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PREFACE

Originally, 1t had been planned to undertake a short
problem on the apectral intensitles of polysubstituted ben-
zenes., BPut 1t soon became evident that previous theoretical
treatments were Inadequate and that a deeper insight into
monosubstituted benzene spectra would flirst be needed. This

thesis ls the result of these efforts to understand mono-

substituted benzeneas,



I. INTRODUCTION

S4nece the advent of the gquantum theory In the late
1920's, chemists are turning more and more to the deseription
of moleecules through Quantum Mechanles. This movement re-
ceived 1ts impetus from the initlal success in the description
of the gross properties of simple molecules.

As Foss (1) has so eloguently put it, chemical quantum
mechanics 1s essentially an art, for the Schridinger equation
doss not admit analytic solutions for systems of more than
two particles. While exact solutions may be obtained in cer-
tain particular cases, these are often not sufficliently gen-
eral to afford insight into classes of molecules, The theo-
retical chemist then finds one of his tasks is to devise ap~
proximations which will permit solving the Schr8dinger equa-
tion for sufficiently general cases, that useful chemical
Information may be obtained. This has resulted in a number
of assumptions and methods void of any physical "proof",

The well-known Heltler-London and empirical molecular orbital
methods, for sxample, stand on tenuous physical ground. Even
the much used 7 - electron description of conjugated mole-

cules has little a priori theoretical basis, The real jus-
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tification, then, has been agreement of theoretlical descrip-
tiones wlth experiment.

Since many calculations of molecular properties, using
one or another simplified framework, have appeared in the
literature, & word of caution is in order. It is frequently
very difficult to asssss the effect of the most baslc assump-
tions on caleulated quantities. This has resulted in cal-
culations in whieh no regard is pald to their Influence.
Indeed, the basic simplicity of the simplest form of the
ampiriaal molecular orbital method makes it too easy for the
uneritical to compute important molecular guantities. Two
examples will make this clear: Inergy levels are not very
sensitive to the wave functlons, but charge denslties arey
hence charge densities obtalned from calculations of energy
levels, without eritical consideratlion of Inductive effects,
uncertalnties in bond and core Integrals, etec., are likely to
be poor. The neglect of slectron repulsion integrals Iin reso-
nance energy calculations is another example where slwmplifying
agssumptions may profoundly Influence the result.

Therefore, the worth of molecular quantum mechanlcs is
best brought out, not In the detailed quantitative descrip-
tion, but in the gualitative physical nicture that oversimpli-
fied wave mechanlcal models afford. The notion of resonance,
for Instance, has radically influenced chemical thinking.

Another example is the idea of lone~palr moment as opposed to
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the exact caleulation of molecular dipole moments. One can
only feel that until such diverse problems as core effects,
validity of the 7T -electron approximation and of calculation
of exclted state energies Trom a ground state Hamiltonian
are understoode-to mention only three examples=—-the signifi-
eant contributions of quantum mechanies to the chemist will
he more conceptual than numerical,

In tnls thesis, a particular aporoximate method, the
gemi-enmpirical molecular orbiltal procedure, 1s modified
and tested on thres representative conjugated nydrocarbons.
The method is then applled to substituted hydrocarbons. In
addition, a treatment of transitions arising from localizsd
non~bonding electrons to exclted delocallized states 1§ fore
milated, and some consideration is given to the effect of
substitutions on transitions arlsing from a normal ground
state to an excited ¥ -~state, the sowcalled N-Q transition
-«8l1l within the molecular orbital framework. Finally,
the theory 1s applied to the speciflc case of substituted
benzenes, and certain theoreticsl predictions are made re-
garding the spectra of this class of wolecules.

ihe thesis is divided into six main chapters. Chapters
TT and IIT comprise an exposition of a general theory of

substituted conjugated hydrocarbons, Chapter IV is devoted
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to the application of the theory to substituted benzenes;
the mathematical form that the theory takes in this speclal
case, the empirlecal paraneters, and calculation of inte-
grals are all dlgcussed In %this chapter, which also conside
ers previous treatments of substituted benzenes., Chapter

V lists the major conclusions, and VI glves a brief summary,
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L. Basic Anvroach

in this sechtion we Tormulabe a gsneral approach 0 sube-
gtitutlon of confupated hydrocarbons. The framswork 1z that
of the familiar W -electron approximation, in which exnlicit
aecount 1s taken only of those electrons occupying molecular
orbitals {(40%s) which are antisymmebric to the molecular
plane, the T ~electrons belns conaldered only by their influ-~
enece unon the affectlive field in whieh the W -electrons move,
In a iater section, this framewnrk ls extended to the non-
bonding {(n) slectrons which are U in symmstry tvre but are
rather sharoly differentlated from the remaining bonding

electrong.

We conslder flret a conjugated hydrocarbon ol U conju~

R T g s e s S AT . o & g men o iy o g - o -
getsd garbon atous, sach of which ls regorded as belng In a
-

] £ - . L3 s oy e o S S WO SN, " el
stete of 3p" nybridlisation and haviang an i

dentical offoct

on its M -elesctron. In addition, we assuwe bthat the T J0'sg

aad orbital enerales are known for the hydrocarbon. These



- El

may be obtained, say by detailed self-consistentefield (SCF)
or semi-empirical treatment, althoupgh the final results will
depend to some extent on this cholece. In either case, the
MO's are taken ss a linear combinatlon of atomle orbitals

(LCAC)Y and are glven by
Qj = Cjuﬁu (j'l sae 1), (2.1)

where the #, are 2pT carbon atomic orbitals (AO's)., &;
mast transform according to the irreducible representation
of the molecular peint groups the role of symmetry Iin the
Tormilation will be discussed further on.

We bepin by utilizing Dewar's (2) formulation of molec=
ular orbital thsory Iin terwms of linear combinations of mo-
lecular orbvitals (LONO), but inquire somewhat more critical-
1y into several steps of this process. One uses the set of
orbitals Ej of the reference hydrocarbon (eq. 1) as the
basls for a verturbation treatment (Dewar) in which the per-
turbing function 18 that of the T orbital on the substitu-
ant, ®.. We should noticé that In general, €x 1s not orthog-
onal to Qj, J 21 wee N, although the latter set 13 ortho-

normal.

In the simplified MO approach which we are using, 1t is
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aseumed imnplicitly that the Hamiltonian can be divided into
8 linear combination of one~slectron effectlive Hamiltonlans,
and farthermore, that e simple product wave functlon, not
snbtisymmetrized, 18 a satislactory representation of the
correct wave function. With these azsumptions, minimizsatlion
energy of the Indlvidual ¥0'sz, with the restrietion that they
remain matually orthogonal., From the energy minimization
or {rom the nperturbatlon trestwent, one obtains a secular
squation of degree (N + 1)} which can be solved to obtaln the
orbital energles and the orbital wave functions, ¥ . The
latter 1s n linear combination of the ii and $y:
Hed

¥ = ; agsEy (421 ... WD), (2.2)
in which #y.q 1s taken as 8.

In the event that the substituted moleculs has no svme
metry {above that of & plane of reflectlion in the molecular
plane) no reduction Iin size of the seecular eqiation is pos-
8ible. The form of the determinsnt 1s then identical with
{2,3) below, but is (Wel)-dimensional. Should the monosub-
stituted hydrocarbon possess some éthar twofold symmetry

element, either a twofold axls, a vertical plane of symmstry,
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oy hoth, then reduction in size of the secular ecuation Iis

possible. In partieular, for the case of Cuy symmetry,

whieh is the highest symmetry a monosubstlituted hrdrocarbon
may posseas, X of the ¥ + 1 orbltals, ineluding ¥, will
belongz to the Do lrreducible revpresentation (antisymmetric
to Co and symmetric to W ), while L = N ¢ 1 - K will
belong to Ag (symmetrie to Cp and antisymmetric to T ).

Aa a result, the secular eguation is factorable into two
parts, one Kth order equation {(ecqg. 2.3}, and one Lth order

souation {eq. 2,47,

ﬁll"?’iﬁ‘: 'EEE ] ﬁlj P Eilx"ﬁ}_x%
» LR I L] LI B B L]
- L N A * LA R AN -
. LA B A L) LI I B 2% L
Hap  ewees Higei ous Hyx=53x% | = 0 (£.3)
L] L LB ] » LR B N *
L4 LEE S B 4 L4 LR A R N .
- LI ] » LIRS A -
Hyp=8x1% o+ ﬁxﬁ"nggﬂ Hyopeth
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Baquations {(2.3) and (2.4) taks explicit account of the fact
that &, 1s orthogonal to the Ay orbitals by symmetry, but
not orthogonal to those of the set having Bo symmetry.

Hij is here defined as jpiiﬂ ijﬁv, in which H 1s the total
Hamiltonian of the substituted hydroecarbon. Sij is the
corresponding overlap integral.

The total Hamiltonlian ig now dlvided into a linear
combination of two partst a term H”, which has as eigen-
functions the §j of equation (2.1), and & perturbation
term H', due to the substituent. This of course glosses
over the question of elesctron interasction, but the procedure
will be partislly justified later. The matrlx elements may

now bo writtent

By, = fﬁiﬁ giav = 9S4y & 0y, for 1, % x
Hyyg & Hyy = HYfy + Hix (2.5)



e now expand the off-dlggonal elements not Involving 4,

(1 4 7 % x) by ueing eouation (2.1},

& b Cyliu f Full! fudv
RS | 2 Cjulty | Aull'wdv = ug; 5

”-u «n

utw

The integral f #uirdudvy is the inerement in the Coulomb
integral of the uth carbon atom in the hydrocarbon arising
Trom the presence of the substituent. Similarly, / FyuH gywdv
is the Increment In the exchange Integral between carhon
atoms v and w. It 1g clear that these are just the quane
tities that have been attributed to the Inductive effect
by Coulson snd Longuet-Higgeine In the LCAO method (3).
Solution of an LONO equation for this effect is considerably
simpler than the equlvalent LCAO formulation, but we will
defer Durther detalls on this point to 3sctlion E.

We now turn to the matrixz elements involving 1 or j

= %, These are:



wlle

i
jx = ¢ iu[f Ful® Tydv + ﬂduﬁf ixﬁv]
u=l
(2.7)
My = f Fxl° Exav + f FH! Ixdy

At this point sspecial caution is needed in the Inderpreta-
tion of Héx. The arbitrary separation of the Hamiltonlan
into two parts H® ¢ H' was made on the basis of choosing
H” so that %1 of equation (8.1) were its eigenfunctions,
4As & result, H' must contain not only terms arising from
the &ﬁb%titu@nt alone, but also electron repulslion terms
arisling from the perturbstlion of the slectron arrangement
of the parent hvdrocarbon resulting from the presence of
the substituent. HExamination of the magnltude to be ex-
pecbed from the laotter terms shows them to be very signifi-
cant, and in addition, very sensiilve to the perturbed
charge distribution. It is therefore quites incorrect to
assume that %, can be taken as an elgenfunctlion of HY, l.e.,
He ix z Oy 8x corresponding to an elgenvalue of the free
substituent radiecal. SBuch an assumptlion does Indeed permit
a theoretical caleulatlon of Hjx and Hy, as Sklar and
Herzleld have done (4,5%) {with additional assumptions as

wall)}, but their procedurs must he regarded as fundament-
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ally in srror ass a vesult. ZHvaluation of the matrix ele-
ments Hix and H&K maet be carried out through an empirical
processn, and the values thus obtalned have, in general, no
relation %o those obtalned by the Sklar-Herzfeld procedure.
Alternatively, H could have been broken up in the following
manner: H =z HO' 4 u'. Here, H" recresents the SCF Hamil-
tonian for the free substituent, so that H" &y = 5x #x
rigorously. In this ease, however, HO' contains electron
interaction terms In addition to those in HO, and determines
by an empiricnl onrocedure n new set of coulomb and exchange
integrals for the hydrocarbon atoms, not equal to those

for the purent hydrocarbon,.

#He now turn to the consideration of the deferminantsal
equations (2.3) and (2.4}, “The solution of (Z.4) is
stralshiforward, The roots are dependent only upon the
induetive effect, and in general are not equal to the
corregnonding hydrocarbon orbital energles. The exsct
solutions of (2.2} vield an expression which can be solved
for any snergr level by an itsratlve procedure. In the
advent of a2 small nerbturbation which leaves & near one
H11, but not close to any other Hi4, one can reduce the
secular squatlion {(which is equivalent to generalized

perturbation theory) to the eguations of ordinary second
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order perturbation theory, by neglecting all the off-
diagonal slements except those in the 1ith row or rth col-

wm,. One obtalns for any orbital energy!

Y

iy = 8 ! 2.9
}.;j jd ﬁjj -t Z‘ » ( }

in which the prime indicates omlssion of the term 1 = J.
This expression may he rewritten with aprlication of equa-

P

tion {2.5) to wgive:

; I N . 2
3] (Hiyg) (Hip =~ S Hos)
' i ja = Sty
}:Zej = Hjj L 4 Z‘ - 4 J * x
(2.9)
. 42
MX b3 A.szx + Z
fal H - H

Bquation (2.9) admits simple physiesl interpretation: I1f

the Integrals In equation (2.6) defining the Inductive
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alfach ave zaro, then the first equation of (2.9) becomes:

g
(ﬂf‘ - 8, 19,
X jt 3 .
By = ﬁ%a + ¢ il ) . (2.10)
o

The second eguation of (2.2) remains unchanged, The latter,
together with (2,10), is the gensralization of Matsen's
formulas for the resonance effect In substituted benzenes (8).
IT there is no resonance Interactlion between the substituent

and hydroozrbon,

P
g0 (dy)
5,0z Hyy o+ ZE: ) .
izl ﬂjj e ﬁg:

(2.11)

g

H

i

Eguations (2.11) are formally identical to the forrmulas of
Coulgon and Longuet-Higgins for the Inflnence of the induc-
tive effect on orbital energles (3).

The total energy (the sum over the enerples of the

oceupled 1W0's) of the ground state assuming & closed shell



confiauration , l/,/ baswe VAJ& “/f ’

£ e €3 03 o3 )
Lté?’z PO ~,§ < :L Ak j 3 + (=2 137{;:{' + o

N/ o it &
{(Hop = S3,H52:) (Hys = SyaHes)
% ixtii . ®1 xIvxx
-2 ) 5 - . (2.18)
2 . vt - § w -
o - F# 9 "; _jr x!xrx inl +;{xx Q’ii

A simllar expression for the totel eneryy of an excited
state is obtalned by tranzferring an electron from a fllled
orbital a to en orkital b vacant in the ground state. If
one sssumes that the excltation process leaves the remain-

ing orbitales unchanged, one finds for the excltation energy:

N & ¢
(Hp54) (Fgq)
B = By = Hub - Hag 4 Z [ m
Hpp = Hgg W

i= "aa = Hig

£

=l

o

(Hpy = Sy Hpp) = (Hax = Sgxilaa)
t . (2.13)

Hpp - Hygx

“This necesserily restriets the treatment to derivatives of
parent Hydrocarbons wlth even numbers of m -electrons.,



-1 G

This may be comparsed with the energy of the corresnonding
transition In the hydrocarbon itsell:

B - 28 = HBp - HBq (2.14)
Sinee our anproach is empiricsl, we shall try to have as
many "errors” cancel out as is possible. Conseguently, we
shall In general congilder the difference between the tran-
sition energy of the substlituied compuond and iﬁat of the
corresponding transition in the bydrocarbon itself. This
has the disadvantage of requiring identiflcation of "corre-
sponding” trangitions, but attendant therewith 13 the advan-
tage of not infrequently belng able to use the theory to

identify the transition. The difference between equations

(gql"}) and (inﬁ} “3‘1@1&33:

(Bg = Bg) = (9@ =E) = A&F z (Hy, - #Py) - (Hge - HRa)

4 o 2 2
~ 1 1 ‘ =
}: (Hpg) {Hgy) (Hpx = Sexlfpp)

+ - +

=i E{bb - 14 ﬂ& a - 41 14 ﬁ‘gbb - H’XX
L]

L (’%&X - S&XH&&}
{(2.18)

1

j*1 oy
f&a% bl 56
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It is worthvhlile at this wnolnt to consider the empliri-
cal MO method fTrom the following vievnoint. One examines
what the best M0 treatment posslible is8, Involving a single
confipguration for the ground state. For the LCAO proecedure,
this best method, the selfw-consistent-Tield (SCF) method,
hag been developed in detsll by Foothaan (7), and indeed
has been applied to sevesral hydrocarbons (3,%,10). Now,
it is wossible to exsmine the tyres of intsgrals involved
in this "best" treatment, and separate them into groups
which can be assoclated with corresponding tsrms in the
somisenplrical treatment. In the following, we assume with
Boothaan that the "exclited" orbitals arising from the
minimization of the ground state energy are sufflciently
good approximations to the orbiltels whleh would have been
obtalined had the energy of the excited state configuration
been minimized directly. For the hydroecarbon ltself, 8CF
theory vields the result that the ionilzation potential from
the highest filled orbital g, 1s just the negative of the
3CF orbital energy, eg:d

© <Q

° o
3



in whieh J runs over the ocecupled ground state orbitals.
ﬁg refers to the muelear fleld energy of orbltal a. An
analogous esquation can be written for the wonoesubstituted
hydroearbon, using »rimed quantities throvghout. The primes
indicate, first, that the Hamiltonian now has a perturbatlion
added to 1t, and seecond, that the SCF orbital wave functions
securring in the electron revulslon integrals are, of course,
somewhnt changed from the corresponding unperturbed hydro-
carbon wave functions,

Let us now consider the shift in donization motentlal
in goling from the hydrocarbon to the substituted hydro-
carbon. For this we take the difference between the sub-
sbituent anelopgue of equation (£.17) and equation {(2.17)

itself. This ylelds:
-]
- >t B o '
AI = Ig - I, = - Hy =~ Hy ~ %:(QJQE 'ZJaj - Kaj - Kaj)
. ? f
- (Li}'ax - K&x} . (2017)

The additional terms involving x eppear, of course, since
there 1s one addltionsl oceuplsd ground state orbital, Yﬁ .

in the substituted hydrocarbon. Equation (£.18) may now

be compared with the ecorresponding equation from the semiw
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empirieal anproaeh!

