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Abstract

Monosubstituted benzenes, in which the substituents participate in the w-electron system. are studicd
foliowing a classification in two classes according to the 7-electronic structure of the substituent. For this
type of molecule, a refation is cstablished between the nature of the substituent and, on the one hard, the
energies of the two highest occupied molecular orbizals and, on the other hand, their respective differences.
The two orbitals referred to above have w-character and belong to the a2 and by species if a Ca. point
group is assumed. Simple symmetry arguments lead to the conclusion that the az orbitals have, essentially,
an intraring character, whercas the a-orbitals of the substituents do give an important contribution to the
by orbitals. Therefore, an g2 electron must have a larger interaction with the benzene ring and a smaller
kineiic energy, whercas a 1, electron must have a larger interaction with the substituent and a larger kinetic
energy. It is also cxpected that the changes in the 7-¢lectronic structure of the substituent must much more
influcnce the variations on the &y energies and on the compenents of orbital energies associated with the
substituent than the variations on the @z cnergies and on the intraring compenents of the orbital energies.
A modificd version of the MOPAC program was prepared to perform the decomposition of the orbital
energies in their kinctic and potential energy components and these in their monocentric and bicentric terms.
MNDO calculations on nine monosubstituted beneenes, using the modified MOPAC program, give good
confirmation of the symmetry predictions and prove the consistency of the classification of the substituents
that is introduced. © 1993 John Wiley & Sons, Inc.

1. Intreduction

The values of many physicochemical properties of the substituted benzenes are
markedly influenced by the nature of the substituent and several studies of this type
of dependency can be found in the literature [1-13].

The purpose of this work is the theoretical study (within a semiempirical all-valence
electron SCF formalism) of the influence of the nature of the substituent on the energies
of the two highest occupied molecular orbitals of monosubstituted benzenes. The
symmetry of these orbitals takes an important role in the discussion.

Two general types of effects (associated, respectively, with the -electronic
structure of the substituent and with the total charge transfer between the aromatic
ring and the substituent) are used to classify the molecules and some effort is directed
to situate them in the context of the classical effects used for this purpose.

The study of the influence that the nature of the substituent has in the form
and energy of the two occupied molecular orbitals of highest energy has a special
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interest for the understanding of the reactivity of substituted benzenes in electrophilic
substitution reactions. Accepting as valid the charge-transfer mechanism proposed for
this type of reaction [1, 12, 14—16), the first ionization potential (IPy) of a molecule has
been used as a reactivity index [1, 12}, measuring the facility with which the molecule
transfers electronic charge to the electrophile. On the other hand, Fukui et al. [17, 18],
in their frontier orbitals theory, assumed that the position preferred for electrophilic
substitution depends on the distribution of charge associated with the HOMO (highest
occapied molecular orbital).

In this family of molecules, the two occupied molecular orbitals of highest energy
have sr-symmetry and, assuming the Cs, point group, they belong to the a; and b,
species. Some theoretical studies have been presented aiming at a better understanding
of the influence that the nature of the substituent has on the energy of these two orbitals.

Within a Hiickel-type formalism, the influence of a substituent (X) in the energy
of the above-mentioned molecular orbitals was studied |19} in terms of the inductive
and resonance effects. The variation of the (electron-aftracting or electron-donating)
resonance action of the substituent X has been reflected in the formalism through an
appropriate choice of the diagonal and nondiagonal elements of the Hiickel matrix
associated with X. The inductive action of X has been simulated by the change in the
diagonal element of the Hiickel mairix associated with the aromatic carbon adjacent
to X and, in some cases, of the next-neighbor carbon atoms, as well.

Swain and Lupton [2], starting from the Hammelt equations [20] as a base, suggested
that certain properties (rate constants, equilibrium constants, ionization potentials, etc.)
could be quantitatively written in terms of inductive and resonance parameters whose
values depend on the nature of the substituent. The Hammeit parameters have also
been used in the calculations of ionization potentials on their own [5] or together with
the coefficients of the respective molecular orbitals [11}].

