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Abstract: The effects of basis set variation and inclusion of electron correlation in ab initio calculations of molecular electronic
structure are studied. The ground states of H;O, H;S, and BH at their experimental gas phase geometries are chosen for sys-
tematic sets of detailed computations using Slater orbital basis sets and ranging in complexity from minimum basis sets to near
Hartree-Fock with configuration interaction. Total electron density maps are obtained for each molecule, at each level of ap-
proximation, for all planes of interest, and difference density plots are calculated and discussed.

Introduction

Electron density maps have been used for many years to
visualize electron distributions in molecules.! They have con-
siderably sharpened the chemist’s intuition, since a visual
representation of electron density can yield information and
draw attention to effects otherwise not fully appreciated by
examination of a cumbersome set of numbers, such as a wave
function or a density matrix.

The most common types of distribution maps used pre-
viously are orbital wave function, orbital and total density, and
atomic and ionic difference density plots. The latter are sup-
posed to show the changes in electron distribution as atoms or
ions are brought together to form the molecular system. Al-
though these maps have contributed considerably to our un-
derstanding of chemical bonding, they have been marred by
the arbitrariness of the atomic or ionic states used. This sit-
uation arises because atoms in molecules are best viewed as
modified to some degree,? thus creating an ambiguity as to

0002-7863/78/1500-0732$01.00/0

which type of atomic density is the most relevant. Individual
orbital density plots, though also quite helpful, suffer from the
fact that the same total electron distribution can be partitioned
among orbitals in a multitude of ways, the grounds for a given
selection being convenience in the study of some chemical or
physical property.

Total electron densities, however, are directly related to
experiment, and are free from the aforementioned arbitrariness
and ambiguities. Hence, they are more relevant for a broad
general study intended to analyze the geographical properties
of the electron distribution itself, rather than a particular
molecular property which depends on it.

Theoretical electron distributions are known to be highly
sensitive to the basis set used to expand the molecular wave
functions, and in addition electron correlation makes a sec-
ond-order contribution to the ground-state one-electron density
function of a closed-shell molecule. Consideration of these two
types of dependences can aid in understanding and interpreting
many features of chemical bonding, as well as the variation of
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Table I. Coordinates“?

X y z
H,O¢ (0] 0.0 0.0 0.0
H 0.0 1.430 47 1.107 19
H 0.0 —1.43047 1.107 19
H,S4 S 0.0 0.0 0.0
H 0.0 1.809 1.740
H 0.0 -1.809 1.740
BH¢ B 0.0 0.0 0.0
H 0.0 0.0 2.336

@ Atomic units. ® Experimental geometries. ¢ Reference 4. ¢ Ref-
erence 5. ¢ Reference 6.

the numerical values of various molecular properties. There-
fore, it is surprising to find a very limited number of studies
attempting to demonstrate the basis set and correlation effects
on total electron densities for a systematically chosen hierarchy
of ab initio computations of gradually increasing complexity.
The present study is intended to help bridge this gap.

The molecules examined are H,O, H,S, and BH, their
choice having been dictated by both computational and
chemical considerations. All of these molecules are small
enough to enable detailed sequences of ab initio calculations
to be carried out. H,O contains, in the simplest way possible,
most of the interesting representative characteristics of more
complicated molecules, such as an inner shell, lone, and
bonding electron pairs. Comparison with H,S reveals the ef-
fects of going down a period, i.e., increasing the number of full
inner shells and decreasing the electronegativity of a constit-
uent atom in an isoelectronic sequence. Finally, the molecule
BH is sufficiently small to allow a study of inner shell corre-
lation effects.