1 ' - (Hat)
AT = Ig = Iq = { =~ Hag + Hig) =~ - -

,:1 Haa - Hii

fox)

{(lgy = SaxPaa)
. c e . {2.18)

il

k23 - 1
He g Py

It 1s clear that each couation involves 1like kinds of terms:¥
nuclesr field ernergy berms invelving the vacated orbltal

2, electron interaction integrals between the substituent
orbitale, 35, anﬁ,jfa, and Interactlon ilntegrals between

the wvarious ground stete orbitals., As long as one evaluates
empirically the gusntities invelved In equstion (2.18), the
gimple MO orbital energlies talke on the aspects of the theo-
retically better founded SCF orbital energlies, especially
with respect to inelusion of the electron repulsion in-
tazrals, This does not mean, of coursge, that one ean inter-

nret the emnirically detnrmined guantities of equation

“The seml-empirical expression, equation (2.13), contains
additlonal Interasctions between a, and the entire set of
excited orbltals, representing a portlon of the inductive
effect, These variticulsr Interaction terms are nearly slways
puite small, and the empirical procedure outlined in Section
Z willl compensate in part for thesc guantitiss which laek

an SCF foundation.
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integrals

kS

it werely suggests that some of the

success of the ﬁaﬁiwﬁm@iriﬁal procedure lleg Iin its intro-
duction explrically of the prlght itinds of parameters as
Judged from tne 3CF procedurs.

Although second order perturbatlon theory relations
have been used hers, these genersl conelusions anply to the

exact solutlions of the seoulsr sguatlion,

De Modificsation of Semi-Umpirical Method

e now turn to a comparizon of the siwnlae MO procedure,
with the corresponding SCF LCAC treatment of transition
ensrgies. For the hrydrocarbon 1tsslf, we obtain directly
from Roothaan's equation 67 (7) for the excltation enersgy
to the lowest exeited singlet state {excitation of an elec-
tron from a fllled non-degenerate orbital a to a vacant

non~degenerate orbital b):

i °
EQ - BY = HR - Hg + gfﬁ%m - Kip) - Z‘ (2747 = Kaj)
3

£t

- (Jgp = ZHgp) - (2.19)



ctoin transitlon energy for a

Lia
P

k)

Grocarbon from that of thie hydrocarbon it-

2 ' s o o
- . . .
o | g = Lmi = { g - Lo }

> 2 &

#

Q
(B = HB) - (Hy -~ HY) + gwﬁdd~:mbj-ﬁ%{~xﬁﬁ
J i

-

o
oyt oo " - | oy
o Z (AJ&:; - Edaj - K j - hﬂj} + (diJhx - Kbx)

- (234, - Kgp) = (Tap = J) + (FKay = 2Kap),  (2.20)

°
)
J
“

whera indleates sunmation over the occupled orbitals
of the ground state of the unsubstltuted hydrocarbon. Now
as long as the empiriecsl paramelosrs In the correspondlng
seni-gnpirical eguation (2.15) have been determined from

lonization potentials, moustion (2.18) is eculvalent to

Just the difference In SCF orbltal ensrpgiest
(ef ~ eB) =~ (e] = egle

Bat 1f the approprlate SCF orbital energies defined by
eguatlion (2.16) are sustituted in squation (2.20), one

haat



2 H] { L
AB = (e, - ag) - (Ga - ﬁZ} - (Jgp = Tap!
” W [ 3 §
+ Q(Kab - ﬁ'&b} 4 (&;;-31)

which of course 18 not ecuivalent to the corresponding
emplrical expression (£.15), with parameters determined
from ionlzatlion potentlials.

It would seem loglical, however, to use equation {(2.21)
to relate lonlzation potential damta with spectral absorption
data, Thus, one can obtain empirical parameters from data
on lonization notential shifts, compute from these the
orbital energy differences, and correct the latter by the
electron repulsion integrals of equation {2.21), in order
to obtain a transition energy shift which may be compared
with exneriment. In addition, the »nrocess may be apnlied
In exactly the oprosite dlirectlion to pradicet orbltal
energles and thus lonization potentlal shifts, using empiri-
cal parameters determined from the much more esasily experi-
mentally observable transition frequency shifts. Insofar
28 the elsetron repulslen Integrals do not canecel out,
1t is generally impossible to proceed directly from &€ to

AT , or vice verssa, wilithout explicitly including these
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taras,

& goroilary of tnls proecedure 1a to use orbital ener-
ziles deterwined from the frsouene; of gsome partleular
trensition and the appropriste electron remulsion Inte-
prale, and then predict the frequencles of other transi-
tions. In this manner, for examnle, singlet-trinlet tran=
sition ensrgies way be predicted from 2 imowledge of the
corresponding singletw-singlet excitatlon energy, The

advanbace over the usual empirical MO theory, which makes

L8 vaiwuﬁ.%

Recently, Parr and Pariser (11,12} published a semi-
emplrical theory of electronic levels of wnsaturated
molecwles, which, for amnlieation to hydrocarbons, lIs
gimiler to ours Iin philosophy snd scope. The assumptlons
and mathematleal details inherent In the two theories
ars different in a rumber of places, but boith make use of

empirical core integrals, though in different waye. Both

¥1t should be remarked that this procedurs avolds the dlr-
fieulty af the too-large singlet-trinlet geparations found
In purely theoretical caleulations, inestmich azs one makes

no attempt to use a theorstleally computed singlet-triplet
anlitting, One uses the theoretically computed values of
the electron repulsion Inteprals btogethsr with the parameters
determined from the shift of the singletesinglet spectrum

to prediet the shift In the singlet-trlnlet spectrum from
the observed singlst-triplet energy in the parent hydrocar-
hon.




are Tormilated In the language of thse purely theoreticsl
mathods of antlsymmetrized moleeuvlur orblitals, theirs in
terme of a Gosppert-Mayer-3klar type procedure (13] plus
configuration interaction, ours in terms of Hartree-Fock
SCF theory. What combination of sssumptions will be the
most antisfactory in the long vyun remains an open question
rt thiszs point.

In order to test the valldity of our approach, we in-
troduce here somes computationg of the energy levels of
hydroesrbong, bassed on the modifled theory. In order to
do this, an "effective” carbon-carbon nearsst neighbor ex-
ehange Iintegral, Fi, is svaluated from the observed cen=-

2

ter of pgravity, AR, ol the energy of the lowest excltatlons,
%, G b & ‘w‘

or from the lowest exclted singlet emeryy, A4E, using

senl-empirical orbital snergy differasnces plus SCF electron

interachtlon terms:

“
&
&
¢
-

+ s (2.22)

-
1"
)
o

. (2.23)




fere ny, and ny are defined by e; = nj @ ,where e 1s the
semi-~empirical jth orbltal energy referred to the carbon
coulomb Integral as zero.  1s the conventlonal carbon-

earbon exchange Integral of semi-emplriecal theory, deflned

Table 1. BExchange and coulomb integrals® for ethylana,b
benzene,® and trans-butadlene® (ev)

N —_ % "33‘ S N I 3%

Holecule 14 ¢

EgthYanﬁ *‘3‘{:} "‘3;5 "r§¢7 "5.Q "QQQ% "501. -ﬁ'ﬂ,ﬂ'
Butadiene -3.R -5.8 o “8,75 -7 .0 -B,7 ~5.41

ﬁ@nm@ﬂ@ ‘“Sow}ﬁ "‘54{} “50{:3 “"50&‘4 ""?Qg “Pﬁﬁ "’4.'72

N

8., P and <xﬁlar@ theoretical LCAQ exchange and coulowb ine-
tegrals defined in reference 19. They are talen from
references 10 and 19. A£° and &° are spectroscopic in-
tegrals, determined from the first lonizastion potential
snd the center of graviiy of the lowest excitation, by
the nalve X0 method. F* and 'f*¥ are effective exchange
Integrals determined from the center of gravity and low-
est singlet exeitation, respeetively, by our modified MO
procedure.

b. For ethylene, the necessary electron repulsion integrals
are from reference 9,

¢. BSince the lowest exeltation In benzene takes place between
degenerate orbitals, equations (2,.22) and (2.23) do not
apply; addlitional excited state - excited state interac~
tlon integrals asre needed. PFor the exact form these talke,
see Chapter IV, section D,

d. The necessary electron interactlon intezrals for butadlene
were caleulated uvsing wave functions obtained from the
naive MO procedure. BSee reference 42 and footnote a, Ta-
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by B o= d/%,ﬂog-dhr,. From the effectlive exchange integral
an offective couloxb Integral may be obtalned, using lonlzation
potentlal data ag in the nalve MO procedure (43). The energy
lavels of the nydrocarbon mey now be found from eguation (2.20)
ueing orbltal energles caleulated from ﬁj. Tables 1 through 4
zlve the reesulbte of such cualenlations apprlied to ethwlene and
butadiene, as well as the results from the purely theoretical
method. The agreement 1s guite reasouable for the low lying
transitions and for the singlet triplet gplitting. It 1s less
good for higher exeltation vrocesses, but these are just the
ones which confipguration Iinteraction will affecet most In elther
method. PFurther refinements could be nade, such ss adiusting
the singlet-briplet splitiing, empirically, or including con-
figuration intevactlon as Parr and Pariser have done (11,12,
18}, However, the spirit of the compubatlions presented here

is not to obtain the best possible eneryy levels, but to test
the prsasonablensss of the procedure.

We now turn to a considersation of the electron renulsion
integrals. The change in the wave functlion can be attributed
to two essentlally independent points. First is the contri-
butlon from the non-orthogonality of ¥4 to the parent hy~
drocarbon MO's, §1 seess ¥y, mentioned previously., The use

of the 30F development (7}, however, requires orthogonalized
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Table 2. Slectronic enerpy levels of ethylene and benzene

a Thaoretiaalh modifiedc a
Molecule  3tate LCAQ Empirical Observed
Energy Energy Energy
Ethylene latg 0.0 0.0 0.0 0.0
Bin 1.8 0.9 =0.8  3,1e=5,6
g1 10.2 9.3 7.6 7.6
Benzene l&lg 0.0 0.0 0.0 0.0
1B2u 5.7 5.2 4.9 4.9
lﬁlu 5.9 B4 5.1 6.2
1ﬁlu 9.5 9.0 8.7 7.0
33%@ 5.4 4.9 4.5 wou
Sﬁlu 2.8 2.3 2.0 3.8
gﬁlu 4.1 3.6 3.3 ces

8.«

b

Co

For notation, see references 8,9 and 10, and Part III
A of this thesls.

From references 8,9 and 10, with configuration inter-
action neglected.

Values in the first column are calculated by the modi-
fled theory outlined in thils thesis, using g% ; the
second column uses 'f~ ., |

The assignments of all these bands are not certain.
S5ae references 11,12 and 14, and Part IV of this thesis
for discussions.
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weve functions., We can clazsify this minlmum neceasary or-

thogonalization, following Wulliken (1%}, as "forced hybrid-
1zatlion.”™ It was found instructive to form the Lowdin many-
center orbital wave functions (17) from the hydrocarbon MOts

and the substitusnt A9 for two casest aniline and aminobuta-

Table 3. Flectron repulsion integrals 1n trans-butadiene (ev)

Intagrala Exact 3CF Hodified

Method Empirical
Method

Jdie 9.31 8,66

Jiz 9.22 3,39

Jo .45 9.32

Jy4 9,98 10.81

Eyo 2.55 3.02

Kym £.09 1.88

Koy 2417 1.91

Kya 1.33 2.13

a, These values are for Slater 2p 7 AQ0's with effective
charpe 423,18, The 3CF values asre taken from reference
13+ The empiriecal method integrals are computed from
LCAO wave functionz obtalined by conventional semi-empiri-
cal MO theory, overlap included, and all carbons considered
identical (42). The necessary A0 integrals are from ref-
srence 10,
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Table 4. Bleetronic energy levels in trans~butadlene

Gtate? Theoretlical Modified Naive Observed

LOAO Energy® Empirical O Energzy®
) Energy® Energyd
lag 0.0 0.0 0.0 0.0
lpy 7.2 5.0 4.9 8.0
lag 10.3 7.7 7.2 7.2
lag 11.0 16,5 12,6 .
1pu 12.6 19.6 14.8 .
Sgu 5.2 - 0.1 4.9 cee
Pprgz fial 4.3 7.2 oo
Sag 6.8 12.6 12.6 oo
®Bu 8.9 15.3 14.8 cee

g« For notation, see reference 10,
b. Taken from referencs 10,

¢. Computed with B¥ z =~6,75%5 ev, and electron repulsion in-
tegrals glven in Teble 3.
S
d. Computed with £ = 3.8 ev, and inclusion of nesrest neigh-
bor overlaps, all ecarbons considered identical. See ref-
erence 42,

e Assignment of the 7.2 band is not certain. See reference
12.
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Table 6. Singlet~triplet eplitting of enerny levels in
etivylene, benszene and bubadiecne (ev)

% ginglet - ¥ triplet ¥ singlet - E triplet

kolecule State® liodlfied Empirieal Theoretical LCAO
HethodP Method
Bthylene 1dentleal for all states
Putadlene Bu 5.0 el
Ag | Bod 4.2
A 3.8 4.3
Bu G2 3.7
Benzene identlceal for sll states
. For butadlene, the order ls thal given in Table 4,
b, TFor molecules in which the orbitals are determined by sym-

metry, the singlet-triplet splitting muet be ldentical by~
both the completely theorstical and the modified empirical
theories, as then Ky4 1s ldentleal for both procedures.
Hence, both methods give identlcal singlet-triplet splitting
ting for ethylene and benzene.
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diene. These are listed In detail in Appendix A. The
interssting noint concerning these orbliials orthogonal-
ized by Lowdin's recipe 18 the small amount of mixing
introduced by the orthogonalization condition. It can bve
concluded safely that foreed hybridlization does not, of
itself, cause a very large change in the orbital wave
functions. The second factor influencing the form of the
wave functlon 1s the actual perturbation of the wave func-
tiong by the presence of the substitunent. It is apparent
that, depending upon bthe amount of interactlon between the
substituent and the parent hydrocarbon, the hydrocarbon
wave Dunctlons may be chamgs& only to a very slight extent
or in considerable degree. The followlng section considers
in detall this aspect of the problem. Suffice 1t to point
out here that in practice, substituents exist which influ-
ence the unperturbed wave functions to a moderate extent
only, and for which 1t 18 reasonable to assume that the
corresponding electron repulsion integrals in the hydro-
carbon and the substituted hydroesrbon, respectively,

are egual, Substituents falling into this catepory will
be labeled here "weak" substituents, whereas those for
which considerable changes in the wave functions oceur

will be desipgnated zs "atrong" substituents., Mathemati-



cally speaking, weak substituents are those for which
H
j#,, - ® ' or H,, sre large. The opposite statement
33 XX 1l

holds for strong substlituents.

