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Abstract: A new empirical method is presented for the calculation of average molecular polarizabilities. It is based on the
square of a sum of atomic hybrid components (zhc), namely, a{ahc) = (4/N)[Y 17 4]%(A3), where the summation proceeds
over all atoms 4 =1,2,3,...,and NV is the total number of electrons in the molecule. Only one parameter 7 4 is required for
an atom in a particular hybrid configuration. Calculated average molecular polarizabilities of approximately 240 molecules
containing H, C, N, O, S, F, Cl, Br, and | yield results that are competitive with the method of summation of atomic and bond
polarizabilities, and they are in excellent agreement with experimental results. In addition, the atomic polarizability oy = (4/
N4)7 42 calculated for each hybrid state provides an estimate of atomic size with p4 = 1.05\/3\4/a0a,1 A, which compares

well to the van der Waals radius of each atom,

Introduction

A new empirical approach to the calculation of the average
molecular polarizability as a square of a sum of atomic hybrid
components is presented. It requires fewer parameters than
other methods and has the functional form

zm}z (A%) (1)
A

where NV is the number of electrons in the molecule, and ahc
refers to the atomic hybrid components 7 4 of  for each atom
in a particular hybrid configuration. The summation proceeds
over all atoms A in the molecule. In the present formulation
7.4 does not depend on atoms which are bonded to 4, but it
does depend on the type of bonding through the hybridization
of atomic orbitals on A.

1t is well known that the molecular polarizability cannot be
written simply as a sum of atomic polarizabilities.?2 Each atom
must be assigned a polarizability depending on the atoms to
which they are bonded. EisenlohrZb and, more recently, Vogel?
have set up an extensive system of atomic refractions which
have been supplemented by Batsanov,* in which, for example,
nitrogen in primary, secondary, and tertiary amines is assigned
different values. Silberstein?® pointed out “that the ever
growing hierarchy of rules indicating how to treat the excep-
tions to the law of additivity, although helpful to the chemist,
is the clearest confession of non-additivity.”

To circumvent this problem, the concept of bond polariz-
ability was introduced. Steiger® and Smyth® obtained bond
polarizabilities directly from the atomic refractions.” In con-
trast, Denbigh® developed a system in which a unique bond
polarizability is obtained directly for each kind of chemical
bond from molar refractions,” R; for example, R(C-H) is
/4R(CH,), and for the alkanes

(n = 1)R(C-C) + (2n + 2)R(C-H) = R(C,Hy,+,)

from which R(C-C) follows. This method reproduces exper-
imental values of refractivities within 1% for most cases con-
sidered by Denbigh.?

The empirical formula, eq 1, is presented as an additional
method for the calculation of average molecular polarizabili-
ties. It is easy to apply. Fewer parameters are needed in this
approach than in other methods because only hybrid compo-
nents are considered and not the specific atoms to which a given
atom is bonded. And the results of the present approach are
comparable to that of other methods.

For each atom, A4, one value of 7 4 is used for each type of
hybridization; specifically, that for N(te’tetete) reproduces

a(ahc) = ]%
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the polarizabilities of primary, secondary, and tertiary amines
to 1% of the experimental results, and this is only one example
of many which illustrates the success of this approach. Thus,
the number of and type of bonds as well as lone pairs are au-
tomatically incorporated into a parameter 74 by the hybrid
state of each atom. In the present method values of 74 are
determined systematically. For example, from the average
polarizability of Hy, one obtains (cn/8)!/2 = 7y = 0.314 A3/2,
and then from acp,, 7. = \/10/40«;1.;4 — 47y = 1.294 A3/2
for carbon in the tetrahedral hybrid configuration, C(tetetete).
Then ethylene (7. = 1.436 A3/2) and benzene (7. = 1.421
A3/2)yield an average of 7. = 1.428 A3/2 for the hybrid state
C(trtrtrwr). Finally acetylene yields 7. = 1.393 A3/2 for
C(didimw). Then NH3, HCN, pyridine, and pyrrole yield
values for nitrogen in the te2tetete, di2dimw, tritrtrer, and
trtrtrw? hybrid states. Lone pairs are denoted on nitrogen in
HCN: by di2 in di?diw, etc. The notation and corresponding
chemical groups are given in Table I along with the optimum
values of 7 for H, C, N, O, S, P, and the halogens, obtained by
a systematic analysis of common organic compounds. Average
polarizabilities calculated for more than 240 molecules, of
which approximately 160 are reported in this paper, agree in
most cases to 1% of the experimental values. In addition to the
standard and accepted hybrid configurations of atoms, two
types of carbon atoms in the trtrtro state are considered: a
branched 7 system as in graphite and a partially branched
system as in benzene or ethylene.

The purpose of this paper is fourfold: (1) to present a new
empirical approach for the calculation of average molecular
polarizabilities; (2) to demonstrate that the concept of atomic
hybrid states can be used in the formulation of a set of pa-
rameters, 74, to calculate molecular polarizabilities; (3) to
obtain a set of atomic polarizabilities, « 4, for atoms in different
hybrid states; (4) to demonstrate a correlation between ¢4 and
atomic size p4.

