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In order to explain the great variety and regularity in structural chemistry, gen-
eral principles and conceptual models are of fundamental importance, since
they provide a unified viewpoint for interrelating diverse chemical phenomena
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(142, 225). Until recently, most models for molecular geometry were constructed
on energetic grounds. In this chapter our main purpose is to explain the force
concept as applied to molecular geometry by fully utilizing the physical simplic-

ity and visuality of the electrostatic Hellmann-Feynman (H-F) theorem (101,
133)

Fa=Za [railPip@)dn - Za 3 ZoRaolRhs, ()
B# A

where F, is the force acting on nucleus A of charge Z 5, p(r;) the 3-D electron
density, ro; and R,p position vectors from nucleus A to electron 1 and nucleus
B, respectively (see chapters 1 and 2).

Among earlier workers, Mulliken (204) and Walsh (294) considered molecular
shapes, drawing angular correlation diagrams' in which the energies of simple
“empirical” MOs were plotted against the valence angle of a molecule. This
gave rise to the celebrated Wailsh rules, which provided a beautiful correlation
between molecular shapes and the number of valence electrons.? In spite of
minor exceptions like highly ionic molecules, the Mulliken-Walsh MO model
has had much influence on later developments in structural chemistry (134)
and theoretical chemistry (142). About the same time, Sidgwick and Powell
(274), Gillespie and Nyholm (I21) and Gillespie (118-120) developed the
valence-shell electron-pair repulsion (VSEPR) model for molecular shapes based
on Pauli repulsions between electron pairs. The comparatively recent second-
order Jahn-Teller (SOJT) theory for molecular shapes is based on second-order
perturbation theory (13, 14, 28, 48, 232, 233, 235). These energetic models
are reviewed briefly in Section 3-2.

More recently, the H-F theorem has been applied to molecular geometries
with great success, e.g., the relation between electron density and molecular
shapes of simple hydrides (20-22), the origin (127, 277) of the internal rota-
tion barrier in ethane (see Chapter 4), the FOJT effect (56, 65, 71), and a re-
interpretation .of the Walsh diagram (66). Subsequently, Nakatsuji and co-
workers (207-211, 215, 216, 219-221), and Deb and co-workers (76-79, 82)
have proposed versatile force models for molecular geometry which are very
successful in explaining the variety and regularity in structural chemistry.
Nakatsuji’s electrostatic force (ESF) theory is applicable to both isolated and
interacting molecules, including long-range forces (167, 215) and chemical reac-
tivity. These two force models will be discussed in detail in Sections 3-3 and
3-4. In Section 3-5 we study the dynamic behavior of electron density during
nuclear rearrangement processes which occur in molecular geometry, molecular
vibrations and chemical reactions, using both H-F and integral H-F theorems
(166, 227; see also Chapter 4). Next we will study a border area between
molecular geometry and chemical reaction, namely, the change in the geom-
etries of reactant molecules during a chemical reaction.
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3-1-1. Comparison of the Energy and Force Viewpoints in Their Exact Limits

In the energetic viewpoint, a stable molecular geometry corresponds to the
minimum in the potential surface which is calculated by

E={y,HY{>

=f[—%Ap(ri In)]r',zr, dry 'EA:f(ZA/rAI)P(’l)d’I

"‘f(l/"n)r("l’ﬂ’l"z)dfl dro+ Y. ZaZg/Rag, (3-2)
A<B

where  is the exact wavefunction, H the Born-Oppenheimer (39) Hamiltonian,
and p and T are the first- and second-order reduced density matrices (180, 181;
see Chapter 8), respectively. In contrast to the force expression (3-1), the en-
ergy expression (3-2) is much more cumbersome, since (i) one simultaneously
considers four energy terms which are usually competitive with one another;
(ii) one requires both first- and second-order density matrices in contrast to just
the electron density in (3-1); (iii) (3-1) permits a classical electrostatic interpre-
tation even in the exact limit.

The H-F force has a severe drawback in that it is more sensitive than energy
to inaccuracies of the (approximate) wavefunctions used. This has prevented”
quantification from this approach (however, see Refs. 220, 221, and 221a), ex-
cept for some simple systems (16, 140, 215). Although the so-called energy
gradient (see Chapter 9) is as accurate as the energy and has been employed to
study potential surfaces (103, 115, 169, 188, 196, 248), it does not have a
simple meaning like the H-F force.

A wavefunction which satisfies the H-F theorem is called “floating” (67,
147, 148) or “stable” (129). When we expand the wavefunction in terms of
an incomplete basis set (e.g., LCAO-MO), it becomes unstable (nonfloating)
if the basis AOs are fixed on the constituent nuclei, since then electronic co-
ordinates are not treated as free from nuclear coordinates. Floating wavefunc-
tions have been calculated for H, (273), H,0, NH;, CH3*, and NH;" (220, 221).
The floating spherical Gaussian orbital (FSGO) wavefunctions (106) also satisfy
the H-F theorem. Recently, a new method of obtaining a stable wavefunction
was given® and shown to be useful in the force theoretic approach (221a).

As seen in Section 3-2, since the energetic models of molecular geometry
start from more or less drastic approximations to (3-2), their underlying con-
cepts themselves are approximate. On the other hand, the force models (es-
pecially that in Sections 3-3 and 3-5) start from the exact equation (3-1) and,
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although certain approximations are introduced for practical reasons, the con-
cept itself is rigorous and preserved in both approximate and exact treatments.

3-2. ENERGETIC MODELS FOR MOLECULAR SHAPE

Although one can nowadays perform ab initio geometry calculations for mole-
cules of moderate size, in good agreement with experiment, such calculations
by themselves are usually ineffective in explaining the various trends in struc-
tural chemistry (26). Since “to calculate a molecule is not to understand
a molecule” (228), the need for molecular geometry models is as great as ever.
We review here briefly the more important energetic models so that we can
compare them with the force models described later.

3-2-1. Walsh’s Correlation Diagram

Figure 3-1 gives an example of Walsh’s correlation diagrams (294) for AH, mole-
cules. It plots the MO “binding” energies for valence electrons against the HAH
angle. The MO energy variations can be easily rationalized (Fig. 3-2). Thus,
in the m,-b; correlation, the p,4 AO (MO) having a node on the AH, plane is
not affected much by bending in the xy plane. In the m,-a, (lone-pair) correla-
tion, the pys AO at linear shape is mixed by bending with the s, AO of lower
energy and the two hydrogenic AOs can overlap in phase with the bottom
lobe of p,s AO (123) and with each other. Therefore, bending rapidly stabi-
lizes the a; (lone-pair) MO. In the o, -b, correlation, bending pulls two sy AOs

5, rzul

%0° Angle HAH T

Fig. 3-1. Orbital correlation diagram for AH, molecules. (Reproduced from Ref. 294,
courtesy the Chemical Society, London.)
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Fig. 3-2. Schematic MOs of linear and bent AH, molecules (see also Fig. 3-16).

out of overlap with the lobes of py5 AO and destabilizes the b, MO as com-
pared to the o, MO (123). The slope of the g,-a; curve in Fig. 3-1 is of the
wrong sign; the a; MO will be lower in energy than the g, MO, mainly because
of the overlap among two sy and p,o AO’s (4, 66, 123, 240; Fig. 3-16).

With this correction in Fig. 3-1, the shapes of AH, molecules (see Table 3-3)
can be explained as follows: For molecules with 4 valence electrons, the lowest
two MOs are occupied and therefore the shape is linear. For molecules with
5-8 valence electrons, the steep m,-a; (lone pair) leads to a bent structure.
With 2 valence electrons, the corrected Walsh diagram rightly predicts a bent
structure, e.g., LiH,* and Hs* (245, 249). Further, when an electron jumps
from the a, (lone-pair) to the b; MO, the HAH angle increases, e.g., in NH;
and PH,.

The Walsh rules (Table 3-1) generally agree well with experimental data (134),
though interesting exceptions exist, e.g., highly ionic molecules like alkaline
earth dihalides with heavy metal-light halogen combinations (Section 3-3-7d)
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Table 3-1. Walsh Rules Linking the Shapes of Ground-State
Molecules with the Numbers of Valence Electrons.?

Molecule Shape (Number of valence electrons)

AH, linear (4), bent (5-8)

AHj3 planar (<6), pyramidal (7-8)

HAB linear (<10), bent (10-14), linear (16)

AB,, ABC linear (< 16), bent (17-20), linear or nearly linear (22)

H,AB planar (12), nonplanar (13-14)

ABj3 planar (< 24), pyramidal (25-26)°, planar or nearly planar (28)
HAAH linear (10), bent but planar (12), bent and nonplanar (14)

3Reprinted from Ref. 294.
The BAB angle will be less for 26-electron molecules than for 25-electron
molecules.

and the sensitive problem of the shapes of 7-valence electron AH; molecules
like CH3, NH3*, and BH;™ (Section 3-3-7a). The Walsh diagram predicts the
former type to be linear and the latter type to be nonplanar. While molecules
like SiH;, GeHj;, and SnH; (151, 152, 197), having heavier central atoms, and
CH, F, CHF,, and CF3, having electronegative substituents (100), are pyramidal,
the radical CH; is planar or. almost planar, in that the potential barrier to in-
version is very shallow (experimental: 12, 59, 91, 98, 99, 134, 195, 285; theo-
retical: 51, 87, 194, 198, 282, 306). BH;™ and NH," are experimentally re-
ported as planar (58, 285, 286). The ESF theory (Section 3-3) satisfactorily
explains these trends.

In the Walsh model the total molecular energy is supposed to be expressible
as the sum of “effective” MO energies. However, in spite of many attempts,
the reasonings for such a summation based on more refined quantum theories
are not completely satisfactory, because of electron-electron and nuclear-
nuclear repulsion terms (4, 5, 34-37, 44, 46, 66, 69, 240, 242, 256, 280, 303,
304).

Extensions and modifications of the Walsh diagram have been suggested (45,
113, 122-124). Hayes (131) considered outer d AOs for alkaline earth di-
halides (see also Ref. 126). Other workers (266, 287-289) viewed the Walsh
diagram in ways that are related to the VSEPR model.

3-2-2. Valence-Shell Electron-Pair Repulsion (VSEPR) Model

The VSEPR model, extensively developed by Gillespie (118-120), regards
Pauli repulsions among bonding and nonbonding electron pairs in the valence
shell of the central atom as the most important factor in determining stereo-
chemistry. For example, when the central atom has four equivalent bonding
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pairs the interpair repulsion will lead to the tetrahedral arrangement, e.g., CH,.
The main postulates concerning such electron-pair repulsions are as follows:
(1) since nonbonding electron pairs occupy larger and less confined orbitals
(they are influenced by one nucleus, in contrast to two nuclei for a bonding
electron pair), they repel adjacent electron pairs more strongly than bonding
electron pairs. (2) The repulsions due to bonding electron pairs decrease with
increasing electronegativity of the ligand. (3) Multiple-bond orbitals repel other
orbitals more strongly then single-bond orbitals, the order being triple bond >
double bond > single bond.

Consider the shapes of AX, molecules. For molecules having no nonbonding
electron pair, the repulsion between two bonding pairs makes the molecules
linear (see Tables 3-3 to 3-5). Molecules with one and two nonbonding pairs are
bent, with LXAX < 120°, because of rule (1) above. With three nonbonding
pairs the shape becomes linear again, e.g., ICl,”, XeF,, etc.

The VSEPR model is intuitive and quite successful. However, it has certain
limitations (86). It is restricted only to ground-state molecules, neglects inter-
action between ligands, and is not applicable to the internal rotation problem.
In fact, the model’s underlying concept itself may be incorrect (see below). It
is indeed interesting that the Walsh model (which does not explicitly consider
electron repulsion) and the VSEPR model (which considers only electron-pair
spin repulsion) both give similar shape predictions that agree with experiment
(27, see also Ref. 29).

The underlying concept of the VSEPR model, namely, that Pauli repulsions
between electron pairs determine molecular shapes, has been questioned (22,
33). The Pauli repulsion was defined as the effect of antisymmetrization for
the overlapping orbital bases including two electrons of antiparallel spins in
each. In the simplest case of two orbitals, e.g., the He-He short-range inter-
action, antisymmetrization leads to strong repulsion (exclusion shell, see Ref.
258). However, in the more general case, the effect leads to incorrect molecu-
lar shape, contrary to rule (1) above. Second, the effect can be quite arbitrary,
depending on the choice of basis orbitals. Further, if one identifies Pauli re-
pulsion as the “Fermi hole” between parallel spins, this Fermi hole is actually
quite local and does not have the expected effect on either the average inter-
electronic distance or repulsion energy, contrary to the familiar explanation
of Hund’s rule (Z, 72, 73, 130, 163, 164, 170, 173, 193). Thus, the Pauli re-
pulsion appears to be a misleading fiction (33). Nevertheless, question remains:
why is the VSEPR model so successful? For a possible answer, see Section 3-3-9
and Ref. 265a.

3-2-3. Second-Order Jahn-Teller (SOJT) Theory

When a molecule is distorted by a small nuclear displacement Q; along the ith
normal symmetry coordinate, its energy is given by second-order perturbation
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theory as (13, 14,48)

E(Q;)=FEo + Q; (Wol3H[0Q;1¥o) + 3 O} 013> H[OQF [Vo)

+0f i K¥oldH/[0Q; 1 N?[Eq - Ey), (3-3)

k#0

where Yo and Y are the ground and kth excited states of the undistorted mol-
ecule (Q; =0), Ey, and Ej the corresponding energies, and H- the Hamiltonian;
the derivatives are taken at Q;=0. We are interested in only such Q;’s that
change molecular shapes, and hence are not totally symmetric.

Now, while H and 92H/3Q} belong to the totally symmetric representation,
0H/0Q; has the same symmetry as Q;. Since the ground electronic states Yo of
most molecules are nondegenerate and totally symmetric, the integral in the
term linear in Q; in (3-3) vanishes for such molecules. This first-order term is
nonvanishing only for molecules in degenerate electronic states (e.g., benzene
cation and anion) and causes the well-known Jahn-Teller distortion (92, 153;
Section 3-4-3). The term involving 92H/9Q} in (3-3) is clearly positive and will
cause destabilization, indicating that the electron density at Q; =0 operates to
resist the nuclear displacement Q;. The last term, called relaxability (261), is
always negative and causes stabilization, representing the effect of electron
reorganization induced by nuclear displacement. In this infinite sum, which
includes continuum states, only those Y for which the direct-product repre-
sentation of Yo and Y, contains the representation of Q; will contribute to
relaxability. Writing the second-order terms as % 0} (foo - for), where foo = fox
is an approximate force constant for Q;, one obtains three situations, assuming
all first-order distortions to have already occurred: (i) foo = fox,i.€., the original
configuration is stable; (i) foo < fox, i.e., the original configuration changes
spontaneously along the normal mode Q;; (iii) foo = fok, i-€., the two struc-
tures are readily interconvertible, being separated by a low energy barrier.

Using simple MO theory, let us approximate the ground and excited states by
the electronic configurations:

i
@i

and

(ONNO)

(ORN)
(ONNO)

O
¢

Yo

€
=

The symmetry rules for molecular structure that decide whether the original
configuration will relax spontaneously along the normal mode Q; are as fol-
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lows (28, 232-237, 261): (1) Replace the infinite sum in fo; by only the first
term, corresponding to HOMO-LUMO transition, ¢; - ¢;. The energy gap
for this one-electron excitation must be less than 4 eV. (2) The direct-product
representation of ¢; (HOMO) and ¢; (LUMO) must contain the representation
of Q;. (3) The transition density Yq ¥y, which in this approximation is propor-
tional to ¢; ¢;, must be concentrated in the regions of nuclear displacement 0O;.

As an illustrative example, consider the stability of linear AH, molecules.
The MO order in increasing energy is (10,)(10,)(1m,)(20,)(20,). For mole-
cules having 4 valence electrons the HOMO-LUMO direct product is g, X m, =
g, which is not the mode that converts linear into bent form; hence the linear
form is stable. For molecules with 5-8 valence electrons the direct product
is m, X gz =m,, which is the converting mode. Since the 1m,-20, energy gap
may not exceed 4 eV, the molecules will bend spontaneously. A 10-valence-
electron molecule (e.g., NeH,) will be linear, since og X 0, =0,. However,
the procedure is not applicable to the stability of the bent form, since the nor-
mal mode which converts bent into linear form is totally symmetric. The SOJT
conclusions generally agree with known results, including Walsh rules (Tables 3-1
and 3-3).

Since the SOJT model is largely based on symmetry considerations, some dif-
ficulties may arise with less symmetric molecules. Also, to know the MO energy
sequence is in some cases a delicate problem. The model is inapplicable to in-
ternal rotation about a single bond (233, 234), but can be extended to excited
states (235).