Por wealk substituents, the shifts in transition energy
and ionization potentisl may be obtained from equations
{(2.20) and {2.17), by canceling out the corresponding elec~

tron Interactlon integralst

. ¥ ) ] 1 1 ¥
NE = (Hy - B)) - (Hy = Hy) 4 (205 - Kg) - (27, - K )

ax
(2.24)

and
AT = - (Hy = Hg) = (27, - Kg) . (2.25)

The terws involving J = x remaln, of course, becsuse of the
additlonal oceupled ground state orbltal In the substituted
hydrocarbon, Equabtlon (£.25), for the shift in lonigzation
potentlial, now involves sxactly those terms coneerning
orbital a which appear in equation (2.24) for AE. It can
be concluded therelore, that for suffieclently weak substi-
tnents, the same empiricsl parameters which are determined

to asceount for shifts in transition energles can be used to



vredlicet lonization potential shifts, and, if one desires,
the procesdure can also be applied in reverse. A little
reflection shows that the difference between the shifts

in slnglet and triplet energies of the exclted states in
the SCF procedure involves only slectron repulsion integrals
which, for woak substituenis, cancel out. This cancelation
holds, whether any particulasy confliguration or the center
of gravity of all the excited confligurations is under
consideration, irrespective of any possible degeneracy

of orbitels a or b. This is tantamount to the statement
that, for weak substlituents, the energy shift of the center
of gravity ls the same as that of any one of the individual
confipurations., Sinee equation (2.15) applies to the cen~
ter of gravity of the transitions, it 1is apparent that

one is jmst;fiﬂﬁ, for sufficiently weak substituents, in
comparing observed energy shifts of any of the transi-
tlons with the semli-empirically calculated shifts of the

center of gravity involving the same orbltals.

#
The semi~empirical center of gravity ls of course not quite
the same as the SCF center of gravity. However, as they
differ by just (Jgp =~ Egp), the shifts in both centers of
gravity are ildenileal for sufficlently weak substituents.
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. Bvalustion of Hmpiriecal Parameters

It 18 assumed st the outset that the matrix elements
E?i, 1 $ x, of equation (2.5) have been determined empirl-
cally from spectral data on the parent conjugated hydro-
carbon, vislding a coulomb integral, 4 , and a carbon-
carbon exchange integral, f . In order to evaluats em-
pirleally the unlnown matrix element gxx in equation (2.3},
we follow Panling (18) and Hatsen (&) in establishing H
as & + $B . Here, * and ( are the integrals deter-
mined from the parent hydrocarbon, whereas d now assumes
the position of an empirical parameter which 1a a functlon
of the substituent. As Mulliken (19) has »ointed out, X
and f will wary from hydrocarbon to hydrocarbon, since
they depend on non-nearest nelghbor effects. DBSuch varia-
tlon will shift the & values for a substituent as a func-
tion of the parent hydrocarbon under consideration, but
this need not concern us, as the effect is merely a shift
in origin, and relative d values for different substitu-
ents will remain significant.

The matrix elements remsining to be evaluated empiri-

cally are those relsated to the Inductive effect: Hij
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(1,5 $ =), In equation (2.7), these were expressed in
terms of the A0 Integrals: f ;ﬁuﬁ'%uﬁv and f Buli' fyav.
The first of these 1s denoted empiricelly by d, @,
after Pauling (18). It is clear that the largest of these
integrals 1s the one involving A0's on the carbon atom |
to which the substituent ls attached. In succeeding no-
tation, we will designate thls carbon atom by the sub-
seript g, and refer to it as "the substituted carbon."
Various arbitrary rslationships between this integral and
those Involving carbon atoms adjacent to the substituted
carbon have been used (20,21), ranging from éf(stl) =ds /19
to ‘fﬁ/ﬁ, These recipes may be regarded as too arbitrary
to be satisfactory. It 1g possible to determine uniguely
all the J ,'s if one uses the spectra snd ionization
potentiales of the disubstituted hydrocarbons (see Section
X)e Por the present, it will be assumed for simplicity
that ‘Su#ﬁ = 0, and in additlon, that the exchange Iinteg-
ral perturbations, jﬁﬁaﬂtéwdv, are neglisgible.

The exchange Intepral ﬁjx is approximated by
Cig f B H Fxdv. Yhile thils may be poor for substituents
whose T -electrons have principal guantum numbers much
higher than two, it 1s not inconslistent with the neglect

of nigher ordsr inductive affects. Our state of knowledge



about this Integral 1s such that about all we can do is
regard 1t sgual to the earbon-carbon value , Oor adopt
Wheland's assumptlion, and assume 1%L to be provortional to
the overlap integral Jlgixﬁgdv (228). If the C = X bond is
strongly polar, nelther of these assumpilons appears g
vriorl valid, and one mist view them with csution. Since
the emplrlcal parameters wust compensate, at least In part,
for the inadeguacy of these assumptioneg, they can be ex-
pected to differ in numerical magnitude but not in quali-
tative order for different parent hydrocarbons. With
these assumpbtions, the secular eguation (2.3) and (2.4),
1f syvwmetry 18 present takes on a form particularly ame-
nable to simple solutlon, In the case of symmetry split-
ting the secular eguation, equation (2,4} reduces to
diagonal form such that its roots are just the orbital
energles of the parsent hydrocarbon. Inasmuch as there is
evidence (23) that these orbital energies may be consider-
ably perturbed from the values for the parent hydrocarbon,
the need for an adequate method of detsrmining higher order
éf“'s is pointed up.

The orbital enerples may now be obtalned from equation
(2.3) as a function of the lmown parameters X , B, and

the overlap imt@grals,‘/ﬁ¢u §xdv, and of the unknown para-



meters, & and 53‘ The labter may be determined from any
two indenendent exverimental data whiceh can be exnressed
in terms of them. The most convenlient date are the shifts
in the vertical lonization notentials (glven theoretically
by the shift in energy of the highest occupled orbital)
and the shifts in the vertical tranzition energies (glven
by the shift of the difference between appropriate orbital
enersliss sunplavented by electron interactlion Integrals as
s

in eguation 2.7l }.% One could use as well data on two
di{ferent electronic transitions. In speclal casen, addi-
tional slmplifying assumptions can be made. Thus, for
examnle, the ecasge of the anilinium Ion should be an exam-
nle of a virtually mares Inductive effect, In which case

H

x and 5., mary be regarded as zero. The other extreme
) ix

L%

of a gsubgtituent introducing »urely a resonance effect,

"Ionization potentials determined from electron lupact date
presumably yield values corresponding to vertlcal jonizatlion,
tut, unfortunately, the datas avallasble have not been found
sufflclently acecurate for use for this purpose. Hence, adia-
batic jonization potentials determined from spectroscople
observations on Rydberg series have been used. For a close-
1y related series of molecules, the shifts Iin the adiabatic
jonization potentials are not expected to deviate too great-
ly from the shifts of vertical ionization potentialas., Ver-~
tical transitlion energies correspondingly require the use of
the frequency of the swmoothed maximum of the absorptlon band.
For lack of sufflelent accuracy in this experimental datum,

we have used the O - O band frequencies for determining shifts.
These are prilmary reasons (in addition to theoretical reasons
mentioned earlier) why we consider shifts in experimental data
rather than the ghaolute data.



strictly speaking does not exist, since HY 48 never 2zero.
For certain substlituents, however, d g 18 small and may in
practice be found negligible.

It 1s obvious that empirical values of the parameters
J'anﬁ Jkgmill depend strongly on the depree of approxima-
tion in which the secular eguation is solved., With respect
to overlap Integrals, for example, this includes solution
of the secular esquations (2,3) and (2.4) iIncluding or omit=-
ting overlap Iintegrals between the AU's in the parent hydro-
carbon, and likewise including or omitting the off-dlapgonal
sﬁx terms, Neglect of the first of these affects the unper-
turbed energies {but not the unperturbed wave functions).
The ng terms may, on the other hand, be largely compensated
for by the seml-empirical procedure as far ag the energy
levels are concerned {(24), but can be sxpected to influence
considerably the wave functions. This influence is felt
particularly strongly throupgh the eleoctron repulslon intew
grals of equation (P.21)« In fppendix B we devalon a come
putationally simple approach by which it is possible o
take into account the Incluslon of overlap, given the zoln-
tions obtalined omitting overlan.

Longuet-Higeing and Coulson have in many papvers presene

ted the important properties of the special class of mole-
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enles termed by them “alternant hydrocarbons,” We digress
to ghow how these moleculss can be treated by the acheme we
are {ollowing in this thesls. We begin conceptuslly with

an alternant hydrocarbon substltuted wlth a nypothetical
radical which exerts only a resonance offect. WVe wish to
encuire as to the nature of the inductive effect, il.e., how
the orbital energles depend upon the coulomb Integral of the
carbon to which the subgtitusnt ls sttached. We follow the
Taylor series expsnsion used by Coulson and Longuet-Higgins

(3) when thev were examlining the inductive effect alone:

e |
H ;Ai:a
AE = AR+ Qoly F oeeees t (2.26)
S A Jas,

? . .
where AR is the transitlon ensrgy for the substituted hy-
droecarbon with the coulowb integral of carbon 1 ecual to & .

The coefficlent of 5RA is found using (2.10}:

2
7w oo D 5O 0
IATN (Hyy = SpxiBo) (Hpx = Spxfon) | Hop
dota Qza (Hpy, = Hyx) Fibb = Hxx 9% A=o
F i A i ‘{:} - . £ .
(gax - D&KH&& ) (H&X - ~5axﬁga ) 3 ﬁga
- 1 - - 28 (Q s}
g ? '&Eﬁ - R 7..;'7 )
) , ¢ .
(Baa - Hyx) { ﬁ(;a*- Hyx ) \30(4- Aso
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One needs the well-known relation

O 2

g d‘;w Aso

noticing also that |Cpyl = 1Ca1l)s 1 one 1s interested in
a transition between corresponding alternant levels and if
carbon~carbon overlap Integrals are n@glected.ﬁ These re-
lationships result in the dropping out of all but two terms,

which may be combined to yield:

(10 (B a0 2 O .. .2 o .2
dAE - G%l (pp=fyy) (hlx""’ﬂas;z) - (Hgg=Hxy) (hy,=SHpy)
Aa Oz (10 -1 128 o o
1] y }C‘b"ﬁx?&} (E‘Iaa“ZXK)

(2.29)
In this equation, Hix refers toJ{?lﬂ I, dv, and 5 to the
corresponding overlan integral., For the case of little

or no resonance interaction, &very|ﬁjjuﬁxx|is large, and

%

If these overlaps are Included, Cpl = Cgy (1 - nySe)/
(1 = ngSy), which makes|Cyy|approximately, rather than
exactly, equal to|Cgy)e



1
(QAATE ) is small or zero, as found by Coulson (25), who
g d . N A___o
considerad innt this ecase. On the other hand, 1f there 1s
a strong resonance Interactlon between the substituent and
A O . Y-
the ring, then at loast one lﬁgj - myxl will be small, and
3 ' - .

4 . . ‘T B i o 3 xi had ‘ : d “id j{ ~ .' .}\”« s e
in nearly all cases |i , - H, | will be smaller than
|Hﬂb - ﬁxxl' The greabter the resonance Interaction, the
more pronounced this inequallty will be. For this case,

ey

equation {2.29) reduces bo:

o
e
4 (hyy = Sﬁa&)

{
( AR ):Cm : (2.30)
2
I Aa B0 (ﬁga - HKX}

If one substitutes thie in eguation (2.26) and adds in the

shift In transition energy vproduced by the resonance effect
oot

alone, (A“E }, one obtains for the totsl shift in transition

i
e

energyt

“Longuet~Hizmgins and Snowden (28] have derived s similar rela-
tion for wmethylated alternant hydrocarbons. Thelr derivation,
nowever, starts with the parent hydrocarbon orbltals and assume
that the resonance and Iinductive effects upon the transition
energy shift are Independent and additive. Our derivation
coneludes that inbteraction terms are far from negligible.
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For a sufficiently large inductive effect, equation (2.31)
¢ become & considerable mortion of the total transition
energy shift,”

The lwmportant conclusion to be drawn here 1s that for
strong reosonance interaction between substltuent and hydro-
carbon, one is not justifled in neglectling the influence of
the inductive effect upon the lrequencies, as some authors
have done {e.g., Sklar (4), Herzfeld (5}, and Hatsen(2V) ).
If one goes to the other extreme of & weak resonance effect,
one can show rather easily that the inductive first term of

‘ . . e
equation (2.31) goes to zero faster than the resonance shift.

2
&Thls 1 brus even within the validity of scuation (2.31),
which was develonsd with the assumpitlon of a small Iinductive
effect. Tt can be shown that more nesarly exact treatments
including higher derdivatives or direet solution of the seculsr
equation ralinforce this general viewpoint. The results are
ehan red only slightly by inclusion of carbon-carbon overlan,
for no resonance interaection, (3161 t) does not quite go
X Jao
to zero, as Ooulson has shown. For large resonance Interac-
tion, the wgualitative resulte of this section are still valid.
“Fprom aeouation (2.10}), for the resonance shift, A depands
only on the saouvare of t%ﬁ coefficient of carhoﬂ g, and In-
versely on the F?r&ﬁ powey of (Hey, —He ) is always less
than mﬂ¢tw Ag (““a‘“ﬁx‘j bacomes 1&r§ﬁ (rvsun&ncu effect be-
coming ¢ gmaller) the resonance term, AQ'E', rapldly becomes
dominebting.
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rattion shlfts are eszontiall. Inde-

o

Az a vesult, the fr
pendent of the lnducllive parametor SA Por small resonance

Interaction. In this svecial case, a one-waraneter theory

s K o iy g R o KRN 3 - e e iy s g ey e B e o B & -
{resonunwe paramever) may provide a wgood wpproxinatlon for

" - > v . - - IR SN I S,
ealeculation of sxcitablon snergles. Lonversselly, where

-~
ety

11tbie or a0 resonance lnteractlion exdsts (ec.g., 17 Las

subastituent Lls mﬁﬁﬁ} gxcitatlon enerys daba aro unsatislac-
tory for the eovaluation of Induetive paramebers.
An anslvaiz simllayr to that on the bransltion snergles

may be carrled out on the lonlzation energy, leading to

o
Ny = SHO )T (0., - sE® | .

&Ega - ?{x}*‘}? (ﬂga - H‘ﬁ—:}t)

For Little or no resonance Interactlion, a laorze Inductive

S
iy

This ls not preclessly true, since the indvctlive effect does
heve a > Influence on the orbital enervsles themselves In
this Limitl case, whareas the differences belween orbltal
enarzies cancel. As & result, there 1z a change in the orbi-
tal wavw functlons, which ls fell through the electron repul=-
sion integrals of ecuation (2.91). TFor the cases we have
eonsldered {(benzene, bubtadlene, ethylene), the effect 1s not
large, but not negligible elther. For very large parent hy-
drocarbons whers the orbital levels are ¢lose together, the
effect may become consilderable.
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effect provides large shifis In the orbital energles, and
under these condltions, the ionization enerpgy shift may be
considered a function of &, alone. Thus the inductive
parameter may be determined from this informstion directly.
If the resonance Interastlion la large, however, this simpll-
CF fos, )y

4
hage o meximum velue of ~G§i when there 18 no rezonance in-

fieation is not wvalid. Eoguation (2.32) shows that

teractlion. PFor large resconance intsractlon this term may
become quilte 3mall,% and the lonization energy shift will
not depend very strongly on the inductive psrameter. 'The
concluslone on lonizatlon potentials are of course independ-
ent of whether the hydroearbon is alternant or not. Another
important result is that the emplrieal parameter in hetero-
cyelics derived from alternant hydrocarbons should not be
determined from transitions between the slternant levels,

but from the ionlization potential or other transitions.

F. Caleoulation of Integrals

The eleectron repulsion integrals enterling the modified

seml-smpirical theory can be exnanded by egunation (£.2) to

#
The general result is true even though eguation (2.32) breaks
down when g, - ) is small.
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2162 361%%s%1s  Mas et 0 (2.33)
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1
where Mggqigpt = f g, (u) §3,(u);uv T, (v) &,4(v)dv,dv,

i
and Mf:jkl'f% (u) %‘(u);—ﬁ %(v)%(v)dvudvv .

From equation (2.33), it would seem that a great number of
integrals of the type Mg rgyr Would be needed to calculate
a single coulomb or exchanpge integral for the substituted
hydrocarbon. Since the integrals are obtained over all
possible charge distributions, the number that needs inde-
vendent evaluatlon 18 reduced to a speclally great extent
through use of symmetry properties of these MO's, by the
methods of group theory. It 1s nlain that the degree of
slmplification 4= more highly dependent upon the symmetry
of the rarent hydrocarhon than upon that of the substitu~
tion producte In addition, two other practicable simplifi-
catlions have been found very helpful. It is shown in

Apnendlx € that:
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In practice, a number of casss are found in which the ex-
change integrals sre s0 small as to be nepgliglble, or almost
gn. For each suech cass, 2 nurber of the inteprals Mijkl may
be discardsd as well.

