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$1 INTRCLUCTIUN AND DEFINMITIONS

ve shell discuss the applicetion of the lifickel
LCAO-MO method to some benzenoid alternant aromatic
hydrocarbons end the results obtained, making com-
barisons where possible with the predictions of the
theorieg developed by Clarlconccrning these molecules.

The torm "benzenold'" will bve defiﬁed as a
description of those mclecules composed only of gix-
membored rings of spa hybridized gtoms. An aromatic
svstem is one coptaining ring stoms with each éf which
thore is associsted a 2p utomle crbital contsining
0, 1 or 2 electrons, and which is directed perpendicular
to the plene formed by the atom and its immediete
neighbours. Alternent hydrocarbons are those in wvhich
the curbon stoms masy be classified into two sets,
"atarred™ end "unstarred”, in such a way that eash
starred atom hés only unstarred neasrest neighbours,
and vice ﬁersa. Alternant hrdrocarbons therefora
contain ho odd~nuibeored rings. Some exanplesg of
molecules using theases 4arms sre naphthalene, which is
a benzenoid élternsnt arom&tic‘hydrocarbon,
cyclobutedicne, which iz =n alternant aromatic hydro-

¢arbon thourh not benzeneid, cyclooctatetrasene, which



e
is un altornent hydrocsrbon but is neither benzenocid
nor aromatie (sinec it is not plenar), and azulene
which i1s an arometis hydrocsrbom, but is neither
benzenolid nor alternant. The moleculss pyridine

and borazole sre in many ways similsr to benzene,

and by our definitions may be described as being both

banzenoid end arcmatic, but they are not hydrocarbons

end so caennot be deseribed as alternant or non-alternant.
In an sromatic molecule the Zp atomle orbltals,

which are usually dirscted at right-sngles to a

nuclear plane, interact, with the result that the

alegtrons produce an electyrle field above and bslow

this plans, in the regions where the atomie orbitalé

ovorlap. ‘hese elsotrons ere thorefore considered

to be delocallised to a greater or lesg exbtent ovor

the nuolear framework in discrets moleculgr orbitals.

Singe the.wava functions of the baals set of 2p atomis
orbitals, and therefore of the molecular orbitsls ars
antisymmetrlic with respect to the nuclear plane, both
are terred 1 orbitals, and their aessocisted electrons
aere called W electrons, This is'principally to
distinguish ther from the @ slectrons in the gsystem,
which are localised between two nuclel and are
cylindrically symmetrisel with respect to the inter-

nuclear line.
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The principal resulis obtained from the Hucksl
ICAO theory calculations are the energies of the
electron molecular orbitals as a linear combination
of two parameters o and /3, o No attempt is made %o
caloulate these quantities dlrsctly, but since the
coeffiecient of the ﬁ, term varies from one orbitel to
another, it has been possible to sstimate empirical
values for,ﬁ » which we have done on two different
experimeutal bases, by comparing molecular orbital
ensrgies es derived from thermochemical measurements
and algo from the electronie transition energies in
the U.V. abgorption speetra. The calculations aglso
furnish the w bond orders, which measure the degree
of w bond formation betwesen nelighbouring pairs of
carbon atoms,

Where it has been pogsible, we have attempted
to compare our results with experimentel daba. This,
however, has beén difficult, both beocauge of the
uncerteinties in the positions of the relevant U.V.
spectral bands (whidh would make ideal compafisoﬁs for
the calculetsad ensrgies) and because sufficiently
acourate bond lengths {(which ars useful mesasgureg of
w bond orders) are available for only & very few
arometic hydrocarbons. From the comparigcn of our

resnlitg for different molecules 1t has often been



possible to observe sous regularities ir the behaviour

of the ff electrons, ond in comparing these with the
smpirically-based rules of Clar, to offect indirect

comparison with experimentd,

The nomepclature of the aromatic hydrccarbons
is that used in Clar's book "Aromatische Kohlenwesserstoffe"g
but the numbsring of the carbon atoms in the Appendices
and in the text to refer to bcnd orders etc., hes been
our own. The rather irre;ular fors of the nuabering
is due to convenience in the computations, but because
of the risk of errcrs in traonslaetion irto Chemicel

runbering, has been used throughout.



§ 2 Busic Theory

2.1 The LCAO-MO Method, and o and m-geparation

Because of the potential energy terms in the hamiltonian
operator H, the solutions such as cf»;, of the Schrbédinger stationary
-state equation ‘

H4’¢ 35647;

for an electron in the neighbourhood of an a2tom or ion are well-known
to be discrete. The wave function € of the electon must thenm be

written as a linear combination of the solutions:

§=Q|<b, + Q. ¢7_ L SR

since the electron rust be somewhere in space, we have the normality

condition
fg*‘sb' dr = | (0

where the integratiom is carried out over the whole ranme of the

spacial coordinates of the wave functioms &. It is convenient to use
orthonormalised solutions {(i.e. such that Lfgfﬂg.dz'= Sq } oince

then the normality coencition {1) imposes the following simple restriction

on tne a's:s
fag® + lanl® + ooee. - |

bi ’
The quuntity ]ailzis therefore the proba%}ty that the clectrom is im

the state described by the solution.4%,with energy Ei.

pecause the discrete solutions ¢ are associated with

Particular energies K., it is convenient Lo speak of =n atomic Qrbitnl
(#0) with emergy B, which may be accommadated by cither 0, 1 or 2
olectrons, and which nrovides a real distribuntion function for the
electron. In many cnses the atomic orbitals can be just the solutions
themselves or convenient apnroximations to them; but whem more than
one solution corresponds to the same enecgy B, it may be mecoessary

to take linear combinations of these degenerate solutions to give



functions which are real (i.e. not complex) and which may therefore

be used to represent the distribution of the electron. We shall suppose
that the atomic orbitals which we require are known, and shall denote
them by the symbolV .

The electron is also in a bound state in a molecule, and
analagous to the atomic case we can speak of molecular orbitals (Mo's),
in vhich the electron is associated with more than one atom. In
principle a MO can be expressed as a linear combination of a complete
set of wave functioms. However except for very simple molecules
(e.gs Hy or HZ), this is unpracticable, and for many purposes satis-
factory molecular orbital wave functicms are obtained by taking a
linear combination of appronriate atomic orbitals in the molecule

(LCAO) s
Pio = OV s+ o+, (2)

Bven if we make use of the Born-Oppenheimer approximation, which

ailows us to neglect the eifect of the nuciear motioms on the electronic
wave functions,q?ﬁu)dnes not adequately cater for all the influences
wiich the eloctiron experiences in the molecule. Yowever the "best”
choice of coefficients ¢ will veduce this uncetainty to the minimum

possible for the particular set of Y:s used in (2).

The coefficients ¢ may be determined by cnlculuting the
enerry of the molecular orbit=el ﬁzmaccording to the rules of quantum
mechanics:

@ . )

E = | $¥HYL €
where LI is the hamiltonian operator for the system. The wariation
principle states that as long as we are using =n sccurate familtonian H,
twnich can usually be done quite readily) the emergy given by (3) will
pe creater tham or equal to the true lowest energy of the system,

In other words the lower the value of E, the nearer is ﬂ? to the time

#0 wave functiomn. The whost? W of the form given in (2) can therefore



be found by minimising (3) with respect 4o the various c's. In this
wiy, although effects such as interelectronic repulsions have besn
neglected in forming the LCAO-MO (2), they may be included in the
hamiltonian in {3) as “perturbation" energy-terms, amd the LCAO-MO's
evaluated will be such that the c¢'s "allow for" these effects as far

as is possible.

If ¥, % ,etc. are the MO wave functions constructed in
this way from the various AO's in the molecule, the ground state will
be that in which the M0O's with the lowest energies are occupied by
electrons. We cen write the wave function I for such a state of an
n-electron molecule as a product of the n lowest-energy molecular
orbitlas ¥, %o0'F, o, in puch & way that I is antisymmetrical to the
interchange of any two electroms, in accordance with the Pauli principle.
I is written

F= o[ B0 BE . W] (1)

The general factor??;(r) denotes “the rth electron in the rth molecular
orvital. The antisymmetrising operator f (which includes the normel-
ising factor) permutes =21l the electrons and sums the antisymmetrised
results, cince there are equal pfdbébilities of {inding any one electron
in any of the n MO's.

In forming the HO's ¥ it often happens that one or more
of the component AO0's do not combime with the others in the form (2)
with any appreciaeble energy change., This may be because the centres
of the A0's are too faxr apari, or because they belong to different
symmetries. In either case the cross-terams im the expamsion of (3),
j:nQ£$HQédt(the energy of the interaction of the A0's) and the over-
lap, j:»(%fQ@ﬁﬁﬁ(which is often a useful simple measure of the former
quantity) are very small or zero. The atomic orbitals &, and @g ma;
therefore be treated as distinet by appearing in (4) in separate wave

functions'?. For this reasom thé 2p, AO's, which are directed at right
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angles to the molecular plane of the aromatic hydrocarbons, form
distinct w Molecular orbitals, which may be distinguished from the
¢ MO's by their antisymaetzry in the molecular plane, the o M0!'s being

symmetric.

These two kinds of MO are very different. The o« MO's may
be manipulated (Coulson, "Valence® 2nd. edn., p.173) into the fomm
of “bond orbitals® in which the electrons are localised im the inter-
nuclear regions and form what are known as ¢ bonds. The W MO electrons
on the other hand are delocalised over large parts of the molecule.
Since the localised ¢ bond orbitals ave characteristiec only of the
twe atoms forming the bond, the C-C ¢ bonds in an aromatic hydrocaxbon
are similar, and effectively provide a carbon atom framework over
vhich the w electrons are delocalised. The W MO's are therefore highly
dependent on the topology of the molecule, and im this thesis we
shall suppose that many of the characteristics of the aromatic hydro-
carbons (e.g. relative bond lengths and UV spectra) may be explained
quite well by the w MO's alome.

The electronic energy E of & molecule in the statel,

E = jooo F¥urde

contains kinetic energy and nuclear-attraction terms for each of the

L4

o~ and Welaectrons. However thLere are in addition terms describing the
mutual repulsions of the electrons;f%ome of these terms involve both

o and W functions, and express the interactions of the ¢ apd W electroms.
The existence of these o-W “coulomb® and "exchange" integrals shows

that the total energy of am aronmatic molecule cammot be separated

into parts which involve the o and W electrons alone, since the two

parts do not constitute independent systems.

Wevertheless it is comvenient to supnose that the ¢ and W

electron varts of the total energy cam ba separated, and ﬁhaﬁ the
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description "W electron energy” epplies to the sum of those cnergy
terms which involve the W MO wave functions even if they also involve
‘e~wave functions. Although Welectron energy cannot be a strictly
meaningful physical quantity, the o-7 geparation procedure allows us
to obtain results which are often surprisingly accurate for molecules

whose complexities make them intractable to more rigorous treatments.

In the form of the o™-W geparation procedure which we shall
be using, our wave functions will be just those of the W MO's, and
the W-electron hamiltonian will include a potemtial energy term which
expresses the total coulombic interactions with the nmuclei and the
o electrons. In the bulk of the thesis this term will also include
the interelectronic revulsions of the W electrons, but in the final
chapter an explicit account will be taken of twese. The o MO's will

not be considered at all.



& Matrix forwm of the Schrodinger equabion.

We shall express the 1th MO according tco

but in the convenient veetor rotation

¥ o= vl

i
where <‘P[ is & row vector of the N 8p_ atomic orbitals
in the system, and |&) 1s a column vector of the N
coefficlents relating to the jth moleculer orbital.
The cqnditiont@nsuring the normalisation and orthogzonziin:
of the MQ'sg is that the vectoralha:>(i =1 to N} ars
orthonormal, i.e., the coefficients Cyy themselves.
vaken 1n cclunns, are normalised and orthogonal. iE
this is the cese, then the N x N matzrix ﬁ: cénaiatiag
of a row of the I [&) column vectors is a unitary metoic
The row vector of the N molecular orbitals may then ue

expressed as

{¥|=<vle

and the energy sigenvalues can be calculated by forwing

Pl
“oo

<N

}

e

the square matrlx

L= fc:{%ﬁ n ¥l de

s’

‘. '.ﬁ’ o L9)
Wﬁ@?@‘{S?g ig the adjoint of(&?ﬁg and ¥ is the



mamiltoniam cperator ralsvant to0 the system. From
{5) and (2) we have
F - f«:*’[?}% HEE|cdr = cTHe = ¢7He
(2.7}
where FL 15 the matrix whose elements are Hrs=j§g*H%§J%
The replacement of &ﬁ’by ﬁrpfollows from the unitary
property of € . While in gemneral the (r, _g)th element
in M is nonw-zero, the matrix £ (formed by subjecting
M s a unitary transformation using the € masrix)
is dilagonal and the dlagonal elements Eiiare the energy
eigenvalues. “
Writing (7} as
He - Ee (2.8)
and usging the fagt that ﬁ; containg only dlagonal
elements Ey, {8) may be separated into N #eotoral
oquations |
}%ﬁ JCQ?} L E& ECE>>

which is the Schrodinger equation in matrix form.

This can be rewrltten
(:@Hl - jf} ;C(,\/‘;» = @ [nuﬂ matv'au)

where 4 is the unit matrixz equidimensional with I ,

and for & pon-trivial solution f ?cg} o )it i

negessary that
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the N solutions of which are the eigenvalues By.

2.3 The Hickel Theoxy .

In the ergument developed above, it has been

implicitly assumed, following Hickelt

s that the atomie
orbitals ¥ , aithough not eigenfunctions of the
Hamiltonlan operator H, are orthogonal amongst themselves,
80 that the metrix Jﬁw>§<ﬂy§&ﬂi is a unit matrix,
This agsumption as stated is not Jjugtifiable, but its
adoption results in considerable simplifications of the
computations, and may be "corrssied for" afterwards,

if desired.

A seocond simplificstion msde by Hiickel is to
suppose that the Hamiltonian has exaetly tho same form
for sach molecular orbital, so that eec¢h ¥ eleotron moves
in the same average electrostatic flsld provided dy the

nucslei and the other eleghtrons. Moreover thisg fleld is

the sams at ell 3p, etomiec orblitols in the molecule,
Por thie reason another considerable simplification resuliia

if we do not explinlitly consider the interactions between

the atomic orbitals, but write the diagonal and non-disgonal

olemenbs of the &9 matriz respectlvely as
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i

N R - P f.ode = g
H, . j Ir ok r
and H_o0F f W* M, dr = ﬁ”

From what we hava just saeld, <Xr is the sams for all ap..
atomic orbitals q4in an aromstie hydrocarbon; it is

theoretically the energy of a single eleetron in a 2p

abomle orbltal, and is written & , Making the next

e

Hbcke! assumptiont that only nearest-neighbour
interactions nsed be considered, the interaction term
ﬁrg beaones a bond parameter., Alshough a good first

approximation is to assume that this is constant for

ell bonded atoms z, 8 , aromatic hydrobcarbong ara

characterised by some variatioam in their CC bond lengthe.
Ag & raeult; the value of fgrg is expeated to depend
somewhat upon the distance between the ocentres of %he
interacting atomlec orbivels, 1.e. upon the lengih of the
bond zeg.  We therefore write ., = < s .o wheze 3,
1s the luterection term for an srbifery gtendard bond,
chosen in such a way that the numerieel fustor ,@;E is

falrly cloge %o unity. In our caloulations /30 is

ste

U‘

by lnliiken, Rieke and
- ¢ v a & ooy eapn ST} 3

. miumg O Lopgueb-Rigging anda Salem .

