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Abstract: The standard deformation density, molecular density minus spherical atom densities, may have features, such as
density deficits or weak density accumulations in covalent bonds that seem inconsistent with conventional chemical theory.
The interpretation of these unexpected features has been controversial. Using ab initio molecular orbital methods, we are
able to reproduce all of the major features in the experimental contour maps of the standard deformation density for
1,2,7 8-tetraaza-4,5,10,11-tetraoxatricyclo[6.4.1.1]tetradecane by Dunitz and Seiler (J. Am. Chem. Soc. 1983, 105, 7057-7058).
In particular, maps for the O—O bond show an electron density deficit throughout the internuclear region, and density accumulations
at each O in the 7 regions perpendicular to the O-O bond axis. Our analysis shows that these unexpected features arise because
spherical atoms rather than valence-state atoms are substracted from the total density to form the deformation density. If
one views bond formation in two steps, atom preparation and then bond formation, one easily sees the origin of the unexpected
features in the standard deformation density. The density difference due to atom preparation (orientation of components of
spherical O atom, and then promotion, polarization, and hybridization of all the atoms) is seen by subtraction of the electron
densities of spherical atoms from that of optimally hybridized valence-state atoms. The density difference due to covalent
bond formation (constructive interferences and charge transfer) is revealed by subtraction of the electron densities of optimally
hybridized valence-state atoms from that of the molecule. The latter is dominated by a sum of two-electron bonding density
differences, each of which can be isolated. For the O-O bond these reveal not only the strong accumulation of charge in the
internuclear region but also the concomitant depletion of charge in the nonbonding regions which together are the signature
of the covalent bond. The unexpected features arise from the O atoms preparation for bonding: orientation, promotion, and
hybridization. Thus, we have used the concept of a valence-state atom to produce a useful partitioning scheme which reveals
features related to chemical concepts that are not visible in the total density or in the standard deformation density and which
has the potential to indicate the relative strength of various bonds.

Presently, considerable attention is being paid to studies of the
electron density distribution, p(#), in molecules. It is an observable
that can be measured by experiment and predicted by theory.!
Part of the interest arises from the promise, given by the theorem
of Hohenberg and Kohn,? of the existence of a direct relationship
between the electron density and the energy of the ground-state
molecule. With improved experimental design, there is hope of
obtaining essential chemical information directly from the charge
distribution which is not available from other experimental
methods. Most X-ray diffraction studies present what is called
the standard deformation density, Ap(r), which is defined as the
molecular electron density minus the electron density of the
promolecule® made up of the superposition of isolated, neutral,
spherically averaged, ground-state atoms.

Recently, the X-ray crystal structure**™ and the standard de-
formation density* of 1,2,7,8-tetraaza-4,5,10,11-tetraoxatricy-
clo[6.4.1.1]tetradecane have been reported by Dunitz and Seiler.
They were interested in the characterization of the electron density
in polar and nonpolar covalent bonds*® and in correlating the
density accumulations in the standard deformation density with
the relative strengths of different kinds of covalent bonds and
different kinds of lone pairs, in the same molecule. However, many
features appear to be inconsistent with such a simple interpretation.
For example, density deficits were found for the O-O bond and
only weak density accumulations were found for the N-N, C-N,
and C-0 bonds.* Numerous other experimental and theoretical
studies*!! have reported standard deformation density maps which
show density deficits or weak density accumulations at or near
positions where “bonding density” peaks were expected between
formally covalently bonded atoms. For example, electron density
deficits are found in the experimental and theoretical maps of the
O-0 bond in H,0,%" and theoretical maps of the F-F bond in
F,7 Weak electron density accumulations were found in the
bonding regions in experimental maps for C-N,! N-N,1° C-0Q,°
N-O,!'! and C-F># bonds of various other organic molecules.

*Presented at 13th Congress and General Assembly of the International
Union of Crystallography, Aug 9-18, 1984, Hamburg, FDR.
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Dunitz and Seiler concluded that “accumulation of charge
(bonding density) in the internuclear region as occurs in the
hydrogen molecule may not be characteristic of covalent bonds
in general.”

There is a continuing controversy over the origin of covalent
bonding.*'2"17 The prototypes for the covalent bond are the bonds
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of the hydrogen molecule and hydrogen molecule ions,'2!® where
the buildup of electron density in the bonding region between the
nuclei and the depletion in the nonbonding region are the signature
of covalent bonding. However, the results of sophisticated the-
oretical calculations using atomic reference densities had lead
Bader et al.1>17 and Hirshfeld and Rzotkiewicz® to stress the
atypical nature of the hydrogen molecule and its unsuitability for
a general discussion of the covalent bond.