For H,0, the first two basis sets used are fully optimized
isotropic (MBS) and anisotropic (AMBS) minimum basis sets.
These are followed by a double ¢ (DZ) calculation. Next, there
is an s,p-saturated (SPSAT) computation using a double ¢
inner shell, three s-type and four p-type valence shell orbitals
for oxygen, and triple { basis (1s1s2s) for hydrogen. The
augmentation of this basis set with a set of d functions on
oxygen leads to a basis set denoted P1D, and a further exten-
sion by using a set of p-type polarization functions on the hy-
drogens is referred to as the P1DP basis. Finally, a near Har-
tree-Fock (NHF) calculation is done using an SPSAT basis

Table II. Basis Sets and Total Energies for H20

set augmented by two sets of d orbitals on the oxygen and one
set of p orbitals on each of the hydrogens. This is followed by
a NHF plus valence single-double CI{VCI) calculation which
uses the configuration interaction method to treat electron
correlation. In addition, a calculation employing a polarized
double { (PDZ) basis set is carried out, with the DZ basis set
augmented by a single set of d orbitals on oxygen and a set of
p functions on each hydrogen. Even though this calculation
falls outside the logical sequence described above, it was
deemed desirable to study the difference between the PDZ and
NHF basis sets, since the PDZ bases (or their Gaussian
equivalents) are commonly used in many molecular calcula-
tions.

For H3S, a valence-shell optimized MBS calculation is
followed by DZ, and then an SPSAT computation employing
double ¢ inner shells and triple ¢ valence shells. Then, P1D,
P1DP, NHF, and NHF + VCI calculations are carried out,
each level including the same type of new feature as in the
corresponding H,O case.

Inner shell correlation effects, which are excluded from these
calculations owing to considerations of computation time, are
then studied using BH, for which a NHF (double { inner shell,
triple { plus polarization valence shells) calculation is followed
by NHF + VCI and NHF + CI computations, the latter also
including single and double excitations from the inner shell.

It should be noted that the NHF calculations reported here
are not actually the most complete possible, as higher order
spherical harmonics (f, etc.) are neglected. As a consequence,
the best variational energy to date is obtained only for H,S,
but not for H,O or BH. Nevertheless, the difference in electron
density between our NHF calculations and the actual Har-
tree-Fock limit is expected to be very small.

Computational Details

SCF-CI Calculations. The calculations were performed with
computer programs previously described.? Slater-type basis
sets and gas-phase ground state experimental geometries were
used. Tables II-1V give some computational details for H,O,
H,S, and BH, respectively, including sources for the orbital
exponent sets used.

The valence shell CI calculations, which were carried out
on all three molecules, included all single and double excita-
tions from the valence shell into unoccupied molecular orbitals
with SCF eigenvalues less than 9.0 atomic units. Previous

Level of Energy,
approximation Exponents au Ay = |E = Ej|
(1) MBS O 15(7.663 03), 2s(2.248 25), 2p(2.214 52) —-75.7032
H 1s(1.268 47) A = 0.0169
(b) AMBS~< O 15(7.663), 25(2.251), 2p.(2.198), 2p,(2.115), 2p,(2.482) —-75.7201
H 1s(1.241) Ape = 0.2850
(c) DZ? O 15(9.466 35), 15(6.837 68), 25(2.688 01), 2s(1.675 43), 2p(3.694 45), 2p(1.658 64) —76.0051
H 15(1.306), 2s(1.343) Aeg =0.0189
(d) SPSAT O 15(12.418), 15(6.995), 3s(8.681), 25(2.922), 2s(1.818), 2p(8.450), 2p(3.744), —76.0240
2p(2.121), 2p(1.318)
H 15(2.459), 15(1.325), 25(2.320)° Age = 0.0302
(e) PID Basis set (d) plus O 3d(2.122)¢ —76.0542 A = 0.0086
(f) P1DP Basis set (e) plus H 2p(1.99)¢ —76.0628  Ar = 0.0011
(g) NHF Basis set (d) plus O 3d(2.824), 3d(1.636)¢ -76.0639
H 2p(1.99) Agh = 0.2311
(h) NHF + VC! Sameas (g) -76.2950
(i) PDZ Basis set (c) plus O 3d(2.122), H 2p(1.99) —76.0499
Best previous Seeref 10 —76.3683
variational
energy