The basic equation (3-3) of SOJT theory is quite general if Q; is small. It can
be applied to a wide range of nuclear rearrangement processes, e.g., potential
interaction constants (13), chemical reactivity (14, 234, 236, 237, 262), vibra-
tionally induced stabilization of vertically excited states (83), eic. We will again
refer to the SOJT approach in Section 3-5-3.

3-2-4. Other Recent Models

3-2-4a. The Model Due to Takahata, Schnuelle, and Parr. Assuming certain
empirical force laws for the Pauli repulsion in VSEPR model, several authors
have tried to make semiquantitative predictions for molecular geometries and
force constants (40, 53,117,229,266,271,272,287,289,290). For example,
Searcy (271, 272) assigned empirical “electrostatic repulsion numbers” to vari-
ous bonding and lone-electron pairs, and minimized the resulting effective
point-charge repulsion energy with respect to bond angle. The calculated
molecular shapes were in reasonable agreement with experiment.

The model proposed by Takahata, Schnuelle, and Parr contains four assump-
tions, the first three being related to a localized description of bonding and lone-
pair electrons, while the last gives a rule for calculating stable geometries (266 ).
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(1) Simple VB structures are adequate to describe the bonding. (2) Structures
with closed shells on terminal atoms are preferred.* Between such alternative
structures, the one with all atoms neutral is preferred. (3) The electrons left
after procedure 2 constitute lone pairs on the central atom. The lone pairs are
described by crystal-field theory, with the terminal closed-shell atoms as field-
generating ligands. For example, consider AX, molecules in linear and bent

forms,
X—A—X A [—->y.
/ N\
X X

z

Using crystal-field theory the energy levels of central-atom AOs may be de-
picted as follows:

Linear Bent

Py — Py
— sp;

Px,Pz — —— — DPx
S — sp;

When 1 or 2 electrons are left on the central atom, they occupy the lowest sp,
lone-pair orbital, leading to a bent molecule. When 3 or 4 electrons are left, the
sp; and p, AOs are occupied; since the latter are insensitive to the bending
mode, little change will occur in the apex angle. With S electrons, the apex
angle increases since the sp; AO is now occupied, whereas with 6 electrons the
doubly occupied s, P,, and p, AOs make the linear configuration more stable.
Such conclusions generally agree with known shapes (Tables 3-3 and 3-5). (4)
Using assumptions 1-3, and by assigning integral charges on terminal atoms and
on the centroid of the Slater sp lone-pair orbital, apex angles and force con-
stants can be calculated by minimizing the classical point-charge repulsion po-
tential, in satisfactory agreement with experimental results.

3-2-4b. Liebman’'s Fragmentation Model. Liebman (176) divides a molecule
‘into two fragments and uses the number of valence electrons in each fragment
to qualitatively predict molecular shapes. The model was also applied to ex-
cited states (I77), inversion barriers, and singlet-triplet energy differences
178).

As an illustration, the shapes of ABC molecules can be predicted as follows.
The triatomic molecule is divided into an atomic and a diatomic fragment. The
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former is blocked if it has either a closed-shell electronic configuration or one
electron less; otherwise it is porous. The diatomic fragment may belong to one
of four classes: (i) o-rich species, like 4-valence-electron BH(¢*), 10-valence-
electron CO(0®n*), and their isoelectronic analogs (30, 31, 62, 175). (ii) n-rich
species like 8-valence-electron HF(¢*n*), 14-valence-electron F,(0®#®), and
their isoelectronic analogs. - (iii) H, and its isoelectronic analogs, alkali-metal
hydrides and dimers. (iv) He,, Ne,, and their isoelectronic analogs.

Now divide the ABC molecule into AB?* and C"~ such that AB9* is either
o-rich or w-rich and C”~ is either blocked or porous; g and r are zero or integers
(). The shape of ABC molecule is given by the following rule:

cr
ABT* blocked  porous
o-rich bent linear
m-rich linear bent

This rule is quite successful (see Tables 3-3 and 3.5). Thus, CO, can be divided
into either o-rich CO plus porous O or mr-rich CO?* plus blocked O~ fragments;
both possibilities yield a linear molecule. Note, however, that for C3 two such
fragmentations (C3~+C?*, C, +C) give contradictory predictions (linear and
bent, respectively). '

Liebman (176) explained the relations of this model to previous energetic
models. For example, the connection with VSEPR model is as follows: g-rich +
porous > no lone pair (on central atom); o-rich + blocked — one lone pair;
nr-rich + porous > two lone pairs; m-rich + blocked — three lone pairs. This
indicates that the two models make identical predictions.

As mentioned before, the predictions from the models of Liebman and Taka-
hata and co-workers generally agree with known results. However, the physical
principles underlying both models and the reasons for their success seem to be
unclear. Although both models may be related to the VSEPR concept, the latter
itself has some problems (see Sections 3-2-2 and 3-3-9).

3-3. ELECTROSTATIC FORCE THEORY APPLIED TO
MOLECULAR SHAPE

3-3-1. Introduction

In this section we describe the ESF theory of Nakatsuji and co-workers as ap-
plied to molecular shapes, although the theory is applicable to a wide range of
phenomena such as molecular structures, chemical reactions, and long-range



FORCE MODELS FOR MOLECULAR GEOMETRY 149
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Fig. 3-3. Illustration of forces and electron clouds. (Reproduced from Ref. 207, courtesy
the American Chemical Society.)

forces (see Section 7-3). We decompose the H-F force into three pictorial
forces (related to chemical concepts such as bond and lone pair), and examine
molecular structure in ground and excited states as a stable balance of these
separate forces. This provides another explanation of Walsh rules (Table 3-1).
Various effects of changes in concerned atoms and their neighboring substitu-
ents are systematized and a simple rule for molecular shape is devised. The
origin of the internal rotation barrier is also clarified.

It will be instructive to start from the following imaginary example: Consider a
stable bent molecule X whose nuclei A, B, C are embedded in the triangular
electron cloud of Fig. 3-3. If one transfers (e.g., by electron excitation) the
shaded portion of the electron cloud of X to that of X* (e.g., as in the Franck-
Condon state), the nuclei A and C in X* receive attractive forces from the
shaded portions of electron cloud, while the nucleus B receives a downward
(recoil) force due to the break of electrostatic equilibrium in X. These forces
induce nuclear movements (arrows in Fig. 3-3) until they die away in structure Y.
This example illustrates how the H-F force determines molecular geometry and
why the bent molecule X (ground state) becomes linear in the excited state Y.

3-3-2. Partitioning of the Hellmann-Feynman Force
In order to obtain an insight into the relation between force and electron cloud,

it is convenient to expand the electron density p(r;) by a sufficiently large AO
basis set {X,} as

p(r1) =3 PrsX,(r1) X(ry), (3-4)

where P, is the (generalized) bond order between X, and X;. Then the H-F
theorem (3-1) is rewritten as

FA=ZA{>:P,,<x,|fA|xS>- )3 zBRAB/RzB}, (3-5)
r,s B(#A)

where fo =ra/r} is the force operator per unit nuclear charge.
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For simplicity, we assume that our basis {X,} has its center on respective
nuclei and its angular part is expressed by the spherical harmonics. We desig-
nate the center of basis by subscript, like X, , and classify the force integrals
in (3-5) into: one-center type {(X,alfalXsa); two-center types {X,alfalXsp’
(exchange integral) and (X, glfalXsp’ (shielding integral); and three-center type
(X,BlfalXsc). Within the one-center type, the diagonal one (X, =Xsa) van-
ishes identically from symmetry, since f, is a vector operator. The off-diagonal
integrals which survive are of types {(sp|falPa’, (Palfalda), etc., where s, p,
d, ... are sets of s,p,d, ... orbitals. These one-center integrals are important
when the electron density in atomic region is polarized in the direction of fy.
For the two-center exchange integrals, we introduce a net-exchange-force in-
tegral defined by

Xral(fado!Xse) = XpalfalXsp) = 3 SraseXsBlfalXsp)  (3-6)

where S,5sp is the overlap integral between X, and Xsg. The net-exchange
integral represents the net attractive (or repulsive) force due to the accumula-
tion (or depletion) of electron density in the overlap region between X, and
Xsp. This is seen as follows: Like the electrons of atom B, the electrons in
the overlap region also shield the nuclear charge Zg. This effect is given by

1 S,asB{XsBlfalXsp?, which is just the Mulliken (205) approximation of the
ﬁrst term. The net-exchange integral is obtained by subtracting this shielding
effect from the exchange integral. Further, considering Ruedenberg’s (255)
interference partitioning of electron density into quasi-classical part and quan-
tum interference part, the net-exchange integral represents just the quantum
interference effect [see (3-34)].

We now partition the H-F force equation (3-5) into three parts:® The atomic
dipole (AD) force coming from one-center integrals, the exchange (EC) force
coming from net-exchange force integrals, and the rest called extended gross
charge (EGC) force, namely,

Fyp =FAJD 4 FEC + FECC, (-7)
where
AD A A
FR°=2ZA Y3 PrasaXealfalXsa? (3-8)
r=s
FEC= > FEC(AB) (392)
B(#A)

A B
FEC(AB)=2Z4 3 5 PraspXral(fadolXsn? (39b)
r s
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FEGC= 3 FEGC(AB) (3-102)
B(#A)

EGC 22
FA (AB) = ZA ZZPIBsB (xrBlfAlst)

r s

A B
+Zp Z ZPrA:BSrAsB (XsBlfalXsB?)
r s

B C
tZa 2 23 PpscXnlfalXsc)
C+A,B r s

-ZAZgRAg/R3B. (3-10b)

Here T2 implies summation over the AO bases of atom A. The first three terms
in (3-10b) represent the shielding of the bare nuclear repulsion given by the last
term.

The physical interpretations of the AD, EC, and EGC forces defined above are
as follows: The AD force represents the attraction on nucleus A by the centroid
(weight factor 1/r2) of the polarized atomic density (e.g., lone pair), as illus-
trated by

+Za
A

Such polarizations occur typically because of s-p and p-d AO mixing. The EC
force represents the attraction (or repulsion) on nucleus A by the electron
density accumulated (or depleted) in the overlap region between A and B, as
illustrated by

2
-

7

The EGC force represents the interaction between nuclei A and B, the latter
shielded by the remainder of electron cloud.

Although the above definitions of AD, EC, and EGC forces are rigorous and
include no integral approximation, the EGC force may be further interpreted
by invoking the following integral approximations: (1) A point-charge approxi-
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mation® for the shielding integral
(XsnlralralXsp) = Rap/R}3g, (3-11)

and (2) the Mulliken approximation for the smaller integrals (X,gl|falXsc)
(B,C# Aandr#ys),

(XrlfalXsc) = £ Srpsc (Bl falXem) + KsclfalXec)).  (3-12)

Then, (3-10) is approximated as
FECC(AB) ~FSC(AB), (3-13a)
FEC(AB)=ZA85RAs/R}B, (3-13b)
where 85 =Zg - Np is the gross charge (GC) on atom B and Ng = ZB22!'p, .S,

is gross atomic population (205). The GC force in (3-13b) represents the elec-
trostatic interaction between Z, and g, as illustrated by

—3g
+Z,
[ e o
A
B

Since the shielding of nuclear charge is usually incomplete,®® nuclear-Tiuclear
repulsion is more stressed in the EGC force than in the GC force. Further,
since the approximations (3-11) and (3-12) might be inadequate (see also Refs.
52 and 74) we will not use them in force calculations of actual systems.

3-3-3. Construction of a Model for Molecular Shape

We first examine how the AD, EC, and EGC forces operate in a real molecule,
e.g., NH; [Fig. 3-4(a)]. The AD force (especially important for lone-pair
electrons’) pulls the N nucleus upwards and operates to make the molecule
nonplanar.® But, the vector sum of three EC forces due to N—H bond elec-
trons pulls N downwards, operating to make the molecule planar. The EGC
or GC forces on N due to three H’s and those between the H’s are repulsive
but small (see below), and the balance of all these forces make the NH; mole-
cule pyramidal. However, for CH;", which has no lone pair, the three EC
forces make the molecule D;;. Generally, molecules with no lone pair acquire
maximum symmetry in which the EC forces balance (e.g., CHy ).

For molecular shape, the respective ratios of AD, EC, and EGC (or GC)
forces are important. Comparing these forces on A in A—A and A—H pairs



FORCE MODELS FOR MOLECULAR GEOMETRY 1563

AD force
EC force N
\J“ H
H‘., 5+
§+ Ttye--- ’}1
S+
GC force
AD force :."-,:/cmpty

EC force

= C\(HH O M
l

!
@ ::”‘.: H

~, I l "C‘:{
C ~. A } = H

CHj;™ CH;*

Fig. 3-4(a). Important forces acting in (i) NH3, (ii) CH3", and (iii) CH3". (Reproduced
from Ref. 207, courtesy the American Chemical Society.)

(A is not hydrogen), Nakatsuji (207) came to the following conclusions: (1)
The ADJ/EC ratio is larger than unity and is approximately constant for atoms
belonging to the same period.® (2) The EC force increases with increasing bond
multiplicity. For a single bond, EC forces on A in A—A and A—H bonds are
approximately equal. One obtains the result

AD force > EC force (triple bond > double bond > single bond) > EGC force.
(3-14)

This sequence is consistent with the fact that in the force operator ray/ri; the
nearer electron 1 is to nucleus A the larger is the operator. Thus, the AD and EC
forces on nucleus A will mainly determine the shapes of neutral molecules. For
ions or highly unshielded atoms, the EGC force may be appreciable.!%-!!

Some examples of rule (3-14) follow: In NH; (Fig. 3-4) the AD (>EC) force
makes the HNH angle smaller (107.8°)!2 than the tetrahedral value (109.47°). In
isobutene and ethylene, LC—C—C (111.5°, 117.6°) is smaller than LC—C=C
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(124.3°, 121.2°), since the EC force along C=C bond is larger than that along
C—C and C—H bonds.

3-3-4. Various Influences on the AD and EC Forces

The most important reason for the great variety of molecular shapes is that the
valence-electron distribution near A varies from molecule to molecule and state
to state. Since the AD and EC forces are dominant factors for molecular shape,
it is worthwhile to consider the effects on these forces due to changes in A
and the neighboring substituent B, in order to apply the theory to a wide range
of molecules. For the AD force, we consider only s-p mixing, since with,
e.g., Hy S the p-d mixing was found to be small.

3-3-4a. Central-Atom Effects on AD and EC Forces. If one replaces the
central atom A with heavier atoms in the same group of the periodic table, then
the extent of s-p (or p-d) mixing increases if the energy difference between
valence s and p AOs decreases. This energy difference may be measured by the
difference in Mulliken’s orbital electronegativity (Fig. 3-4(b); 137, 203, 207).
From Fig. 3-4(b) one then concludes that within the same group, the extent of
s-p mixing and hence the AD/EC ratio will increase with increasing atomic
number.!® Further, because of the large differences between the first- and
second-row elements of groups IV to VII, there are frequent sharp decreases in
valence angles for these elements.

40 =
35 0 N
3 sof .
= 25} N -
— Br
s 20 -
52 20 C . cl
—17 15+ B Ga \Si P Sg B
=10 M Vin Ge Te e
= BeJ Al Sn “As
5Mi K Cagr .
0 -Na \Rb -

Atom

Fig. 3-4(b). Differences in the Mulliken orbital electronegativity between valence s and p
AOs for the elements from the first to fourth rows in the periodic table. (Reproduced
from Ref. 207, courtesy the American Chemical Society.)
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Consider now the EC force. Since the inner-shell (core) radius increases with
atomic number within the same group (see, e.g., Ref. 231), the bond electrons
are kept away from the nucleus, and the EC force is reduced. Here, too, a sharp
difference is found between first- and second-row elements.

The above central-atom effects on AD and EC forces are cooperative, making
the molecule with a heavier central atom more bent or pyramidal; for example,

Group V: NH;(107.8°), PH;(93.3°), AsH;(92°)
Group VI: H,0(105.2°), H,S5(92.2°), H,Se(91°),
H, Te(90.25°).

The sharp decrease in valence angle from NH; to PH; and from H,0 to H, S
is as expected. We find the same trend in Table 3-3 even for excited states.

