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RESONANCE EFFECT IN SPECTRA OF MONOSUBSTITUTED BENZENES
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Molecular Orbital Theory and Spectra of Monosubstituted Benzenes.

Resonance Effect!
By F. A. MATSEN

Introduction

Molecular orbital calculations have been made
on monosubstituted benzenes by Hiickel,?2 Whel-
and and Pauling®* for the purpose of interpreting
the orienting effects of substituents in the benzene
ring. Sklar® and Herzfeld® have calculated the
intensity and the wave length of ultraviolet
absorption, respectively. In this paper a com-
bination of molecular orbital and perturbation
theory is used to derive general expressions for
the resonance energy, resonance moment, and the
intensity and wave length of ultraviolet absorption.
These quantities are subsequently evaluated in
terms of the parameters of Wheland and Pauling.

The effect of substituents on the properties of
the benzene molecule have been discussed in terms
of a resonance and an inductive effect. For most
molecules the spectrosopic properties are ade-
quately described in terms of the resonance
effect alone. However, there is evidence that in
certain molecules the inductive effect is of the
same magnitude as the resonance effect. These
will be treated in Paper IV of this series.

General Theory

The molecular. w-orbitals xj in a monosub-
stituted benzene, C¢H;X may be taken as linear
combinations of the 2ps atomic orbitals of the ring
carbon atoms and the attached atom X. These

atomic orbitals will be denoted
7 by ¢x (B = 1,2, , 7) where
| the numbering follows that of

2 the atoms (see Fig. 1). This
6 approximation (LCAO) is em-
bodied in equation (1)
7
5 3 xi = 9. Andx 1)

F=1

4 However, it is more con-

Fig. 1. venient to express the MO’s

Xj as linear combinations of
seven orbitals ¢; of which the first six are ortho-
gonal LCAO benzene orbitals while ¥ = ¢7, as in
equation (2).

7
Xi= 2 N’ @)
=1

(1) Presented in part before the San Francisco Meeting of the
American Chemical Society, April, 1949.

(2) Hiickel, Z. Physik, 73, 310 (1931).

(3) Wheland and Pauling, Trrs JournaL, 87, 2086 (1935).

(4) Wheland, sbid,, 64, 900 (1942). See also Ploquin, Buil.
soc. chim., France, 18, 640 (1948); Lyens, Research, 3, 589 (1949).

(5) Sklar, J. Chem. Phys., T, 984 (1939).

(6) Herzfeld, Chem. Revs., 41, 233 (1947).

(7) Dewar, Proc. Cambridge Phil. Soc., 48, 638 (1949), has dis-
cussed these group functions, The monosubstituted benzene corre-
sponds to his case 1.
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The seven ¥;i's are as shown in Table I.
TABLE I
Wave functiona:b ngmeg:
Vi= (¢1+ &2 + &5 + b4 + 65 + 06)/\6 An A
Yo = (d2+ ¢35 — &5 — ¢0)/\/4 Eyx B
Vi = 2¢1 + ¢2 — &3 — 264 — & + 60)/V12 Ex A

Vi = (¢2 — s + &5 — ¢s)/'\/‘z Ew B:
Vs = (2¢1 — &2 — ¢5.+ 204 — b5 — $)/v'12 En A
Vo= (01—t + ¢ — b+ & — ¢)/vV6  Bu A
Y = ¢r — A

* Mayer and Sklar, J. Chem. Phys., 6, 645 (1938), and
ref. 2. ? The numbering of the benzene orbltals is in the
order of increasing energy on perturbation by an electro-
negative substituent, as determined below. ¢ The benzene
w-electron system belongs to point group Dg, while the
monosubstituted system is in Cyy.

The energies and forms of the correct orbitals
xj (equation 2) may be obtained approximately
by perturbation theory using the orbitals Y4
as bases. If the interaction between ring and
atom X is regarded as a perturbation, then each
orbital x; of the perturbed system will be associ-
ated with a particular orbital y; of the unper-
turbed system.