Godfrey {21, 22], using both the intermolecular charge transfer theory [23,24] and
the perturbation theory, introduced a semiempirical model in which the energy of the
orbitals in question is correlated with parameters related with the #-inductive and the
substituent charge-transfer effects. These parameters are calculated from spectroscopic
data. The same type of data on monosubstituted benzenes has been frequently used
in the parametrization of semiempirical methods to calculate ionization polentials in
polysubstituted benzenes [25-27]. Several quantum mechanical methods have been
used in this type of study, namely, PPP [27-31}, HMO [25, 26, 29, 32], CNDO/S [33],
SPINDO [34], LNDO/S [35], HAM/3 [36], and ab initio [6—-10].

In this work, the effect of the substituent on the energy of the a; and by orbitals of
monosubstituted benzenes is analyzed using the decomposition of the orbital energy in
its components, following its nature and location in terms of atomic centers. According
to its nature, the orhital energics are partitioned in kinetic and potential components.
According to [ocation, the orbital energies are partitioned in monoecentric and bicentric
components and then grouped together in terms associated with the aromatic ring and
the substituent.

Several energy partitioning schemes have been introduced: Kitaura and Morokuma
[37] proposed a method to decompose the ab injtio energy of interaction between two
molecular systems in its components (electrostatic, polarization, exchange, charge
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transfer, and coupling terms). This scheme was applied by Nagase et al. [38] in the
study of strongly interacting systems. Other partitioning schemes were proposed for
the SCF energy of a melecular system, within a semiempirical formalism (Fischer and
Kollmar {39] and Dewar and Lo [40]) or an ab initio formalism (Kollmar [41]).

In this work, the orbital energics are subjected to a partitioning scheme similar
to those proposed by Fischer and Kollmar [39] or Dewar and Lo [40] for the
total energies. To gain a further understanding of the substituent effect, the separate
partitioning of the kinetic and potential energies is attempted here.

In Section 1, symmetry arguments are used to make a prediction of the influence
of the 7r-clectronic structure of the substituent on the values of the a» and b orbital
energies and their components. The results of the MNDO calculations for benzene
and eight monosubstituted derivatives are preseated in Section 1. In Section IV, the
validity of the symmetry predictions is discussed in great detail by comparison of the
results of the molecular energy decomposition.

II. Symmetry Remarks and the Classification of the Substituents

In the substituted benzenes, several types of cffects (inductive, resonance, charge
transfer, etc.) have been used to classify the substituents. However, the different types
of effects can be rearranged into two general types: the effects associated with 7-
electronic structure of the substituents and the effects associated with the total charge
transfer between the aromatic ring and the substituents.

The 7 -electronic structure of the substituent conditions the form of the 7r-molecular
orbitals of the substituted benzene and, consequently, the ar-charge redistribution
between the ring and the substituent. As the o-charge transfer between the ring and
the substituent usually dominates the total charge transfer between them, the second
type of cffects can be, reasonably, assumed to be independent of the first.

In this work, monosubstituted benzenes, in which the substituents participate in the
ring’s m-electron system, were studied. These are separated in two classes:

Class A: Those molecules in which the p. orbital of the atom of the substituent
adjacent to the ring is nonbonding.

Class B: Those molecules in which the p, orbital of the atom of the substituent
adjacent to the ring participates in the radical’s @-electron system.

Four molecules of class A (fluorobenzene, phenol, methoxybenzene, and aniline)
and four molecules of class B (benzaldehyde, nitrosobenzene, nitrobenzene, and
cyanobenzene) were tested, and benzene were used for comparison. The present
classification of the substituents studied coincides with that usually made in terms
of the resonance effects, although a different criterion is used here. Indeed, class A
of the present classification contains the electron-donating substituents by resonance
effects, whereas class B contains the clectron-accepting substituents by the same type
of effects.
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All the substituents studied are electron accepting when compared with hydrogen.
However, the magnitude of the electron-accepting character of a substituent is not
correlated with the class to which it belongs.

The two highest occupied molecular orbitals of benzene are degenerated and may
be chosen as belonging to the b, and a4, symmetry species. This choice is especially
useful to understand the construction of the s-molecular orbitals when a hydrogen
atom is substituted, producing a molecule with C», symmetry {approximate for some
substituents and exact in other cases).

