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A scheme of consistent gquantum-chemical calculations of constants of isotropic hyper-
finc coupling (IHFC) with protons (a*f ) in free radicals is considered for the casc where the
spin populations p, Hare determined in “the basic set of symmetrically arthogonalized atomic

orbitals taking modcl a- and =-electron fragments as an example. The competence of using
two coefficients of proportionality K(H) when estimating the proton IHFC constants by
semiempirical quantum-chemical methods was demonstrated. Theoretical substantiation of
empirical values of the above coefficients previously used is revealed.
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Radiospectroscopic methods (ESR, NMR, ELDOR,
ENDOR, CIDNP, ODMR, MODR, LMR, efc.}) serve
as a valuable source of information on geometric and
electronic structure of chemical compounds. However,
ouly indirect information on the structural parameters of
objects under study is contained in the spectral charac-
teristics obtained by these methods. Therefore, a se-
quential theoretical interpretation of the experimentally
recorded spectra in the framework of relevant adequate
models is required.? In this case, the use of ab initio and
semiempirical quantum-chemical methods makes it pos-
sible to appreciably enhance the informativity of
radiospectroscopic investigations.3

Radiospectroscopic parameters are functions of the
electron and spin distributions in molecular systems.
However, the method of using general theoretical one-
to-one correspondences between the measured and cal-
culated values in particular computational schemes is
problematical and requires a special consideration. In
particular, the constanis of isotropic hyperfine coupling
(IHFC) in paramagnetic compounds, used in ESR spec-
troscopy, are determined from the relationship?

150 = K(Z)- PS ' (1)

where K(Z) is the coefficient of proportionality for each
type of atoms Z and p 2" is the spin population of the
valence s-atomic orbital (AO) of a given atom Z,.
Previously,3 it was suggested that to switch from the spin

populations pH employed in calculations by the
semiempirical quantum-chemical UHF MNDO method
to the ITHFC comnstants a¥,, two coefficients of propor-
tionality, K(H,) = 508 Oe (for p < 0) and K(H;) =
850 Qe (for pSH > 0) should be used. This made it
possible 10 smooth over the contradictions between rec-
ommendations of various authors who used either K(H)
= 504.5 Oe 3 or K(H) = 850—900 Oe ® in similar
calculations of al, constants for different types of free
radicals.

Such a dependence of the coefficient of proportion-
ality K(H) on the type of spin distribution can be
correlated with the division? of most free radicals stud-
ied mto two structurally representative symmetry classes,
o and =. The mechanism of spin density generation on
the protons is dependent on the type of symmetry of
the object: in purely o-electron radicals, the THFC
with protons is mainly due to delocalization of the
unpaired electron, resulting in positive spin popula-
tions, whereas the exchange spin polarization, which in
most cases results in the appearance of negative spin
densities on the protons, is responsible for the IHFC
with magnetic nuclei in typical =m-electron radicals.
Despite such a quite logical explanation for the intro-
duction of two coefficients of proportionality for hy-
drogen atoms in radical systems, particular K(H) values
used in the framework of semiempirical methods need
a theoretical substantiation for each mechanism of spin
distribution.
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Coefficients of proportionality X(H) for a basis set
of symmetrically orthogonalized AOs

As is known,? in the framework of the Hartree—
Fock approximation without considering the spin-orbit
interactions, the constant of IHFC between the mag-
netic moments of the unpaired electron and the proton
can be expressed with a high accuracy using fundamen-
tal physical constants (the electron g-factor g,, the Bohr
magneton B, the Planck constant #, and the proton
gyromagnetjc ratio yy) and the spin population psH of
the tsy orbital of hydrogen atom:

in?so = (81(/3)g:ﬁc/l‘{HlSH(O)IszH. (2)
The use of the theoretical value:
8y = (87/3)gBvulsu(OF, (3)

equal to 508 Oe, makes it possible to estimate spin
populations of the {s AO of H atoms in free radicals
from experimental data on isotropic hyperfine splittings
in ESR spectra. In this case, the s-AOs in the radicals
are implied to be the same as those in isolated atoms.