&'h@ fhw TF S B f» rg prye)

the bond yeg with thaet of the beunzens bond, using the

the inbelspnirieal relations sugge

the

gnpirieal reladioms suggested by lulilker, Rieke snd

Brown® o Longueb-Hizging and Salsm™,
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Fach element of ﬁﬂigwhoae ceneral element is

Hpg=Bibrg) is now divided byfgs and the resulting elements
are of two kinds, the non-diasgonal elements whish are
independent of the energy E becoms simply fgrs» whereas

all the dlagonal elemsntg are

of- E; :
~5 = X3 {say). {8.9}

&1 ieg tho energy elgenvalus parameter (scmetimes cslled
the Hugkel number) and becomes the gensral latent root

of the matrix Z;‘,H

The energy elgenvalues for the system are then

given by (9) ox
E, = x-xf (2,10}

/30 is a negative quantity, so negative values of %1 lead
to bonding MMO's (molsoular orbitals whose energies are
less then the energy of the 2p, atomloe orbiltal), and
vogitive valueg to antibonding ones. In certain cases,
as for example a moleculs conveining an odd number of 2R,
atomie orbitels (which, bescause of the lack of complete
gpln pairing must be & free radieal), x may be zero,
resultlng in an MO whose energy is sesn by (10) o be jusd
the same e that of a 2p, atomlse orbltsl, Sueh an MO
is called s pop-bopdine molesular orbital.

Tn alternant aromatis hydrocarbong, the Hucked
theory leads to ¥ veluss whloh cre palred in poslitive and

negabtive veiues, so that for each bonding moleculayr orbinal
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{»x4} there is & corresponding sntibonding one, A
system of N interacting atomie orbitals must have N
molecular orbitals, and so a neutral even elternent
hydrocarbon possesses a ground state in which all ¥
electrons are, by the Paull Principle, accommodated
in the N/2 bonding molecular orbitals. We may

conveniently denote the number of oceupisd@ moleeular

orbitals by n. In the ground state, N=2n,

2.4 Yarietionm in @'

As was discussed in the last section, the ﬁ
value for a CC bond in am arometie hydrocarboa should
be fairly constant, sinee the variations in bond lengths

are seldom very marked. For this reason the Simple

Hugkel Method in which all the §° velues are assumed %o

be unity, has often yielded very satisfactory results.
We have somstimes used the results of the Simple Huckel
¥ethod in order %o compaere the resulis calsulated for a
geries of hydrocarbong when we wish to eavoid ths
diffienities of assigning uncertain bond §° values,

In cases where we can assign ' values, however,
{when the bond orders or bond lengths are known with
gome degree of certainty) the results are probably bebter.
Various relationships between the lengih of a bond end
its [4° velus are to be fouud {these ws shall caell B89(r)),

» s, e o () I o R e - il
and we npve unsed thoge dus Ho Malllken, Rieeke and
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Brown®, and later to Longuet-Higeins and Salem9.

Finally we have caloulated a new B°(r) relatiomship
uging some recentlyedetermined forcse-constants and
bond energiles,.

For a general hydrocarbon, however, the bond
lengths are not known, so the required set of fB° values
cannot be assigned. Our precedure (following Goodwin)

has been to compute the bond orders Dpg Woing the Simple

Huckel Method first of all, infer from these the

approximate set of bond lengths Tpg using an empirical

bond order/hond length curve r{p) (such as that due to
Coulson), and from these calsulate a set of S values

by reference to a ﬁ‘(r) relationship. This set of

pv values is then used in a second "itsration™, and new
sets Drg, ¥pg 80d A%y, are computed. These latter values
ars expected to be mors agourate than the first sets,

end the bond orders and bond lengths obtained by a further
iteration should be better still. Although at firss
sight successlive iterations should yisld progressively
batter results untll self comsistsency 1s ovbtained, we

have decided to stop after three lterations, since the

desired geolf-consistency is gemerally not achieved, This
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is probably due to the uncertainties in the pi{r}) and
ﬁ*{r) curves used for the Interpolationg; leter curves

will be geen to luprove the positlon somewhat.

2.5 Bond Ordsrg.
The eigenvestors |Gy conslst of the coefficients
Cpg of the atomic orbitals Y, In the i th MO as expressed
by N
TL = % Coi Wy
"In the followlng calculations all the coefficients
will be assumed to be resl, since this agsumption
congideradbly simplifies the computations which involve
the products of the coefficlients, Multiplication of
la> by its transpose (ol yields an n x n matriz whose
(r, s)th entry imCyi.-Cgy. Now the probabllity of findlng
en eleotron in the L th MO is Jﬁ%ﬁﬁféx which for real
vectors icé>-i@ equal %o y
P jf};’:o& = ﬁc‘fﬁ{%c{“a e,y:«.,__g-c; U }dz: = é%;c?ﬁéﬁ
{aspuming the orthogonality of all pairs of ¥*s). The
diagonal elsments of a m&t@ixﬁ€£><ﬁag therefore meapurs
the probabilitieg of finding & W electron assosliated with
the varioug atomic orbitals; Cari thug ig the ¥ electronisn

F

| i e dvim b e S s
ehares ¢ . on abom ¢ dus to the F th MO, The none
ke -y ] xae
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diagonal terms in the same mabrix might then reasonably
be expeoted to measure the W electron denslty in the
region between two atoms, i1.e. Cxly is a measurs of
the amount of W boand character betwsen atoms x and g,

end is ocalled the parxrtial bond orderé’ Pirs of the bond

T« due to the i th MO, When a matrix of these
quantities is mulitiplied by the ocoupation number 44

of the i1 th MO (the number of ¥ electrons in the orbitall,
and summed over all the ¥M0's, it results in the total
bond order matrix, whose elements are the totel bond

orders and charge densities:

ﬁp = ;Z';%ﬁb& = %VL lco<el (a)

Bus= ;S%(P;s = g% Cai si (b) (2.11)
=y =

Dn = i%‘f}h ‘?‘ivﬂ Chi {e)
Lot &

The total bond order Prg of a bond or Coulson bond order

accounts for the observed shortening of the bond due
to T bond formationsa p=0 implies an sbsence of W
electrons {hence no T ~bond}, and p=1 an ethylens-type
T bond {which together with the o bond, consiliiutes
the c¢leasgical "doubls bond®}., The C-C bond orders in
aromabic hydrocerbons ace usually between 0.4 and 0.8,

fs

The Coulson bound order iz 2iso a useful concepd
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when calculating the T electron energy in & system

or part of a gystem. This relationship is explained
ag follows,
The energy of the i th molscular orbital is
E = [BHB de= [<ylje> H<ylla)>dx

=E<Qﬂ%>“<W”%>¢K

== <C,~,l H lCa> {2.13)

M is now separated into two matriees whioch involve

only o{ and the ﬁ termz respectively, as discussed in Ghe
lagt section?

H-x1+p

{12) then booomes

E = <c:b](o(ﬁ tﬁ”&>
= x{aflad> + (o) fley

> 2
= o <+ G Csi By

AdS
But the actual energy of the electrons in the i th

molecular orbital is Y, E; ., where Y4 is the occupation

number. The total ™ eleetron energy in the sysitem
is therefores
, 2 N . T [ o4
E=29E =X 2 2 Vilm + > 2 ZVL‘%%
e ¢ b=l A=t = }wg@ £




wlgm

The first term in {13} ia M, whioh follows from the
Tacts elther that the Opi's are mormalised over all x,
&
and so the term is on > % =dna=Na or simply that 2.9
. A A

must equal the total number of electrons, which is W.

S0 the ground state W electronic enerzy is

T = N+ 2 Z Pas s (2.14)

But from (10} &= ZVLE},* Nﬁ...ﬁ Ex‘, | {2.15)

.. Trom (14) and (15)
) é_xe.'ve:‘-’*“‘ iZ‘P&sﬁM,

Since we are mostly conoerned wlith the ground statesg,
when 93=2 for i=1,...., n, the last equation becomes
simply

k3

PR Z Z Pas /’5M (2.16)

L= rS
That 1s, if we multlply each bond ordexr by the
correspending ﬁv value and sum the result over all the
¥ bonda in the moleculs, ;,ve shell obtain the sum of all
the Hiiskel numbers.,

We shall use this formula when we wish to know

the W electron energy in a glven part of a system, which
could not be cesleulated using an energy Iformula such

as (10).
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2.6 Simplifications due to symmebiy

The napbthalene molecule contains carbon atoms
which are -chemically equivalent because of the Coy
symmetry whlch may be assumed for the molecule, Thisg
neans that the eleétron d@ﬁ@ities at oerteln positlong
in the mglacule'are eaugl, For the two equivalent

carbon atoms r and &, we express this as

[ene | lun Loo= fles 1"l e

Integrating over all the ¢oordinates of Q’5 we Tind that
the coeffisients of Wy end Wy must have the same

modulus. The i th molecular orbital

SE{’” C;L.q% + C%ié%g.+ “““ +Co Y,
mey therefore be expressed in the form
' o w ) & ( J oo
F = Cu [0l + U+ ") ¢ o
tif 3
+w' Yy + W'y, +w U@) 4‘Cg1-6h}u% +£b'&%)
where the e’'s are #*1. (For a nolecule containing en

n-fold symmetry axis, theew's would in general be n th

: . L g
roots of unity). driting the above sguation Yor 5-3 o
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may be called symmetry orbitals, and (17) szpresses

the moleculsr orbitel W; ss & linear combinstion of

thems, It is convenlent, for computational purposes, to

use normalised symmetry orbitals.
The correct @ '8 are given & % 32 in

"character tables®, These determine the forms of the

syrmetry orbitals in order that they sﬁall be eigenfunctions

of all the symmetry operatorsg of the point-group of the

molscule., Now since:symmetry operation'leaves the

hamiltonian lnvariant, the latter commubtes with the

gymmatry operators, and so bthey possess the same

eigenfunctions. The symmebry orbitals thus generated are

thoge that are required in (17). There will in general

be different sets of characters w , and in the character

tables these form the irreduclible representetions belongilug
to the various symmetry classes. Owlang to the orthogonal
properties of these characters, the symmetry orbitals
belohging to the different symumetry classes are orthogonal,
and so the ¥ matrix element f( an, f Hid)@ > dr s
non~-zero only if @@ and ﬁ% belong to the same symmetry

; ¢4
class. EFQ- therefore factorises into submatTices l?{%;
corresponding to the various symmetry classes, showing
that in congtructing the molecular orbitals (17), only

@%?8 belonging to the same symmetry class need be used,



The procedure obviocusly reduoes the amount of

caleulation conziderably: in the naphthalene problem,

for example, instead of having to find the latent roots

of a 10 x 10 mabtrix, we have instead two 3 x 3 and two

2 %X 2 matrices. The generated matrices are necessarily
symmetric matrices, anﬁ their létent roots and eigenvectors

(i.e. energy eigenvalues and atomic orbital coefficients)
may theeefore be conveniently extracted using the Gukns

method:M, for which @n electronic computer program is

availablse.,
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C Cuee okl Qe
D Droee D! Dt
B By B By
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At At A Attre
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Cse Ct Grey c
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Al’" A A" A
Bflt B Bg, B
Ceer C G“ c
D!il D Dte D
Brete B Rt B
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o & dese
£ LESt.

dibenzpvrens ¢ : ts obtalined
L8000 Theory Lo an aromatic hvdrocarbon l-g. 6%

e da e

dibenzpyvrenes. snd of the results obtained.

S.1 Application of Group Theory to form symmetriec

geculsr natrices,

The point-group of thls moleculs is Dgps but
wa shall find it convenient %o use the subgroup Cgoy.
The symmﬁtryroperatians‘of this group conslst of a two-
fold axis of retation, Cy, psrpendicular to the plens
of the moleculs, and two mirror planes @y and Ty
mutually at right-engles, and porpendiculer to the
moléoular plane. In addition of course there is the

identity operation BE. The mesults of the 6perations on

the 24 2p, atomic orbitels are shown in the table on
the opsosite page, in which each asvonic o:bital is
denoted by its position. in the nolescular diagram. At
the foot ©f each colurm ig recorded the nuriber of times
that the syruelry Operation R converts an atomie orbital
into itself. This number, "X (R), nust be the trace of
tha reducible representetion matrix D(Rf'asaociated with
R which acts on the basis sst of atomie Qrbitdls, and is
therefore the sum ol the traces ?@(R) of the irreducibvle

rapresentaticus. We therefore have the relationship

X (R)= é%%(?)




B

where h is the order of the group (which is 4 for Cgy)
and @y is the number of times that the j th irreducible
repregentation ig used to form molecular orbitals

belonging to the symmetry class j. It follows tha%

%= 3 %IX{R)?@:(R) &

¢4l
e

ted

-t

using the orihogonaliby properties of the charaster

2

7%(R}. From the deflnition of aj, thls quantity is
algo equal to the number of pone~zero gymmebtry orbitals
in this ¢lass, and therefore o the order of the J .

. <

submabtriz. Ag uvsual the characiers j are given by

a chavagtor table O :
Coy E - 0y Oy o,
Ax i 1 e 1
Bp 1 -1 1 -1
Ag 1 1 -1 -1
- f -1 -1 1

., o2 P T oy 2 T o ey A &1 el .{.z .
voprescniasions given in this table, end those of the

Tedueible represcnbablons 1X{R),A{1§ gives



b

e

P§‘>
§
Bp
PN
2]
P>
ot
+

0l + 0.1 + 4,1)

Oul + 04\1 ha 4:51) =

Y
ol
——y
&
>N

E-d
128
+

Q
{]
ps

¥
5
(B4.1 4+ 0.1 + 0.1 = 4,1) = B
ag =% {24.1 4 0.1 4 0.1 + 4,1) = %
which prsdicts that the }KAla HBa’ HA.?. andMBl
matrloes are respectively 7th, Sth, 5th end 7th oxder.
The symmetry orbitals are generated as described
in the last ssetion, using the characters given in the
Ugy eharacter Utpble:
Ay symmetry claess
A.¢Ac% (s + Am L +A“)

A =2 B+3" +¥8 +E
A =%(@+c"+c +d)
Mg =% (0+D"+D +1)
, A'd’& =3 (E + "+ m o+ 5
Mg =} (F+T)
A{¢G =% (¢ + a')

Bs syumetry class
' ' i
32¢A=J;:(A - a +a - A"
3“% =2 (5 ~ B +B' - B')

. W, "
Bd, =1 (¢ « ¢ +¢' = o)
P =3 0 - D" 42" - D

ot t il
3”@: =3 (8 - B +E - B}
f}zdsgz =5 IF - PR e Ty o= 0
H
Prdy I GO Y ¢l = 0

"\J(
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Ap symmetry class

] { ]

‘Azdh =3 + 8" - A o 4"
A1¢% =3B + 8" . B . B")
b =3(c+c" - o« ¢
A"PD =3O + 0" - D . ")
Mo, =2 (€ + " - B - 5
g =3 (F+F o FaTF) =
Mg ctlerF - ¢ ee) = o0

B, symmetry class

B d)P« ____,%_ (4 = Am _ A' ' A“)
B|d%5=:% (B - Bm - B ¥ B")
B =3c- " « ¢ + ¢
'&d,b =3 (D - " . P + ")
B =3(- " = &' + 8"
Ph =3 - F o+ F)
Bh =tiee ¢ = 6 + 6)

The symmetry operations have been applied only to the
seven chemically distinet positions (the unprimed set);
the other sets give symmatry orbltals which arxre identicel
with these. The number of nonszero symmstry orblitals

in the four cases are 7, 5, 5 and 7, just as predicted by
the appileation of {1},

e i € 3 - . " a.
The mabteiz elsments O



simple quantlties inmvolving the parsmeters ¢ and /?o

The element

f% H ay ot
_fct»A Hdyg dx m{;f(/! HB +A"HB"+ AHB' +4"HB" )dr

* Pas

and the diagonsal element

[#:H e, dr 1 HI,

f‘f’» Heydr = 4 f(b Ho + 2" HD" 4 ' Hy' 4 pr Hp

i

i

@ 2 =B O Q W

Q w b

o

in }EA beoomesg
]

?