The atomic orbitals of the substituents do not give a significant contribution to
the a; orbital as the substituted carbon (of the ring) is in a nodal plane (when the
Cy, symmetry is assuined). On the other hand, these orbitals (when they have the
appropriate symmetry) give an important contribution to the &, orbital.

Simple symmetry arguments may lead to the following statements:

1. The changes in the #r-electronic structure of the substituent must more influence
the variations on the b; orbital energies than the variations on the a; energies.

2. For all types of orbital enrergies (kinetic, potential, and total), the intraring
component is always the largest because the ap orbitals localize almost all
their electronic charge in the ring; this is still true for the b orbitals but to
a lesser extent. However, the components associated with the substituent may be
important if one wishes to compare energies of an orbital in different molecules
or energies of different orbitals in the same molecule.

3. An g orbital has a nearly constant kinetic energy and, therefore, the variations
on its total energy are almost entirely due to the variations on the potential
energy component. A b; orbital of the same molecule has a larger kinetic energy
because some amount of the 7-charge is transferred from an atomic center {a
carbon atom of the ring} where it is more contracted to another center [nitrogen,
oxygen, or fluorine atom(s) of the substituent] where it is less contracted. This
difference increases with the 7r-charge fransferred and with the electronegativity
of the above-mentioned centers of the substituent.

4. A by electron has a larger interaction with the atomic cores of the substituent
and a larger repulsion to their valence electrons than that of an a» electron of
the same molecule.

5. An ay electron has a larger interaction with the cores of the atoms of the ring
and a larger repuision to their valence electrons than that of the &; electron of
the same molecule.

6. The variations of the components of a b, potential energies associated with the
substituent are more sensitive to the s-electronic structure of the substituent
than to the total charge transfer between it and the ring, whereas the variations
on the intraring component must reflect the two effects.

7. The variations of the ring-substituent components of the 4o potential energies
are more sensitive o the ar-electronic structure of the substituent than to the
total charge transfer between it and the ring, whereas this second type of effect
must explain almost eatirely the variations of the intraring component.
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III. Calculations

In this work, the strategy followed in the discussion of the influence of the
nature of the substituent on the first two ionization potentials of monosubstituted
benzenes implies that the potential and kinetic orbital energies should be partitioned
in monocentric and bicentric terms.

In the Appendix, a decomposition of this type is discussed in detail within the
MNDO formalism [42]. A new subroutine is implemented in the MOPAC program
[43] to perform this decomposition. The modified program is applied for the set of
molecules considered here, the geometries being fuily optimized from standard input
geometries.

The basic common feature of the substituted benzenes that are studied here is the
ring that, in this context, is taken as made up of six benzenoid carbon atoms and
five hydrogens.

To allow a clearer discussion of the symmesry-based arguments, the orbital energy
components described in detail in the Appendix may be used to make a separation of
the orbital energy into contributions associated with the ring and the substituent.

Let the a; or b, orbital energy, &;, be writlen as

g =gl + &7+ e] + &, (1)

where the four terms on the right-hand side have the following definitions:
el is the intraring component of the orbital energy:

el = > e+ > il (2)

Agring A=IBering

g; ° contains the energy terms associated with the interaction between the ring and
the atom (C) of the substituent adjacent to ii:

g7 = > & ©)
Aering

To simplify the notation, this component will be named the “ring-substituent
compenent” as it includes most interactions of this type.

g! is the monccentric component of the orbital energy relatively to the atomis)
of the substituent that give(s) the largest contribution to the b, orbital. To simplify
the notation, this component will be named the “intrasubstituent component” as it
includes most interactions of this type.

™ is the remaining component of the orbital energy, including the components
ol interaction between the ring and the atoms of the substituent (exciuding the one
that is adjacent to the ring), the components of interaction among the atoms of the
substituent, and the monocentric components relatively to the atoms of the substituent
(excluding the one that gives the largest contribution to the b orbital). Following
the decomposition in the Appendix, each component (g7) of the orbital energy is
partitioned in its potential and kinetic components:

ef = V7 +T]. (4)
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A description of the g, and b; molecujar orbitals of the molecules considered is
given in Table I (the coefficients) and Table II (the energetics). The first table contains
also the net charges in the ring and in the atoms of the substituent.

