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INDO Calculations with Inclusion of an Effective Solvent
Field. Application to Benzosemiquinones

Jens Spanget-Larsen
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An INDO method extended to include a contribution from the solvent by
means of an effective solvent field (ESF) is applied to the three isomeric benzo-
semiquinones and some of their alkyl derivatives. The calculations lead to a
satisfactory description of the hyperfine coupling constants, in contrast to
traditional calculations. The results imply that the spin distribution in p- and
o-semiquinones is largely determined by the influence of the solvent; in
particular, the influence is able to invert the order of the spin densities at the
3 and 4 positions in 1,2-benzosemiquinone.
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1. Introduction

Since the introduction by Pople and coworkers [1], the INDO method has been
widely used in the calculation of hyperfine coupling constants of radicals [1, 2].
Numerous successful applications have been published, but at least one class of
radicals remains for which the standard INDO method yields poor results, namely
the semiquinone radical anions [1]. This is unfortunate, e.g. because naturally
occurring quinones and hydroquinones are often characterized through the ESR
spectra of the corresponding semiquinones [3]. The discrepancy is a general
phenomenon, i.e. semiempirical procedures which reproduce the hyperfine con-
stants of p-semiquinones do not apply to o-semiquinones [4, 5]. It has recently
been suggested that the reason for this situation is the strong interaction between
the radicals and the solvent [6, 7]. In order further to investigate this problem, an
INDO method extended to include a simple electrostatic contribution from the
solvent is applied in this paper to the three isomeric benzosemiquinones 1, 2 and 3
and the alkyl derivatives 1a, 1b, 2a and 2b.
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2. The Effective Solvent Field (ESF) Model

The solvation of molecules in solution is a matter of fundamental importance in
chemistry and biology. The theoretical treatment of the liquid phase, however, is
more difficult than the treatment of the gas phase or the solid phase, and calcula-
tions of solvent effects are usually quite approximate [8]. The classical electro-
static solvation model is based on the assumption that the interaction between
solvent and solute species can be represented by purely Coulombic forces [8, 9].
In the present investigation it will be assumed that the orientation of the permanent
dipoles of the solvent species and the rapidly changing formation and breaking of
complexes between solute and solvent can be considered as giving rise to an effec-
tive solvent field (ESF) at the position of the solute species [10, 11]. Particularly
important is the possible gradient of the ESF which may lead to electron re-
organization in the solute molecule.

The ESF can be approximated by the field from a number of point charges. In a
study of the solvent sensitivities of the hyperfine coupling constants of the nitro-
benzene radical anion it was found that an INDO calculation including the field
from a single external point charge gave a very satisfactory agreement with the
experimental data [10]. A simple way to represent an external point charge in the
INDO computer program is by means of a pseudo proton with its 1s orbital
prevented from being occupied ; this is achieved by assigning to the core energy an
“infinitely large™ value. The core charge of this pseudo proton is then treated as an
input parameter, g, which may be positive or negative [10, 11]. In this way only
minor modifications of the available computer program [1, 12] are required.
The field of this point charge is not a pure Coulombic field because the two-center
core-electron interaction terms in the INDO approximation are set equal to the
corresponding electron repulsion integrals with negative sign (neglect of penetra-
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tion) [1]. However, this screening of the potential is not significant to the perform-
ance of the simple model.

The basic concept of an ESF is very simple, and the point charge approximation
could easily turn out to be an oversimplification. It will be shown in this paper,
however, that the model is adequate for the strongly solvated semiquinone radical
anions. The INDO results described in the following were obtained with the inclu-
sion of the field from two external positive point charges g, one per oxygen atom
in the radical. The point charges were positioned on the C-O axes with ¢-O
distances equal to 1.5 A. This arrangement reflects the tendency to solvate the
highly charged oxygen atoms [13]. Previous investigations [6, 7] indicate that the
bulk of the methyl group in 1a, 2a and 2b does not significantly hinder the solvation
by water. In the case of 1b, however, it must be assumed that the bulky #butyl
group introduces considerable asymmetry into the solvation [6]. The point charge
model for 1b is modified accordingly: the position of the point charge at the
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oxygen flanked by the f-butyl group is taken to form a ¢--O-C angle of 150°, as
indicated above; this position is approximately intermediate between the z-butyl
group and the ring hydrogen at position 6 (see later). The point charge at the
hindered position is furthermore taken to be less than the point charge at the un-
hindered position by a factor x. The appropriate value of this asymmetry parameter
is determined by comparison with experiment.

