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Evaluation of a new procedure for quantum-chemical estimates of constants
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A new procedure for quantum-chemical estimates of the constants of isotropic hyperfine
coupling (IHFC) with protons using the orbital spin populations calculated in the basis set of
symmetrically orthogonalized (according to Lowdin) atomic orbitals is tested taking 16 well-
studied simplest n-electron and o-electron radicals as examples. The most probable reasons
for and possible ways of correcting large deviations of calculated IHFC constants from
experimental values are considered. The efficiency of the semiempirical MNDORU scheme,
which makes it possible to consistently estimate the delocalization and spin-polarization
contrsbutions to the constants of IHFC with protons in free radicals, is demonstrated.
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Currently, progress in the theory of the structure and
reactivity of complex neutral and charged radical sys-
tems playing an important role in diverse areas of or-
ganic chemistry, catalysis, and biochemistry! is to a
great extent dependent on how widely are efficient
radiospectroscopic methods including simple ESR tech-
nique used in these studies. There is no doubt that
complex experimental ESR spectra of such systems,
which often can hardly be interpreted even semi-intu-
itively, contain valuable encoded structural-chemical
information. Currently, the possibility of reliable and
rapid decoding of this information is. typically, associ-
ated with the development and application of both
versions of density functional theory using adapted basis
sets? and adequate semiempirical quantum-chemical
methods of zero differential overlap (ZDQO), which are
considered theoretically substantiated? in the basis set of
atomic orbitals symmetrically orthogonalized according
to Lowdin (AO).

The problem of elucidating interrelations between
the calculated wave functions and experimentally mea-
sured radiospectroscopic parameters arises when estab-
lishing the "structure—property” correlations in the
framework of semiempirical ZDO schemes. For in-
stance, the constant of isotropic hypertine coupling
(IHFC) a%,, determined in ESR studies, is, as a rule,
related to the spin population pZ, of the valence s-AO of
a particular atom Z obtained from quantum-chemical
calculations using the following expression3:

atyy = K(Z)p?,. (hH

It has been accepted for a long time that the coefficient of
proportionality K(Z) in this expression depends on the
type of atom Z irrespective of its chemical environment.
Next, it was suggested to calculate the constants of
IHFC with protons by semiempirical ZDO methods
using strongly differing values of the coefficient of pro-
portionality K(H).45 On this basis a belief has been
stated® that it is admissible to describe two fundamen-
tally difterent mechanisms of the spin density distribu-
tion. viz., the polarization and delocalization mecha-
nisms, using two quantities, K (H) and KB(H), whose
numerical values are appreciably different. Despite a
reasonably logical qualitative explanation® for the neces-
sity of using two coefficients of proportionality, K (H)
and KB(H), which to some extent smoothes over the
contradiction between the recommendations of different
authors, 43 it was necessary to give a theoretical defini-
tion of each of them using adcquate mathematical ex-
pressions, which take into account the peculiarities of
both the meéchanisms of the spin distribution and con-
ventional quantum-chemical approximations.
Recently,” a scheme of consistent quantum-chemi-
cal calculations of constants of IHFC with protons
(a”im) in free radicais using spin populations pH, de-
tined in the basis set of AO was considered” taking
mode! o- and n-electron hydrocarbon fragments as ex-
amples. Taking into account that the IHFC with proton
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in a purely n-electron radical is completely determined
by the exchange spin polarization, the following reia-
tionship was obtained in the framework of valence bonds
(VB) scheme with inclusion of c—n-configuration inter-
action

K (HY = 8(H)- 201 + §%,/3. 2

where §(H) is the Hartree—Fock value of the coeflicient
of proportionality (508 Oe) and S} is the overlap inte-
gral between the hybrid h-AO of a heavy atom (C) and
the 15-AO of H atom. From Eq. (2) it follows that at
Sis = 0.75 (a typical case) the K (H) and 6(H) values are
virtually cqual. It was also established” that, in the
framework of the MO LCAO theory, the expression for
the THFC constant @l for n-electron radicals remains
unchanged on going from overlapped AO to symmetri-
cally orthogonalized ones.