@ The exponents, wave function, and slightly different geometry used are given in ref 7. # Oxygen exponents are from ref 8. Hydrogen exponents
are from unpublished calculations by R. M. Stevens on diatomic OH with a large basis set. ¢ The hydrogen exponents are from ref 9. ¢ Un-
published work by R. M. Stevens. ¢ Estimates made in the present work.
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Table III. Basis Sets and Total Energies for H,S

Level of
approximation Exponents Energy, au Ay = |E - E)|
(a) MBS« S 15(15.5409), 2s(5.314 29), 3s(2.150 58), 2p(5.988 48), —397.7921
3p(1.868 07)
H 1s(1.173 45) Ay = 0.8667
(b) DZ? S 1s(17.0772), 15(12.6944), 25(6.728 75), 2s(5.242 84), —398.6588
38(2.662 21), 3s(1.687 71), 2p(9.512 51), 2p(5.120 50),
3p(2.337 93), 3p(1.333 31)
H 1s(1.367 50), 2s(1.502 42) Ape = 0.0042
(c) SPSAT® S same s, 2s, 2p exponents as in (b), but 3s(2.84), 3s(2.18), —398.6630
3s(1.52), 3p(2.47), 3p(1.81), 3p(1.24)
H 15(2.459), 1s(1.325), 25(2.32) Aqq = 0.0408
(d) PID Basis set (c) plus S 3d(2.141 99)4 —398.7038 Age = 0.0096
(e) PIDP Basis set (d) plus H 2p(1.99)/ —398.7134 Aer = 0.0003
(f) NHF Basis set (c) plus S 3d(2.66), 3d(1.63)¢ —398.7137
H 2p(1.99) Arg = 0.1730
(g) NHF + VCI Same as (f) —398.8867
Best previous Seeref 11 —398.6862

variational energy

@ Sulfur inner shell exponents are from ref 8. # Sulfur double { exponents are from ref 8. The hydrogen exponents are estimates giving the
best total energy among the sets of possibilities tried. < The sulfur valence shell exponents are from unpublished calculations by D. A. Dixon
and D. S, Marynick. The hydrogen exponents are identical with those used in the s,p-saturated H;O calculation. ¢ Reference 12. ¢ Estimates

made in the present work. / Reference 9.

Table IV, Basis Set and Total Energies for BH

Leve! of Energy,
approximation Exponents au Ay = |Ei = Ej
(a) NHF# B 15(7.338), 15(3.996), 2s(1.724), 2s(1.110), 3s(4.796), 2p(4.558), 2p(1.753), -25.1299
2p(0.931), 3d(1.490)
H 15(2.459), 1s(1.449), 2s(1.0205), 2p(1.952) Aup = 0.0882
(b) NHF + VCI Same as (a) —25.2181 Ay = 0.0247
(¢c) NHF + CI Same as (a) —25.2428
Best previous See ref 14 —25.2621
variational
energy

% A basis set described in ref 13 was augmented by H1s(2.459).

Table V. Contour Levels?

(a) Total density maps (b) Difference maps

10.0 0.032
1.5 0.016
0.75 0.008
0.45 0.004
0.28 0.002
0.14 0.001
0.07 —0.001
0.022 —0.002
0.0072 —0.004
0.0029 —-0.008
0.000 96% -0.016

-0.032
—-0.064
-0.128
—0.256

4 |n electrons/(atomic unit)*. # This contour level was omitted from
the BH total density plot.

calculations on ammonia suggest that exclusion of higher or-
bitals should have very little effect on the calculated CI ener-
gy.> A further calculation on BH also included all such exci-
tations involving inner shell electrons. The valence shell H,0,
H,S, and BH, and the “complete’” BH ClI calculations, all of
which were carried out with the near Hartree-Fock basis sets,
involved 4199, 4537, 775, and 1810 determinants, respec-
tively.