The calculations were carried out as described previously [10]. In the INDO
approximation the isotropic hyperfine coupling constant ay of a nucleus X is
proportional to the spin population p,, of the valence s atomic orbital (AQ) of
the atom X [1]. In the present investigation, the calculated results will be discussed
in terms of the predicted s-type spin densities p,, mainly because the proportional-
ity factor relating proton coupling constant to Hls spin density in the original
INDO parametrization [1] is not adequate for semiquinones [1, 11, 14]. As a
calculated measure of the solvent sensitivity of the spin population p,_ is defined
the derivative p;, =dp,./0g. The appropriate value of ¢ for a given solvent is
derived by comparison with the observed coupling constants a, and their solvent
sensitivities ay . It is found that the order of magnitude of g is le (e =elementary
charge~1.6022x 107'? C).

3. Optimization of Geometry

Calculated spin densities are known to be sensitive to the choice of molecular
geometry [15]. It is thus important to obtain a reasonable estimate of the structure



318 J. Spanget-Larsen

of the radicals. In the present study the geometry of 1, 2 and 3 has been calculated
by the MINDO/3-UHF method [15]. The symmetry was assumed to be D,, in
the case of 1 and C,, in the case of 2 and 3. The results are shown in Fig. 1. The
calculated geometry of 1 may be compared with the one calculated for 1,4-benzo-
quinone [16]; the carbonyl bond is longer and the bond alternance, although still
appreciable, is much less pronounced in the case of 1. This is consistent with the
usual representation of the radical as an aromatic species.

0

1 2 3

Fig. 2. Calculated geometry of 1b.

Distances (A):

a=1.235, b=1.239, ¢=1.500, d=1.408, e=1.459, f=1.470,
g=1.362, h=1.472, i=1.592, j=1.544, k=1.110, I=1.110,
m=1.111,n=1.112.

Angles:

ac=123.4°% cd=118.5° de=126.4°, ¢f=113.2°, fg=122.8°,
gh=124.5° be=123.5° ci=119.4°, §j=112.2°, dk=116.0°,
gi=119.6°% gm=117.1° jn=114.6°

The structure of the methyl derivatives 1a, 2a and 2b was derived from the calcu-
lated geometry for 1 and 2. The C—C and C-H distances of the substituted methyl
group were taken as 1.5 A and 1.1 A, respectively; the CCH and HCH angles were
taken as tetrahedral and the C—C axis was chosen to coincide with the C-H axis of
the parent compound. Variation of these geometrical parameters was found to
affect insignificantly the trends of the calculated spin distributions.

The bulk of a ¢-butyl substituent can be expected to have a larger impact on the
structure than that of a methyl substituent. Fairbourn and Lucken [17] have sug-
gested that the steric effect of the ¢-butyl group may lead to compression of the
neighbouring carbonyl group in 1b. In order to check this hypothesis the geometry
of 1b has been calculated by MINDQ/3-UHF. The results are given in Fig. 2.
1b was assumed to contain a plane of symmetry, and the orientation of the alkyl
group was taken as indicated in Fig. 2. The #-butyl group and each of the three
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methyl groups were assumed to possess local C;, symmetry. This assumption is
not totally unreasonable since z-butyl groups in semiquinones are known to rotate
freely with all nine protons being equivalent [18]. The results in Fig. 2 indicate
that the compression of the carbonyl bond is negligible; the distortion of the ring
is significant, however.

The calculated structures discussed above do not include the possible influence of
the solvent. Solvation of the carbonyl group can thus be expected to lengthen the
C-O distance. To get some sort of an estimate of this effect the geometry of mono-
protonated 2 has been optimized by MINDO/3-UHF within C,, symmetry. The
resulting O-~H distances are 1.238 A, similar to the value obtained by a recent
INDO calculation [19]. The lengthening of the C-O distances is predicted to be
less than 0.04 A, which is not essential to the calculated spin distribution. On the
whole, the predicted distortion of the geometry of 2 by the monoprotonation
(within C,, ) is minor. The structures given in Figs. 1 and 2 are thus assumed to be
sufficiently adequate for the solvated species.

The influence of the geometry optimization on the calculated spin densities is
significant; e.g. in the case of 2 the INDO calculation (g =0) based on the optimized
geometry predicts negative spin density on the hydrogen atoms at the 4 and 5
positions, in contrast to the result obtained on the basis of a regular geometry
[1, 20]. With regard to agreement with experiment, however, the use of optimized
structures alone does not prevent discrepancy, see below.