Rationalization of the Empirical Approach

The functional form of the empirical formula proposed in
this investigation can be rationalized, but not proven, with the
variational-perturbation approach proposed by Hylleraas® and
Hasse!? and approximated by Hirschfelder, Curtiss, and Bird'!
for the calculation of the x component of molecular polariz-
ability:

4N s ————————<
Qo = (i =%)° =V =1) (x; = %)(x2—%)]* (2)
where N is the number of electrons, X is thé average position
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of an electron in the x direction, (x; — x) is the mean square
deviation of an electron from its average position, and
(x; —X)(x, — X) is the average correlation between two
electrons in the x direction. The average value of the operator

q
g= f¥*q¥dr (3)

is calculated with the zeroth-order wave function ¥ obtained
from perturbation theory. If the term in brackets in eq 2 is
rewritten to include a summation over all electrons i, j =1, 2,
3,...,N, then

4 _ __]2

o = § (xi =X (x; Xj)l (4)
4
== Lxx 2
o (L] (s)
The term in brackets in eqs 4 and 5 reduces to
- —\2
Lxx = Z XiXj — Z Xi) (6)
i.J i

For closed-shell systems the zeroth-order wave function may
be approximated by an antisymmetrized product of molecular

obtitals, ¥,, p = 1,2,3,...,and spin functions  and 1 with
z components equal to £/
Y= (N)T2AN (DY ()7n(2) . . 4 (7)

Substituting eq 7 into eq 6 yields

Lix=-2%3 Yu*xy, dr f\#,*xw“ dr
+2% f‘pu*xzwu dr (8)

where u and v refer to the occupied molecular orbitals. The
molecular orbitals are expanded as a linear combination of
atomic orbitals x 4,:

Y = ;Z CaruXAr 9

!
where ¢ may refer to s, py, p,, and p. atomic orbitals or to
hybrid atomic orbitals on atoms 4 =1, 2, 3, ... Substituting

€q 9 into eq 8 and using the zero differential overlap approxi-
mation yields

Lyix= ; Vao Taxx (10)
where
Vao Taxx = -2 ZZ Z Z C*AluCAurC*BL’uCBwu
Bruvwuy

X f X*arX X4 A7 fX*BL'XXBw dr + 2 2.2 ¢* aruCaun

o u
X fX*Alxz)(Au dr (11)

provides the link between the proposed empirical formula, eq
1, and a molecular orbital model. Atomic orbitals 7, u, v, and
w are centered on atoms A and B in At, Au, Bv, and Bw.

It is convenient to assume thaty,, u =1,2,3, ..., are the
localized molecular orbitals studied extensively by England
et al.12.13 Their orbitals, confined to the region of a chemical
bond, are written as a sum of hybrid atomic or 7 orbitals. For
acyclic hydrocarbons!2 two-center localized molecular orbitals
are found, whereas for condensed hydrocarbons!? two- to
four-center localized molecular orbitals connected through a
set of adjacent atoms are obtained.

Now, the contributions to 7 4xx consist of two types of terms:
the first in eq 11 connects atomic orbitals on a pair of atoms
A and B, and the second involves only atomic orbitals on each
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Table I. Atomic Components 74 for Atoms in Various Hybrid
Configurations Used in the Calculation of the Average Molecular
Polarizability with Equation 1, and the Correlation to Atomic
Size, p4. Given by Equation 22

hybridiza-
atom tion?
A of A 74, A3/2 group pa. A
H o 0.314 —H 1.23
~.
C tetetete 1.294 P 1.59
C trirtrm 1.428 Te— 1.68
1.800 ™ 1.88
C didirw 1.393 —C= 1.65
2 >
N te’tetete 1.435 /N. 1.62
2 =
N trétrtrmw 1.262 /N 1.52
N trtrtrw? 1.220 >N— 1.49
N diddirm 1.304 =N: 1.54
0 te2teltete 1.290 P 1.48
0 tr2trtro 1.216 =0 1.44
0 turn? 1.099 o 1.37
F o 1.046 —F 1.30
Cl o 3.130 —Cl 1.91
Br o 5.577 —Br 2.13
| o 8.820 —1 2.42
p te2tetete 3.000 = 1.93
s telteltete 3.496 s 2.05
S trltrirm? 2.982 s 1.89
S tr2tr2troe 3.967 =8 2.19

“ Lone pairs on each atom are indicated for each hybrid configu-
ration by te? in te’te2tete for O in H,0, etc.

atom A. The first term may be viewed as a bond contribution
because the coefficients ¢* 4,,¢pw, and c4,,¢*p,,, connected
through common localized molecular orbitals Y, and ¥, are
largest if 4 and B are adjacent atoms. If these bond contri-
butions, which arise for each hybrid atomic orbital in y,, on
atom A connecting adjacent atoms, are partitioned between
the two atoms 4 and B, then one has a rationale for the as-
signment of a unique value of 7 4, for each hybrid atomic
state. If eq 11 is written as

Vagmaxx = =h £ 5 parsud™ ause f X* XX d7

Brucvw

X f xtsorxse a7+ T aa [ xtanixadr (1)
I

where

(13)

PaBw =22 C* 41uCBwy
u

is the bond order for doubly occupied orbitals and g4, = p.4; 4.
which arises because symmetry requires that ¢ = 4 in the sec-
ond term of eq 11, is the electronic charge, then the bond and
atomic terms are more obvious. Bond orders are small unless
A and B are adjacent atoms.

