. Theoretica
Theor Chim Acta (1990) 78: 25-30 con
oA Chimica Acta

© Springer-Verlag 1990

The estimation of electron affinities from ab initio
1s orbital energies

Kenneth J. Tupper, Ernest R. Davidson, and Joseph J. Gajewski
Department of Chemistry, Indiana University, Bloomington, IN 47405, USA

Received March 7, 1990; received in revised form and accepted June 11, 1990

Summary. It has been found that the electron affinities of alkoxy-radicals can be
estimated using a correlation with the 1s orbital energy of the oxygen on the
associated alkoxy-anion, EA = —0.64503 % (1s orbital energy) — 351.58. The
method assumes that the species of interest accepts the electron into an orbital
which is localized on the oxygen.
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Introduction

The accurate calculation of electron affinities has long been a problem of interest
to computational chemists, due in part to their usefulness in the calculation of
certain thermodynamic and electrochemical cycles (for example, in the calcunal-
tion of gas-phase acidities [1]). The two most common methods for calculating
electron affinities are the use of Koopmans’ theorem [2] or the calculation of
adiabatic electron affinities [3] (by taking the difference in energy between the
neutral species and the resulting anion). One should note that, while Koopmans’
theorem assumes that the electron affinity will be equal to the orbital energy of
the LUMO (lowest unoccupied molecular orbital), for neutral radicals it is often
assumed that the electron affinity of the neutral radical is equal to the ionization
potential of the associated anion, which according to Koopmans’ theorem is the
energy of the HOMO (highest occupied molecular orbital) in the anion. This
assumption obviates the need to do calculations on open-shell species.

In an earlier study [4], it was found that neither application of Koopmans’
theorem nor the calculation of energy differences between the radical and the
associated anion could be used to calculate the electron affinities of certain
alkoxy-radicals to within the reported experimental error, utilizing the semi-
empirical AM1 method [5] for the calculations. Novoa and Mota have done a
study on calculating the ab initio adiabatic electron affinity of certain small
molecules [6] using various basis sets and the MP2 [7] method for inclusion of
electron correlation. Their results show that, even with basis sets as large as
6-31 + G*, the experimental electron affinity of methoxy-radical could not be
reproduced to within 10 kcal/mol. The results also showed that very large basis
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sets (such as double zeta with polarization and diffuse functions) were required
to obtain accurate electron affinities for the molecules that were studied.

Recently, it was found that a correlation exists between the electron affinities
of oxy-radicals and the charge on the oxygen in the associated oxy-anions [4]. It
was proposed that, for these systems, the electron which is accepted is placed in
an orbital which is centered mainly on the oxygen. One would expect that, the
easier it is for the charge which is accepted to be delocalized throughout the
remainder of the molecule (through either induction or resonance), the more
readily the charge would be accepted. Further, the charge on the oxygen should
serve as an indirect measure of the amount of delocalization of the charge from
the oxygen into the remainder of the molecule. Indeed, it was observed that
molecules in which the charge on the oxygen in the oxy-anion was lower had a
higher electron affinity for the associated oxy-radical. While this method could
be used to obtain estimates of electron affinities for oxy-radicals, usually to
within 2-3 kcal/mol of the experimental value, the method is not without
disadvantages. The first is that the charges, and thus the correlations which were
obtained, were highly dependent on the computational method chosen. One can
see in Fig. 1 that the variation in charge from one computational technique to
another is as much as two tenths of a charge unit for any given molecule. One
must also note that the geometries used in the ab initio calculations in Fig. 1 were
the AM1 geometries. If one tries to do the same correlation with geometries
which are optimized using the basis sets for which the charges are derived, the
correlation is not adequate if the basis set is small (e.g. 3-21 + G*, see Fig. 2).
Thus, it was found that a method was needed which would both resolve the
ambiguity caused by using charge in the correlation and that would work for the
small basis set calculations.