4. Results and Discussion
4.1. The 14-Benzosemiquinones 1, 1a and 1b

The pr spin populations of 1 obtained by a standard INDO calculation (g =0) are
shown schematically in Fig. 3a.

Close to 90% of the spin density is localized on the oxygen atoms. Increasing the
ESF leads to redistribution of positive spin density from the oxygen atoms to the
ring, particularly to the carbonyl carbon positions, see Fig. 3b. The influence on
the remaining ring positions is small; this is partly due to the high symmetry of the

Fig. 3. Calculated = spin populations
of 1. The diameters of the circles indi-
cate the relative spin populations,
shading indicates negative spin density.
(@) q=0, (b) g=0.9¢ a b
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Fig. 4. Calculated 1s and 2s spin popu-
lations of 1. The diameters of the
circles indicate the relative spin popu-
lations (the scale is different from
Fig. 3), shading indicates negative
a b spin density. (@) g=0, (5) g=0.9¢

radical which leaves little room for rearrangement of the spin density on these
positions. These trends are well known and are easily reproduced by simple solva-
tion models [6, 21, 22]. Similar trends are shown to an even more striking degree
by the calculated s AO spin populations, see Fig. 4. The influence of the ESF on
the s-type spin distribution is shown in Fig. 5, where the calculated valence 1s and
2s spin densities are plotted as a function of g/e.

The predicted solvent sensitivities indicated in Fig. 5 are consistent with the
measured solvent dependence of the 17O and '3C hyperfine constants of 1. The
shifts predicted by an increase of ESF in the model correspond to the shifts
observed when the solvent is changed from non-polar and aprotic to polar and
protic[21, 23, 24]. The solvent sensitivity of the '3C coupling constant in position 1
is particularly large. The measured value is —2.13 G in dimethylsulfoxide and
+0.24 G in water [23] (Gauss=10"* Tesla). The change of sign is significant, it
indicates that the appropriate ESF corresponds to g~ le (see Figs. 4b and 5).

The calculated spin populations p,, and their solvent sensitivities p;,, as well as
the measured quantities a, and a;;, are included in Table 1. The observed relative
solvent sensitivities for 1 and 1a are well predicted by the calculation, although a

2
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Fig. 5. Calculated 1s and 2s spin populations of 1 as a

0.0 05 10 q function of the ESF
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Table 1. Calculated spin populations p and their derivatives p'=0p/dq; observed proton hyperfine
coupling constants a,; and their derivatives ag; =da, /0 Xy, where Xy ., is the molar fraction of water
in the solvent mixture

INDO?* INDO-ESF® EWMO-ESF* Observed®
Com- Posi-
pound tion 10%-p,, 10%-p,,  10*-p, —-10%-p, —10%-p.  ay ay
1 2 —26 —28 -1 —62 +8 -236 +0.06
1a 3 -30 —24 +6 —43 +29 —-176 +0.16
5 -27 -32 -5 =77 0 —2.58 +0.02
6 —-22 —-24 0 —-61 +23 —241 +0.13
Me¢ +37 +45 +10 @ —— +2.08 +0.19
1b 3 -32 ~11 +28 -15 +32 —1.65 +0.27
5 -22 —15 +11 —52 +26 -214 +0.20
6 —25 -39 —-19 —78 -8 —2.85 —0.01
2 3 —-50 —12 +28 —-22 +61 ~085 +0.80
4 —13 -35 -20 —64 —56 —-3.60 —0.63
2a 4 -17 -30 —14 —46 -32 —285 -0.11
5 -9 —36 -23 —66 =70 —4.04 -0.74
6 —-52 -8 +31 —12 +53 —0.38 +0.86
Me? +69 +20 -3 ——— +0.68 —0.35
2b 3 -5l -3 +34 -6 +58 —-0.22 +0.89
5 -10 -37 —26 —81 =77 -373 —-041
6 —54 —15 +30 -27 +53 —1.00 +0.61
Me! +28 +62 +38 0 +4.68 +1.36
3 2 -1 —11 -2 -0.63 ~0
4 —210 -215 o0 — —-11.30 ~0
5 +109 +107 -4 e +240 ~0
*g=0.