At the same time, it was shown’ that the constants of
THFC with protons in typical o-¢electron radicals, mostly

Table L. Bond lengths (d) and bond angles (o) in free radicals

due to the spin delocalization, should be calculated
using the coefficient of proportionality Kﬁ(H), whose
value is larger than the Hartree—Fock one since it is
calculated using an essentially modified expression even
in the case of simplified consideration of only one-
electron contribution °pH, to the spin population of the
1s-AO of H atom in the basis set of AQ, viz.:

2
IR 5
2 YIS I+S8 . )

At Sis = 0.75, we get Ky(H) = 950 Oe, which is approxi-
mately equal to the value used’ for o-electron radicals.

This work is dedicated to the evaluation of this new
procedure for estimating the constants of IHFC with
protons taking the simplest experimentally and theoreti-
cally well-studied n- and o-electron radicals as ex-
amples. This procedure, which is reduced to the use of
refationships {(1)—(3) in the framework of the semi-

Ky(H)=5(H)-

Radical Type Bond d/A  Angle q/deg Radical Type Bond d/A  Angle o/deg
of of
radical radical
; H .
AR x CH L1121 HCH 1044 Sc=n (10) o HC 1140 HCN 1185
H CN 1250
N, (2) n  NH 1024 HNH 1030 =0 (11) o CH Li257 OCH 1250¢
HoH H 1.150 123.0¢
L H cCo 11754
h-¢. (3) n  CH 1079 HCH 1200 1.180 #
H .
- c=c-H (12) e CC 1294 CCH 1800
Hen' () x  NH 1020 HNH 1200 o CH 1054
“H Hor o Ho
(13) o C,C, 1377 C,C,.C, 1174
H\ . a~o~m
SN0 (5) x ON 1300 ONH 1189 Hz, Hm C,Cn 1392 C,C,C, 1202
H NH 0988 H, C.C, 1389 C,C,C, 1242
. C,H, 1078 C,C,C, 1205
0. , C,H, 1079
o © x  OH 0999 HOH 1126 S, 1os
HaL . H —cZ g
utcgc&;"u () /o CH, 1093 CCH, 1205 H—CEZN  (14) s HC 1175 HCN 1158
A CHy 1104 CCHy 1110 CN - 1243
B - H
€l yc~C, (15 o CO 1190 OCC  130.l
D Mae / o CC 1501 CCH 1110
e 8 o CH, 1083 CCH, 1308 H CH 1078 CCH 1094
H CH’ 1084
M CH,, 1085 CCH, 1223 )
CHiyrps 1083 CCH,ppe 1214 H
ce™ 157 ans 2,N=C__ (16) s CO 120 OCN 1314
W H 0 CN 1336  CNH(1) 1203
Sczo (9) ¢ HC 1117 OCH 1185 NH(1) 0989  CNH(2) 121.3
H Co 1198 NH(2) 0.996

Note. Geometric parameters of radicals 1—4, 7, and 9—11 were determined experimentally (see Refs. 3, 6); "reliable” geometric
parameters of radicals 5, 6, and 12—16 were calculated by the ab initio UHF/6-31G** method, and those of radical 8 were

obtained from UHF/STO-3G calculations.
4 Variant 1.
2 Variant 1.3
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Table 2. Coefficients of proportionality (K,(H)/Oe) and con-
stants of IHFC with protons (a", . /Oe¢) in free x-elcctron
radicals

Radical Nu- o ¢ S, K (H)? ati,
cleus MNDO Exper-
JUHF  iment
< H 200 059 508  —18.7
H H 457 -168 —16.0
N H 211 0644 508 —-18.2
HoH 479 -17.1 =239
. H
H—C’ H 1.4} 0640 508 ~27.7
H 477 -26.0 —23.0
+,H
H=N_ H 141 0347 508 -22.7
. 40 -197 -259
HO .
N-0 H 144 0698 508 9.0
H 503 89 119
o
W H H 161 0683 508 -15.9
496 —-15.5 -26.1
Hu\c'_ /Hﬁ
Hy °C\: " H, 138 0632 s08 @ -27.7
5 474 -258 -224

4 See Eq. (6).
4 See Eq. (2).

empirical MNDO method? in variants of the restricted
and unrestricted Hartree—Fock approximations® (RHF
and UHF, respectively), was tested with 16 free radicals
{Tables 1—3).

