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Self-consistent Field Molecular Orbital Calculations on the
Electronic Structure of Mono and Disubstituted

Hydroxy (Methoxy) Benzenes
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SCF-LCAO-MO calculations in the Pariser, Parr, Pople approxima-
tion including configuration interaction of all singly excited states
have been performed on phenol and disubstituted hydroxybenzenes.
As far as the effects of hyperconjugation may be neglected the calcula-
tions should be applicable also to anisole and dimethoxybenzenes.

The one-electron one and two center integrals pertinent to the
C—0O bond have been varied. It has been found possible to obtain
a set of heteroatom parameters which give a fairly good descrip-
tion of ionization potentials, charge-transfer band energies, dipole
moment, nuclear magnetic resonance shielding data of H and *C
nuclei, and electronic transition energies in the molecules studied.

INTRODUCTION

Knowledge of the electronic structure of substituted benzenes is of basic
importance for a deeper understanding of the reactivities and spectral
properties of this important class of compounds. Purely theoretical quantum
chemical calculations involving all electrons on molecules of this complexity
are at present not conceivable — the numerical work involved is prohibitive
even with access to modern high-speed digital computers.

A comparatively large number of calculations on substituted benzenes
have been carried out in the Hiickel n-electron approximation (cf. Refs. 1—3).
Although the Hiickel method involves many drastic simplifications it has
nevertheless proved of great value for the systematization of, in particular,
a number of ground state properties. The Hiickel method in general gives a
less satisfactory picture of the excited states of molecules. The self-consistent
field (SCF) molecular orbital (MO) method developed by Pariser, Parr and
Pople 4 has, however, proved to give a very satisfactory description of both
ground state and spectral properties of aromatic and conjugated molecules
(cf. Ref. 7 and references therein). The degree of complexity of this method
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requires the use of electronic computers, but a complete SCF calculation on
a moderately large molecule may be performed within a reasonably short
period of time.

In the present work we have applied the SCF method due to Pariser, Parr
and Pople in an investigation of the electronic structure of phenol and
dihydroxybenzenes, and as far as the effects of hyperconjugation may be
neglected the calculations should also be applicable to anisole and dimethoxy-
benzenes. For these molecules nuclear magnetic resonance (NMR) shielding
data for both ¥C and 'H nuclei are available, which makes possible a com-
parison of the theoretically calculated electron distributions with those
inferred from NMR measurements.

Fischer-Hjalmars has recently published a thorough discussion on the
evaluation of some one and two center integrals which appear in the Pariser-
Parr-Pople SCF method and she has suggested a new and internally consistent
method for the evaluation of these intergrals.® In the present paper we have
largely followed her scheme. Since there exists some uncertainty concerning
the value of the parameters involving the heteroatom we have made a system-
atic variation of these parameters in order to examine some of the underlying
assumptions by correlation with experimental data. It has been possible to
perform a comparatively large number of SCF calculations within a reasonable
period of time — including configurational interactions involving all singly
excited states as well — thanks to a highly efficient computer program.

2. OUTLINE OF THE METHOD AND CHOICE OF PARAMETERS

In the present work the n-electron approximation has been used 7.e. only
the m-electrons are treated explicitly — the o-electrons and the bare atomic
nuclei are considered as a ““core’ in the field of which the m-electrons move.
For a molecule with n electrons of m-symmetry the Hamiltonian for the
m-electrons can be written ?

" core e2
H=>H@+%33— (1)
=1 LES) 71’7‘
In eqn. (1) the one electron operator H (Cz?)rema,y be written as
core core
H(i) =TG@) + U(i) (2)

core
where 7'() is the kinetic energy operator of electron 7 and U (¢) is the potential
field operator of the core (atomic nuclei plus o-electrons).
For the ground state the total wavefunction y, for the n n-electrons has
been written as a Slater determinant of one-electron molecular orbitals ¢,(%).
The molecular orbitals are in turn written as linear combinations of atomic

orbitals LCAO
(1) = % C,p%s (3)

where %, is an atomic orbital centered on the atom p.
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Hall ® and Roothaan 1° have derived the conditions for obtaining the
Hartree-Fock self-consistent field (SCF) orbitals for LCAO MO’s

Z 7(F r SSP,) = O (4)
where S, is an element of the overlap matrix §
S,, = jxp*x, dz (5)
(It has been assumed that S, 476),

F,, in eqn. (4) are the ma,trxx e ements of the Hartree-Fock operator and
the eigenvalues ¢; are the roots of the secular equation

| F,, — 816p1l= Y

For a closed shell configuration in which each occupied space orbital
lodges two electrons with opposite spins, the matrix elements F,, may be
written 10

core
Fpr = Hpr + 2 Jpr_Kpr (6)
core
where H, ~ are the matrix elements in the atomic orbital representation
core

of the operator H(¢) in eqn. (1) and J,, and K,, are elements defined as
Sy = Zj (pr[77) (7)

K,, = ; (pilir) (8)

The summations in the two above equations are to be taken over all filled
space orbitals ¢;. The right-hand symbols in eqns. (7) and (8) are defined as
the following lntegral

(%A[jk) = [f ox* (1) 2 (1) _l‘(pj* (2) 94 (2) drydry (9)

T12

where g¢,, ¢ etc. are LCAO MO’s.

Under the assumption of zero differential overlap (X,*X, = 0 for p + q)
adopted in the Pariser-Parr-Pople scheme the calcula.tlons of the matrix
elements J,, and K,, are in the atomic orbital representation reduced to the
calculation of integrals of the type (pp/qq):

1
(ppleq) = I %,* (1) %,* (2) - X, (1) %, (2) dvyd7, (10)
12
The matrix elements H:;m may be divided into one-center and two-
center integrals

ay=H, —[%*(i) HG) %) dr, (11)

(12)

1

Bog = HM = fo* (2) H(’b) xq(’l:) dr.
Acta Chem. Scand. 19 (1965) No. 9



2030 FORSEN AND ALM

In conformity with Pariser and Parr ¢ it has been assumed that g,, = 0
when the atoms p and ¢ are non-neighbours.

The Coulomb attraction integrals ¢, may according to the arguments of
Goeppert-Mayer and Sklar 12 be written ¢

=W, — Z[ rp/99) + (¢:pp)1 — Z r:pp)! (13)

where the atoms ¢ are charged and the atoms r uncharged in the core; (g:pp)
and (r:pp) are penetration integrals.* (Note that for an atom p that contri-
butes two electrons to the n—electron system the summation shall include also

one (pp/pp) term.)
In eqn. (13) W, is equal to

W, = [2,*@) [T() + U,(0)]%,(i) dz, (14)

where U,(:) is the part of the core potential due to the atomic nucleus p and
all its inner-shell electrons; W, is simply the energy of an electron in a 2p
atomic orbital of atom p.