Hirshfeld and Rzotkiewicz® found for the first-row diatomics
that only the hydrogen molecule is stable with respect to the
spherical atom promolecule and that the accumulation in the &
regions at the atoms perpendicular to the bond axis seemed more
important for bonding between electronegative atoms for which
the valence shells are more than half-filled, They postulated that
the charge deficit in the bond region between electron-rich atoms
can be attributed to the exclusion principle working against buildup
in that region. Using a promolecule of properly oriented
ground-state atoms, Bader et al.'>"'7 found that, except for Li,,
the first-row diatomics did not fit the simple picture, but showed
density accumulation in the antibinding regions which is com-
parable to, and in the case of F, exceeding, that in the binding
region. H, and H,*, of course, do not exhibit a separate and
significant increase in density in their antibonding region because
no lone pairs are present. In addition, Feinberg and Ruedenberg
showed that, in H,*, bonding electron density is insufficient by
itself to give binding.!* Recently, Bader and co-workers have
analyzed the total density directly by examining the Laplacian
of the density.'® However, for F, the Laplacian does not reveal
the covalent bond.181?

Using F, as the simplest example, we recently showed why the
accumulation of density in the standard deformation density of
covalent bonds between electronegative atoms may appear weak
or absent.?® We demonstrated that the standard deformation
density involving atoms with nearly filled valence shells is dom-
inated by orientation of the components of the ground-state atom.
Concurrently, Schwarz, Valtazanos, and Ruedenberg?' published
an extensive study of theoretical deformation densities for several
diatomic molecules as functions of internuclear distance. They
studied the effective valence potential and the decomposition of
difference densities into bonding and nonbonding contributions.
Also, Hirshfeld has also recently used the stockholder decompo-
sition to define nonspherical atomic orbital fragments.? In our
analysis of F, we also used a valence-state atom to produce a
partitioning scheme which reveals not only the strong accumulation
of charge in the internuclear region but also the concomitant
depletion of charge in the nonbonding regions, which together are
the signature of the covalent bond.

In this paper, we apply our analysis to the standard deformation
density for 1,2,7,8-tetraaza-4,5,10,11-tetraoxatricyclo[6.4.1.1]-
tetradecane to explicate the unexpected features in this more
complicated molecule. The calculation was performed on the full
molecule in order to leave the substituent effects, long-range
through-bond interactions, ring strain effects, and steric and
electronic factors intact. Using the concept of a valence-state atom,
we partition our theoretical deformation density into two elec-
tron-density differences so that one sees the origin of all of the
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Figure 1. Geometry of 1,2,7,8-tetraaza-4,5,10,11-tetraoxatricyclo-
[6.4.1.1]tetradecane generated from the supplemental material of atomic
coordinates and unit cell parameters from the X-ray crystal structure
reported by Dunitz and Seiler.** The atoms are arbitrary sizes. The
molecule has only a center of inversion. The C-O-O-C dihedral angle
is 100° and the X-N-X bond angles are approximately 115°.

unexpected features. Lastly, we address the subject of whether
the standard deformation density and/or our partitioning schemes
have the potential to indicate the relative strength of various bonds.

Computational Procedure

The molecular and atomic orbitals were generated by ab initio cal-
culations using as basis functions the standard Dunning double-{ [4s2p]
contraction®® of the Huzinaga (9s5p) primitive Gaussian basis.2*® Or-
bitals for the molecule were generated by calculations at the single-de-
terminant Hartree—Fock-Roothaan (HFR) level.®*  Gross atomic
charges were calculated from total atomic orbital Mulliken populations.
The canonical HFR molecular valence orbitals, which are delocalized
over the entire molecule, were localized using Boys’ criteria®® to generate
orbitals for the individual bonding orbital densities and lone-pair orbital
densities. The localization of the molecular orbitals is an orthonormal
transformation and does not change the total energy or the total electron
density distribution. The atomic hybridization,? atomic orbital popu-
lations, and overlap populations of each LMO were evaluated.