3-3-4b. Central-Symmetry Effect on the AD Force. This is the effect of local
symmetry of the electron cloud near A. For a distribution which is spherically
symmetric around A, or symmetric along the x axis (e.g., when s and p, AOs
are completely filled), no AD force is generated.!® Examples of this central-
symmetry effect can be seen with FHF~, CIHCI™, BrtHBr™ (95-97, 149), LiHLi",
BeHBe* (154, 247), HHHe*, He;*, LiHeH" (245), IC1,™, 137, IBrCl™, Bry™ (283,
284), XeF, (250, 291). The first eight molecules have H or He as central atom
and, since the AD force does not arise due to large 1s-2p promotion energy,
they are linear. The latter molecules are also linear since here the s, p,, and p,,
AOQs are completely filled and no important AD force arises even if the mole-
cules are bent from linearity. The same is true for CIF;, BrF;, and the planar
Jahn-Teller systems LiH,", HeH3* (245). In the former two molecules (anchor
shape), LFCIF, LFBrF <90°, since the in-plane AD force attracts the central
atom more than do the EC forces along the bonds.

3-3-4c. Inductive Substituent Effects on AD and EC Forces. Consider the ef-
fect of substituent B in the A—B fragment. Since the AD force on A arises
mainly from s-p mixing, we look for a o-inductive effect and a #-inductive
effect. For the latter, a m-donating (or attracting) substituent B increases (or
decreases) the coefficient of p,5 AO and the AD force on A. The less direct
g-inductive effect is just the reverse of the w-effect (207). The n-effect is more
effective than the o-effect, although the two are usually cooperative!® (see
below).

Consider the effect on the EC force at a fixed A—B distance. If Bismoreelec-
tronegative than A, B draws electron density in the A—B bond region toward
itself and thus the EC force on A decreases. Hence, at fixed A—B distance,
the more electronegative the substituent B, the smaller is the EC force on A.

As an example, consider the out-of-plane angles (and also the corresponding
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force constants) in fluoromethyl radicals (100). The systematic increase, CHj
(0°), CH, F(<5°%), CHF,(~12.5°) CF;(~17.8%) is explained as follows: Since
F is m donating and o attracting, it increases the AD force on C; and since F
is more electronegative than H the EC force on C diminishes. The two effects
cooperate to make the fluorosubstituted molecule nonplanar. The planarity
of the CHj; radical is due to a sensitive balance of AD and EC forces (see Sec-
tion 3-3-6). These considerations also explain why ESR experiments reveal the
series CCl3, CCl, F, CCIF,, CF; to be increasingly nonplanar (60).

3-3-4d. Overlap Effects on AD and EC Forces. Orbital overlap is quite im-
portant for both molecular structure and chemical reaction. The overlap effect
usually causes larger changes in electron density than the inductive effect. For
a homopolar A—B fragment, the bonding and antibonding MOs are

®p = (Xra +XsB)/2 + ZS)”2 (3-15a)
¢a = (Xra - XsB)I(2 - 25)'/2, (3-15b)

where S is the overlap integral between AOs X,5 and X;g. Equations (3-15)
indicate that in the bonding interaction the electrons in each AO flow into the
overlap region and, in the antibonding interaction, the electrons in the overlap
region are transferred back into each atomic region because of the presence of
a node.

Table 3-2 summarizes the overlap effects on AD and EC forces. D(X,,) de-
notes the electron density in the X, AO. Since an increase in the coefficients
of spo and pa AOs facilitates the formation of atomic dipole, the change in
D(X,a) parallels that in the AD force.!® In the bonding interaction, the AD
force decreases, since D(X,5) decreases from 1 to 1/(1 +S) and the EC force
increases by 2Igc/(1 +S5). Both effects cooperate to make the molecule linear
or planar. The antibonding overlap effect is just the reverse and facilitates:
bending. When both X, and X;p are doubly occupied, the antibonding effect
surpasses the bonding effect and again facilitates bending. Generalization of
Table 32 to more than two interacting AO systems is easy. There, we have
to consider the nonbonding interaction (recall the second w MO of allyl radical)
where the AD and EC overlap effects are approximately zero (see Section
3-3-7¢).

Clearly, the overlap effect!” becomes appreciable when (1) the AOs X, and
Xsp overlap significantly, (2) their energy levels are close, and (3) electrons in
both AOs are not tightly bound.

The fact that EC force increases with bond multiplicity is a manifestation
of overlap effect. Compare the shapes [Fig. 3-4(c)] of acetylene and triplet
CH,(®B,). In linear form, the p,c AO in CH, does not have overlap, but that
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in acetylene strongly overlaps with the adjacent p,c AO. Since D(p,c) is 1.0
for CH, but ~0.75 for acetylene, the AD force on C produced by small bend-
ing is stronger in CH, . Second, because of overlap the EC force on C is stronger
in acetylene. Thus, while CH, is bent (135) acetylene is linear.

Overlap effect is also important for molecules in which the central atom p AO
overlaps with lower lying vacant AOs of adjacent atoms (e.g., pr-dm conju-
gation).!® Consider the change in valence angle in the ammonia derivatives,
NF,(102.5%), NH;(107.8°), N(SiH; )3 (120°; Ref. 132). The change from NH,
to NF; is due to inductive-substituent effects on AD and EC forces. The larger
change from NH; to N(SiH;); is mainly due to overlap conjugation between
 pun and d,s; AOs, which reduces the AD force on N and strengthens the EC
force due to the multiple-bond character of the N—Si bond.!® The less impor-
tant inductive-substituent effect on the EC force also facilitates this change. Simi-
lar examples are seen in the difference in the COC angles of aliphatic (108-110°)
and aromatic (120-125°) ethers (116), planarity (125) around N in N, (SiH3)s,
and in the water derivatives OF,(103.8°), OH; (105.2°), O(SiH;), (144.1°; Ref.
6), O[TiCl, (CsHs)],(180°; Ref. 61). The larger bond angle in OCl,(110.8°)
compared with H,O indicates that the overlap effect is more important than the
inductive effect. However, the two effects are cooperative in alkali metal deriv-
atives of H,0O (Section 3-3-7b). When the central atoms N and O are replaced
by heavier atoms such strong p,-d, interaction does not seem to occur (116).

The overlap effect on the EC force is quite important for choosing chemical
reaction pathways. The attractive EC force due to bonding overlap between
Xra and Xgp (A and B are reaction sites) provides the driving force of the reac-
tion (207, 216), but the antibonding overlap and overlap between fully occupied
AOs cause repulsive forces. When this knowledge is combined with HOMO-
LUMO interactions (109-112) one obtains the well-known Woodward-Hoffmann

D(prc) =10 D(pxc)= 075

¢ G
W N\ w N

CHz ;136° acetylene ; linear

Fig. 3-4(c). Structures of triplet carbene and acetylenc as examples of overlap effect.
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rule (108, 302). The overlap stabilization proposed by Fukui (107) is an en-
ergetic expression of the overlap effect on the EC force. The repulsive EC
force between fully occupied AOs expresses short-range exchange repulsion and
corresponds to the so-called exclusion shell?*® (258, 260). For example, the
non-least motion reaction path studied by Hoffmann et al. (143) is deter-
mined by a combination of the attractive and repulsive EC forces.

3-3-5. Changes in Force Due to Changes in Electronic State

We will employ MO theory in dealing with changes in electronic state such as
electron excitation, jonization, and attachment (recall Fig. 3-3). Let {¢;} be
a set of MOs with occupation numbers {m;}. The electron density p(r,) is

p(r1) =2 m;¢F(ry) ¢;(r1) = 2_myp;(ry). (3-16)
i i
Denoting the ith MO contribution to the force as fu ;

fAiEﬁA("l)pi("l)d’h (3-17)

we obtain the H-F theorem in the form

Fao=Zp ) mifai-Zn ). ZpRap/R3s. (3-18)
i B(#A)

If we neglect the changes in MOs following the change in electronic state, a = 8
(vertical state), the change in the force acting on A is

AFE™8=Z, > (mf - m{)far (3-19)
i

For example, for excitations between states with the same electronic configura-
tions,

AF$~B =0, (320)
which implies that the differences in the geometries, force constants, etc. of the

two states are quite small. Hurley (/48) confirmed this.
For the excitation from ith to jth MO,

AFL T =Za(faj- fads (321)
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for idnization from ith MO,

AFLT " =-Zfais (322)
and for electron attachment to ith MO,

AFR™ =Zpfa;. (3-23)

For cations (R"), radicals (R-), and anions (R7) having electronic configurations
(#)°, (¢:)", and (¢;)?, the force at radical geometry satisfies

AFA(R:»R*)=-AF4(R-~>R"), (324)

implying that the force-dependent properties of R should always be intermedi-
ate between those of R* and R™ (207).

Consider now the changes in the AD, EC, and EGC forces. We rewrite (3-21)
as

AF{ =2, [ia) o) an, (3:25)

where Ap(ry) = pj(ry) - p;(r,) is the change in electron density due to excita-
tion. The change in the atomic region changes the AD force, while that in the
bond region changes the EC force. As an example, consider electronic transi-
tion from the lone-pair orbital to the Rydberg ns or np orbital in NH;. Since
the electron densities in these Rydberg orbitals are almost symmetric with re-
spect to the N nucleus, they exert no force on N and hence the geometry in
these excited states should be planar (134), like NH;". (For more detailed
studies on such geometry changes, see Refs. 38,49, 68, 155,214, and 241).

3-3-6. Illustrative Applications of the ESF Model and a Simple Rule
for Molecular Shape

Consider the roles of AD and EC forces when the molecules CH;~, CH,", and
CH, are slightly bent from planar shape.?! With CH;~ (Fig. 3-4), an atomic
dipole rapidly forms on the C atom and pulls it upwards while the vector sum
of three EC forces pulls it downwards. In view of relation (3-14), the molecule
continues to bend until the two opposing forces on C balance. Thus, CHj™ is
pyramidal (experimental: 47; theoretical: 43, 87, 88, 162, 282). For CHj*, the
upward atomic dipole is not generated, since the corresponding orbital is empty,
and the three EC forces balance each other by restoring the molecule into

planar shape (D35). Similarly, isoelectronic BH; and BeHj3™ are planar D3
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(240). According to (3-24), CH; is intermediate between CH;~ and CH3*, and
its shape is the result of a sensitive balance between AD, EC, and EGC forces.
It is planar (134) like its isoelectronic analogs NH;" (58) and BH;™ (286). The
qualitative arguments given here were justified by ab initio force calculations
with floating wavefunctions for NH;, CH3*, and NH;" which satisfy the H-F
theorem (221). Further, the out-of-plane bending force constant should be
larger for CH;* than for CHj.

On the basis of such examples as those given above, we shall now formulate a
simple and quite general rule that links molecular shape with D(p,,), A being
the central atom. As D(p,a) we take the value when the molecule is set in
planar or linear form.

Pra Pna
0, 0

Y/O

Y

The relation of D(p,a) with planarity (or linearity) and bending force con-
stant is given by the simple rule in Fig. 3-5. AXY and AXYZ molecules differ
mainly in the number of EC forces, two for the former and three for the lat-
ter, e.g., CH, (bent) and CH; (planar) although D(p,¢c) is unity for both

molecules.
q;.,AD force @wAD force
(o

H/( K?H H/( \H
EC force EC force
Three EC forces Two EC forces
Planar Bent

The critical values of D(p,a) in Fig. 3-5, separating shaded from dark regions,
are chosen from this example. The generality of this rule for AXY and AXYZ
molecules arises from the fact that the inductive substituent effects on the AD
and EC forces are generally cooperative, as are the overlap effects on the AD and
EC forces?? (Sections 3-3-4c, d). The quantity D(p,, ) is taken as an indicator
common to these effects. Figure 3-5 is quite useful in predicting molecular
shapes in ground and excited states, e.g., the vast number of planar aromatic
hydrocarbons for which D(p,¢) is always less than unity. This is also reminis-
cent of Walsh rules, although D(p,,) is likely to be more useful for shape pre-
dictions than the number of valence electrons, since the former is a better index
for local electron distribution. In fact, this rule applies to excited states as well
as ground states.

It should be noted, however, that the simple rule in Fig. 3-5 has certain limita-
tions. (i) It is affected by the central-atom and central-symmetry effects, the
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AXY

WY,
AXYZ

L I |
0(p,,)=0  D(p,)=1 D(p,) =2

linear or planar region  bent or pyramidal region

k,: large > small 0 : small < large

Fig. 3-5. A simple rule for the shapes of AXY and AXYZ molecules where A is the central
atom and X, Y, Z are the substituents. D(pra), ky, and @ are, respectively, the electron
density of the pyao AO in planar or linear structure, the out-of-plane bending force con-
stant, and the out-of-plane angle. (Reproduced from Ref. 207, courtesy the American
Chemical Society.)

former being especially important near the critical values of D(p,,). (i) It
implicitly assumes near constancy in the nature of s, AOs for various AX,
molecules. Since s, electrons are more tightly bound than p, ones, this as-
sumption is usually justified, except when the number of valence electrons
around A increases to fill the high-lying sp-ox antibonding orbital (Fig. 3-6
below). Here, both so and p,a AOs are completely filled and, because of the
central-symmetry effect, the molecule becomes linear or planar (e.g., XeF,,
CIF;) even though D(p,a)=2.

3-3-7. Applications of the ESF Model to Molecular Shapes

3-3-7a. AH, and AH; Molecules. Based on the previous discussions, the reader
will now be able to rationalize the shapes of those molecules in ground and ex-
cited states (Tables 3-3 and 3-4). D(p,; ) is the occupation number of the n(7)
orbital. Being symmetric about nucleus A, the electron densities in 7 and
Rydberg orbitals do not exert force on A. When an electron jumps from the
n(T) to the m orbital, the apex angle increases substantially, e.g., *NH, and
*PH, (Table 3-3). But when an electron jumps from 7 to Rydberg orbital,
there is little change, e.g., ¥H,0. The central-atom effect is observed for both
ground and excited states; a sharp change occurs between first- and second-row
elements. Limiting ourselves to the ground state, D(n(w)) =0, 1, 2 corresponds
to 4, 5, 6-8 valence electrons, respectively. Thus, the ESF model reproduces
the Walsh rules (Table 3-1). This is also true for more complex molecules.

For the 2-valence-electron bent molecules Hy", Liz*, LiH,* (245, 249), a direct
application of the above model seems inadequate. For example, with LiH,"* it
may be wrong to imagine a bond between Li and H, since the resulting EC force
on Li will give a linear molecule. Rather, the electron cloud in these systems will



FORCE MODELS FOR MOLECULAR GEOMETRY 163

Table 3-3. Shapes of AH, Molecules.

\

T
= _--H
n () C>A:
\\\H

Occupation no. of orbital®

Shape n(w) ™ Rydberg AH,?

tinear 0 Oorl Oorl BeH,, BH,*, ¥BH,, ¥AIH,

bent 1 0 0 BH,(131°), AlH,(119°)

bent 1 1 0 CH,(3B;, 136°), CH, (1B, ~140°),
NH,'[3B;, 143.2°]¢

bent 1 2 0 *NH, (144°), *PH,(123.1°)

bent 2 0 0 CH,(14,,102.4°), BH,[102°],
NH,*[110.5°]¢, SiH, (=)

bent 2 1 Oorl NH,(103.4°), PH,(91.5°),
10H,(106.9°)

bent 2 2 0 OH,(105.2°), SH,(92.2°),
SeH,(91°), TeH,(90.25°),
NH, (104°)

3gee the diagram at the top of the table.

Values in ( ) and [ ] mean the apex angles obtained experimentally or from ab initio
calculations, respectively. The asterisk and double dagger mean, respectively, the n — n*
and Rydberg excited states.

M. M. Heaton and R. Cowdry, J. Chem. Phys., 62, 3002 (1975).

SOURCE: Ref. 208. Reprinted courtesy the American Chemical Society.

Table 3-4. Shapes of AH; Molecules.

Occupation
no. of .
Shape w orbital AH,?
planar 0 HeH,*, LiH3", BeHs, BeHs™, BH3, CH3*, ¥CH3, SiH3*P
planar 1 CHs, BHs", NH3', ¥NH3, ¥PH;
pyramidal 1 SiH3(113.5°), GeH3(115°), SnH3(117°)
pyramidal 2 CH;™(-), NH3(107.8°), PH3(93.3°), AsH3(92°),

OH3*(117°), SiHz™®

3The double dagger means that the molecule is in the Rydberg excited state.
B. Wirsam, Chem. Phys. Lett., 18, 578 (1973).

SOURCE: Ref. 208. Reprinted courtesy the American Chemical Society.



164 THE FORCE CONCEPT IN CHEMISTRY

shield the three nuclei (or cores) more effectively if it accumulates within the
nuclear triangle.

For AH; molecules (Table 3-4), almost all features have been discussed pre-
viously, including the sensitive problem of 7-valence-electron molecules. Since
D(p,p) is related to the number of valence electrons, the Walsh rules are again
reproduced.