According to standard second order perturba-
tion theory,® the energy E;j of an electron in xj
is given by the equation

H,
Hll E Hy J_i ]_]4l (3)

$k5
Here H; = JYiHyidr, etc., where H is the effec-
tive one-electron Hamiltonian.?

From the Cyv symmetry classification given in
Table I, together with the orthogonality of the
benzene orbitals, it follows that all integrals of
the type H;;(2 =l= 7) vanish or may be assumed
negligible except Hyz, Hyr, Hyy and Hg;.  Hence

E=Hy+20° . i-12
”+H,—H71’J '~~16 (4)
and
6
_ Hy?
Er = Hn +‘.§ Hp — Hy ®)

A discussion of the range of validity of perturba-
tion theory is given in Appendix I.
The wave functions x; are given by the standard

formula
Hu\bl
(6)
1;] Hu Hll

(8) See, for example, Pauling and Wilson, ""Introduction to Quan-
tum Mechanics,” McGraw-Hill Book Co., Inc., New York, N. Y.,
1935, p. 191 ff,

(9) Perturbation theory fails when Hy is close in value to any of
the Hi; and in certain cases it may be necessary to solve a secular
equation; see Appendix I.

Xi =y —
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Comparing this with equation (2) above we see
that .
Nj= 1 (7)
and
Hy »
N = 8)

From these equations, one can, in principle,
determine the m-electron distribution in the or-
bital ¢;; and hence, the resonance moment, direct-
ing power, and intensity and wave length of
ultraviolet absorption.

Applications

The Herzfeld Formulas.—The theory will now be used
to derive formulas for the resonance energy and excitation
energy first obtained by Herzfeld. These derivations
do not require migration of the substituent electrons into
unoccupied benzene orbitals as does the Herzfeld ap-
proach. The energy of the ground state xiZx’xsx:?
is given by

3
=2 E; + 2E (9)
i=1
Substitution of equations (4) and (5) yields
3
Hy ?
= 2};% + 2Hn + 2 Z s~ T
6
Hh

i=1

The third and fourth terms on the right side of the equa-
tion represent the perturbation of the ring by the sub-
stituent and vice versa. The sum of these terms gives
the ‘‘excess resonance energy,’”’ ARE, of the system

=2i._li71f._

R
ARE S Ho — Ha

(11)

where the summation extends over those orbitals of the
benzene ring which are unoccupied in the ground state.
Equation (11) is identical to that given by Herzfeld.

The energies Hu, His, Hie of the unperturbed benzene
orbitals, xi, x5 and xe, lie high (they are unoccupied in
the ground state) relative to the energy of the unperturbed
substituent. Thus, the excess resonance energy of CH;X
should be small and relatively insensitive to Hy, 7. e., to
the electronegativity of the substituent. On the other
hand, the electronic spectrum, the dipole moment and
the chemical reactivity involve the lower orbitals ¥,
to s, which are more strongly perturbed; so these prop-
erties are quite sensitive to the electronegativity of X.

Herzfeld describes the electronic excitation responsible
for the ultraviolet absorption as

xX12x2?xs?x7t —> xa¥xatxaxrixe!!

If electron interaction is neglected, the change in energy
in this transition is, according to equation (4)
Hsr Hy®

H1, H;; — Hn

(10) On thke inclusion of overfap in the perturbation theory, this
equation becomes for¢ F+ 7

AE = Hy; — Hs + (12)

Hiy — S Hy

Hn — Hy
the equivalent of equation (19) in Sklar’'s paper, obtained by an-
other approach

Az =

w o~ oWy
(11) The excited state may actually be a mixture of several states;
see section on oscillator strength.
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To the same approximation the energy of the correspond-
ing excitation in benzene is

65 — H33

so the difference in excitation energy a(AE) between CsH:X
and Ce¢H; should be

Hy®*  Ha'
Hy; — Hy  Hp — Hn

which is identical to the equation given by Herzfeld.
Evaluation of Integrals.—In order to apply the theory,
it is necessary to assign values to the quantities H; and
Hi. Instead of a direct calculation of these quantities,
the scheme of Wheland and Pauling will be used. In
their notation Hyy = a + 28, Hyx = Hu = a + 8, Hu =
Hy; =a — B8, Hs = « — 28, and Hyy = « + 38 where
a = SerHerdy, and 8 = [SouHeérdy for £ < 7. It
will also be assumed that [f¢H¢:dy = B, although as
indicated below, this is not a good assumption in all cases.
From the definition of 8 it will be seen that Hy; = Hg =