Results and Discussion

As is known 36210 the absence of reliable informa-
tion on the geometry of free-radical systems leads to
large errors in calculations of their magnetic resonance
parameters by quantum-chemical methods. Unfortu-
nately, experimental data on the geometry of free radi-
cals arc either unavailable or often ambiguous (in par-
ticular, even for the HCO" radical).!'—=13 In this con-
nection noteworthy is that the calculated magnetic reso-
nance characteristics are highly sensitive to changes in
the structural parameters and that usually radio-
spectroscopic data can be reproduced to a reasonable
accuracy using NDO methods if the assumed structures
of free radicals are close to real structures. Because of
this, in the framework of the above-mentioned methods
it is possible to predict the electronic structure and
ceometry of frece-radical systems with a greater accuracy
than using conventional energy minimization.3.6.14.15

Judging from the published data, reliable establish-
ment of the geometry of free radicals in the gas phase

using the procedure of energy variation is possible only
by ab initio calculations with extended basis sets that are
at least as good as the 6-31G* basis set.3M.15 For this
reason, we performed full UHF/6-31G** optimization
of structural parameters of those =- and oc-electron
radicals for which no experimental data are available;
the results obtained using such a procedure were taken
as reliable. The experimental lengths of chemical bonds
and bond angles (for radicals 1—4, 7, 9—11) and those
obtained from ab inirio calculations (for the remaining
radicals), used in estimating the constants of [HFC with
protons using relationships (1)—(3) in the MNDO ap-
proximation, are listed in Table 1.

The overlap integral S, between the hybrid h-AO of
the heavy atom Y and the 1s-AO of the H atom (Fig. 1)
appears in expressions (2) and (3) for the coefficients of
proportionality K ,(H} and Kg(H). The following ap-
proximate procedure was used to estimate the value of
this integral in each particular case. As is known, the
hybrid h-AO composed of the valence s- and p~AO of
the heavy atom and directed along the 7 axis (see Fig. 1)
can be represented in the form

ho=(s+o; )yl + o} (4)
If the hybrid h;- and h-AO are equivalent (o; = ©;), the
following condition is met:

1 + wlcosh = 0, &)

where 6 is the angle between the axes /i and j (see
Fig. 1). Using relationship (5) and the values of the
boud angles and interatomic distances listed in Table 1,
as well as corresponding overlap integrals (S and ;)
between the Slater valence s- and p-AO, for each Y—H
bond we calculated the overlap integral between the
hybrid h-AO of atom Y assumed in the free radical and
the 1s-AQ of the H atom:

Shs = (S +°’Ssp )/5“1‘(02 . )

The results of calculations for n-electron radicals arc
presented in Table 2 in which the experimental con-
stants of THFC with protons @Y, and their values
estimated in the MNDO/UHF approximation are also
listed in addition to o, S, and K, (H) values. The
estimates of the constants made by formula (1) were
obtained using two values of the coefficients of propor-
tionality corresponding to simplified MO LCAO
(K (H) = 3508 Oe) and VB schemes (Eq. (2)).7 Despite

Fig. 1. Hybrid h-AQO of the centrat atom Y and 1s-AO of H
atoms involved in o-bonds Y—H.
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Table 3. Coefficients of proportionality (Ky(H)/Oe), delocalization (°a!;,/Oe) and polarization
{Pat;,/Oc) components, and the constants of IHFC with protons (af,/Oe) in free o-electron

radicals
Radical Nucleus o S, 7 Ky(H)e eatl  vpatt o LI
MNDORU experiment
i=gl e Hg 124 0644 766 450 402 48 134
W Heys 137 0638 758 30.9 25 334 37.0
“ YMS Hme 139 0639 760 596 36 632 65.0
H
“cfo H 145 0614 729 161  ~83 (0738 1328
H
H\ .
>c=N H 145 0399 713 816 —14 802 92.1
H
,C=0 H 1326 06132 7296 14216 =385 1383°% 1354
H 135 € 0.596 ¢ 710 ¢ 150.1 ¢ —6.3 ¢ 1438 ¢
€=C-H H 1.00 0668 800 0.0 -221 -221 16.1
Hl) S HD
H, 141 0.640 761 54 139 I 17.9
Hg Hp Hp 141 0640 761 41 -154  -IL 5.9
H, H, 1.41 0640 761 23 133 15.6 1.9
H=C=N H 1.52 0574 689 1473 225 1698 137.5
H .
g GG H 167 0.631 749 162 -33 6.9
H/, o H 174 0624 741 107 —1.0 9.7 5.0
1
H .
2 N=C H(D) 1.41 0699 852 1.1 —4.5 ~3.4 1.3
H o H(2) 1.39 0696 846 611 —109 502 130.4{
Han. A - .
e Hpy 167 0610 725 153 92 245 26.9
@ H
p

4 Sec Egs. (3) and (6).
% Variant [ (see Table 1).
¢ Variant I} (see Table ).

the fact that it is logical to use a coefficient of propor-
tionality equal to the Hartree—Fock coefficient (3(H) =
508 Oe¢) in the MNDO/UHF calculations of n-electron
radicals, for comparison we also listed the values of the
constants of IHFC with protons aM., obtained from
calculations using an alternative procedure for their
estimate by relationship (2).