Plots. In order to facilitate direct visual comparison, the
same two sets of contour levels were used in all of the plots. The
values of the total electron density function were calculated
on a plane divided into a grid, with the scale chosen such that
eight points always corresponded to one atomic unit.

Table V shows the set of contour levels used in all the total
density plots, and those used for all the difference maps.

For H,0 and H;S, computations were carried out both for
the “molecular” (yz) and the “lone pair” (xz) planes (see
Table ). BH calculations were only performed in a single plane
which included the nuclei.

For each molecule, and in each of the planes considered, first
the total density map was obtained. In each case only one of
these is shown, since the differences are generally too small to
be visible to the naked eye. The difference maps were obtained
by subtracting the total densities point by point from one an-
other sequentially in each set.

Figures 1-3 show the total density maps, and Figures 4-9
display the differences calculated from them. These plots are
discussed in detail in the following section.

Discussion

H;0 and H;S. For H,0, the DZ-AMBS (Figures 4b and
5b) and DZ-MBS (Figures 4c and 5c¢) plots are very similar.
Moreover, the differences manifested in either set of maps are
much larger than any others along the sequences. This is
consistent with the fact that the largest changes in electron
density functions and most molecular properties (i.e., total
energy, see Tables 1] and I1T) are known to occur in going from
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a b
Figure 1. Total electron density maps for H,0: (a) in the molecular plane;
(b) in the “'lone pair plane™ perpendicular to the molecular plane, and
bisecting the H-O-H angle (the z axis increases from left to right). (See
Table V(a) for the contour levels.)

a minimum to a DZ basis set. The similarities between the
DZ-MBS and the DZ-AMBS plots, as well as the small dif-
ferences between the MBS and AMBS energies, suggest that
using an AMBS is probably not worth the extra computational
effort. The deficiencies of an MBS impose restrictions not
remedied adequately until the DZ level. Further evidence for
the lack of significant improvement upon going from an MBS
to an AMBS comes from the AMBS-MBS difference plots
(Figures 4a and 5a), which look quite different from the
DZ-MBS plots, especially in the molecular plane.

For both H,O and H,S (Figures 6a and 7a}, there are three
major changes which occur upon going froma MBS toa DZ
basis. First, the inner regions close to the central atom show
a net increase in electron density. Second, in the outer regions
on the side of the molecules opposite to the hydrogens, the
density also increases. Third, there is a marked decrease in
density in the bonding region.

The first two effects are apparently purely of an atomic
nature. In fact, DZ-MBS difference plots for the ground states
of atomic oxygen and sulfur {not shown) look remarkably
similar to these molecular plots in the region opposite the hy-
drogens.

The decrease of density in the bonding region is accompa-
nied by a very large decrease of density in the area “behind”
the hydrogens, i.e., in the region along the H-O axis and op-
posite the oxygen. This illustrates the fact that the MBS cal-
culation exaggerated the electron density in this region. This
excess density, being directed away from the X-H lines, creates
forces tending to pull the nuclei apart, thus lengthening the
bond. Its partial removal at the DZ level signals a shortening
of the bond length, in agreement with well-known trends.'> On
the other hand, there is a net decrease in charge density directly
between the hydrogens, in both molecules. This correlates well
with the known trend'S that an MBS tends to underestimate,
and a DZ basis tends to exaggerate bond angles.

The H,0 SPSAT-DZ plots (Figures 4d and 5d) reveal a
major change in electron density, showing that DZ still leaves
much room for improvement, even before the addition of po-
larization functions to the basis set. Some charge is again re-
moved from behind the hydrogens, and charge accumulates
principally along the bond axes. There is a small amount of
bond shortening, but the effect on the angle is more ambiguous,
Even though there seems to be a net increase of charge between
the hydrogens, angle optimizations with these basis sets show
that the SPSAT basis tends to give a slightly larger angle than
the DZ basis.