8/6 and Hy = Hyg = 8/+/3. The parameter & is
a measure of the electronegativity of the substituent.
Its value may be estimated by assuming that Hy is ap-
proximately the ionization energy of a simple compound
containing atom (or group) X. Ionization energies have
been recently tabulated by Price.l? Mulliken!® has as-
signed a value of —7.2 e. v. for the benzene « and —3.0
e. v. for the benzene 8. In Table II are listed three sets
of values for 8, one calculated from the ionization energies,
I, of the series of compounds HX, taking s = (7.2 — I)/8,
one from the compounds CH;X calculated in the same
manner and the third a ‘‘best value’’ chosen to give the
best fit to the spectroscopic data and the resonance
energies (sce Tables IIT and IV).

A(AE) = = hav (13)

TasrLe 11
HX CH:;X Best
Ionizn. Ionizn. value
euergy 3 energy 8 §e
F .. o 15.0 2.6 5
CHy 3.1 20 11.8 1.4 2.9
C1 12.8 1.9 11.3 1.4 2.5
OH 12.6 1.8 10.8 1.2 1.8
NH; 10.8 1.2 9.8 0.9 1.6
SH® 10.5 1.1 9.7 0.8 1.7

« Best value obtained from perturbation theory. Use
of the exact solution of the secular equation yields slightly
different values. See Paper III. % The methyl group
does not possess an unshared pair of electrons and so does
not formally belong to the groups treated here. It may
be considered to have a virtual unshared pair of electrons
which interact with the ring through hyperconjugation.
¢ The properties of this group are discussed in Paper II.

Substitution for the Hj; in equations (4) and (5)
yields

- _ B
bl = « + 2ﬁ 6——*—‘-——(6 _2)
E_zv = o + ﬁ
: - B
Ei=a+ 8 575 =)
Ey=a—8 (14)
Fi=a—8— B
3(5 +1)

- — -
Eo=e =28~ 5549

_ 5(62 — 3)8
E1~a+65+(—5-—~——-—2 D62 —1)

(12) Price, Chem. Revs., 41, 257 (1947).
(13) Mulliken, Phys. Ren., T4, 736 (1948),
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Excess Resonance Energy

The excess resonance energy may be obtained -

directly from equation (11). Inorder to eliminate
the resonance integral, the ratio of the excess
resonance energy to the resonance energy of
benzene, (28) will be calculated.

ARE 1 3345
REs  6(s +1) (56 +2)

In Table III are given the observed quantities

(15)

and those calculated from the ‘‘best values’’ of -

é in Table II.
TasLE III
ARE/REp
Caled. from

Compound best value § Observeds
CeH:F 0.08 .. :
C¢H;CH; .11 0.00
CeH;C1 .13 .. -
CeH:;0H .15 .22
CeH;NH: .17 .24

¢ From values tabulated in Wheland, ‘“The Theory of
Resonance,”’ John Wiley and Sons, Inc., New York,
N. Y., 1944.

Absorption Frequency.—In order to calculate
the wave length and intensity of the near ultra-
violet absorption of a monosubstituted benzene,
the nature of the transition must be established.
In benzene the excitation of an electron from the
highest filled orbital in the ground state to the
lowest unoccupied orbital would produce an
excited singlet and triplet state each with four-
fold orbital degeneracy. When electron repulsion
is included in the Hamiltonian, the degenerate
wave functions mix, some of the degeneracy is
removed and there result three singlet and three
triplet states. The energies of excitation cal-
culated without the electron repulsion is thought
to give the average height of the actual states.!*
In the monosubstituted benzene the original
orbital degeneracy does not exist, since it is
removed by the perturbation of the substituent.
In this case it will be assumed that the energy
of excitation averaged over the four theoretical
orbital states will give the average height of the

actual levels. Thus
xo —> x4« AE = —28 (16a)
o oa 8
x2—> x5 AE = —28 EICE)) (16b)
xo—>x« AE = —28 + 5(5—’3_7) (16¢)
AEg = hw = —28 + 5 an