Atomic orbitals were generated by calculations in the same basis at
the symmetry equivalenced restricted Hartree-Fock-Roothaan
(SERHF) level.?” Hybrid valence atomic orbitals for each atom were
generated from the localized molecular orbitals (LMO) by truncation of
the functions on the other atom.2®  Atomic core orbitals and hybrid
atomic valence orbitals were then renormalized and symmetrically or-
thogonalized using the Lowdin procedure.?® The energy of the resulting
hybrid atom was determined. All of the above were performed with the
ATMOL3 system of programs.*

The various wave functions with the appropriate electron occupation
numbers were used in the program MOPLOT?! to generate total electron
density maps and bonding orbital and lone-pair orbital electron density
maps for the molecule and for the atoms. All the occupied molecular
orbitals contain two electrons. For the spherical atoms, the 2p,, 2p,, and
2p, orbitals for the O, N, and C atoms are occupied by 4/3 electron, 1
electron, and 2/3 electron, respectively. For the hybrid atoms, the atomic
hybrid orbitals used for bonding are singly occupied and the lone-pair
atomic hybrid orbitals doubly occupied. Density difference maps were
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generated by subtraction of one total map from another. The isolated
individual orbital density difference maps were generated by subtraction
of the atomic orbital density map from the molecular orbital density map.
All of the above calculations were performed on the Texas A&M
University Chemistry Department VAX 11/780 computer.

Maps with contours of constant density difference were plotted on a
Xerox 9700 Electronic Printing System with the graphics package called
Electronic Printer Image Construction (EPIC) using the program con-
TOUR*? on the Texas A &M University Amdahl 470V/7 and V/8 com-
puters. In the contour line diagrams, solid lines represent positive density
difference and dashed lines represent negative difference. The smallest
positive and negative contours are +0.075 electron A~ and adjacent
contours of the same sign differ by an increment of 0.075 electron A
in all maps.

Geometry

The geometry of this centrosymmetric molecule is shown in
Figure 1 and was calculated directly from the atomic coordinates
of the X-ray crystal structure reported by Dunitz and Seiler.*?
C-H bonds are typically 1.08 to 1.10 A; Dunitz and Seiler dis-
placed the H from their refined positions along the appropriate
C-H directions to a C-H distance of 1.08 A. The central tet-
raazacyclohexane ring has the chair conformation with the N
lone-pair directions equatorial. Note that the C—O-O~C dihedral
angle is 100°, similar to that of 102° in peroxide which would
not be possible with a six-membered ring. The C3-N1-C1-01
dihedral angle is 58°, while the C3-N2-C2-02 dihedral angle
is 14.5°. Thus, the lone-pair direction at N1 is antiperiplanar
to the C1-0O1 bond while the lone-pair direction at N2 is anticlinal
to the C2-02 bond. There is a slight difference between the
N1-CI and N2-C2 bond lengths and between the O1-C1 and
02—C2 bond lengths. The X-N-X bond angles are approximately
115°,

Molecular Orbital Analysis of the Electronic Structure and
Bonding

The optimum hybridization of an atom in a molecule has an
intrinsic existence which depends on the number of electrons in
the valence shell and on the energy difference between the 2s and
2p orbitals.?® This competes with the Pauli exclusion principle
which always favors canonical sp* hybrids for atoms such as C,
N, and 0.* When hybridization mixes 2s character into a singly
occupied 2p o-bonding orbital, the doubly occupied 2s loses
electron density and the 2p o-bonding orbital gains electron density
in order to move the doubly-occupied, nonbonding 2s out of the
bonding region. Since it is more stable to doubly occupy the
predominantly 2s hybrid than the predominately 2p hybrid, the
mainly 2s lone-pair hybrid points away from the bond center and
contains two electrons, while the mainly 2pe bonding hybrid points
toward the bond center and contains only one electron. Thus, as
two atoms bond, hybridization reduces but does not eliminate
nonbonded repulsions of the lone pairs.

Since the average difference in energy of the 2s and 2p orbitals?
and the number of valence electrons vary with the atom, the degree
of intrinsic hybridization varies with the different atoms. Thus
in the absence of additional forces, there is more hybridization
in C than in N and more in N than in O, consistent with the 2s-2p
promotion energies. Since the promotion energy is relatively large
for the O atom,*® the degree of intrinsic hybridization is small.

The degree that ring strain modifies the intrinsic hybridization
depends on the 2s-2p promotion energies. The O—O dihedral angle
of 100° in this molecule is close to that of 102° in peroxide because
it depends predominantly on the intrinsic hybridization of the O
atom. Our analysis of the hybridization of the LMO’s based on
population analysis shows the O hybrid orbitals in the O-O and
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C-0 bonds to have more 2p (sp*? and sp?’, respectively) than
the lone-pair orbitals (sp!®). However, the N lone pair is hy-
bridized with more 2p character than the bonding atomic orbitals
on N. Our analysis of the LMQO’s shows the N bonding atomic
orbital in the N-N bond to have sp?!, that in the C-N bonds to
have sp'*, and the N lone-pair hybrid orbital to have sp*®. Thus,
the modification of hybridization due to strain has occurred at
N (X-N-X angles approximately 115°) instead of O since it is
easier to promote N than O. Not unexpectedly our analysis of
the LMO’s shows the C hybrid orbitals to be equally hybridized
for all four bonds, but as is typical of this analysis they appear
to have a hybridization closer to sp? than the ideal sp°.