Secondly, we are considering s perturbation of the hy-
drocarbon by the substituent orbital. If the substituent
orbital esnergy is far from the energy of any particular par-
ent hydrocarbon orbital, then that orbltal will be sssen-~

ially unperturbed (in whieh case, only the a,, term of
egation (2,2) need be rotained), or at the very worst, mix-
ing will be imporitant only with orbltals of nearly the same
energy, and the remainder may be eliminated. It has been
found by sctusl computation that orbitals with energiecs more
than 2 g removed from ii of equation (2.2) need not be
congldered in the expansion,

For the special case of a substituted hydrocarbon pose

sessing O, symmetry, the comblnation of symmetry with smell
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copfflelents and with eguation (£.34) make 1t unnecessary
to ecaleulate any integrals over the substituent orbltal,

§,, for many interesstingz transitlions., In these cases, the
electron interaction integrals are determined solely by the
change In electron repulsion due to the perturbed charge
distribution in the hvdrocarbon part of the wolecule. Hol-
soules which fall under this situation and whose parent hy-
drocarbone have been subjected to an LCF procedure may need
no caleulatlon of new integrals, and even 1f the SCF pro-
cadure has not been carried out, all necessary integrals can
be determined from published tables, e.f., (28). As an
indication of the simplificatlion possible, one might mention
that in the csse of monosubstlituted benzenes, of approxi-
mately 2400 integrals potentlially required, only about 20
need #pecific evaluatlion, and for two sets of transiilons,
no Integrals over substituent AQ's need be calculated.

The ecaleulation of energy shilfts provides o futher re-
duction In the number of Integrals that need be computed,
which would not be possible 1f absolute encrgy values were
caleulated, This hinges upon the assumption of neglect of
all SXH u$s. For then, orbitals which do not mix with &,
on symmetry grounds remain unchanged with respect to those in

the parent hydrocarbon, and the difference (Mijkl - %ijkl)
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vanishes, provided 1, j,k,and 1 refer to such orbitals.



I1ZI. MODIFIED-EO THLATHENY OF SURBSTITUTION

A. Introduction

The previous chanter (which will be referred to as "IIM)
nresented an analogy between the nalve semi~emplrical molec-
ular orbital avproach and the nors rigorously féundsd selfl-
consistent-Tield theory. It wus shown that physlically rea-
sonable results could be obtained for three representative
hydrocarbons by complementing the results of the nalve ap-
proach with theoretically computed Integrals in a manner sug-
gested by SCF theory. In thils chapter we examine the impli-
cations of this spproach, insofar as they can be ascertained
from a generalized study of substltuted conjugated hydrocar-
bons, with respect to the nhyslcally observeble properties
of thegse molecules. We pay partiocular attention to the
trangitlion energy shilfts, transition »robabilitles, varlous
properties of the ground state 1tself, the effsct of volysub-
stitution, and finslly, to two special classes of transitions
that may arise In practicel! n~7 and N-§ transitions. In

succeeding chapters we apply the methods and results of these



flrst two chanters for gquantitative caleulation, compspl-

son with ezperiment, and dlscusslon of Individusl cases.

B, Prediletion of Transition Lnergy Shifts

For the present we assume 1t has been possible by the
general methods outlined in the previous chanter to obtain
a series of & and J; values for various substituents of
intersst. From the nslive semi-emplrical molecular orbital
theory one can agcertain that a glven transition will shift
in a well-deflined manner upon subatitution by a radicel
with nown § and J, value. In Table 1 we bring togother
for convenlience Information that has been derived concern-
ing such information. The last three entries of Table 1
remalt directly from 11, particularly equation (£.15), while
the remainder have been discussed by Coulson (25) and Lon-
puet-Hizging and Sowden (26}. We now wlsh to consider what
influence the introduction of theoretieal Integrals into the
naive theory, as supgested in II, has upon predictions lis-
ted in Table £,

In the case that the transition In the parent hydro-
carbon is the excltation of an electron from an orbital ¥,

to an orbltal &,, at least one of ¥, or of ¥ being non~
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Table 4. Transition energy shifts »predicted from nzive semi-
supirical MO theory upon monosubstitution

Type of Substituent-
Hydroearbon Interactlon®

Type of

Transition

in Psrent

Predicted
Energy Shift
(AF

Hyérmcarbonb
R only general red
(4
8o >0 blue or red
I only: Sa<o peneral red blue
Ja<0 re¢ or blue
R+ I {“m general blue red
CSA, Yo
® only alternant red
i only alternant ~ 0
H ¢ It 5;‘>0 alternant red (S)d
weak R and weak I: &4 <0 alternant red
strong R and strong I: da<o alternant blue

a» R = Hesonance interaction;

I = Inductive intersction.

be altezrnant refers to a transltlon belween levels symmetrie-

cally situated about B = «

c.  %a 15 the inductive parametsr defined in II a%/fﬁsﬁ'ﬁsdv
of equation (2.8}, for example.

d. 8 refers to strengthening of the shift due to combined K
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degenerate,” ome can write for the bransitiowm energy ~hift

1,5

p 1

F ¥ ‘,}‘ . Y 1
A“E = APe - (Jly = Jap) + {Bgy - Kb ¥ (K - Kyl

(3.1)

in which thie plus sign holds for transitlion from a closed
shall ground state to an excited stete, and the minus sign
holdes for the corresponding singlet-triplet transitlion. Ve
define ae as (e = ag} -~ (ey - eg). See sauation (2.15).
There seem to be avallable no genersl inequalities from which
in given clrecumstances the sipn of the sum of the electron
intoractlon integrals of ecuation (3.1) can be determined,
Hence, in this general case, we are unable to extend the
ugeful generalized predictions of Table & to our modified
senl-empirical theory. One can malke the gensral observation
that the predietions of Table & are borne out in practice,
and conseguently the electron repulsion Integral sum of

equation (3.1} 18 either of the same sign as A%e or smal-

*We also assume that the corresponding levels in the resul-~
ting subztituted hydrocarbon are non-degsnerate. It is pos-
21lble to coneceive of peculisr gituations in which substitu-
tion cresates degeneracies, but we will not consider these.
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e $p are  each doube
Ty nrevails, In the fol-

lowing analysls of thiv slituatlon we have been gulded by the

nartlcular situation that prevalls in benzene, but the gen=-

eral principles involved In Yhe argument have rather nore

i

seneral applicstlon, even thousgh poaslbly gome of the spe-

s1fie sgustlione mey need to be modiflied in other specific

"

examples. In the form in vhich $he equallons gre given here,

they will apply bo any case of monosubstitutlion of a general

abed hydrocarbon which has o threefold axis of sym-

COn UL
wetry .

Let the parent conjugatesd hydroecarbon belong to the
volnt group U, and let the monosubstlitution product belong

to the polnt group §,, necessarily a subgroup of Gl. Now

choose the mawbers of the degeneralte orbital palr occunled

in ths ground state, §, and §_,, so that each of them be-
longs Ho an irredusibls representation of the subgroup 62.

Similar orbitals are selected for the degenerate orbital

. - - R . - e
ir vacant in the ground state, ¥, and 4. How we

=t
- @
@
=,
Yt
o

g eonslder the execltatlon of an electron from the oc-

* ‘ , ,
In the case of benzene, Tor example, thils means we choose to
uges bthe real Torws of the MO'sz. Cf. Matsen, reference 5.
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alr to oa ovacant orbltel.  One can wrlite fovr noge
' o n
aible exeitation processes Lo vield the zeroth order axcl-

o3

L b
ted statos E5 E., §%, §a g

i.ps 34 §§a ¥y, and

3N i%a $. 1 vhich, for convenisnce, w11l ba denoted respec-
tively by X s Xawy » Xag s Key + Yow In general
the varlious 7(;_ will not belong to irreduelbl: renresentaw-
tions of U s and, In faet, appropriate linenr conblnatvions
smiat be taken bto form thse correct first-order wave functlions
for these oxelbted states, Upon substliution, 1¥ can Lz ox-
neeted In general that the apount of mixzlng of the zeroth
order wave Dunctione necessary, will chongs. Slinece we are
intercated dn shilis In brang!

Tolon enersics which are much

smalleor bhan the

Phergelves, the cone

e

s s . BN g A s % oY 2 - P -] o A e A -
tribution of this exclted stabe |

1

xing, as we choose to

X #®
call this process, may in some cases be a dominatling faec-
Lor in the caleulated shillte,
1t can be shown that X, and X belong to the
L ~A-ty
same irreduclile representation of Gy, and likewlse, ?x_b

and Xitb heloaz to a single revresentation different from

that of ths first zair. In the parent hydrocarbon one can

find the correct Tirst-order wave funciions by the ususzl

#iie have avoided ?ha term "confipuration interaction” be
esuse the latter term 1z usually understood to invelve a
higher~order theory than is consldered here.



af conPlourabion Interactlon of tThe neroih-owdse

2,  In this pooe, mowever, 1t is unnccessary ho car-

yr oout the nrocedure axmileltly z2s the Danetlions arve detor-

LN

minsd from symmabry gonsideratisme.  One mist debareine them
g0 as to belong to irreduclble ropresentations of Gy, and

ones thus oshbalnas

X, = (Xa * X«%)/%?

* (ulm

’Xz = (x-«u. pa X—a-b)/Vé"

E: s % o S . - £ 2 -,
In which the vespectlive s

chosern in sach sguatlion,

the caze of Irivzopal sommelyy ieh we are considering) one
pair of the four functions of eruation {(Z.2) ig degenerate.
This pair will conelst of one member from cach of ‘th and
‘X: » The other werber of sach =air of functions will be
non-dagenersate, Of course, vhiech nariticulsy oneg thoss are
will Aevend vpon the glzne chosen for the individual £
funciions. Faeh functlon of eoguation (2.2) haz a correspond-

uging the ground state SCF excited state Hamllto-

ing ener:

nian {an approximation we use throughout this thesis). The
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fu bl

enercsy Alfforences beteean these wnd that of the growad-

state enerey may be wrilthen, for the singlet ftransitlon:

il - 2% - O - :}“ g - v - i Y - 1
Afq = ef ~ e ﬁ(d&b Eoy) §{°~a~b Eogab)

o

w }"' T
(Bgp + Koguy) £

ab,~a-b

.‘—

(3.3)

-
%3

' 5
A }3.39

#
o

. 1 1
B - 3 - 5(T.gp = Eogp) = 5{Jeup = Kgup)

*

¥ Yo oo

in which ef and %g are the 2C0P orbital encrgles of the respec-

tive degenerate orblials, and

H

»ab, w&*b = 2}}5

wE
w0 a0 b
w80 ~Qdy bl

ﬂ{:ﬁ . - mm . - % (5.4)
“*&h,ﬂ*h = Slgeb,~ab o @y =D

in the notation dofined in II.



Wiegt of all

axnlted atate

Then, in geaeral,

h . 2 " k) 3 o I o il PR S L PURGPPETI R 1 . F
the Beast wave Ponetionz thet ean be foroad Treor o the zapoiine

order funetions will Involve unequal mixing determinable by

minimization nrecedure. The ginglet state wave

faretions: for the ponosubstitution produet will then bel

+ b ' * !
W = (G&b Xm. t G“a"“b X“\“B )
(3.5)
+ B ‘4 ¥ (
£ e (Cand t g Ay )

with, of course, thres relatlonz connecting the C's in A,

and thres In X, Irom orthogonality. The shift In transi-

tion energe frow thadt of Lhe parent avdrocarbon to that of
T & .

the subebtituted compound ls then glven for the singlet states:

Similﬁr formalas apply to the triplet state with a minus
sisn before the terms {Egp + Kwab) and (X-gp + Kg-p) ina
equation (3,%) and eorrespmnding changes in slgn in squa-
tlon (3.8)., OFf course, one will find dirfferent values of
the C'z, denending on whﬁ&her e cm&rgJ of the singlet
states or of e t;?n‘ﬂ+ states was minimized. One could
alternatively, but less rigorously, minimize the energy of
tha center of pgravity of all the singlet and triplet states.
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L - K b .
+ =ldgp = Kap ¥ Jogep = Foaop) * (Capfap
“
b4

~
jad
i;@
s
1
g
H
i
~—r

HQepa, o = (e, ~ ef) - (ey - @g} and primsd integrals ine-

ions of the substltuted mole-

i)
&
o
or
s

dieats that orbital wav

cule m=2t be used In evaluating tie respvecilve integrals.
hd k. Q t

& 8lnilar soguation holds for ' A%Eg o

For the caze in whieh the substituted compound still

hag o twofold slement of eymmetyy in additlion to the hori-

zontal plane of reflaction to whieh the T 40's ars antl-

I+ |+
gymretrie, then the funetions X, , A, will belong to

two different irreducible representations of Go  and the

substituent will interaect directly with only that one of
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these which has the same symmetry. Hecessarily, the pair
of states which was degenerate in the parent hydrocarbon
becomes 3@@&?&&@&,% and, in general, the larger the substit-
uent-parent hydrocarbon interaetlon, the larpger the split-
ting. In the limit of very strong interaction, the levels
can be separated so far that X:t = 'X-'..-;. and A, = Xa,
1f this is the originally degenerste palr. Thus we have
the pieture of a "wesk" substituent case Involving essen-
tiaslly complete and symmetrical excited state mixing as in
the parent hydrocarbon adiasbatically going over into the
"strong" substituent ease, as the interactlon increases
adiabatically, in which the excited states are completely
uncoupled. The procegs is shown dlagrammatically in Pig-
ure 1.

Pinally, let us conslder the interaction integrels
R;b'“&“h and Hpp wg.b appearing in equation (3.6), and
thelr counterparits, H;*b’_&b and Ha~b,~ab’ which appear

in the energy egquatlon for the other palr of wave functions.

, ' |
In @@m@ral,’ Hab,~arb"$ Iﬁab,~a~b where the squal sign

%
Since 1t ean be shown that the degenerate pair of 5y in
this case must resolve Into two different irreducible rep-
regentations of Go,
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(A)
. €
Gb N -b
N
>
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7~
‘ €° e_a
(B)

(C)
FPigse ls ¥Hxeited state mixing for doubly degenerate orbitals,
Transltions denoted by the same symbol are coupleds. (A) repre-
aents the hydrocarbon itselfl and the limlting case of a "weak"

substituent, (B) intermediate coupling represented by equation
{3.5), and (C) the limiting "strong" substituent case.
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holds for the case of zero int@raction.% If one considers
the case of a strong substlituent, E;b - Ei&,bl may become
80 large, and H;b,»ab| 80 small, that the excited atates
may be considered as completely uncoupled (Flg. 1), Hgy wgeb
may be elther positive or negative and can be quite large,
pernaps geveral ev in given cases, The possibllity exlsts,
thevefore, that AFE may be negative for some transition
arising from a degenerate counfiguration in the parent hy-
darocarbon, corvesponding to a blue shift upon substitution
by a radlcal interaction solely through the resonance psra-
meter. This posgible behavior is not predleted at all from
the naive treatment alone. The inclﬁsion of iInductive in-
teractlion doss not alter the zense of the argument., It is
Important to note, howsver, that the inductive effect may
resnlt In a reversal of the energy order of the zeroth-

{ |
order configurations XQL and X-bw »

€. UOsecillator 3trengths

For the case in which neither i, nor ¥, of the pa-

w

This results from the change of the nature of the orbitsl
wave functlons periurbation. The admixing of substituent
orbital reduces the parent hydrocarbon contribution teo the
orbitel, thus reducing this repulsive term without adding
any compensgabory bterm from the substituent orbital, A simi-

tatame - % 'gi 5 omm e ) *
lar statement applies to ‘Ea*b,»ab‘ as compared to ‘Ha-b,-ab|'
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rent hydroesrbon 1ls degenerate, one can write f{or the f~-

mumber of the transition a-b (44):

©

: -
2, = 2,170 x 100 u{f‘& FYoav)©, (3.7)

in which ¥ is in amfl and Vﬁ,b ars tha functions of equa~-
tion (£.2). Using this equation to expand equation (2.7),

one obtainss

INTY)

- 11 o Prd E: 2
£ = 2170 % 10% vig, 810 Man + L a.qa iy )
ab as*bhh¥ah 1ta k$b al®bleilk’ o

(3.8)

in which the transition moment ﬁgk is defined astii? Ipdve
In the case that the transltion a-Db in the parent hydro-
carbon iz allowed (and there is no accidental cancellation
to make 1ts spectroscoplc moment unduly small) the quantity
a&&abgg;b will be the leading term in the summation of equa-~
tion (3.8). This leads to an interesting approximate Torm-
1a for the ratio of the oscillator strengths of substituted

and parent hydrocarbon:
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fab 2 Y o
;3‘"“‘ ~ (a{l&abb) 3o ~{aaa&bb) * (3'9)
ab

The advantags of ealeulating ratios of osclillstor sitrengths
should be especlally noted, Milliken and Rieke (44) have
indicated the success of the use of a4 simnle mltiplicative
corrective factor on the {'s. It 1s obvious that such a
factor, assumed unchanged upon substltution, cancels out of
such & ratio and nesd not be oxplicitly determined,

If ths transition & « b in the parent hydrocarbon has a
small transition moment, eaven though formally allowed, equa=
tion (5.9) brealks down, as the off-diagonal spectroscopie
moments must be taken into account. Another somewhat less
rigorous procedurs, however, may be used to obtain good

e :
raegults, If Wy (1,% t %) is expandad, thent

=

NN
ik = z; é; giuakw ¢§§ %w dv {7410)



The quantiﬁyl/ﬁﬂﬁg #, may be considered as a vecﬁorlgg, a1~
rected from the origin to the location of g, (for a limited
mumber of cases, inecluding the 7 -~orbital situation we are
considering). Thmnwlﬂﬁur # 13 equal to Sugﬁlw , where