302 — 1)
The v is the frequency of a transition from the
ground state to a hypothetical state located at
the average height of the actual excited states.
By analogy to the corresponding state ('Baou)
(14) Roothaan and Mulliken, J. Chem. Phys., 16, 118 (1948),
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in benzene,*® the wave function of the lowest-lying
singlet is given approximately by

Ve = (¥a + ¥n)/V2 (18)

Where Ya corresponds to ¥ Zxe%xsxaxs® and ¢y
to xi®xexsixsx:?. ¥®* In the approximation given
by equation (18), provided one neglects electronic
interaction, the excitation energies to the center
of gravity and to the lowest-lying of the mixed
singlet excited states are identical and should be
given by equation (17). The excitation energy
above that of benzene is one-half of that which
would have been obtained on the basis of Herz-
feld’s assumption that only the excited state
x12x22xsxsx;2 is involved. (Compare equation
(16d) with equation (17).)

The relative shift in frequency between v of
equation (17) and the corresponding mean fre-
quency in benzene, v8 = —23/h, is given by

VB — ¥ 1
v 6@ —1)

It will now be assumed that the relative shift so
computed is applicable without serious error to a
comparison between the actual lowest singlet
levels of benzene and any substituted benzere,
even though strong electron interactions are
present in both. The quantity (v — »)/vs
as calculated from equation 19, is listed in Table
IV using the best value § from Table II together
with the values calculated from the observed
O-0 bands of the near ultraviolet absorption.

(19)

TABLE IV
v = v

VB
Caled. from

best value §% Obsd.
CeH:F 0.007 0.007
CeH:CH; .02 .02
CeH;Cl .03 .03
CeH;0H .07 .05
CeH;NH. 11 J11

4 From values tabulated in ref. 6.

Oscillator Strength.—Characterization of the

lowest-lying excited state by Ve = (Ya + ¥u)/ V2
leads to the following expressions for the oscillator
strength of the transition to that state. "

f = 1085 X 10M( S xexxady + Sxexxsdy)?  (20)

Here the x axis lies in the plane of the molecule
perpendicular to the figure axis.’* The transition
moments for the other axes are zero. The quan-
tity » is in wave numbers. An approximate
expression is

F=1.085 X 10M (#/2 (\s — Ms))2 (21)

(15) Mulliken, §bid., 7, 353 (1939). Professor Mulliken has in-
formed the writer of certain minor errors in this paper, The cor-
rections are embodied above.

(18) For a more accurate discussion of the relative maghitude of
the coefficients of ¥4 and yp for a monosubstituted benzene, see Ap-
pendix IIL.

(17) Mullikén and Rieke,
Vot, VI, p. 231 €1941),

"Reports on Progress in Physics,”
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The carbon-carbon distance in benzene is given
by r. By perturbation theory A = Az = 1,
so the transition is forbidden for all values of
8. However, the perturbation wave functions
are not yet normalized. An approximate nor-
malization is given by
At A At =1
the Ay being given by equation (7).
first approximation
F o= 0002 (82/(52 — 1)% (22)

The oscillator strengths as obtained experi-

mentally and from equation (22) using the best
value 8 from Table 1T are given in Table V.

Then, to the

TaBLE V
Cscillator strength

Caled. Obsd.
CeH,F 0.00002 0.009°
CeHsCH; 0003 L0017 003"
CeH;Cl1 06008 001,% 003P
CeH;0H 01 Ri2e
CeHNH; U4 03°

e Reference 17. ® Sponer aud Lowe, J. Opt. Soc.
Am., 39, 840 (1949). The vibrational contribution to
the intensity has been neglected.