From the data listed in Table 2 it follows that in all
_cases the coefficient of proportionality K (H) deter-
mined using Eq. (2) is somewhat smaller than 508 Oe.
At the same time, both procedures for estimating the
constants of IHFC with protons in n-electron radicals
are characterized by approximately equal absolute de-
viations from the experimental values. Since in practice
it is more convenient to perform routine calculations of
constants aH, using a constant value of the coefficient
of proportionality (K ,(H) = 508 Oe), it is this proce-
dure for assessing their values that seems to be more
preferential for x-electron radical systems,

It is noteworthy that for isoelectronic n-radicals
CH,™" and NH;" (as well as for CH;y™ and NH;* ") the
deviations of calculated IHFC coustants from experi-
mental ones are opposite in sign, though relatively small.
Analogously, the calculated constant of ITHFC with the
a-proton for the C,H,CgH;" radical of the “intermedi-
ate” n/c-type with the unpaired electron localized mainly
on the C, atom is somewhat larger, while for the

~n-radical H,NO~ with the heteroatomic radical center it
is somewhat smaller in absolute value than the experi-
mental value. On the whole, the data in Table 2 indi-
cate a fairly good agreement between theory and experi-
ment.

At the same time, noteworthy is an appreciable
deviation of the estimated constant of IHFC with pro-
tons in the H,O* " radical from the experimental value.
In order to attain better agreement, we varied the value
of the H—0O-—H angle; however, the calculated IHFC
constant appeared to be only slightly sensitive to this
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parameter. Most likely, in the case of n-radical H,0*"
the drawbacks of the semiempirical MNDO approxima-
tion are not effectively compensated by the parametriza-
tion obtained in the "fitting” procedure.

The resuits of analogous calculations for several
c-electron radicals are listed in Table 3. Here the values
of the coefficient of proportionality Ky(H) were deter-
mined using expression (3). which implies predomi-
nance of the delocalization (one-electron) contribution
opH_to the spin population of the 15-AO of the H atom,
ie., the neglect of the spin-polarization3 correction
Pp”s. Therefore, the use of these K’B(H) values is justified
only in the framework of the RHF approach. For the
free-radical systems considered, we calculated the values
of the delocalization components (°a, ) of IHFC con-
stants atf,, by the MNDO/RHF method using the
structural parameters taken from Table 1. They are
listed in Table 3.

Particularly large (over 15—20 QOe) differences be-
tween the values of the delocalization contributions
ogH,  obtained and the experimental constants a%,
(sec Table 3) are observed for the o-electron radicals
H,C=CH ', HC=C", and H,NCO . Let us consider the
most plausible reasons for these discrepancies and pos-
sible ways of eliminating them in detail, taking the vinyl
radical H;C=CH " as an example.

As can be seen from the data in Table 3, the values
of constants of IHFC with cis- and trans-protons distant
from the radical center in H,C=CH" are fairly well
reproduced by the MNDO/RHF method, whereas for
the H, atom the calculated value differs substantially
from the experimental one. First of all it is logical to try
to eliminate this discrepancy by varying the value of the
Cp—Cy—H, = 8, bond angle taking into account a
rather strong angular dependence3® of the calculated
constant of IHFC with the a-proton in the vinyl radical.
Other (more "rigid") structural parameters can be as-
sumed to be fixed in the course of such a variation (see
compound 8 in Table 1).

The dependence of the heat of formation (AH)) of the
vinyl radical on the angle 6,, calculated by the
MNDO/RHF method, is shown in Fig. 2. As can be
seen, from the computational point of view the AH; value
can be thought of as a constant over a rather wide range
of 8, values. For this reason, it is logical to choose the
degree of agreement between the theorctically deter-
mined.and experimental values of the magnetic resonance
parameters as a criterion for reliability of the geometric
parameters used in calculations for the vinyl radical.