The effects displayed in the H2S SPSAT-DZ plots (Figures
6b and 7b) are much smaller than those for H>O. Thus, the DZ
basis is more successful in describing a third-row atom such
as sulfur than a second-row atom like oxygen. Such a result is
not unexpected, since the DZ basis for sulfur is made up of six
s-type and four p-type functions, all of which can contribute,
however slightly, to the description of the valence (and core)

Figure 2. Total electron density maps for H,S: (a) in the molecular plane;
(b) in the "lone pair plane” perpendicular to the molecular plane, and
bisecting the H-S-H angle (the z axis increases from left to right). (Same
contour levels as in Figure 1.)

Figure 3, Tota! electron density map for BH. (See Table V(a) for the
contour levels.)

orbitals of the appropriate symmetry. The corresponding basis
set for oxygen is clearly not as flexible, especially with regard
to p orbitals, which are of course limited to two by defini-
tion.

Introduction of d orbitals at the SCF level causes a polar-
ization effect. In the molecular plane, a major increase is seen
in the bond regions, encompassing also the entire area between
the hydrogens, both for H,O (Figure 4¢) and H,S (Figure 6c¢).
These effects lead to some bond shortening and a significant
angle closing. Later plots show that none of the more elaborate
calculations introduces an appreciable effect of this kind in
either direction on the bond angle. This is consistent with the
common tendency'? of bond angles in XH, molecules to ap-
proach closely to the NHF (and experimental) values when
the first set of heavy atom polarization function is introduced.
Electron density is removed from the heavy atom “lone pair”
region, and from behind the hydrogens. The “lone pair” plane
plots for H,O (Figure Se) and H»S (Figure 4c) also verify the
redistribution of electrons from the *“lone pair” to the bonding
region. This effect is slightly weaker and more complicated for
H.S.

It is very interesting to compare the SPSAT-DZ and
SPID-SPSAT plots for H,O. Careful examination reveals
that, for H,O, electron redistribution upon proceeding from
a DZ to an SPSAT basis is nearly as large as that resulting
from the addition of a polarization function to the central atom,
This clearly emphasizes the necessity of providing an adequate
s,p basis before adding polarization functions. We shall return
to this point later.

Hydrogen p orbitals strongly polarize the electron distri-
bution around the hydrogens in the bond directions, both for
H,O (Figures 4f and 5f) and for H,S (Figures 6d and 7d). In
addition to this bond shortening effect, the density in the
oxygen “lone pair” region increases appreciably in H;0.

Introduction of a second set of d orbitals in H,O (Figures
4g and 5g) increases the electron density in the bond regions
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Figure 4. Electron density difference plots for H,O in the molecular plane. (See Table 11 for the terminology used.) (a) AMBS-MBS, (b) DZ-AMBS,
(c) DZ-MBS, (d) SPSAT-DZ. (e) PID-SPSAT, (f) PIDP-PID, (g) NHF-PIDP, (h) (NHF + VCI)-NHF, (i) NHF-MBS, (j) (NHF +
VCI1)-MBS. (See Table V(b) for the contour levels.)

h i ]
Figure 5. Electron density difference plots for H,O in the “lone pair plane” perpendicular to the molecular plane and bisecting the H-O-H angle. (The
z axis increases from left toright.) (a) AMBS-MBS, (b) DZ-AMBS, (¢) DZ-MBS, (d) SPSAT-DZ, (e) PID-SPSAT. (f) PIDP-PID, (g) NHF-PIDP,
(h) (NHF + VCI)-NHF, (i) NHF-MBS, (j) (NHF + VC1)-MBS. (Same contour levels as in Figure 4.)

appreciably, as well as removing some more charge from be- molecules, those in H>O being slightly more pronounced,
hind the hydrogens. For H,S (Figures 6¢ and 7¢) the effects  especially in the “lone pair” plane. The second set still produced
of introducing this extra set of d orbitals are far less clear,and  clearly understandable changes in H,O, whereas the effects
much smaller. This sheds an interesting light on the role of d in H,S were much smaller. Although the sulfur is not in a state
orbitals. The first set had almost the same effect on both  of abnormally high valence (greater than four), it is certainly
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Figure 6. Electron deunsity difference plots for H,S in the molecular plane. :h.