Directing Power and Resonance Moment.—
Molecular orbital theory had led to an inter-
pretation of the directing power of monosub-
stituted benzenes.®! As a result of the inter-
action between substituent and ring, there is
built up ofi the latter an excess of negative charge.
Wheland and Pauling have calculated the dis-
tribution of charge, finding that the electron
density is greater at the two, six and four (ortho
and para) positions in the ring and, further, that
the effect is greater for smaller values of 8. This
is in agreement with the observation that these
compounds are ortho-para directors and that
phenol and aniline, which have small § values,
exercise a strong directing influence.

The separation of charge produces a multipole
which to a first approximation may be considered
a dipole with the excess charge in the ring localized
at the center.!® The ‘resonance moment” is
defined as the difference between the dipole
moment of a monosubstituted benzene and the
corresponding alkyl compound. It measures
roughly the dipole moment due to the migration
of electrons from substituent to ring and may be
approximated by the expression
resonance moment = 2e(r + R)(1 — A? — As? — Ag?)

{23)
where ¢ is the charge on the electron and » —+
R is the distance froin substituent to the center
of the ring. In the lower range the coefficients,

(18) The excess electrical density is concentrated on the two ortho
and the para positions, Consequently, there is no net dipole per-
pendicular to the axis of the molecule. The moments along the
axis are additive and assuming a total charge of p distributed equally
among the three positions, the sumis p/3 (2¢ + R + 2(r/2 + R)) =

o(r 4+ R). Here r is the carbon--carbon distance in benzene and R,
the distance from substitneni to the ring carhon atom number one.

F. A. MATSEN
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Aij, particularly A7 and Ay, must be evaluated
from secular equation solutions for energy.
See Appendix I. Wheland and Pauling have
calculated the r-electron charge on the substituent
to be 1.91, 1.96 and 198 for § = 2, 4 and 6.
Taking an average value of # + R = 2.4 A, the
resonance moments become 1.03, 0.46 and 0.23
D. An exact comparison with experiment cannot
be made since there is no agreement among the
several workers. For example, values of 0.31
to 0.91 D have been reported for chlorobenzene.
These values are sufficient to indicate that the
§'s used for the correlation of intensity and fre-
quency of absorption and resonance energies
produce resonance moments of the correct order
of magnitude.

To the accuracy of the treatment given here,
it is reasonably satisfactory to set S ¢ Hesdy
equal to 8. There are at least two instances in
which it is suggested from the experimental
data that | /[ ¢ H¢:dy, must be less than |3l
The first of these is the compound C¢H:SH,
whose wave length shift, intensity and directing
power are less than for aniline even though H,S
and CHsSH have a lower ionization energy than
NH; and CH;3NH;, respectively. Secondly, the
overlap of the functions ¢; and ¢7 can be reduced
(thereby reducing the magnitude of S ¢ He¢rdy)
by the steric effects of ortho substitution in
dimethylaniline and similar compounds. In these
cases there has been observed a decrease in the
resonance moment,!® and in the wave length and
intensity of absorption.® b

Discussion

A perturbation treatment of MO theory of
monosubstituted benzenes making use of the
experimentally evaluated parameter, §, provides
a semi-quantitative description of the resonance
energies, absorption frequencies, absorption in-
tensities and resonance moments.

The perturbation theory enables one to obtain
certain properties of inonosubstituted benzenes
as simple functions of the parameter 5. An
exact solution of the secular equation does not
provide these simple functions. However, a
plot of the energy levels as a function of § ob-
tained from the secular equations does give an
easily interpretable representation (see Fig. 2
and Appendix I). One can see from an inspec-
tion of this figure that the larger the value of §
the sinaller the perturbation of the ring; that
the lower levels are perturbed more than the
upper levels so the ifrequency of absorption
should become swmaller as § becomes smaller;
and that since the benzene spectrum is forbidden
the greater the perturbation the more allowed
the spectrum, so that the spectrum becomes
more intense for lower values of é.