Comparison of Computational and Experimental Aspects of
Standard Deformation Density Determinations

There have been many studies comparing theoretical and ex-
perimental electron density distributions in order to check the
reliability of both approaches.”*™*" Previous findings showed
that the basis set error in theoretical molecular electron density
distributions is pronounced and, especially, that the addition of
polarization functions results in a small change in energy of the
molecule, but a large change in electron density.”?%* In general,
the basis set used for this calculation will be responsible for
under-estimating the electron density in the bonding regions and
overestimating it in the lone-pair regions. The addition of electron
correlation (CI) would result in a large change in the energy of
the molecule, but only a small change in the electron density near
the internuclear region.”3®20 Although calculations in larger basis
sets or including CI may modify the actual magnitude of the
density features, they'should not alter the qualitative aspects, which
we emphasis here. Although there is a possibility of systematic
error due to the details of the experiment and refinement pro-
cedure,5* a carefully done study of a light-atom, centrosymmeteric
structure such as that of Dunitz and Seiler should be fairly reliable.
However, it will differ from the usual theoretical density because
of thermal motion. In order to directly and quantitatively compare
experimental and theoretical electron density distributions, one
would take into account the effect of this thermal smearing of
the experimental density by incorporation of it into the theoretical
maps or by the production of static experimental maps.**-? Since
correction of the static theoretical maps for thermal motion leaves
the main features of the maps unchanged and simply reduces the
height of the peaks and broadens troughs throughout the maps,
we will simply use our static maps in this qualitative comparison.

Standard Deformation Density

Subtraction of the superposition of spherically averaged atomic
densities from the molecular density results in the theoretical
standard deformation density for 1,2,7,8-tetraaza-4,5,10,11-tet-
raoxatricyclo[6.4.1.1]tetradecane, for which contour maps of
several planes through it are shown in Figure 2. The corre-
sponding experimental maps of Dunitz and Seiler* are reproduced
in Figure 3. The qualitative agreement is excellent. All of the
unexpected features are seen in both maps.
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Figure 2. Contour plots of several planes through the theoretical standard
deformation density, molecular density minus density of spherically av-
eraged atoms. The planes are as follows: (a) through Cl1, N1, and C3;
(b) through C2, N2, and C3; (c) through N2/, N1, and the midpoint of
C1 and C3; (d) through N1/, N2, and the midpoint of C2 and C3; (e)
containing 02, O1, and CI; (f) containing Ol, O2, and C2; (g) per-
pendicular to (e) and passes through O1 and the midpoint of O2 and Cl;
and (h) perpendicular to (f) and passes through O2 and the midpoint of
Ol and C2. For all plots in this paper, positive contours are solid,
negative contours are dashed, and the zero contour is omitted. Adjacent
contours differ by an increment of 0.075 electron A=, The smallest
contour is £0.075 electron A~

C-N Single Bonds. Only weak bonding density accumulations
are found at the centers of the C—N covalent single bonds (plane
a through C1, N1, and C3, and plane b through C2, N2, and C3).
There is a trough of density deficit in the interatomic regions near
the N nucleus. In our theoretical maps there is accumulation
around the carbon, which is not seen in the experimental maps,
perhaps, because it is close to the nucleus. This pattern of gain
of density around the carbon and loss of density around the ni-
trogen is opposite in direction to that of the charge transfer which
is expected based on electronegativity arguments.

N-N Single Bond and N Lone Pair. The standard deformation
density of the N-N single bonds are shown in plane ¢ through
N2/, N1, and the midpoint of C1 and C3, and plane d through
N1/, N2, and the midpoint of C2 and C3. It is mostly negative
in the internuclear region with a very weak accumulation of charge
in the center with deep troughs of density deficit nearer the nuclei.
This density pattern is typical of standard deformation densities
of N-N single bonds.!® On N1 in map c and N2 in map d is seen
significant buildup of electron density, which peaks at about 0.4
A on one side of the N perpendicular to the N-N bond, with a
secondary lobe opposite it. The centroid of the LMO representing
this lone pair is 0.35 A from the nucleus. Dunitz and Seiler
correctly interpret the main peak to be the approximately tetra-
hedrally oriented N lone pair. The second lobe is not typical of
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Figure 3. Reproduction of contour maps of same planes as in Figure 2
from Dunitz and Seiler’s experimental standard deformation density.
The planes and contour intervals are the same as in Figure 2.