Based on this criterion, in the framework of the
MNDO scheme we calculated the dependence of the
coeflicient of proportionality Kzg(H) on the angle 8, using
formula (3). The plot of the curve obtained is shown in
Fig. 2. As should be expected, the coefficient of propor-
tionality Kg(H) monotonically increases as the angle 8,
increases and reaches its limiting value at 6, = 180°.

Using the plot shown in Fig. 2 and the MNDO/RHF
method, we found the angular dependence of the delo-

Kg(H)/Oe AH/kcal mol™!
11001 'I 110
1000+ 4 100
!
900+ 490
soo} 4 80
700 70
600 I 1 Y 1 i 3 L e, 60
100 120 140 160 180
T 0,/deg

Fig. 2. Angular dependences of the heat of formation AH; (/)
and the coefficient of proportionality Kg(H) (2) for the vinyl
radical.

alS()( (l)/OC
60 f

40

20

|
£
(==

T

iy

100 120

Y

i

180
6,/deg

140 160
Fig. 3. Dependences of the delocalization (7) and spin-polar-
ization {2) contributions and the total consiant of IHFC with

a-proton (J3) in the o-electron radical H,C=CH_,  on the
angle 6.

calization contribution °aH, (o) to the constant of IHFC
with the a-proton in the vinyl radical (Fig. 3, curve /).
This dependence shows that the °at'(a) component
monotonically decreases as the angle increases and be-
comes zero at 8, = 180°. In this case, agreement with
the experiment (aH,, = 13.4 Oe) is reached at 6, = 170°
(see Fig. 2, curve 'T). However, this value of the
Cp—Cy—H, bond angle is much larger than that ob-
tained from ab initio calculations (see Table 1) or even
roughly estimated (8, = 150°).18 Therefore, in the frame-
work of the RHF scheme it is impossible to attain
reasonable agreement with the totality of ESR data only
by varying the geometric parameters of the viny! radical.

Yet another apparent procedure for climinating the
discrepancies between the assessed (using quantum-
chemical methods) constants of IHFC with protons and
those found experimentally is beyond the framework of
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the RHF approach, according to which the calculated
one-electron spin densities °pRHF(r) at any point r are
always nonnegative, whereas negative total spin densities
p(r) are also observed in the experiments. The polariza-
tion contribution Pp(r), which is complementary to the
one-electron contribution and is mainly due to the
exchange electron correlation, is responsible for negative
p(r) values. Because of inclusion of this correlation,
electrons with oppositely directed spins become differ-
ently delocalized in space.

In practice, quantum-chemical calculations of mag-
netic resonance parameters of free radijcals with inclu-
sion of electron correlation effects are most often per-
formed using the UHF method, in which the delocaliza-
tion and polarization contributions to the spin density
are not separated.3 One should keep in mind that in
some instances the polarization component Pp(r) ob-
tained from such calculations is somewhat overesti-
mated because of incorrect symmetry propertics of the
wave function in the UHF approximation. In the most
consistent UHF schemes, the polarization correction
should be defined as the difference

ppleF(r) = pUHF(r) - opRHF(r)' (7

In the case of the RHF approach (e.g,, its CNDC/SP
version3) this correction is, as a rule, estimated using
perturbation theory.

For convenience and unification, in this work we uscd
relationship (7); however, it was taken into account that
the polarization component Pp(r) of the spin density can
be represented as the sum of contributions of the spin
(3Pp(r)) and exchange (°Pp(r)) polarizations.3 In n-radi-
cals, the ®Pp(r) component is the only component, while
in o-radicals it is much larger than the SPp(r) component.
Considering the pH corrections in o-radicals to be
negligible and without coming into conflict with the
results of the model theoretical study,? one should multi-
ply the polarization spin populations PpH, obtained ac-
cording to expression (7) by the Hartree—Fock coeffi-
cient of proportionality K (H) = 508 Oe when assessing
the spin-polarization components Paf using relaton-
ship (1). It is this procedure (the MNDORU method)
that was used to determine the spin-polarization contri-
butions PaH,, whose values are listed in Table 3.