3-3-7b. Alkali Metal Derivatives of H,0. The linear geometries of Li,O (42,
44,128,297), LiOH (44, 128), KOH, RbOH and CsOH (2, 172,174, 186) are
quite interesting. Because of the highly ionic character of, e.g., Li;O and LiOH,
ab initio (44) and extended Hiickel (5) angular correlation diagrams and the
SOJT model (Section 3-2-3) were unsuccessful for these molecules.

The ESF model explains these linear shapes by noting that here all the sub-
stituent effects on the AD, EC, and EGC forces cooperate to increase the apex
angle considerably. Since the highly electropositive alkali metal has vacant p
valence AOs, it is a o-donating and m-overlapping (like p,-d, overlap, Section
3-3-4) substituent and decreases the AD force on oxygen. Also, since the
metal-oxygen bond electrons are highly polarized toward oxygen, the EC
force on O increases considerably. The EGC force between terminal atoms is
also repulsive. The linearity of Li,O is also explained from the central-sym-
metry effect, since its electronic structure is almost Li*0?"Li*(4, 5).

3-3-7c. XAY Molecules. The relevant MOs of these molecules (Fig. 3-6), in
ascending energy order, are: 7,(0.37), 0,(0.0), Tz (0.0), 7,(0.77), 65°(0.0), the
numbers indicating contribution to D(pza) as calculated for the allyl radical,
and the asterisk indicating antibonding orbitals. 7 is a2 nonbonding MO. Con-
sider bending in the -plane. The m,, g, and m¥ MOs, perpendicular to the
7-plane, do not contribute to D(pza) but contribute to the EC force through
overlap effect (bond multiplicity). The o MO is sp-0x and s, -0y antibond-
ing, and is closely related with central-symmetry effect.

From Fig. 3-5, we obtain the following predictions parallel to the Walsh rules:

1. When the 7¥ MO is empty (<16 valence electrons in ground state),D(pza) <
1, at most 2 X 0.37 =0.74. Hence, the molecule will be linear (Table 3-5).

2. When 7* is singly occupied (17 valence electrons in ground state), D(pza) >
1, e-g., 0.74+0.77 =1.51, and the molecule is bent (experimentally, 122~
136°; Table 3-5).

3. When 7 is doubly occupied (18-20 valence electrons in ground state),
D(pzp) increases further, e.g., 0.74+2 X 0.77 =23 and the molecule be-
comes more bent (experimentally, 100-126°).

4. When the ¢ MO is filled (22 valence electrons in ground state), the sa,
p7a and pya AOs are completely filled and the central-symmetry effect
makes the molecule linear.

These conclusions are also applicable to excited states (Table 3-5).
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Fig. 3-6. Schematic MOs for XAY molecules. A hatch is made to show the bonding and
antibonding character of the MOs. The right-hand number shows the contribution of
each MO to D(p;p) calculated from the allyl system. (Adapted from Ref. 208, courtesy
the American Chemical Society.)

3-3-7d. Alkaline Earth Dihalides. These 16-valence-electron XAY molecules
are very interesting, since their shapes depend upon the metal-halogen com-
binations (Table 3-6), whereas according to Walsh rules they should all be
linear. Actually, the light metal-heavy halogen combinations are linear, while
the heavy metal-light halogen combinations are bent (41). If one modifies the
Walsh diagram by considering the effect of normally unoccupied d AOs of the
metal atom, then these trends can be explained (64, 126, 131).

The ESF model explains these trends as follows: Since the metal has vacant
p valence AOs and low-lying vacant d AOs,?3 the halogen p electrons will flow
into these vacant AOs by both overlap and n-donating inductive effects. Since
these effects clearly increase from I to F and from Be to Ba, the AD force on
metal increases in this order (the p-d mixing may also be important here??).
Due to the increase in metal-halogen electronegativity difference the EC force
increases in the same order (g-inductive effect). Since both AD and EC forces
are cooperative, this explains the trends in Table 3-6.
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Table 3-5. Shapes of XAY Molecules.

Geometry and
electronic
configuration® XAYP
linear OLi,
('"'u)2 (ou)o
linear Ca(2,0),C3(1, 1); CCSi(2, 0), CCSi*(1, 1);
(m)* (o) ™ (mg)" CCN(2, 1), CCN*(1, 2); CNC(2, 1), CNC*(1, 2);
m<2 NCN(2, 2), NCN*(1, 3); BO, (2, 3), BO3(1, 4);
n<4 NCO(2, 3), NCO*(1, 4); CO,*(2, 3), CO;**(1, 4);
OCS*(2, 3), 0CS**(1, 4); CS,*(2, 3), CS2H*(1, 4);
N3(2, 3), N3(1, 4); NNO*(2, 3), NNO**(1, 4); NNO(2, 3)
linear CO,,CS,, NCO~, NCS™, N3~, OCS, NNO, NO,*
(ng)* ()’ :
bent C0%(122°), CS$(135.8°), NCO™*(-),
()3 () (mg)* (mp)! NCS™*(-), N3™*(-), N0, (4, 1,134.1°)
bent NO%(3, 2, 121°)°; CF, (4, 2, 104°), CF4(3, 3, -);
()™ ()" CCl, (4,2, -); SiF2 (4, 2, 101°), SiF3(3, 3, -);
3<m<4 NO; (4,2, 115.4°),NO,"*(3, 3, -); ONF (4, 2, 110°),
2<n<4 ONF*(3, 3, -); SO, (4, 2, 119.5%),S0%(3, 3, 126.1°);
SSO(4, 2, 118°), SSO*(3, 3, -); ONCI(4, 2, 116°),
ONBr(4,2,117°), 03(4, 2, 116.8°), NF2 (4, 3, 104.2°),
Cl0,(4, 3,117.6%), OF, (4, 4, 103.8°),0Cl, (4, 4, 110.8°),
SCL, (4, 4, 101°), TeBr, (4, 4, ~98°),
ClO,™(4,4,110.5°)
linear IBrCl™, Br3™, ICl,, CUIBr ™, IBry",
(n)* (o5 )? I37, XeF;

2The MO density distributions are illustrated in Fig. 3-6. Both 7 and ™ MOs are writter
as m:

bValues in parentheses are m, n, and experimental apex angles. The asterisk means that the
molecule is in the excited state.

©The structure of the Rydberg excited state of NO,, (ﬂx)‘ ()" (3po)! is linear.

SOURCE: Ref. 208. Reprinted courtesy the American Chemical Sociéty.

3-3-8. Force along Internal Rotation and the Shapes of X, ABY, Molecules

Since the shapes of X,, AB and ABY,, fragments are readily understood from
previous discussions, we are now concerned with a new problem, namely, in
ternal rotation about the AB bond (single, double, or triple). By extensior
of these two treatments, the shapes of general AX;(BY}),,CZ,, molecules car
be explained.
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Table 3-6. Geometries of Alkaline Earth Dihalides.2-P

Halogen
F cl Br 1
Central metal 4.0) (3.0) 2.8) 2.5)

Be (1.5) 1 1 1 1
Mg (1.2) 1€ or b(158°)4 1 1 1
Ca (1.0) b(140°)d 1 1 1
Sr (1.0) b(108%)d b(120°)° 1 1
Ba (0.9) b(~100°)4 b(~100°)¢ b b

8], linear; b, bent. Values in parentheses are the Pauling electronegativities

(231).
L. Wharton, R. A. Berg, and W. Klemperer, J. Chem. Phys., 39, 2023 (1963);
Refs. 41, 42,

°M. Kaufman, J. Muenter, and W. Klemperer, J. Chem. Phys., 47, 3365
(1967).

V. Calder, D. E. Mann, K. S. Seshadri, M. Allavena, and D. White, J. Chem.
Phys., 51,2093 (1969).
©D. W. White, G. V. Calder, S. Hemple, and D. E. Mann, J. Chem. Phys., 59,
6645 (1973).

3-3-8a. Orbital Following and Preceding. In this section we shall see that the
dominant origin of internal rotation barrier arises from an interesting behavior
of electron density during rotation, namely, orbital following (I79) and preced-
ing. The ESF concept explained here is quite general and provides a new key
to understanding nuclear rearrangement processes such as molecular structure,
molecular vibration, and chemical reaction.

Consider the internal rotation barrier of ethylene (Fig. 3-7). Energetically, the

Fig. 3-7. The ethylene molecule twisted by the angle 6. The right-hand side shows the
Newman-type diagram. Front-side and back-side CH, fragments are shown by solid and
dashed lines, respectively. The p; AO on the front-side CH; is decomposed into p; and
p|) AOs, where the notations L and || refer to the back-side CH plane. (Reproduced from
Ref. 209, courtesy the American Chemical Society.)
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planar form is stable because the bonding interaction between two p,c AOs is
maximum at planarity (161,201,202,204). The ESF explanation considers the
behavior of electron density in the C;—H, bond region (Fig. 3-7): We switch off
the interaction between two CH, fragments, rotate the back-side CH, by angle
-8, and then resolve the p, AO of the front-side CH, into p,; and p; compo-
nents on the m-plane. When we switch on the interaction, electrons in p, AO
flow into the C—C bond region owing to the bonding overlap with the p,, AO of
back-side CH,, but electrons in the p; AO suffer little change, since it interacts
with back-side C—H bond orbital which tightly binds the electrons (Section
33-4d). Consequently, the electron density along the C;—H, bond changes
(see Ref. 209 for detailed contour plot at § = 45°, using the extended Hiickel
method).?* Indeed, the C—H bond electron cloud follows incompletely (or-
bital following) the rotation of the C—H axis in the 6 direction (Fig. 3-8). This

H ez Cammm M, O 5 C. 0,

e =0° e = Q°
(@
¢ .0
H .
7 H\."\
Fy \
g =
H ,' H
N 4
H )
H
n-J1* Excited State Ground State
(b)

Fig. 3-8. General features of the C—H bond electrons during internal rotation of the
ground and w-n* excited states of ethylene. (a) Incomplete following of the C—H bond
orbital in the ground state. In (b) the dashed C—H bonds belong to the back-side CH,
group. Q is the coordinate of internal notation from planar to bisected configuration, a
corresponds to the configuration of the intermediate rotational angle, and § to the bi-
sected configuration. The arrows starting from protons at « show the EC forces acting
on protons due to the preceding (n-n* excited state) and incomplete following (ground
state) of the C—H bond electron clouds. (Reproduced from Ref. 210, courtesy the Ameri-
can Chemical Society.)
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causes an EC force (arrow in Fig. 3-8) which does not lie on the C—H axis and
resists internal rotation. Extended Hiickel calculations (209) for the (m)?(n*)°
electronic configuration of ethylene reveal that the EC(H,—C,) force compo-
nent (-0.0286 au) is the dominant contribution to F, (H,), the total rotational
force component (-0.0262 au).?®* Thus, ESF theory concludes that orbital
following and the resulting resisting force are responsible for the planarity of
ethylene (valid also for a wide range of double-bonded hydrocarbons).

On the other hand, there are situations where the C—H bond electron cloud
precedes the rotation of C—H axis (orbital preceding). Consider the difference
density map (Fig. 3-9) for the n-n* excited state of ethylene, (n)! (n*)!. The
antibonding (7*) overlap effect on the p;, AO (Fig. 3-7) exceeds the bonding ()
overlap effect (Table 3-2) and causes orbital preceding. The resulting EC force
on the proton further accelerates the rotational motion (Fig. 3-8) and makes the
molecule stable in the bisected form, 8 =90°. Extended Hiickel calculations
(209) again show that the EC(H—C) component is the major contribution

0.0 0.4 0.8 1.2 1.6
x (A)

Fig. 3-9. The change in electron density along the C;—H, bond on the =-plane induced
by twisting the n-n* excited state of ethylene through 8 = 45°. The electronic configura-
tion is (m)! (v*)!. (Reproduced from Ref. 209, courtesy the American Chemical Society.)
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(0.0144 au) to the total accelerating force (0.0178 au). The same is true for the
(m)°(7*)° configuration. Indeed, the w-m™* excited state of ethylene (187, 298),
BH, BH, (Frost, quoted in Ref. 233), and B, F4 (114, 230) all have the bisected
form, 8 =90°.

When both the p, AOs of the two rotors are doubly occupied, (m)*(n*)?, the
overlap effect becomes similar to (m)' (n*)!, although the extent of orbital pre-
ceding is now smaller (209). In the (7)*(n*)? case, both D(pya) and D(p,p)
are greater than 2 and both H, AB and ABH, fragments become bent. Since the
A—B bond here is regarded as a single bond, we shall discuss these structures in
Section 3-3-8b.

It has been confirmed that for all ethylenic -configurations depicted in Fig.
3-10, the EC(H,—C,) force due to orbital following (negative region) and
preceding (positive region) is the dominant factor in F, (H,). Orbital following
also occurs for the configuration (m)*(7*)'. Interestingly, for the cation con-
figuration (m)'(n*)° orbital preceding occurs when 0° <8 <45°, but orbital

0.04

(0% °
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Fig. 3-10. Curves of the rotational force, F;(H;) versus the twist angle 6, for various
electronic configurations arising from ethylenic MOs calculated by the extended Hiickel
method. Since 7 and n* MOs become degenerate at 8 = 90°, the plot is given only in the
region 0° < 8 < 45° for the configurations (x)!(@*)°, (M?(@*)°, and (m?*(x*)!. (Repro-
duced from Ref. 209, courtesy the American Chemical Society.)
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following occurs when 6 >45°, suggesting the stable conformation to be near
6 =45°. This agrees with other theoretical (161, 206) and experimental studies
(190-192). The latter studies reported that for the first Rydberg excited state
of ethylene § ~25°, and suggested a similar possibility for the ethylene cation.

In summary, orbital following and preceding are the origin of the rotational
barrier and arise from the difference in interactions (overlap effects) of the p,
and p\ AOs with the electron cloud of the rotor of another side. If the bonding
overlap effect on p; AO is larger than that on p; AO, orbital following occurs;
in the reverse case, orbital preceding occurs. The B—Y bond orbital of the
other rotor does not affect the p; AO significantly, since they are quite differ-
ent in energy.

3-3-8b. Rotation about a Single Bond. The sensitive problem of the origin of
the barrier to internal rotation about a single bond has been the subject of ex-
tensive theoretical studies (see Ref. 3 and Chapter 4). ESF theory gives a suc-
cessful intuitive account of this problem.

Consider the following three factors for internal rotation about the A—B
single bond in H,, ABH, molecules: (a) orbital following and preceding, (b)
interaction of the concerned proton H; on one side with the B—H, bond on
another side, and (c) interaction of the concerned proton H; on one side with
the lone-pair electrons on another side. Factor a has already been discussed
in Section 3-3-8a. For factor b, illustrated below, the electron cloud of the

- -

factor (b) factor (c)

B—H, bond region and H, atomic region (enclosed by solid lines) attracts the
H; proton, but this attraction is offset by the bare nuclear repulsion between
H; and H,. The force on H; due to the electron cloud shown by dotted lines
will usually be repulsive, since the bond order between a nonbonded pair is
usually negative (negative EC force). In the case of ethane (216) the total effect
of factor b seems repulsive. For factor c, the interaction between the H; proton
and the lone-pair electron cloud at B (shown by the solid ellipse) is attractive,
but that due to the lone-pair electron cloud shown by dotted lines may be either
attractive or repulsive. However, since the electron density in the solid ellipse
is greater than that in the dotted region, the former attractive force will pre-
dominate and the total effect of factor c will be attractive. Note that in such
arguments for factors b and ¢ we have assumed complete following. From pre-
vious discussions, we expect that for rotation about a single bond factor a will
be most important, while factors b and c are of secondary importance.
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If the A—B bond has partial double-bond character, the molecule will be
planar because of orbital following, e.g., butadiene (see Ref. 182 for numerous
examples?®). Molecules having no « bonds, e.g., BH, BH, and BF,BF,, are
also coplanar because of orbital following (Fig. 3-10). Factor a in fact.includes
the so-called hyperconjugation effect (269, 301).

In contrast, when both A and B have lone pairs, orbital preceding becomes
important. Since two lone pairs on either side lie in similar energy levels, they
interact through the overlap effect (interaction between fully occupied AOs in
Table 3-2). However, since D(p,a) and D(p,p) exceed 2 for these molecules,
the bending of H,, AB and ABH,, fragments will also have to be considered. The
top left-hand side of Fig. 3-11 shows the bisected form of NH,NH, due to or-
bital preceding in the (m)?(n*)? configuration (factor a). Each NH, fragment
bends from this form, since D(p,n) =2, in agreement with experimental geom-
etry. The same is true for NH,OH (bottom left-hand side of Fig.3-11), for which

®
— ¢«
¢
FACTOR (A) NHy~NHy
ORBITAL PRECEDING (30~ 95° FROM CIS-ECLIPSED)

A

[
i

C>__. FACTORS
! (8),(c)
i
®

FACTOR (A)
ORBITAL PRECEDING

NHZ-OH (TRANS-STAGGERED)

Fig. 3-11. Explanations for the structures of NH,—NH, and NH,—OH. The solid lines
show the front-side NH, rotor (for NH,—NH;) or the OH rotor (for NH,—OH) while
the dotted lines show the back-side NH, rotors. The larger closed curves denote lone-pair
orbitals; the equality sign implies equivalence.