Excitation energies. The energy of a singlet state 1E(i — m) obtained by
exciting an electron from a doubly occupied MO ¢, to an empty MO g¢,, has
been calculated from the equation 10

1E(@ - m) = Ey—e¢; + en—J(mm/iz) + 2K(mi|mz) (15)

where E is the energy of the ground state, ¢; and ¢, are the Hartree-Fock
orbital energies of the MO’s ¢, and ¢,,.
The energy of the corresponding triplet state 3E(i - m) has been calculated

according to 1°
SE(i > m) = Byg—e, + m—dJ (mm}is) (16)

When the excited states are described by the superposition of a number of
singly excited configurations ¢(z - m), 1y(j > n) efc. matrix elements of the
total m-electron Hamiltonian in eqn. (1) connecting different configurations
have to be evaluated. These matrix elements have been calculated from the
expressions 1!

9 (1 > m) H'y (j > n) dv = —J(mn/t)) + 2K (mj[in) (17)
Py (2 > m) Hy (j > n) dv =—J (mn/ij) (18)
The oscillator strength f of an electronic transition from the ground state

y, to an excited state ¢ (¢ = m) has been calculated according to the formula
given by Mulliken and Rieke 13

f=1.085x 101y |Q? (19)

where v is the wave number of the transition in em™ and @ the transition
moment

Q = [ p*I7lyp(i » m)dr =V 2[ p*7p,dr (20)

where r is the position vector of the electron.
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Parameter values. As is well known, the use of purely theoretical values of
the one center integrals (pp/pp) will result in an overestimate of atomic ioniza-
tion potentials and lead to too high negative electron affinity. Pariser 14
suggested the use of semi-empirical values of the one center integrals and
proposed the following relation

(pp/ppP) = I(p)—EA(p) (21)

where I(p) and EA(p) are the appropriate valence state ionization potential
and electron affinity, respectively. Fischer-Hjalmars 815 has recently suggested
the use of the theoretical expression

(pp/pp) = F, + 4F, (22)

where ¥, and F, are the Slater-Condon parameters (cf. Ref. 16) — numerical
values of which may be obtained from experimental term values in the atomic
spectra of the atom under consideration.!®
In the present calculation we have employed the following values adopted
by Fischer-Hjalmars 8
(cclec) = 11.76 eV = 0.4322 a.u.

(0oo/00) = 18.79 eV = 0.6906 a.u.

A number of methods for the calculation of the two-electron twocenter
integrals (pp/qq) have been suggested in the literature. In this work we have
used the following expression due to Fischer-Hjalmars and based on an
estimate of the ‘‘remainder energy’’ in the case of interaction between 2p
m-electrons 8

(0pl9g) = } (&, + £,)[8.5742—1.4005 ¢ + 0.16724 >—
. —0.00961 g*] (eV) (23)

where {, and {, are the orbital exponents in the Slater 2p m-orbital of the
atoms p and g, respectively, and g is a “scaled” radius defined by

e = % (Cp + Cq) R (24)

where R is the interatomic distance in atomic units.

The following ¢ values have been used: {, = 1.56 and {, = 2.275.

The relation (23) is valid in the region 3.0 < ¢ < 7.5 a.u. For larger values
of ¢ the integrals (pp/qq) have been calculated by using the uniformly charged
sphere approximation first introduced by Parr.1?

The one-electron one-center integrals a, = (p |H*™|p) may be evaluated
from eqns. (14) and (15). In Pariser, Parr, Pople type SCF calculations of
hydrocarbon molecules the penetration integrals appearing in eqn. (13) have
sometimes been neglected. In most unsaturated hydrocarbons studied in the
m-electron approximation each carbon has three nearest neighbour atoms
— hydrogen or carbon. With the bond distances commonly encountered in
such systems the hydrogen penetration integrals are of the same order of
magnitude as the carbon penetration integrals.®® The penetration integrals
fall off very rapidly with distance '%° and the contributions from atoms other
than the nearest neighbours are generally small. This means that in un-
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saturated hydrocarbons the contributions to @, due to the penetration terms
will be approximately constant for all atoms explicitly considered in the
calculations.® In molecules with heteroatoms it is not necessarily always a
good approximation to regard the contributions from the penetration as
constant for all atoms. In the present paper we have followed the idea of
Fischer-Hjalmars and considered the “effective” W,-values W,

W, = ijgp(q:pp)—g (r:pp) (25)

as basic semiempirical parameters. The value of W, used in the present work
has been determined from the experimental ionization energy of ethylene
(10.515 V)

W,/ = —9.59eV

For atoms which contribute two electrons to the n-electron system it has
been suggested that —W,” be set equal to the first ionization potential
of the aliphatic compound 02H X(p) where X(p) = OH for Ws, X(p) = NH,
for Wy etc.® In this suggestion it is implied that the ionization corresponds
it is implied that the ionization corresponds to the removal of one electron
in a lone-pair 2p orbital. This method of evaluating W, has recently been
employed by Grabe in SCF calculations on heteroaromatlc compounds.2°

The first ionization potential of C,H,OH has been determined to
10.65 4 0.05 eV by the electron impact method 2! and 10.48 + 0.05 eV by the
photoionization method.?? Since the interpretation of the ionization processes
is by no means unambigous we have investigated the influence of the value
of W on the calculated molecular properties and employed three different
values of Wy": —10.50; —11.50 and —12.50 eV. The smallest and the largest
of these values correspond approximately to the ionization potentials observed
for C,H,OH and H,0, respectively.

It has been suggested by Fischer-Hjalmars 8 that the one electron two-

center integrals f,, = [X,(:) H?;Zr)e Z,(?) dr; should be calculated according to
Bra = Spq {csl(pp[PP) + (99/99)] + co(pp/99)} (26)

where 8, is the overlap integral of the two 2pm orbitals centered on atoms
p and g and the coefficients ¢, and ¢, are dependent on the number of electrons
(n, and n,) contributed to the m-electron system by the atoms p and q.