This approximation ought to work well for covalently
bonded systems in which the electron pairs are nearly equally
shared by two atoms. For very polar systems, some modifica-
tion of 7 4.x will be required. However, in this investigation,
eq | reproduces experimental values of average molecular
polarizabilities of organic compounds quite well.
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Table I1, Comparison of the Empirical Atomic Size p 4. Equation
22, and the Experimental van der Waals Radii

atom p4(ahc)a p.4(Pauling)®  p4(Bondi)¢

H 1.23 1.2 1.20
c { trtrtr7r 1.68 1.70 1.70

didimm 1.65

teltetete 1.62 1.5 1.55

tr2trirw 1.52
N trtrtror? 1.49

didinw 1.54

te?tetete 1.48 1.40 1.52
0 !trztrztm 1.44

trltrire? 1.37

te’te2tete 2.05 1.85 1.80
S {trztrtnr2 1.89

tritritrm 2.19
P te2tetete 1.93 1.9 1.80
F o 1.30 1.35 1.47
Cl 4 1.91 1.80 1.75
Br o 2.13 1.95 1.85
1 o 2.41 2.15 1.98

“ Calculated with eq 22.  Pauling’s compilation, ref 15, of exper-
imental values. © Bondi’s compilation!é of experimental values in
which py = 1.00 for hydrogen attached to an aromatic ring.

To complete the rationalization of eq 1, the components of
polarizability vy, obtained with eq 2, and similarly «;,,, and
o, are assumed to be calculated with the xyz coordinate
system oriented along the principal axes of the polarization
ellipsoid. If the contribution of 74 along each principal axis
is assumed to be given by

Tak =V 3¢€08YuTa(k=x,p, orz) (14)
where
2 cos? Y =1 (15)
then the average molecular polarizability
o= '/32%« (16)
is obtained from
2
== Z TAKK] (17)
A

by combining eq 5 with eq 10 and 14 for k = x, and similarly
for k = y and z. The components 7 4, are projections of /374
onto the principal axes k = x, y, and z, or from the components
of the polarizability

V @ = €08 YV 3 (18)

is the projection of 3« onto the principal axes.

In the case of condensed hydrocarbons,'3 the localized
molecular orbitals are delocalized over more than two atoms.
The contribution to each atomic hybrid component is still
obtained by partitioning the effect of terms involving 4 and
B over each atom. The assumption is made that there are two
values of 7 4 for the trtrtra hybrid states of carbon: 7. = 1.428
for one with a C-H bond and 7. = 1.800 for one in a branched
configuration as in graphite. This is the only exception made
in the formulation of the average molecular polarizability with
parameters 74 for atoms, A, in their conventional states of
hybridization, and it is required to achieve agreement between
«e(ahc) and a(exp).

An alternate approach to that proposed in this investigation,
in which 74 represents atomic hybrid contributions, would be
a summation over bond contributions with a formula like eq
1. Ineq 11 or 12, terms involving atomic orbitals on atoms
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would be partitioned onto pairs of atoms connected by a bond
or several atoms encompassed by the localized molecular or-
bital in the case of condensed hydrocarbons, and 7 would be
accordingly redefined. The terms connecting pairs of atoms,
A and B, are already cast into a form which could be viewed
as bond contributions. This approach was not explored. It
would require a set of parameters 7 45 for every pair of atoms
with each particular bonding type, and consequently there
would be a greater number of parameters than required in the
present empirical approach.

The van der Waals radii can be correlated to the atomic
polarizability

oy —]—\,4;(7/1)2 (19)

calculated with eq 1 for each atomic hybrid contribution 7 4.
Combining eq 19 with the Slater-Kirkwood approxima-
tion'4

(20)

r—A—z}Z
yields
3
Vi = v @

Experimental van der Waals radii agree well with the function
obtained by adjusting eq 21 by 2.10, namely

Pa= 105\/3- \4/ aogl 4 (22)

and a comparison between them is made in Table I1. p 4 values
for atoms in each hybrid configuration are presented in Table
1, but it should be noted that a comparison to experimental van
der Waals radii is meaningless for hybrid states such as tetetete
in carbon,

Average Molecular Polarizabilities

In Tables 111-X1 the empirical average molecular polariz-
abilities a(ahc) calculated with eq 1 with atomic hybrid
components 74 are compared to the experimental (exp) values
of a(exp). The percent error

e(ahc) = 100{a(ahc) — a(exp)}/a(exp) (23)

is reported. Similarly e(bp) is reported to compare €(bp) ob-
tained by the bond polarizability (bp) method with experi-
mental results, and where appropriate e(ap) and «(ap) are used
in a discussion of the method of summation of atomic polar-
izabilities (ap). a(exp) is taken from the reference indicated
in each table, and, if a(bp) is given, then e(bp) is calculated.
Otherwise, to obtain «(bp), the bond polarizabilities proposed
by Denbigh? or those obtained by Vogel and co-workers!” and
summarized by Batsanov® are used. These e(bp) are presented
respectively in parentheses or brackets.