FORCE MODELS FOR MOLECULAR GEOMETRY 173

one N—H bond is replaced by the o lone pair of oxygen. For NH,OH, the NH,
fragment (dotted line) in the bisected form can bend in two different ways. But
factors b and c favor the lower trans staggered form (in agreement with experi-
ment) in which the O—H and N—H bonds are as far apart as possible (factor b)
and eclipse with adjacent lone-pair orbitals (factor ¢). For HOOH and its deriv-
atives the situation is simpler. Replacing one N—H bond of each rotor (see Fig.
3-7) with a o lone-pair orbital, we predict from factor a that the relative orienta-
tion of the two rotors will be ~90°. The experimental data (209) are HOOH
(111.5°, 119.8°), HSSH (90.6°), FOOF (87.6°), FSSF (87.9°), CISSCI (82.5°),
BrSSBr (83.5°). Note that factors b and ¢ cooperate for such geometries, since
two OH bonds repel each other (factor b) and they eclipse the adjacent m lone
pair which is nearer than the o lone pair. These factors lower the trans barrier
(1.10 kcal/mole for H,0,) compared with the cis barrier (7.03 kcal/mole for
H,0,). In summary, when both A and B have lone pairs, we first write down
the bisected form (factor a) and then bend each fragment considering factors
bandec.

When only one of A and B has a lone pair (or lone pairs), or neither A nor
B has a lone pair, no significant orbital preceding occurs, since the A—H bond
electrons are more tightly bound than lone-pair electrons. One may then
use factors b and c. Lowe (J82) summarized these molecules as ethanelike,
(X1X,X3)A—B(Y;Y,Y;) where Y; and/or Y, may be lone pairs, having
staggered conformation; e.g., for ethane, factor b leads to a staggered form.
Also, the staggered forms of molecules like CH;NH,, CH3;OH, having a lone
pair (or lone pairs) on one side, may reflect factor b, since factor c will lead
to the eclipsed form.

Actual force calculations (216) stiow that even in ethane factor a predomi-
nates for the staggered form. Throughout rotation, the EC(H—C) force aris-
ing from incomplete following of the C—H bond orbital predominates. The
EC (other) force and EGC force, reflecting factor b, are minor repulsive forces.
Both the EC(H—C) and EC (other) forces?” may be interpreted as arising
from the repulsive exclusion of the two approaching C—H bond orbitals,

which is just the overlap effect between these orbitals. This is similar to the
origin of the repulsive force between two He atoms at the overlap region.
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3-3-8c. Geometries of H, ABH Molecules. As another example of the previou
discussions, consider the shapes of H, AB and ABH fragments, and their relativ
orientations:

TN

A—=B<—H
AN
PxA PxB

The p,a and p,g AOs form 7 and #* MOs, and p;g forms a nonbonding (r
orbital, with the energy order 1 <n<n*. The shape of the H, AB fragmer
can be predicted as follows (Fig. 3-5): When the #* MO is (i) empty, D(p;4) -
1, H, AB is planar; (ii) singly occupied, D(p;4) > 1, H, AB is pyramidal;?® (ii
doubly occupied, H, AB is more pyramidal. For the ABH fragment, if bendin
occurs in the w-plane, the prediction is similar to H, AB. If bending occurs i
the 7-plane, then when (a) p5g is empty, ABH is linear; (b) p5p is singly ¢
doubly occupied, D(pzg) =1 or 2, ABH is bent.

Now consider the relative orientation of H, AB and ABH fragments. Wit
both 7 and #* MOs empty, orbital preceding occurs, and the H, A and AB]
planes bisect each other. No experimental geometries are known for such e>
cited states, (m)°(n)' ~2(x*)°. With 7 MO doubly occupied and 7* MO empt
or singly occupied, orbital following occurs (Fig. 3-10) and the shape become
planar [for (7*)°] or 90° from the cis staggered form [for (7*)']. With bot
7 and 7* doubly occupied, orbital preceding occurs (factor a) and factors -
and c lead to a trans staggered form (Fig. 3-11). Rotational force calculation
on vinyl (see Ref. 209) confirm these conclusions.

The above discussions can be combined to make predictions about the shape
of H, ABH molecules (Table 3-7), in agreement with known shapes. For H, COE
ESF theory predicts the relative orientation to be 90° from cis staggered forn
no experimental evidence is known as yet. '

3-3-9. Comparison with the VSEPR Concept

A possible answer for the considerable success of the VSEPR model (Sectio
3-2-2) may be found by comparing the rule for the relative magnitude of Pau
repulsions,

lone pair > bond pair (triple > double > single),
with the relative importance, as in (3-14), of AD and EC forces,

AD force > EC force (triple > double > single).



FORCE MODELS FOR MOLECULAR GEOMETRY 175

Table 3-7. Shapes of H, ABH Molecules.

e

planar sz planar Cg nonplanar
Configuration
No. of _—
Shape?® valence electrons T nzg = H,ABH

planar C,,, i0 2 0 0 H,CCH*
planar Cg 11 2 1 0 H,CCH
planar Cg 12 2 2 0 H,CNH, H,COH*
nonplanar 13 2 2 1 H,COH
nonplanar 14 2 2 2 H,NOHY

83ee representations above.
Trans staggered configuration.

SOURCE: Ref. 209. Reprinted courtesy the American Chemical Society..

When applied to known molecules, e.g., NH;, and isobutene (Section 3-3-3),
they lead to same predictions in spite of essential differences in their basic
ideas. The ESF concepts (e.g., AD, EC, and EGC forces) are well-defined and
easily verifiable concepts (221), while the VSEPR concept is not clearly defined
and justified (Section 3-2-2). Hence, it should be noted that this parallelism in
predicted results, showing the success of VSEPR model, does not necessarily
imply justification of its underlying concept.

3-3-10. Applications of ESF Theory

In comparison with other models of molecular structure, the ESF model has a
remarkably wide applicability, e.g., to ground and excited states and the prob-
lem of the internal rotation barrier. It has been successfully applied so far to
AH,, AH;, HAX, XHY, H, AX, XAY, HAAH, HABX, H, ABH, and H, AAH,
molecules and their various substituents (207-209). The underlying well-de-
fined concepts, whose physical meanings are always very clear, have been veri-
fied by actually calculating AD, EC, and EGC forces from ab initio floating
wavefunctions that satisfy the H-F theorem (168a, 220, 221, 221a). Indeed,
the ESF model has been very successful in explaining and predicting the regu-
larity and variety in structural chemistry. It has recently been applied to predic-
tions of geometries of molecules in strong electric fields (221 b).

ESF theory is also applicable to various phenomena, e.g., chemical reactions (16,
168a,216, 219) and long-range forces (215; Section 7-2). Such versatility of the
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theory, -due essentially to the simplicity and exactness of the H-F theorem,
would be quite useful for a unified understanding of these phenomena. For
example, chemical reactions (molecular interactions) and molecular structure
are closely related, since most chemical reactions proceed with changing the
geometry of reactants, e.g., in a biological system. Sometimes a single EC force
between reaction sites is a common origin of the driving force of the reaction
and the change in the geometry of reactants (207). In some cases, such geo-
metrical changes cause forces (e.g., the AD force) which play an essential role in
driving the reaction. An example, the dimerization of two methyl radicals
(216), is briefly described in Section 3-5-6 (see also Section 6-7).

3-4. A SIMPLE MECHANICAL FORCE MODEL FOR
MOLECULAR GEOMETRY

3-4-1. Introduction

In this section we discuss a simple force model for molecular geometry pro-
posed by Deb and co-workers (76-79, 82). This model considers basically the
MO force correlation diagram (fcd) in which the individual MO contributions
to the H-F transverse force on the terminal nuclei are plotted against the bend-
ing angle (cf., the Walsh diagram, Section 3-2-1). The essential features of the
fcd are depicted in a shape diagram which arranges the MOs according to their
roles in planar (or linear)-bending correlation. The shape diagram was con-
structed intuitively by considering the qualitative MO densities and the model
was greatly simplified by introducing the HOMO postulate (76) which assumes
that the behavior of the HOMO mainly governs gross equilibrium geometry.
The validity of the postulate was established by applying the model to many
types of molecules, e.g., AH,, AH,, AH,, AH;, AB,, HAB, ABC, AB;, AB,,
ABs,HAAH, BAAB, H, AB, HAB,, B, AC, etc.

In order to provide the necessary background, we shall first discuss two
earlier H-F force treatments of molecular geometry: (i) a reinterpretation
study of the Walsh diagram (66) and (ii) the first-order Jahn-Teller distortion
in VCl, (65).

3-4-2. Reinterpretation of the Walsh Diagram

Coulson and Deb (66) gave the following reasoning for the Walsh diagram. In
the Hartree-Fock MO approximation, the H-F force on nucleus A is given by
(3-18), where fa; =(d;|fal®;) is the MO contribution to the total electronic
force which is a simple sum of all MO contributions. By integrating f,; over
the displacement of nucleus A,?? we obtain the change in electronic energy
(relative to the lower limit of integration) as a simple sum of MO contributions.
This quantity is identical with that calculated directly from the Hartree-Fock
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method, if exact Hartree-Fock orbitals are used throughout displacement.
Thus, in principle the electronic energy is expressible as a simple sum of MO
contributions, although this is not true with the conventional Hartree-Fock
energy formula (252) because of electron-electron repulsion terms. This sum-
mation provides a clue to the Walsh diagram, although this reasoning excludes
the nuclear-nuclear repulsion energy of (3-18).

The above argument can be employed to construct Walsh-type diagrams.
Consider an AH, molecule with apex angle o and A—H length A. If the mole-
cule is bent by symmetric transverse motions of the two hydrogens, with A and
the A atom fixed, then the total energy E(a), relative to the linear form (oo =
180°), is

E(@)=2 (g wi(a) + -;— (cosec —Z— - 1). (3-26)

The two terms in (3-26) represent changes in electronic energy and nuclear re-
pulsion energy, respectively, and

wi(a) =\ f fida (327

represents the work done by ith MO contribution to the transverse force, ik
acting on a proton during bending from 180° to . Coulson and Deb (66 ;see also
64) calculated ff for H,0 from the MOs of Ellison and Shull (90) and obtained
wi(a) by numerical integration. The resulting w’(a) correlation diagram resem-
bles very closely the Walsh-Allen (240) and the corrected Walsh diagrams®°-3!
(Fig. 3-12). Note that the corrected Walsh diagram has a rising 2a, curve,instead
of a falling one as obtained earlier due to certain unrealistic assumptions of Walsh
(Section 3-2-1; 136, 165, 263-265). Thus, the above treatment gives a success-
ful explanation of the Walsh and Walsh-Allen diagrams for H,O, although it
omits nuclear repulsion terms and wi(c) is not always a good approximation to
the difference in orbital ionization potentials between the bent (a) and linear
molecules. Similar conclusions are also valid for NH;.

Through a similar procedure, the internal rotation®? in H,0, was studied by
calculating the transverse rotational force on a proton, using the wavefunctions
of Kaldor and Shavitt (160). The resulting wi correlation diagram (Fig. 3-13),
relative to the trans planar form, resembles the corresponding Walsh-Allen
diagram, even in slopes, although the unoccupied MO curves and the orders of
the occupied MO curves do not match in the two diagrams. From zero net
force, the equilibrium dihedral angle is ~65°, whereas the corresponding mini-
mum-energy value is 120°. It is not surprising that both values are wrong (the
experimental value is 111.5°), since the frans barrier of H,0, is very difficult
to reproduce (102,226, 238).
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duced from Ref. 66, courtesy John Wiley & Sons, Inc.)

In Section 3-4-4 we shall consider the fcd’s for these molecules which plot f}f
against an angle and are just the derivatives of Coulson-Deb diagrams.

3-4-3. First-Order Jahn-Teller Effect

In Section 3-2-3 we have seen that (3-3) gives the energy of a molecule, under a
small displacement Q;, according to second-order perturbation theory. The
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H,0,. X is the dihedral angle between two HOO planes (x = 180°, trans-planar). (Repro-
duced from Ref. 66, courtesy John Wiley & Sons, Inc.)

significance of the second-order terms for molecular structure has already been
discussed. We now discuss the role of the first-order term which survives only
when the molecular wavefunction Y, belongs to a degenerate energy level. The
nonlinear®? polyatomic molecule then tends to distort to a lower symmetry
(first-order Jahn-Teller effect; Refs. 92, 153).

The H-F force formulation (56) of the static** JT effect is more advantageous
than ‘the energetic treatment in its conceptual simplicity and requires fewer as-
sumptions for deriving the JT theorem. Only the Born-Oppenheimer approxi-
mation is assumed; there is no need to assume explicit Q; dependence of the
Hamiltonian, or invoke perturbation theory. The formulation has been applied
to JT distortions in CH,*, CF,4*, excited states of NH3*, NH; (71), and VCl,
(65). We discuss the VCl, example below.

The electronic ground state (doubly degenerate) of tetrahedral VCl, may be
written as ... (a;)%(£2)%(¢1)%(e), 2E (24). One therefore expects that the
static JT effect will distort the molecule from its idealized tetrahedral shape.
We assume (i) that the electronic structure of VCl, differs from that of the
hypothetical VCl,*, a closed-shell tetrahedral molecule, only in the presence of
one electron in the nonbonding e MO (the frozen MO assumption; Refs. 55, 56);
and (i) that the doubly degenerate e MOs responsible for the distortion are com-
posed of either the 3d,2 or 3d,2_,2 AO of the central vanadium atom.?> Then
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the H-F force acting on a Cl nucleus in tetrahedral VCl, is given by

Feu(VCly) = Fay(VCL*) + Zgy f P*oCalt)d, (328

where Z¢, is the effective nuclear charge of Cl (assumed to be unity) and ¢ is
either 3d,2 or 3d,2_,2» AO. Putting F¢c;(VCl,") as zero for tetrahedral VCl,",
we obtain the JT force tending to cause deformation as

Fey(VCly) = Zy f S0 (realriy) dr. (329)

Using the Urey-Bradley (293) model, we rewrite (3-29) as

X, +4K3)A’=ZC1J‘ ¢*¢(zc/rd)) dr (3-302)

Kap=Zcy f $*0(ecilrtn) dr, (3:30b)

where z¢; and x¢; are, respectively, along and perpendicular to a V—CI bond;
K., K,, K5 are Urey-Bradley force constants; Ar is the decrease in V—CI bond
length; and p is the transverse displacement of a Cl nucleus.

Interestingly, the following conclusions can be made (75) with the help of
Fig. 3-14, even without any numerical calculations. (a) The attractive force on

z y4
2
2
| 1 !
BN/ ' 1
i ——Y . —>Y
] =2 L 3
XN %) _1>w Xk IV
7 4
3
a4
(@) (b)

Fig. 3-14. The static Jahn-Teller effect in VClg, using (a) metal d;? and (b) metal d,2 - 2
AOs. The arrows on ligand atoms indicate the directions of distortion. Arrows 1,2 and 3,4
lie in the planes defined by the metal z-axis and the relevant V—CI bonds. (Reproduced
from Ref. 75, courtesy the American Institute of Physics.)
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Cl due to d,» or dy2_,2 density causes a totally symmetric decrease in vV—Cl
bond lengths; this does not reduce the tetrahedral symmetry. (b) Due to the
symmetry of the d,2 and d,2_,2 AOs, the JT distortion [p in (3-30b)] occurs
in the plane defined by the métal z-axis (S4 or C;) and the relevant V—CI bond.
(c) If the e electron occupies the d,» AO, the cube will be elongated along the
metal z-axis (i.e., positive p), and if the dy2_,2 AO is occupied, the cube will be
flattened (i.e., negative p). These two distortions are distinguishable, resulting
in the two distorted forms having different stabilities. There are three equivalent
distortions of each type. (d) The two e orbitals lead to opposite and distinguish-
able distortions; the e electron is more likely to occupy (after deformation)
either d,2 or dy2_,2 orbital rather than a linear combination of them, since
this leads to greater bending distortion energy which is an upper bound for the
barrier to interconversion among the three equivalent distorted forms via a
tetrahedral form.