The angular dependences of the spin-polarization
component PaH (a) and total IHFC constant
(@ (o) = °aP (o) + Paft (@) calculated for the
vinyl o-radical are shown in Fig. 3 (curves 2 and J,
respectively). As can be seen in Fig. 3, curve 3 mono-
tonically decreases as the varied angle increases and
agreement with the experiment is achieved at 6, = 125°
rather than at 8, = 131° (see Table 1), which is quite
acceptable from the viewpoint of both the energetics
(see Fig. 2) and calculation errors of ab initio meth-
ods.17 Thus. because of the inclusion of the spin polar-
ization in the MNDO/UHF approximation, we suc-
ceeded in reproducing the experimental value of the

IHFC constant aH (o) using geometric parameters of
the vinyl radical that are virtually the same as those
optimized by the UHF/STO-3G method and taken to
be reliable (see Tabic 1).

Let us discuss now the THFC constants of other
c-electron radicals in detail. As can be seen in Table 3,
in all cases the coefficients of proportionality Ky(H) are
much larger than the Hartree—Fock coefficient of pro-
portionality (508 Oe) and are in good agreement with
the best value (743 Oe) fitted*3 using experimental data.
Noteworthy is that in many cases the spin-polarization
corrections Pal, (o) are not so large as in the case of
the a-proton in H,C=CH ", i.e., the contribution of spin
delocalization every so often appears to be predominant.

Since o-radicals H,CO™ " and H,CN" are isoelec-
tronic and have the same symmetry, the regularities of
the electron and spin density distribution for these radi-
cals should be similar. As can be seen from the data in
Table 3. in both cases the delocalization components
ogH,  estimated by the MNDO/RHF method are some-
what smaller than the experimental IHFC constants
at.,. The spin-polarization corrections Pal;y, for these
radicals are by about an order of magnitude smaller in
absolute value than the delocalization contributions
ogH, . which indicates that the simplified RHF scheme
with the only value of the coefficient of proportionality
is acceptable in this case.

Two slightly different sets of experimental structural
parameters (see Table 1) are known for the formyl
o-radical (HCO ). It is logical to decide between them
on the basis of quantum-chemical estimates of the IHFC
constants followed by their comparison with experimen-
ta} data. As for any o-radical, for the HCO " radical not
only the spin population of the 1s-AO of the H atom,
but also the coefficient of proportionality Ky is depen-
dent on its geometry.

The values of the aH,, constant caiculated for the
HCO" radical by the MNDORU method using two sets
of geometric parameters (see Table 1) are listed in
Table 3. Comparison of these values with the experi-
mental value of gH ., shows that reasonably good agree-
ment with experimental data was achieved in both cases,
however, set 1 of structural parameters seems to be
somewhat more appealing. Noteworthy is that the as-
sessed constants of THFC with the '3C nucleus for the
above two structures appeared to be virtually equal
(=120 Qe).

For the ethynyl o-radical with the linear configura-
tion optimized using ab initio calculations (see Table 1),
our MNDO calculations have led to incorrect spatial
symmetry of the MO of the unpaired electron, which is
indicated by the zero delocalization contribution
(°aH, = 0) to the constant of IHFC with proton. Most
likely, the reason is that in fact the triple C=C bond is
much shorter than its length obtained from calculations
by the UHF/6-31G** method (see Table 1). At a "stan-
dard™!? length of the C=C bond {1.16 A), the unpaired
electron, as it must be, is delocalized already in the
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o-electron system, though the total constant of THFC
with proton calculated by the MNDORU method s
strongly overestimated (a“iSO = 55 Oe). It should be
noted that in the framcwork of semiempirical INDO
and CNDO/SP? approaches the ethynyl radical also
belongs to the o-type and that the constant is positive,
though strongly overestimated (at,, = 45 Oe).

According to the data of calculations in the
MNDO/RHF approximation, the phenyl radical (C¢Hs ")
belongs to the o-type. The delocalization contribution
ogH, ., assessed in this approximation is comparable with
the corresponding experimental IHFC constant in value
for the proton in meta- or para-position and is by about
a factor of 3 underestimated for the ortho-position.
Unfortunately, inversion of the highest energy levels
with a, and a; symmetry occurred in the framework of
the MNDO/UHF scheme, which artificially imparted
n-electron type to the free radical CgHy™ . The energy
interval between the above levels is narrow (~0.7 €V)
and therefore it is possible to restore the desired order of
fevels by changing the radical geometry by an appropri-
ate (relatively small) extent.

Radicals HCN™ and HCO" are isoelectronic. From
Table 3 it can be seen that the experimental constants
at,, for these radicals are close, while the theorctical
values are substantially different. It is logical to explain
such a discrepancy by incorrect calcutations of structural
parameters of the g-radical HCN™ " (see Table 1). In
this connection it is noteworthy that calculations with a
different basis set (3-21G, 3-21G**, 6-31G, and
6-31G**) have led to virtually the same geometric char-
acteristics of the system.