Eﬂ;» is & veetor to the midpoint of the carbon-carbon bond
u~w , and 8,  1s the corresponding overlap Integral. From
the geometry of the hydrocarbon the vactora-ﬁa and ﬁ;w may
be written Iin terms of the dlstance between nearest carbon
nelghbors R, and the geometrlc vector guantlties 5; and an ’

so that eguation (3.10) becomes:

Mg = (U Ciuliuly ¢ C11uCke VuwSuw IRy o (3.11)
usl 53 T

For the substituted hydroecarbon, by an analogous argument,

one can write:
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Tov © 2,170 z 10 v[Z‘ T 9gi8pk ¥ Ci1uCimUn
121 k=l us=sl

2% I

=l

] - N -
TN {}m{?m&mﬁm)}ﬁla + oagy kz:l abkjaxr 3, dv

2

N

(3.12)

The three Integrals involving the substituent A0, 3., may

be broken down in the followling manner:

~>

/ 3.7 dpav = ﬁ Cys / 3,04, av
S ~

1=

= -2
- % Oy (RyxSux + fgxi,”ﬁudv) (3.13n)

usl
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where H,y, 18 defined in the same way as Ruw s 8 Vector to

the midnoint of the u-x bond and —z?‘ 18 a vector [rom this

point to the center of change of the u~x bond. NWow, if the
-%

transition lg polarlized perpendicular to the s-x bond, Ry and

—y

Rgx are zero. Hence the Integrsl defined by equation (z.13a)

1s zero, and that dsfined by (3.1%b) small. Writing Hy and

pcd => o

R,x as UxRyp and U, xB12, respectively, and assuming

[ix?”ﬁu@v is only & small part of equation (3.12), as

is uvsually the case, we may approximate equation (3.12) by

2
12

*
®

an expresslon homogeneous in R

, H+ 1 N~1 -
fap = 2.170 x 10t Y [ Y Y aaiapy Z' Ciuliat™y
fwl ksl n=l
W+l -5 z2 2
+ YU CiuCiuSu Uy ] Hig (3.14)
1w
=1

This equation provides a convenient formula for

the osclllator strength of the substituted hydrocarbon.



o A

If the transition in the parent hydrocarbon is a for-
bidden one (either because of symmetry or accldentally),
-~y

-
Map = O and the off-diagonal terms, .E; gib Bai8pkMiks
determine the oscillator strength. It should perhaps be
emphasized that wave functions obtained by perturbation the-
ory methods seldom are adequabe for this purpose, because the
forbidden case Involves a large number of smell terms of the
same order of absolute magnitude, but with varying signs.
Inaccuraclies In the wave funetions in such a case can lead

to large percentage errors in f, For the case where Mgy,

is the dominating term, perturbation wave functions may be
gxpected to do much better.

If the transition in the hydrocarbon was forbldden by
acclidental cancellation, substitution will In general re-~
move the cancellation and increase the oselllator strength
of the transitlon. On the other hand, if 9, is large, the
effect of substitution will be in general to decrease the
intensity. In intermediate cases, the effect of substitu-
tion may be in elther dlirection.

If one has the situation, considered in detail in the
pravious section, in which orbital degeneracy exists in the
parent hydrocarbon but is removed by substitution, then the

f-numbers of the substituted compounds will be direct func-
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tlons of the exclted state mixing cosfficlents.” It is
easgentlial to btake this into a2ccount in such a computation,
The onalitative behavior 1s most easlily ascertalned by
comomting the oscillator strengths for the limiting cases
of no excited state mixing and complete exclted state mix-
ing {as in the parent hrdrocarbon) as a functlon of the
regonancs parameter of the substituent. The correct curve
will approximate the no exelted state mixing curve for
strong substituents, and the complete excited state mixing
curve {or wesalk substitnents, In the particular situation
in which the transitlion is weal in the parent hydrocarbon
because of cancellatlon of the Transition wmoments due to
complete and symmetrical exelted state wmixing, the change
in the amount of thls mixing upon substitution may be the
dominant factor in deternmining the magnlitude 0of the osecll-
lator strenghh of the substituted compound. The importance
of this bterm will be demonstrated In a quantitative calcu-

lation on benzmene in a forthcoming chapter,

“For the depenerate case, the transition moments correspond-
inz to the zeroth~order excited states belonging to the same
Irreduclble representation of Gg, must be exactly equal in
magnitude. This reculres that there exist one forbidden and
one allowed (1f the transition moments are non-zero) transi-
tion for each of the two lrreducible repressntations of Gy
ziven in eguation (3.2). Sinee the forbidden transition ari-
ges from the cancellatlion of squal but opposite transition
nmoments, any change 1in sxcitsd state mixing removes the for~
biddancs, even 1f the transgition momente remaln unchanged,
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T™e induective effect, in general, Influences the coef-
ficlents as3 , where 1 or ] , or boih, rafer o levels hizh
in energy compared to ey, more than the resonance effect.
This tends to affect the off-diagonal elements iIn the oscll-
lator strength expression, so that Inductive interaction lsg
more effective in removing forblilddennese of a transition
than resonancs Iinteraction. It 1s possible for o combina-
tion of resonance and inductive effects to producs an accle
dentally forbldden traneition, This may happen when JQ> 0.
On the other hand, if Jd.< 0, the inductive and resonance
effects will act on the Intensities in the same dirsctlion,
Finally, one should mention that the present treatment
cannot of itsgelf give s convineing Interpretation of the
intensities of electronic spaetra {in comnon with vrevious
treatment) inaswuch as 1t does not treat the effects of
vibrational porturbations upon the intensitles., This 1s a
particnlarly troublesome factor in comparing calculated
with exverimental intenslitles, and, unfortunately, no treoat-

ment of thls factor seems adequate at the present time.

D. Assigoment of Transitions Through Substitution

One of the mest {nteresting and valuable uses that a



- B

theory of substitutlon can be put to, is assignment of
transitions in the parent hydrocarbon. Both the enerpy
shifts and osgeillabor sirenpgths may be used for this pur-
pose, with the advantage that sharp and plentliful band
syabems are not absolutsely necessary, as in vibratlonal
analyses, although ecare must be taken in assessing vibra-
tional perturbations,

In the caleulation of transition energles in hydro-
carbons, configuration Interaction (CI) has shown ltself
to be an imporitant factor in obtaining close agreement of
theoretically computed with observed 1@V@lafw)lt is reason-
sble to assume that on subsititution, the CI does not change
radleally, and hence, as long as energy shifts are caleulated,
is a factor of much less 1mp0ytanc@.% A semi~-quantitative
treatment may however be instructive. Conslder two levels
of the seme symmetry: &, and H,3. We assume now that the

GI is known for the parent hydrocarbon. The shift in excited

) ¥
state energles including CI, AE , is approximately:

%ﬁ@r@ we mean intersctions between non-degenerate levels In
the parent hydrocarbon. These are higher-order effects
which are not as radleally affected by substitutlion as the
excited state mixing of section B.
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(3.15)

3%
with a simllar expression for Byq . The integral
i ] .
f Xat ;‘IE'E: Ay dv may be expanded out stralghtforwardly

in terms of integrals of the form %;jkl s and its trend for

a series of substituents ascertained by ths remarks made In
II F. In this way, st least the direction of the change in
Gl on going to the substituted hydrocarbon can be ascertained
without detalled caleulation. Such knowledgs 1s freguently
gsafficlent to maks a positive statement about the tranasi-

tion sssipnment. A similar line of reasoning can be applled



to the oscillator greagths.

It iz also eleay that substliuents whilch are »nrimari-
17 induetive or orimarily resonance-actlve cause g transition
to behave In different wave, and different orlentations of
subsbtituents , as well a8 polysubstitution, provide addi-
tional immortant Information intlmately tled up with tne
syrmetry propertles of transitions. (See reference (25) for

an oxample. )

B. Properties of the Ground 3tabte

The properties of the ground giate which are nsually
of interest to the chemist are: delocallzatlon energles,
charpe densities, band orders and dipole moments. The
computation of these quantities by the empirical method
nave been conslidersd in many of its subtle facets in s
comprehensive series of papers by Mulliken, Coulson and
Longuet~tizgpgine, We therefore confine ourselves hare bto
remarks on the caleunlation of excess delocallzatlon ener-
gles througn the use of orbital snergles deternined by the
modified seni-emplrical method, and on the caleulation of
M ~electron dipole moments.

The conecent of delocalization energy in the LCAC meth-
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od involves the difference in ensrgy of the electrons as-
signed to localized (two-center) and the best delocallized
{many=center) HO's, In the LCHO method, one sslects as the
serotheorder get of orbitals the best n~center LCAC MO's
obtainable, for the groups under interasctlon., It then

seens rvessonuble to think of the difference in energy of the
zlectrons assigned to the zerotheorder HO's and the best

SHO WOtg, as the exvess delocalizatlion enerpy of the -

electron gystems. Since we are nssoelnting our orbltal enere
gles with S0P guantitles, the digcusslon in Malliken and

Parr (4%) applies, and an orthonormalized =et of orbltals
mnt be used ag the reflersnce state, Tha excezs delocalle

zatlion energy 18 thent

A“:;EE;& = (m} - B3) - (8% - E})

%n o ;%z: o
& (e =~ e1) ‘ﬁ"x] [izl {ej_o nig) * @310]

(3.17)

1
g is the ground state energy of the substituted -

"
o

whears 0
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" Pe)
drocarbon, Eﬂ the energy of the reference state, and E
and 32 are the corrssponding hydrocarbon guantitles. The

first term on the right 1s just the difference In orblial
enerzies between the two compounds, and the second term 1s
the differencs in orthogonalization energles. This latter
term 1s nob necessarily zero; hence, to caleulate the
cxeess delocalizatlon enerpy, the difference in orbital
energles must be suppleamented by this Quantity.%
A PTew remarks aboutl TT -electron moments will now be

appended. Ia the LCOKO method, the dipole moment Integral

may bs broken down as followsa:
N _
E= fxﬁz» v = é‘ [g §1 841831 fi’;}ﬁ Ipdv,,

¢ %Kfix?ﬁzﬁv+§,2& ja?idv] (3.17)

el

¥rhe important noint 1s that both B, and bQ are determined

in terms of ¥ . Hence, from a spéctroscople parameter,
"true" resonance energies can be determined, provided the
orthogonalizatlon snersies are taken Into account. Contrast
this with the conventlonasl semi~-empirical method in which
resonance enerples determined from spectroscopic @ 's are
not egqual to those determined from ground state @ 's, and do
not represent s "true' resonance energy (45). Though we de-
veloped thls from the ezxcsss delocallizatlon energy of a sub-~
stltuted hydrocarbon, exactly similar reasoning holds for
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In the special case that the hydrocarbon possesses a cen-

ter of syrmebry, f ii'x? §1dv = O for each 1, and

g

/e W, 2 ( )
b a’ fi Ipdv = O, 3.18
J=1 1=l 31 v

&

In equation (3.17), the first set of terms over hydrocarbon
orbitals corresponds to a T ~elecbron moment in the hydro-
carbon part of tihe molecule, produced by the nerturbed
charge dlisitribution. The second term 1s Just a vector to
the substituent Ry. It 1s just these terms that Matsen

and Jaffs (6,21) have essentially attributed to the "reso-
nance moment" in substituted benzenes. PFPlainly, however,
terms involving jf 347 ¥ydv  are left over, These reduce

in a first apoproximation to £ § ajiaﬁxciﬁtgsﬁxﬂ+_f¢53¢;] R

The same kind of remarks that apnliecd to oscillator
strengths apply here == i.,e,, 1f the hydrocarbon moment
-2

Ey is large, the off-dlapgonal terms may safelv be neplee-

-ﬁ
B

ted; 1if R, 18 zerve, they generally camnot be neglected,

In any ecase, 1t 1s clear that the onrocsdurs of talking the

(Continued from page T1) the delocalization energy of the
hydrocarbon,
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difference between dipole moments of a substituted hydro-
carbon end the corresponding alkyl compound will not can-
cel out the substituent hydrocarbon Interaction terms, and
hence, this difference does nobt directly determine the

regonance momant.,

P, Conjugated Substituents

im the preceding sectlons, we have taclitly assumed that
the substituent interascts with the 7T -slectron system of
the hydrocarbon through a single orbital. This 1s tanta-
mount to reparding the substliuent as possessing a lone
palr, e.2., 8 halogen. I, now, formally conjugated sub-
stituents are considered, Dewar's approach (2) may agaln
be utilized at the outset. If the substituant POBBSS36S
¥ conjugated atoms, the resulting secular equation will be
of {(WeM)th order. All the preceding eonsiderations can be
readily extended to this more general case (in effect,
¢losed shell lone palr substltuents represent the case
i = 1})3; however, two considerations outzsilde of additional
comploxity may make theoretical considerations less rella-
blet (&) The posalbility of transitions between hydro-

carbon and substituent orbitals may lead to a number of
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degensraclies or near degeneracies between the various con-
figuration energies. (b) The greater number of transitions
possible may lead to & cluttered spectrum, making interpre-
tation less certaine The first conslderation means that
for rellable results, CI in the substituted hydrocarbon
may be a necessity. And since some of the transitions do
not exist in the parent hydrocarbon, absolute energles
rather than shifts, and the sbsolute amount of CI rather
than the shift in CI, must be calculated. Similar remarks
apply to the ovscillator strengths where absclute values
rather than relative ones may be required, The second
consideration may mean that the spectrum is diffuse and
hence unreliable, both with regard to assignment and as

a8 souree of transitlon energles.

s Polysubstitutlon

This sectlion presents a brief summery of aspects
(needed in the following sections) of & comprehensive treat~
ment of polysubstitution which will be published elsewhere
(46)s We consider a series of substituents, Xl, Xg. ves o
Xns not necessarily identical, attached to the hydrocarbon

at carbon atoms Sys Sps eesy Sy} then:



¥ %ﬁ? (3.19)
. — Hi §«! s S
¢ T T

where L, (4 = 1 .sess ¥} are hydrocarbon MO's and Fy,q
L

to i%*n are substitvuent ADYs, The total Hamiltonlan for

a polysubstituted hydroecarbon may be written as follows:

+ H g (3.20)

e
#
%v:-’é
RCRS
f
o~
ol
i
[
e
;,.(:'3
S

2
L . i ¥ . .
where Iy = A% & Hg 18 the total Hamiltonian for the
8, e
£
, , ot
monosubstlitunted hydroccarbon B - X, 3 ﬁs
7]
A 3
due to the substltuwent X . H 5 represents additional elec-
v

tron interactlon terms whleh arise from the additional per-

i1s the perturbation

turbatlion of the charge distribution in the hydrocarbon
part of the molecule., It depends of course on the nature
and orlentation of the substituents.

The exzect form and solutlons of the secular equation
and the role of symnetry are discussed in (481, Hern, we
utlilize second~order perturbation theory solutions, which

are ocgulvalent to the firste-order ones, usins the Vji



{monosubetitnted hydrocarbon wave functions ) =5 zeproth-

~y

order funciione. The matrlx elesments are:

5
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f\h \Pdr’vm *"3“5533‘" Z‘ L e
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yr el X w* ‘
f\ \P pare \v }}g_kdiv - ka - HK}{X;{ + xz‘l A x’k + \P Xy B ‘2, s‘q w xkd‘f »
) =

(3.21)
2 1 O £ £ - £
e 2y = oerY - Hi Natd 2] = e, - 4 - )
whore A.J 9{ EJj" and A X3 €y ReX, e and
1 .
ey ars Just the orbital energles of the monosubstltuted

hydrocsrbon, B - E&, zive by squation (£.9). Terms involv-
ing interactions betwesn dlfferent substituents dlsappear
in thiz approximation, bubt they are Imusterial for the
diseussion which follows, Bauation (3.21) shows that the
orbital energles of the polyvsubstituted hydrocarbon would
be Just tho sunm of the perturbatlions due to each subsatitu-

ent, except for the term involving H%, The wmagnltude of

thils last term depernds vnon the rearrangewsnt of the elec-



tron distribution in the hydroecarbon, and hence on the
degree of substituent-hydrocarbon interaction., We can

atate this conclusion in the following way: In an empliri-

functions of a polvasubstituted molecule having a delocallzed

electron gystem, cannot be obtained az a aum of perturbations

derived Trom empirical data on monosubstiituted molecules,

| This statement is not dependent upon the use of perburba-

tlon theory, but applies to exact solutlons of the secular

egaation. {(Henceforth, the term "perturbation treatment”

willl imply the exact scolutions of the secular equation

with the perturbatlion type Hamiltonisn of 3.20.) This

very procedure has been used frequently, and its success

hinges upon the substituents having little effect on the

electron distribution in the parent part of the molecule.
The same sort of result may be obteined for the SCF

orbltal energles in the polysubstituted hydrocarbon., They

may be written:

1

’g ,r* 4
ey 3 Hy * O(2Jg+ - Kni) + D1 - KT
1 1 %; aj aj -1éiﬁ (201x, 1x, ) »
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whare the doubly primed Integraols are over polysubstituted
hydrocarbon wave functions. Since the values of the in-
tecrals in couatlion (5.22) heve no direct relation to the
corresponding Inteprals of the corresnonding expression
for mongsubstl ed hydrocarbons, polysubstituted SCP
enorgzlies may not be debtermined by nerturbation theory
from monosubstltnted JCF energlies. IV 1 clear that any
excltation proeess will Involve electron interactlon terms
detsrnined by the polysubstituted wave functions, so that
eyen i the orbitel sznerpgies can be consldsred additive,
the sxeitation emér@i@m are not ( except for the limiting
case of "weak" substituents, for whieh, both orbital ener-
ples and excliatlon energies are additive).