Eqn. (26) has recently been applied by Skancke 23,24 in SCF MO calculations
on a number of aromatic hydrocarbons. Excellent agreement between predicted
and observed bond distances and ionization potentials were obtained. In the
above work the values of the coefficients ¢, and ¢, in eqn. (26) were evaluated
by using values of f,, derived from an analysis of the electronic spectra of
two reference compounds with different internuclear carbon-carbon distances
(benzene and ethylene).

Since the coefficients ¢, and ¢, in eqn. (26) depend on 7, and =, the values
of these coefficients derived for =C—C= bonds are not necessarily also
valid for =C—O— bonds. If one uses the coefficients obtained for carbon-
carbon bonds (assuming the values f = —2.39 eV for benzene (R, = 1.397
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A) and g = —2.85 eV for ethylene (R, = 1.337 A)) fc_o for a carbon-
oxygen distance of 1.36 A equals about —0.78 eV and for a distance of
1.22 A fo_o equals —1.56 eV. These values are very much smaller than fo_o
values previously employed by other authors: f values for carbonyl bonds
(R = 1.22 A) around —2.9 to —3.0 eV have been shown to reproduce the
m—a* transition energies and the ionization potentials of formaldehyde %5
when similar values of the integrals (cc/cc), (0o/oo) and (cc/00)122 4 as em-
ployed in this work were used.

In view of the difficulty in finding a completely unambigous method for
the calculation of the fc_¢ integrals we have (without any pretence of com-
pleteness) treated these as basic semiempirical parameters and performed
the SCF calculations with four values: —1.30, —1.50, —1.70 and —1.90 eV.

Structural data. The n-electron skeleton of all compounds has been assumed
to be planar. The carbon-carbon distance in the aromatic rings was assumed
to be equal to that in benzene (1.397 A). The assumption that substituents
on aromatic rings do not appreciably affect the geometry of the ring is
supported by a careful study of the structure of benzonitrile by Bak et al.??

The distance between the aromatic carbon and the oxygen in the OH-
(or OCHj,-) groups has been taken equal to 1.36 A. This latter value is in
agreement with X-ray crystallographic studies of resorcinol, phloroglucinol,
salicylic acid, 1,4-dimethoxybenzene,? and p-nitrophenol.??

It may be mentioned that the potential barrier for the internal rotation
of the OH group and the aromatic ring in phenol has been determined to
3.1 4 0.3 kecal/mole by microwave spectroscopy by Kojima 28 who also con-
cludes that the molecule is planar in its equilibrium configuration.

3. NUMERICAL CALCULATIONS

Core integrals, repulsion integrals and a starting charge and bond order
matrix (obtained by a Hiickel-type calculation) were calculated by means
of an ALGOL-60 program which as an output delivered a deck of punched
cards containing all pertinent data for the subsequent SCF calculations.
The self-consistent field calculations were then performed by means of a pro-
gram written in Fortran IV.*

In connection with the present work a special configuration interaction
(CI) program has been developed in which all matrix elements of the secular
equation for singlet and triplet states were calculated. Eigenvalues and
eigenvectors as well as transition moments and transition frequencies are
obtained as output data. The CI program requires instructions as to which
states are to be mixed; if all possibly singly excited states are to be mixed
this can, however, be accomplished by means of a single steering signal.

* The SCF program was written by Mr. P. Eisenberger and put at our disposal by Prof.
I. Fischer-Hjalmars, University of Stockholm.
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4. RESULTS AND DISCUSSION

In the following section the results of the SCF-LCAO-MO calculations
will be presented. The discussion has been divided into two parts: first, a
number of molecular quantities best characterized as ground state properties
are considered and secondly the electronic transition energies are discussed.
Experimental data for both phenols and methoxybenzenes will be concurrently
examined.

41. Ground state properties

The results of the SCF-LCAO-MO calculations on the ground states of
phenol and the three dihydroxybenzenes (or the corresponding methoxy-
compounds if hyperconjugative effects are neglected) are summarized in
Table 1. The symbols used are: g, = the gross atomic population 2® or charge
density of atom ¢, p,; = the bond order between atoms ¢ and j, u* = the
dipole moment due to the n-electrons in Debye units and I = the ionization
potential in eV calculated from the energy of the highest occupied MO by
the use of Koopmans’ theorem (see below).

Ionization potentials. Ionization potentials are defined as Ei,,—FE, where
Ei.n and E are the total energies of the ionized and ground states respectively.
According to Koopmans’ theorem 193 this difference may be approximated
with the negative of the Hartree-Fock orbital energy in the ground state for
the electron removed. Ionization potentials calculated by the application of
Koopmans’ theorem may consequently be considered as ground state prop-
erties.

From an experimental point of view two types of ionization potential are
usually recognized. Ionization potentials determined by the photoionization
method developed by Watanabe et al.3! refer to the ionized molecule in its
lowest vibrational state and are sometimes referred to as “‘adiabatic’ ionization
potentials. Values determined by the electron impact method are on the other
hand regarded as “vertical” as a consequence of the Franck-Condon principle.
“Adiabatic” and ‘“‘vertical” ionization potentials differ frequently by a few
tenths of an electron volt, the adiabatic photoionization values being the
lowest.

The validity of Koopmans’ theorem has recently been discussed by several
authors.327% Birss and Laidlaw have studied the helium, lithium, and beryllium
atoms as well as the pyridine molecule. SCF calculations were performed both
on the neutral and the ionized states. Good agreement was found between
ionization potentials calculated as differences between energies of the ions
and the corresponding neutral parents on the one hand and ionization potentials
calculated by Koopmans’ theorem on the other hand. The latter values were
actually found to be in better agreement with the experimental ionization
potentials. The authors conclude that Koopmans’ theorem is valid when the
ionization energy is a small fraction of the total electronic energy of the
parent molecular or atomic system. In contrast, Hoyland and Goodman have
concluded that Koopmans’ theorem when applied to aromatic hydrocarbons
leads to ionization potentials in excess of the experimental values by 2 to 4 eV.
In recent SCF-LCAO-MO calculations by Skancke 22,24 on the aromatic hydro-
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carbons naphthalene, anthracene, biphenylene, phenanthrene, chrysene, and
perylene, however, good agreement was obtained between experimental
ionization potentials and theoretical values obtained by Koopmans’ theorem.
It appears that the particular choice of W, employed by Skancke (—9.59 eV,
i.e. the same value as used in this work) and which is based upon the ionization
potential of ethylene is very suitable for ionization potential calculations.