(See Table 111 for the terminology used.) (a) DZ-MBS, (b) SPSAT-DZ,
(¢c) PID-SPSAT, (d) PIDP-PID, (e) NHF-PIDP, (f) (NHF +
VCI)-NHF, (g) NHF-MBS, (h) (NHF + VCI1)-MBS. (Same contour
levels as in Figure 4.)

surprising that, using the criterion of degree of electron re-
distribution, d orbital effects appear to be as large or even
greater in H,O as compared to H,S.

In Figures 4h and 5h, the H,O (NHF + VCI)-NHF dif-
ference densities show charge being transferred from the bond
and ““lone pair” regions mainly to the area behind the hydro-
gens. In addition, some extra charge is transferred close to the
oxygen nucleus. Figure 4h is similar in all respects to an H,O
(NHF + CI)-NHF difference density plot recently obtained
using a Gaussian basis set with the CI including all single and
double excitations.'®

The corresponding plots for H,S (Figures 6f and 7f) also
display charge being removed both from the bond and the “lone
pair” regions. This electron density is transferred into the areas
behind the hydrogens, into those directly away from the S-H
bond axes behind sulfur, and to a lesser extent along the bi-
sector of the bond angle in front of the sulfur. These transfers
clearly correspond to charge transfer from all major elec-
tron-rich regions into all electron-poor ones. In fact, these ef-
fects are clearer for H»S than for H>O.

For both molecules, removal of electron density from the
bond regions and into the regions behind the hydrogens indi-
cates a bond-lengthening effect. This is in contrast to the basis
set variations, where each further augmentation brought a
further bond shortening, even if minute.

The major differences between the (NHF + VCI)-NHF
plots for H,O and H;S are in the regions around the central
atom. Plots of the various pseudonatural orbitals (PSNOs) for

Figure 7. Electron density difference plots for H5S in the “lone pair plane”
perpendicular to the molecular plane and bisecting the H-S-H angle. (The
z axis increases from left to right.) (a) DZ-MBS, (b) SPSAT-DZ, (¢)
PID-SPSAT, (d) PIDP-PID. (e) NHF-PIDP, (f) (NHF + VCI)-NHF,
(g) NHF-MBS, (h) (NHF + VC1)-MBS. (Same contour levels as in
Figure 4.)

H,0 and H,S (not shown) demonstrate that three PSNOs
contribute strongly to this region: the 3b; (population 0.0326
e), 6a; (population 0.0268 ¢), and 1a; (population 0.0164 ¢).
The populations of the corresponding PSNOs in H;O are
0.0229, 0.0213, and 0.0058, respectively. In the molecular
plane the differences between the (NHF + VCI)-NHF maps
for H>O and H,S are directly related to differences in the b,
PSNOs mentioned above. The H,S 3b; PSNO is substantially
more diffuse and populated to a greater extent that the cor-
responding 2b; PSNO of H,O. In the perpendicular plane,
however, the differences are dominated by differences between
the 6a, and 4a; PSNOs of H,S and HO, respectively. It is
interesting that the a; PSNOs, which are dominated by the
central atom d orbitals, contribute little to the difference in
charge redistribution observed for these two molecules in the
planes we have examined.