TasLE I.  Net charges {withia brackets) and molecular
orbitals coefficients of monosubstituted benzencs.

Molecule az b;

BENZENE
FLUOROBEINZENE
{0.19)
£028)7
.53
PHENGL
.46
-0.02)
(-0.02}
053 0.38 0.32
METHOXIBENZENE
D48 0.6 -0.26
+0.12) (O-M)/(fﬂ-iz)
ANILINE

BENZALDEHYDE
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Tasle 1. (Continued)

Molecule a by
047 .22
(0,151(
0.7 0.58
.54 p.4p 010 538
NITROSOBENZENE (002
0.4¢ 0,55 042 013
.18 0.52
038y 015 013
(039048 _-{ P

-0.50 G o0 028

NITROBENZENE

.50 .50 -0.31

CYANOBENZENE

An inspection of Tables I and 1V allows a comparison between the experimental
and the calculated jonization potentials. Given the variability of some experimental
values, the agreement is very acceptable. In the molecules studied, the general trend
observed for the calculated and experimental ., and g;, values is almost the same.

TV. Discussion

The consistency of the classification of the substituents and the symmetry-based
predictions can now be tested using the results of the MNDO calculations. The influence
of the m-electronic structure of the substituent on the distribution of the as, by, and
net charges between its atoms and the ring may be observed in Table L

The anticipated nondirect correlation between the ar-electronic structure of the
substituent and the total charge transfer between the substituent and the ring is
confirmed by the values of the ring’s net charges, in the series of molecules
studied. However, this structure has great influence in the intrasubstituent net charge
distribution. In molecules of class A, the atom of the substituent adjacent to the ring
has the largest electronegativity. This fact explains the large negative net charge of this
atom. In substituents of class B, the above-mentioned atom is bonded to other more
electronegative atom(s) of the substituent. This fact explains its less negative (usually
positive) net charge, relatively to that in the molecules of class A. In benzene, the
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TasLe 1. The first jonization potential, in ¢V, of monosubstituted benzenes.

ip

Molecule MNDO Expl Exp.” Exp.t Exp.¢ Exp.®
Benzenc 9.39 9.40 9.25 — — —
Fluorobenzene 9.47 9.50 9.30 e e —
Phenol 5.88 8.75 8.56 8.601 — —
Methoxybenzene 4.83 8.54 - 8.39 8.45 —_
Aniline 8.75 8.04 8.02 — —
Benzatdehyde 9.74 9.8} — 9.57 — 9.59
Nitrosobenzene 9.82 9.97 — e —
Nitrobenzenc 10:.3t 10.26 9.92 9.88 e 9.99
Cyanobenzene 4.8t 10,02 971 9.79 e 9,73

#44].

516,7,9, 10].

“145].

46].

“147).

same situation occurs due to the electronic charge transfer from the hydrogen atom
(less eclectronegative than a carbon atom) to the ring.

The distribulion of the a; charge is not much influenced by the 7r-electronic
structure of the substituent as almost all this charge is always localized in the ring.
The distribution of the &, charge is significantly influenced by that structure. In fact,
molecules of class A do normally localize a larger b charge in the substituent than do
molecules of class B. Moreover, in the first class, this charge is essentially localized
in the atom of the substituent adjacent to the ring, the only one that has an occupied
p. orbital, whereas in the second class, this charge is localized, essentially, in the
more clectronegative atom(s) of the substituent that is(are) bonded to that atom. The
symmetry-based predictions are consistent with these charge distributions and may be
confirmed by inspection of Table I and Figures 1-6, as discussed below.

When the total orbital energies are compared for the nine molecules studied, it is
clear that the variations among the a; orbitals are due to the variations on the potential
energy component, the kinetic component being approximately constant (Fig. 1). For
the by orbital, a significant difference is found between the energy of class A and
that of class B molecules (Fig. 2). This is due to a different degree of cancellation
between the potential and kinetic energy terms with a very good compensation of the
variations within each class.