~QADHD - Ap"Hp") ox
= 0( - /gbb' .
The matrices conseguently become:
A B C D B F G
« g A2 far
Bea = Bev A2y
o {gcb /3‘5
ﬁDB ﬁDC “.&:ﬁbb'
ﬁ&c 0(*{355'
Jiﬁra o«
V1fen oLz feg
) B C D B
« P
ﬁBA a ﬁBD
o (5“0 ﬁcE
[gb@ {g'DC Gﬁi‘f;.bvt

=

Bec

c(&l‘gms'




t&h@r@. the upper and lower signs in the diagonal terms
refer to the up-er and lowsry symmeiry classes on the
left hand sides, respectively.

The faetors of A2 in the F and G rows and
columns occur with elements referring to bonds between
atoms of different multiplicities (i.e. between those
which are, and which are not, on a symmetry element).
The fact that the coefficilents of all the non-diagonal
/3 °s between atoms of the game multiplicitieg:u:t 1 ¢
axplained ag follous. The matrix element betwesn
aymmetry orbitels }43., snd é@ﬁs yn Mg’ is

[F Wy oo = [[esl o] H <L @) de
wkerve { s} and <T§ are Hhe row vectors of the bagis
g9t of atomic orbitals in f?s and Cf)«,é- and f’)(j_ (R) >
ls thelr cclumn eigemvector, obiaeined by normalising the

] th cheracters in the character table.

Jg\ci)chb'f'oLt :J((%(R)HSO H {7 I/X;(i’l)>obt
=‘<’A’5(R‘)l' §15>H<Tto(:c. h’} (R)>

Now &QS} H{T|dT iz a 4 x 4 diagonal matrix of ﬁsT’s;
it ie therefore & congtant matrix and commutes with <’X§, ('R)f
The latier vector is unitary, and so the expresgion

reducsg to ' ‘

B <L MRS = R

1,8, the natrix elemente expressing the Iintsracitlong batwean

o

symmetyy orbitels containing atons of Hthe sams muliiplicistiss
are independent of the symmetry ¢Lads.




B2 Regults of the caleuletion of energy elgenvalues

and elgenvechtors.

In the first approximation (the Simple Hicksl
Method ) thewﬁ valuss for all the bonds were agsumed to
be squal, and the caloculation was done in two ways.

Firstly the determinental equation
aet [ (H;), - ES§. |=0

Xas R
was solved for ths onergies E, and these were then

substituted in the seculaf equations
alm(‘*"[’-) +p gd.SL ©

in order to detcrmine the cosfficients dpy of the symmetry
orbitals, The second method was to use a compuber program
based on the Givens method®® to find the lateus roots
of the symmetrie.ﬂ4zj matricez snd to determine the
eigenvestors fci€>cﬁ‘th@ gymmetry orbitals. Congistent
results were found by the iwo mathods; and the eigenvalues
and thelr asgocleved elgeunveciors are llgted In thelr
appropriate symmeizy glaésaﬁ in Table I,

The digmcusgion of the electronle states and of
the gpectra which follow is nominally of thé resultg of
the simple Hueckel Method {in which all the boric‘i'/3 values
are assumed equal}, but 1% is qualitatively aelso valid
for the gubsequent iterations, for which the energy

sigenvalues and bond orders aere summgrised leter (in Table IV},
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{1} BElectronis Shates.

In order to describe the lower excited
electronic stetes, we shall need %o know the symeivries
of the singly-occupied molscular orbitals 271 with
respest to the full symmetry pointegroup of the molecule,
which is Dgp. The symmebtry of an electronic stete iz
that whose characters correspond to the direet producs
of the characterg of the symmetry classes of %the
corregponding molecular orbitals. Conssquently all
doubly~filled levels are totelly symmstric {all the

characters ave + 1), and therefore contribute nothing

to the symmetry of the state.

The character table of the Dp, group is

Dzh | B Ca(x) Cply) Cglz) 1 oy o ©op
Ag | 1 1 2 1 1 1 1 1
by 1 11 1 =l =l =1 <)
Big | 1 1 =1 ol 1 -1 1 -
Biy | 1 1 -1 wl el 1 =1 1z
Bgg | 1 -1 1 -l 1 1 -1 -l
Boy | 1 =1 1 -1 -1 -1 1 1ily
Bag | 1 “l -1 1 1 -1 -1 1
Boy | 1 -1 -1 1 0«1 1 1 <1z
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finekel Mothed,

% «2ﬁ63%3f§ k859845 | w1 . FE06TG -1 . 680000 |20, 675205 ﬁxozgzaggaﬁz GZRRLY
d, 265660 < 5LOO57 “ﬂﬁ@ﬁﬁéé o 538161 | 604513 ;1@3?5@
4y .56%029] ~.204706|. 101876 0 = LA70023| (231835 595800
d, .300796|~ ,260382| .591197 0 |~ 204607 ,352098 |- .571289
dy J189701) 593129 197893 .632855|e . Z020E0 jo 284770 |- 0474063
dg || -494815| 353547+ 110592 | (632455~ 040722 [~ 303982 |~ 254202
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dy JOE7H63] 2847707 321618 .6326%6|« 1574931 505129
2 J2EB2D21 [ 303082]  L0LO722|- G32456] 110502 . 3BTELY]-
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Wh@fﬂ the operationg

Galx),
rovations of 180°

inverglion through the eeniro

reflection in the molecular plane,

about the x, v and z axes;

Goly) and Gg{z) are

iis
of symmetry, and Oy a

Applying these

operations to the atomic orbital A in the symmetry orbital

with the lowest possible energy (where the only node is

in the moleeunlar plane, a pla

E | Catd| Glp |3 £

ne of anbtisymmetry) we have

¢
| | ™ | %

o §
2| b ‘w.g" | 2"

!wg'"! IR

If we think of this sequence as a vector, its scalar
produst with the vector {( 1, -3, -1, i, -1, 1, -1, -1)
produces the atomic oxbitalsz with the correct sign in
the symmetry orbital ¢>A§aqb in 931 (see Table II).
Table II

H? Huekel No.| Symm.elass Symm.erbital; Drbital ves~ Sy?ma clagy

i % g (Coyl %A tox (9@} El EER;
% | 0.673293 8y e’ d" ,-3000400,6  Bay,
¥, | 0.554959 L S I S N B WS R
¥, |~0.554858 By aef'ea' w 8" [LeL3sL5 0l Bgg

. i

Y, |-0.878a83 By aep'es' + ' L1 R

But this vector cougigts of the

representation (see Dgy

Al

P

oioaqu HO hwﬁ, Japie LEL GO

$,  zor she two bighest b

racter teble}, hence

nbeing the symmeiry orbisal

characters of the By,

vonding molecular orblvals
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‘%Zl and ‘fﬁ and the two lowest eantibonding ones, E?,
end ¥, , togetber with bhelr energies (in the foxm
of the Hﬁckel pumbers Xi) and thelr symmetry clagses
in the full Dgf point-group.

The lowest excited gtate of the molecule iz that
in which oune elecbron has been promoted from qzq e} 93
and as ezplained at the beglinning of thig sub-section,
its symmetry is thet of the direct product of the
representations of 324 and SE: s So the gymmebtry of
the P, Sﬂ' state iz thet whose characters are
(1,1,1,1,%0,=1,«1,-1) x {1,~1,2,-1,1,1,~1,~1) =
(1,+1,1,%1,=%,-1,1,1), i.6. By, The second excited
stete iz degenerate in the Huckel theory, since the
states V. P P, ena ¥, ¥, ¥ have the sams energy.

Thei§ gymmetrieg are both Biys



(i1} Elsctronic Spectra.
The probability of a transition between two
clectronic gtateg < and <y of the kind described

RS 85 58

above is proportional to the mquars of ths electromic
hrer- 9

transition moment Aa& which is defined as

a..@- f% Z $, dr

where )‘L is the pogition vector of the Vih electron.
The mtegml may be resolved into components, and so
the poobabiliby of trangition giving rise to radiabion

wlth a component in the z direction deponds upon

/\xaf. = f§a Zl’v EE& dr _ (3.8)
v

and there would be similar expressions for the y and g
directiong, One of the alecition rulea relating to
such a trangition states that 1t is allowaed provided the
product @D, Py trangforms like the veetor X, ¥ or Z.

spresentationg of the electromic

e}

In obher worde, the

<

my ag those of the vadiastion vestor,

ghbate must be the s

in order thaet those of the produed &;% shall be totally
symmesric {Ag), and the inbtegrand in {8} nonezero.

Application of the C‘mﬁ operatliong Bo the x adiation vegtox

X, ¥ and 7 chows thet thoze have symmstries Bi,. B, and

By &

SR

Tt . 3 g o 0y £y P e . . -8 T
LU0 SRAN ORSTRaveY Comuuuog with the




{ AGL = Q) between the gtates &P

different multiplicitiea.

”
=56

-—Q

and éE¢ if they have

The sllowsed transitions are

therefors singletesinglet, triplet-triplet, etc.

Table ITY shows the 8 lowest electronic states,

thelr energies and term symbols, and the polarisations of

the allowed %ronsitions bebween them.

The symmetry terms

are obtalned by forming the direct product of the

repregentations of the singly-occupied molecular orbitalg

W; (column 5 of Teble II), end reference made to the

Dgp character table.

The multiplicity terms s

as +1

(where S is the total spin quantum number) are writiten

as supersoripta.

Table IIL

The lower elsctronic states in l-2, 6.7 dibenzpyrsene.

El gtate| Scoupation Mo of Inergy of € [Symm.& |Difecticn o polaxiaizad W, to
$ v.¥, ¥ % rol.te gl ule, Yol temmo | B, % 5 5 &, 8,
Folozr femen Pl |0 = @ (9 (@)@
F, 1112 RS I o W L A
& |11 2 0 2,538167p 393133@ ® zy $ "

& |2 0209 2.2198928 [y "y 5 x
g |22 2.0 12082558 (LI, | = (D))
$, |21 02 2,2252538 |%3Byy |z ¢

& 2110 1a08e16e [ mgn | v

& |22 0 0 ¢ *ag




Recalling tho symmetries of the radiation veetors X, Y
and Z, the allowed transitions in whieh the ground stsie

§a ls the lower one are just those whose uppser states
belong to Bj,. Bg, or Bg,, whose associated radiations
are polerised in the x, y or z directions respectively.
Sub~column @, in column 5 shows that there are two
distinet transitions, polarised in the X and the y directions.
The polsrisation directions of allowed transitions
involving other states as lower stotes are also showa in
column 5.  { f ) indicates a forbidden transition.

Somg of the asllowed transitionsg shown in ¢olumn

5 are in fact nany«fold degenerate. Bach tronsition
with @ 5 as lower state for example is at least doubly
degenerate, since it can be singlet-singlet or triplet-
triplet, and similarly the transitions shown under %fgyé
ocour 8 times over. Moreover sincs the singlet. triplet
and gquintuplet states represented by ﬂi are raspacti?ely
two=-fcld and three~lold degenerate and nonédeganefaﬁa
(by the "branching diasgrem®”)}, the degeneracles bf the

.- &, and of the £, igﬂp transitions ave incrsased

by & factor of six.

The energy levelsm colceulated from the subsequent

in Tobla TVa, where, however,




Suad Ouders and Bond Deupbhe.

The second column of Pable IV b contsing the
Coulson

terbon Bond Orders caeleulated from the dabta of Teblie I,
Using Coulgon’s empirical bond orders/bond langth GREVQﬁ
{amsnded by Goodwin8 in the low-order region}, a firat-
mppzoximaﬁion set of bond lengths was Interpolated.

This set pz wag then ugsed to infer the appropriate ﬁfii
valuea for the next iteration, which yielded praosumably
more accurate energies and bond orders. Tabie IV b
conteins the p, £ and ' values for the eight distinct
C-C bonds in the moleculs for the four iterstions whieh
were carxlsd cut.

The bond oxrders show s certain tendeney towards

convergense, but do so at different rates. 43 a8 resuli
ths loweorder bonds 2-4 and 10-11 which converge most
slowly begore excessively low=-order (the third iteration
length of the 2~4 bond is 106062) which causes increasing
aberrations in the orders of the cther bonds. This
behaviour ia probably due to uucertainty in the order/
length curve used: few of the lengths used to conatrust
this curve ave sccurate to within 0,0135 and in view of
the pauclty of experimentel detae in the low-order neglon,
the abnormal velues for these bonds is not unsexpesied.

It is cleaxly desirable to strike a balanse
betwesen the two sourses of error {(insufficisnt and

e R Y A QI g O RPN Y
sroassive iterationg

¢

- s oo ene A Yo Y wam g A 53 B oy
b, Bnd 8 posslibls way of doing
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the total w electron energy of the molecule becomes
qonstant¢ The las® row of Table IV @& contains the sum
of the Hiekel numbers for the bonding orbitals, and the
relatlve chenges in thesge a¥3 small after the second
iteration, Using Goodwin’é criterion, then, we should

11 I g8 the most reliable orders and lengths.,

aeccept D and T

Even considering the iteration table @@ & whole,
however, bthe general bshaviour of the w bondsg is
preserved in the various iterstions. This is that the
pyrene paxrt of the molecule btends towards twe benzene
rings oonnegted by the low-order beond 10-11, end that the
two annelated benzo-rings become mors benzene~like and
ere joined to the wvest of the sysiem by means of the eoven
lower-order bonds sguch sg 2.4, The tendensy of these
benzo-rings towerds benzene rings 1is shown by the bond
orders, which approach the benzene bond order of éc

The calculation would sguggest that 1le2, 6-7
dibenzpyrene should behave, 1f not like four loesely
connacted behzane ringa, then to & certain extent, at

least, like déphenyl in which benzene rings join the 2

and 2°* and the 6 and 67 positions.