Alkanes, Halogenated Alkanes, Alkenes, and Alkynes and
Halogenated Derivatives of Benzene. Polarizabilities of the
alkanes are the easiest to reproduce. The present method of
obtaining 7. for the tetetete hybridization of carbon, given as
an example in the Introduction, yields polarizabilities which
compare to 1% of the experimental values as shown in Table
111. Values calculated by Denbigh® (not reported) by the
method of addition of bond polarizabilities also reproduce the
experimental results to approximately 1%. The value 7, was
obtained initially from HBr and then adjusted to improve the
agreement between the empirical (ahc) and the experimental
polarizabilities studied in this investigation. In Table I11 the
polarizabilities of C,H2,+Br calculated by the ahc method
agree to approximately 1% of the experimental results, whereas
results calculated by the addition of bond polarizabilities by
Sanyal et al.,!® and listed in Table 111, yield errors up to 21.8%
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Table 1. Empirical (ahc) and Experimental (exp) Average Molecular Polarizabilities of n-Alkanes and n-Brominated Alkanes Containing
Atoms in the Hybrid States H(o), C(tetetete), and Br(o), and the Percent Error € in the ahc and Bond Polarizability (bp) Methods?

CuHapiz CyHoyu4 1 Br
n a(ahc), A3 e(ahc),? % a(ahe), A3 a(exp),c A3 e(ahc) % e(bp), %
1 2.60 0.0 5.55 5.53 0.4 =27
2 4,44 -0.6 7.29 7.28 0.1 1.0
3 6.29 0.0 9.06 9.07 =0.1 2.6
4 8.14 0.2 10.85 10.86 =0.1 4.1
S 9.98 0.3 12.65 12.65 0.0 5.1
6 11.83 0.4 14.46 14.44 0.1 9.9
7 13.68 0.5 16.27 16.23 0.3 6.5
8 15.52 0.5 18.09 18.02 0.4 7.1
9 17.37 0.1 19.92 19.81 0.5 7.5
10 19.22 0.6 21.74 21.60 0.7 21.8
11 21.06 0.1 23.57
12 2291 0.7 25.41 25.18 0.9 8.5
16 32.75 32.34 1.3 9.2
18 36.43 35.92 1.4 9.5

@ a(ahc) is calculated with eq 1. The percent error e(ahc) or e(bp) is defined by eq 23. ¢ A comparison is made to experimental data taken
from ref 8 and 18. ¢ a(exp) and a(bp) are taken from ref 19 to evaluate e(bp). e(bp) < 4% if bond polarizabilities from ref 8 are used to calculate

a(bp).

Table IV, Empirical (ahc) and Experimental (exp) Average Molecular Polarizabilities of Hydrocarbons and Chlorinated Hydrocarbons
Containing Atoms in the Hybrid States, C(trtrtrm), C(didim ), and Cl(o), and the Percent Error € in the ahc and Bond Polarizability (bp)

Methods¢
a(ahc), a(exp), e(ahc), €(bp),

molecule A3 A3 % % ref
ethylene 4.23 4.26 -0.8 (2.4) 18
2-pentene 9.76 9.84 -0.9 =0.1 8
1,4-pentadiene 11.38 11.49 -1.0 -0.1 8
1-hexene 11.60 11.65 -0.4 +0.2 8
1-heptene 13.45 13.51 -0.5 -0.0 8
acetylene 3.33 3.33 0.0 (16.4) 18
I-heptyne 12.57 12.87 24 -1.4 8
methyl chloride 4.43 4.56 -2.9 (0.8) 18
methylene chloride 6:38 6.48 -1.6 (0.6) 18
chloroform 8.34 8.23 1.4 (2.5) 18
carbon tetrachloride 10.32 10.47 =15 -1.1 8
ethyl chloride 6.25 6.40 —24 (0.5) 18

@ Refer to footnote a, Table 111, a(exp) is taken from the indicated reference and e(bp) is evaluated with a(bp) if given in the indicated reference.
Otherwise values (in parentheses) are calculated with bond polarizabilities proposed by Denbigh.®

Table V., Empirical (ahc) and Experimental (exp) Average Molecular Polarizabilities of Halogenated Derivatives of Benzene, and the

Percent Error € in the ahc and Bond Polarizability Methods?

a(ahc), a(exp), €(ahc), €(bp),

molecule A3 A3 % % ref
chlorobenzene 12.14 12.25 -0.9 (1.5) 18
bromobenzene 13.00 13.62 —-4.6 (0.6) 18
p-dichlorobenzene 13.98 14.20 -1.5 (1.1) 18
fluorobenzene 10.01 9.86 1.5 [4.8] 20
1,2-difluorobenzene 9.79 9.80 =0.1 [4.9] 20
1,3,5-trifluorobenzene 9.70 9.74 -0.5 [5.1] 20
1,2,4,5-tetrafluorobenzene 9.68 9.69 =0.1 [5.1] 20
pentafluorobenzene 9.72 9.63 0.9 [5.2] 20
hexafluorobenzene 9.79 9.58 2.2 [5.3] 20

“ Refer to footnote a, Table II1. a(exp) is taken from the indicated reference. Values of €(bp) in parentheses are calculated with bond po-

larizabilities proposed by Denbigh® and values in brackets are obtained with Vogel's!” system summarized by Batsanov.*

for n = 10. Their results are calculated theoretically and not
with the empirical values of bond polarizabilities proposed by
Denbigh,® which would yield a(bp) within 4% of experimental
values.