standard deformation densities of N lone pairs.63

C-0 and O-O Single Bonds. Maps for the C—O and O-O single
bonds are in plane e containing O2, O1, and C1, and plane f
containing O1, O2, and C2. For the O-O bond the maps show
an electron density deficit along the bond axis throughout the
internuclear bonding region and beyond the nuclear centers with
deep troughs near the atoms and a more shallow deficit in the
center. In this plane, which bisects the lone pairs, we also see
density buildup at each O atom in the = regions perpendicular
to the O-O bond axis. This is typical of standard deformation
densities of O-O bonds.®” For the C-O bonds only weak bonding
density accumulations are found in the centers of the bonds with
troughs of density deficit in the interatomic regions near the O
nuclei. In our theoretical maps there is accumulation near the
carbon in these C-O bonds but, again, not in the experimental
maps, possibly due to factors mentioned above for the C-IN bonds.
Again, this pattern of gain of density around the carbon and loss
of density around the oxygen is opposite in direction to the expected
charge transfer, but is typical of standard deformation densities
of C-O bonds.’

O Lone Pairs. The map in plane g is perpendicular to plane
e and passes through O1 and the midpoint of O2 and C1. The
map in plane h is perpendicular to plane f and passes through O2
and the midpoint of O1 and C2. These maps show strong bilobed
accumulations of density which peak at about 0.4 A from the O
atoms and make an angle of about 120-130°. The LMO centroids
for these lone pairs occur at 0.32 A. Dunitz and Seiler correctly
interpret these to be approximately tetrahedrally oriented O lone
pairs. These are typical of the O lone pairs in peroxides.®’

Thus, the accumulation of density in the various bonds is less
than that in the O and N lone-pair peaks and decreases in the
order C-N > C~O > N-N > O-0O. The weak bonding density

(53) Irngartinger, M. In ref 1, Chapter 5.5.



Charge Density in Certain Covalent Bonds

accumulations and deficits and some patterns of gain and loss of
density seem at variance with our intuition. The strong resem-
blance of the experimental and theoretical deformation density
in these covalent bonds suggests that the problem lies with our
intuition. Although the analysis of electron difference densities
based on a promolecule of spherical atoms is experimentally quite
appealing, it may not be the most appropriate reference density
for a discussion of the bonding. The unexpected features are
explicable, as we will show.

Analysis of Standard Deformation Density

Spherical C Atom. Each spherical 2s22p? C atom is a linear
combination of all components of the spectroscopic *P ground state
of the atom, each of which has two singly occupied 2p orbitals.
Thus the 2p,, 2p,, and 2p, orbitals are, on the average, each
occupied by 2/3 electron. The promoted 2s!2p* °S state atom is
spherical and has the same density as the canonical sp® hybrid
atom, and it differs little in density from that of the spherically
averaged P ground state since the maxima in the radial distri-
butions of the electron density of the 2s and 2p orbitals occur at
about the same distance from the nucleus and the hybrids are
equally occupied. Apparently the use of spherical °P ground-state
C atoms has not led to an interpretation problem. However, a
closer look at the radial distribution of the electron density of the
orbitals shows that the 2p, which is less than singly occupied in
the spherical atom, dominates at distances closer to the nucleus
where the doubly occupied 2s has a node. As can be seen in Figure
2a-d, use of the ground-state C atom in the promolecule results
in an accumulation of density seen around the C atom in the C-O
and C-N bonds. Thus, these features in the standard deformation
density of the C—O and C-N bonds result, in part, from promotion
of the C atom.

Spherical N Atom. Since the spherical ground-state 2s?2p* N
atom is the only component of the spectroscopic S ground state,
atomic orientation is ordinarily not a major problem. However,
in forming bonds the N atom hybridizes, which moves the doubly
occupied lone pair away from the bonding region and results in
atomic hybrids which are unequally occupied, i.e., singly occupied
bonding hybrids and doubly occupied lone pair hybrids. Thus,
the N-N and C-N bonds appear weak because of the subtraction
of the density of the doubly occupied N 2s atomic orbitals from
the density of the two-electron bonding molecular orbitals. This
removal of electron density causes pronounced troughs near the
N atoms in the N-N bonds and in the C-N bonds. Likewise,
fewer electrons are removed from the doubly occupied N lone-pair
molecular orbital, due to the subtraction of singly occupied 2p
atomic orbitals. This results in a standard deformation density
with density excess for the lone pair. Thus, the loss of density
near the N and accumulation near the C in the C-N bonds are
not due to electronegativity differences. The deformation density
around N appears somewhat different from other N atoms because
of the strain, which results in more 2p character and less 2s
character in the lone pair than is usual. The density for the lone
pair appears as a main peak with a secondary lobe on the other
side. Thus, the features in the N-N and C-N bonds include
promotion of both N and C and N lone-pair density from po-
larization and hybridization.