Table IV (8) Energy eigenvalues =%,
Co, symml, 1 IX 11X Iv

Ay | 2.634328| 2.295189 |2.259156] 2.225204

1.859943] 1,830550 |1.2068839| 1, 913160

1.330675| 1.264078 11,235308|1.215826

1,000000| 0.906619 |0,923630| 0,250059

By, | 2,246980) 2.047033|2.037332| 2. 027607

1,4614214| 1.,298507|1.253866 1.203296

0.554958] 0,600053 |0, 68720%| 0,770962

Ay | 1o424214| L 206502)1,197235 1,146897

¢.801978| 0,830170|0,870257| 0,902765

B; | 2.028844 1.897362|1,610213) 1,922750

1,122809 1.87240%|1.056662] 1,840109

0,673297| 0,620868|0,703058| 0,751680

}L: () (17.082196[15, 949056 16, 004850|16, 056500

(b) Bond ordecs, bond lemgths end B'~valuse
Bond | pt zb ot | pit gt godl| JELAEL G RIT] IV XY
I 2].614 1,402 0,955,639 1,394 0,982,653 1,350 0,996 {662 1,338
1 8[.667 1,786 1.008 [.665 1.387 1.006}.663 1,387 1,005 |.663 1.387
2 b|,428 1,483 0,714 342 1,538 0.571].205 1,606 0,433 |.19%4 1.G8%
2 10(.549 1.42% 0.876[.579 1.413 0,914,608 1,404 0,948 |.628 1.%97
3 &{.603 1.405 0,943 [.607 1,401 0,9%8[.62% 1.399 0,966,630 1.397
3 6,600 1,390 1,028,699 1,378 1.036].700 1,378 1.037|.698 1,379
b 5,562 1,519 0,892 605 1.40% 0,945,643 1,394 0,995,665 1,387
6 71,637 1,595 0,980 |.6256 1.908 0.968].627 1.398 0.969 .65 1,397 |

10 11,482 1,451 G.796|.52% 1,287 0,703,346 1,535 0,635,286 1.383
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$4. Tho Clax theory of aromatie hydrocarbons.

According to the Frimsg Rule, a benzsnoid
aromatio hydrooarbon tends to behave as if its W electron
struoture were that for whiok the greatest nuuwber of
isolated aromatic sextets may be written. By the term
"isolatsd sromatic sextet®™ we méah a8 benzenoid ring in
which three formal alternating single and double bonds may
be written, which are associated with this ring, but with no
other. = F¥or exampls, of the Xekuld structurem I to ¥
which may be written for phenmanthrens, I to IV contain
aromatic sextets which are associated with rings A end €
only, and V that in which only ring B contualns an arcmatic
gextet., By the Fries Rule, phenanthrens would be prédiﬁt@ﬁ
to beheve gs if lte ™ gtructure correéponded te the
former set (I to IV), and in Glar's systemi® €%0. 44
written as VI, in which the cireles represent the aromatie
sextets, the precise naturs of whioh is aa yet undefined.
The ring between the arometic sextets, i.e. ring B, 1s
congidered non-aromatisc, because it contoclns three single
bonds, two “arcmatic bonds® and an ethylenic double bond,
Similarly triphenylens is written as VIX, in whiech we have
three arometic sextets and one "empty ring™. This acecounts
in a valence-bond wey for the bond variations in these

molecules. There is good chemical ovidencetl for the
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ethylenic 9,10 bond, whioh parallels also the
Molegular Orbital r@é&lﬁa {previous seotion),

In an ecene, only one benzenoid ring may contain
an aromaetic sextet at eny one time, as is shown by the
struotures VIII to XI£ for pentacens. The other rings
oontain formal butadipe systems. Sinoe one would expeet
these systems to have very neerly equal ensrgles, Cler

11,12015 that the aromatic sexbet can migrate from

supposges
the éxtrema left bhand »ing throughout the system, thereby
converting each ring in tuwn inte an aromatic ring, in
the sequence VIII to XEII, At structure XII the direction
of the motion is reversed, and the sextet thus undergoes
an ogeillatory motion along ths acens, We note that ’
in order to account for the escillation of the azomatic
sextat, 1t is necegsary to suppose the motion of only two
eléctrons: since a non-aromatic acene ring already conteins
& butadiens gystem, it requirss only two further
“elsotrons to cdmplsﬁe ita érpmatie seztet. The motion of
this "arometic pair® is represented in Clar’s system by
ﬁaana‘of the azrow in VIIX, Clar‘s models of other
aromé%ic'hydroc@wbons may be described sgimilarly. Fop
the phene igomers of pentacgene, 1-2 benztetracene XIV aend

pentaphens XV, the Fries Rule etipulates the existence of
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two aromotic sextets. This accounts for the greater
stabilityll and benzene«like character of these isomers
over that of pentacens,

In order to complete the Clar theory, we shall
give 1ts picture of the aromatioc benzenoid ring in its
@implest form. Clar supposes that this ring which has
hitherto been wrltten acbually aontainsg thres double

bonﬁ31§ as does a Kekuld structure (;;, two of whioh ean
int@raetls°15 ag in %the valence-~bond ploture of 1,3

butadisene, bubt that the third bond mey not because of
oppos®d orbital directions, and ls consequently different
from the other two. ihoen wo sromatic rings are
engularly anneélated cnto a third ring to glve
phenenthrene XVI, the slectrons in the bondsg 11-12 and
13-14 interect to give a system which, together with the
electrons in the "different® bond 9-10 forms an induced

aromatic sextet ¥ in the ring B, which would be “empty®

on the Frie@ picture. The interaction and the induction
are indicated by arrows, and the induged mextet by &
dotted circle. The effesgt is shown too for triphenylsne
AVII end 1-2, 5-6 dibenzanthracsne XVIII. In the latter
moleoule we note that the indused aromatic sextet oceurs

on only one side of the molecule at any one time,
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Fig.2. The relation between the bond orders in le2

benzaﬁthraoene and'their inorements between

the first two lterations.
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S. Results of the computations on some aromatie
hydrooarbong,

.1 The effeet of iterating.

The negotive Hﬁckel numbers x4 defining the
energy levels Ey =«-X; 3, of the bonding MO's ¥ are
given in parts (m) of the Tables in Appendix A, together
with their sums, which define the total T elsotronic
energles in the molesulss. The columng labelled I,

IT and III raefer to the three iteractions which were
oarried out on most of the molgsules. Parts (b) contain
the sets of bond orders Dpg, bond lengths Tpg end [Spg
values ag oaleulated by the various iterations, the two
latter quantities being interpolsted using the Coulson~
Goodwin® r(p) and she Mulliken, Riske and Brown® [J’/(r‘)
SuUrves. The Tirat iteration energy eigenvaluas and bond
oxders for soms of the molecules have aiready been
caloulated by other workersl®, and we have usual;y acespted
these bond orderé for use in subsequend }terationso We
have listed the values of xf and p;is for the sake of
completeness end comparison, but have indieated with an
asterisk whon the values have been taken from elsewhere.

Although the total T electronic energies as

neagured by S {-z;) convergs quite rapidly, the ideal
. i
self-gonsigtency in the bond orders, and therefore in tho
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individual energy levels, is not realised, particularly

when the px valuos are less than 0.4; in this esse gerious

divergance oscurg, and leads to r values which pay far
ozosed the length of the longost measured C-C bond!

As we shall discugs later, this is probably dus to defects
in the r{p) end ﬁ‘(r) curves in the longbond reglon.
Since we are priwmarily interssted in the tendencies in
bond lengths, we shall not attach any particular
significance to these abnormal results, and shall accept
the second-lteration regults as being probably the most
reliable.

| The tables in Appendix A show thet the inorement
or decremsnt ln Uhe bond order p of a glven bond between
two auocss@ive iterations shows a rough (dependence on p.
On the average, th@ grester the bond oxder of @ bond, the
greater are the quantities pli-pl and pIII o pII, 1p
Fig. 2 we have plotted the second~iteration bond ordsr pzz
for 1-2 benzanthracene ageinst p L - pItI.  Although the
resulting points are somewhet diffuse, many of them ile very
alose %o @ shiraight line which passes bhrough the zero
value of DXX - pl ab pZI:-Ooﬁ%a This value ig near to

the average bond order @II:= 0.596, end hence we may infer

an approximate proporiionality between the lterebional

inerement ip bond order PII - PI and the quantity ptl o ptte
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Since the average bond order is on inspection elmost
independent of the iteration, l.e. Tile BL, the

proportionelity can be written

pH e pl = k (pII . )
1.0, pIT = pI  pI.jg (5.1)
1l - E

For the acenegs (Tebles 1 to &) where we have recorded

the average bond orders p, it is easy to verify the
prediction of (1) that if pX ) P, the effect of a further
iteration is to ineresse the value of p, whereas if

pI< P the result is a decrease.

If ths points had been a little more colinear, a
relation such as (1) could have been used to estimate
improved bond orders from the first-iteration set pI,

As it i1p, there would be too many uncertainties. . However,
our rule may be uged ag a rough gulde 0 the reliability
of a particular first-iteration bond order and to the probable

effeot of a second lteration.




Decreasing progression of bond orders in the acenes for iterations I and IIX

I IXX

Table ¥

A comparieck of the boend ovders and {calculated) bond lengths of
“gorrecponding bonds® in the acone serios.

\A\ K & i
gene | anthracene setracens ntacaeng XBCene
Bond\_ pIl gL | LI ;ﬁ% M ¥ pﬁ &

o B 787 3,362 | 795  1.361 | .798 1,361 | .799  1.361 \

Y6 630 1,397 | 662 1,388 | .673 1.385 | .677  1.384
£7 - e - « | 615 L.40L | 627 1,398

ad 490 1.487 | 476 1.85% | o471 1,456 | A60 1,457
Y7 - - o58h 1.412 568 1,417 561 1,420
£ o - - - - 508 1,407
B8 [520 1.421 | o508 1,430 | 503 1.4 | 501 1.442
§ 8" [4B6 1440 | 457  1.h6h | JAk6 1,571 | .442  1.473
77 e e L% B.A76 | 417 1,589 | 408 1,40k
07 - - - - - 400 1,499




H5.2 Bonﬂ variasions

{a) Aceneg.

Tables 1 to 4 in Appendix A show that the highest
bond order in an acene is alweys that of the af bond,
the rest deereasing in the progresaion shown in the
diagrems opposite, which were constructed from the results
of the firsp end third iterations. The general pattern
of the progressioné ig olearly very uniform for the four
acenes illustrated. The bomd orders of the bondas dﬁ ,
T6 e%0. (indicabed here for hexacens, bubt extendable to
all other acenews}! and of the "peri® bonds.ﬂﬁﬂ £5’ etc.,
deorease with increasing distance from the ends of the
acone, whereas the bond orders of the adjecent bonds

as, 37 ete,, increass.

A comparison of I and IIX ghows that iterating has no
effect on this progression, but in each case, however,

it has resulited in a relative lowering in the bond orders

of the ¢ § vonds.

Tn Table V we compare the (second lteration) bond
orders and bond lengths of the'bonds which are in

corregponding positions in the four acenses. While the
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bond oxrders of thege bonds either inerease or decrease

as we pess Lrom one nember to the next, they show
@ clsar tendency to reach 1limiting values. The bond

lengths do so more rapidly (since experimental bond length
is a fairly insensitive function of "thres-figure" bond
order), and it cen be seen that the length of the dﬁ
bond has already reached a constant velue at tetracene;

i.e. that the «f bond lengths for‘tétracene and the higher

acenes are squel.
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(p) Other aromatic hydrocarbons. Comparison with
Frieg~Claxr theory.

There ars voxry fow aromatic hydrocarbon series
which ere such that from a few "typicel" wmambers, &
general picture of iha whole gseries may be obtained, as
wes possible for the aoenes. We shall therefore dlscuss
briefly under this heading the results for the rest of
the molecules studisd, In order to reduce the ebmpleiiﬁy
e little, it is useful o compare various Xinds of aromatic
hydroorabong containing linearly aannelated benzenonid rings
with the correspondling acenes.

The dlegrams opposite show the pIx vaiues of some
benzologuss of tetrecene and pentacens. Ixamination of the
tetracene chains in 1Y, VI and VIII shows that the boné
orders in the rings D, onto which the bonzo rings &re
sonelated, ars much lower than thoge in the other rings, and
that the acene residus resembles anthracens rather than
tatrasenag. Similarly the molecules l-2 benzpsntacene and
1»2, 3-4 dibenzpentacens {V end VII} should be thought of
as derivatives of totracens, not pentacene. The bond
orders in‘the annelated vings B end F In IV end VI, and
F and ¢ in VI and VII, depart fairly little from 0,667

thegs rings are therefore beﬁzenewlik@, but with & small

degres of bond élternatipne
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We may thewmerore nake the pouneral observabion
that a bonzenoid »ing at a branch point of otherwige
linear amuelatod eygtens has little Lenzene-like ehzracier,
ond serves partially to isolate the svastens which sre
annelated onto ih. Suoh an isolatoed system may in fact
be obasrved even when there is ho annelated henzo sygtem;

in ¥the phene series such sz 1l-2 benztetracens IV,

1-2 benzpontacone V apd hozaphene ¥III, the Yuneannelabod®
bonds d(3 o o «La ong paritially lsclated gthylanis gydvems,
ag way ve peon Lrom thely relatively high p¢£ valuas of
0L.850 to 0.880,

2

golated bonzond-lilke i rings are in exeotly

(A

Tho
the same positions as thous of the avomatie sextets

predisied by the Friem ¥ule. This ig iwmedistely cleaw

s,

in sueh simple cases as 8 uetrebenz@nthracene X, and
wrriphenylene HIX, whers the sromatic soxteds ére uniguely
Gofined in f&ﬂgﬁ A, B, D, Poand &, and in 4, © and D
nespassively. Alshouzh for u moi@cule gonteining Q

Lineaxnly annelated sysbem it is not possible to define the

pogition of the arvomatle geuveb uzi aly., our caleulatlong
ang #biil in aswsome gith Gha Fries Rule provided we
GRE 8uiLll i 020s0msSie WILLH uie JTiey SuLp proviaca w

8 8 G R to . e P Ly e - '" “7 5= 4 dases ey
mosume with Glax thet the ayomaslic sORTEV 18 shared bobtueon
the varlous asone wings of the molocule.  The molonulo

Ya S & ) o o 2im 3 £ 3 e Tn Ty oo
when conbeing o looosly-oounld od neans gystom, wal ah i1g ko
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pleture at which we arrived for the molecules IV to IX.
Using the concept of "isoleted arometic gextstg™
defined in 8 4, we may amend the Fries Rule to deal more

adequately with the general case as follows:

The T electrons in e benzenoid aromatic
hydrocarbon may be pictured in a valence-
bond way es distributed so as to form the
mazimum number of lsolated arometic sextets.