A striking difference of behavior between class A and class B is also observed for
the energy difference (gp, — &4,), as shown in Figure 3. In fact, this difference is
markedly positive in class A (0.60 £0.17eV), whereas for class B, it is very small
indeed (—0.05 +0.10 eV). This comes from the peculiar cancellation of the potential
and kinetic energy components in a way similar to that mentioned above for the by
orbital.
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TasLiE 1V, The secoad ionization potential, ia eV, of monesubstituted benzenes.
IP;

Malecule MNDO Exp.? Exp.? Exp Exp.9 Exp.®
Benzene 9.39 9.40 9.25 — — —
Fluorobenzene 9.82 9.86 9.88 — — —
Phenol 9.55 9.45 9.28 9.33 — —
Methoxybenzene 9.50 9.37 o 9.22 9.25 —
Anifine 9.46 9.11 e 9.12 — —
Benzaldehyde 9.7% 9.80 — G.75 — 0.81
Nitrosobenzenc 0.89 .97 — e — —
Nitrobenzene 10.48 16.26 9.92 9.88 — 10.35
Cyanobenzenc 9.89 16.02 10,12 10.1% — 10,15
[44].
b16,7,9, 10}
<[45).
a[46).
°[47].

The b; orbitals always have larger kinetic energies than those of the ap orbitals
(Fig. 3). This is due to the positive values of T4, (7, = 0) that dominate the negative

differences (T,

).

For all types of orbital energies (total, potential, and kinetic), the intraring com-
ponent is always the most important, this tendency being more striking for the a;

orbital.

SN

& CIAS A —>¢C— CIASS B —>

T

| PO ORNITTI
1P AT

L

t 2 3 4 5 6 7 8 9

Figure 1. The total cnergy and its componeats, in eV, for the @) molecular orbital
of monosubstituted benzenes. 1. Benzene; 2. fluorobenzene; 3. phenol; 4. methoxybenzene;
5. aniline; 6. beazaldehyde; 7. nitrosobenzenc; 8. nitrobenzene; 9. cyancbenzene.
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E— CIASS A —E—— CIAS B —

dodebrd

vtfm.oo = ]
"=1

1 2 3 4 5 6 7 8 ¢

Figure 2. The total energy and its components, in ¢V, for the Ay molecular orbital
of monosubstituted benzenes. 1. Benzene; 2. fluorobenzene; 3. phenol; 4. methexybenzene;
5. aniline; 6. benzaldehyde; 7. nitrosobenzene; 8. nitrobenzene; 9. cyanobenzene.

A b; orbital has a larger absolute value of the potential ring-substituent energy,
V7% and a larger negative intrasubstituent potential energy, V®, than those of an
a; orbital of the same molecule (Fig. 4 and Table II). This is consistent with a &y
electron having a larger interaction with the substituent than that of an a; electron. An
ap orbital has a larger negative value of the intraring potential energy, V7, than that
of a by orbital of the same molecule (Fig. 4), which is consistent with an a, electron
having a larger interaction with the ring than that of a by electron.

E— OAS A —>&— CAS B —>

Fav] W
TYYYTTT

[Z
[

v
2]
g
Gdol i d 01 11 lllllllltlllll 11 14 £13)

PrIIIII7

T T T I T T T T e Ty T

i 2 3 4 5 6 7 8 9

Figure 3. Energy difference between the b7 and az molecular orbitals and its compo-

nents, in eV, of monosubstitutcd benzenes. 1. Benzene; 2. fluorobenzene; 3. phenok;

4. methoxybenzene; 3. aniline; 6. benzaldehyde; 7. nitrosobenzene; 8. nitrobenzene;
9. cyanobenzene.
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&—— CIASS A —3&—— CLASS B —

15 + 1
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LIty - ]

||| K i ]

5+ .

ViV, :

vy, CF ]
-'\‘hi‘V;‘;m'“S

-10 .