Only a limited number of experimental ionization potentials are available
for phenols and methoxybenzenes. For phenol two relatively congruous values
determined by the electron impact method are available: 9.01 + 0.05 eV,3
and 9.03 eV.3 For the same compound the ionization potential has also been
determined by Watanabe et al. by the photoionization technique to be 8.50 eV .37

For anisole the ionization potential has been determined to be 8.83 eV by
the electron impact method.®® For the other compounds ionization data have
not been found in the literature. As can be seen from Table 1a the calculated
ionization potentials for phenol (anisole) are of the same order as the experi-
mental values. In particular the almost perfect agreement between the electron
impact values for phenol and the theoretical values obtained with
Ws' = —10.50 and fc_s = —1.70 eV may be noted.

Intermolecular charge-transfer transition energies. The methoxy derivatives
of benzene form charge transfer complexes with a number of molecules with
pronounced acceptor properties such as tetracyanoethylene (TCNE), 1,2,4,5-
tetracyanobenzene (TCNB), p-chloroanil (PCA) and 2,3-dichloro-5,6-dicyano-
p-benzoquinone (DDPQ). The charge-transfer spectra of these complexes
have been determined by Zweig et al.4%%! who have also interpreted the experi-
mental results within the theoretical framework of Hiickel-type MO calcula-
tions. The experimental transition energies for the charge-transfer complexes
are summarized in Table 2.

In the first approximation the energy AEcr connected with an inter-
molecular charge-transfer transition may be taken 4%43 ag

AdEer = I,—EA,—C (27)
where I, is the ionization potential of the donor molecule, £4 , is the electron
affinity of the acceptor molecule and C is the Coulomb interaction energy

between the oppositely charged donor and acceptor molecules. The latter
energy is difficult to calculate since an accurate evaluation would require

Table 2. Charge-transfer transition energies of methoxybenzene complexes. 04

Donor compound Acceptor compound
1)2,4’5" 2,3-di0h10!‘0-5,6-
tetracyano- tetracyano- p-chloroanil dicyano-p-
ethylene benzene benzoquinone

%) (eV) (eV) (V)
anisole 2.44 3.37 2.76 2.22
1,2-dimethoxybenzene 2.10 2.97 2.42 1.92
1,3-dimethoxybenzene 2.25 —_ — 1.98
1,4-dimethoxybenzene 2.00 2.82 2.28 1.74
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TCNE
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Fig. 1. A graph of energies of experimental
charge-transfer absorption bands in anisole
and dimethoxy benzene complexes versus
theoretical ionization potentials calculated
using the parameter values W' = —10.50
oV and fc—6 = —1.90 eV. The abbrevia-
tions of the acceptor compounds are:
TCNE = tetracyanoethylene, TCNB =
1,2,4,5-tetracyanobenzene, PCA = p-
chloroanil and DDPQ = 2,3-dichloro-5,6-
dicyano-p-benzoquinone. Experimental
170 vy 1 1 data are due to Zweig et al.%*!
8.00 8.50 9.00
Calculated ionization potential (eV)

2501

Charge - transfer energy (eV)
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a detailed knowledge of the structure of the charge-transfer complex. Further-
more, precise electron affinity data are known only for a few acceptor molecules.
However, if one restricts oneself to the study of a series of charge-transfer
complexes with a common acceptor molecule and if the Coulomb interaction
energy is reasonably constant in the series one would according to eqn. (27)
expect a linear correlation between the ionization potential of the donor and
the transition energy of the charge-transfer band. Linear correlations of this
kind have in fact been found for a number of charge-transfer complexes.44,46
It appears that the Coulomb term in eqn. (27) is either fairly constant when
the complexes studied are closely related structurally, or that the Coulomb
term varies in an approximately regular manner with the ionization potentials.

A comparison of the theoretical ionization potentials listed in Tables la-d
and the energies of the observed charged-transfer transitions in Table 2
shows that good correlation is obtained with data calculated using
Wo' = —10.50 eV — the correlation is less good for the data obtained using
Ws' = —11.50 and with W’ = —12.50 eV the correlation is very poor.
A graph showing the correlation between AEqr and I calculated using fo_o =
—1.90 eV is shown in Fig. 1. The slopes of the correlation lines are nearly
the same for all four acceptors involved. The changes in the transition energies
are slightly less than can be accounted for on the basis of changes in ioniza-
tion potentials. This fact has also been noted for charge-transfer complexes
where experimental ionization potentials have been available.

Dipole moments. If the dipole moment due to the zn-electrons in a substituted
benzene were a directly measurable molecular property, this would give a
strong clue to the m-electron distribution in the molecule. The ‘“mesomeric”
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w-moments must, however, be estimated from the total molecular dipole
moments using several assumptions of sometimes questionable validity.

The total dipole moments of hydroxy and methoxybenzenes have been
measured and discussed by several workers.*”-5" The dipole moments of the
hydroxybenzenes seem in general to be less accurate presumably due to
effects of hydrogen bonding.*®

One of the most pronounced difficulties involved in the calculation of
mesomeric moments from a comparison of dipole moments of aromatic and
aliphatic compounds with the same substituent X, is the estimate of the
change of the o-moment in the C—X bond. It was first pointed out by Walsh 58
that if one varies the hybridization of the carbon atom in a C—X bond the
effective electronegativity of the carbon atom should increase with increasing
s-character in the orbital used by the carbon to form the C—X bond. Accord-
ingly, the polarity of a Cy»-X bond should be quite different from that of
a Cy»-X bond if the hybridization of the X-atom remains essentially the
same in the both cases (cf. also Ref. 59). This hybridization-dependent electro-
negativity of carbon is experimentally apparent in the case of C—H bonds as
the increasing acidity of the C—H group in the series ethane << ethylene
< acetylene. Also studies of the absolute intensity of infra-red absorption
bands associated with C—H bending vibrations in these and analogous com-
pounds indicate different polarity in the C—H bonds (cf. discussion in Ref. 60).

In the earliest work on mesomeric moments in substituted benzenes done
by Sutton ! and Groves and Sugden ¢ the hybridization effects on bond
electronegativity were not recognized. Lumbroso ef al.5%5¢ have reinvestigated
the mesomeric moments of phenol and anisole taking into consideration the
hybridization effects on the C—O bond moment. The values of the z-electron
moment, u®, given by Lumbroso and Dumas are: phenol 0.8 + 0.1 D and
anisole 0.9 4 0.1 D. These two values seem indeed very high and constitute
a considerable fraction of the total dipole moments (ca. 1.36 D for phenol
and ca. 1.26 D for anisole).