The parameter § absorbs the effect of many of

(19) Ingham and Hampson, J., Chem. Soc., 981 (1939),

(20) (a) Remington, Turs JOurNaw, 67, 1838 (1945);
and Reagan, ibid., 69, 1032 (1947},

(b) Brown



Nov., 1950

the approximations made. For example, the
resonance integral between ring and substituent
is actually smaller than between two adjacent
ting carbon atoms, If the correct value of the
resonance integral were used, smaller § values
would be needed; these would, in fact, match
more closely the é’s obtained from the ioniza-
tion energy. Further the use of the empirical
parameter 8 enables one to extend the range of
the perturbation theory.

Comparison of the experimental values of the
monosubstituted benzenes with those of benzene
itself cancels out certain large-scale approxima-
tions in the theory. The 8 determined spectro-
scopically is usually different from the one deter-
mined from resonance energies. However, B
does not enter into the present theory except
to determine the amount of mixing in the excited
state functions.

Comparison with benzene also renders the
neglect of overlap less serious since overlap is
neglected in the benzene treatment also. The
same can ‘be said for the neglect of electron
repulsion.

The greatest effect of substitution on the
benzene ring seems to be on the one-electron
levels. Consequently, experimental comparisons
are set up which emphasize this effect. In this
way the perturbation can be studied without
working up the complete benzene and mono-
substituted benzene problems.

It will be noted that the theory predicts f =
1 X 10~° for C¢H;F while the observed value is
9 X 10-%. This high intensity is believed to be
due to the inductive effect (also operative in
CeH;Cl) and will be discussed in detail in Paper
IV of this series.

I wish to acknowledge the kind help of Pro-
fessors Mulliken and Longuet-Higgins.

Appendix I

Secular Equation.—Since perturbation theory fails
when Hrr is approximately equal to Hy, it will be neces-
sary to solve the secular equation to obtain energies for
the range of § values where this is true. The secular
equation is of seventh order since there are seven yi’s.
It, however, factors into two first and one fifth order
equation since the benzene functions are orthogonal and
only 1, ¥3, ¥ and ¥ have the correct symmetry to inter-
act with yy.

RESONANCE EFFECT IN SPECTRA OF MONOSUBSTITUTED BENZENES
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6
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Fig. 2.—The energy levels of the CiHiX system as a
function- of 8. The light dotted lines are the zero order
levels, The numbers on the right hand side index the
levels.

lowest, Er, E;, E;, E; and Es. The unperturbed or zero-
order energy levels are given by dotted lines. The real
levels do not cross as is to be expected from the no-
crossing rule. E; and E, are not drawn in but would be
represented by straight lines parallel to the base at energies
a + Band @ — B, respectively. For states seven and one
the perturbation theory breaks down at § < 3; for state
three at § < 2; while for the remainder of the states the
perturbation theory gives essentially the same results as
does the secular equation. States one and seven are not
involved in the calculation of resonance energy, intensity
or frequency of absorption.

Appendix II

A question may be raised with regard to the mixing of
the zero order excited states, y. and y». For benzene
Vs and ¢y, are degenerate so that mixing with equal
coefficients follows automatically, but for the monosub-
stituted benzene y, and y,, are not degenerate and equal
mixing need not be expected. A change in the amount
of mixing will not affect appreciably the center of gravity
of the excited states nor, consequently, the position of
the spectrum, but, it will have an effect on the intensity
of the transition.

«+ 8 — E| 0 0 0 0 0 0
0 la = 8 — E| 0 0 0 0 0
0 0 a+2—E 0 0 0 8/V6
0 0 0 a+8—E, 0 0 B/vV3 | =0
0 0 0 0 a—g—E 0 /8V'3
0 0 0 0 0 a—28—E B/V6
0 0 8/V6 8//3 8/V3 8/V6 «+88—E
The fifth order block gives, on expansion Let the trial function be
5= il — 3) —-A,WhereA=a~E v = Ga + G

(4% ~ 4)(4%2 - 1) 8

The five roots are plotted against § in Fig. 2. DOn the
right side of the figure the levels are, beginning with the

where ¢, and ¥, are the antisymmetrized functions for

the excited states yi%eWwwr? and isWdsir?.  Let
Ht he the total Hamiltonian including electron repulsion.
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The resulting energies and coefficients are
+
220 = (Hat + Had)/2 = s V(T = Hol7 F 3w
and