However, there is reason to believe that the s-AOs of
“the atoms in molecules” are somewhat changed. These
changes, which are due to the influence of other atoms,
should reflect the fact that the electron atomic clouds in
a molecule are, as a rule, more compressed than in a
free atom. Therefore, one can attempt to take into
account this effect by varying the effective charges on
the nuclei expressed using the orbital exponents &.

According to the results of ad initio calculations,” the
Is orbitals of H atoms in the molecules should be
strongly changed, whereas the valence AOs of other
atoms should be changed slightly. To a certain extent,
this conclusion is also valid for free radicals. However, it
should be emphasized that the optimum £M values for
the AOs in molecules are determined on the basis of
variational principle and that optimization of AOs has a
strong effect on the electron distribution and related
properties, whereas varied total energies are much less
sensitive to this procedure.

Taking into account that ab initio calculations of
molecules are performed using Slater type orbitals (STO)
whose shape differs from that of atomic orbitals and that
variational procedure in each individual case is labor
consuming, Pople at al.® introduced a set of standard
values for the £M parameters corresponding to an "aver-
age molecular environment" of the atoms. This set was
obtained by averaging the optimum values for 2 number
of small molecules. For H atoms in molecular systems, a
value &y of 1.24 was recommended.

From time to time, the problem of the necessity of
using the modified STOs in semiempirical calculations
has been discussed in the literature. Nevertheless, the
standard STOs of the atoms from Li to Cl serve, as a
rule, as basis sets in the most widely used semiempirical
methods. A non-Slater type value (§g = 1.2 vs. &y = 1

according to Slater) is proposed only for the s-AO of
hydrogen atom. At the same time, INDO calculations of
the constants of IHFC with protons are performed using
empirical 8y values (Eq. (3)) to which &g values of
= 1.02 and = 1.06 correspond in the case of the af!
constants in free radicals? and the constants of isotroplxsg
spin-spin coupling in molecules,!? respectively. For other
nuclei (Z # H), the 5, values (Eq. (3)) also differ from
the Hartree—Fock type values for free atoms!'! and the
8, %1% and &, 8 values tend to be changed in opposite
directions.

Such an inconsistency can be associated with the fact
that the behavior of the W-function only in the region
immediately adjacent to the nucleus is significant for
calculations of the IHFC constant. Small changes in the
values of the W-function in this region virtually have no
effect on the total energy, whereas they strongly affect
the constant of [HFC with a given nucleus. It is likely
that the use of empirical 3; values makes it possible to
more adequately describe both the behavior of the
¥-function in the vicinity of the nuclei in radicals and
molecules and additional effects caused, e.g., by neglect
of the overlap or by drawbacks in the calculations of the
spin density in the framework of the UHF scheme.

A key role in the development of a possibly more
rigorous mathematical formalism of new quantum-
chemical approaches has always been assigned to the
choice of the basis set. As is known, 12 the zero differen-
tial overlap (ZDQO) approximation, which still is widely
used, was theoretically substantiated in the basis set of
symmetrically orthogonalized AOs localized mainly in
different space regions. Taking into account all of the
above and the fact that conventional s-, p-, and
d-AOs (despite they are orthogonal in symmetry) are
localized mainly in the same spherically symmetric re-
gion, the use of a basis set of hybrid AOs seems to be
rather fruitful.

The hybrid h-AOs of the same center are not only
orthogonal, but are also localized in different spatial
regions, Le., they meet ZDO conditions. For this rea-
son, such AOs are, on the one hand, adequate to
symmetrically orthogonalized AOs and, on the other
hand, they are closely related to conventional chemical
concepts. Of course, the hybrid h-AOs of different cen-
ters and, first of all, those corresponding to a chemical
bond, are not orthogonal; however, they can be or-
thogonalized using a specially developed procedure. '3

Unfortunately, the choice of the hybrid basis set is
ambiguous and it indubitably constrains the field of
application of the method. It is the most natural to use
the method of hybrid basis set for the systems composed
of a skeleton formed by C atoms of a given hybridiza-
tion, to which heteroatoms are bonded. It should be
noted that similar systems are most typical in organic
chemistry and biochemistry. One of the calculation
procedures consists in determining the required param-
eters for the hybrid AOs of small molecules and their
further application to large systems. The quantitative ab
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initio calculations of a number of molecules with the
hybrid basis set of AOs M indicate that the wave func-
tions and energies obtained in this case are in good
agreement with those found in the Hartree—Fock ap-
proximation.