One of the few substituted benzenes for which the mesomeric moment is
known with reasonable accuracy is aniline. From measurements of the total
dipole moment of aniline, N,N-dimethylaniline and derivatives with bulky
substituents in the 2- and 6-positions — which will force the N,N-dimethyl
group out of the plane of the benzene ring and retrench the conjugative
interaction — the mesomeric moment was calculated by Fischer ¢ to be
0.7 D. Since a number of chemical and physical data (for example the *H
and 13C chemical shifts ) indicates that the distorting effects of an -OH or
-OCH, substituent on the m-electron distribution in a benzene ring is less pro-
nounced than that of an -NH, or -N(CH,), group it would appear that the
values of u# for phenol and anisole given by Lumbroso and Dumas are too
high. Values of 4 somewhat less than 0.6 D seem more likely to us.

As can be inferred from Table la the theoretical values of u7 are very
reasonable. In particular, the parameters which give good values of the
ionization potential of phenol and which correlate well with the charge-transfer
band energies also give mesomeric moments close to the estimated values
(0.4—0.6 D).
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No attempts have been made to estimate the mesomeric dipole moments
of the 1,2- and 1,3-disubstituted benzenes since the configurations of the
substituents in these compounds are somewhat uncertain (cf. Ref. 55).

Nuclear magnetic resonance shielding constants of BC and *H nuclei. The
nuclear magnetic shielding constant (o) is a molecular quantity which is
dependent upon the electronic environment of the nuclei.’* It is convenient
to consider the total shielding (o¢) as the sum of three subterms

0, = 04 + 6, + o, (28)

where ¢, is the Lamb diamagnetic contribution related to the electron density
in the vicinity of the nucleus, o, is a paramagnetic contribution which allows
for mixing of excited states into the electronic wave function of the ground
state, and o,, finally, is a term which includes all contributions due to distant
electronic distributions. This last term is commonly further divided into
intramolecular contributions due to diamagnetic anisotropy effects of neigh-
bouring groups, to electric field effects arising from molecular dipoles, and to
intermolecular interactions.

Investigations on a number of aromatic hydrocarbons, aromatic carbonium
ions and carbon ions — where the charge distributions are obtained directly
from the molecular symmetry — have indicated that there exists a close
correlation between the shielding constants (o;) of the hydrogen atom ¢ and
the zm-electron charge density () on the contiguous carbon atom.® %7 From
the experimental results as well as by theoretical reasoning 5,68 the following
relationship between the proton shielding constant (o;) and the zm-electron
density (p,) was suggested

4o, = K % (o,—1) (29)

The proportionality constant K in eqn. 29 is generally agreed to be in the
range 6—10 ppm/electron — the actual value preferred by different authors
depends on how corrections are applied for variations in induced “ring currents’’
and also for solvent effects 85769

For a number of substituted benzenes relatively good correlations between
proton shielding data and m-electron densities calculated with the Hiickel MO
method have been found.”®"73 In monosubstituted benzenes the best correla-
tions are generally obtained for the hydrogens para to the substituent — for
certain substituents the observed proton shieldings in the ortho and meta
positions may deviate considerably from the values expected on the basis
of the charge densities as calculated by the Hiickel method.” It appears
likely that a considerable part of the ‘“anomalous’ ortho shieldings have
their root in diamagnetic anisotropy effects and in electric field effects in the
case of the most polar substituents. In the particular case of carbonyl groups
a considerable number of experimental proton magnetic resonance data on
compounds with known conformation indicate that the resonance frequency
of protons located in a conical region above or below the trigonal >C=0
plane is shifted to higher field, whereas the resonance frequency of protons
located in the }C=O plane is shifted to lower fields (for recent data see
Refs. 74—76). For a few aromatic and heteroaromatic aldehydes it has also
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been possible to “freeze in”’ two rotational isomers and directly determine
the different shielding for protons ‘“‘ortho” to the aldehyde group when the
C=0 bond is “cis” and “trans” to the ortho C—H bond.”” " The observed
shielding differences lie in the range 0.10—0.15 ppm.

At present it is not possible to calculate anisotropy effects and electric
field effects with any pretension of accuracy. It appears, however, from the
work of Spiesecke and Schneider & on the NMR spectra of monosubstituted
benzenes, that ‘“extraneous” effects in the present context are small in
methoxybenzenes (and presumably also in phenols) and these compounds
should thus be comparatively favourable for a study of the connection between
nuclear magnetic shielding data and theoretical n-electron densities.

Proton shielding data for phenol and di- and tri-substituted hydroxy-
benzenes have been measured by Shug and Deck.” As a consequence of the
limited solubility of the phenols the shielding data had to be extracted from
spectra in relatively polar solvents. The primary shielding data were subse-
quently corrected for the medium effects and extrapolated to shielding data
valid for a medium with the dielectric constant ¢ = 1. The corrections are
based upon a theory # which is exactly valid only if no specific solvent-solute
interactions occur. The possibility of hydrogen bonding between solvent and
solute in the actual case casts some doubt on the reliability of the extrapola-
tion procedure. Shug and Deck also made an attempt to calculate the influence
of the electric dipole field of the OH-substituents on the ring proton shielding
constants. Both the shielding data extrapolated to ¢ = 1 and the data
“‘corrected’” for the field effects are given in Table 3. Experimental proton
shielding data of mono- and di-methoxybenzenes in non-polar solvents have
been. obtained by Zweig et al.”* and these results are also given in Table 3.

In order to compare the theoretical m-electron densities and the proton
shielding data we have performed a least-squares treatment of the coefficients
K and K’ in the equation

do; = K(o,—1) + K’ (30)

which is the same as eqn. (29) except for the term K’ which allows for the
fact that the correlation line will not necessarily pass through the point
4o, = 0 when p, = 1.000. The results of the least-squares treatment are
summarized in Table 4. The outcome will be discussed below in connection
with the discussion of the 3C-data.

For 13C nuclei the variations in shielding constants encountered in organic
molecules are too large to be understandable solely as due to variations in
diamagnetic shielding.