Howsver, if as @ result a ring A gontaining

@

an aromatie seztot is amelated ontn 2

ring B contalnlng an igolated hutadiene system,
she positicn of the sromatic gextet 1s not
vniguely defined., and AB then resgembles an

lgoliated nephbthalene aystem in bona lengths

and chemical properties.
lgcliated naphthaelene system in bond lengths

The rule may cleewly be exiended to aceount forx
the isolated enthrecens and tetracene gystems suck as
thoge discusped for the molecules IV to IX, and in fact
%0 all the molocui@s whogea @olecular constants are listed

in the appeadlses. Bisanthraceone {TPable 15) fox exmample




obviocugly %tends %o bshave like two isoleted snthracens
molecules, and l-12 benzperylene (Table 14) %o a certain
extent like two naphthalene moleculss jJoined by the lowe
order bonds 1ll-12 and 13«14 and the ethyleéne«like bridge
bond 9«10. Picens (Teble 10} and 3-4, 9«10 dibenz~
pentasene (Table 22) show the isolation of terphenyl and
quaterphenyl s stems respectively, and also contain
ethylene~like bridge linkages. The presence of these
linkages, howsver, appesrs to distort the rings sli;htly,
thus con¥erring mors bond alternation than would be
expocted in the polyphenyls aszsuming the usual 8~fold
symmetrio model for the benzsre~like ring. |
Berlier in thig subegection we obgerved that @
ring containing a flzed or isolaoted asromatilc sexted may
be replsoed by & fixed doublse bond without appréciably
altering the reat of the bond orders in the moleculs.
An ezception to this generality mey be seen in the sxempls

1-2, 3-4, 5.8 tribenznaphvhaiene (Table 31}. Although.

this molecule misht poasibly be regerded as the symmetrical

tetrabenznaphthalens I for which one of the isolated
aromatic rings C has been ampubated and replacad by an
ethylenie bond 1-2 {see II), we now have one aromatic

gsextet D edjmcent to a butsdiene system in Ghe ring F;
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by the Fries Rule, therefore, the aromatic sextet will
be shared betweon the rings D and ¥, creating a
naphthalene-like gystem. This ig confirmed by the
compafison of the bond orders im rings D and F with thoss
in the benzens-like rings A and B.

It is curious that in g tetrabenznaphthalens I,
the bond order of the 8-9 bond, which the Fries Rule
prediots to be npearly ethylenic, is almost benzens-lilke
in the first two iterations, and only as a result of the
third does it béocoms the most pronounced 7 bond in the
moleculs. In tho mecond iteration the value is almost
identical with thot of the 9~88 bond in tribenznephthalene II
(0.873 end 0,875 respectively), end it suggests that g-
tetrabenznephthalene tends to behave as if the .aromatlc
sextet in one of the rings were sheved, as shown in III,

contrary to the Fries Rule.
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{¢) A comment on the relationship between the Clar models
end the results of the Hickel Moleeular Orbital

salculations of bond ordsrs,

Although the celculated bond orders are in some
approximate agreement with the Clar models, a more
quantitative relatlonship between the two theories should
not be exfected since the two theories are inherently
contradictory. The Clar theory is based on the conceph
of the eleotron«paix bond; a -0 bond whioch 1z drawn ag
gingle in a Fries model has no w electron character,

- 8ince the W elecirons are requived for coupling in
another part of the gystem. Thug the 8¢9 and the 16 bonds
in phenanthrene (using the numbering system used in

Table $§ of Appendix A) have zéro T bond order, whereas
the bond order of the 6«7 bond is unity. The Hiokel MO
theory on the other hand does not require electron-pairing
for bond formatlon, snd gtipulaetes an approxlmetely equal
degree of interaction bebtween the atomic orbitals of
neighbouring cerbon atoms. Ag a result all bonde between
two apa‘hybridized garbon atoms gensrally contain an
apprecisble amount of w bond character (pIIL for the
quoted bonds iu phonanthrene are 0,351 and 0.381
rescectively), unless the 2p. atomic orbitals are

directed at rightecngles to each obher.
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The fact that approxirate agreement is obteined
is not altogetvher surprising, however, A Fries sbtructure
together with the Clar model of the osoillating arometie
pair (the "Friop-Clar model®) constitutes a strugbure which
is effectively a superpositlon of most of the Kekuld
struotures from tho complete canonigal set in the Valence
Bond theory. Now 17 sufficiont nighly-weighted strustures
are gelested, we should have & “bruncated 2et", which from
wave~moohanlcal supesrienes is known frequ@ntly‘to furnish
8 pood total stass function. Paulinglvele ghows that
quite good bond lengths snd gualitetive ristures of
benzene, naphthslene, enthracene, phenanthrens and even
1-14 benzbisanthrene, are cobtained by consi@ering the
Kekulé/structures alone. However, the impcrtence o$
including the seéondw and higher-excited structures (i.e.,
the "Dewar structures') in the lavgoer aronetic systems may
be judged from the Velence Bond caleculations that although
the Kekuld strucitures in benzene contribute a qoghined
welght of 78% to the tobal resonsnce sbrusture, im
naphﬁhal@na th@ figure iz only @ﬁ%54o For the more
complex hydrocarbouns vullnant? has found insreasing
contributions from mors exoited structures, and that for

nolecules larger than anthracens the Kekule structures are

quite unimporitant. In such cases we may expeet no mors
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than a rough agreement betwean the Fries-Cler model end
the results of the Hluckel Qa}aulatiens. An example of
this ie seen from the average bond orders P in various
sizes of molecules; according to Huckel 0 caloulations
D deoresses from 0.667 in the smellest aromatic aystem
(benzene) to 0.525 in the largest (graphite). While
this is confirmed by the experimental bond lengiths of
1.395 and 1.%312 respectlvely, the Fries~Clar theory
prediots no change in bond order, Anticipating the
caleulations desoribed in a later ascction (§6.2), we
quote the result thet the bond orders prediscted by the
Fries Rule to be benzone-like decreage vowards the centre
of the moleculs, Thus, the desreasing bond orders

in hexabenzcoronens (Table 11 in Appendix C) for the bonds
1-16, 1-2, 2-14 aepd 10-11 (.665, 629, .571 and .585)
and the inoressing values for bonds 2«3 and 7«10 (.373
end .438) indicate incrcasing gruphite~like character to-
wards the centre of the moleculs, Again the Fries-Clar

theory predicts only two different bond orders,



5.3 Moleculsyx % electronie enexpicg.

(1) Aromaticity end stability.

Cheniccl evidenee suggests that aromatic
molacules may be distinguished from other moleculass
by virtue of their W molecular orbitals, which confer | |
on them & property called "arometic character" or
"aromaticity". Ve are now in a position to attempt
to provide a more quantitative bagls for this term.
Lot us firstly exenine the empirical qualitative bages
for'aromatioiﬁy from ehemical and physicael aspsois.

Chemically & molecule is said to be aromatis

if its formula sorresponds to & eyclie array of formal
alternating single end double bonds on the Kekuld valence
theory, but whiech neverthela&s‘aoasvnot exhibit typical
unsegturation properties. With elsotrophilic reagents

1t undergoss subgtitution rather thon addition resctions,
and shows a tendenoy‘to‘coupla with diazonium oomnounds.
Aromatic molecules are cSznerally unreactive in comparison
with olefinic unsaturated molecules, ond since many of
them mey be hiated $o high tomperetures without suffering

decomposition, they are often described us "stable®.
Physically an svomatic molecule may be diggnosged

by the presence of prominent and intense pands in tho UV



efdm

abporptlion spectrum, charsoteristic dieuagnetie
puscoptibiiliy, end very low proton resonance frequencies
for those hydrogen atoms outside (but o -bonded to) the

¥ -electron system. Aromaticity may also be detécted
by use of certain addltlve properties, since characteristioe
increments must be made for arometic rings in Parachor,
Molar Refrictivity ete. studles. The most common
eriterion of aromaticity is that of Resonanoe Erergy,
which 1s & direct caloxriietric measurerent of the extra
s8tability of en aromatic moleculs over a hypotehtical

one which is strueburally identical, but which contains:

nfixed" or Kekuld single and double bonds. This
information is provided by Heuts of Combustion and
Heats of Hydrog@natiomo However, since Resonance
Energy lg by dofinition a Valeones Bond ¢oncept, we shall
prefsr to work without it, snd use instead the ensrgy
of a moleoule which is provided by ite 7 eleotroms;
this is dirsctly caleulsble from MO theory, is aégetiva
and ¢tends to stobilisse the molscule.

The most striking oriterion of aromeblelty
which we have mentioned under the chemical and physiocal

aspects is that of stablility, and since this i1s easily

the best measurable quantity, we shall use it as a bagis
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for aromaticlty. Now thers are two quite different

definitions of the term “stability®™, both of which

have been Implied above to contribute to aromatlieity.

(a) Thermochemiocal ataﬁility: A molscule
isthermochemically stable if its internal enargy is low,
Ir undef certain conditions, A and B are in general
oquilibrium, the component said to be the mors stable
is the one with the lower internal energy, irrespective
of the reaction path or of the activation energy.barrier
between 4 and B and thus of the ease of the reaction
to the component with the lower energy. According to
the definltion we mey, strietly spesking, compare the
t@ermochemical gtabilities only for isomeric rﬁolecuies°
However, since the atomisation states and the combustion
products are each identical for all aromatic hydrocerbons,
the heats of formetion or heats of combustion pezx

rabeating unit mﬁy'be compered for non-igsomeric meolscules.

(b) Thermodynamic stebility: 4 moleculs
is gggggpdymamiaﬁigg gtable if it possosses a large free
snsrgy of activatvion AFT4o the trensition state.
Although this quantity could in princlple be svaluated
from knowledge of %the temperature, the enthelpy of

setivation ﬁﬁ4$(whieh could be compubed if the transition
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state werc known) and the entropy of activation AS%
the latber quantity ie very difficult to caloulate,
and ¢an certainly not be essuzed constant over the
very wide range ol éhapes and sizes of aromatic
hydrocarbona considered!

Thus we have regretfully abandoned the attempt
to calculate thermodynemic (i.e. chemicel) stubilities,
whiech would have been ugeful to corrslate with kinetie
data. We shall therefore use only definition (a) above,
and olalm that a molecule is stable if it possesses a

high w ﬂtabiliaatioﬁ energy: this is the amount Sy

which the enoxgy of a structurse is reduged due to the
formation of W M0's. Sinee we shall be concerned.

with the stabilities of molecules omly in their ground
states, we shell dofine the W stabilisation energy

as the modulus of equabion (80;0) gurmned over all the n/2
bonding moleculaer orbitals, and the result doubled to take
acoount of the occupation number 2 for each ococupied

molscular orbltal:

[3) ol
3

e L. =N ~— s }{4; ﬁo = ETT (5.2)

&

The molecular T sbtabillisativn energy affords &

bagig of comparing the stabilities of aromatie hydrocarbonsg
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poseessing the samd number of atoms and eleetrons

(1.0, isomers). To compare the aromsticities of none
lsomeric moleoules we shall have to coin a slightly
different definition. For aromatic hydrocarbons we can

use eithsey

{1} -+ g.e per benzenoid ring.
(11) ws.e par carbon atonm,
or (i11) Wsg.e per electron.
(14) 2nd (1i1) ere of course identical for neutral

aromatie molecules, but are different if we are dealing

with their cationz or anions.
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{(1ii) Calculated enexvgies

As wes dlsousged 1ln the ldst section, moleculss
consigting of nonnlineérly condenged benzenoid rings
contain some bonds which sre 6r particularly 1qw ﬂond
orders, and some of high bond order, both of ﬁhich
suffer distortion on iterating. When we wereldisoussing

the tendencieg in bond veriation, we did not regard thig

as being & very serious defect in the sscond iteration,
but in the comparison of the stabilities of isomeric
molecules where 77 eleetron energies diifer very little,

it ralses some difficulty. we have tnérofore decided

-

to uge first-iteration energiss for this purpose in

ordeyr to avold these iteration effeqts.

:(a)' Acenes end 1«2 benzacenes.
Table VI containsg the results of energy

calculations carried out on the acene and 1-2 benzacens

‘series. The columng of the table refer respectively to:
(1) the nurber Ny of benzenoid rings in the molscule,

(i1) the number Ny of carbon atoms in the molecule,

(1i3) the molecular 1?'elee$ron energy, £.

(iv) the inorenent O E. in (ii@) hatween two
successive mephers,

{(v) the W electron cnergy ver carbon atom E; ’

{vi) the increnent &-Ei in {v) between two successive
L jmembers,
| ‘ R
(vii)the W electron energy per ring E
R . -
in (vii) between tweo
i succegsive mamberxra.

and (viii) the decrement « A E
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The results show thet the inerement in the

‘molecular W sgtabilisation ensirgy ¥ (1.0, «AEW ) between
two successlve mombers decreases slightly as we proceed
along each of the two seriss iliustrated, but that for

NR‘)& for the acenes and ,NR>6 for the benzecenes, the

inorément beoomes constsnt at 4ct + 5.6123 s - Thie mesns

that the t 8.0 rer carbon atom, -E°

w ¢ 8180 increnses

slightly as the moleculs gete larger, but tends to the
1imiting value of {4« + 5.6126,)= & + 1.4035,.

Column (vii) shows that the W s.e per ring,

R
w

indicates that tho relative stablility of an aromatic

-E deoredses as we ascend the two serles, This

hydrocarbon is not necesserily ensured by tha possession

of & large number of rings. We know anywey that for

~

@ lég large acene vﬂzf; declines 0 4« + D.812f3, .
The decrease of the T g.e por ring, -vE:

8s we move down the teble indicetes that the benzene-

like cherscter of the vings is lost as the length of the

aoe-ne inecreases. The logs is initiaslly ﬁéry i‘apid, but

goon decreases to & small gquantlity, as may be seen from
mzzécusaim.g the results of T ole@tr'on enexrgy computations,

1t is convemient to speak of T atabilisatlon energies {ms.2)
defined by {S.5) vather them the energles themselves.



wFLes

) 3 ,
the comperison of = AL, for benzene~naphthalene and

naphthalene~anthracens. The rapid loss of benzene

cheracter iw am @oene with inorsesing length corresponds
with the congtent increments of A By =4x + 5.612f3,
for Np7 4. That is, it would seem that for tetracene
and the higher acenea, the only increase in 1t s.e.
comes from the addition of digerete butadiens units,

for which By = 4w + 4.472f3, , Sogether with a T
sta‘ba.lmation energy of %{5.612 ~ 4, 4‘?2)/3 0.570f3,
for cach of the itwo comnecsting bonds. We reoall that
it was et tetracene too thalt the bond orders and lengths
of the &3, «§ and ﬁ/.‘}' bonds showed a tendensy to
converge (@ee Table V), when they asaumed p and ¥ values
whioh tended towards thoge of a 1,3 butadiens system
loosely coupled to the rest of the molecule. This
result iz in agreement with the Cler model of ths acenes,
and we shall examine the correletion later, For the
1.2 banzaoénes the inorement in ¥ 8.8. becomes constant
at benzpentsocne, suggestlog that the benzacenes for
which Ny > 6 resemble the acenes wh:ioh contain one ring
less than the number contained in the lineax portion of
the acens chain. {In other words 1-&8 bepz»(n)*acene

resembleg (n~1)-acene.} This observation is in



qualitatlve agrecaent with the results of the bond
order and bond length calsulations for the banzeacenes
(s0e § 5,1 part {b)).
The Clar theory also acoounts for the higher

We.60 of each of the le2 benzacenes over those of the
isomeric acenes. In the letter we have only one
aronatic mexbtet, which, by means of the mobile esromatic
pair, is shared between n rings, whereas in the latter
there are two aromatic gextets: one ig fixed forming
a benzene~like ring, while the other is shared between
n~8 rings. Therefore the 1-2 benzacenes contain more
benzene-like oharaoter and less butediene-llke cheraster
than the soeuneg, and hence more T sgtabllisation energy.
The ¥ s.0. differsnce between n-acens and 1l-2 benz(n-l)e
acene increeses as the sizmes of the moleoules inorease,
but bsoomes constant at hexasens~ f[-dbenzpentacene
reaching a value of 0,186f%, suggesting an extre
stabilising onergy of ~ 3«4 kesl./mola due %o the

presence of ap aromabic sexieb.
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T Don'n of some iscmavric bonzensid arcmatic hydrocarbong

Raf,

§Terefdd Fro a8 8880

Molecule .