Taking into account all of the above, let us consider
first the formalism of calculations of the constants of
IHFC with protons in a typical o-electron radical whose
mode] fragment is shown in Scheme . To a first approxi-
mation, small overlaps of hybrid h-AOs that do not corre-
spond to a chemical bond can be neglected? on going to
the basis set of AOs sym-
metrically orthogonalized
according to Lowdin. In
other words, it is sufficient
to focus our attention only
on one C—H o-bond
formed from a hybrid h-AO
of the C atom ang the ls-
AO of the H atom (sec
Scheme 1). Let the overlap integral S, = (slh) correspond
to these two non-orthogonal AOs. Let us use them to
construct two new orthonormalized AOs, s and h, by the
Lowdin procedure of symmetrical orthogonalization.

Scheme 1

oo
h s

When the overlap matrix has the form
0= ( ! SO'J "
=S 1) 4)

the reciprocal matrix can be written as

5 1 1 =5)
o= T3 -5 J (5)
Let us find the O~!/2 matrix using the notations
A B
o2 = (B A)' (6)

By multiplying the matrices, 07'/2- 071/2 = 07!  and
equating the corresponding matrix elements we get the
following system of equations

(42 + B2 =1/(1 - S)

|248 = -5,/1 - 53 . 0

By adding these equations and subtracting the second
equation from the first we get the system

+ B = (/,/1'1'5'0)
-B=:(Y T 5) . ®

Without loss of generality, let us set:

A=/ TF5) + () T=5)]
B =1.2[(yTF5;) - (Y JT=5)] (9)

———

and represent the symmetrically orthogonalized AOs as
follows:

(10}

If the molecular orbital (MO) of the unpaired elec-
tron is expressed as a linear combination of AQs sym-
metrically orthogonalized according to Lswdin, then the
square of the coefﬁcicnt at the hydrogen s-AO (the one-
electron contribution p to the spin population of the
AQO of H atom) will be

p(giz(cs'A+511'B)z~ (an

where ¢, and ¢, are the coefficients at corresponding
orthonormalized AOs in which this MO is expanded.
Because of alternation of the damping factor of the one-
electron contribution to the spin density in typical
o-electron radicals. #1516 the ¢, coefficient is close to
zero and we can write for py:

ol = e gy, (12)
where
By = A3, (13)

In typical cases, deviations from S, = 0.75 are small;
according to Eq. (13), this corresponds to a £ value of
=~ 1.23. It should be noted that an analogous scheme was
also used previously;? however, expansions in power
series in S, with truncation of terms of the fifth (5%
and higher orders were used instead of analytical expres-
sions. Because of such truncation, under the same con-
ditions the &, factor appeared to be underestimated by
0.04.

Thus, in accordance with relationships (1)—{(3)
and (12), the Hartree—~Fock coefficient of propor-
tlonahty (8y = 508 Oc) should be modified. Taking
Ey = 1.23, we get 508 - ~ 950 Oe, i.e., almost the
same valuc as that used prevnously” for o-electron
radicals. It is in this basis set of symmetrically or-
thogonalized AOs that the ZDO approximation is
considered to be well substantiated theoretically.1?
From this it follows that in numerous semiempirical
quantum-chemical variants of the NDO scheme
(CNDO, INDO, MINDO, MNDO, AMI, PM3, etc.),
the constants of IHFC with protons, that in typical
o-electron radicals are mainly due to spin delocaliza-
tion, should be calculated using larger values of the
coefficient of proportionality K(HB) compared to the
Hartree—Fock value.

On the contrary, in a purely n-electron radical whose
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model fragment is shown in Scheme 2, the IHFC with
proton is completely determined by the exchange spin
polarization that appears when taking into account the
o—n-configuration interaction.
First we consider this
fragment in the valence
bond approximation. Let us

construct the normalized 4
doublet wave function ¥(®!
of the ground state from a I

p ) s

conventional p -AQ, sym-

metrically orthogonalized s

and h AOs, and the spin functions « and B using a
standard antisymmetrizer A. ‘

Scheme 2

Wy = A %pﬁE(uaB —- afa), (14)