15 5 ]

1 2 3 4 5 6 7 8 9

Figure 4. Potential energy ditference between the by and ap molecuiar orbitals and its

components in eV, of menesubstiteted benzenes. 1. Benzene; 2. fluorobenzene; 3. phenel;

4. methoxybenzene; 5. aniline; 6. benzaldehyde; 7. nitrosobenzenc; 8. nitrobenzene;
9. cyanobenzene,

The differences of potential energies between the by and a; orbitals of the same
molecule (V,, — V,,) are, vsually, negative (Fig. 4) due to the negative values of
Vi, (V3, = 0) that dominate the positive values of (V;, — V7). Aniline is the only
exception due to the large by charge transfer from the ring to the nitrogen atom that
has a small difference of electronegativity relatively to a carbon atom.

The intraring potential energy of a by orbital, V;,, is conditioned by the total and
by the b; charge localized in the ring. Therefore, its variation (Fig. 5) along the

—CIASS A —5¢E—CIASS B —>

5 ]
[ Jvir3000 4 i
R vi,3000 __ | 1
rs 3
: Y 0 - -
Nve, | i
e ;
....20 P E ; SUNOR-Y ) UV I SURNO S I DUPRUPROY-3 | RRROROOR N I RPN 3 J QU | RN J O -
-25 ]

1 2 3 4 5 6 7 8B 9
Figure 5. The potential energy and its components, in eV, for the & molccular orbital
of monosubstituted benzenes. 1. Benzene; 2. fluorobenzene; 3. phenol; 4. methoxybenzene;
5. aniline; 6. benzaldchyde; 7. nitrosobenzene; 8. nitrobenzene; 9. cyancbenzene.
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EClASS A —D¢— CIAS B —

1 E o

[ ] va,+3000
? 0
N v, 3000

OB
NN V2,
Rl

-15

FONATENEL BT R S VR B S

1 2 3 4 5 6 7 8 9
Figure 6. The potential energy and its componeats, in ¢V, for the a> molecular orbite!
of monosubstituted berzenes. 1, Benzene: 2. fluorabenzenc; 3. phenol: 4, methoxybenzene;
5. aniline; 6. benzaldehyde; 7. nitrosobenzene; 8. nitrobenzene: 9. cyanobenzene.

series of the molecules studied is conditioned by both the wr-electronic structure of
the substituent and the total charge transfer between the substituent and the ring. The
same energetic component of an a; orbital, V], is almost completely conditioned by
the above-mentioned total charge transfer and is quite independent of the 7-electronic
structure of the substituent (Fig. 6).

The intrasubstituent potential energy of a by orbital, Vj, , is always negative (Fig. 5)
because the core of the atom of the substituent associated io this component is more
efficient at interacting with the /| charge localized in the same atom than its remaining
charge. This efficiency must increase when the electronegativity of this atom increases.
Therefore, Vi, decreases with the increase of the mentioned electronegativity and with
the increase of the b charge localized in this samc atom. In fact, their values are
mote negative in the molecules of class A than in the molecules of class B, which is
consistent with the different degree of localization of the 5, charge between the two
classes. The intrasubstituent potential energy of an a; orbital, V.. 18 always close to
zero (Fig. 6) due to the atmost null 4> charge localized in the substituent.

The ring-substituent energies of the by and a» orbitals, V;,™° and Vg, ¥, are very
sensitive the gr-electronic structure of the substituent (Figs. 5 and 6). Indeed, their
values are strikingly positive for the molecules of class A and much smaller (usually
negative) for the molecules of class B and for benzene. These results are in agreement
with the different distributions of the net and orbital charges among the atoms of the
substituent, in the two classes of molecules.

Scveral points of convergence exist between the present theory of substituent effects
developed within a semiempirical all-valence electron SCF formalism and the classical
theory (built around the concepts of inductive and resonance effects) rationalized
within a Hickel-type formalism [19]:



664 MELO AND GOMES

(a) Two general types of substituent effects are considered upon the orbital energies,
namely, o-electronic effects and sr-electronic effects. The first ones are essentially
associated with the intraring component of the orbital energies. The #-electronic
effects are essentially associated with the components of orbital energy that involve
the substituent.

{b) The classification of the substituents made in terms of 7-electronic effects now
proposed coincides with the classical classification in terms of resonance effects.