® g=1.1e, except for 1b where g=0.7e.
¢ Refs. [6, 7, 25, 29].
9 The quoted spin popuiation is an average value for the three methyl hydrogens.

trend towards too negative values is apparent. The relative magnitudes of the
proton coupling constants are not well reproduced. This is not essential, the
spread of the ring coupling constants is only 0.82 G (0.34 G in hexamethylphosphor-
amide [14]). The correct ordering can be obtained by manipulation of the geometry
[14]. Previous results [6] obtained by the Energy Weighted Maximum Overlap
(EWMO) method [26, 27] are slightly better than the INDO results for 1 and 1a;
the EWMO results are included in the table for comparison.

As mentioned in Sect. 2, it is necessary to introduce an asymmetry parameter x in
the case of the #-butyl derivative 1b. Three series of calculations were performed
with x=1, x=3 and x=1. x=1 corresponds to no asymmetry of the solvation and
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. . Fig. 6. Calculated ring hydrogen Ls spin populations of
0.0 05 10 q 1b as a function of the ESF (x=2

is found to yield poor agreement with experiment. The choice x=1, on the other
hand, overestimates the asymmetry; x=2 appears to be a reasonable compromise.
The calculated ring hydrogen spin densities of 1b for x=3 are plotted as a function
of ¢ in Fig. 6. The corresponding proton couplings are shown as a function of the
molar fraction of water, Xy, in a H,O-dimethylformamide solvent mixture [6]
in Fig. 7. The calculated results reproduce fairly well the trends observed by an
increase of polarity of the medium. The results support the conclusion based on
the previous EWMO investigation [6]: the characteristic features of the proton
coupling constants of the z-butyl derivatives of 1 in polar and protic solvents are
due primarily to solvation.

4.2. The 1,2-Benzosemiquinones 2, 2a and 2b

The spin distribution of 2 recalls that of 1; by far the largest part of the predicted
spin density is localized on the oxygen atoms, see Fig. 8. Inclusion of the ESF
results in displacement of spin density from the oxygen atoms to the ring atoms.
The most important trend, however, is the tendency to rearrangement of the spin
distribution in the ring as the strength of the ESF is increased. This is evident from
Fig. 8, and in particular from Fig. 9, which shows the predicted s-type spin dis-
tributions. The influence of the ESF is noteworthy. The calculated valence s AG
spin populations of 2 are shown as a function of ¢ in Fig. 10; it is seen that an ESF
corresponding to g~ le leads to almost total rearrangement of the s-type spin
distribution, reversing the order of the spin populations at the 3 and 4 positions.
The order of the H, spin populations so obtained is in agreement with the order
of the measured proton splittings: a4 > ay, [5, 28] (both constants are negative).

Investigation of the monomethyl derivatives 2a and 2b provides further data.
Calculated and measured results are included in Table 1. A clear trend is realized
by consideration of the results for the methyl protons in 2a and 2b. The calculation
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Fig. 7. Measured ring proton couplings a,(G) of 1b as a function of the E— 2
molar fraction of water X, , in a H,0O-dimethylformamide solvent mix- o
ture [6] 00 05 Xh,0

with no ESF predicts a larger spin population of the methyl hydrogens in 2a than
in 2b; inclusion of the ESF leads to reversal of the predicted order and, in so
doing, to agreement with the observed order of the coupling constants (see
Table 1). This trend is consistent with the signs of the measured solvent sensitivities,
although the predicted sensitivity is too large for 2a relative to 2b.

The calculated ring hydrogen spin populations of 2, 2a and 2b are plotted in

Fig. 8. Calculated = spin populations
of 2. The figure is similar to Fig. 3.
@ g=0, (b) g=09¢ a b

Fig. 9. Calculated 1s and 2s spin popu-
lations of 2. The figure is similar to
Fig. 4. (a) ¢=0, (b) g=0.9¢
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Fig. 11 as a function of g. The corresponding coupling constants are shown in
Fig. 12 as a function of the molar fraction of water in a H,0O-dioaxane solvent
mixture [7]. The plots show that accordance between calculated and measured
results can only be obtained by assumption of a considerable ESF. An ESF corre-
sponding to g~ le leads to good agreement between calculated and observed
positions with respect to relative order of magnitude.