Then, the excited doublet state of the same configura-
tion is described by the function:

g0 = A :/—l_g—pﬁ(aaﬁ + afa - 2paa) (15)

At the first-order level of perturbation theory ([A] < 1),
mixing of these two functions yields a refined wave
function of the ground state of the radical fragment:

Wolh) = wyl® &+ 3y, @, (16)
The expression for A has the form
x = —(Hg /0Ey,1), {17)

where AE is the difference between the energies of the
states under consideration and My, is the matrix element
of the electron Hamiltonian, taken between the W¥,®
and ‘Pl(o) functions. With regard to relations (9), the
latter is reduced to the "scaled” difference of conven-
tional exchange integrals Kuv of interelectron interac-
tion:

Hm = "J]T(KpE - Kpﬁ) =

= <= [(p(as+ Bo)j(As + Bu)p) - (p(4n-+ BS)(Ah + B)p)] =

= (K, - Ko )/ 30 - SD). (18)

Starting from the general formula:4

‘P> , (19)

{where 5(? —7) is the Dirac 3-function and summa-
tion is performed over all electrons of the paramagnetic
system with an average value of the projection of the
spin angular moment on the z axis of §,), one can easily
obtain the expression for the spin density p(0) on a

p(F) = <wt5;‘ S, (k)-5(F, ~ )
k

proton, related to the complete wave function (16) of
the three-clectron fragment (see Scheme 2):

ou@) = = (/30 - R[]

= - (/3N A* - B sy =
=-(n/B0=SH o ao

Then, taking into account relations (2), (3), (17), (18),
and (20), we finally get in the framework of the em-
ployed version of the valence bond method:

2 K. -K

. pit ps o

-5 Ao M en

(“:o)va = -

Comparison of expression (21) with that given by
McConnell!? shows that they differ from each other
only in the factor (2/3){(1 + 302) that is close to unity at
Sy = 0.75. Hence, virtually no change in the Hartree—
Fock coefficient of proportionality (8y = 508 Oe) be-
tween the estimated IHFC constant afl, and the spin
population pH of the hydrogen atom calculated in the
ZDO approximation is required when passing to a sym-
metrically orthogonalized basis set it the case of hydro-
carbon aromatic and conjugated n~-electron radicals.

When considering the exchange spin polarization in
a model three-electron fragment (see Scheme 2) in the
framework of molecular orbital theory, it is necessary to
construct bonding and antibonding MOs from sym-
metrically orthogonalized 5- and h-AOs:

o= (UVIs+0), 22)

s = (l/ﬁ)(E - E)_ 23

Using Egs. (9) and (10), these MOs can be written in
conventionall? form:

- SR
g = 5 (s+ h) NERY) (s + h), (24)
._ A-B 1

= “h) = e (s - <
‘ 7 e-m (L~ S) - (25

This means that in the approximation used, the expres-
sion for IHFC constant a”iso remains unchanged on
going from overlapped AOs to symmetrically orthogo-
nalized AOs. Thus, semiempirical quantum-chemical
analysis of the constants of IHFC with protons in
n-electron radicals by both molecular orbital theory and
the alternative valence bond theory should be performed
using the Hartree—Fock coefficient of proportionality

(35 = 508 Oe).
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In conclusion, it should first of all be emphasized
that the above consideration of simplified models not
only demonstrated the validity of using®56 two coeffi-
cients of proportionality X(H) in relationship (1) in
calculations of the constants of IHFC with protons by
most widely employed semiempirical quantum-chemi-
cal methods, but also showed the theoretical substantia-
tion of the empirical values of these coefficients used
previously. It should be noted that the conclusions
drawn when considering the model =-fragment (sec
Scheme 2) are valid for the vast majority of planar
w-electron radicals (with both carbon and heteroatomic
radical center) since the IHFC constants are entirely
determined by the only mechanism of r—o-exchange
spin polarization.4 At the same time, relationship (12),
which has the same level of theoretical substantiation, is
convenient in practice, and obtained. by the use of
equally simplified o-fragment (see Scheme 1), can be
inadequate for the description of some o-electron radi-
cals. In particular, this can be due to uncertainties in the
AQ hybridization (especially, for heteroatoms, e.g., B,
N. and O) and the superposition of the delocalization
and spin polarization effects that often have comparable
values and act in opposite directions.
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