It is apparent that reliable establishment of the ge-
ometry of o-radical HCN™" using a quantum-chemi-
cal procedure for energy minimization involves some
difficulties due to peculiarities of its electronic structure,
viz.. comparability of the contributions of two resonance
structures, H—C =N~ and H—C™=N", to the ground
state. In both these structures the chemical bond be-
tween the C and N atoms is a double bond and can be
compared with the "standard"1? length of 1.32 A, whereas
the value calculated by the UHF/6-31G** method (see
Table 1) is much smaller. Therefore, in order to reach a
better agreement between the experimental constant of
IHFC with proton in the o-radical HCN™" and taking
into account structural data for HCO ™ (see Table 1), we
fixed the C—H bond length (1.15 A) and the value of
the H—C—N angle (120°), whereas the interatomic
distance d(C—N) was varied from 1.2 to 1.4 A in the
MNDO approximation.

As can be seen in Fig. 4 (curve DN, the calculated heat
of formation of the o-radical HCN™" changes slightly
over a rather wide range of d{CN) values. At the same
time, the aM,, constant (see Fig. 4, curve 2) monotoni-
cally decreases as d(CN) increases and agreement with the
experimental value is achieved at d(CN) = 1.325 A,
which is acceptable from the structural-chemical point of
view. This confirms the statement36.14.15 that it is com-

at,/0e AHg/keal mol™!
200
130
160
140
[ ]
10} 160
.20 1.25 1.30 1.35 1.40
_d(CN)/A

Fig. 4. Dependences of the heat of formation AH; (/) and the
constant aH,SD (2) on the interatomic distance d(CN) for the
g-electron radicat HCN™ .

parison of calculated and experimentally measured
radiospectroscopic charactenstics rather than conven-
tional procedure based on energy minimization that
serves as a basis for more effective determination of
structural parameters of free-radical systems.

One a, constant was experimentally measured??
for the o-electron radical CH3CO ", whereas two types
of magnetically inequivalent protons and, hence, two
different THFC constants (see Table 3) correspond to
the minimum found in the course of energy optimiza-
tion. This means that experimental data should be de-
scribed assuming free rotation of the methyl group, i.e.,.
the calculated spin populations of the 1s-AQO of three H
atoms and corresponding THFC constants should be
averaged. It is easily seen that the averaged |HFC
constant (@M, = 8.8 Oe) is in reasonable agreement
with the experimental value and that the contribution of
spin polarization is relatively small,

On the contrary, isotropic splittings for both protons
are observed in the experimental ESR spectrum of the
s-electron radical HyNCO ", which means that in this
radical rotation about the C—N bond is hindered or, at
least, its period is much longer than the characteristic
time of the ESR method. In this case the absolute values
of IHFC constants a%,, assessed by the MNDORU
method are in fairly good agreement with the experi-
mentally determined values.

" As was mentioned above, the ethyl radical belongs 10
a "mixed” w/c-type, ie., the constants of IHFC with
a-and B-protons in this radical should be determined
using the coetficients of proportionality K,(H) and KB(H).
respectively (see Egs. (2) and (3)). When comparing
theoretical and experimental data, one should take into
account free rotation of the methyl group and average
three constants aH(B). As can be seen in the last line
in Table 3. the averaged experimental constant of IHFC
with B-protons in the ethyl radical and that assessed by
the MNDORU method are close.
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Thus, the modified scheme? of quantum-chemical
calculations of the constants of IHFC with protons in
free radicals using orbital spin populations defined in the
basis set of AOs symmetrically orthogonalized according
to Lowdin naturally eliminates the apparent contradic-
tion associated with the use of two substantially differing
coefficients of proportionality tn relationship (1) when
estimating the above constants by the most widely used
semiempirical quantum-chemical methods.4—6.18 Par-
ticular values of these coefficients found from simple
correlations and used in the literature are in good agree-
ment with the K (H) and I(ﬁ(H) values listed in Tables 2
and 3. It should be emphasized that the conventional
procedure for estimating the IHFC constants a%;, using
semiempirical quantum-chemical methods was essen-
tially modified only for free g-clectron radicals, whereas
for purely n-electron radicals it remained unchanged.
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