The diamagnetic shielding (o;) can be approximately calculated from the
following eqn. 7283

0q = (€8/3 me?) 3 <{1/r)> (31)

where (1/r;> is the mean inverse distance of electron 7 from the carbon nucleus
under consideration. For a Slater-type 2p-orbital the value of (1/r;> equals
Z[2 a, where Z is the effective nuclear charge and a, is the Bohr radius. This
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Table 3. Experimental Nuclear Magnetic Resonance data on phenols and methoxy-

benzenes. The chemical shifts 4o, (Ppm) = (0;—Obenzene) X 10°. The 'H-data for methoxy-

benzenes are due to Zweig et al.”’, the 'H-data for hydroxybenzenes are due to Shug
and Deck ? and the *C-data are due to Lauterbur.®*

ring do; for 4g; for
Compound position H.huclei 13C-nuclei
anisole 1 — — 32.3

2,6 0.54 + 14.0

3,5 0.08 — 2.0

4 0.54 + 7.0
1,2-dimethoxybenzene 1,2 — — 12.6

3,6 0.53 + 15.5

4,5 0.53 + 6.9
1,3-dimethoxybenzene 1,3 — — 33.3

2 1.00 + 37.0

4,6 0.89 + 21.7

5 0.23 — 2.2
1,4-dimethoxybenzene 1,4 — — 264

2,3,5,6 0.59 + 13.1
phenol 1 — — 27.6

2,6 0.648 ¢ 0.796 b + 11.8

3,5 0.175 ¢ 0.218°% — 2.6

4 0.458 ¢ 0.483 % + 6.1
1,2-dihydroxybenzene 1,2 —

3,6 0.688 ¢ 0.879 %

4,5 0.618 ¢ 0.686 %
1,3-dihydroxybenzene 1,3 —

2 1.2324 1.528 ¢

4,6 1.1514 1.324 %

5 0.395 ¢ 0.512°%
1,4-dihydroxybenzene 1,4 —

2,3,5,6 0.716 0.907 b

b extrapolated to be valid in a solvent with the dielectric constant & = 1.
% corrected for electric-dipole effects.

implies that o, for a 13C nucleus will increase only ca. 15 ppm when an electron
is introduced in a 2p-orbital. Theoretical calculations as well as experimental
data indicate that the value of the paramagnetic shielding term o, largely
determines the total shielding for *¥C-nuclei.
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Measurements of 13C shielding constants in the iso-m-electronic series of
compounds cyclopentadienyl anion (C;H;"), benzene (C¢H,), tropylium
cation (C;H,") and cyclooctatrienyl dianion (CgHg*") indicate that the 13C-
shielding constants are roughly linearly dependent on the n-electron densities.%?
The constant of proportionality between 3C-shift and m-electron density is
of the order of 200 ppm/electron.67:82,84

Now an equation such as (29) cannot account for the variations in 13C-
shielding observed in alternant hydrocarbons 8 where the n-electron density
is unity to a good approximation. An approximate theoretical expression
relating the 13C-shielding constant (o;) with the z-electron density (p;) and
the free valence index (F,) has been derived by Karplus and Pople.®® The
relation is

(6,— Obenzene) X 108 = (86.7 + 46.0 1) (o,—1) + 46.0 (F,—0.3987)  (32)

where the 13C-shieldings have been referred to the shielding value for benzene
and 1, is a polarity parameter which takes into account some ionic character
in the C,—X bond. For X = H the value of 1 is probably small.

The relation due to Karplus and Pople does not seem to provide a possibility
for calculating accurate 13C shielding data in aromatic compounds:” in partic-
ular, eqn. (32) predicts a dependence of the 13C shielding constants on the
n-electron densities which is about half that found from the measurements
on the positive and negative aromatic ions. The variations in the 13C-shieldings
in alternant hydrocarbons can, however, be semiquantitatively accounted
for by the variations in the free valency index F,.83

Accurate experimental 3C-shielding data on phenol, anisole and the three
possible dimethoxybenzenes have been obtained by Lauterbur.?? His results
are summarized in Table 3. (Note that the numbering of the ring positions
differs in Tables 1 and 3). In the comparison of the experimental shielding
constants and the results of the theoretical calculations we have limited
ourselves to the methoxybenzenes in order to have an internally consistent
set of data; the 1°C-shieldings in phenol and anisole are, however, very similar.
Furthermore, we have treated the shielding data for hydrogen substituted
and oxygen substituted carbons separately.

The experimental and theoretical data have been treated in different
ways: First we have tried to correlate the experimental shielding constant
(0,) with the z-electron densities (g;) by means of an equation analogous to
that employed for the *H-shielding data

4o, = C(g;—1) + (' (33)

The constants C and C’ have been obtained by a least-squares treatment.
The resulting values of C and C’ are given in Table 5.

Secondly, we have assumed that the 1*C-shielding depends on the z-electron
densities and the free valency index (F;) according to a modified relation
of the Karplus-Pople type

Ao, = D(g,—1) + 46 (F,—0.3987) + D’ (34)

1

Acta Chem. Scand. 19 (1965) No. 9



2047

SCF-LCAO-MO CALCULATIONS

g0 T &LI— 01 F9e3 80T ¢g9s— ovF89g | T FT68 08F3ge aT1IF0F 0¢FLIe 06'T—
T0 T 08T— F1F688 80F 99— 389FToge | €1TF¥%e % F89e FIFee ¥ T v8e oL'1—
0T 88I— 0271 89¢ 80FLeE— 99F80F | ¥IFT%e 99Fs89p FIFge 9¢Fs¥ 09 1— 09°31—
€0 Fgo61— 18F06% 80Fsgg— L8F18e | FIF e FLFLI9 HTFee oL Feeo 0g'1—
0T OLI— 3 FTO0Is 90Fe9z— '€ T¢9eg | 60T ¢ 13F6L8 60F¢oe 33 F63 06'1—
S0 T e8I~ LgFT69c ¢0FP9g— 83Tess | 80T ee 93F#pe 60 Fge L Fe6ee oL'1—
90 T T6I— %8 T 668 90Fg9g— oceTese | 60T %8 €6 TF8Fp 607Fge $¢F goh 05’1~ 0911 —
g0 F 00— oy Feer ¢0F99s— 9P F9eF | 60T ¥e SFFFS  60F o€ v T 069 0g'1—
¥OoT e8I~ 8T T8I €£0FgLg— T1Fg3s | 60F9¢ LITEE 80FLe 8IFO093 06'T—
L'0F 88T~ 68 F9gec z0FeLz— eIF#e | 80T 9¢ 18FL6B 80 FLe 23 Fole oL1—
80T L61— 99668 50FgeLg— LITe66E | OTFT¥%e € TFowe O1Fge ggFzee 09'1— 0801 —
Lo Fgog— LT I8e z0F9Lg— 13Fese | 80 FLe+ 98 F#6% 80 Fse+ 98 F 118 0g'1—
a a D 0 a a 0 0
souezuaq AXOYJour souezusqAxoyjow .
Ul [0[oNU-)¢; POININSANS-AXOYISW ut 10]onu-Jg; PoINgIsqns-ueSoIpAH (a9)0=>d  (a9).0m ¥