By using two sets of spectroscopic values for Ky, K, and K3, and both Slater
and SCF AOs for two vanadium configurations (295, 296), Coulson and Deb
(65) made detailed calculations for A7, p, and the corresponding stabilization
energies. The bending distortion energies for flattened and elongated tetrahedra
were slightly different, implying that both forms are equally probable for VCl, .
This conclusion is consistent with low-temperature ESR results of Johannesen
et al. (156), who reported a mixture of 58% flattened and 42% elongated
forms.

3-4-4. A Simple Mechanical Model for Molecular Geometry

3-4-4a. Construction of the Model. According to the basic ideas outlined at
the beginning of this section, we now explain the necessary steps in constructing
the model. (1) qualitative construction of symmetry-adapted LCAO-MOs using
valence s and p AOs as basis functions: the symmetry-group orbitals are com-
bined in bonding, nonbonding, ahd antibonding ways; (2) arranging the MOs in
energy order according to their bonding, nonbonding, and antibonding charac-
ter, and by their symmetry properties; (3) assigning the role of each MO in, e.g.,
linear-bent correlation by using the qualitative picture of the H-F theorem to
decide whether a given MO density causes a bending or linearizing force on a
terminal nucleus [for example, in Fig. 3-15 if the MO accumulates more density
inside the AB, triangle, it will cause a positive (bending) transverse force on
nuclei B; and B,, and vice versa; all these considerations are summarized in the
shape diagram, which is a simplified version of calculated fcd3¢]; (4) Aufbau
feeding of electrons into the MOs and then using the HOMO postulate to deter-
mine gross equilibrium molecular geometry. If the role of HOMO is to bend
(or linearize) the molecule, the equilibrium shape will be bent (or linear). In
case the HOMO is insensitive to a valence angle, the angular behavior of the
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(a)

Fig. 3-15. Electron clouds, transverse forces, and terminal nuclear motions leading to bent
or linear AB, molecules. The atom A and the A—B bond length are kept fixed during such
motions. (Reproduced from Ref. 78, courtesy the American Chemical Society.)

next lower MO, if sensitive, will determine the shape. If this MO is insensitive
too, then the next lower MO is to be examined, and so on. Cases where it is
difficult to determine a unique HOMO occur when (a) the electronic states are
orbitally degenerate (FOJT, Section 3-4-3), and (b) the HOMO and the MO next
to it have opposite influences on a valence angle and cross each other in energy
(accidental degeneracy; Ref. 76). In case b the next influence of these MOs is
to be considered.®” We shall now explain the stepwise applications of the model
to AH,, AH;, AB,, and HAAH molecules. The reader may compare these re-
sults with those from energetic models (Section 3-2) and the ESF model (Sec-
tion 3-3).

3-4-4b. Illustrative Applications of the Model. 1. AH, Molecules. From the
three valence-group orbitals s,, p,, (along the symmetry axis), and h; +h, be-
longing to the A, representation of C,, (76) we can construct three a; MOs.
The 1a, MO is fully bonding (in-phase overlap) between all atom pairs (Fig.
3-16). The 2a; MO is approximately nonbonding (lone pair), and is almost
localized on the s, and p,, AOs. If this MO is occupied, the variational princi-
ple will lead to a small bonding character for the p,,, h; +h, pair, since it is
most effective to stabilize the MO. The 3a2; MO is strongly antibonding between
A and H atoms. Similarly, from the two group orbitals p,,, (in the molecular
plane) and h, - h, belonging to the B, representation, the bonding (1b,) and
antibonding (2b,) MOs are constructed (Fig. 3-16). The nonbonding 15; MO
is formed by p,., AO alone (perpendicular to molecular plane).

The energy order of MOs is closely related to the number of nodes and the
nature of AO interactions. Thus, Deb (76) summarized the order: bonding <
feeble bonding (e.g., lone pair) < nonbonding < feeble antibonding < antibond-
ing; and the suborders: more symmetric <less symmetric, m-antibonding < ¢-
antibonding. Using these orders, the AH, valence MOs may be arranged as
la, <1b, <2a; <1by <3a; <2b,.

Consider now the transverse MO forces acting on terminal nuclei. Since each
MO (assumed real) is given by, ¢; = Z,C;, X, where X, is an AO, the MO den-
sity becomes ¢3 = Z,C% X3 + Zp £ qCip CigXpXq, the first term giving rise to
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HyE
o 2e,

Fig. 3-16. Schematic MOs for AH, (top) and AHj3 (bottom) molecules. (Reproduced
from Ref. 76, courtesy the American Chemical Society.)

atomic force and the second to overlap force. In case of the 1a; MO (Fig. 3-16),
both atomic and overlap densities are larger inside the triangle than outside and
therefore this MO density exerts a positive transverse force on the terminal pro-
tons (see calculated fcd in Fig. 3-17). For the 24, MO, the atomic density on A
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Fig. 3-17. Force correlation diagram for AH, molecules, constructed with the data for
H,0 molecule. (Reproduced from Ref. 76, courtesy the American Chemical Society.)

pulls up the nucleus A (AD force in ESF theory, Section 3-3-2), but here we do
not consider this effect because we are considering the transverse forces on
terminal protons. This atomic density on A is larger outside the triangle than in-
side, and causes a negative transverse force on the protons. But the other atomic
and overlap densities lead to positive forces and the net transverse force due to
the 2a; MO will be positive (Fig. 3-17). For the 15, MO, both atomic and over-
lap densities concentrate more charge outside, and therefore it gives a negative
transverse force. The 15, MO does not exert any transverse force on the pro-
tons because of symmetry. These conclusions are summarized in the shape dia-
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gram, Fig. 3-18. The electrons are filled in the circles, according to the given
energy order, and then the HOMO postulate is applied.

For ground-state molecules having 1, 2 and S, 6 valence electrons the HOMOs
are la; and 2a,. Therefore, such molecules will be bent. For molecules with
3, 4 valence electrons the HOMO is 1b,, and so the shape will be linear. For
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molecules having 7, 8 valence electrons the HOMO (15, ) is insensitive to valence
angle, so the next lower MO (2a;) determines the shape (bent). These predic-
tions (Table 3-8) agree with known results except for BeH,*.>® Apart from in-
dividual predictions, the model can also predict many trends. For example,
since CH, (*4,, 104°), has one more electron in the 2a; MO than BH, (131°),
it should have a smaller bond angle. In the two series NH,", NH, (103.3°),
NH,™ (104°), and BH,™ (102°), CH, (*4,, 104°),NH, (103.3°), H,0 (105.2°),
the apex angle should be more or less the same, since the molecules differ only
in the occupancy of the indifferent 15, MO. The decrease in apex angle in the
series H,0 (105.2°), H, S (92.2°), H, Se (91°), H, Te (89.5°) may be explained
as follows. From O to Te the valence s and p' AOs become more diffuse (i.e.,
greater mean radii) and the tail of the lone-pair (2a; MO in Fig. 3-16) sp hybrid
on A can overlap more effectively with the hydrogen AOs. Therefore, bending
is facilitated more in, e.g., H, S than in H,0. For the excited states, the HOMO '
is the MO in which the excited electron enters. Thus, the first excited state of
LiH," will be linear (HOMO 1b,). The bent BH, molecule becomes linear in the
excited state (HOMO 1b,, next lower MO 1b;). The singlet excited state and
triplet ground state of CH, will have larger and similar bond angles, since the
transitions are from 2a, to 15, MOs (*B,, 140°; ®B,, ~136°; Refs. 134, 135).

When electrons fill a bonding or an antibonding MO, electron density will re-
spectively increase or decrease in the binding region (see Section 3-3-4d); there-
fore the bond length will, respectively, decrease or increase. For the 2a; and
1b, MOs, the atomic density of A attracts the two protons and decreases the
bond lengths, e.g., in the series BH, (1.18 &), CH, (1.11 A), NH, (1.02 A),
H,0 (0958 A). In the series H,0 (0958 &), H, S (1334 A), H,Se (1.47 ),
H,Te (1.7 A), the bond length increases because the valence s and p AOs be-
come more diffuse from O to Te and the electron density in the binding region
decreases from H,0 to H, Te. A

2. AH; Molecules. The approach here is very similar to that for AH, mole-
cules. From seven symmetry-adapted (76) valence AO functions we obtain
three @, and two sets of e MOs for a C3, molecule. The 1a; MO is fully bond-
ing, the 2a; MO is a lone-pair orbital almost localized on A, and the 3a; MO is-
antibonding between the A and H atoms. The le, (in-phase mixing of p., and
2hy - hy - h3) and le, (in-phase mixing of py, and h, - hy) are degenerate
bonding MOs, while 2e, and 2e,, are degenerate antibonding MOs (Fig. 3-16).>
The energy order is given by the previous rules as 1a, <le <2a; <3a; <2e.

Figure 3-16 indicates that the 1a, MO concentrates more charge inside the
molecular pyramid and thus causes a positive transverse force on the terminal
protons (see fcd in Fig. 3-19). The 24, lone-pair MO also exerts a bending force
on the protons. The le, MO concentrates more charge outside the pyramid and
thus favors a planar structure, while the le, charge density tends to open the
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Fig. 3-19. Force correlation diagram for AH3 molecules, constructed with the data for
NH3 molecule. (Reproduced from Ref. 76, courtesy the American Chemical Society.)

H; AH; angle, favoring a T shape (planar). The overlap density in the 3a; MO
causes a negative transverse force (Fig. 3-18).

From the HOMO postulate, the ground states of AH; molecules with 1, 2,
7, or 8 valence electrons will be pyramidal, but those with 3-6,9, or 10 valence
electrons will be planar (Table 3-8). As in the Walsh rules, the model predicts
7-valence-electron CH;, NH;", BH;™ (285, 286) to be pyramidal, in disagree-
ment with experimental and theoretical studies (Section 3-2-1). The planar
Rydberg excited states of NH; (Z34) and PH; (276) will also constitute excep-
tions to the model (see Section 3-3-5).

The out-of-plane bending force constant increases in the planar series LiH;",
BeH;, BHj, because the 1e HOMOs are progressively filled. Because bonding
and lone pair MOs are progressively filled, bond length should decrease in the
series LiH;", BeH3, BH; (1.22 A; Ref. 270), CH; (1.08 A), NH; (1.02 A). For
the series NH; (1.02 A, 106.6%), PH; (142 A, 93.5°), AsH; (1.52 A&, 91.8°),
the changes in bond lengths and angles have been attributed to the increasing
diffuseness of the valence s and p AOs of the central atom.

For planar LiH;* and BeH;, the HOMO (le) level is doubly degenerate, lead-
ing to an FOJT distortion. The le, MO tends to shorten the A—H, bond rela-
tive to the other two (the hydrogen group orbital is 24, - A, - h3), while the
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le, MO prefers a T shape and shortens the A—H; and A—Hj; bonds relative
to the third. The resultant shapes are distinguishable, having different stabilities,
but both belong to C,, symmetry.

3. AB, Molecules. Using the same qualitative rules as for AH, and AH; mole-
cules, one can pictorially construct the twelve valence MOs of C;,, AB, molecules
(Fig. 3-20) and arrange them in the energy order la; <1b, <2a, <1b; <
3a; <2b, < la, <3b, <4ay <2b; <5a; <4b, (for details, see Ref. 76).
For some AB, molecules, the la,, 3b, and 5a;, 4b, MOs may be reversed in
energy, but this will not affect the predictions, since all these MOs prefer a linear
form (see below).

The schematic MOs in Fig. 3-20 and the H-F force picture in Fig. 3-15 in-
dicate the nature (positive or negative) of the transverse force exerted by each

S RAS

cY,
ab,

Fig. 3-20. Schematic MOs for AB; molecules. (Reproduced from Ref. 76, courtesy the
Am:rican Chemical Society.)
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MO on the terminal nuclei. The effects of the # MOs (la,, 1b,, 2b,) can be
deduced from the signs of the m overlap densities between the terminal atoms.
For the 5a; MO, Deb explains that one atomic and one overlap term give strong
negative forces that would surpass the two atomic and two overlap terms, which
give smaller positive forces. Combining the resulting shape diagram with the MO
energy order, the HOMO postulate leads to the following predictions for the
shapes of ground-state AB, molecules: 12, (1,2;5b), 1b, (3,4;1),2a, (5,6;b),
15, (7, 8; b), 32y 9,10;1),2b, (11,12;1), 1a, (13, 14;1), 3b, (15, 16;1), 4a,
(17, 18;b),2b, (19,20;b), 5a, (21,22;1),4b, (23,24;1), where the MO is the
shape-determining HOMO, the numbers in parentheses refer to valence electrons,
and b and [ denote bent and linear forms, respectively (Table 3-8). Similar pre-
dictions can be made for excited states. These agree with known shapes. How-
ever, the S-electron, linear He;" (245) molecule seems to be an exception. Also,
contrary to the predictions of Walsh, Deb, and Gillespie, the 16-valence-electron
molecules BaF,, BaCl,, BaBr,, Bal,, StF,, SrCl,, and CaF, are bent (Table
3-6). The 21-electron molecule CIF, might be another exception (81, 185,
292). Like Walsh’s model, Deb’s model does not accommodate predominantly
ionic molecules such as Li, H*, Li, O, and LiOH which are linear.°

The anchor shape of CIF; is explained as follows. The CIF, fragment in CIF,
may be regarded as a 22-electron molecule and thus linear, giving rise to a T-
shaped CIF;. In this shape, the two CIF, fluorine nuclei *“see” more electrons
because of the remaining CI—F bond; the resulting electron-~nuclear attraction
slightly bends the CIF, bonds (for the ESF explanation, see Section 3-3-4b).

Consider geometry changes due to ligand substitutions. The change from
OF, (142 A, 1033°) to OCl, (1.70 A, 111°) may be attributed to greater
diffuseness of Cl valence AOs. Due to this the O—Cl bond will be longer than
the O—F bond. Also, since the overlap between the terminal AOs is reduced
for the HOMO (2b,), the bond angle should be larger in OCl, (see the ESF
account in Section 3-3-4d).

4. HAAH Molecules. The prediction of geometry of an HAAH molecule pro-
ceeds in two steps: (a) to decide on the linearity of the molecule by examining
the in-plane transverse force on the protons in a planar cis (or trans) form,
(b) to find the stable conformation for rotation about the A—A bond, by
examining the transverse rotational force on the protons in a nonplanar (C,)
configuration. The present model cannot distinguish between C, and C,,
(planar cis) forms in geometry prediction.

Consider step a, starting from the cis form.*! As before, the ten valence
MOs of a C,, HAAH molecule can be qualitatively constructed and arranged in
energy order la; <1b, <2ay <1b; <3a; <2b; <la, <3b, <4a, <4b,
(82). In Fig. 3221, the MOs which throw more electron density inside the
molecular trapezeum favor a bent form, whereas those MOs which concentrate
more charge outside will favor a linear form. Thus, the 1a,, 2a,, and 2b, MOs
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Fig. 3-21. Schematic MOs for C,, HAAH (top) and C; HAAH (bottom) molecules. (Re-
produced from Ref. 82, courtesy the American Chemical Society.)

favor a bent form, the 3a,, 1b,, and 3b, MOs favor a linear form, and the 15,
(7 bonding) and la, (m antibonding) MOs are almost insensitive to bending in
the molecular plane. Using the shape diagram (Fig. 3-18) and the HOMO postu-
late, the predictions in Table 3-8 can be readily obtained. For the bent 11-14-
valence-electron molecules the shape-determining MO (2b,) is feebly A—A
antibonding and feebly A—H bonding. This leads to an increase in the A—A
bond length and a decrease in the A—H bond length in the series C;H, (1.21,
1.06 R), N,H, (1.22,1.08 A), H,0, (148,097 A) (243, 283,284). The dif-
ferences in the bond lengths and angles of H,0, (097 &,105°),H,S, (133 4,
95%) may be attributed to greater diffuseness of sulfur valence AOs.
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Consider now step b. The valence MOs of a C; HAAH molecule may be quali-
tatively constructed (82) and arranged in the energy order 14 <16 <2a<2bH <
3¢ <3b<4a<4b. From Fig. 321 we see that when an MO accumulates more
electron density inside the molecular prism, it favors a C, or C,,, (cis) form, and
when more electron density is accumulated outside the prism, a C,j (trans) form
is favored, if the MO maintains its role throughout the rotational fcd.*?> Thus,
la, 2a, 1b, and 3b MOs favor a C,/C,, form, while the 3a, 44, 2b, and 4b MOs
favor a C,, form. Therefore, one can readily predict rotational conformations
of bent HAAH molecules (Table 3-8) using the shape diagram (Fig. 3-18) and
the HOMO postulate. Since the 35 and 4a MOs cross each other at a dihedral
angle of ~90°, both cis (or C,) and trans forms are possible for 11, 12-electron
molecules, whereas for 13, 14-electron molecules (e.g., H,0,, H, S, ) the 36 MO
seems to dominate over the 4a MO.