B

6a + 8.0008

100 + 13.6B%Po
lha + 19.314B0
Ysa + 19,4500

18a + 24%.9308¢
18a + 25.10260

18a + 25,187p.
18a + 25,19080
18a ¢+ 25.27%F0
220 ¢+ 30.54480
22q + 30,72680
22a ¢ 30.763Bo
22q, + 30.834B0
220 <+ 30.838B0
22a + 30.8798.
220 ¢ 30,8808
220, + 30,9368

2%, + 30,9428,

22 + 30.944fo

@ ¢

R 4

a +

e

1.333380
136848,
1379680
1389380

1 o 3850ﬁ0
1.394680

1.399380
1.399480
1404280
1.3884p0
1.396680
1.398%8a
1.401580
104017
1.4036f0
1.4037B0
1.406284
1,406580

lc%OGﬁﬁo

'22
)

R
Lﬁ'

6o + 8,000080

50 + 6,85%080

35% + 6,438080

o + 64833

égu + 6.232580
“‘“E + 6.27558,
=0, ¢+ 6,20688
¢ 6.29758
+ 6,3188B,

+ 6,10888¢

et bt »-
° g i e Sl

+ 6, 145280

%?u + 6,15250

if + 6,266880

22, + 6.1676@0

%gu + 6,175860

%ﬁq + 6,1761Bs

22
LA

]
22, + 6,1884p
b

a + 0,18728«

% 6 3 188850
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(v} A oomparison of the stabilities of some isomeric

aromatic hydrocerbons,

Because of the diffisulty of com>letely classifying
arométic hydrooarbong éccording to "families™ as was
poasible for the ecene and the 1«2 benzaocene series the
somewhat etbitrary method of classifying according to
the number of'benzenoid rings contoined in the molecules
will be used instead, ioe.'we shall cormpare isoners.

A glance at Table ?II shows that roughly speeking
the more bran%?d or bent is the ennelated benzenold chain,
the highsr its Wws.e. The Clar account of this
obéervation is similar to that for the acenss end the
benzacenes wﬁicn wes discussed under (a). The more
branched or bent the chain, the greaster the opportunity
for "trapping” aromatlc sextets in the short llamba,
which gorves to. lnorease the benzene-~liks character of
the mromatic hydrocarbon; #bhe latter fast is interpreted
by Clar as inoreased stability and therefors higher ws.e.

Writing the Fries or Friee-Cler strustures fox
the moleoculss {a) to {2} in Table VII, it is easy to

varify that the grestor the number of aromatic sextets,

end the smaller the number of rings over which they are

shered, the higher is the Ws.e. The similar stabilities
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for g end h for ezarnlie would be accounted for by the

dlggroms

&

each of which shows "lsolated"™ naphthalens and styrene
systems . (Of course in reality h is aﬁbxeciably more
stable than g due to the serious overorowding of
hydrogen atoms and ppssibly other repulsions in the
latter which digbort the molecule from its plenarity;
we have not taken ascount of this fact here.) A
oomparison of the stabilities of k end 1 suggests that
the loges 1u stabllity resulting from the extension of
the aromatic sextet from one to two rings ls more than

compensated hy the confincment of the aromstle sextet

in the other limb from thres ringe to two. The similarity

in ws.e's for m and nay b@‘understood by drewing out

the Friog-Clar structures, ond id@ﬁtifying the similax

lsolated gystems in each as we did for g and h.
Finally we call attentlon to the erfect of

Clar's “induged sextot” concept (whish was deseribead
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in §4) in some of these molecules. Strustures o apd p
each contain three aromatic zextets and two "Pixed
double bonds®, and as expected have similar 94T g.e.
values which are higher then those of the preceding
molecules in the table, which contain no more than two
sextets. But although three sromatic sextets end two
nfixed double bondis® may simllarly be writtenm for g

and @, the we.0.'s of these two molecsules is reletively
much greater (the E. values are ol + 1,4082f3, and

ol + 104065/39 compared with o + .LA-o%/ﬁo and x+1°405vﬁ,

for o and p, reapsectively). The dlagrams




ipdicate the formation of the induced soxbets.
Asguming the gf%%vnatur@ of the aromatie gextet, it
is olear thut in o and p an induced sextet may be
formed on one glde of the molscule (indicated by a
dotted circle) bubt not on the symmetrically egquivalent
opposite side. Since there is no reasson to believe
that the double bonds in Clsr‘*s aromatic sextet are
permanently localised in_th& positions shbwn in the
éentxe rings of o end p inm the above diasrams, we must
suppoge that the gtruotures in which the induced aexﬁet
eppears in the right hand rings is equally brobabl@a
The energy barvier between the two forms is likely %o
Se small, and so the resuli is a sharing of tneeéﬁﬁﬁgﬁ
sextet between the two gides of the molecule. The
directions of the amnelations in g and 8, however,
permit the induction of two permanent sextets as sghown,
The eztre 8ﬁabiliaation energy contributed by the presence
of & fixed induced oromabie sextet is small ( =2 0.05 3,
~ ] keal./mole) in comparison with thet for a normal
(*inherent®) sromatic sextet i3~4 kenl./mole; see {(a)
above) .

An idesl way bo confirm the predictions of both

Hickel and Clar theories relating to the relative

stebilities of the various molecules is To study thelr
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@xpsrimbn%ai molocunlar enorgles as revealed by thermo-
chemionl meapurements, | Unforsunately, few of these
ave availnble for %he condenged benzenocid systems in
which we exre lnterested, bubt the heats of combustion of
seven avowatie hydrooarbons ars quoted in the paper
gubmit tod for'publication “An Emcirical Determination
of the Huckel Pamamﬁterjg and of C-C qgﬁ CoH Bond Energies
in Avomatic Hydwocarbons® in Appendiz . The order of
the healtg of combustion for the three isomeric hydroe
sarbons triphenylens, l=2 benzanthrecens sud chrysene
1z oxactly tha®t predicted by the Huckel theory. The
Clar Hheory also prediscts the increased stabllity of
tripheonylens over 1-2 bengsnthracene end chrysens, bub

fails to distinguish the gtabilities of the two lattoer

moleownles.



8 6. The conptruction of a new r(p) curve and the

caleuletion of more acocurate bond orders.

8.1 A critvicism of the r(p) and ﬁ (r) curves uged
‘ ¢sted
for the calculationg of the molscular constants ﬁg;%ed

in Appendix A,

As was mentioned ln 8§ 5.1 the non~-convergence
with suécessive iterstions of bond orders and lengths
and of the Tfeﬂ ron encrgy levels is probably due %o
‘erronsous bond. order/bond length gnd bond length/ /5 value
relationships (i.e. r{p) and /Z(r ) which were assumed
in the region of low bond orders. Let us examine the
- formsg of tné curves in this region.

The empiricl »(p)} ocurve used was construeted by
extraoolatﬁnga Coulson’s 1951 r(p) curve®, thereby
1mplying g diverging bond length &8s P tands to %Yo o
Using this curve the "long vond" lengths of 1.53% an&
105342 measureagc for quaterrylene werse quite eccuratgly
na;culataép

The /3(p ourve was drawn from the caloulations
of Mulliken, Rlecko and Brownza and 1t was further

¢
assumed thet as p tends to 2eTo, /? does the same; tThe

curve tharefore sbarted et the origin,  However, this



15378 G [e2}

igs probably uot corvect: althouch the interaction
quantity f%&s should ineroase with bond order Ppg the
relationship betwsen them iy practioslly purely through
the length of the bond r«g, Sinee the (ideal) pure
bond between two spR«hybridized carbon stome {i.0. p = 0)
has a finite length (probably somewhere between 1.48

end 1.548), 1t 1s unliikely that fi actually desresses to

zero ab p T o, bub ghould itsel? have a finite value,

8.2 A more aceurate order/iength eurve,

5

In congtrueoting” his original order/length

ourve Coulson caleuleted some 36 bond orders from 9
arometio hydrocarbong using the Simple Hiokel method,
1.6, assunming that the ﬁps of all the bonds were equal,
and these were then plotted against the correspondiﬁg
bond lengths as measured by EQray analysis. Owing %o
the relatively lerge uncertainties in the latier,
together with the error due Lo neglect of I@umriation,
the regult was @ rather scabbered set of poluts, but
whioh strongly suggested en z{p) curve, and 1% was thls
"baat eurve™, togebher with Goodwin's sxtrapolation that

was uwsed for the molecules whose rosulis are in

Appendix A,



A more guocegsiul epproach %® $0 ressrios the
shoice of data for the order/length ocurve %o those
bonde whoge lengths axre known eccurately, and to use
in the calculmtion /g'valuaa whioh are inferred from
the experimantél bond lengths. Ths compounds dhosen
were naphthalene and anthracene, which have recently

been the subjeet of careful X-ray analysisal

23 a3

; ané also

benzene™™ and graphite  , whose bond lengths are reiiable,
The exzperimpnbal bond lengbhs ¥y, the inferred [ﬁ’valueé
and the éaloplate@ bond orders aye glven in columng 3,

4 and 5 of Tadble VIII. (We héxve uged the /3 {r} curve
dorived by Longuob-Higgine snd Salem® for this and

ina subgequent calculations, sinse beiamg based 6n more
reocent bond data, we bellove it to be more rellable then
the Mulliken, Rieclks sud Brown relationsnip3, Ascording
to this @ufvalth@ ﬁ'Valug of & bond for which p & o ia '
0;839 corregponding to @ bond length of 1.5328,) The
Table also includes the Burns and Iball bond lengtns‘?4
for ohrysene, which alihough mot as accurate as the
nephthalene and anthragene valﬁas,serve gs & comparison.
The r(p) curve obtained by plotiting column 3 against
column 5 is shown in Fig.B3. The kews least-squareg curve

peassing through the naphihalene, anthracene, benzene

and graphite points is the straight line shown, and
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haa the equation

TS 1.532 ~ 0.209p (6.1)

For the 1l bonds in the roleoules nephthalene,
enthracene, benzene and graphlte, the maximum vertical
deviation from this line is 0.0078 for the bond @ in
naphthalene, which we calculate to be longer then the
measured value. (The experimental “estimetsd standard
deviation" for the 11 bonds is 0.0058.) In column 6
of the Teble, ruaie 8ives the “pyobable bond lengths”
for the bondz in napkithalens, anthracene, ohrysene,
benzene and grsphite obtained by substituting the
calculated p valuss in the relationship (1), whiech
pProbably sorrects for glight inaccuracles in the Heray
bond lengih msagurements.

The sonaglobeney belween the order«length JUrve
(1) end the chrysene bond date (denoted by X's in Fig.3)
is 5 11ttle legs mark@d,‘but there are still only two
deviations greater than 0.018. . One of these refers bo
the bond £ whoge length iz well oubside the range of
the 11 bonds used to derive equabtion {1}.  The locus
of the z{p) curve in this region is uncertaln, but if
the Burns and Iball length for the bond 1 is nearly

correct it would indioate that the gradient of the v(p)
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Table VIIX Meagured bond lemgtho, inforred B° valuos and calculated
bend orders for some srowntic molecules.

Holocule Bond Ty Bl P Foale
1) Naphthaleno e 1,366 1,095 772 1,371
I b 1.421 0,910 521 1,423
\ [ 1.415 0.929 .5kl 1,418
| d 1,418 0,919 571 1,413
2) Anthracens e 1,436 0,869 .475 1.433
£ 1.368 1.080 .796 1.365
g 1.428 0.830 506 1,426
B 1.399 0.976 .628 1,401
1 1,419 0,916 .510 1.425
3) Chryezene J 1409 0.945 .573 1.412
k1,409 0,945 .587 1.409
1 1468 0,780 .42h ?
n 1.381 1.035 .732 1,379
n 1,396 0,995 .581 1,410
°© 1,363 1.005 ,75% 1.375
Cp 1,428 0,890 .53k 1,420
a 1,421 0,910 492 1.429
r 1,368 1,080 777 1.369
8 1,428 0,890 .525 1.k21
t 1,401 0,970 624 1.40%
4) Benzene a  1.395 1.000 .667 1.393
5) Graphite . v 1.420 1.000 ,.525% 31,422
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Fig.3.

Improved bond order/bond length curve

r=1,532 - 0,209
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ourve should increase negatively, 1.s. depart from
linearity, as p deoreases from 0.5.

The length of the ethylene bond mccording to
(1) is obteinad by subgtituting p = 1, whers we get
b ) 1338330 which ig 0“013 shorter then the now accspted
valueZl, Putting p = o we get 1.5328 for the length
of'a.bond between spawhybridized caxbon atomg for which
there is no T bopd character. This is exactly the
valus assumed by Longuet~Higgine and Salem5 when deriving
their f3 (r) ourve; they assumed thab the lengbh of

ethane
such @ pure ¢ bond was the (-0 distance in ethiyiesnse.

It 1z now belleved that such a bond is probably shorers ' 28

than 1»5583, but as yet thers are no rellable sstimates.

As 8 matter of interest, we observe that if the
bonds & %o 1 in Tebls VIIY are disregaerded, end a
straight line joins the benzene and graphite points
] aﬁd v (whome bond lenghths ave known ‘s most ascurately
of @ll), the equation of such an oxder length ﬁelationship
im

r = 1,817 - 0.188p (6.28)

The length 105173 for & pure'spg C-C o bond which ls

29
implied by this equation is a reasonable valus (Coulson
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now uges 1n51§}¢ Moreover this equatior ppedists a
longth of loﬁﬁﬁg for p 2 ), which is vory close %o the
neasured lengtheﬁ of an esthylenic bomd, However,
because of the Yaot that squation (2) 1z thet of a line
Grawn through only two polnts, we shall usme (1) in

proferencs to (2} in caleculating bond lengths.

The offest of iterating using (1) 1s showa
in Table IX. Here we have computed the bond orders
e%c, in naphthalens and sathracene by the usual method
of gtarting with the Simple Huckel Method, snd inferring
bond lengths and improved /ﬂ’ valueg. The results of
the gixz lterations show thet almost complete convergence
ig now obtained for the bond lengbhs, aend that the
values converged to are very nearly Hhe T.q4 values
in Teble VIII, which we described as the probable bond
lengthe in pephthalene end anthracens. The resgults
suggest that the use of the r(p) funstion (1) for bonds
for which 0.45< p< 0.8 gives bond lengbhs which are
freo from the "iteration effeobs™ degeribed earller.
Bagguse of the non-validity of the order/length
ourve (1) in the region of iow bond oxder (p<0.45),
1t should elearly be used only for molscules whioh'do

not contalp "iong bonds®.  Such molscules can actually



Tablo IX (a): lnmergy eigeavaluos for maphtahlens and anihraccno

oG

galeulatad using the new order/length ouRve
(aquation 6,1) and Lenguet-liiggine and Salem’s
Six iterations, to teat for convergence,

B{r) rclationship.

