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Abstract: Ab initio SCF MO calculations with Pople’s 4.31 basis set predict a planar structure as the most stable form of nitro-
methyl anion and a monotonic increase in energy as the hydrogens are bent out of the molecular plane. In contrast to previous
ab initio calculations, the derived structure has high C==N double bond character and N-O single bond character. Surprising-
ly, it is found that Pople’s 4.31 basis set yields Jower energies than Murrell’s Gaussian approximation to Clementi’s double {
STO basis in spite of the fact that Murrell’s basis uses more Gaussians. The calculated ionization potentials (Koopman’s theo-
rem) for nitromethane are in reasonable agreement with those calculated by Murrell and in fair agreement with experiment.
However, previous assignments, based on semiempirical calculations, are in poor agreement with the ab initio calculations.

The structure of nitromethyl anion is of considerable in-
terest since substituent effects on equilibria involving the anion
suggest a planar, delocalized structure,?2 while kinetic sub-
stituent effects have been interpreted to indicate that a py-
ramidal carbanion may exist as an intermediate in solution
proton transfer reactions of nitroalkanes.2b In this paper we
report ab initio SCF MO calculations on nitromethyl anion and
nitromethane and examine a portion of the potential surface
for distorting a planar nitromethyl anion to a pyramidal
structure with HCH and HCN angles similar to nitromethane,
The optimized geometries and calculated energies of nitro-
methane and the planar and pyramidal anions are presented
in Table I.

I. Calculated Energy and Geometry of Planar Nitromethyl
Anion

The calculations were performed using the program GAUSS
703 and a 4.31 basis set.* As a starting point, a planar geometry
was assumed with Rno (N-O bond length) = 1.228 A, Re.n
=1.397A, Rc.y = 1.09 A, ZHCH = 123°, ZONO = 121°,
These parameters were those found by Murrell, Vidal, and
Guest5 (hereafter referred to as MVG) from a minimum basis
set calculation for the planar anion.

The C-H bond lengths were fixed at 1.09 A, while Ren and
Rno were optimized sequentially. After Rcn was readjusted,
the ONO and HCH angles were varied, followed by reoptim-
ization of Rno and Ren. The final geometry parameters and
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energy were found to be Ren = 1.286 A, Rno = 1.314 A,
Z(HCH = 123°, /ONO = 119°, energy = —242.691 894 au.
Further variations of Ren, Rno, ZHCH, and ZONO indicate
that the bond lengths and angles have been optimized to
+0.005 A and £0.5°, respectively, while the energy is esti-
mated (parabolic interpolation) to be less than 4 X 1073 au
from the minimum. The structure we derive for the planar
anion has bond lengths much closer to typical C=N and N-O
bonds than the MVG structure. For example, Rcn for for-
maldoxime is 1.276 A24 compared to 1.286 A calculated for
the planar anion, while the MVG value of Ren = 1.397 is
significantly closer to that for nitromethane (1.489 A),23 The
N-O bonds follow a similar pattern as seen in Table I. Rno
for formaldoxime is 1.408 A24 which compares to Rno = 1.314
A calculated for the planar anion, Rno = 1.224 A measured
for nitromethane,?3 and Rno = 1.228 A calculated by MVG
for planar anion. The 4.31 results on the optimized structure
suggest that nitromethyl anion is related more closely to aci-
nitromethane than to nitromethane itself. It is in this regard
a much more reasonable structure than that calculated by
MVG.

Kresge and Csizmadia have reported 3-G calculations on
nitromethyl anion and a 4.31 calculation at the optimized
minimum basis set (3G) geometries.!3 The latter calculation
is included in Table 1. The optimized 3-G geometry of the
planar anion is comparable to that found by MVG and differs
substantially from the optimized structure calculated with the
4.31 basis set.