G/ Cy = H%/(E ~ H%)

To evaluate Ht,,, Ht,, and H',, one writes the anti-
symmetrized functions

1
Ya= _\/—5
3 (=1)P Pra(1)x1(2)x2(8)x2(4)x5(5)x(6)x7(7 )+ (8)
P
X 2—*/ea<1>ﬁ<2>a<3>ﬁ<4>fa(sm(a) — a(6)B(5)](7)8(8)
h= 75
32 (= 1) Pxa(1) Pxa(1)xa (@)xs(3)xs(4)xe(5)x(6)x2(7)x1(8)
P

X 27/2(1)8(2)a(3)8(4) [a(5)8(6) — «(6)8(5)]a(7)8(8)

The total Hamiltonian H* may be broken up 1nto two

parts, H* = H + H'where H! = Z——andH ZH’y
1 & y=1

Hy is the Hamiltonian for the 'yth electron excluding elec-
tron repulsion.

The operator H averaged over each of the antisym-
metrized orbitals ¢, and ¢ yields the sum of the one
electron energies since all exchange integrals vanish by

virtue of the orthogonality of the x’s. Then
- 2B
Hy — Hpy = 5@ =1
Further
Hab =0

The electron repulsion terms are: Hlyy — Hlyy = (Do
— Days) + 2 (Tuze — Tus) + 2(Tnie — Tuss) + 2(Tovas —
Tas) + (Twas — Tuma) + (Tiss — Tiae) + (Tasss — Torer)
+ (Tsisr — Torar)

and
Hiyp = — Doy
where
2
Diyjent = f fxa‘ (v) xp () ;6-; xx! () xat () drydry =
o/ Y

> NENEANN YK
i,5,kd
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2
and v = ffdu(v)d’i(’r) ;e;; du(u) 1 (p)draydrs

Evaluation of these expressions is a formidable task
and will not be attempted here. Since all the terms in
HY, — H1,, appear as differences between closely related
integrals, it will be assumed that Hl,, — Hlp is only a

small part of the total difference Ht, — H%p. Then
C/Cp = 1/(1 — K)
where
= §8/3H%;, (82 — 1)
With the normalization condition C? + C% = 1

Com el
T VERVI- K+ K
2

The expression for the dipole strength becomes
Q= V2GS X xadr + Cof 30 (335 dr)
& /2 (Chs — Ciodss)r/2
— 28

1
VI-E+ K (3(6’— 02
2

+ K)\ss) 7’/2_

When K can be neglected the expression reduces to that
used in equation (21). Since K is a positive quantity
it decreases the magnitude of the term in the bracket but
increases its coefficient. The former effect will probably
predominate which indicates that the assumption of equal
mixing gives intensities which are too high. This will
be most noticeable at low & values.

Summary

A molecular orbital calculation of the resonance
energy, intensity and frequency of absorption and
resonance moment of monosubstituted benzenes
has been made and the results compared with
experiment,

Expressions for extent of migration and fre-
quency of absorption first obtained by Sklar
and Herzfeld, respectively, are obtained by a per-
turbation treatment.
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Thiophenol

By W. W. ROBERTSON aND F. A, MATSEN

It has been shown'?? that the intensity and
wave length of the near ultraviolet absorption
of a monosubstituted benzene are strongly de-
pendent upon the ionization energy of the sub-
stituent. For substituents with an ionization
energy greater than that of benzene, the lower
the ionization energy of the substituent, the
higher is the intensity and the longer is the wave
length of the substituted benzene. In Table
II of Paper I'is given a lst of ionization energies
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from which it can be concluded that the ioniza-
tion energy of the —-SH group is lower than that
of the -NH; and ~OH groups. It is, therefore,
to be expected that the intensity and wave length
of absorption would be in the order CeHsSH>
CeHsNH: > CHOH. Sklar? predicted a ‘‘large
intensification’ of the spectrum of thiophenol.

The vapor spectrum of thiophenol has not
been reported previously. The solution spectrum
of thiophenol has been published by B8hme and
‘Wagner.32
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