(c) The major variations of the orbital energies are associated with 7r-electronic
effects. Indeed, the most usual heteroatom parametrizations [19] neglect the inductive
effect relatively to the resonance effect, and in the present SCF calculations, it can be
emphasized that the variations on the b, energies (which can be mostly associated with
the 7-electronic structure of the substituent) are far more important than the variations
on the a; energies (which can be mostly associated with charge-transfer effects).

One peculiarity of this work is the separate analysis of the kinetic and potential
orbital energies. This partitioning allows a clear justification of some results initially
established on simple symmetry arguments:

When a 7-molecular orbital of a monosubsittuted benzene presents a large charge
localization in the aromatic ring (the ap orbital, e.g.), its kinetic energy is nearly
constant and its potential energy has small chanpes due mainly to charge-transfer
effects. The delocalization of charge to the substituent (as in the b; orbital) leads to
great variations in these two components of the orbital energy. These variations are
usually in the opposite sense and their degree of cancellation is essentially dependent
on the w-electronic structure of the substituent. In the molecules of class B (electron-
accepting electrons by the resonance effect in the classical theory), this compensation
is very good and the orbital energy diffcrence (g5, — £,,) is close to zero. In the
molecules of class B (electron-donating electrons by the resonance effect in the
classical theory), this compensation is not s0 good and the above-mentioned difference
is markedly positive.

The following conclusions may be drawn from the results presented in this paper:

I. The two features (total charge transfer between the ring and the substituent
and sr-electronic structure of the substituent) that are assumed to influence the
energy of the b) and «; orbitals of monosubstituted benzenes are reasonably
independent and the major variations on the orbital energy are associated with
the second feature.

2. The components of the orbital energics associated with the substituent are more
sensitive to the changes in the m-electronic structure of the substituent than are
the intraring components of the orbital energies.

3. A localization of orbital charge in the ring (as in the a; orbital, e.g.) is associated
with a constant kinetic energy and with small variations e potential energy. A
delocalization of charge to the substituent (as in the by orbital) leads to great
variations in these two components, usuaily in the opposite sense, and the degree
of compensation between them is cssentially dependent on the -electronic
structure of the substituent.
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V. Appendix: Decomposition of the Orbital Energy

The MNDO energy (&;) of orbital &; of a molecular system can be broken into
monocentric and bicentric contributions [42]:

Z et + Y eff (Al)

A<B

The monocentric (£/') and bicentric (£1*) terms can, in turn, be also partitioned
into their components:

eh = UL+ Rvp = T8+ OV oy Ry (A2)

gff = ppF 4 CyAB o Ryas — TAF 4 BypB 4 Cyal o RyRE (A3)

The emergy component U is the monoelectronic, monocentric energy of u;
associated with atom A and may be calculated by the expression

= > Cp!cp,(xp(l)i = VaDlx, () = > chicpihpp s (A4

PEA peA

where —V,(1) is the potential energy of interaction between electron 1 and the core
of atom A, ¢, is the contribution of the atomic orbital x, to the molecular orbital o;,
and the sum is extended over all valence orbitals of this atom.

U# can be further decomposed into its kinetic (7;') and potential (VY energy
components: T{ represents the contribution of the charge of ¢ localized in A to the
kinetic energy of this orbital, given by the expression

* H %
1= et ) Fhe) = Y cenly. (49
peA peA

and €V is the contribution for the potential energy of 4; given by the attraction
between its charge localized in A and the core of this atom, calculated by the
expression

= > ety (M—VaDlap () = X chicpVpp. (A6)

peA peA

Ry#, in eq. (A2), is the contribution to the potential energy of ¢; given by the
interaction between its charge localized in A and the remaining electronic charge of
this atom:

=> > P,,cptcpz[{prfpr) - —(ppiﬂ’)}

peA reA
* Z Z ‘PP"Cptcn{ (pplrr) = = (Pi‘lpf’)] (A7)
peA r¥peA

where P, is the density matrix element associated with atomic orbitals yp and x,:

P =2 z c;jc,j, (AB)
i
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with the sum extended over all the occupied molecular orbitals, and {pg | rs) is the
biclectronic integral associated with atomic orbitals Y, Xg. Xr» and ¥;:

