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Alautraet. Ab initio Molecular orbital (MO)calculations with the 4-31G, 6-31G (split valence)
and 6-31G* (split valence+ polarized) basis sets have been carried out on monofluorobenzene
and o-, m-, p-ditluorobenzznes to study ground state properties such as orbital energies, gross
orbital charges, net atomic charges and dipole moments. The redistribution of charges
consequent to excitation from the highest occupied molecular orbital (hOMO)to the lowest
unoccupied molecular orbital (LUMO)has also been calculated. The results so obtained have
been compared and discussed in the fight of semi-emp'u-ical calculations and available
experimental observations. The present study sugg9 the intermingling of the r and
orb/tals; however, the highest occupied and lowest unoccupied molecular orbitals are of xsymmetry indicating that most of the chemical and spectroscopic properties are controlled by
~t-eloctrons. It is also noted that the substituent fluorine is a weak n-donor and a strong eattractor. On excitingan electron from xoMo to LUMOit is observed that certain reactions may
proceed through excited states. Though, in general, the semi-emp'uicaland ab in/t/o methods
predict the same trend, the latter should be applied in order to explore the finer details of the
chemical properties for the molecules considered in the present investigation.
Keywor~. Orbital energies; gross orbital charges; net atomic charges; dipole moments;
excited states.

I.

Introduction

A knowledge o f the electronic structure o f substituted benzenes is o f basic importance
for a deeper understanding o f their re.activities and spectral properties. Therefore, the
study o f their electronic structures has received m u c h attention at every stage o f the
development o f the molecular orbital theory. The m e t h o d developed by Pariscr-Parr
and Pople (PPP) provides a fairly satisfactory description o f b o t h the g r o u n d and the
excited state properties o f substituted benzenes (Misra and Rai 1970, 1972). T h o u g h
several features o f the electronic structure can be understood with the help o f these
calculations, several equally important aspects cannot be satisfactorily explained. These
latter aspects include contributions f r o m the so-called inductive effects o f the
substituent and correspond to the changes in the a-electron framework o f the
compounds. Therefore, an extensive application o f the all valence electrons molecular
orbital m e t h o d was carried out on substituted benzenes (Yadav et a11972a, b, 1973a, b,
1975). The general agreement between b o t h the ~t-electrons m e t h o d and the all valence
electrons molecular orbital approximation is encouraging. However, the approximate
all valence electrons m e t h o d also did not reproduce all the experimental results since
the parameters suitable for some properties were not exactly suitable for the other
9 To whom all correspondence should be addressed.
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indices. Also different sets of parameters were suggested in a particular approximation
by different workers (Del Bene and Jaffee 1968). Furthermore, different approximate
methods (Pople and Beveridge 1970) were available with varying degrees of reliability
and success. Moreover some workers in the field are of the opinion that semi-rigorous
procedures are no longer adequate for molecular electronic structure calculations
(Kaufman 1979).
The fourth generation in computers has made available quantum chemical programs
which include all electrons of the system wherein all electron integrals were evaluated
analytically. This prompted several investigators to apply ab initio methods to some
9substituted benzenes (Hehre et al 1972b; Binning and Sando 1980; Boggs et al 1982).
The computations due to Hehre et al (1972b) were carried out on a STo-3G basis set for
a fixed geometry whereas Binning and Sando (1980) applied a double zeta contracted
gaussian basis set. Recently several workers (Boggs et al 1982) and (Nagi-Felsohuki et
ai 1982) in their separate communications have reported structures of some substituted
benzenes with 4-21G and STo-3G, 4-31G basis sets respectively. None of these studies
included the systematic applications of double zeta plus polarised basis sets to the
electronic structure of these molecules. It was therefore thought worthwhile to apply
gaussian series of programs (Binkley et al 1977, 1983) at split valence and split valence
plus polarized basis sets to some substituted benzenes as we have a long standing
interest in quantum chemical calculations on these molecules (Misra and Rai 1970,
1972; Yadav et al 1972a, b, 1973a, b, 1975) hoping that the inclusion of polarised
functions will improve the quality of the results.
The main purpose of this study is to extend our calculations upto the ab initio level
and to provide reliable and fairly accurate information on the electronic structures of
these molecules. The present paper deals with studies on mono-fluorobenzene and
isomeric di-fluorobenzenes. The resuRs will be discussed in the light of available
experimental and other non- and semi-empirical results.
2.