(i) naphthalene

&

Coo Ry, 1 iX III v vl VI
A1 2,30278 2,191591 2,193508 2.193572 2,193911 2.193892
1.00000 0.093%187 0,928616 0,927788  0.927439 0.927079
B, 1,61803 1.618048 1.620106 1.620892 1.621756 1.622193
. 0.561803 0.662048 ©.68%106 0.691892 0,696756 0.699193
B, 1,30278  1.269778  1.269124 1.266360 1.26535%i 1.264971
P (-x,)  6.84162 6.675652 6.69486L  6.700503 6.70521h 6.707327
P
(ii) anthracenc
Co, By, I IX IIL IV v VI
Ay 2,41421  2,271416  2,270316 2,270553 2,27i%4k 2,272133
1.41421  1.394118  1.309380 1.401730 ). 403910 1.404047
By 1.35335 1.921526  1.917809 1.946810 1.917271 1.917233
1,00000 0.908911 0.897882 0.894590 0.89L184 0.893821
Ay 1,00000 1,003438 1.061369% 1.019400 1,022455 1.024054
B, L.41420  1.377851 1.37986h 1,5788hh  1.378356 1,3577722
0.41521  0.460683  0.457831  0,501439  0.508505 0.511457
Z (=) 9:63635  9.35INS  9.366772  9.38366  9.396636 9400467

e



7abke IX (b) Bond orders, Lond lengths and B° valuss for naphthalene and anthracene (six iterations)

~

0o

S S I1 I XX | KON MIX G BEE) IV IV IV VOV Vo VTV

: Eond P r P 3 VI fep A

oale,

,725 1.381 1.035] . 748 1.375 1.052{.759 1.373 1.059|.76L 1.372 1,663,766 1,372 1.065].768 1.372 1.066] 1.371
<555 1,416 6.925].540 1.219 0.916].531 1,421 0.920(.526 1.422 0,507 .52% 1.422 0.906}.523 1,422 0.905] 1,423
603 1,406 0,958] 573 1,412 0.937].559 1.415 0.929{.553 1,426 0.92%5] .550 1.417 0.923|.549 1.517 0.922f 1.218
o518 1,428 0.900].540 1.5619 0.916{.555 1,416 0.626|.563 1,434 0.931|.567 1,414 0,933],.569 1.213 0.934% 1.413

agens
2535 1.420 6,915] ,507 1,426 0.835] 4090 1.4%30 0,885].481 1,432 0.880] .A76 1.233 0.878] A4Th 1,435 0,877 1.433
o738 1,376 1,644 770 1,371 1.069] .787 1,368 1,082{,795 1.366 1,083} .800 1,365 1.692] 802 1.36% 1.093 1.363
i85 L.431 0.882] 488 1,430 0.88%] o497 1,225 0,889,503 1,527 6.893 .506 1.425 0.895] (508 1,426 0,971 1,408
.606 1,405 0.,960{ .620 1,402 0.967] .624 1.401 0.970].626 1.401 0.971{ .626 1,401 0,971} .627 1.401 0.971} 1.401
<586 1,410 0.945) 543 1,418 0,918} .520 1,423 0.903|.508 1.426 0,896} .502 1,427 0,892) .99 1.428 0.89Y 1.425

ooncsn
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be eaglly recognlsed before making any saleulations:

in @ molecule containing an arrangemsnt of bonds:

C,—C
P 3\\

it 15 invariably found that the bond order of the

Cp-Cz bond i3 low, as may be verified from the examples
in Appendixz A. Moreover, the hydrogen atoms which

are bonded to €3 and €4 are situated at a mutual distance
of 1.8 to 201§5 which is less than 20%2, twige the

van der Waals radius for the hydrogen atom, Thus there
ias an additional uncertainty dus to H-H repulsion,

which may possibly osusge soé@ atretehing of the Q2°°3
bona®. The molecular constants (xy, p, T end /'5') for
The molecular constants (xy, p, T end 8 ) for
aromatie hydrocarbons not containing long bonds of the
kind deseribed in the last paragraph are listed in
Appendix B. Again we got satisfactory convergence of
the bond lengths: the third iteratiom in each oase

deals with an almost self-congistent model, and we may

therefore cl alm that the bond lengihs rIII are reliable
T

bo within about 0.00B8.
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The self~-consistency extends to the energy
eigenvalues: the Huckel numbers of corresponding levels
in the second and third iteretions are usuaily consistent
to within 0.01, whioch was not generally the case for
computations on the sams molecules recorded in
Appendizx A. These values may therefore be useful
in the comparison of slectronic energy levels with

the obssyrved lespeetrao

Treatment of arometie hvdrocarbons containing long bonda.

We shounld not expect the results of csloulations
of the molecular congtants of molecules conteining
"long bonda™ o be ag accurate as those for the molecules
ligted in Appendix B if, for such calculations, the r(p)
curve of Fig?& is merely linearly extrapoleted. However,
for molecules whiech our eerlier csloulations show &
resemblance to small aromatio systems which are loosely
coupled by means of low-order bonds, &DmS simplifioaticna
mey be made which lsod to lmproved aocuracy.

1-2, 3-4, 5-6 tribenzenthracense is known
somswhat to resemble four benzens rings end an ethylene

bond which ere coupled Logether by meens of low-order
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bonds (see Table 21(b) of Appendix A). We therefore
asglen /V values of 0.7 to these low~order bonds, 1,0

to the bonds in the benzene-1liks rings and 1.1 to the
ethylens-like bond 22«23, and perform the usual
caloulation., TFor the next iteration we use /3’ valusg
correaponding to the p and ¥ values obtailnsd from the
first iteration for the bonds in the benzéns-like rings,
but we keep ths /3'velues for the low- and highecrder
bonds at 0.7 and l.1 respectively. Successive
iterations of this kind lead to setisfadtory convergence,

and the results ars shown in Appendix C.

6.3 Results obtained for aromatic bydrocarbons using
the new bond order-bond length relotionship.

The energies listed in Tables X {a) and (b) are
taken from the 4th iteration results in Appendices B and
C respeotively; they ere obtained using the improved
r(p) and the Longuet-Higzing and Selem /3‘(r) relationships,
with the special provisions made for the extrems long and
shogt bonds in the molecules in Teble X(b), deseribed in
8 6.2. The 2nd, Srd eto. columns refer respsotively to

the number of carbon etoms in the molecule, N, , the
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pumber of arometls sextets, Ng, thew stebilisation
energy (whlch for conclgeness has been prressaa‘as
(B, Mo ')/(30'), the Ws.0. per carbon'étom, and the
Hiokel number of the highest bonding molecular orbital,
%p in units of f, .  The last two colurms contain the
wavelengths and wave numbsrs of Clar's pébonds for thege
molecules, which will be used laters

From a eompqxison of the Ei_ valuse of #aripus
'sizea and clagsés of aromatie hydrocarbonsg we had nppéa
to_reach gome copncliusion regérdimg'th@ relabtive staebllities
of the molecules, such as the confirmation of Huckel®s
Ln + 2 rule. However, the only regularity cbserved ig
a slightly increasing E; value as the size of ths
molacuie increases. In trying to compare this paréicular
péwdiétion'wiﬁh ehemical experience, it must be remembered
that there ar® am veb very few quantitative meaauremen’aa~
of the gtabilities of molecules aceoiding tolour definition
of Eir o . -Algo the faot thaé some of the ocompounds listed
in Tables X{e) end (b) contain "ethylenie" bonds intro-
duces momalgggggggi instebillty into these molecules;
this requiraé 2 definition of thgrmcdynamiczstnbility
(menﬁioned.in 8 5.3) for a proper description. However
‘axperimsnt essentially verifi@s the predietions for

molecules which do not contailn these "athylenic® bonds.
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Calorimetric date roveals that diphenyl is indeed more stable
than benzene; Clapld reoorts that tfiphenylena XVIIT is
oartéinly more stable than 1ts isomers (we also deduced this
from the results discussed in pert (ii) of 85.3), since it
"does not dissolve in concentruted sulphuric acid,
Dibenzpryrene XX is similarly very stable in comparison with
pyrene, and may be heated withouﬁ decomposition to 340° when

11
°

sublimgtion takes place The molecules XXV and XXVI ave
also immune from attack by counc. suiphuric acid, and sublinme
at 200°, Hexabenzcoronsna XXVII is the most stable hydro-
carbon kiown, and melts only at 700013,31,

The progreossive increase in the w s.e, of the
isomers XXI, XXII and XXIII is sccounted for by the Clarx
theory: all three molecules contain four inherent sexitets,
but whereas XXI containsg only one induced sextet at any one
time, there are ressong for believing that the double bond
in XXIX somehbw participates in forming two sextets
simultaneouslyl4o The dibengzperylene XXIII, however,
containg ﬁwo normal permanent induced sextets and so has a
correspondingly higher W g.e, ‘The nolecules XXI and XXII
are exceptional in that their E§ vilues are less than those
of the two preceding members XIX and XX which contain 2
smaller number of carbon atoms. Other examples of this

behaviour are XXIV and XI. The reason for this 1s not

vnderstood,
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Table X (a) Molecular cenotents for the meleeules Risted in Appendix B

Molecule N 1 B ES gy M) Va6t
I naphthalene 10 3 13,4347  3,3415 0.6992 2865 3,490
II anthracone i 2 18,8009 1.3420 O0.5115 3781 2,665
T tetracene 18 3 23,5480 1.3082 0,361 4728 2,115
IV pentacene 22 3 28.924% 1,347 0.2797 575  1.738
V hexacene 20 & 34,1058 1.3118 0,220% 6854 1,459
| VI hepiacene 30 5 39,8289 1,3276 0.1700 - -
VII ectacene 3 5 15,0928 1.3203 09,1381 - -
VI nozacene B 6 50,3228 1,324 0,1138 = -
IX pyrene 6 2 21,3799 1.3362 0.528% 3372 2,966
X anthanthrene 22 3 29,8096 1.3550 0.3536 4331 2,309
XI coronene 25 b 32,3942 1.3%498  0.,4698 3415 2,928
L2389 030 5 40,7606  1.3567 0.2369 5236 1.910
XL ovalene ®» 5 53,9992 1.3730 0.3742 4560 2,193

Table X (b) Molecular constants for some "fully aromatic” molecules
(Appendix C)

: ‘ —

Molecule N, \NB E, L; | x, kéﬁ) | 'Vpx{‘gm’l )
XIV  Cli=CH, 2 § 22000 ],1000 1.1000 — —
v © 6 1 80000 1,3333 1.000 2068  4.835
XVi () 12 2 16,0568 1:338) 0,765 2530 3.953
10+ SICOS 1 2 18,9256 1.3518 0,682 2,945  3.396
Q i
XVIII (© B3 25,5285 1.357%F 0,701 2870 5008k

c@ﬂt'do ee0



Teble X {b) cont'd,

o N

v

Molecule N E Ec '17 X
e . w Xy hp(ﬁ) | px( ig“l)
0
XIX ©0®‘1 20 27.2391 1.3620 0,56 3315 3,017
A .
x © 5 © 24 32,7352 1.3640 0,587 3290 3,040
Qe
| XXI 6000 26 35.3800 1.3601 0,589 3450 2,899
@ @
XXI1 X)) 26 35.3908 1.3612 0.555 ? ?
O
ce ‘
XXIII ®“@ 26 35,5733 1.3682 0,518 3775 2,649
©
OP0 o
XKIV @‘@0@ 30 40,8620 1.3621 0,611 3310  3.026
Xxv S 30 51,0763 1.3692 0,53  37%0 2,674
9 - ' 6 140
XXVI @@ 36 49,4003 1,3722 0,531 3650 2.7
YA
&0 675 o.58
vy JJOE e 57,9006 .3793  0,h90 3875 2.08)

e Sy AN T
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Figed, Molecular 4y s.e's plotted against the

number of caerbon atoms in the moleculs.
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The foot that @ very small but fairly regulaz
increase in E%, with W, i cbtained showing no
departures for noneHuckel hydrocarbons (for whieh.Nd¢
4n + 2) indicates that we observe no validisy of the
Hliokel rulo for condensed benzonoid systems.

In Fig. ¢ we have plotted the molesuler M B8.@.
Ew againsgt one-gizth of N,, so that the abscissa
meagurea the number of benzenold rings in the molsoculs.
¢

Although we know that B_

v inoresges glightly with N,

which must result in g corregpondinz increase in the
gradient of the B /Né curve, the curve is closely
linear. This neang that the ™ s.e. of any benzenold
aromatioc hydrocarbon ig nearly directly proportional to
the numbexr of carbon stoma in the molecule, and may be

caloulated approxzimately from the equation

E.® Ng (ot + 1.378(, ).

8.4 (3)The_coloulation of the positions of the elestronio

transition bonds for. dromatic hydrocarbong.

The enefg? of the alectronic trenaition from the
5 th to ths j th molscular orbital is calculated from

squation {(2.9) %o be



w G5

(2]

whexe & %43 1o the difforence (zj - x,) botwsen the
"Hiokel numbers” of the i th and j th MO's, where it is
essumed that ;> B3 in order that the calculated transition
'energy 4125%_ be positive, The frequency of the radietion

Y., is therefore given by

|
V¢~ = I &Y.;é/ﬁa

apd by comparisg the observed valuss of 4@}with the
celculated AXi an empirieal velue for ﬁL may be
oalodlatad.

It is gonerally supposed that Clar's p-bands
in the UV absorption sgpectrum are caused by transitiqns

 from the highest occupied to the lowest unoccupled levels.
Thils l1ls evidencoed by the fsot that in naphthalene,
anthracene and tetracene, the p bands are found
experimentallysl %0 be polarised in the direction parallel
$0 the short axis of ths acene, which indesd corresponds
to the 1By, mymmetry expected for the trunsition xp— Xp.q.
In alternent sromatle hydrocarbons Ip.i = =Ep,i+l. SO the

calgulated Ffrogusnoy of the p«band 1is

Q[b’o
/V/p = TX%

wheTe x, is bhe Hlickel number of the highest oscupled

molaculay orbital. Quite good lineer gorrelationg are
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obtained by plotting A egalngt theo experimental values
of A, . TFig.5(a) shows such an attempt; ¥, are taken

from (‘}:La:cm“'15

s and Z, from the results of the celculations
in Appendices B and ¢ and summarised in'Tables X (a8) and
(b). In Fig. 5 {b) we have plotted only tha data fbr
the acenes (benzene to hezacene) ahowing an slnost paffeot
linear ocorrelation. This shows the importance of
takiﬁg account of bond length variations in assigning ﬁ”
'valuéa: Wh@ieaa the benzene point is solinear with the
points for the other scenes in our troetment, it is not

if gimple Huckel z, valuss are used. Dava for the other
five @olecﬁl@g listed 1n Tébl@ X {a) 4o not give suoh

-8 good coirale%ioﬁ, It would appear that somsthing has

- besn neglected whoge effect is revealed in eomparingl |
différent clagses of molecule.

The f, value calculated for the scenes is half
thé-slbﬁe of tho lower curve -in Fig. é(b), l.00
2,12 x 10@ cmml @ B0 kcél/m01@.~ This is mores than twlce
' the value obtailned from a comparison of the calculated
total W energies with @harmgohemiéal date {see for exanple
Appeﬁdix;]) . The dise@spancy ig almost certainly due

10 negleot of configurational interaction, which o¢eurs

to different extents in the ground and excited statesg.