Results for the alkenes, alkynes, and chlorinated alkanes
obtained with the ahc method and presented in Table 1V agree
to approximately 1% of the experimental values. They are
comparable to those obtained by the method of summation of
bond polarizabilities. Because only one value of 7 4 is assigned
to each atom A in a given hybrid state, isomers all have the

same polarizabilities, and consequently, the results for 1-
pentene and 2-pentene, etc., will be identical. In this paper, only
one isomer of a compound will be reported in any comparison
to experimental results.

Finally, results for several halogenated derivatives of ben-
zene are presented in Table V. For the fluorinated derivatives
of benzene e(bp) ~ 5% regardless of the number of fluorine
atoms. Thus, the bond polarizability for the C-F bond cannot
be adjusted to resolve this problem. For benzene, the value
a(bp) = 10.51 A3 differs from a(exp) = 10.40 A3 by only
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Table VI. Empirical (ahc) and Experimental (exp) Average Molecular Polarizabilities of Primary, Secondary, and Tertiary Amines and
Other Compounds Containing Nitrogen in the Hybrid States: N(te?tetete), N(trtrtrw2), N(tr?trtrw), and N(di2dizw)?

a(ahc), a(exp), €(ahc), ¢(bp),
molecule A3 A3 % % ref
N(te’tetete)
isopropylamine 7.80 771 0.4 -0.5 8
dicthylamine 9.65 9.61 0.4 0.2 8
di-n-propylamine 13.34 13.29 0.4 0.1 8
triethylamine 13.34 13.38 -0.3 -0.1 8
tri-n-propylamine 18.88 18.87 0.0 0.0 8
hydrazine 3.78 3.46 9.4 4
N,N-dimethylhydrazine 7.47 7.21 3.7 4
N(trtrtra2)
aniline 11.49 11.58 -0.8 =26 4
N-methylaniline 13.34 13.50 -1.1 2.2) 4
N-ethylaniline 15.19 15.32 -0.9 (2.0) 4
N, N-dimethylaniline 15.19 15.40 -14 (1.9) 4
N,N-diethylaniline 18.88 19.01 -0.7 (1.9) 4
pyrrole 8.03 7.94 1.2 [1.9] 21
p-nitrotoluene 13.97 14.10 -0.9 3.6 19
nitrobenzene 12.14 12.92 -6.0 [4.6] 18
p-toluidine 13.34 13.47 -0.9 -33 19
N(tr?trtrm)

pyridine 9.47 9.18 32 6.5 19
9.47 0.0 18

quinoline 15.65 15.70 -0.3 21
phenazine 20.92 23.43 -10.7 -0.3 19

N(ditdir7)
p-cyanotoluene 14.05 13.90 1.1 -1.1 19
hydrogen cyanide 2.59 2.59 0.0 [0.1] 18
Mixed Types of Bonding

3-aminobutyronitrile 9.63 9.17 5.0 4
3-dimethylaminobutyronitrile 13.32 _12.87 3.5 4
pyrazole 7.15 7.23 =1.1 4
1-methylpyrazole 8.99 8.99 0.0 4
1,5-dimethylpyrazole 10.83 10.72 1.1 4
1-ethyl-5-methylpyrazole 12.67 12.50 1.4 4

4 Refer to footnote a, Table V. Values of e(bp) not enclosed in parentheses or brackets are calculated with a(bp) given in the indicated ref-

crence.

1.2%, which suggests that the parameters for C-H and C-
C(aromatic) are calibrated properly. Halogenated derivatives
of aniline, toluene, naphthalene, and anthracene are given in
subsequent tables, in which molecules with a variety of atoms
in various hybrid configurations are listed.

Compounds Containing Nitrogen or Oxygen. The first crit-
ical test for this empirical approach lies in the calculation of
molecular polarizabilities of primary, secondary, and tertiary
amines. 1t is well known2?:8 that different atomic polarizabil-
ities are required for nitrogen in each of these cases if the
method of summation of atomic polarizabilities is used.2b:34
However, only one value of 7 for N(te?tetete) is required with
¢q 1 in the present empirical approach. It should be noted that
in the method of bond polarizabilities® only one value each for
N-C and N-H is needed. Results of a(ahc) for primary, sec-
ondary, and tertiary alkylamines and aniline and of their de-
rivatives, reported in Table VI, agree to within 1% of the ex-
perimental values.

Polarizabilities for compounds containing nitrogen are
grouped according to their hybrid states. Agreement with
experimental results to 1% occurs in most cases and, in addi-
tion, the ahc method is competitive with the bond polarizability
approach. Three notable exceptions are hydrazine, 3-amino-
butyronitrile, and phenazine, the last of which is discussed in
the section on condensed ring systems. Hydrazine, for which
a(ahe) is calculated with the N(te2tetete) hybrid configura-
tion, may be better described by a configuration intermediate

between this one and N (trtrtrar2) for which a(ahc) = 3.04 with
e(ahc) = —12.1%. The steric hindrance of the two methyl
groups in N,N-dimethylhydrazine may force the nitrogen to
assume a te?tetete hybrid configuration, which accounts for
the agreement within 3.7%.