The linear regression of the observed proton coupling constants on the calculated
spin populations (see Table 1) is shown in Fig. 13. The results for 1 and 1a are
included in the figure and are seen to fit well into the correlation. If all ring and
methyl positions in 1, 1a, 2, 2a and 2b are considered, the following linear relation
is obtained by means of the least squares criterion:

ay=763p,,—0.42 Q)

(a4 in G). The regression coefficient is 0.974 and the standard deviation is 0.52 G.
Including only ring positions in the correlation the result is

spin
density

0.000 -

-0.002

-0.004 -

Fig. 11. Calculated ring hydrogen spin populations of
) ) 2 (full curves), 2a (broken curves), and 2b (dotted
0.0 05 10 q curves) as a function of the ESF




INDO Calculations with Inclusion of an Effective Solvent Field 325

ay=1105 p, +0.47 @)

with regression coefficient 0.972 and standard deviation 0.29 G. These results are
quite satisfactory; it is evident that the model yields a consistent description of
p-and o-benzosemiquinones, in contrast to previous models (see the introduction).
The slopes of the regression lines defined by (1) and (2) are much steeper than the
slope assumed by the original INDO parametrization, 539.86 G/p,, [1]. In the
investigation of monoprotonated 1 [11] a similarly steep slope was obtained,
~900 G/p,,. The tendency to underestimate the hydrogen spin populations of
semiquinones is probably an artifact of the INDO method.

The linear regression of the observed solvent sensitivities a;; on the measured
quantities p/,; (see Table 1) is shown in Fig. 14. The least squares regression line is
given by

ay=241 p +0.11 3)

with regression coefficient 0.999 and standard deviation 0.18 G/Xy,,. The ob-
served results for 1 and 1a are not strictly comparable to the results for 2, 2a and
2b because different solvent mixtures were employed [6, 7]. Nevertheless, the
correlation in Fig. 14 indicates that the INDQO-ESF model is reasonably reliable
for prediction of relative solvent sensitivities.

The results of the previously published EWMO investigation of 2, 2a and 2b [7]
are included in Table 1. The results are in all aspects consistent with the results
obtained on the basis of the INDO method. The concordant results of the two
different methods strongly indicate that the failure of previous methods to account
for the spin distribution in these radicals is due to the neglect of the influence of
the solvent.

4.3. 1,3-Benzosemiquinone 3

This radical is essentially different from 1 and 2. It is considerably less stable [25],

Fig. 12. Measured ring proton couplings a,(G) of 2, 2a and 2b as a L
function of the molar fraction of water Xy, , in a H,0O-dioxane solvent .
mixture [7]. The symbolism is similar to Fig. 11 07 08 09 Xuo
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Fig. 14. Linear regression of the measured solvent sensi-

_1of tivities (G/Xy,0) of the proton couplings of 1, 1a, 2, 2a

I—O.l‘JOZ ) 0.(300 ‘HJLOZ oatvsensitivity and 2b on the calculated sensitivities (g=1.1e, see Table 1).
caled. The symbolism is similar to Fig. 13

and the spin distribution deviates markedly. In contrast to 1 and 2, the major
part of the spin density in 3 is not localized on the oxygen atoms but on the carbon

O\/\/Oe

atoms at positions 4 and 6. 3 is probably best considered as a union of an allyl
radical and a deprotonated malonic aldehyde. The calculated geometry is con-
sistent with this point of view : the 1-6 and 34 bonds are essential single bonds (see
Fig. 1). It appears from Fig. 15 that the ESF has no significant influence on the
spin density in 3; again, this is in marked contrast to the results for 1 and 2 (see
_ Figs. 5 and 10). This is most likely a consequence of the localization of the spin
density in the allyl fragment of 3 as indicated above. The predicted solvent
dependencies of the hydrogen spin densities are very small, see Table 1. This
result is in perfect agreement with the experimental evidence; the solvent sensitivi-
ties of the proton coupling constants of 3 are negligible [29].

5. Concluding Remarks

The most significant result of this investigation is the fact that a simple solvation
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Fig. 15. Calculated 1s and 2s spin populations of 3 . .
as a function of the ESF 0.0 0.5 10 q

model within the INDO framework leads to a consistent description of the proton
splittings of 1,4- and 1,2-benzosemiquinones. Thus, no assumption needs to be
made for one type of radical which is not made for the other. This result implies
that the failure of traditional calculations to predict the relative proton coupling
constants of these radicals is due to neglect of a large contribution from the
solvent, particularly in the case of 2 and its derivatives [ 7]. Experimental investiga-
tion of the solvent dependence of the **C coupling constants of 2 would probably
be quite rewarding as a check of the predictions for this radical (see Fig. 10).
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UHF computer program.
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