One aska, at thig nolint, how these difficulties can
be clrcumvented o that the enpirical param-ters obtailned
from monosubstitvied hydrocarbons can be used to predlet
the polysubstitibed levels., It 13 clear that the funda-
menbal problem 1s %o deterinine the orbital energles, as
these will determine the wave Tunectionsg from waich the
glectron Interactlion integrals are calculated. A detalled
account of this procedure g given Iin reference (45), and
we will outline only briefly three approaches discussed

thers.
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1. V¥alldity ol verturbatlon ireatment is, to a good

aporoximation (for orbital energles), squivalent to:

1%

n 4]
n "" t—( FP) 1]
- X - 23 L, - K, <L (27, - Kyo )
( Jaj aj} é( "éa;’,‘ al ;___-:l ix, i:i
(3.23)

whers the superserint £ Indicates that Intezration is ner-
formed using wave functions of the monosubstituted hydro-
carbon B - KL. As noted above, even if this ls satisfled,
the transitlion energles are in geuneral still not additlve,.
2. The lonization potentisl and one sxeltation energy
of rolysubstlituted hydrocarbons are predlicted by a nerturba-
tion treatment of the orbltal enerples, using narameteors
obtained from monosubstituted hydrocsrbons. Any discrepan-
ciles between the predlicted and obzerved values are sbsorbed
In new hydvocarbon &K and (> values, a different set being
reguirad In general for each orientatlion of the substituents.
This vrocedurs sutomatically includes the H* part of the
Hamiltonlan, and the slectronlc propsrties of the polvsub-~
stituted hydrocarbon may now be nredicted. Such a pf&dicw

tion, however, may not be very useful,
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%, Thig method in a comnromisze procedure which,
theoretically and »nraeticslly, seens the most promialng,.
We stort out In ¢ similar wmanner as ahove, but predict
only the goectra of Idsntleally dlsubstituted hvdrocarbons
for sach possible orientation. The discrepancy betwoen
predlction and experiment is now removed by a set of 5;L
which 1z sssigned for all the hydrocarbon stous sy for
each substitusnt X o In this way, a set of <1£‘¢ nay be
asgociated with esch substliuent. JTutroduction of two or
more substituents reculres adaltlon of the <[;1;_, at sach

atom position., In order to jnustify thls procedure, con-

ider the core Hamiltonian for the hydrocarbont

o5

¥ r vt s W owke W, (5.24)
WL h

whers ﬁh refers to the votential of the neutral hydrogen

atoms, and ﬁx to ths potential of a carboneplus-ion ziven
Yy y

by the CGoeprert-lMaver«3klar assuwaption (13}, as:

HW = j‘s‘}}' ™ ;éwggs’&w .mmlw MMMMM &vl' (3‘).25)



on for the core energy

g ‘g’k‘ y " r PO
d,g = f;éumamﬁ Fy = Wy ~ [(um.m’z} - (bw.uua

wiu
=1

' Z(Qrﬁlﬂ}i) * (5&25)
}:3

In & wmonosubhstiiuted hydroearbon, the charge density on
carbon atom u may be taken as Qu, whers § % 1. Then Q

times the Interaction energy of one electron must be sub-
tracted from the nuclesr field ensrcy to yiszld the notential

of o ﬂ*Q ion:

: . - 1
{}W - HW - w’,%? ¢"W¢W ;—;m Li-Vl (3.27)

that 1s to say, i the chargs densliity on w is less thoan or
more than unity, we remove less than or more than one elec-

tron, respectively, in order to lsave a neutral carbon core,
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The cors enevey of a T -2lectron on atom u then becomas:

hi]

q 5 Uy = Z‘ (Uptuuj = Zl (Upsuu) - Y Gz
=1 r wku
=1

+ (1 - g,) (uuiua)
(5.23)

If we define Qg = 1 = Wy , lhend

ol
Al oz P - 31 A (uuzww). (3.29)
- w=l

This last sum 1s the theoretical countsrpart of 5;_ (3 ;
and ag a flrst approximation, &  way be congldered addi-
tive for each gsubstitutlon, which is tantamoun®t %o adding

, ) .
the O wm A This also supgests that the ratios of the

" ay Fo gy it 3 y At g
determined g the vatl

)
wvarliouns CYM A mavy

A refi b in the carbon-carbon exchange
nsing rather sinllar reasoning. This iz dls-

P . R . o) it e P =y
enssed in detail in relerones (467},
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H., n—=>1m Transitions

We have reatricted ourselves to transitlions between
the delocallzed 77 orbitals of the conjugated system.
However, anobher set of translitlons isg possible in a sub~-
stituted hydrocarbon, provided the substituent possesses
an occupled non~bonding orbital. Such a posaibillity exlsts
Tor substituents having loecallized U orbitals. Heretofore
we have conslidered electrons falling in this catepgory as
nart of the "eore” of the substituent, but now we explicit-

1y inelude thew in the ground state conflguration. and

Ty
n. Are the non-bonding T orbitals {(including spin) parallel

wd
and perpendleular to the O-L bond respectlively. There are
then two types of n-»7 transitions possible: N, — ¢ and

Ay =3 g the energles of which are gilven by

Lo o o ' ! !
LOAE = ey - ep - (I = Kop) 2 Knp (3.30)

From this polint on, the symbol n will revresent elthsr n, or
N, exeent wheve 1% 12 nocessary Po dlztingmligh betweeon them,

The orbital enersr oy la glven by




ey = 30 (00, = Epad = T = Hy (3.31)

3 o . F. g PV PPN T S -3 E e, om
The cors enarsgy, i, mary simply be obtalaed Irowd

N*l

(o
&L
w2

»

where W, ic a valence state lonlzatlon potsutial, and £
the 77 charge density of atom u. Becsuse of the very simple
form of ths expressions involved., AT and e, wuay be readily
calendated from equations (3.31) and {3.32), the only ambige
uous term belng Wnk(whiah 17 hnowm at leest approximately

in wmost csseal. e, £ and  a. are obtalned frow ithe
Bl

T
Bl

modlifiasd ewnnirical procedure, It ig convenlent, however,
to internret these relstlons In terms of the semi-empirical

quantitiss of section E of Chanter L. The seml-gupirlca

7

o

. & - - .
8y iz ziven Ly ﬁxm o ﬁnm o+ gnn + where % ig due

to the rodistributiocon of charges in the hydrocarbon nart of

the molecule. The empirical quaniity § is defined by

L b I '

o
H ssuninge H and 1 may be take 2 -
% ? assuning lxx and Uy 1ay ke taken apnrox
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the n—> 77 transition energles in any serles of substitu-
ants of ineressine resonance effect, will be very mich
greater than the correenonding red shilt of the n-om tran-
sltions. Indeed, thils greater denendence unon I makes
n—=m transitlons a better source of this emplricel naramet-
ep than 7—-/7 onesz. Thess aofTscts have been discussed for
the ease of pubstituted bengenes (47),

2, The singlet-trinlet splitting of n-7 states will
vary wildely, devending upnon the degree of interaction of
the substituent with the hydrocarbon. In fthe 1limitino case
of no interaction with the hvdroearbon, the singlet and
tripnlet levels will very nearly be degenerate, As this
splitting is proportional to a%x, for all but very largse
interactions, the singlet-triplet splitting will be smaller
then for 7—7 ststes.” This is the observed situation
(48},

3« In case there exists excited 7 states of the game
symmebtry as the n statss, the Iinteraction integrals between

these states can Be expected to be smaller than

Keshe, in reference (43), haz suggested that there mav be
greater snin-orbit counling for non-bonding electrons than
for 77 ~electrons, which would also predict less S-T genara-
tion for n-7 states than for 7—7 states., However, we
note txaﬁlﬁmxlis fracmﬁmt1§'<lﬁqg. 3ee ccuation (3.35).
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interaction Inteurals,

une of the most Interestlag srovertles of n> 77
transitions is Ite behavior upon further substlitution.
As it 18 ouite different from that of -7 ‘transitlons,
1t should be of value In seraraltling and identlfying the
two types of transitloms. In the following we assuns
that the substituents are not ordtho to each other. Under
this condition, we can write asz fhe analopve of equabtion

(3.3%) for the ahlfit in energy ol the 17 transitlon

upon substitutlon:

1 :ﬁ 3, % [l —
12 ASR - (&bxigj(gnx " fnx + Knx)

c’u—ﬁ
1
Q
~
e
et
Mw

whers the nrimed cuantitles are for the polysubstituted
hydrocarbon. The changes that 8y, and Ay undergo for 4if-
forent tyves of substituentz are summerized below:
1. Por additional resonance Interaction eé moves (o

1
higher energies than ey, and l&bxl < oyl o
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The eabriss in the fourth columm of Table 7 were consirue-

“

ted from L relabion. It ls clsar Orow Table 7 that the

i-‘.

of bao two Lypes of trangitlions, upon

nas of ths solvent effsects formie

lated by Kasha (32) should allow assigasenl bvetween them.
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bvimlad exclited states.
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In *he grneedind case vhare Yhere 12 2 subshituent

from vhich the n arises, the

artho %o the subhatliiy
alfact on o, will be exprasssed throuzsh an extra substituent-
dnde d .

aunbstituent intoraction

the alen of icr*'cflﬁ determining vhether o, 1o lowered or
ralisad. In any slvan gase, thisz ¢en be immediatelv ascer-
talnad,

We now turn to the oselllator strengths., It 1z clear

that sirnce the 7T siatae Iz antisgrmnetric to reflectlion in

the plane of the wmolecule, all n-> 7 transitions mist be
nolarized nerpendiconlarly 3o the molecular nlane. The

oaeillstor atrer

1th of the
£, = 2{1.085 = 1:;11),, ([ n% V’bdv) 2 (3.36)

¢, + b, F, reduces the oscilla-



tor strength int@g%al to integration over hydroecarbon orbi-
tals aince f n?ﬁgﬁxév = 0 on svmmetry grounds. To a good
approximation, the in@agra&.Jr nZgadv iz the dominating

term, hencs

f’n- b » o2W170 x 1311» [.iél &bigiﬁ fﬂzﬁﬂﬁ‘\?] 2 P (56:’5‘7)

Both ny and Ny trangitions are Tormally allowed, but
there 1s a gread difference in the Intensitlies, TFor the
integral f n,7gdedv 1s forbidden, while f ngZgsdv is not.
This means that the leadlng terms In transitions of the
type ﬂy»"b, comes from the integrals f nyZﬁgtldv which
are rich smaller than the ones involving ny and gg. Hence

the oselllator strength of transitions arising from n_ are

g
much smaller than those arising frow ng (47). The neT
(unlike the W=M ) oscillator strength iz quite insensitive
to the degree of substltuent~hydrocarbon interaction, Howe
ever, { will be a marked function of the electronemativity
of X ag well as the nature of the non-bonding orbital (47),
It will be recalled that the effect of polysubstitu=

tion on M= oscillator strengths is extremely orlenta=

tion~dependent, and produces appreciable c¢hange Iin £, If
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that the 7T orbital on X "sees." This change of Z,pp may
be expected to cause (W, ) of the substituent to change.

Uriting W, in terms of Wy , as follows:

Wy, = e [}vx:xa) - (xx3x8) - (ss:ixs) - (Ugixs) - wgpé]
Sxs
(3.33)

the effect of ralsing Zgpr 13 to inerease (Uxixs) and
(Ugsxs) , and decrease S, , but (xxixs) may elther
inereage or decrease, 8ince there are two opposing factorsi
an increass in the repulsion of X for X, and a decrease in
the repulsion of X for 8. (ssixs} will be affected only
slightlys h@ncmwﬁmﬁ direction of change of W, wilth an
increase In Z ecannot be ascertalned in general. DBut this
ralses the posaiblility of blue shifts of 7—7  transitions
upon acidiflecation, although thess should be of muich smale-
ler magnitude than the corresvonding n—77 shifts, since
the effect must be transmitted by a chenge {in the same
dlrection) in both the exelted and the ground state orbltal
energlies, and the change of gaff 1g 1tselfl a second~order

effects The effect on Intensities would follow that pre-



-V

dicted by changing the mixing of the substlinent orbltal
with hydrocarbon 77 orbitals. This kind of mechanlsm would
predict little or no 77 —7/ solvent effects for such sub-
stituents as mﬁ{cﬂﬁ}g {(with no n electrons) but apprecia-

ble effacts wlith, say, the halogens.

I. N-@ Transitions

There is still another translition which can take place
in substituted hydrocarbons, but not in the parent hydro-
carbon. This is the perpendicular type (to molecular
plane) transition characterized by Mulliken as W-Q (57).
In actuality, there are two transitions possible which fall
under this classiflcation. {(The n— /T transitions of the
preceding section are also a speclal N-Q type.) We can
imagine two N4 processes taking placet V>4 and n-904§
where ¢ refers to 2 bonding orbital in the C-X bond, and
v ¥ artses from excitation of the C-X bond. Thie second
type of transition has been treated by #ulliken in alkyl
halides and mized halogens (55,56,57). As a rule, process
(a) will represent a rather high energy excitation; hence,
the transitlions observed in practice are type (b), It is

clear that this transition involves oniy loecalized or semi-
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localized T type orblitals, and hence, to a first approxi-
mation, may be taken independent of the 7 =electron system
of the molecule. Then, 1f for sonme substituent there exists
an N-Q transition of type (b), further non-orthe substitu-
tion of the hydrocarbon should shift the -7 (and n~7 )
spectra but leave the N-Q transition unchanged. In thls
way, the transitions may be identified, and 1f they overlap
they can be made to separate by polysubsitiiutlon., And it
can be shown that the N-Q transition may shift elther to

the red or to the blue, depending upon the slectronegativi-

ty of the substituents.



IV, MOWOSUBSTITUTED BENLENES: HMPIRICAL PARAMETERS

A. Introduction

The purpose of this chapter 1s to consider rather critil-
eally the evalunation of the empirical parameters defined in
Chapter II, for substituted benzenes. This 1s carried out
in a mumber of approximations, so that an understanding
of their significance may be obtained. In addition, prilor
caleunlations on substituted benzenes are critically con-
sldered.

In a way, benzene 12 the most difficult hydrocarbon on
which to apply a theory of substltution, because of the
maltiple degeneracles, which leads to a large number of
interaction Iintegrals. On the other hand, 1t has several
desirable features: all carbons are equivalent, a large
amount of experlimental data has been gathered on benzene
and 1ts derivatives, and the very property that introduces
the complexity leads to a number of Interesting features

not found in hydrocarbons of lower symmetry.



G
Be Wave Punctlons

For the benzene MO's we utilize the functlions listed
in Table 8. It proves more convsnlent, in consldering
gsubstituted benzenes, to utillize the real forms of these
¥0ts than the slternatlve Imaginary functions. The funce-
tions are identical to those used by Sklar (4) and Matsen
{6}, except for the normalizing constants. For convenlence
we also include in Table 8 an orbital, gy, on a substituent
adjacent to the ring. The gy are taken as W AO's. It
should be noted that Table 8 corrects a number of the ir-
reducible representations listed by dMatsen (6).

We shall find 1t necessary in the following sections
to utilize the confipurationsl wave functions of substitu-
ted benzenes and understand thelr correspondence to those
in benzene itself. The complex form of the benzene func-
tlons are given in (13}; and thelr real counterparts may
e obtalned by substituting in the proverly antlisymmetrized
configurationsl wave functions, the real orbitals in termns
of the complex oneg. The real forms are tabulated with

their symaetry properties in Table 5.
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Table 8, Porms and irvreducible representations of

henzene MOts

HO's Symmetry

Déh cavP D2h®
R R R R RYIC Y2 A2u B2 B2y
i, = ( ﬁﬁgw ¢' y.f 1/ {4 2}1/2 Blg A2 Blg
I, = (24, +hymg 24,9, «»;4 e M2 me e B3
I, = ( dody  shs=dg)/(6 Y2 m s Au
I, = (@;5 -4 -g! +2¢' ~¢< »;4 /(12 ) 1/2 E2u B2 B2u
I, = (ﬁl*ﬁg*#g §%+¢ﬁ~¢63/(8 )1/2 B2g B2 B3g
I, = 4, B2

B

b

Cu

We take the Z axls through atoms 1 and 4, and the Y axis
perpendlcular to the ring., The substituent 1s regarded

ag being attached to atom 1,

Irreducible representation for the subgroun C2V of Déh,

Irredueible representation for the subgroup DZh of Déh.
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Table 9, Configuretional wave functions for
monosubstituted benzenes

Wave Punetion® Symmetry
D&RP cev®
Xg Alg Al
(1/2)/2 (X 4Xs4) B2u Bl
(1/2)Y2 (X5 4Ky ) Blu Al
(1/2) Y2 (XggtXnq) Blu Bl
(1/2)1/%(x,,-Xg5) Elu A1

B

G

X, refers to the antisymmetrized wave function, Wg¥;(1)
1 (2) Po(3) Po(4) ¥5(5) Ys(6) Yq(7) ¥9(8); Xy4, to the
properly aﬂtisymmatrgzad wave funetlon corresponding to

the state arising from the one-electron excitation, 1-j.