It has been found that ab initio 1s orbital energies of the oxy-anions can be
used, instead of charge, in the estimation of the electron affinities of the
associated oxy-radicals. This method has two advantages over the previous
method. The first is that 1s orbital energies are not an ambiguous quantity like
partial charges on atoms and can be readily measured experimentally for
comparison with the computed values. The second is that for small basis sets the
correlation still holds, thus allowing one to do calculations on relatively large
molecules.
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Theory

The core orbital energies are expected to be a direct measure of the charge
distribution near an atom in a molecule. Correlations have previously been
performed between 1s orbital energies and partial atomic charges [§]. To the first
approximation the core orbitals are not very polarizable, so their energy can be
adequately estimated by first order perturbation theory applied to the Fock
operator. That is,

ea(1s) = (Pa(19)|Flpa(15)), (1
where ¢, (1s) is the free atom atomic 1s orbital. The Fock operator is given by
F=T+Y —24+J-K ()

B s

For the change in orbital energy, As,, between two molecules the kinetic energy
and attraction to nucleus A cancels and the exchange can be neglected. Hence,

Aea={Pald T ——2+4T|¢a>. 3
B=A I
The difference in Coulomb potential, AJ, is just
A0(2) &
AJ(1)=J Q(r) Tz’ (4)
12

where Ag is the difference in charge density between the molecules.
In the CNDO (complete neglect of differential overlap) approximation, 4g
would be partitioned into a sum of spherical atomic pieces,

Ag =} Aos, )
and the integral {f,|A4Jg|fs), would be approximated by 7,5 j' Agg dr where
yAB=_ff123r;1 dr =ij(1)2fB(2)2"1_21 dr, dr, (6)

for any valence orbital. This can be assumed to also hold for the core orbital ¢,,
for A # B. The one center Coulomb integral {f, |4J,| fa> would be ya4 { doa dr
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where

Vaa= I Pa(Dfu(D)%r 3! dr, dr,, N

which would be nearly the same as the nuclear attraction integral | f3rx" dt and
would differ from the CNDO y,, valence-valence interaction.

With these approximations, for a family of molecules in which the neighbors,
B, to the atom A, differ only in charge and not in the value of y,g,

Aen=7pnA9a+ Y, Adpyan (8
BxA
where Aq, is the difference in net charge on atom x between two molecules.
Because ) Agp = —Aq,, and y,, > Yap, this shift in &, is likely to be propor-
tional to 4Ag,. This expression is also the formula for the shift in the electrostatic
potential at the nucleus.

The Koopmans’ theorem ionization energy of the closed-shell anion (i.e. the
electron affinity of the associated radical) is given by the orbital energy of the
highest occupied molecular orbital. For the molecules considered here, this orbital
is fairly localized on one oxygen. The shift in the orbital energy as the rest of the
molecule is varied is given to the first order by

Aegomo = <¢|F|¢> 9
In the CNDO approximation, this reduces to

Aegomo = Taa 49a+ Y, Adpyan (10)

B A
if ¢ is localized on center A. Again, Ags = —) Agg, and Y4, > Yap, so this
should be linear in 4q,. Also, if the y,, term dominates, one might expect that

Aegomo = (Vaa/Yaa) 4e(1s).

Computational method

The ab initio calculations were performed using HONDO 7.0 [9] on an IBM 3090.
A 3-21 4 G* basis set was used for all calculations unless otherwise noted, and
the geometries were optimized with the same basis set used to determine the 1s
orbital energies. All calculations on the oxy-anions were done using the closed-
shell RHF (restricted Hartree—Fock) method, and no perturbation (such as MP2)
or CI (configuration interaction) methods were used. The basis sets used were
those contained in the HONDO package supplemented with both diffuse and
polarization functions from the literature [10] for all atomic species except
hydrogen. For hydrogen, the standard basis set was used.