Spherical O Atom. Each spherical ground-state 2s?2p* O atom
is a linear combination of all components of the spectroscopic P
ground state of the atom, each of which has one doubly occupied
and two singly occupied 2p orbitals. Thus, the 2p,, 2p,, and 2p,
orbitals are, on the average, each occupied by 4/3 electron.
Although one component has the same energy as the other com-
ponents, inclusion of all components in the spherical atom also
includes those components that would contribute predominantly
to antibonding excited states of the molecule. Although it is a
convenient reference density, it is not appropriate for a discussion
of the bonding, since atomic bonding orbitals must be singly
occupied for the pairing of electrons to occur during covalent
bonding. For the C-O bond this results in only a weak density
buildup. For the O-O bond this more than compensates for the
constructive interference, resulting in a negative deformation
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density. Since the mostly 2pc O-O bonding molecular orbital
extends beyond the nuclei along the bond axis, subtraction of the
more than singly occupied atomic 2p orbitals results in a negative
deformation density there also. Compared to the doubly occupied
O lone-pair molecular orbitals, fewer electrons are removed via
the less than doubly occupied 2p atomic orbitals, resulting in excess
density accumulations in the lone-pair regions in Figure 2g,h and
density accumulations at each O atom perpendicular to the O-O
bond axis in Figure 2e,f.

Hybrid-Atom Deformation Density

Since the changes in the atomic orientation of the O atoms and
the promotion, polarization, and hybridization of all the atoms
cause interpretation problems and even mask more subtle changes
due to constructive interference and charge transfer, it would be
helpful to have an intermediate density which separates these
effects. A meaningful intermediate density can be constructed
from the electron densities of valence-state hybrid atoms, which
preserve the orientation, promotion, and hybridization of the atoms
in the molecule. The valence-state deformation density is defined
as the change in density due to covalent bond formation from the
valence-state hybrid atoms and was calculated as the difference
in density between the molecule and the valence-state hybrid
atoms. The atomic density difference is defined as the change
in density due to the preparation of atoms for bonding by ori-
entation of the ground-state *P O atoms and then promotion,
polarization, and hybridization of all atoms prior to molecular
formation, and was calculated as the difference in density between
the valence-state hybrid atoms and the spherically averaged
ground-state atoms.

Subtraction of the electron densities of optimally hybridized
valence-state atoms has matched the lone-pair densities of atoms
and molecule so that the total difference is dominated by bonding
density differences. Although this is complicated owing to the
many bonds, the primary features of one bond in the total density
difference can be isolated and reduced to that of a two-electron
localized bonding molecular orbital density difference. This is
calculated as the density difference between the localized two-
electron bonding molecular orbital and the corresponding two
singly occupied valence-state atomic hybrid orbitals. Density must
flow from the nonbonding regions to the bonding region for there
to be a density buildup between the nuclei, since the total density
is constant. The analogous lone-pair orbital density differences
are almost featureless.

Since there are strong similarities between pairs of planes (i.e.,
planes a and b) shown in Figures 2 and 3, in the following results
and discussion we will only show the results for one of the two
planes; thus, we will examine planes b, d, f, and h of Figures 2
and 3.

C-N Single Bonds. Partitioning the standard deformation
density containing the C-N bonds in Figure 2b results in the
atomic density difference, Figure 4b1, due to preparation of atoms
for bonding, and the valence-state deformation density, Figure
4b2, due to covalent bond formation. The standard formation
density, Figures 2b, is the sum of these two densities (Figure 4bl
plus Figure 4b2). The features due to covalent bond formation
of the individual C-N bonds in Figure 4b2 are isolated to two-
electron density differences, seen in Figure 4, b3 and b4. The
deformation density of covalent bond formation show strong
density accumulations in the internuclear regions which are shifted
away from the carbon toward the nitrogen with loss of density
around the carbon and gain around the nitrogen. The average
gross atomic charges of +0.07 and -0.35 and the average atomic
populations of the LMOs of 0.64 and 0.43 for C and N, re-
spectively, indicate charge transfer from C to N. Thus, these maps
show both constructive interference of covalent bond formation
and charge transfer in the C-N bonds.