© 1978 American Chemical Society



Murdoch, Streitwieser, Gabriel | SCF MO Calculations of Nitromethane 6339

Table I. Energies/ and Geometries of Nitromethyl Anion and Nitromethane

planar anion

planar anion planar anion (4.31 at 3G pyramidal anion pyramidal anion nitromethane
(4.31 optimized) (MVG optimized) geometry) (4.31 optimized) (MVG) 4.31)
Reny A 1.286 1.397 1.350 1.349 1.451 1.451
Rno, 1.314 1.228 1.337 1.281 1.228 1.228
<HCH, deg 123 123 121.74 112 (fixed) 112 112
ZONO, deg 119 121 119.30 121 (fixed) 121 121
ZHCN, deg 118.5 118.5 119.13 107 (fixed) 107 107
E —242.691 894  —242.662 62 (MVG) —242.687 257 —242.671 715  —242.657 47 —243.272 062 (4.31)¢

—242.674 19 (4.31)¢

—243.259 04 (MVG)?
—243.263 034 (ref 13)°

9 4.31 calculation at MVG geometry.  4.31 basis set using optimized geometries for 3-G basis set (ref 13). ¢ This geometry is marginally
different from experiment (ref 23): Ren = 1.489 A, Ryo = 1.224 A, ZHCN = 107.2°, ZONO = 125.3°, ¢ MVG used geometry of ref 23 as
in footnote ¢ (vide supra). ¢ Geometry given in ref 13. / Professor E. R. Davidson has informed us that the energy of the nitromethyl anion
is more negative than the energy of the corresponding radical (private communication).

Table 11, Atomic and Molecular Energies Calculated with Pople’s 4.31 Basis vs. Clementi’s STO Basis

C(’P) N(“S) 0(°P) F(?P)

H,0 CH;F

H,CO CH3;.

—37.636918 —54.327925 =74.705481 —99.265 481

—75.903 24
—37.686 6775 —54.397 8736 —74.804 1805 —99.401 1645 —76.005 74!°

-113.691 71 =39.50392 4.31!8
—113.7968%!  —39.547122 STO DZS

—138.858 86
—139.010 0620

II. Comparison of 4.31 G and MVG Basis Sets for the
Planar Anion

It is noteworthy that the energy calculated using the 4.31
basis set is significantly lower than that calculated by MVG
using a /arger basis set.> MVG? employ a 3-Gaussian expan-
sion for each valence STO of Clementi’s STO double ¢ basis
set® and a 6-Gaussian expansion for the heavy atom 1s shells
which are kept at the single-{ basis. At the MVG geometry,
their calculated energy of the planar anion using the Gaussian
double { basis set is —242.662 62 au, while at the same ge-
ometry the 4,31 basis set gives —242.674 19 au; the 4.31 basis
set yields a lower energy of over 10™2au (30 kJ/mol). This is
a significant difference since MVG uses 108 Gaussians to
represent the valence orbitals of nitromethyl anion, whereas
the 4,31 basis gives its lower energy with only 72 Gaussians.
This result is the more interesting since Clementi’s DZ Slater
basis set is generally superior to the 4.31 basis in both atomic
and molecular calculations (Table IT) and might give lower
energies for the nitromethyl anion and nitromethane as
well,

The MVG calculation employs a single contraction of 6
Gaussians to represent the core of each heavy atom, instead
of a single contraction of 4 Gaussians as in the 4.31 basis. Since
the core molecular orbitals will be similar to the core basis
functions, the MVG basis set probably gives a better descrip-
tion of the Is shells than the 4.31 basis. However, since the total
energy is lower for the 4,31, the description of the valence re-
gions (and chemically important energy differences) may be
significantly better than the lower energy of 1072 au would
indicate. The primary reason for this apparent anomaly may
lie in the fact that Pople’s 4.31 basis set uses Gaussian functions
chosen to minimize the energy in atomic and molecular cal-
culations,* whereas the MVG Gaussians were selected to
mimic the Slater functions in Clementi’s DZ-STO basis set.
Apparently, more of the flexibility necessary for describing
valence orbitals has been lost in the MVG procedure for con-
structing a basis set than in Pople’s procedure where the
Gaussian functions and the contraction scheme are optimized
specifically for molecular calculations.

The present comparison of basis sets, together with the re-
sults in Table II, suggest that the apparently common prac-
tice’!! of replacing STOs with Gaussian approximations may
lead to worse results than would be obtained by using a fewer
number of well-chosen Gaussian orbitals in molecular calcu-
lations.# Such an outcome could have been anticipated from

the prior results of Dunning,'22 Pople,!?b Veillard,’2¢ and
others.