' o[qR], {2 5 InqIoney 09 Jurpioooe
®9ep Surpjerys [eyuowitedxy (1'p wonoes “H) @ + (L868°0—'d) 9% + (1—9)q = *op wonyeper oyy wr,q pue @ pue 9 + (1—'d)p = ‘op
UOIB[OI OY3 UL ) PUB ) JO §69BWIIYEE Sosenbs-9s807] *(0) SOIYISUGP UOIF00[e-2 [BO139100Y3 PUB (2) SJUBISUOD BUIP[EIYS-Jg; JO UOIIB[OLIO]) ¢ 2)qD,T

Acta Chem. Scand. 19 (1965) No. 9



2048 FORSEN AND ALM

where D and D’ have been treated as constants and been determined by a
least-squares treatment.

If the free-valency dependent term in eqn. (34) has any relevance one
would expect this equation to give a better fit to the experimental data than
eqn. (33). The results of the least-squares treatment of eqn. (34) are given
in the last columns of Table 5.

The present SCF MO calculations reaffirm the existence of a nearly linear
relationship between m-electron densities and 'H and 13C-shielding constants
in aromatic systems. With the sets of parameters Wy’ and fc_o that gave
theoretical values of other ground state properties close to values inferred
from experiments, the constant of proportionality between shielding constants
and z-electron densities is about 7—10 ppm/electron for 'H-nuclei, and
200—250 pmm/electron for 13C-nuclei. As was mentioned earlier these values
are close to those deduced from experimental studies of aromatic cations
and anions, which is very gratifying. The 3C-shielding constants are seen to be
more closely linearly correlated with s-electron densities than are the 'H-
shielding data. The average deviation obtained with the set of parameters
which in this work has gradually come to appear to be the “best”, 1.e. W5' =
—10.50 eV and fc_s = —1.70 to —1.90 eV, is about + 7 9, in the case of
hydrogen substituted *C-nuclei and about 4 12 9 in the case of *H-nuclei.

A peculiarity common to both the 13C-data (for 13C-atoms with contiguous
hydrogen atoms) and 'H-data — although less pronounced in the former
case — is that the correlation lines do not pass through the shift value found
in benzene when g, = 1.000. This feature was noted earlier in correlations
between 'H-shieldings and m-electron densities calculated by the Hiickel
MO theory.”®".,% The corrections for the electric dipole field-effects applied
by Shug and Deck on their H-shielding data on phenols (Table 4) tend to
increase the value of K’ in eqn. (30). Although the field-effect corrections
involve some arbitrariness it does not appear likely from the above result
that a phenomenon of the dipole-field type is responsible for the fact that the
correlation lines do not pass through the point 4o; = 0 for g, = 1.000.

One might ask whether the relatively large values of K’ are indications
that the calculated m-electron densities are in general too small. Since the
value of K’ is of the order of 0.4 ppm and a reasonable value of K is ca.
8 ppm/electron this would mean that the theoretical g-values are too low by
ca. 0.050 electron. An underestimate of the zm-electron densities of this magni-
tude does not seem very likely. The value of C’ is ca. 3.5 ppm which with
a value of C equal to 200 ppm/electron leads to a somewhat lower error of
0.018 electron. The cause of the non-zero values of K’ and €’ in Tables 4 and 5
remains an open question.

The 8C-data for the oxygen-substituted ring carbons are as well correlated
with the theoretical z-electron densities as are the hydrogen-substituted carbon
atoms but they fall on different correlation lines. For the oxygen-substituted
ring carbons the correlation lines are far removed from the shielding value
in benzene when g, = 1.000. The F; dependent term in the modified Karplus-
Pople equation reduces the difference somewhat but it appears that the
Karplus-Pople theory needs to be modified to take the polarization of the
g-core into account.
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It is obvious from Table 5 that for hydrogen substituted *C-nuclei eqn.
(34) leads to a hardly significantly better fit of experimental and theoretical
data than does eqn. (33) and the theoretically predicted F-dependence of the
1BC-shielding seems barely evident. For methoxy substituted 1*C-nuclei a better
fit with eqn. (34) is obtained only for Ws' —11.50 and —12.50 eV.

42. Properties involving excited states

Theoretical calculations of electronic absorption spectra of aromatic
hydrocarbon and heteroaromatic molecules with the Pariser, Parr, and Pople
SCF MO theory have shown that the experimental electronic spectra are
better reproduced when excited states are described by a superposition of
several configurations V; (a singly excited singlet state formed when an
electron in the MO ¢, is raised to ¢; will be denoted V,; and the corresponding
triplet state will be denoted 7).

In the present SCF calculations we have included all possible singly excited
states in the configuration interaction treatment.

The molecular s-electron skeleton of phenol (anisole) and the 1,2- and 1,3-
disubstituted hydroxy-(methoxy-)benzenes all belong to the point group
C,,, whereas the 1,4-disubstituted derivatives belong to the point group D,,.
In the molecules of C;, symmetry the molecular orbitals belong to the
irreducible representations 4, and B, — the possible singly excited states
belong to the representations 4, and B;. The coordinate system has been
chosen as in the figures found at the heads of Tables 6a-d. The z- and z-axes
belong to the representations 4, and B, respectively, which implies that
transitions from the totally symmetric ground state (14,) to excited 14,
states are allowed in the z-direction and transitions from 14, to 1B, states
are allowed in the z-direction.

In the molecules of D,, symmetry the molecular orbitals belong to the
representations 4,,, B,,, By, and B,,. The fifteen singly excited configurations
belong to one of the 1rredu01ble representatlons A,,, By, B,, and By,. The
x- and y-axes (cf. Figure in Table 6d) belong to the representatlons B,, and
B,,, respectively, which in this case means that transitions from the ground
state (14,,) to 1B,, states are allowed in the z-direction and transitions to
1B,, states are allowed in the y-direction. All other transitions from the ground
state are electronically symmetry forbidden.

In Tables 6a-d we have grouped the singly excited states included in the
configuration interaction calculations according to their symmetry properties.
We also give the frequencies and the concomitant oscillator strengths of the
four lowest singlet transitions and the frequencies of the lowest “forbidden”
triplet transitions. It is evident from Tables 6a-d that the calculated transition
frequencies for a given molecule are fairly insensitive to the value of W' and
Beo.