Method of calculation

All the molecules have been taken as planar, the bond angles as 120~ and the bond
lengths C-C, C-H and C-F as 1.397, 1.084 and 1.350 A respectively. The calculations
were performed on a cvsEa 175 computer using Gaussian-76 Program (Binkley et al
1977) with 4.31G basis set (Ditchfield et al 1971) of 160 and 176 primitive gaussians
contracted to 73 and 80 basis functions, a 6-31G basis set (Hehre et al 1972a) of 174
and 192 primitive gaussians contracted to 73 and 80 basis functions and Gaussian-82
Program (Binkley et a11983) with 6-31G* basis set (Hariharan and Pople 1973) of 216
and 240 primitive gaussians contracted to 115 and 128 basis functions for the monofluorobenzene and the di-fluorobenzenes respectively. A calculation of the redistribution of charges has also been made on exciting an electron from HOMOtO LUMO,the
elements of the density matrix are changed according to the equation:

or162
P~v = 2 E C piCvi - (C#)HOMo(Cv)HOMO + (C#)LUMo(Cv)LUMO
i

The elements of the newly constructed density matrix multiplied by their respective
overlap integrals give the new Mulliken's population from which the charges on each
atomic site were computed.
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Results and discussions
Orbital energies

The energies for five highest occupied and five lowest unoccupied molecular orbitals
and their symmetry types have been presented in table 1.
The general observation regarding the a-n separability in the present non-empirical
study and our earlier semi-empirical investigation is ahnost the same. However, some
noticeable differences are present. For instance, the second HOMOis of x-symmetry in all
the molecules of the present study whereas in im~o and ~ / 2
calculations (table 1),
they are of o-symmetry in monofluorobenzene and p-diiluorobenzene. Furthermore, in
p-difluorobenzene the third and fourth HOMOhave n and o symmetries respectively in 631G* but their symmetries are reversed in 4-31G and 6-31G methods. It is also
interesting to mention that in all the ab initio methods the third and fourth HoMo have
nearly the same energy though their symmetries are ~rand n respectively. Thus ab initio
results very clearly suggest that ~ and n orbitals could have similar energies. The same
mixing appears also in non-empirical (Clementi 1967) and semi-empirical studies on
nucleic acid bases (Prettre and Pullman 1968).
The symmetry of the HOMO,an indication of the symmetry of the ionized species, is
found to be of x-symmetry in all the methods. This is in agreement with the usual
assumption that the excitation and ionization mechanisms are mainly controlled by nelectrons in conjugated and aromatic molecules.
The ionization potential, the energy of the HOMO,obtained from the improved basis
set 6.31G* is in excellent agreement with the experimental value (table 1). The energy
difference between HOMOand LUMOdecreases from 4-31G to 6.31G to 6-31G*. The
examination of atomic orbital coefficients reveals that it is not possible to speak of
fluorine lone-pairs in the context of the present calculations since they appear to be
strongly mixed with other atomic orbitals in molecular orbitals.
3.2 Gross-orbital charges
The following conclusions can be drawn from the study of the orbital populations of
carbon, fluorine and hydrogen atoms.
I. The assumption of sp 2 hybridization on the carbon atoms implies the charge
population described as 2s t, 2p~, 2p~ and 2p~. The present calculations do show a
similar distribution of charges except on the carbon to which the substituent fluorine is
attached. There is a deficit of about .85 e (approximately the same in all calculations) in
the 2s atomic orbitals of all the carbon atoms as compared to a free carbon atom. This
deficit which represent promotion from a 2s to a 2p orbit is explained as being due to the
ensuing energy gains from sp 2 hybridization.
2. It is clear that the accepted concept of fluorine being a strong e-attractor and a
weak n-donor (back donation effect) is well borne out by the detailed charge
distribution pattern in all the molecules. The amount of x-charges donated to the ring
by the fluorine is approximately .06 e in all the ab initio methods, however the o--charges
attracted by the fluorine from the ring tend to decrease as the basis sets improve. This
type of back donation has been propounded in the theory of geminal proton-proton
spin coupling constants (Pople and Bothner-by 1965) and semi-empirical methods
(Doraiswamy and Sharma 1983).
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Net atomic charges