Results and discussion

The experimental electron affinities for various oxy-radicals, the ab initio 1s orbital
energies for the associated oxy-anions, and estimated electron affinities based on
the 1s orbital energies are shown in Table 1. As one can see from Fig. 3, the
correlation between the calculated 1s orbital energies for the oxy-anions and the
experimental electron affinities for the associated oxy-radicals is excellent, as
opposed to the correlation of charge versus electron affinity for the same basis set.
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Table 1. Experimental and calculated electron affinities

Species EA(exp, eV) 1s orbital energy® EAb Absolute error
(calculated, eV) (calculated, eV)

eV kcal/mol

MeO’ 1.62 £0.13° —547.526 1.59 0.03 0.69
EtO° 1.73 £ 0.04° —547.736 1.73 0.00 0.00
iPrO’ 1.84 +0.03° —547.943 1.86 0.02 0.46
nPrO’ 1.79 £ 0.04° —574.879 1.82 0.03 0.69
nBuO’ 1.78 £ 0.15° —547.879 1.82 0.04 0.92
sBuO’ 1.95+0.14¢ —548.042 1.92 0.02 0.56
iBuO’ 1.87 +0.16° —548.013 1.90 0.03 0.69
tBuO’ 1.91 1+ 0.05° —548.097 1.96 0.05 1.15
FCH,CH, O’ 2.06 +0.21° —548.217 2.04 0.02 0.46
F,CHCH,O’ 2.23 +0.17¢ —548.440 2.18 0.05 1.15
F,;CCH,O’ 2.42 4 0.20° —548.660 2.32 0.10 2.30
HCOO’ 3.23 +£0.19¢ —549.962 3.16 0.07 1.61
CH,COO’ 3.07 +0.19° —549.981 3.17 0.10 2.30
Average error 0.04 0.92

23-21 + G*//3-21 + G* ab initio calculation

b Calculated using EA = —0.64503 * (1s orbital energy) —351.58 (see Fig. 3)

¢ Bartmess JE, Scott JA, Mclver RT (1979) J Am Chem Soc 101:6047

4 Taft, RW, personal communication to JE Bartmess (1987) Prog Phys Org Chem 16:1
¢ Clair RL, McMahon TB (1980) Int J Mass Spectrum Ion. Phys 33:21

f Cumming JB, Kebarle P (1978) Can J Chem 56:1
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One should note that methyl-enolate ((CH;COCH,] ™) does not fall on the
same correlation curve as the alkoxides and carboxylates. This is the same
phenomenon that was observed for enolates and phenolates in the charge versus
electron affinity correlations. The following rational may be used to explain this
phenomenon. AM1 molecular orbital calculations were used in the charge versus
electron affinity study to show that the orbital which was accepting the electron
in the alkoxy-radicals was centered on the oxygen (for the carboxylates, the
orbital was concentrated between the two equivalent oxygens). For the case of
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the enolates and phenolates, the HOMO in the radical is not centered on the
oxygen. Rather, AM1 and ab initio calculations of the molecular orbitals showed
that the HOMO in the enolates and phenolates is an orbital which includes the
oxygen and the carbon-carbon double bond, with most of the electron density in
the area of the carbon-carbon double bond. Thus, the assumptions made in
deriving (8) and (10) do not apply to these systems.

It has been suggested that using the experimental electron affinity of 1.572 eV
for the methoxy-radical reported by Engleking, Ellison, and Lineberger [11],
which was obtained using laser photodetachment electron spectroscopy, would
give a more accurate correlation than using the value of 1.62 ¢V reported by
Bartmess, Scott, and Mclver [12], which was obtained indirectly using the AH, ;4
of methanol. We have found that using the experimental value reported by
Engleking and coworkers does not significantly change the final correlation. In
fact, the average change observed was less than 0.01 eV when using the value
reported by Bartmess and coworkers. This suggests that the correlation is
accurate to within the experimental error in the reported electron affinities.

Conclusion

It has been shown that electron affinities for alkoxy-radicals can be estimated by
using the ls orbital energies of the associated oxy-anions. The advantage of this
method over the previously reported charge versus electron affinity method is
that the method resolves some of the ambiguities present in the previous method
(most notably the charge discrepancy seen between computational techniques).
One can also see that relatively small basis sets can be utilized effectively using
the 1s orbital energy method, enabling relatively large molecules to be able to be
examined by this method.
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