Experimental electronic absorption spectra of phenols and methoxy-
benzenes have been measured by several workers and the results are condensed
in Table 7. The absorption band in the 35 000—38 000 cm™ region displays
vibrational fine structure, and the frequencies and extinction coefficients of
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the most intense of these peaks are given in papers by Dearden and Forbes.88,87
It is generally accepted that the 38 000 cm™ band in benzene is due to an
eletcronically forbidden transition from the totally symmetrical ground state
to a 1B,, state. In benzene this transition is vibrationally induced by a single
excitation of a ring vibration of e, symmetry, and the observed fine
structure in the 38 000 cm™ band arises from multiple excitations of a
(ca. 920 cm™) a,, vibration. In the mono- and di-substituted benzenes ex-
citation of the e,, distortion vibration is no longer a necessary condition for
‘“allowness”, and the vibrational fine structure arises from multiple excitations
of the 920 em™ a,, vibration beginning with the O—O transition. As discussed
by Petruska,? in addition to the above substituent-induced fine structure
in the 38 000 cm™ band there are also vibrationally-induced absorption peaks.
From a detailed analysis of the absorption pattern in the 38 000 ecm™ band
of several substituted benzenes, Petruska has tried to separate the substituent-
induced and the vibration-induced components and has given estimated
oscillator strengths (f, and f,) of the respective components. The quantities
of interest in this work are the substituent-induced oscillator strengths, and
these are given in Table 7. The wave-number of the O-—O transition in the
38000 cm™ band given by Petruska generally agrees well with the first
intense transition at lower frequencies observed by Dearden and Forbes.

The polarization relative to the molecular symmetry axis of the absorption
bands at ca. 35000 cm™ and ce. 43 000 cm™ in 1,4-dimethoxybenzene has
been measured on a thin single crystal by Albrect and Simpson.®® They found
that the 35 000 em™ band is polarized in the molecular plane at right angles
to the long-axis (i.e. along the z-axis in Table 6d) and that the 43 000 cm™
is polarized in the molecular plane along the long-axis (i.e. along the y-axis
in Table 6d). The theoretically calculated polarization directions for the first
two singlet transitions are in agreement with the experiments (Table 6d).
The investigations mentioned indicate that the 35000 cm™ and the
43 000 cm™ bands in other mono- and disubstituted benzenes included in the
present work may be assigned to transitions from the symmetrical ground
state to A, and 1B, states, respectively.

If we return to the theoretical transition frequencies in Table 6 we see
that the SCF calculations place the four lowest absorption maxima in three
regions: ca. 37 000 cm™, ca. 42 000 cm™, and at ca. 55 000 cm™.

For the two low frequency bands the agreement between theory and experi-
ment is reasonably good. It should perhaps be mentioned again that the
parameter scheme adopted in the present work was not primarily aimed at
producing an excellent fit to electronic spectral transitions — as are many
other proposed parameter evaluation schemes — but rather to give a satis-
factory description of both ground state properties and excitation processes.®

Due to lack of experimental UV data below 200 myu reported in the litera-
ture the calculated transition frequencies for the 55 000 cm™ band can be
compared with experiment only for phenol and 1,4-dihydroxybenzene. The
calculations indicate that in phenol two highly allowed transitions to 14,
and 1B, states should appear close together near 57 000 cm™ — in phenol
and intense absorption band (log & = 4.75) is observed near 53 000 cm™
but the polarization of this band is unknown. In the case of 1,4-dihydroxy-
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benzene two transitions to 1B,, and 1B,, states are calculated to fall near
56 000 cm™: for this compound an experimental absorption band is observed
at ca. 52 000 cm™ (log & = 4.40).

The theoretical oscillator strengths for the 35 000 cm™ transitions cal-
culated with the parameters Wy’ = —10.50 and fc_s = —1.70 to —1.90eV
agree comparatively well with the f, values given by Petruska (cf. Table 7).

Transition energies for triplet-singlet transitions are available for phenol
and anisole. The maximum frequency of the transition from metastable
triplet states to the singlet ground state has been measured by Nauman
(cited by McClure ®). The transition frequencies are 28 600 cm™ for phenol
and 28 200 cm™ for anisole. The lowest theoretical singlet-triplet transition
in phenol (anisole) is predicted at ca. 25 000 cm™.

5. CONCLUDING REMARKS

The results obtained show that it is possible to give a resonably satisfactory
description of a number of ground state properties and electronic transition
energies in hydroxy and methoxy substituted benzenes within the theoretical
framework of the Pariser, Parr, and Pople SCF method. The best overall
account of the molecular properties considered in the present work is acquired
with the heteroatom parameters Wy’ ca. — 10.5 eV and fe_¢ in the range
—1.70 to —1.90 eV. The above value of W' is in accordance with the negative
of the ionization potential of C,H,OH which is very gratifying (cf. discussion
on p. 2032).

It has been suggested by Sidman % that the C=O bond in ethylene
(R = 1.337 A) and the C=0 bond in carbonyl groups (R =~ 1.22 A) could be
considered as prototypes of the ‘normal’ carbon-carbon and carbon-oxygen
double bonds. Sidman also demonstrated that a satisfactory description of
the m-electron ionization potential and electronic transition energies in formal-
dehyde was obtained by a Pariser, Parr, Pople-type calculation when a value
of fc_o close to the value of f._c in ethylene was used. Similar results have
been obtained in other studies on formaldehyde.2®

If we may look at carbon-oxygen bonds in the manner suggested by
Sidman it is perhaps not unreasonable to assume that the f-values for carbon-
carbon and carbon-oxygen bonds in a limited range of bond distances will
depend on the interatomic distance in a congruous way (i.e. fec (1.337 +
4R) = Bco (1.22 + 4R)). »

Now, if we use the relation between fcc and the interatomic carbon-carbon
distance employed by Skancke 23:2¢ (this relation has been obtained usi
B = —2.85 eV at R = 1.337 A (ethylene) and f = —2.39 eV at R = 1.397
(benzene)) a value of fco = —1.87 eV is derived for a carbon-oxygen bond
length of 1.36 A. This value compares favourably with the f-values which
have emerged as the “best’ in the present investigation.

An important question in the Pariser-Parr-Pople SCF method is the trans-
ferability of the parameters between different types of molecules.® Preliminary
SCF calculations on vinylethers and furanes with the use of the ‘“best” para-
meters found in the present work have, however, indicated that the above
parameters lead to satisfactory results also in these latter molecules.
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