If the percent redistribution of electron density p upon in-
clusion of VCI is defined as

_ 100]p(NHF + VCI) = p(NHF)]

%
0 o(NHF + VCI)
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Figure 8. NHF-PDZ density difference plots for H>O: (a) in the molecular
plane: (b) in the “lone pair plane” perpendicular to the molecular plane
and bisecting the H-O-H angle (the z axis increases from left to right).
(Same contour levels as in Figure 4.)

then the maximum percent redistributions for H,O and H,S
in the valence region are 2.14 and 4.45%, respectively. How-
ever, the average values are far smaller.

Both for H,O and H,S, in each plane, the NHF-MBS and
(NHF + VCI)-MBS plots look nearly identical, illustrating
that the effects of introducing electron correlation are much
smaller than those of varying the basis set from MBS and
NHF. In fact, they are quite similar to the DZ-MBS plots
especially in the “lone pair” regions. This is not surprising ei-
ther, since, as stated before, by far the largest rearrangement
of the electron distribution occurs in going from MBS to
DZ.

The (NHF + VCI)-MBS plots represent the culmination
of all the changes sequentially made. For H,O (Figures 4j and
5j), they show a net increase of electron density in the bonding
region and at the highly electronegative oxygen, and a decrease
at the hydrogens. For H,S (Figures 6h and 7h), much the same
effects can be seen. A major difference for H,S is that in the
molecular plane, the excess electron density in the bonding
region is quite evently distributed in an almost triangular re-
gion defined by the atomic positions.

Figures 8a and 8b display the NHF-PDZ difference plots
for H,O in both planes of interest. These plots are included
separately, both because they are outside the logical hierarchy
of calculations described above, and because they illustrate
what we feel is an important point—that the commonly used
PDZ basis set yields densities substantially different from the
NHF basis. Comparison of these plots with the SPSAT-DZ
plots for H,O immediately shows that the major deficiency in
the PDZ basis is in the lack of s,p saturation—a deficiency
which is not made up for by adding polarization functions. This
situation is not as serious for H»S, because, as stated before,
the DZ basis seems to be substantially closer to the s,p-satu-
rated limit for third-row atoms.

BH. The validity of the interpretation of the results of many
studies in electron correlation, including this one, depends on
the neglect of inner shell correlation, including this one, de-
pends on the neglect of inner shell correlation effects. Thus,
it is desirable to study the consequences of this omission for a
small molecle (BH).

Figure 9a demonstrates the (NHF + CI)-(NHF + VCI)
difference map for BH, and immediately vindicates the neglect
of inner shell correlation, at least in this simple molecule. The
differences observed are extremely small. Furthermore, they
have essentially no effect in the valence region, as they are
immediately around the boron nucleus. Some electron density
moves away from the inner shell, most of it going into an area
directly along the B-H axis and opposite the hydrogen.

Figure 9b, which shows the (NHF + CI)-NHF plot, is also
quite interesting. This plot at first seems anomalous. The ex-
pected expansion effect is found at the hydrogen end, where
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Figure 9. Electron density difference plots for BH. (See Table 4 for the
terminology used.) (a) (NHF + Cl)-(NHF + VCl). (b) (NHF +
Cl)-NHF. (Same contour levels as in Figure 4.)

electrons accumulate behind the hydrogen—the usual CI bond
lengthening effect, but at the boron end, a considerable density
has shifted into the bond region. However, this apparent
anomaly is easily resolved: At the SCF level, the three occupied
MO:s are all of ¢ symmetry. But there are several low-lying
virtual = orbitals with predominant boron 2p, character. An
examination of the nine most important excitations entering
into the CI calculation reveals six of them to be of the type kolo
— mmnw, with a final = population of about 0.11 electrons.
These excitations are responsible for the increase in density
around the boron and perpendicular to the bond axis.

A calculation of the maximum electron density change in
the valence region due to inclusion of CI gives 5.86%. As in the
cases of H,O and H>S, the average percentage redistribution
is substantially smaller than this.