Thegse are listed in order of inecressing theoretical enerw
gy. BSee reference (13) for complex forms of these funce
tions,.

These belong to the lrreducible representations listed
for the orientation of axes given in footnote a to Table
8.



C, Solutions of the Secular Bquation

The secular equation Tor a substituted benzene 1s fac-
torable into one fifth and one second degree equation. The
roots of the latter are e, & & + @ and ey = A-( + The
solutions of the former, overlap neglected, and hiy s (3 ,

are found from the function Fj‘ {3ee Appendix B).

. (4.1}

(A

ta B3

- 4) (a? - 1) 4 51A3(A§ - 3)

The wave functions are determined from equation (B.6), whieh

gives (overlap neglected}:

(a2
ST 1 (A= 2)(a7 - 1) F ’ .
. 1/2 ay(47 - 3)

with similar relationships for the other ratiocs, The func-
tion ﬁy Aj, and wave function coefficients 844 Were calcu-

lated for a wide range of J and <& values, with overlaps
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both neglected and included. An exteunslve tabulation of
these 1s fortheoming, and will not be reproduced here. How-
ever, the variation of the wave functicn coefficients 834
of equation (2.2), as a functlon of § for ¢, = 0, with
all overlaps neglected, ls presented grephically in PFig-
ures 2 through &, for four of the five MO's affected by

this empiriecal parameter, It should be noted that ineclu-
sion of the overlap integrals rather strongly affect these
coefficients for low J values, but only slightly at high
values, It is at once obvious that considerable mixding of
the benzene MO's &g occurs, even for rather high J values,
Consequently, one must be cautious about applylng second-

order perturbation theory (which neglects ajq, J¥7) in

the computation of these wave functions.

De. Caleculation of Integrals

The D2h symmetry of benzene provides the following
Irreducible representations of the possible charge dise

trivutlions:

Agr  (11), (22), (33), (44), (55), (86}, (15), (36)
Blu: (13}, (16}, {(24), (35), (58)
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Bag: (14), (23), (28), (48},

where (1j) vefers to ( I3 I4). In order to obtain the
empirical parameters and describe the excited states lis-

, . . N ] 1
ted in Table 9, 1t is neacessary to lnmow aég, KES’ Jéé, KS&’

ﬁés,gsw J%@, Kéé, Jéa, Kéﬁ, and ﬁ;%’3§. These were ecalcuw
lated by expansion in terms of benzene integrals. Except
for Jéﬁ and Kéﬁ, integrales Involving the substituent or-
bital may be neglected; thus the Bl levels, to a good ap~
proximation, are inderendent of the substituent-ring elec~
tron repulsion Integrals, On the other hand, the Al levels
do reguire a knowledge of these integrals. The expanslions
used for the ecaleulatlon of the various electron interac-
tion integrsls are discussed in Chapter II, section F. There
now remaling the problem of evaluating Integrals over the
molecular orbitals and resulting from the expansion of
these, the intsgrals over atomiec orbitals. Table 10 lists
the electron repulelion integrals necessary in this calcula-
tion, including both those over AO's and those over MN0's,
The coulomb iInbtegrals {xxioo) of Table 11 (see footnote

to the table for notation) for OH and F were calculated by

the followlng approximation:
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(aasvb) = 1/2 [ (rasbb)y - (aaibbly] , (4.3)

in which the heterormuclear integral (aaibb) is approxima-

ted by averaging the values of corresponding homonuclear

with the effective nuclear charge of a, and then with that
of b For integrals {(xxioo) we have for WHg, (xxtoo)y =
5,807 eve.e Piacher (29) found by the method of Barnett

and Coulson {exact expansion) the value 5.90 ev. For

0H, the approximating terms of sequation (1.21) are 5.821
and 5,658 ev, respectively; and for P, £.08Z2 and 5.834,
The close agreement of these 1limiting values make ons ex-
nact the approximation to be an excellent one for these
integrals. By way 6 contrast, the use of Sklar's ap-
prozimation ylields results qulte inconsistent with these
values. The Sklar result for ﬁﬁg is 7.2 evy for OH, 13.1
avy and for ¥, 1ﬁ.é eve This is a result of the more

ranid fall off 2t high f£ values of the overlap as compared

&It ghould be remarked in passing that Fischer (3) has clear-
ly used an incorrect value for the integral (xximm) her
{rmsmm}) o« It can easily be shown that her value is in
error by & factor of 2, sinece at high P wvalues the classi-
cal result iz correct within 2 per cent. This error has
been incorvorated in those integrals over MO's which in-
volve this particular A0 integral, and care must be taken
in vtilizing values of inteprals obtalined from her parer.
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Table 10. Electron interaction integrals (ev)
Bengzene MO Integrals
(11/22)%  (35y)° 16,58 (26/26) (Kgg)P 0.993
(22/33)  (Jps)° 11.26 (14/14) (K )® 1.53
(22/55)  (Ip0)°  6.73 (34/34) (Kgq)® 1,22
(22/56) (Io6)° 5456 (45/45) (K,g)P 0,358
(33/58)  (JIxg)  7.91 (46/48) (Kgg)P 1,13
(11/44) (330" 0.9
(33/44) (Iz4)® 6473 (25/43) -1,115
(44/55) (354)b 4.23 (23/45) «04 567
(44/68) (JM)b .41 (26/45) 0,749
(25/48) 1.289
(12/13)' (Km)b 5,08 (21/43) 2,051
(23/23) (KQ5}b 1.0% (23/41) 1.268
(24/24)  (Ky,) 2406 (35/24) 0e277
(25/25)  (Egg) 1.22

a, {(1j/x1) = %ijl{l of Chapter I1I,

b. These were computed from reference (51), by multiplying
by appropriate normalization constants to correspond to
neglect of overlap integral, or directly from A0 in-
tegrals given there.
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{Continued)

MO Integrals Over g,

on,® w2 on® pt

(22/77) (J5,) 848585 54917 54804 545R3
(44/77) (J4,)  3.339 3537 54470 34517
(27/27) (Egg)  0,0013  0,0041  0,0001 040003
(47/47) (K,p}  0,0013 0,0041 0,0001 00003
(e2/57) 0+655 04652 04452 0+432
(ez/27) 0.,0175 00187 0,0138 0.0117
(21/27) 0.0199 04,0197 0,0174 040147
(22/17; 0505 04499 0,343 04325
Co u ® 1.625; Re -« x 2 2,834 a.u,

de U m 1e96; He « x 2 2,570 au.

€ n 2 24355 Re « x 2 2,846 a.u,.

e ) -1 ﬁa.«fﬁﬁ; e = X E.;éi?.?z Bally
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Table 10, (Continued)

A0 Integrals Over #,(x)

c% R’Hz oH F
(xx/00)P 5.4811 ﬁ;@@éj 5.,7398 5.943°
{xx/mm) 3,303 5,931 54909" 5,936
o A k , k k
{xx/om') 0,084 0,088 0,087 0,088
. ] k
{xx/om) 1.207k l.ﬁ?gk 1.254k 1.271
‘ k
{xx/00t) a.zlsk @‘ﬁegk 9‘223k 04231
k k k k
1l i m m
(xx/ce) 04433 9,279 11,152 13,514
(ox/ox) 6.01ok 0400941 o.ﬁczk o.ooek
1 k k
(mx/mx) O, 0003% 0.0003 04,0000 0,0000
g+ Approximated by method deseribved in text: equation (1.20).
he The latter notation 1s simllar to that given in footnote
a of this table, but the integral is over 2PmAQ's, X
refers to the substituent AQ, ¢ to the adjacent carbon
403 o, m, p, m', o', respectively, tc the ring AO's lis-
ted consecutively from atom e,
1. From Fischer, reference (29).
J. Approximated by classical point-charge interactions.
ke Approximated by the Mulliken approximation.
1« By interpolation from reference {(29).
m. Avproximated by the Sklar approximation.



=110 be

Table 10. {Continued)

CH,, NH,, OH F
(ox/mx) 0.0003% 9e000zt 0400008% o,sooogk~
(ox/mtx) 0400025 0,0003% 9,0001% 0.0001¥
(ox/otx) ﬁ.@%??k O.Qﬁﬁﬁi Q.O@lﬂk 0.0@14k

]
A4 om K N < . k

{(ex/om) 04326 04331 0.228 0.220
{ex/om!) o.azﬁgk Q.O@B@k 0,0lﬁﬂk 0.0152k
{ex/oo?) Q*9537k Q.ﬁ&ﬁ@i 0.0412% 040400%
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to the slower fall-off of the coulorb integral, which at
these values has reached essentially 1ts classical nolint-
charge counterpart.

Table 11 gives the overlap integrals between the sub-
stituent Py orbitel and carbons 1 and 2. These have been
either interpolated from iulliken, Rieke, Orloff and Or-

loff's tables or caleulated from formulas given here,

Bs Computation of Empirical Parameters

In this section, we consider in some detall the effect
of various sprroximatlionz on the empirical parameters., At
first we confine ourselves to neglect of overlap integrals.
For the purnose of evaluating the empirlical parameters, we
consider only the ghift in the long wavelength band core
responding to the 'Alg -« 'B2u transition in benzene itself.

Since benzene is an alternant hydrocarbon, the analy-
sils glven In II E applies, In order to test this, the in-
fluence on the orbital energy part of the transition energy

shift, of a large inductive effect, 18 shown for a wide
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. " . o f
Table 11l. Overiap inbtegrals (au)

A Ug Ron Kow 847 8,y

Ciig 1.625 2.8348 4.730 04206 04030
Cs W 1,61 2,797° 4.700 0.216 0,031
F 2465 2,493% 4,434 0.136 0,011
Cl 2,033 %,193° 5,048 0,155 0.021
Br 2.054 3.5152 5eB37 04151 0.021

I 1.95 3.874% 54664 0,120 4020
0K 2,55 2, 6467 4,566 7,142 0,013
i, 1.96 2,570 4,50056  0.205 5.02516
58 1.52 3430820 54217 04159 J.024

as See reference (52).

b. BSztimaved frowm aliphatlie distance, minus O.Gﬁﬁz a8 aroma-
tie correction. See referonce (53).

¢. fSse veference (54},
de See reference (B9). \

8« Thiszs value assumes 2 virtusl 2?2 orbital on carbon.

T+ The numbering 1s the same as in Table 10.
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ranze of resonance Interaction, 1in Figure 6. For large
J values, the inductive effect has little influence on
the transition energy shift, but becomes 1mportant when
d is small, It is interesting to note that for very weak
resonance interaction, a strong Induective effect can pro-
duce a blue orbital energy shift.

Description of the lowest excited state by: X =

. . £ t ¢ '
1% 5 &% - Gggl-Jg, + 2Kpg) = CZ,(-Jg, + 2Kgy)

- 1. S A .
2503425, 54 7 o {"Tus ¥ By = Ing ¥ g4

28,34 (4¢4)

Hence, 1t is necessary to calculate six electron interace
tion terms and the orbitasl energy shift, all as a2 function
of the empirical parameters € and J; to describe this
transition, The relative magnitudes of the orhital enrrgy
and electron Interaction part of thils expression !s shown

in Figure 7 as a function of resonance interaction: for



~1ldm-

‘ —w—w=AL E RESONANCE
0.50[-
3+ A*E TOTAL

cmemuas ATE  INDUCTIVE

040

0.30

Plgs 8. iffect of inductive and resonance intseraciion
on transition energy shifE (orbital euergy part) in
substitnted bensenes.
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low J values, the eloctron interactlon terms are seen to
be quite sipgnificant; at high Jd values, the orbltal energy
shift alone approximately determines the translition energy
shift, corresponding to the case of "weak" substituents,
The ionization potential shift is given for all cases con-

sidered byt

AT Z - Ae, = {A5+ 1) {(4,5)

L

In Takle 12 are listed the observed long wavelength
transition onergy shifts of compounds of interest Lo us in
this thesis. We have, wherever possible, used the 0=0
frequency as determined from vapor spectra. In some cases,
it has been necessary, however, to use solution spectra, and
in these cases the spectra have been analyzed as carefully
as8 possible to locate the most probable positlon of the 0«0
frequency, and this has been compared with that for benzene
in the same solvent. This procedure eliminates the largest
portion of the solvent effect.

In Table 13 are lizted the avallable experimental data
on lonization potentiasls, Jonization potentials ohtained
from spectroscopic information are generally reliable to

Ds01 wvolt, and not iInfrequently sven better. On the othar
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Table 12, &%~ﬁ+ transition energy data for
mm,mﬁﬁbatitutad benzenes

Substituent 8% (ev) (g)
o, -0 407502 0,0140
Colle ~0,0706% 040152
t-butyl ~0,0544% 040101
F ~040336° 0.00627
c1 -0,1286° 0.0240
By -041355° 0,0253
I -0,1612°¢ 0.0301
0H -0421569 0.0402
NH,, «0,5028% 0,0039
SH «~0,03855° 0.0719
NiL (0.000)" 04000
Pyrddine ~0400% 04000
Iepropyl ~() 4 0BB 04,0110

&+ See reference (50).
bs See reference (6).
t+« See reference {(51).

dy €, Ny 1. %&a references (38}, (36}, (4), (34), respective-
Ve
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hand, elsctron imnaect valnes ars usually only reliable only
to a few tenths of a vollt in the enevgy region of Intsrest
to us here. In the older litsrsbture, electron impact
valnes are to be trusiad even less than this because of
improper understanding of the offact of gnace charges

in thse apnaratus, and hscause of unreliable calibrations.
tor, In whieh the same apperatus and closely simllar condi-
tions are used for muecesslve determinations, one can hope
to obtain reliasble relative values even from electron
lmnect dota. It is for thils reason, as well as for the
theoretical viswpoint mentloned earller, that we have con-
gidered only the magnibtudes of shifts In fonization noten~
tials as contrasted with their absolute magnitudes. For
the purposes of the present paper, all electron impact data
utilized are from the work of lHorrison and ¥icholson (20},
who have measured the lonization potentials of o large
mumber of compounds ualng a refined mass spectrommter.

Even with these precauilons, it is avparent from Table 13,
in vhich the @xpmrimmntai ionizatlon potential data are
listoed, that there is only moderate agreement betwesn
apgectroscople and electron lmpact data. Indeed, consider-

Ing only ahifts from the valuesg found by the two wmethods
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Prom that of benzene rasnectively, in slx cases for which
comparative daba exlet, the shiflt in the Jonlzation poten-
tial frow thal of bhenzene , from slectron lapact dats, ls

less to the red than from speeiroscopic data by an average

&

of O.E3 ev, wlth values rang from 0,07 to 0.853 ev difw
ferencs In the shift. The faet that thewre 15 3 consistent
lue ehlft in the absolute magnitndes of lonization poten-
Linle frowm oleoctron iwpact as compared wlth spectroscople
data, hss been Interpreted as a result of the electron
impact values representing vertical lonization potentials
wherenr swectrosconie data yield adlabatic lonlzation poten-
tials. Prow the froamework of the ecaleuvlations in which
ground state orbltals, dlmensions, etecetera, are employed
sxelusively, 1% would sesm that vertical ionization poten=
tlals are the dete that should be corprelated with theory.