The deformation density due to preparation of the atoms for
bonding show density deficit in the internuclear region near N
with loss of density around the nitrogen and accumulation around
the carbon, as found in the standard deformation density of these
C-N bonds. Because the resulting hybrids are unequally occupied
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Figure 4. Plane b is shown for the atomic difference density, valence-state
hybrid atoms minus spherical ground-state atoms (bl), for the valence-
state deformation density, molecular density minus the density of va-
lence-state hybrid atoms (b2), and for the two isolated localized orbital
deformation densities, two-electron orbital density minus two one-electron
densities from each atomic hybrid orbital (b3 and b4). The contour
intervals are the same as those in Figure 2.

di O d2

Figure 5. Plane d is shown with a set of maps similar to those in Figure
4. Plot dI is the atomic difference density, plot d2 is the valence-state
deformation density, and plots d3 and d4 are the localized orbital density
differences. The contour intervals are the same as those in Figure 2.

in N, this atom promotion, polarization, and hybridization cor-
responds to a relatively strong charge displacement from the
bonding region near the N nucleus to the lone-pair region which
is approximately perpendicular to this plane. This is not seen in
C because the C hybrids are equally occupied. Thus, these features
in the standard deformation density are entirely due to the effects
of promotion, polarization, and hybridization of the C and N
atoms, in preparation for bonding.

N-N Single Bond and N Lone Pair. Partitioning the standard
deformation density containing the N-N bond and the N lone
pair in Figure 2d results in Figure 5d1 due to preparation of atoms
for bonding, and Figure 5d2 due to covalent bond formation. The
features due to covalent bond formation of the individual N-N
bonds in Figure 5d2 are isolated to two-electron density differences,
seen in Figures 5,d3 and d4. The maps of the density of covalent
bond formation show strong accumulation of charge along the
bond axis throughout the internuclear region. The lone-pair
density accumulation with the secondary lobe opposite it have been
matched by the prepared atom lone pair and are not seen. The
deformation density due to preparation of atoms for bonding
Figure 5d1 shows electron density deficit in the internuclear region
with deep troughs of density deficit nearer the nuclei. Also seen
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Figure 6. Plane f is shown with a set of maps similar to those in Figure
4. Plot fl is the atomic difference density, plot f2 is the valence-state
deformation density, and plots f3 and f4 are the localized orbital density
differences. The contour intervals are the same as those in Figure 2.

h1 h2

Figure 7. Plane h is shown for the atomic density differences (hl) and
for the valence-state deformation density (h2). The contour intervals are
the same as those in Figure 2.

is the N lone pair with electron density excess on one side of the
N perpendicular to the N-N bond and with the secondary lobe
on the other side. The atom promotion, polarization, and hy-
bridization corresponds to a relatively strong charge displacement
from the bonding region near the N nuclei to the lone-pair regions
in this plane because the resulting hybrids are unequally occupied.
Thus, these latter features in the standard deformation density
are entirely due to the effect of promotion and lone-pair polari-
zation and hybridization in preparation for bonding.

C-0 and O-O Single Bonds. Partitioning the standard de-
formation density containing the C—O and O-O bonds in Figure
2f results in Figure 6f1 due to preparation of atoms for bonding,
and in Figures 62 due to covalent bond formation. The features
due to covalent bond formation of the individual O-O and C-O
bonds in Figures 6f2 are isolated to two-electron density differ-
ences, seen in Figures 6, f3 and f4. For the O-O bonds, the
deformation density of covalent bond formation reveal strong
electron density accumulation along the bond axis throughout the
internuclear bonding region, due to constructive interference, with
density deficits beyond the nuclear centers along the bond axis.
This is what one would expect for bonding between orbitals which
are predominantly p in character.

For the C-O bonds strong density accumulation is found in the
internuclear region which is greatly shifted away from the carbon
toward the oxygen with loss of density around the carbon and gain
around the oxygen. The average gross atomic charges of +0.07
and —0.31 and the atomic populations of the LMOs of 0.34 and
0.71 for C and O, respectively, indicate charge transfer with more
O character than C character in the LMO. Here, the charge
transfer in the C-O bond is greater than that in the C-N bonds
and almost completely masks the constructive interference of
covalent bond formation.

O Lone Pairs. Partitioning the standard deformation density
containing the O lone pairs in Figure 2h results in Figure 7hl due
to preparation of atoms for bonding and Figure 7h2 due to covalent
bond formation. The maps of the density of covalent bond for-
mation show that we have matched the density in the lone-pair
regions such that we see density deficits on the lone pair of the
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O atom due to charge transfer.