In Table V11 average molecular polarizabilities of com-
pounds containing oxygen in various hybrid states are reported.
Both a(ahc) and a(bc) agree with a(exp) in each case to ap-
proximately the same accuracy for alcohols, ethers, ketones,
aldehydes, acids, esters, and furan. In water e(bp) = —7.8%
is much larger than e(ahc) = 1.4%. In both the ahc and bond
polarizability methods, the mixed hybrids of O(te’te’tete) and
O(tr?tr?trw) in the carboxylic acid and ester groups also show
greater error than in compounds containing only one of these
hybrid states of oxygen.

Potpourri of Compounds. Molecular polarizabilities of
compounds containing halogens, nitrogen, oxygen, and de-
rivatives of benzene are reported in Table VIll. The errors
resulting from the use of eq 1 are on the average slightly
smaller than those obtained by Sanyal et al.,'® who use the
method of addition of bond polarizabilities. These studies
demonstrate that the choice of atomic hybrid components 7 4
can be combined in molecules with several different atoms in
various hybrid configurations to reproduce a(exp) well.

Compounds Containing Sulfur and Phosphorus. Parameters
reported in Table I for compounds containing sulfur were de-
duced from average experimental molecular polarizabilities
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Table VII, Empirical (ahc) and Experimental (exp) Average Molecular Polarizabilities of Compounds Containing Oxygen in the Hybrid

States: O(te?te2tete), O(trtrétra), and O(tr2trtrx?)a

a(ahc), o(exp), €(ahc), e(bp),
molecule A3 A3 o % ref
O(te’tetete)
water 1.47 1.45 1.4 (=17.8) 4
methanol 3.28 3.26 0.4 1.0 8
ethanol 5.11 5.07 0.8 1.2 8
|-propanol 6.95 6.77 2.6 2.9) 4
glycol 5.85 5.71 2.5 0.6 8
dimethyl ether 5.11 5.16 -1.0 (1.2) 18
diethyl ether 8.79 8.73 0.7 (1.8) 18
n-propyl methyl ether 8.79 8.86 -0.8 0.3 8
n-propyl ethyl ether 10.63 10.68 -0.5 0.4 8
di-n-propyl ether 12.48 12.55 -0.6 0.1 8
O(trtrtrm)
acetone 6.33 6.40 -11 -0.8 8
methyl ethyl ketone 8.17 8.19 -0.3 —0.1 8
diethyl ketone 10.01 9.93 0.8 0.9) 18
methyl propyl ketone 10.01 9.93 0.8 0.9) 18
diisopropyl ketone 13.70 13.53 1.2 (1.2) 18
n-propionaldehyde 6.33 6.35 -0.3 =0.1 8
n-butyraldehyde 8.17 8.18 -0.2 0.0 8
O(tr2trtrm?)
furan 7.23 7.23 0.0 21
Mixed Hybrid Types
formic acid 3.47 3.32 4.5 (—=0.8) 4
acetic acid 5.26 5.15 2.1 -0.4 8
propionic acid 7.07 6.96 1.5 0.0 8
methyl propionate 8.89 8.79 1.1 1.1 8
methyl acetate 7.07 6.81 38 (3.6) 4
butyric acid 8.89 8.58 3.6 (2.6) 4
methyl butyrate 10.72 10.41 3.0 (3.0) 4

@ Refer to footnote a, Table V. Values of e(bp) not enclosed in parentheses are calculated with a(bp) obtained from the indicated refer-

¢nce.

of H5S, C,H;sSH, and (C,Hj5),S for the te?te?tete hybrid state,
of thiophene for the trtrtra? hybrid state, and of CS, for the
tr2tr2trr hybrid states, For phosphorus 7, was determined by
an analysis of PH; and PFj3; however, the value reported in
Table I is obtained from a reasonable choice of p, and with eq
22,

Condensed Ring Systems and Compounds of Biological In-
terest. In condensed ring systems, listed in Tables X and XI,
a discrepancy between the empirical results with eq 1 and the
experimental values exists if 7c = 1.428 is used for C(trtrtrm).
The difficulty was traced to the two kinds of carbon atoms
present in the w-electronic system. In ethylene and benzene
the 7 system is directed only along two bonds, whereas in the
9 and 10 positions of naphthalene it is directed along all three
bonds.

An adjustment, 7. = 1.800, for carbon atoms in a 7 system
branched in three directions is sufficient to greatly improve
agreement with experimental values as is seen by the corre-
sponding results listed as a(ahc) and €(ahc). Calculations of
ce(bp) yield errors e(bp) which are of the same order as e(ahc).
However, trends in the polarizabilities show in most cases that
&(ahc) > a(exp) and a(bp) < a(exp), and it suggests that a
systematic error may.be present in each method. 1n Table X11
values of « are presented for cytosine, adenine, thymine, and
acridine, a well-known intercalating and mutagenic agent, to
test the applicability of the present empirical approach to the
calculation of molecular polarizabilities of biological mole-
cules.