3-4-4c. Transferability of Geometry Predictions. The geometries of many
large molecules can be predicted from the geometries of their fragments. For
example, the AB, predictions may be employed for AB;, AB,4, and ABs mole-
cules (76, 78). An example, CIF;, has already been discussed in Section 3-4-4b.
We consider here the shapes of AH4 molecules. Since the two AH, planes are
mutually perpendicular, each AH, fragment has little effect on the shape of the
other. Therefore, if the (n - 2)-electron AH, fragment of a parent n-electron
AH, is linear, the AH, molecule will be square planar; if the AH, fragment is
bent, the AH, molecule will be tetrahedral (T;) or D, 4 (distorted tetrahedral).
In cases of orbital degeneracy, one should also consider the FOJT effect. Using
the AH, predictions in Table 3-8, we conclude that AH, molecules with 5, 6
valence electrons will be square planar and those with 3, 4, or 7-10 electrons
will be Tz or D,4. These predictions agree with known geometries and with
predictions which are independently derived for AHs molecules without the
help of AH, geometries. Deb (76, 78, 79) has thus noted that shape is another
property which is transferable, in quite a subtle way, from one molecule to
another.

3-4-4d. Why HOMO? The qualitative geometry predictions for many molec-
ular classes made on the basis of the HOMO postulate are remarkably consistent
with known geometries, although we occasionally come across minor excep-
tions as well as some difficulties in constructing the schematic MOs and shape
diagrams for relatively large molecules and in the assignment of HOMO. Thus,
the general validity of the HOMO postulate has been established.*> The ques-
tion therefore arises, why is only the HOMO, rather than other MOs, most im-
portant for molecular geometry? The reasoning might involve two steps. (1)
In the model, the MOs are constructed at a configuration which is apart from
symmetric and/or equilibrium geometry. At this geometry, the total electron
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density should have the characteristics of incomplete following or preceding
(Sections 3-52, 3-3-8a). If the MO contributes to electron-cloud preceding,
it gives a positive (accelerating) transverse force (left-hand side of Fig. 3-8b), and
if it contributes to electron-cloud following, it gives a negative (resisting) trans-
verse force (right-hand side of Fig. 3-8b). However, we note that electron-
cloud incomplete, following and preceding are the behaviors of total electron
density and not of the individual MO density. (2) Among the MOs, the HOMO
is most loosely bound. Hence, the density due to the lower MOs tends to fol-
low more completely the nuclear motion (Ref. 78; Section 3-5-4) and thus have
less influence on molecular shape. While step 1 has a firm foundation (Section
3-5), step 2 does not have such a foundation at present and needs to be further
examined using more reliable MOs.**

3-5. TWO COMMON TYPES OF BEHAVIOR OF AN ELECTRON CLOUD
DURING THE NUCLEAR REARRANGEMENT PROCESSES

3-5-1. Introduction

Imagine a process in which the nuclear coordinates of a system change from one
configuration to another. If the process is favorable (or unfavorable), the system
receives an internal force which accelerates (or resists) the process. An impor-
tant factor giving rise to such forces should be the dynamic behavior of electron
cloud during the process. In this section we will study the characteristic features
of such behavior in a fairly general way within the Born-Oppenheimer approxi-
mation (see also Section 3-3-8).

Linnett and Wheatley (I79) considered the possibility that the bond-forming
orbitals are distorted (i.e., bent bond) during molecular vibrations. Such distor-
tions were confirmed by valence-bond calculations on the out-of-plane bending
of CH; (51, 150), and for more general hydrides (158). The important effects
of such relaxations of molecular charge distributions (see Chapter 5) were pointed
out for infrared intensities (57, 70, 157, 189), temperature dependence of ESR
hyperfine splitting constants (98, 267, 268), vibrational force constants (7-11,
15, 17,259), chemical reactions and long-range interactions (see, e.g., Refs. 216,
219-221). Interestingly, Feynman had conjectured in 1939 (101) that the van
der Waals force might be due to the simultaneous polarization of the individual
atomic densities toward each other, their magnitudes being proportional to 1/R”
This was confirmed much later (see Sections 2-3-1,7-2; 105, 140).

In this section we will first deduce two common features of electron-cloud
reorganizations in an ad hoc manner from the H-F theorem and the integral
H-F theorem (166, 227).*° These lead to a guiding principle governing the
nuclear rearrangement process, which will be illustrated in the case of molec-
ular shapes.*® Finally, we will discuss the changes in the geometries of reactants
during chemical reactions and their role in driving the reaction (216).
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3-5-2. Common Features in the Behavior of Electron Clouds

Let Q be the nuclear displacement coordinate of a system from initial (i) to
final (f) states (Fig. 3-22), with « as an intermediate configuration and f as the
final configuration. In general, Q is a linear combination of displacement co-
ordinates (300), with that of nucleus A as an important element. Let us write
the electrostatic H-F theorem (for @) and the integral H-F theorem (Chapters
1,4)as

F§=Z4 f ralripalr)dr-Za Y ZgRap/Rhs, (31)
B#A

AE>8) = [ pag®) Al (1) dr + AV (3:32)

AHpo(r) =HE.(r) - H.(r), (333)

where AE(a— ) is the change in total energy for the isoelectronic process
a—>B; pag is the normalized transition density (Section 4-3) between a and
B; AH,, is the difference in nucleus-electron attraction operator between «
and B, and AV, is the corresponding change in nuclear repulsion energy. The
integrand in (3-31) is a 3-dimensional vector force density.

First, let the change a - § satisfy the following two conditions. (a) Itisa
monotonous change from unstable () to more stable (8) configuration. (b) The
displacement accompanies an increase in nuclear repulsion. Examples of these
conditions are seen in (i) molecular structure and vibration, e.g., displacement
from unstable linear (planar) to stable bent (pyramidal) forms of AX, mole-
cules; (i) reactions forming stable molecules having no barrier between two
points « and B; and (iii) approaches of two neutral atoms in the regions of dis-
persion forces. From condition a, the nuclei A of the system at a must receive
the driving force F§ having components along Q (positive direction). From

POy T2
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Fig. 3-22. Illustration of electron-cloud preceding in the H-F picture. The dashed ellipse
denotes the electron cloud of the system in nuclear configuration a. pg shows the projec-
tion of the centroid of weighted density on the coordinate Q and the arrow from a to p2 de-
notes the electronic part of the driving force acting at the configuration a. (Reproduced
from Ref. 210, courtesy the American Chemical Society.)
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condition b, the origin of the driving force must be the electronic part of (3-31),
since the nuclear part is repulsive throughout. This is possible if and only if
the center of gravity (p3) of the weighted density (1/r3) po(r) precedes the posi-
tion(s) of A at « in the direction of Q. In Fig. 322 the arrow from a to p2 is
proportional to the electronic part of the driving force on A at a. The nuclear
force is opposite to and smaller than this force (for a real system, see Ref. 219).

The preceding of the weighted density is generally expected to occur when
the centroid of pg (r) within some local region near A precedes the position of
A in the Q direction (see dotted line in Fig. 3-22). The localness of such elec-
tron-cloud preceding comes from the 1/r} factor in the weighted density; this
is large near A but falls off rapidly with increasing distance. Note that although
the preceding of weighted density is an exact consequence of a nucleus A re-
ceiving the electronic driving force in the Q direction, electron-cloud preceding
is an approximate concept. However, the approximation is usually quite good,
except possibly for very minute interactions, e.g., the long-range resonance force
between the 1s and 2p states of two H atoms (215).

Similar conclusions are derived from (3-32). For conditions a and b, the de-
stabilization energy due to AV, must be surpassed by the stabilization energy
due to the electronic part. In (3-32) and (3-33), H.(r) contributes to stabiliza-
tion but HS.(r) contributes to destabilization. Therefore, for the system to gain
stabilization from the electronic part the transition density p,g(r) should be
denser (more positive) near the moving nuclei at § than at « (Fig. 3-23a). Such a
situation will be realized if electron-cloud preceding occurs at « (Fig. 3-23b).

Now, let Q satisfy the following two conditions, which are opposite to the
previous ones. (a) It is a monotonous change from stable () to unstable (8)
configuration. (b) The displacement accompanies a decrease in nuclear repul-
sion. Such a displacement is realized by reversing the direction of Q in Fig.
322 (and Fig. 3-23). Therefore, during this process the opposite behavior,
namely, incomplete following of the weighted density, (1/r) po(r), and elec-
tron-cloud (incomplete) following should occur.

To summarize, when electron-cloud preceding occurs during a process, the
system receives a force that accelerates the process, but when electron-cloud
following occurs the system receives a force that resists the process. This is the
basis for the general guiding principle given below.

The primary importance of AD and EC forces in molecular shapes (Section
3-3) and chemical reactions (16, 216, 219) is closely related to the localness of
electron-cloud preceding and following. The behavior of electron density in the
atomic region of nucleus A manifests itself in the AD force on A and that in the
A—B bond region manifests itself in the EC force on A. The electron density
in the other regions (EGC force) should not greatly reflect the characteristics
of electron-cloud preceding and following. Thus, these behaviors of electron
density are reflected mainly in the AD and EC forces.*” This is also supported
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Fig. 3-23. Illustration of electron-cloud preceding in the integral H-F picture. (a) The

ellipse illustrates the transition density Pop(ry) between the wavefunctions associated with

configurations « and . The density is higher in the cross-hatched region near g than in the

singly hatched region near a. (b) The ellipse corresponds to the wavefunction associated

with configuration a and is responsible for electron-cloud preceding. The circle centered -
on B corresonds to the wavefunction of the final state. Note that the hatched region, which

shows the high-density region of Paps is nearer to the position g than to «. (Reproduced

from Ref. 210, courtesy the American Chemical Society.)

by the following relations for diatomic molecules, obtained by applying the
interference partitioning of electron density (255) to the H-F force:

AD force = intraatomic interference force
EC force = interatomic interference force (3-34)
EGC force = quasi-classical force.

We now remark on conditions a and b. Regarding condition a, even if the
process has an energy barrier like the activation energy, electron-cloud preced-
ing in some critical regions (e.g., those between reaction sites) and due to some
mechanisms (e.g., charge transfer, Ref. 108) is quite important to reduce the
barrier. Condition b is obviously too strong, since electron-cloud preceding and
following should occur even if this condition is relaxed as follows: (b") the elec-
tronic part is more important than the nuclear part.

We conclude this section with the density guiding rule for nuclear rearrange-
ment processes: Nuclei are pulled in the direction of electron-cloud reorganiza-
tion. If the energy change is monotonous throughout the process i - f, electron-
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cloud preceding (following) means that configuration f is more (less) stable than
configuration i.

3-5-3. Perturbational Description

The perturbational treatment of electron-cloud following and preceding in-
dicates a connection with the SOJT theory. Taking a small nuclear displacement
8Q as a perturbation, the electron density correct to first order is (13, 14)
p(Q) = p(Qo) + 8p, with

50=260 2 [ ﬁOk(Qo)f(Qo)drKEk-Eo)]vpo,,(ao), (335)

k#0

where Q@ =0, +8Q, Ey and E; are ground- and excited-state energies at Qo,
Pog is the transition density and f(Qo) = -(3H/9Q)g, is the force operator; §p
represents the reorganization of electron density due to the perturbation.

It has been shown that if Qg is taken at the saddle point of the potential
surface, p(Qo) and 8p represent, respectively, electron-cloud incomplete fol-
lowing and preceding. In order that preceding occur as a net effect, §p should
become appreciable and then the displacement along 8Q will be further facili-
tated. If preceding does not occur, the electron cloud left behind at Qy (incom-
plete following) attracts the nuclei at Q in the -Q direction and the system will
revert to Qp. Thus, the SOJT conditions (Section 3-2-3) are those under which
electron-cloud preceding can occur appreciably.

When Q, is away from the saddle point (e.g., equilibrium geometry, geometry
of highest symmetry, etc.) the unperturbed density p(Qy) itself would already
have the characteristics of electron-cloud preceding and following. Thus, the
SOJT model (employing both HOMO and LUMO) is based on 8p taking Q, at
the saddle point, while Deb’s model (employing only HOMO) considers basically
electron-cloud following and preceding included in p(Q,) where Qo is away
from the saddle point (see Section 3-4).

3-5-4. Electron-Cloud Reorganization and Molecular Shapes

3-5-4a. Examples and Roles. We shall now consider how electron-cloud fol-
lowing and preceding determine molecular shapes (see guiding principle in Sec-
tion 3-5-2). Figure 3-8 reexpresses the ideas in Section 3-3-8 with,e.g.,ethylene,
from both H-F and integral H-F theorems (Figs. 3-22 and 3-23). In the H-F
picture, the centroid of the C—H bond orbital precedes (m-n* excited state) or
incompletely follows (ground state) the rotational movement Q of the C—H
axis. In the integral H-F picture, the overlap between the C—H bond orbitals
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at a and B increases (decreases) due to the preceding (following) of the C—H
bond orbital at a. The resulting dominant EC force (arrow in Fig. 3-8) operates
to make the m-m* excited state of ethylene a bisected form and the ground state
a planar form, in agreement with experiment. This and other examples in Sec-
tion 3-3-8 validate the above guiding principle.

For the out-of-plane bending displacement of AH; molecules (Fig. 3-24), with
Q as a linear combination of O, and Qy, the guiding principle is restated as fol-
lows. If electron-cloud preceding occurs when the molecule is bent from planar
shape, the constituent nuclei receive forces that accelerate this bending; but
when incomplete following occurs bending is resisted and the molecule is ex-

1
Ld
o
-
3

NS~ .

(@) CH;~ (b) CH3*

Fig. 324. Out-of-plane bending displacement Q (top) of AH3 molecules from planar to py-
ramidal configurations. The arrows Q4 and Q represent, respectively, the bending move-
ments of the central atom A and of the protons, while 6 is the out-of-plane angle. The con-
tour maps (bottom) show the changes in electron densities of CH3~ and CH3" induced by
the displacement 6 = 30°, using nonempirical SCF~MO wavefunctions based on the minimal
set of Slater orbitals. The density at 6 = 0° is subtracted from that at = 30°. The solid
and dashed lines show, respectively, an increase and a decrease in density. (Reproduced
from Ref. 211, courtesy the American Chemical Society.)
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pected to be planar. For example, when CHj™ is bent from planar shape, the
electron density increases immediately above the C nucleus and decreases in the
region immediately below it, thus producing an upward atomic dipole on the C
atom. The AD force due to this electron-cloud preceding in the atomic region
facilitates the displacement of the C nucleus along Q¢ (Fig. 3-24a). Along the
C—H axis, electron density increases in the downward region but decreases in
the upward region. This electron-cloud preceding in the C—H bond region
causes a positive transverse EC force on the proton that accelerates bending
along Qy. Thus, both AD and EC forces induced by electron-cloud preceding
make the molecule nonplanar (Fig. 3-25) as expected from the guiding princi-
ple and in accordance with experiment (47). Note that Q¢ does not satisfy
condition b of Section 3-5-2 but satisfies b’, while Oy satisfies both b and b'.

The changes in electron density in CH;" are just the reverse of those in CH3~
(Figs. 3-24b, 3-25). Thus, a downward atomic dipole is generated on the C
atom (electron-cloud incomplete following). The incomplete following in the
C—H bond region causes a negative transverse EC force on the proton, which
resists bending along Qy. Thus both AD and EC forces, caused by incomplete
following, operate to make the molecule planar in accordance with the guiding
principle above.

Consider now the electron-cloud reorganization in CHs (211), calculated
through unrestricted Hartree-Fock wavefunctions (214, 244). The situation
here is more complex than above, making a direct application of the guiding
principle difficult. The electron density near the C atom seems to show the
characteristics of electron-cloud preceding, although to a much smaller extent
than in CH;~. However, in the C—H bond region, the electron cloud follows
Qu incompletely, the extent of following increasing with increase in the out-
of-plane bending angle (51, 150, 211, 267, 268). More accurate calculations
(221) have shown that the EC forces on C and H make the molecule planar,
exceeding the AD force on C.*2

Interestingly, the above differences in electron-cloud reorganization among

Fig. 3-25. Electron-cloud preceding in CH3~ and incomplete following in CHs'" during out-
of-plane bending movements. The arrows show the AD and EC forces induced by such
preceding and following. (Reproduced from Ref. 211, courtesy the American Chemical
Society.)
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CH;", CH5*, and CH; may be attributed chiefly to the singly occupied MO of
CH;. Also, electron-cloud reorganizations in isoelectronic molecules are similar
(211, 221). These facts support the validity of the ESF model and are also im-
portant in the force reasoning behind the Walsh diagram (66 ).