(pglrs) = (xp{Dxg @1/ ralx (D x2)). (A9)
BfB, in eq. (A3), is the resonance energy of t;, relative to atoms A and B:

=23 S el X))

peA reB

=23 > chicnBpr (A10)

peA reB

"“V — V4(1) — ve(l)

B can be decomposed in its kinetic (7/'%) and potentiai (EV%) components: T7*%
is the contribution to the kinetic energy of o that is given by the electronic charge
of overlap between A and B:

B=07 Z Z c;cri<,¥p(1)‘ — v

peA reB

X,(z)) =22 > chenlp. (Al

peA reB

and V¥ is the contribution to the potential energy of i, that is given by the attraction
between its electronic charge of overlap between A and B and the cores of these
atoms:

AVl =23 > el (DI=Vall) = VaWlx, (1) =2 > > eV .

peA reB peA reB
(A12)
vy in eq. (A3), is the contribution to the potential energy of if; given by the
attraction between its electronic charge localized in B and the core of A and vice

versa:
CVfB = Z Z c;,-cr,-CVfr + Z Z c;ichVI’;‘r, (A13)
ped red peh reB
with
VB = (DI Va(Dlx (D) (A14)
and
Vi = (DIl (D) (A15)

Ryl, in eq. (A3), is the contribution to the potential energy of ¢, given by the
interaction between its electronic charge localized in A and the remaining electronic
charge in B and vice versa:

RypP = Z Z Z Z Pascpicrnlpgl rs) + Z Z Z Z Pyscricnlpg|rs)

peA reA geB seB peB reB geA sed

) Z D DD Puchicalpglsr)

peA seA geB reB

é Z Z Z Z PqJC cilpglsr). (Al6)

peB seB qeA reA
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Tante V. Monocentric monoelectronic integrals for atoms of the second period.

Atom Tz, p2leV) Vi pr (V) 1oz, pe/ Vo, pa
C 3).211 7943 0.506
N 51.6835 169.040 0.474
0] 68.811 146719 0.469
F 88.384 194.251 0.455

In the MNDO method, the basis of atomic orbitals includes all the wvalence
orbitals of the occupied levels in each atom. Internal electrons are absorbed with
the nuclear charge into an atomic core. The valence atomic orbitals of the basis set
are formally approximated by Slater-type orbitals (STO) with exponents (¢) assumed
to be variationally optimized. These functions used explicitly only to evaluaie the
total resonance integrals (8,,) and their { exponents do not have a physical meaning
out of this context.

In a conventional MNDO calculation, the fi,, and 3, integrals are not decomposed
in their potential and kinetic components (CVW and 7T, and, BVP, and T,
respectively). As this decomposition was required for our analysis, one of the
components had to be evaluated analytically and the other calculated by difference
to the total integral (h,, or B,,).

The analytical cvaluation of the potential integrals causes some problems as it
requires an explicit form for the core operators Va. To avoid this difficulty, the kinetic
integrals were evaluated analytically, whereas the potential integrals were calculated
by the difference. The selection of the functions to approximate the atomic orbitals
in these calculations is the only problem that remains.

The Slater-type orbitals, with the exponents of MNDO parametrizations, can
give good results for the monocentric and resonance energy components in the
semiempirical formalism used, but they are not likely to be good functions for the
present calculation. In this work, an STO minimal basis with the optimized exponents
proposed by Hehre ot al. [48] is used to represent the atomic orbitals and it is
reasonable 1o expect more consistent results with this basis than with the previous
one. The kinetic resonance integrals (7,,) are calculated by the formula given by
Roothaan [49].

The values of the T, , integrals (analytically evaluated by the above-mentioned
procedure) and of the V, , integrals (calculated by difference between hp p, and
T, p.) are given in the Table V.

The absolute values of V, , and T, , increase as the atomic number increases,
which is consistent with, respectively, the increase of the core charge and the decrease
of the atomic radius (increase of the p. electron constrictions).

The absolute value of the ratio (T, ,./V,, ) decrcases as the atomic number
increases, which is consistent with the increase of the ionization potential.

The results of this Appendix are used in the text.
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