Determination of Structural Formulas. The unique values
of 74 for each atomic hybrid configuration suggests that
structural formulas of organic compounds can be determined

Table VIII, Empirical (ahc) and Experimental (exp) Average
Molecular Polarizabilities of Compounds Containing Atoms in
Various States of Hybridization, and the Error ¢ in the ahc and
Bond Polarizability Methods?

a(ahc), alexp),® e(ahc), ¢€(bp),?
A3 A3

molecule % %
formamide 3.85 3.88 -0.38 —-6.1
acctamide 5.66 5.39 5.0 -3.9
benzamide 13.38 12.75 4.9 0.8
p-fluoroaniline 11.16 11.51 -3.1 -1.6
p-chloroaniline 13,28 13.50 -1.6 04
p-bromoaniline 14.17 14.55 =26 23
p-nitroaniline 13.30 13.90 —43 =13
dichloroaniline 15.14 15.18 -0.3 -1.9
toluene 12.25 11.83 35 —0.4
p-fluorotoluene 11.85 11.70 1.2 -4.0
p-chlorotoluene 13.98 13.70 2.1 1.5
p-bromotoluene 14.81 14.80 0.1 0.9
p-iodotoluene 17.10 17.10 0.0 —6.6
p-cyanotoluene 14.05 13.90 1.1 -1.1
p-nitrotoluene 13.97 14.10 -0.9 3.6
p-xylene 14.10 13.70 29 2.3
mesitylene 15.94 15.38 3.7 -39
durene 17.79 17.40 2.2 -8.0
hexamethylbenzene 21.48 20.81 3.2 -11.2

4 Refer to footnote a, Table 1. # a(exp) and a(bp) taken from
ref 19 are used also in the calculation of e(bp).

by the calculation of molecular polarizabilities. An example
of the analysis of menthone, for which & = 18.35 A3, is given
by loffe.2* Its empirical formula is C;oH30. In Table XIII
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Table IX. Empirical (ahc) and Experimental (exp) Average Molecular Polarizabilities of Compounds Containing Sulfur®
molecule hybrid state a(ahc) a(exp) €(ahc) e(bp) ref
H,S tete’tete 3.78 3.78 0.0 [0.7] 18
C,HsSH te2te’tete 7.47 7.38 1.2 [2.5] 4
(C,Hs)2S te?tetete 11.16 11.00 1.5 [3.0] 4
thiophene tr2trirm? 9.00 9.00 0.0 21
CS; tr2trtro 9.16 8.74 4.8 [8.0] 18

@ Refer to footnote a, Table V.

Table X. Empirical (ahc) and Experimental Average Molecular Polarizabilities and Percent Error of Condensed Hydrocarbons®?

molecule a(ahc)? a(exp) e(ahc)? a(ahc)¢ €(ahc)e e(bp)

benzene 10.40 10.39 0.2 (1.2)
naphthalene 16.59 17.48 =5.1 18.09 3.5 (0.0)
anthracene 22.77 25.93 -12.2 25.79 -0.5 (—6.1)
phenanthrene 22.77 24,70 -7.8 25.79 44 (=1.95)
naphthacene 28.95 32.27 -10.3 33.51 3.8 (—3.4)
1,2-benzanthracene 28.95 32.86 -11.9 33,51 1.9 (=5.1)
chrysene 28.95 33.06 —-12.4 33.51 1.3 (=5.7)
1,2:5,6-dibenzanthracene 35.14 41.31 —-14.9 41.22 -0.2 (=7.9)
acenaphthene 19.53 20.61 =53 21.01 1.9 (=1.5)
fluoranthene 25.49 28.35 =10.1 28.49 0.5 (—6.8)
pyrene 25.49 29.34 =13.1 30.05 2.4 (—5.8)
dodecahydrotriphenylene 30.32 29.89 1.4 0.5)
fluorene 21.15 21.69 =25 21.15 =2.5 (—2.4)
2,3-benzofluorene 27.33 30.21 -95 28.81 —-4.6 (—6.9)
difluorenyl 41.55 42,82 =3.0 44,51 4.0 (—4.2)
anthraquinone 23.03 24.46 -5.8 25.86 5.7 4.9)
brazan 25.49 29.89 —-14.7 30.05 0.5 (—9.6)
quinoline 15.65 16.57 =55 17.11 33 [=1.1]
acridine 21.84 25.49 —-14.3 24.80 =27 [—9.5]
coronene 37.10 42.50 —-12.7 46.32 9.0 (-3.3)
B-truxene 42.64 45.55 -6.4 47.10 34 (=6.7

dixanthylene 41.85 45.27 -7.6 49.16 8.6 (=1.7)
diperinaphthylenethiophene 39.13 43.25 -9.5 48.11 11.2 [S.2]

@ Experimental data is taken from ref 22. Refer to footnote a, Table V. ¢ Calculated with 7. = 1.428 for C(trtrtrm). ¢ Calculated with 7
= 1.800 for the carbon atoms in a branched = hybrid such as at the 9 and 10 positions of naphthalene.

