive to differences between the ¢, and ¢; orbital
energies. Data on HFC with the nucleus of the coordi-
nated atom are necessary for estimations of absolute
spin populations.

Unlike the case of free radicals (see Ref. 2), in this
case, the contribution of the spin polarization should be
written in the form

B.i
P00 = M2+ N2 - 02+ [Z;‘_—E"

¢ i a

= Ny2- N2+ 02 - (9. (22)

p
i

_ O 0
B T =Ry My P~k LT, P s (23)

v=3
since there are grounds to expect a strong deviation of
the 5, parameter of the ion from the average A, value for
organic paramagnetic systems.

In s-complexes with aromatic ligands, for atoms that
are sufficiently remote from the coordinating center, the
contribution to the spin densities can be important due
to the mechanism of the c—n-exchange polarization of
the z-electron system.? According to the perturbation
theory, for the spin populations of the n-AO of the
ligand, in the second stage of caiculations we have

pr, = —(1/ Dy &np oh (24)
where 2y, is the one-centered exchange integral for the
@N 6-AO and ¢, n-AO of the coordinated ator. Unlike
Egs. (21) and (22), the energy of the orbital of the
unpaired electron does not enter Eq. (24), ie., the
character of the spin polarization of the w=-system is
independent of g,.

Thus, the problem of calculation of spin densities in
paramagnetic complexes is substantially simplified, be-
cause it is reduced to the determination of MO of
ligands. This was favored by approximations on which
the model was based: (1) neglecting resonance integrals
for the AO of the ion and all AO of the ligand except the
coordination hybrid ¢n 6-AO and (2) calculation of the

MO of the ligand without taking into account the ¢n-AO
of the unshared electron pair of the coordinated N
atom. It should be emphasized that these approxima-
tions belong to those that are most often used in
semiempirical methods. At the same time, the factors
that are absent in free radicals related to ligands by
sirnilarity in IHFC are ruled out.

It was of interest to test the model formulated for
particular radicals. Therefore, a phenyl radical was cal-
culated in terms of the RHT method? for the one-
centered resonance integral proportional to o? for the
hybrid ¢-AO of the unpaired electron. The values of
spin populations (p};‘“) and relative damping coefficients
(K = pll /p,,) obtained for the @y-AO of the H atoms
by the perturbation theory with the normalized wave
function (¥;) are presented in Table 4. A nontrivial
conclusion follows from the analysts of data in Table 4:
the perturbation theory should result in the same quali-
tative results for free radicals as the more exact MO
LCAO schemes, since damping coefficients of spin popu-
lations of AO change as ®? in the whole 0 < © < 1
region. Analogous calculations of the n-benzyl radical
confirmed this conclusion.

It should be emphasized that the conclusion about
the applicability of the perturbation theory to free radi-
cals is basic for understanding reasons for the correlation
observed,5 because the spin density distributions in or-
ganic ligands of paramagnetic complexes can be deter-
mined, beyond a doubt, in termns of the perturbation
theory. Let us consider particular results obtained for
several ligands using the model described above.

Pyridine. The absolute spin populations of the AO of
the H atoms were calculated by Eq. (21) for the variable
g, parameter and o = 0.075, which was estimated!®
from IHFC with the “N nuclei in the [Co(NCsHs)g]**
complex. The theoretical and experimental py values
are presented in Table 5. It can be seen that satisfactory

Table 5. Spin populations (p) for pyridine

feal/eV p}‘;' 10? ph 103 p{;' 103
11 0.31 15.0 22.0
15 0.26 0.64 0.33
16 0.17 0.36 0.17
17 0.13 0.26 0.12
- 0.10 0.28 =0

* Experimental data.
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agreement between the experiment and theory is achieved
when jg;] = 17 eV, which does not contradict known
data on the ionization potentials of valence states of Co
and Ni atoms.

The contribution to the spin populations (pﬁ“u) of the
hydrogen AO from the mechanism of the exchange
c—r-polarization (p.p) can be determined from Eq. (24)
and the McConnel relation.? Calculation with the stan-
dard onc-centered exchange integrals gives pd, =
~0.6+107%, p%, = 0.3+ 1073, and pz, = —0.4-107* for
ortho-, meta-, and para-protons, respectively. Thus, even
for a "remote” proton in the paro-position, the IHFC
observed is completely caused by the ¢-electronic struc-
ture of pyridine, and the role of the n-system is com-
paratively small. This follows from the analysis of the
whole available experimental material for a complex of
nickel acetylacetonate (Ni{acac),) with pyridine.

Picolines. The spin populations of the AO of the H
atomns of the methyl group participating in hyper-
conjugation with the n-electron system should be ap-
proximately proportional to the spin populations of the
n-AO of the adjacent C atoms to which a substituent is
added in a-, -, and v-picolines. Therefore, in this case,
the contribution caused by the o—n-spin polarization is
most important (see Eg. (24)). In terms of the
hyperconjugation model, the determined ratios of spin
populations of the AO of the H atoms in the freely
rotating Me groups (pg/pd = 1.2 and pfy/pf = -0.042)
agree qualitatively with the experimental values (p{f/pH =
1.6 and pg/p; = —0.56). The effects of delocalization of
an unpaired electron in the o-system of picolines shouid
be taken into account to improve the quantitative coinci-
dence.

Aniline. Based on Eq. (22), after simple transforma-
tions, we can obtain for ortho- and para-positions the
ratio of spin populations of the =-AO (p@), which
determine IHFC with protons in the paramagnetic com-
plex of Ni(acac), with aniline:

K= (1 —(a = )82 (25)

where o and f are the standard Coulomb and resonance
integrals for benzene. Inserting ¢, = o or €, » af2p
into Eq. (23), we obtain the expenimental value K= 1.
Taking into account that the IHFC features inherent in
the benzyl radical appear in aniline, €, » « should most
likely be chosen.

¥ % =

Thus, establishing correlations facilitates interpreta-
tion and systematization of experimental data on the

spin delocalization obtained by different magnetic reso-
nance methods and favors deeper understanding of the
physical picture of the spin density distribution in chemi-
cal compounds. The correlations established make it
possible to justify using comparatively simple but fairly
efficient quantum-chemical schemes of analysis of mag-
netic resonance parameters of complex paramagnetic
systems.
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