Conclusion

From the large electron density deficit between the oxygens
and the weak electron density accumulation in the centers of the
N-N, C-0, and C-N bonds and other features in the standard
deformation density for 1,2,7,8-tetraaza-4,5,10,11-tetraoxatricy-
clo[6.4.1.1]tetradecane, one might infer that there might be de-
ficiencies in the theory of covalent bonds. However, the features
are due to the choice of a spherical-atom promolecule. Although
the spherical-atom promolecule has important advantage for the
experimentalist, all partitioning schemes, ours included, are ar-
bitrary. However, the standard deformation density can be
difficult to interpret without some additional “tools”. To begin
with, for electronegative atoms with more than half-filled shells,
such as oxygen, the changes in the electron density due to the
formation of the O-O single chemical bond are masked by the
atomic orientation of O in the promolecule. Here, orientation of
the O atoms in the promolecule improves the situation, and is
particularly important because it has a dramatic effect on the
density difference but does not change the energy.

The subtraction of any promolecule is useful only if it reveals
features related to chemical concepts that are not visible in the
total density. Here we have revealed features which are mean-
ingful for chemists by using the chemical concept of a valence-state
atom. We have partitioned the standard deformation density for
this molecule into two parts corresponding to the often dominant
change in density in preparation for bonding (atomic orientation
of ground-state spherical O atoms and then promotion, polari-
zation, and hybridization of all the atoms) and the smaller change
in density due to covalent bond formation (constructive interference
and charge transfer between valence-state optimum hybrids).
Also, using these “prepared-for-bonding atoms™, we isolated each
bond from the complex difference density as a difference density
of the two-electron bond. For the O-O and N-N bonds, the

difference densities of covalent bond formation reveal not only
the strong accumulation of charge in the internuclear region but
also the concomitant depletion of charge in the nonbonding regions
beyond the nuclear centers along the bond axis which together
are the signature of the covalent bond. For the C-O and C-N
bonds, similar maps show the correct direction of loss and gain
of density due to charge transfer in these polar covalent bonds.
The N is atypical because the strain causes the lone pair to contain
more p character than an unstrained lone pair.

Thus, the unexpected features are explicable. One easily sees
why the electron density in covalent bonds may appear weak or
absent and why the patterns of gain and loss of density appear
opposite that expected when two spherical atoms form a bond.
The standard deformation densities of C-C and C-H bonds in
typical organic molecules show quite large accumulations of
density, since the density of the usual spherical atom reference
is much closer to that of the valence state for C and H than it
is for atoms which have lone pairs like O and N.

Is there a relationship between the standard deformation density
of a bond and the strength of the bond? No, not even qualitatively.
Is there a choice of promolecule for which there would be a simple
direct relationship? A promolecule made from simple oriented
ground-state atoms would not work since hybridizations and es-
pecially charge transfer can mask the constructive interference.
For different bonds, the deformation density is not proportional
to bond strength. Our partitioning scheme has potential, but is
limited because even here charge transfer can mask constructive
interference.
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Abstract: The HF- and H;O%-catalyzed hydrogenation of ethylene and the direct addition of molecular hydrogen to ethylene
have been studied theoretically by means of ab initio MO calculations using different levels of theory. The main results are
that catalysis by HF lowers the potential energy barrier to a large extent, while catalysis by H;O" diminishes dramatically
the barrier for the reaction. Entropic contributions leave these results unchanged. The mechanisms of the two acid-catalyzed
hydrogenations are somewhat different. While catalysis by HF exhibits bifunctional characteristics, catalysis by H;O* proceeds
via an initial formation of a carbocation. It is shown that catalysis by strong acids may be an alternate way for olefin hydrogenation.

Both hydrogenation of olefins and dehydrogenation of alkanes
are reactions of great industrial importance. The molecular ad-
dition of hydrogen to ethylene is a prototype of these reactions,
which is known to occur via a high-energy barrier. It has been
established for a long time that the reaction proceeding via a
least-motion path with a four-centered transition state is symmetry
forbidden.! Moreover, recent theoretical calculations have shown

(1) Woodward, R. B.; Hoffmann, R. The Conservation of Orbital Sym-~
metry; Verlag Chemie: Weinheim, 1970.

that the barrier for a reduced symmetry path is also very high.?
Tt is thus not surprising that catalysis of this reaction has been
a matter of great importance in the literature.

Since the turn of the 19th century, several metal catalysts have
been used successfully at different pressures and temperatures.?

(2) Gordon, M. S,; Truong, T. N.; Pople, J. A. Chem. Phys. Lett. 1986,
130, 245-248.

(3) Augustine, R. L. Catalytic Hydrogenation; Marcel Dekker: New
York, 1965.
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