It seems & 1ittle hard to believe, however, that the cor-
rection from vertiecal to adiabhatie I's should vary as much
an the above-indlested varlation hetwsen snectrosconic and
slectron impact shifte, especially when confined to a close-
1y ralsted serieg of moleculsa. Consecuently, we will

edont as more reliable the gpectroscople { and nresumably
adiabatic] I's and conslder as uncertain the electron impact

{despite their presumably vertical character) values, These
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Table 13. Experimentsl lonization potentlal data for

monosubstituted benzenes

: b .8 b c

Substituent Igpaa. I$’1. xap@a. Ie.i. Ref,

-} (‘bﬁﬁ%@nﬁ} De2d 9&52 P ssn e 1,2

-f 9,80 G 7 ~0 a4 ~0,158 2

*cl qu'?'? 9*4}&? "‘*'):47 "'QQ]_G 2

*BP PR %uél E R "Qﬂll

""I (R R} 9&10 [ EER ] ""3042

-CHyg 9,82 0423  ~0442  =0,29 1,2

~CpHg 8477 9,12  =0.47  =0.40 1,2

*I!"*Pl’ﬂpyl ceayw 9.14 ®eww ~3.38

"1“‘}??&3}?1 ﬂtv@ 9015 «(0,.48 '-0.39 1;2

“'n"‘Butyl PO .14 TR "Q. 33

~a~ﬁuty1 A 9.19 P (o35

B "Iapae." 18 lonization potential obtained from spectro-
acag?c data. The references in column 7 refer to dats
In this c¢olumn onlys All values in this table are in
slectron volts., :

b "Ig,1," 1s lonization potential obtained by electron im-
pact measurements from the data of Morrison and Nichole
son, reference (20),

Ca

"1" 1s reference (39, 40).
"2" 1y veference (413.
"3" i1s reference (42, 43).,



-121~

Table 13. {Continued)

Substituent Ispec. 10 4. Igpec. 12 . Ref.°
wteButyl BB D635 «Q¢7 ~0.17 1,2
-CFy 0,72 “ren -0,44 veus o
-0H cone 9.03 wrue ~0,49

~CHO cnrs 9,82 coss ~0,30

-CN wevn 9,95 “eas -0,43

~CH=CH,, cens 2.86 cons -0 .66

-C = CH cons 9415 ciese ~0.37
(Pyridine) 8.7 “ous 0.5 ceus 3




will henecaforth be cars™lly Aistinguiched. The vroblenm
clearly emrphasizss the ased Tor mch laproved ilanflormatbtlon
on ionization potentials.

Yo now turn o the raamerical values of the emwmplrical

sarsmetere. These were deteruinasd by o two-eyele lterative

Fasd

procodurs, vhere necesaary, and should be reparded as only
aporoxinate, In no case should the gualitatlive order be
chaneed by fvbther lteratlon. The work ineluding the over-
lar Intecrals 1g gtill in nreogress; but enoupgh has been
done in this dirveetlon to shov that the order willl not dbe

ohanzed by thelr inclnsion. They are given in Tables 14

&t

and 15,

It 12 Intereating te note that the euplricsl para-
meters, by and large, are in the order that chemlcal Intulie-
tlon would lead us to expect. However, Jalfe has found

nance order of resonance interaction for the halogens than

N

Tableg 14 and 15, although making use of guestionable as-

moptlena. It 3

W

noselble that variatlion of the ring-sub-

stituent sxechanre intepral in s series of substituents of
different eleoctronegativity and radill, may be svch as to
reVOrse our resonance varameter order (54}, and further

work is needsd on this point
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d

Table 14, Resonance - for substituted benzenss

narameters

{over int s negleohad)
X s s° §°
{;;J,;ﬁ b o G4 309
Colls 5.0 5.0 4.1
i=propyl 5.5 5.6 4.5

i‘:”k}u%‘yl ﬁq )? E@I 7 41!8

& Teb 745 6.2

Ci - 3eb 3.5 2.9
Bp Sek Se4 2.8
4 348 3.1 2.8
Q5. 2.8 2.7 2.1

1.9

1.8 1.3
ant 10 10 10
3

Yyridine cenn L e

L L I ]

a. 411 electron Interaction terms assumed to cancel {(Mweak"
substituent case),

*

be Uround state -~ exelited state electron intersetion terms
ineluded, bult excited stete mixinge neglected.

e. &11 slectron interscbion terms incinded.

d. Assunming inductive parameter is zero.
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Table 15. Empiricsl paramsaters for substétut@d benzenes
{overlap Integrals neglected)

X EAE | LA LB A

CH, 4.8 0400 4.8 2400 4,1 0410
Gyl 5.0 =0401 5.0  =0.01 4,2 0,08
1-propyl 5.5 =0D,02 545 =0.02 4.5 0.02
t=-butyl a7 (=0eDB) BT (=D08) 448 -0.1

F 7«0 0,23 7.0 0423 64,0 0425
C1 3¢5 0,21 LT 0421 3.1 0,19
351 ves 02B==0u L4y 0.5-20,8 0 0,5-=0,8
Pyridine R A vee 03 ‘e 40,3

ds The notation 18 that of the preceding table,.
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V. CONCLUSIONS

The major conclusions derived from the foregoing
research wmay be listed as follows:
1. The naive MO theory presents an inadequate under~

standing of the propertles of subsiltuted hydrocarbons.

2+ The naive MO theory can be combined with the rigor-

. ous 3CF theory so that the advantages of both are retalned.

3. SBolutions of the secular equation (overlap inclu-
ded) ean be obtained simply for substituted hydrocarbons
from solutions with overlap neglected.

4. The notions of "weak" and "strong" substituents
provide ueeful quallitative deseriptions of substituted hy-
drocarbons.

5« Transitlons from non-bonding orbitals to delocal-
ized orbitals are successfully treated by the forepgoing
methods.

6, The S8klar-Herzfeld procedure is fundamentally and
practically incorrect.

7« Inductivse and resonance Iinteractions in substitu-~



~186-

ted hydrocarbons are intimately dependent upon each other,

and not addidtive as herebofore assumed,



-127 -

VI. SUMMARY

It 1s shown in Chapter II how the conventional nslve
semli-empiricsl molecular orbital approach for conjugated
hydrocarbons may he complemented by means of theoretlcally
computed electron repulsion integrals in a manner suggested
by the more rigorously founded SCF procedure, This 1s shown
to give satisfying results in three examples, with a consid-
erable reduction in labor as compared to the complete ASMO
method, The method 1s carried over 1in a natural and simple
manner to substituted hydrocarbons, providing unambiguous
methods of evalusting empliricel resonance and inductive para-
meters, The concept of "wealk' and "strong" substituents is
developed, snd it 1s shown how these provide simple intul-
tive approaches to the estimation of Interaction parameters
in the theory, The inductive and resonance effects upon
the energy levels asre shown to be far from additive, and
indeed sre dependent upon each other. The dependence 1s
snalyzed, and it is indicated which ones are important (and

determineble) from verious experimental situations,
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The modifled semi-emnirical method of Chapter II is
applied to the general problem of the prediction of spec-
tra of substituted conjugated hydrocarbons. It is shown
that the new msthod has many of the édvaﬂtages of the more
rigorous ASNMO approach In, for example, distinguishing be-
tween states of different multiplicity, without the attend-
ant disadvantages of overly lengthy computation, too large
singlet-triplet separatlions, and the like., The case of limi-
ted confipuration interaction arising from degenerate or
near-degensrate levels in the parent hydrocarbon is discussed
in detail from the viewpoint of "strong® and "weak" substitu-
ents introduced in Chapter II. It 1s ghown that this is a
factor of major importance in molecules to which 1t is ap-
plicable and that a consideration of its effect can be used
for the assipnment of transitions. A method is suggested in
which empirical parameters determined from -7 spectra
can be used in the nrediction of n —7 spectra. Brief atten-
tion 1s gliven to the problem of polysubstlitution, and to the
caleulation of delocalizatlon energles and JT -zlectron moments.

In Chapter IV, the procedure outlined in Chapter II is
applised to substituted benzenes, Several of the conelusions

derived there are verifled for these compounds. Eupirieal
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parameters are evaluatsd for a series of substituents from

the long wavelength transition and ionization potentlal.
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IX. APPTINDICHS

A. Orthoponalized Orbitals for Aniline and

Prans-l-aminobutadiene

The matrix form of the orthoponalized orbiltals, calecu-
lated by Lowdin's procedure (17) is given below, IHote that
all overlap Integrals have been included, both between carbon
AD's and between the substlituent and all the varlous hydro=-
carbon AO'a., For anilina; the overlap integrals are from
Fischer {29}); for aminobutadiene, they have been calculated
fram:fmrmulaﬁ given by Mulliken, Rieke, Orloff and Orloff

(30}, assuming the same C-N¥ bond distance and Z value as in

aniline:
Aniline

(337) (1.0026 0.0037 0.0088 0.0062 -0.,0433] F;i"“
ig 0,0037  1.,0045 0.,0055 0,0091 -0.0631}| %,
22 | =| 0.0033 0.0085 1.0056 0,0092 =-0.0840 || &
0 0.0062  0.0091  0.0092  1.0161 -0.1053 || Z,
Egﬁa =0.0433 -0.0651 -0.0639 =-0,1053  1.0850)[ ¥ __

e — . NHpj
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. - Trans-l-anincbutadiene \ [ \
34 1,0030  0.0036  0.0028  0,0037 =0.7424 | | &
2 040036 1,0050 00,0040  0.0050  =0.0880 | | g
22 || 0.0020 0,0040  1.0032  0.0040  -0.0466 || %3
Y 0.0037  0.0050  0.0040 140050  =0,0593 || &,
By | | 000284 =0.0580 -0.0466 -0.0585  1.01A1 || Ty,

. FERS ) L °

Be Hathematical Porm of Solutlions
of the Secular Hquation

Here we consider the mathematical prodblem of ineluding
the overlap integrals in the secular equation (2,3). Direct
solution of the sxact secular eguation introduces considerable
additional labor, and the matrix wmethod developed by Chirgwin
and Coulson (31) and Lowdin (18) breaks down for hetero mole
ecules, since the matrix H does not commute with the metrix
3, a8 is readily ascertained by dlrect examination. Lowdin
(17) has developed another method, where, through calculation

:2 £
of a matrix H' (H' z (1 + 3)1/ H(1 + S)l/g), the solutions

corresvonding to overlap included may be obtained from those
without overlap, even though H and S do not commte; however,
Tor the class of molecules treated here, H' 1s unwieldly. By

examination of the gencral solutions of equation (2.3) we shall
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gsee how the overlan integrals may be included in a computa-

tionally simple and stralghtforward manner.

The sesenlar determinant (2.3), under the conditions:

=t
okt
<
(31

';}K ng(g # j*x

s
»
E

m

e
Coitn
i

« + &

SeC15CysC, 1 4 J ¢ x

Hjj‘a °(+nj(5 +C§353@ ,j*f}(

(3}

O, J¢x

oA - B

{B.1)

becones, with the substltution 4 = mmjgwn, for simplicity,

ngciﬁ 553 ¢

-

Cig €

»

-

L
(A"‘l}-l"‘cis 53)? L3R N B 2R 3 Giggj& Ss@ F SR Y C‘ﬁ(a

»

e hoe (A*?}j#ﬁfg& 5&}(3 > ew C“s(;

-

L)

tasnw ng(z YR E (A*é)e

=0 (B.2)
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The solution of the determinant (B.2) may be written in the

following form:

J b4 ?j - Aj N ‘ (B,ﬁ)
where
] N
fﬁ
2 ¢ (A3 + ng)
Fy = Kel Cielwl J (B.4)
U 5 N ., X
v (A5 + ng) ¢ Y Ciza (A; ¢ ny)
izl el 1dk=1
and
«Ej
ﬁj - e B

glving convenient relations for plotting Ai a8 a function of
<§. The wave functions ¢orresponding to these orbital ener-

gles are glven by equation (£.2), where:
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Hel . =1/2

s () LR,

The quantity (By/Byx) j is the unnormalized ratio of the coef-

ficients of ii and d, in vjj, and 1s glven by

-
C1s v (A5 + ny) (1 % x)
(%iln — kfiel . .
3 11 (Ay v me) ¢ dg Z'C%;g Tr (A3 4 ny)
k=1 kBl 1#k=1
(B.6)

Up to this poink, we have not indicated whether the
carbon~carbon overlaps have besn inecluded iIn the energles
EZ§ j and wave functions §j of the parent hydrocarbon. In
asctuality, equations (B.3) and (B.8) apply, regardless of

whether these overlaps have been included or not. If they



i
[
]
o

#

have not besn inecluded, the method developed by Chirgwin,
Coulson snd Wheland (22,31) may be used to utilize the easi-
1y obtained solutions with neglect of overlap: If ngud+n§p
are the hydroecsrbon orbital energles, overlap neglected,

then

2 X

n(j’( (3 wo(ﬁ‘ie}
A +
W

(B.7)

Lode

14 ﬂ(‘ggc

are the crbital enerpgles, overlap included. 5, 1s the over-
lap Integral between nelghboring carbon atoms. The quantity
(6 ~ A3,) is Mulliken and Rieke's ¥, and is the hydrocarbon
quantity which is actually evalnated empirically, (24). In-
clusion of overlap Just ronormalizes the wave functions as

follows:

1
3. » Eﬂcq : (8.8)
7% jufu
(3» + n%}é}c )

Bt

o
whers C%, refers to the coefficlentsz obtained with neglect of



overlap. With these transformations, the d values and wave
functions of the substitubted hydrocarbon may be found from
orbital energles found with these overlaps neglected, by

substituting in eguations (B.4) and (B.6):

ng
ni =
(B.9)
i+ ]
c. = is
is ™ e

for the corresponding quantitlies with overlap neglscted,
Relations (B.3) and {B.5) now determine the orbital energles
and wave functions ag funetions of 5., with carbon-carbon

overlaps Included,
e now consider the solutlions with the overlap intezgrals

83x Included. This 1s carried out with the following set of

assumpblons:



8ix = Cig8. sz fidxdv

E
W
#

CiaRE

e
8

Hyy = ‘rzaﬁm%a% itj¥x

i

Hyg = 4 ¢ ns® 4 G%E S, 6, J3x

Then equation (B.3) no longer holds. Instead, Aj is deter-

wined as a function of 5’, by

2.

e (f;-14¢RIFy - a5, (B.11)
where

¥ - - sk . 5 Y0
£3 21 a(__‘;‘_ As) . (B.12)

1f Ay is known as a functlon of . {overlap neglected),

substitution of equation (B.3) in (B.12) gives a relation
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(
deternining S {overlap ineluded) from S and the correspond-

ing Aj values:
g
Sz (ry-1+R(E - a5 - 4 (B.13)

. ¥
The wave functions cosfficlients, 2345 corresponding to equa-

tion (B.13) are now determined by equation (B.14):

-1/2

at, = [B1 i[er B = + 2 3 CisfB s] {(B.14)

S (B LZB), emee)d '
i=1 1zl

where

(%); ‘(%)j(f:; -1 4R ix

\%ﬁg)'== 1 (B.15)
X

The expressions (B.13) and (B.14}, with (B.15}, provide con-
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'
venient methods of determining S values and wave functions
in terms of those without overlap. Une notes that equatlon

{B.14) doss not amount o & renormallizatlion of 93, gince

Hel

e[ 36 /TR @),

1/e
f«h—ﬁ “") J (1#)

and

.St\} + o

LN 6, /26 =), e

1/2
1)
[Foie®)“

L J

that 18, the coefficient of ¥y i3 multinlied by a different

factor than &; , (1fx). This result is to be expected since
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as mentioned earlier, I and 8 do not commute, which is the
fundamental requirement that the wave functions are given
solely by a renormalization,

Computationally, equations (B.13), (B.14) and (B.15)
are easlly handled, so that the wave functions and energy
levels with overlap included may be found from the overlap
neglected quantities with little efforts OUne notes several
gpecial cases of Iinterest: 1f s is small (~0,1), or 1if
is large (or both), the tsrm multiplied by 8 , in equation

{Bsl4) way be safely neglected, giving the resulbs

H 41

¥ '9 1/2
() O8]
’ B B /s
x/ ] isl "X/

(Be16)

thus providing an especlially slimple relation for weak sub-
stituents, or those having smell overlap integrals. In all
casss, eguation (B.17) gives qualitatively walid coeffilclents,

rapldlys. If hgx 1s taken equal to (@ (Matsen and Pauling),

then R &« 1, and

d' - f% (d=- a5 - Ay s (Ra17)
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= f*fand R = ..‘?.....ﬁ
Bg Se

or if Wheland's assumption is utilized, hg,

s Inequality Relations Among Cleciron Repulslon Integrals

The proof of the lefthand inequality in equation (2.34)
can be obtzined in the same manner Roothaan (7) used for the
other inequalltless The energy of a continuous charge dise

tribution Plx,y,z) 1s:

?u r M &Vuv - 1

av
P he

EGv & 0 , (c.1)

where P“ mr(xu,yu,zu), E = Divp ; the equal sign

holding, if and only if, P =z 0. Following Roothaan, let
o 2 hY

f = € (I Iy~ I Ip); then,

Y
oy
o ~ d’V

f (I3 Ty - If T (If 15 - I Iy)

ruv

z K33 = Ky = 2Mg 5170
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Hence

My g1 $ %‘K;z,;g v Kl s (c.2)
the egual slgn holding, 1f and only if,

I I.= Ip Iy . (C.3)

Hext, let

£ o= (1] 1 - 11

then,
- M ¢ Hgyooa Kpy) (C.4)
75113 N A I wi/e . .

And, since K44 and Eyq are 2 0, we have established the ine-

quality

Viig ol € 2(Rqj ¢ K)o (C.5)
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