IIL. Calculated Energy and Geometry of Pyramidal
Nitromethyl Anion

Calculations on the pyramidal form of nitromethyl anion
followed the same course taken for the planar geometry. Using
the MVG geometry (Rno =1.228 A, Rey=1.09 A, Ren =
1451 A, ZHCH = 112°, /ONO = 121°, ZHCN = 107°), Rcn
was optimized followed by RNo, to give the following energy
and bond lengths: £ = —242.671 715au, Rno = 1.281 A, Ren
= 1.349 A. By varying Rcn at this geometry and by parabolic
interpolation, it was estimated that Rcy is within £0.02 A
from the minimum, and that the calculated energy for the
above geometry (fixed bond angles) is not further than 5 X
104 au from the minimum,

When /HCH was changed!# to 109.47°, the energy in-
creased, and as ZHCH was varied to 115°, the energy de-
creased. No minimum could be found for the pyramidal
structure with respect to deformation of the HCH angle. The
energy for the pyramidal structure with ZHCH, <HCN,
£ZONO characteristic of nitromethane and optimized C-N and
N-O bond lengths is about 53 kJ/mol (12.7 kcal/mol) higher
than our energy for the optimized planar structure (Table I),
while the MVG energy difference is only 13.5 kJ/mol (3,2
kcal/mol) for their optimized structures. It is noteworthy that
the calculated proton affinity of the pyramidal structure is
nearly identical in both basis sets, while that for the planar
structure indicates that the planar anion is substantially more
stable relative to nitromethane in the 4.31 basis compared to
the MVG basis. The pattern emerging from the three struc-
tures in Table II suggests that the MVG basis lacks some of
the flexibility necessary for an adequate description of the
valence orbitals in molecules, and that this lack of flexibility
is most apparent for more delocalized structures,

The present calculations suggest that the planar anion is
substantially favored over the pyramidal form and that there
is no potential barrier blocking the conversion of the pyramidal
structure to the planar one. However, the extension of this
conclusion to the proton transfer reactions of nitroalkanes in
solution is not yet clear, since the addition of solvent and /or
cation could result in a kinetic barrier separating a pyramidal
structure and the planar counterpart. This question is currently
under investigation.
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Table IlI, Experimental and Calculated lonization Potentials of
Nitromethane (eV)

4.31 MYV basis’ exp'® exp!’
1198  (lasr) 1219 (layr) 11,32

11.5
13.33  (Sbyn) 13.47  (8a;n)

11.73

1361  (8an) 1372 (Sbyn)
16.57 (2bym) 16.90 (2bym) 14.73

(15)
1703 (4b))CH 1728  (4by) 15.75
19.86  (3by)o 19.90  (3by) 17.45 17.5
20.52 (1bym) 20.73 (1by7) 19.1
20.68 (7ain) 20.89 (7ay) 20.4
23.57 (6ay) 23.85 (6ay) 26.5
30.94 (5a)) 30.74 (5ay) 334
38.44 (2by) 38.73 (2by) 37.0
44.53 (4a)) 44.61 (4a)) 42.0

@ Koopmans' theorem.

IV. Comparison of 4.31 and MVG Orbital Energies for
Nitromethane

The photoelectron spectrum of nitromethane has been ex-
amined by several groups using both x-ray!3 and UV tech-
niques.'®!7 Assignment of the ionization potentials to molec-
ular orbitals has been made using semiempirical calculations
as a guide, and all workers!3-17 have concluded that the two
lone pair orbitals (8a; and 5bs) are split by 3.4 eV. MVG3 have
pointed out that this magnitude for the splitting is inconsistent
with all published semiempirical calculations on nitromethane
and, on the basis of their ab initio calculation of the 8a;, 5b,
splitting (0.25 eV), have suggested that the previous assign-
ments are incorrect.

The 4.31 calculations on nitromethane (Table III) agree
with the small calcuiated 8a;, 5bs splitting (0.23 eV) found by
MVG, although the relative order of the 5b; and 8a, orbitals
is reversed. The correspondence between the remaining cal-
culated orbital energies is generally better than 0.2-0.3 eV,
while the agreement between relative differences in the ex-
perimental and calculated ionization potentials is within 1-2
eV for the eight highest molecular orbitals. The current as-
signments>13-17 of the nitromethane photoelectron spectra
would require that the calculated splitting of 8a; and 5b; lone
pair orbitals be in error by over 3 eV. This discrepancy would
seem rather large compared to the agreement between the
remaining experimental and calculated values, but is certainly
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within the realm of possibility. While a reassignment of the
spectrum based on the 4.31 or MVG calculations could be
regarded as speculative, the present results indicate that the
current assignment could stand reexamination.
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