Conclusions

The analysis above is mostly qualitative. It could be made
more quantitative by, for example, calculating the electron
density “flows” into and out of various regions via numerical
integration. However, such a detailed analysis is outside the
scope of this work, whose main purpose is to contribute to the
more intuitive understanding of basis sets and electron corre-
lation effects within the framework of SCF and SCF-CI
theories.

Even though the calculations are limited to three molecules,
they are sufficiently detailed to show how visual representa-
tions of electron densities can aid in understanding many trends
in calculated molecular properties. For instance, it is relatively
straightforward in most cases to predict bond length and angle
trends as a function of basis set and electron correlation by
simply examining the difference plots in the molecular plane.
Also, it is easy to see from these plots why going from an MBS
to a DZ basis produces such large changes in calculated mo-
lecular properties, and why, if we can extrapolate our results
from BH to other molecules, neglect of inner shell correlation
is an excellent approximation for most molecular properties
(the most notable exception being the total energy).

In addition, the present calculations draw attention to sev-
eral points which have often been misunderstood or gone un-
noticed. Among these, we may mention: (1) the fact thata DZ
basis might be quite different from an SPSAT basis, especially
for a second row atom, (2) the demonstration that significant
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electron redistribution can occur upon going from a PDZ to
a NHF basis, and (3) the fact that, for these molecules, d
functions seem to be equally important for a description of the
density, even though one of the molecules contains a third row
atom.

It should be emphasized that the basis set and electron
correlation effects described here are very small compared to
the total densities themselves. But the necessity to use adequate
basis sets and to include electron correlation to describe many
molecular properties correctly is well known, This draws our
attention once more to the fact that it is indeed by examining
such minute variations of electron distributions that a deeper
understanding of chemical bonding is to be reached. Such a
circumstance is to be expected, since chemical bonding is a
distinctly quantum mechanical phenomenon, arising from a
delicate balance of small energy shifts and minute electronic
rearrangements.
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Abstract: Configuration interaction (C1) calculations which include all single and double excitations have been performed for
the 3B and 'A states of methylene. The basis sets used were of better than triple-{ quality and included two sets of polariza-
tion functions. The separation is computed to be 10.6 kcal/mol. A trend is shown to exist from the carbon atom through CH
to CHy, which suggests that the actual splitting is less than 10 kcal/mol. This is in disagreement with the interpretation of the
latest experimental data, but agrees with earlier experimental work.

I. Introduction

In recent years, there have been a large number of experi-
ments and calculations to determine the singlet-triplet (' A,
— 3B)) separation for methylene, CH,. Until recently, there
have been two distinct sets of experimental values for this
quantity. The high values?-? cluster around 7-8 kcal/mol (with
the triplet being the ground state), and the lower set®® report
0-3 kcal/mol. The best configuration interaction (CI) results’
to date have computed the separation to be 14.1 kcal/mol.
Other recent calculations'%!3 have also supported the “high”
value for the singlet-triplet separation. (An excellent review
of earlier work has been given by Harrison.!%)

Very recently, new experimental work by Zittel et al.,'®
based on laser photodetachment spectrometry of CH;™, has
produced a separation of 19.5 £ 0.7 kcal/mol. Unlike previous
experiments, this experiment does not rely on any thermo-
chemical data, but its interpretation depends on the identifi-
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cation and assignment of a peak in the photoelectron spectrum
of CH;~ which is 300 times less intense than the principal
peak.

Since the best existing theoretical estimate (14.1) lies be-
tween the approximately 8 kcal/mol of the previous *“high”
value and the 19.5 £ 0.7 kcal/mol of Zittel et al., it is unable
to help resolve this difference. For this reason, a new series of
high-accuracy ab initio calculations were performed on
CHo..

II. Theoretical Approach

The previous theoretical work (see, e.g., ref 9 and 16) indi-
cates that the triplet state is well described by a single config-
uration

la;22a,21by23a,'1b)' (®By)

The singlet state has been found to have two important con-
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