3.3

The net atomic charges at various atomic sites are presented in figure 1. The conclusions
drawn from these calculations are:
1. We observe that qualitatively the results obtained by 4-31G, 6-31G and 6-31G*
methods are similar but quantitatively the magnitude of the net charges on each atomic
site of the carbon in the 4-31G and 6-31G methods is less than in the 6-31G* method
whereas this order is reversed for the substituent fluorine. However, the magnitude of
the net charges on the hydrogen atoms attains approximately the same value in all the
methods.
2. A very interesting aspect of these results is that the hydrogen atoms, which in
~-electron approximations were not considered and carry only a small amount of
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Figure 1. Net atomic charges in units of 10 -3 electrons: (a) 4-31G (b) 6-31G (c) 6-31G*
(d) CNDO/2electron distributions (the values shown by the side of each atom refer to those
obtained by methods a, b, c and d, respectively, from top to bottom).
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+ ve and - ve charges in semi-empirical all valence electron scF calculations (Yadav et
a/ 1972a), tend to acquire very high values of only the positive charge indicating
migration of electronic charge from hydrogen atoms to the ring.
3. We observe that whereas the substituent fluorine carries a net positive charge in aelectron calculations, they are negatively charged in our semi-empirical studies and the
present study. This is because where a-electrons migrate from the fluorine to the ring
making the former deficient in a-electrons, there is a large migration of the o-electrons
resulting in a net acquisition of negative charge by the fluorine. The fact that the
fluorine carries a net negative charge and the hydrogen also has a net charge is not
consistent with a-electron theories.
4. The semi-empirical! all valence electrons calculations (Yadav et a/1973a) and even
the a-electron calculations carried out in the variable electronegatively formalism
(Misra and Rai 1970, 1972), lead to some activation of the m-position in monofluorobenzene, but in the ab initio calculations no similar activation is obtained. However, if
we disregard the charges migrating from the hydrogen to the carbon at the m-position,
the m-position does get a small negative charge. It is also observed that the o-, p-,
directing property of this fluorine atom is mainly associated with the a-electron cloud
of the system. The o-charges do not correlate well with this property.
5. A comparison of the net charges on the fluorine atoms shows that they are modified
substantially in difluorobenzenes as compared to the monoderivative. The magnitude
of the net charges on fluorine atoms increases from ortho to para but it is maximum in
monofluorobenzene. This mutual interaction of the substituents is exhibited clearly in
all ab initio as well as semi-empirical CNDO/2 methods (figure 1).
3.4 Dipole moments
Calculated dipole moments have been presented in table 2 and compared with semiempirical calculations and experimental values. The calculated dipole moments are very
large compared to their experimental values, however, the trends are reasonably well
produced. The dipole moment corresponding to the polarized basis set 6-31G* are
almost the same as the CNDO/2 (table 2) method and are close to experimental values.
Similar values of the dipole moments of monofluorobenzene and m-difluorobenzene
(Ms) have also been calculated by Boggs et al 0982) using the 4-21G basis set for
optjmiTed geometries.

Table 2.

Method
Molecule
Monofluorobenzene
o-difluorobenzene
m-difluorobenzene

Dipole m o m e n t s (Debye).

Present calculation
4-31G

6-31G

6-31G*

2-32
3.98
2.31

2"32
3.98
2-31

1.81
3.11
1.80

Experimental

1.669
2.59 + 0.02"
1.51 • 0.02"

9 Dekowalewski et al 0959); b Yadav et ai (1972b); c Nygaard et al (1967).

Earfier
calculation
(semi-empirical)
CNDO/2~

INDOb

1.76
3.06
1.74

1.85
3.22
1-81
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Excited state

The redistribution of charges at various atomic sites of the molecules have been
calculated by exciting an electron from HOMOto LUMO.As it is clear from table 1 that
HOMOand LUMOare of x-symmetry, the change in orbital populations as compared to
its ground state will take place in ~r-orbitals only. The redistribution of charges in the norbitals has been presented in figure 2.
The exanfination of MF, in figure 2 suggests that the meta carbon which was
positively charged in the ground state gets negatively charged after exciting an electron
from HOMOtO LUMO.Correspondingly, the para carbon looses a considerable amount
of charge in this process making it positively charged. Also the carbon at the ortho
position becomes more negatively charged as compared to its value in the ground state.
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Figure 2. Redistribution of charges in the x orbitals at various atomic sites after exciting an
electron from HOMOto LUMO(other orbitals are unaffected). The values by the side of each
atom are obtained by the 4-316 (top), the 6-31G (middle) and the 6-31G* (bottom) methods.
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However, the increase in the o r t h o position is less than that at the m e t a position. This
m e t a directing features of f u o r i n e in the excited state obtained by exciting an electron
from HOMOtO LUMOis found in all the three ab initio methods. Similar suggestions have
been made (Del Bene and Jaffe 1968) on a large number o f substituted benzenes using
the o q ~ / 2 method. This suggests that certain reactions may proceed through excited
states.
The n-orbital charges on the fluorine atoms and carbon atoms attached to the
substituent in these molecules decrease from their ground state values. The difference
between the two n-orbital charges on the fluorine and the carbon atoms attached to
substituents are in the order m o n o > p a r a > o r t h o > m e t a . The redistribution of the ~charge on the fluorine a t o m indicates that the ~r-electron donating capacity of the
fluorine a t o m is more pronounced in such excitations and also that the carbon at the
m e t a position in MFS is more populated.

4. Concluding remarks
The present study completes our MO calculations on mono- and difluorobenzenes. A
detailed comparison o f the results o f different semi-empirical (both n-electrons and all
valence electrons approximation) methods with the ab initio procedure suggests the
same trend for the electronic properties o f aromatic systems. However, the latter should
be applie(t in order to explore the finer details of their chemical and spectroscopic
propertiles.
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