Table XI. Empirical (ahc) and Experimental Average Molecular Polarizabilities of Condensed Ring Compounds with Atoms in Various
Hybrid States with Two Parameters 7 for C(trtrtrm). Percent Error € in the Présent Work and in the Bond Polarizability Approach?

molecule a(ahc)? a(exp)© €e(ahc)? a(ahc)4 €(ahc) e(bp)®
9-chloroanthracene 24.48 27.35 -10.5 27.37 0.1 0.1
9-bromoanthracene 25.20 28.32 -11.0 27.91 -1.5 1.4
9-cyanoanthracene 24.57 28.32 —-133 27.52 -2.8 5.6
phenazine 20.92 23.42 -10.7 23.82 1.7 -0.3
octafluoronaphthalene 15.54 17.64 -11.9 16.58 —6.0

4 Refer to footnote a, Table 1. & Calculated with 7. = 1.428. ¢ References 19 and 20. 4 Calculated with 7. = 1.800 for branched = hybrids

of carbon. ¢ Data taken from ref 19 for the bond polarizability method.

ten classes of compounds with this formula are listed along with
the calculated values of molecular polarizabilities. A com-
parison of this experimentally determined value with those
calculated with eq 1, a(ahc), with those calculated by a sum-
mation of atomic polarizabilities, a(ap), and with those cal-
culated by the summation of bond polarizabilities, a(bp),
suggests that menthone can be a cyclic ketone or aldehyde or
a bicyclic alcohol or ether. Menthone is 2-isopropyl-5-meth-
ylcyclohexanone, a cyclic ketone. The close agreement between
these three methods shows once again that the method pro-
posed in this investigation is competitive with other approaches,
and this example shows that structural differences can be
predicted by empirical calculations of polarizabilities.

Discussion and Conclusion

The empirical approach proposed with eq 1 resulted from
an attempt to obtain molecular polarizabilities from atomic

components, 7,4, and from atomic components the polariz-
abilities for atoms in various hybrid states, The atomic polar-
izabilities, eq 19, and correlation to van der Waals radii, eq 22,
provide the data for the calculation of interactions between
molecules and DNA2526 in a semiempirical approach in which
a 6 — n potential interaction

Aij 6
U;=22L—g.6 4 =g
Y pij6 [ 81 n 8
is used, where g; = r;j/(p; + p;) is the reduced distance, 7;; is
the interatomic distance, and p; + p; = p; is the sum of van
der Waals radii of atoms 7 and j. The minimum of Uj; occurs

when g;; = 1. The coefficient

A= g a,-a!‘I,'I-
Y2+ )
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Table X1II. Empirical (ahc) and Experimental Average Molecular
Polarizabilities of Compounds of Biological Interest?

molecule a(ahc) a(exp) e(ahc) ref

cystosine 10.27¢ 10.33 -0.6 23

adenine 12.75% 13.11 -2.8 23

thymine 11.48% 11.23 22 23

phenazine { 23.82¢ 23.43 1.7 19
20.92° -10.7

acridine 24.80¢ 25.49 =2.7 22
{ 21.846 -143

4« Refer to footnote a, Table 111. ¢ Calculated with 7. = 1.428 for
the branched 7 hybrid state of C(trtrtrm). ¢ Calculated with 7. =
1.800 for the branched = hybrid state of C(trtrtrxr).

Table XII1. Empirical Molecular Polarizabilities of Classes of
Compounds with the Empirical Formula C,oH,50¢

class a(ahc) a(ap) a(bp)
acetylenic alcohols 18.75 18.99 19.17
acetylenic ethers 18.75 19.04 19.26
diethylenic alcohols 19.39 19.41 19.44
dicthylenic ethers 19.39 19.46 19.53
cyclic alcohols with a double bond 18.89 18.72 18.78
cyclic ethers with a double bond - 18.89 18.77 18.87
cthylenic ketones or aldehydes 19.00 19.00 19.01
cyclic ketones or aldehydes 18.50 18.31 18.35
bicyclic alcohols 18.39 18.04 18.12
bicyclic ethers 18.39 18.09 18.21

¢ a(ahc) is obtained with eq 1. a(ap) is taken from ref 4. a(bp) is
calculated from bond polarizabilities proposed by Denbigh.?

contains atomic polarizabilities, o; and «;, and ionization
potentials, 7; and [;.%”

The empirical approach proposed in this investigation ap-
pears to have several advantages over other methods: (1) fewer
parameters are required; (2) 74 does not depend on atoms to
which A is bonded, but rather bonding is contained implicitly
in the choice of atomic hybrid components 7 4; (3) only one
component 7 4 is needed for each atomic hybrid configuration.
For a system containing M atoms, the method of addition of
bond polarizabilities requires M(M + 1)/2 parameters in
contrast to the ahc method which requires for each atom one
7,4 for each hybrid configuration or less than 4M parame-
ters.

One problem with the present method is that the components
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of polarizability cannot be obtained directly from 74, but
rather the components of the ellipsoid of polarizability must
be determined geometrically, so that a.., ¢, and e.: can be
calculated from «. In addition, the extension to compounds
with very polar bonds and with groups which can form hy-
drogen bonds will require that each 74 be dependent on the
atoms to which A4 is bonded. The charge density or electro-
negativity of each atom may be required to yield a modification
of this method. Nonetheless, the results of a(ahc) compare
with experimental data as well as those of other methods, and
eq | appears to be more convenient to use.
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