3-5-4b. Bent Bond in Equilibrium Geometry. Contour maps of the electron
density in NHj; (equilibrium configuration) indicate that the bond electron
cloud is slightly distorted inwardly from the N—H axis (20, 21, 159,223,253,
254). The occurrence of this “bent bond” can be explained as follows. Since
the force on the protons vanishes at equilibrium geometry, the interproton re-
pulsive force acting along -Qy (see Fig. 3-24) must exactly cancel the force of
electronic origin. Considerations similar to those in Section 3-5-2 indicate that
this is effectively achieved if the electron cloud near the proton and/or in the
A—H bond region is distorted inwardly from the A—H axis. This is just a
special (“frozen™) case of electron-cloud preceding in the A—H bond region.
See further Refs..51a and 220.

3.5-4c. Localized Orbital Description. We have seen that the characteristics
of electron-cloud following and preceding are expressed chiefly through the
behavior of local electron clouds associated with bonds, lone pairs, etc. during
nuclear rearrangement processes. One therefore expects that such character-
istics would be reflected in localized MOs (89, 183, 224) obtained at non-
equilibrium geometries.*® For example, the general feature of the localized

C—H bond orbital of nonplanar CH; may be illustrated as follows (51):

This clearly indicates incomplete following. In case of NH; (159), it is sur-
prising that even in planar form the localized orbitals are not symmetrical with
respect to the molecular plane, although the fotal electron density is sym-
metrical with respect to this plane. These examples show that the localized-
orbital method would be a useful tool to describe intuitively electron-cloud
following and preceding, and this would also hold for chemical reactions (84,
85). Note, however, that the force calculated from a single localized orbital has
little physical meaning. Electron-cloud following and preceding are types of
behavior of fotal electron density (see the definition of bond paths and bond
directions in Ref. 257).

3-55. Change in Molecular Geometry during Chemical Reactions

The ESF concepts applied in Section 3-3 to molecular geometry can be applied
to chemical reactions without much modification. For a reaction to occur, the
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interaction between reactants should increase electron density between the
reaction sites, at the same time decreasing electron density in the region of the old
breaking bond. This accumulation of electron density may occur in the overlap
region common to both reaction sites, causing attractive EC forces, or in regions
very close to reaction sites (e.g., the formation of inward atomic dipoles), caus-
ing attractive AD forces on the reaction sites. Although both of these types of
electron-cloud preceding are important depending on the stages (initial, middle,
final) and the classes (covalent, ionic) of reactions, the EC force seems to be
more important in the significant middle stage of the reaction than the AD force,
at least for homopolar reactions.

For instance, consider the dimerization of two planar CH; radicals to form
ethane (207). When the two approach each other in the intermediate region
(Fig. 3-26), the electrons in the p,c AO of each radical flow (precede) into the
overlap region (see also Section 3-3-4d). The resultant EC force is the driving
force of the reaction, since it pulls both carbons toward each other. At the same
time, this EC force makes each CH; nonplanar as in ethane, the product, thus
playing two important roles. In the final stage of the reaction, the EC(C—C)
force nearly approaches the EC(C—H) force, resulting in an almost tetrahedral
CH; fragment in ethane. Thus, in the ESF theory molecular geometry and
chemical reaction are treated essentially on the same ground.

Consider also the formation of the coordinate bond in the NH; —BHj system.

H
| JH H_ /HH
Bty + C>N=H —  “B—N
\ H Hd OH
H H H

Here the p, AO of planar BH; is vacant and the lone-pair orbital of NHj; is
doubly occupied. During reaction, the EC force is produced on B and the AD
force on N in free NH; is partly transformed into the EC force. Consequently,
during reaction BH; will gradually become pyramidal and the NH; valence
angle will increase.*® Deb (76, 78) has also considered such changes in molec-
ular geometry and reached similar conclusions on the basis of the model de-
scribed in Section 3-4. _

We now return to the dimerization of two CHj; radicals for a more detailed

Fig. 3-26. Important forces in the reaction CH3 + CH3 - C,Hg. (Reproduced from Ref.
207, courtesy the American Chemical Society.)
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Fig. 3-27. Analysis of the force F¢ acting on carbon when two planar methyl radicals ap-
proach each other. (Reproduced from Ref. 216, courtesy the American Chemical Society.)

study (216). We consider two reaction paths. (1) planar approach, in which
the radicals are brought face to face with their configurations rigidly planar;
(2) gradually bending approach in which the HCH angle of each radical is op-
timized along the path so that the bending transverse forces on protons vanish.
The calculations employed extended Hiickel wavefunctions (41) and optimized
the orbital exponents in force integrals so that all forces vanish at the equilib-.
rium geometry of ethane.

In the planar approach (Fig. 3-27), only the EC(C—C) force is attractive; all
other forces, including the total force, are repulsive throughout.’' This means
that although electron density accumulates in the C—C region (see Fig. 328,
near +0.95 A, center of the forming C—C bond), the extent of accumulation is
insufficient to drive the reaction. We also find an accumulation of electron
density in the rear region along the C—H axis; this causes transverse EC(H—C)
forces on protons which facilitate the outward bending of each radical. Clearly,
this is also a kind of electron-cloud preceding, since the reaction coordinates
should also include this out-of-plane bending displacement.

For the gradually bending approach (Figs. 3-29, 3-30), the AD, EC(C—C),
and EGC forces are all attractive, and so the total force on carbon is attractive
throughout the reaction.. Comparing Figs. 327 and 3-30, we find that the
largest effect of gradually bending each radical occurs in the AD force on car-
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Fig. 3-28. Change in electron density induced by the interaction of two planar methyl
radicals separated by 1.9 A, obtained by subtracting the density for two free methyl radi-
cals from that for two interacting methyl radicals at the same separation. The map is on
the HCC plane and corresponds to the left-hand methyl radical. (Reproduced from Ref.
216, courtesy the American Chemical Society.)

bon. This is understandable, since out-of-plane bending induces an atomic
dipole on the C atom. Thus, a change in geometry of the reactants during reac-
tion induces electron-cloud preceding in the atomic region of the reaction site.
In order to attain sufficient electron-cloud preceding in the C—C region, this
secondary mechanism of preceding is quite important, and it is also induced
by electron-cloud preceding in the C—H bond region (Fig. 3-28). All three
kinds of preceding, manifesting themselves in the EC(C—C) force on carbon,

fc
——e oosn
i ;
] ] (] l (]
: 1: ;" :" /' I"

Planar Tetrehedral  Central
Plane

Reaction Path

Fig. 3-29. Illustration of the gradually bending approach and the driving force F acting
on the carbon nucleus. Another methyl radical is in the mirror-image position with respect
to the central plane. (Reproduced from Ref. 216, courtesy the American Chemical Society.)
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Fig. 3-30. Analysis of the driving force Fc acting on the carbon atom along the gradually
bending approach of the two methyl radicals. (Reproduced from Ref. 216, courtesy the
American Chemical Society.)

the EC(C—H) force on proton, and the AD force on carbon, cooperate to drive
the reaction.

It is interesting to note (Fig. 3-30) the crossing of the curves of EC(C—C)
force and AD force at C—C distance greater than 2.1 A. This suggests that at
the initial stage of the reaction the change in reactant geometry (inducing the
attractive AD force) may be more important than the density accumulation in
the overlap region of the two reactants. Although this is apparently similar to
the dominant character of the AD force in the initial stages of H, formation (16,
140, 215), the mechanism is essentially different. In order to confirm this point,
further study based on more accurate wavefunctions would seem to be necessary.

3-6. SUMMARY

In this chapter we have explained the force concepts applied to molecular geom-
etry and compared them with energetic models. The two main force models,
due to Nakatsuji and Deb, are quite successful for understanding and predicting
the striking variety and regularity in structural chemistry. Although these two
models are quite different, the force concepts used by them are very pictorial
and attractive. In Section 3-5 using the force concept, we study the behavior of
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electron density during the nuclear rearrangement processes and obtain a gen-
eral density guiding principle for such processes. These concepts are equally
applicable to molecular structure and chemical reactions, as well as to the inter-
face between them.

These successes indicate that the force concept should become a quite general
and useful approach for understanding wider areas of chemical phenomena. The
wide applicability of the ESF theory due to Nakatsuji and co-workers to molec-
ular structure, chemical reactions, and long-range interactions promise such de-
velopments of the force concept.
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Notes

1. Correlation diagrams were first constructed by Hund (145, 146) and Mul-
liken (199, 200). Such diagrams have been very useful in explaining, e.g., spec-
tra of diatomic molecules, molecular shapes, spectra of transition metal com-
plexes, reactivity of organic molecules (302), etc.

2. Similar rules were suggested earlier by Cassie (50), Penney and Sutherland
(239), and Sidgwick and Powell (274).

3. A sufficient condition for a general SCF wavefunction to satisfy the H-F
theorem is that the basis set includes derivative 9X,/dx, for any basis X,. A
procedure which includes ‘parent’ and first derivative AOs seems to be useful
(221a).

4, This may be due to terminal atoms being usually more electronegative.
Walsh (294) had noted this for AB, molecules.

5. This is a modification (210) of the partitioning procedure of Bader et al.
(18, 19) for diatomic molecules.

6. This assumes that the shielding of Zg by the electrons in X g is complete.
Although it is an overestimate, it improves as the AB distance and/or the orbital
exponent of Xy increases; e.g., for a C—C distance of 1.4 A, the error is ~8%,
but for a C—H distance of 1.09 A, the error is ~30%.

6a. See note 6.

7. According to nonempirical calculations on NH; (159) the lone-pair orbital
has s-p mixing [Pgnpn in (3-8)] 1.063, compared with 0.866 for sp> hybrid
and 0.943 for sp? hybrid.

8. The AD force is small for H atom, since here the 15-2p mixing is small.

9. This occurs because, although the integral part of the AD/EC ratio in, e.g.,
the series B, C, N, O increases, the extent of s—p mixing decreases [Fig. 3-4(b)].

10. See note 6.

11. Since the force on A along A—B is always the sum of EC and EGC
forces, one can reduce the EC force by incorporating the EGC force into it
(‘bond’ force in Ref. 221).
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12. Unless otherwise mentioned, experimental values are from Herzberg
(134) or Sutton (283, 284).

13. Exceptions exist from Al to Ga and As to Sb.

14. This is why inner-shell electrons are not significant for molecular shapes.

15. Since the one-center coulomb repulsion integral is large (305), n-donating
substituents are usually g-attracting (e.g., halogens) and vice versa.

16. An important exception occurs when both s, and pp are completely
filled (see Section 3-3-4b).

17. The overlap effect may also be called conjugative effect in structural
theory in contrast with the inductive effect given in Section 3-3-4c.

18. For the role of d electrons in chemical bonding, see, e.g., Ref. 63. In
speaking about the importance of d orbitals, experimental chemists usually
assume a minimal basis set (i.e., only one basis for s-type AO, three for p, five
for d, etc.). But in a refined calculation theoreticians employ many bases for
s-, p-, and d-type orbitals (extended basis set; see, e.g., Ref. 281). When the ad-
dition of d orbitals is treated as a perturbation (217) the first-order correction
raises the Hartree-Fock orbital energy but vanishes identically for the total en-
ergy, indicating the insignificance of d orbitals. This result applies to the second
standpoint but may not apply to the first since the minimal s, p basis set does
not satisfy the requirement for the zero-order MO in perturbation theory.

19. The transfer of electrons from the lone-pair orbital of N to N—Si and
SiHj regions is supported by the fact that N(SiH3); is a weak base.

20. The repulsive EC and EGC forces are responsible for steric repulsion.

21. This applies to all planar (linear)-pyramidal (bent) correlations. In the
planar (linear) form the bending force vanishes by symmetry.

22. The overlap effect and the inductive-substitutent effect may or may not
be cooperative (Section 3-3-4d). In case of the former, a decrease in electron
density in the atomic region (decrease in AD force) leads to an increase of elec-
tron density in the bond region (increase in EC force) and vice versa.

23. Hayes (131) noted that for both neutral atoms and cations, the d levels
are lower than the p levels for Ca, Sr, and Ba, although both levels are lowered
monotonously from Be to Ba.

24. When @ = 0, the electron density of C—H bond is symmetric about the
bond axis.

25. Minus sign means resisting force.

26. Experimental data cited in this subsection are from Ref. 182.

27. Their sum is a good approximation to the total force.

28. From Table 3-2, for (m)%(n*)!,

1 1 1
D =—+t+——x15 wi ~(0.25.
(pmp) T+s 31 s , with § 5

29. See Refs. 93, 104, and 299 for integration over another variable, namely,
nuclear charge.
30. Both the Walsh-Allen and original Walsh diagrams were ‘“‘reduced’ such

that orbital energies are measured relative to the linear form (compare Figs.
3-1 and 3-12).
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31. Such a resemblance does not hold for unoccupied MOs indicated by the
dotted curves.

32. No Walsh diagram was proposed for internal rotation.

33. For linear molecules, the Renner effect occurs (251).

34. For an extension to the dynamic JT effect, see Ref. 54.

35. Consideration of overlap with chlorine AOs does not alter the nature of
JT distortion.

36. Such simplification may cause problems when some MO curves in the fcd
cross the zero-force line (Fig. 3-13). In the reduced Walsh-Allen diagram such
sign changes occur only for unoccupied orbitals.

37. (a) When the number of valence electrons is such that only one of these
two MOs are occupied, two different assignments of HOMO are possible, leading
to a difficulty in prediction. (b) Since it is difficult to derive the HOMO postu-
late on an a priori quantum mechanical basis, its validity has been asserted by
testing its predictions for a wide range of molecular classes. For other details
regarding this model, see Refs. 76-79, 82.

- 38. For BeH,"* (bent ground state; Ref. 246), the interlacing of occupied MO
curves makes the choice of HOMO difficult(79).

39. The z-axis is along C;3 axis, while the x axis lies in the plane defined by
z-axis and the A—H,; bond.

40. The ESF model can explain these trends for the alkaline earths and
lithium (Section 3-3-7).

41. In principle, one can also start from the trans form. However, in this
case, the 25, and 2a; MOs cross each other in the Walsh-Allen diagram (122),
making the choice of HOMO difficult for 5-10-valence-electron molecules
(see note 37). Such MO crossing is fortunately not encountered if one starts
from the cis form (82).

42. Note that the MO numberings here are different from Fig. 3-13 since the
latter MOs incorporate inner-shell AOs. See note 36.

43. Deb and Mahajan (80) have further confirmed the validity of the HOMO
postulate by studying the structures of 17 quixotic hypothetical molecules ac-
cording to INDO and CNDO/2 MO methods: HCLi, HBBe, HBLi~, HCB, HNBe,
HNB*, HBB~, NaHLi*, LiB,*, MgBe,, LiB,”, MgB,, LiH;2* (unstable), H;0",
CH;~, HBO, * (unstable), HBF, 2* (unstable). See also notes 36, 37.

44. Relaxation calculations (see Chapter 5) by Mahajan and Deb (184) on
BeH,, using INDO MO densities, indicates that step 2 may not be the real rea-
son. For a link between the SOJT model and HOMO postulate, see Ref. 25.

45. The H-F and integral H-F theorems cannot be used (218) to determine a
priori the electron density of a system (see, however, Refs. 20, 21). Attempts
(94, 144, 171, 212, 213, 218, 275, 278, 279) to obtain a direct deterministic
equation for the electron density without using the. wavefunction are not yet
completely satisfactory (see. e.g., Refs. 23 and 25a).

46. Koga et al. (168) have recently generalized the idea of the binding-anti-
binding diagram of Berlin (32), giving an unambiguous regional definition for
the role of electron density.

47. For example, in both van der Waals and chemical reaction regions of the
process H + H = H,, electron-cloud preceding occurs (16, 140) and causes the
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driving force of the reaction, namely, AD force at long range and EC force at
shorter range. Note that in, e.g., ionic reactions, electron-cloud preceding also
manifests itself in the EGC force, since electron transfer from one atom to
another is also “preceding.”

48. The behavior of electron densities calculated from floating wavefunctions
for NH3, CH5", and NH3" (221) were very similar to those given here for CHj,
CH3*, and CHj, respectively.

49. Note that localization of MOs is a device for interpretative purposes. It
utilizes the inherent unitary ambiguity of Hartree-Fock MOs and does not affect
the total wavefunction (138, 139, 252).

50. No experimental data are known for this increase.

51. For experimental evidence, see Ref. 222.
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