Fig.Ba, Plot of the wave-numbers of ths p~bands against the caloulated

hichest ococupled snergy level for the molecuies in Tables X{a)

- ~ and X(b)
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x = Values from Table X(a)

® = Values from Table X(b)
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The correlgtion line does not pamss through ths
origin as might be expscted; Fig. 5(a) shows that when
X, = O, ;% « 6 z 10% om~1, Streitwieser (see p.213
of ref.7) expleius that the calculated transition energy
2x, ﬁ, is for & transition from the "centre of gravity™
of the singlet and triplet ststes to the ground stste.
Sines the abserved transition is the ginglet to ground
gtate (triplet to ground state is forbidden), the
calculated trensition snergy 2x /2,, will be to06 bigh
by the fector E (singlet)=BE(6. of g.). From the ié/xh
surve published by Streitwleser (p.220) in which Simple

Hickel x, values are used, B(singlet)-E{c. of g) is about

1.0 x 10% em™2, From our ocurve (Fig. 5 (b))} the

gquantity iz 0.5 x 10% em~1, Since it hes not been

established thet the Hickel emergy levels are in fact

the quaptities suggested by Streltwleser, il 1z possitble
thet with inoreasing refinements of the Huckel-type

e » L
caleulations, the quantity E(singlet)E(c. of go) may

vanish altogether.
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(b) The calculation of spectral shifts due to annelation

I 1I IIT

\p (X) 2068 ——3292 _, 2870 —20 3450

A8 (2) 1819 —122 5 o579 —3B o pg05
HOMO(Bo) (i) 1,000—22388 o0 6o 0107 o oo
(ii)  1.000—2:222 5 g 907 0080 o 46y

The above figures show the sffect on the positions
of the UV absorpiion bands; of the annelation of a
-diphenyl system, firstly onto benzens (I), and then onto
the resuliing triphenylene (IIL} to produce tetra-
benzanthracene (III). The shifts in the wavelengths
of the bands are much less in the second case than in
the first, although the addendum is the same in both

cases. This effect 1s called ssymmetric annelation,

and is interpreted by Clar as being due to the asymmetiy
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of the fully aromatic rings. Whoreas in the first
annelation an induced sextet is formed in the eentral
ring, 1% is not possible to produce a second induced
sextet in III for the reason discussed in B 4, end the
spectrél shift is consequently muéh less.
Also shown above are the Hickel numbers X, of

ths higﬁast oceupled molecular orbital (HOMO) in esasch
case. These heve been obtained (i) ueing the simple
thedry, in which ﬂ’Valuag for all the bonds heve been
asgumed to be unity, and {il) assuming that there are
two. types of bonds: "single® and "aromatie" to which
/g'values of 0.7 and 1,0 were asgligned, as described

in 8 8.2, end the calculation iterated until convergence
wag obtained. Since the lowesteenergy transitions in
each case are (x,n“ - }(%)/30 = 3”% ﬁal , the HOMO
Huckel numbers ¥, Ray be uzed as a bagis for the comparison
of the spectral energy shifés, Both serles of figures
(3) and (41) show that the “esymmstric anuneletion effect”
i3 borne out in calculatlon.

An interesting anneletion ig that of a butadiens

syatem onto & "fixzed double bond™ in fully aromatic

hydrocsrbons, which, as we obaserved in 8 5.2, has 1little




©305e

effect on bond orderse The simplest system which containg
such a bond 1is phenanthrene, and the wavelengtha of the {5
and p bands glven below show that their positions are

changed very little by the snnelation of a benzo-ring

onto the 9«10 position:

% inergy shift

M p(A) 2945 ———% 2870 -0.28% -7
A (,& ) 2547 ey 2595 9,16?;@ g7
/3 157 x4
HoMO (v) 0,605 ——> 0,884 1.31% 5%
w o (i) 0.8828 ~———> 0,701 0.38% 285

This would aeppuar to indicate two alternative explanations.
The first is that the shift produced by the removal of
the 9-~10 "double® bond is approximately equal and opposgite
0 that produced by the new arcmetic sexiet. The second
i8 that the 9-10 “double® bond is present also in the

corresponding position in triphenylene, indicating that
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in an aromatic sextebt there are two elecitrons which are
gomehow dlfferent from the other four., Clar has adopted
the second explanatlon to formulate hils theory of
aromaticity Geseribed in 84,

This anhelaﬁion effect 13 also predicted by
Moleoular Orbital theory, aslgﬁown by the figures in the
last two rows. Clearly the improved Ruoksl treatment
gives & better account of the percentage energy shift

than the simple theory in whieh no account is taken of

the variation in bond lengths.

Papers written on the calculation of speotral
shifts in the pyrene and triphenylene homologues are

given in Appendix D.
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§ ' The calculation of aromstic oharacter of. the:

acene_rings in terms of Clar's oseillating aromstic

pair modsel.

If thejmodel of the oaoilléting eleatron pair
in the acenssm is 8 valid one, it is reasonsble to suPpoas
that the velocity of the quasi-partiols (the.electrbn pair)
is a continuous function'of‘position; This réQuires the.
mégnitﬁde of the velocity to be a maximum at the centre

of the acene énd zero at the ends. The functibn

whioch gives the velocity of “he perticle at the distance

X from the centre of the acens,
g = Afer-x7) | (7.2)

(where a is the amplituds of the oscillation and A is

a constant related to the freqnency), satisfiesg these

conditions. |
In order to caloulate th? sromatlic character of,

let us say, the xﬁh»ring*from tre cuntre of an acene with
an even number of rings, we need tn know the time spent
by the particle (the aromatic pair) in the %% ring,

Now the average speed of a particle between the points

x-1 and x, and whose velocity is civen by (1) is

/LE;L e ﬁ.—/’\' (ﬁa“«.—a':cm 4 Ax "")
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The time gpent in the x z-ing iz therefore given by
-t
E(ﬁm"-&x”— ll-)f'~:2) {703)

We have introduced an eztra fastor of 2 into the denominator
of (2) in order that the equation for /f mey resemble
that eppropriste to an acene with an odd number of rings.

The squation in this case ig

£, = Blba-tx=1)

where the x°2 ring is now defined as the xUl ring from
'i;h.s centre not including the cen'c:r:e ringo

So asguming tha‘b the amount of aromatic character
Ay in the xth ring is proportional to the relative time
aben"t by the osoillating aromatic pair in that ring,

we got the equetions

-f
- 8
Ax = C(aauhx"{-hx- “) for an even agcene (a)

and o, 1(7.3)
Ax = C(‘Pat“b’?‘t"g for an odd acens {v)

We oap calovlate a vslue for Ay, elso from the

Hiickel thoory using the techmigque discussed in g 8.5,

Bguation (2.18) tells uz that a measurs of the energy im

a gliven paft of en aromabic hydrosarbon is provided by
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nonacene

Bond orders and individual ring energies

in some acénes as computed by the Simple Huckel Method s
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summing the hond orderg of the constituent bonds,

sach mulitiplied by ita respostive ﬂ'valu@; - Singce

v}e ero dealing with very aspproxinate theories, we shall
use the simplsgt Hiickel method snd assums that the
-valueaé of all the bonds are equal {(i.e. [5" = 1 for e@aoh
bond). The disgrang opposii‘«e indi.sai;@ the required
values: the quantitles asgocliated with the bonds are
‘boné mdevs Dy end those written inside the rings x

’ar@ the Z Pyp where the swimebion takes place over ths
£= ¢

w bonds b = 1 to 6 forming the benzenoid ring. Ths
results of the alcu ations are gummerised in Table ZXZ.
Figs. 6 - 9 show the result of plotting Ay
calcula“ced from equetions (3) (&) snd (b) ageinst
; Jp,q Eor the acenes hexecens £o nonacens. The
curves in each case are clogsely linear. While we do
not claim that this result fumiehes evidence for the
eleetron ogcillation %heory, the latter may now be sesn
to lead to an acene model which is quantitatively

similar to that obtailned ffom Hiicksl theory calculations.
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Acene x Ay Py 4
=
Hexacene )3 0@29233 G 3.27038
{e=3) 2 03846 © 3.31864
3 10000 © 3.59113
Hoptacéne 0 02083 € 3,25986
{ae3%) 3 02273 C 3026559
2 03125 C 3033712
3 08333 € 3. 53054
Octacene i 01613 C 3.25151
(a=h) 2 01852 C 3,26441
3 L02632 ¢ 3,3166%
A 07145 ¢ 3.5203%
. Nenacene 0 -01250 © 30299698
(a=t}) ) 01316 C 3025939
2 01563 € 3.26394
3 02273 ¢ 3.351644
B 06250 ¢ 5.59025
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§ 8. A _simple treatment of inter-electronic repulsion

in aromatic hyvdrocarbong.

8.1 The ground state.

The state §?~ of an N-zlectron T-system nay
be expressed as an antisymmetrical product of N one-
electron spin-orbitals W, .  This is conveniently

written sa a determinant:

@ = (N et 100 e 0 (£) g (W)

[l

where th...,,(y;,--;.whm ' are arranged in increzsing
energy ordsx, - The gensral slement Uﬁ(ﬁ) refers to the
1%0 one-electron orbitel with which is associsted the A™
electron. In the ground state i=4 for all l‘and A
which indicates that all N eleotrons are accommodated
in the N lowest snergy orbitals

Applying this to aromatie hydrocarbons we can
substitute for the UW’s the molécular orbitals obtained
by the Hiekel ICAO<MO rmethod, For an even alternant
hydrocarbon with N carbon atoms, N molscular orbitals are
obtained, N = n of which are bonding and by the Paull
orineiple wmay accormodate all N Trelectrons in the ground

state., The ground state wave function is therefore
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F; = (w7 et [0 ) 0, 0T ()

e

in which ), differs from U, only in the spin part
of the orbital { Y. has ¢ spin and Ef; has [i spin}.
The Hamiltonien operator, is

N {1\71 'i
!Zc&% T /&"‘an ] I!«

.Q?'

<y,

+
Mz

which is the sum of the one-clectron Hamiltonian operaetors

H(k) (sometimes callsd the "core" hamiltonien) plus the

[ 'L
electronic repulsion terms % z % Ay - (The inter-
X
nuclear repulsion terms o ZZ"“ : have been
atl ok
omitted from é?g
N ﬁ% 2z
=S M) L 22 F (9.1)
t 3 PRI M | -

The total 1T electronic energy of the ground state is

therafore

o

The general term in the complete expension he firset
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integral ia f“ﬂ;*(f) H(&) W} (m) dr. In order that
it shall bs non-zero, k = 1 = m, and since the moleculer
orbitals W; are orthogonal funetions of the energy
matrix H we have the condition that 1 = j. But the
resulting general term YU/,;*(»&) H(k) U " (&) obr is just
the Hiickal energy eigenvelue (which we shall now write I;)
of the ith molecular orbital, which we know already in
terms of the parameters « and /30 0 The second integral
in the above equation describes the total W slsctron
interaction and does not reduce to a sum éf such simple
terns. However it may be expressed (3¢) as the sums of two

different hinds of integrals Jij and Kij known respectively

as the Coulomb and Exchange integrals for the interactions

between orbitals (), end v, -

S 0SS, -k
J97 35 B -2 30 )

2t T3

..
where Jy; = Coulomb Integral for W, and W/, =ﬁW.; (f)lzfijw,“(i)!"dz

R . 4 . v * .
Ky j = Exchange Integral for ¥ and ¢ ~fu,a M w”(');'fa w1- (2 )W) dr

The ground-state energy ls therefore

" n m .
E, =22 T, + %% (1T -Ky) (8.2)
¢ T
~“ n n
=2% T 22223 2Tu-T 2Ky (g
(=t L7y ) - Ly
{since J.o = o)
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Substituting the molecular orbitals (¥ by the
ICAO exzpanslonsg
Z C)‘u.
Se=\
the molecular orbital integrals Jyj end Esj may be

expanded in terms of atomic orbital integrals, and we
shall now procéed to.consider this expansion.

Poplé36 esgumed that ths general term in the
expaension of the J and K i nt.ograls in verms of atomic
orbitals, namely r%, ONAOKY ;t,,L Yi (1) Yo (1) dx |
is different from zero only if the following conditions
bold simultanecusly:

(1) =r© = 8 end t u

(2) (Either = % |

‘ { or .atoms r end t are ”rlaarést neighbours",

i.e., are o bonded.
The groun(? state energy Eg of an aromatio
.hydrooarbon cen the;efore be expressed in terms of the
Huockel pérameters o vand {30' (coming from th_e I, “r.erms)s

and in addition two new integrals Ay end Bigt

- | 1 et ? e the Atomic coulomb integral
A= [l%‘ OF 5 2 O & for carbon atom r

B g,’h(‘)f ’?sffm olt the Bond coulomb integral
for bond r-8.

{(r 2nd 8 ars o bonded atons)



Ay is the repulsion energy of two electrons in ths rth

2p, atomic orbital, ond we shell suppose that this is

the same for sll atoms r in en alternant aromatic

hydroserbon, and denote the valws by A. Striotly spesking

Brg is not an inveriant parameter, sinde as the repulsion

betweeon the atomic orblitals on atoms r eand s, it will vary

with the length of the bond T3, However, we shall

agsume that the veriatlion is sufficiently small that we

can use a mean oveond coulomb intesral B for all bonds r=s,.
We shall now exprsss the molecular integrals J and

K in terms of the atomic integrals A and B,

N
To=[wounot v muyad  But b Yo,
3 ” A=)

= f’(cﬁ' OV +C AFOY v e AN (ST RO
Coi Nl s ____tcu X, (.));-l—n (c:; X Xa) + oy A (D).

- C:é /XN*(J.)>(C,,‘ /)(,(2) +CQ$' 4’2(7.) S P CN#' 7/\'[2) AT

‘ N
- [Bron05 Henwe 3 alloxl
12 )‘___‘

N M

+ [ Ih O %, AT Y XD DD fensf i
’ ]
(i:umd)
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k’i;. = j‘%‘(*’) W (’375,“ %%m W, (2) o
g (Cm, A (') "C.,u ?(o (') ----- + C:j: %N*(‘))(Cw %0) Gy Y 0+
ceee Gy A V) 5 (S T+ ) 0w 6l W) x

X(Cei. X, (D + Cqy W&(Q)é- "’Cm‘."?m{”)d’t

.....

) |
"f’x,?m’x,,m;{: A (D%, () ot Z lexcl" ez ®

+f’)(A () % ( ‘3“ 'ﬁ’ ()% (2 )#’Z ZCM Caq CS; Cse
(‘vndﬁd)

o Xy ALl 35 b (9
L.e. ;"_ = Fyer )N-‘ 'CAsi + oY y . C‘,‘f 5} CS(: .

E = 51 +Z§ [Q{Az:cma eagl* +BZZ!cMHcs,:}

¢ =l ¢34 &=l A$S
- {Agfc,,. Teail® +B"ZZ Cri Cag cS;cs,_?}
(A’»m(u{)
- S5 oS3 [a3 1auttonr + B Sleuteyn-
<= ‘%3 2% s

(Londed)

NN -
> % ety ] ] (0.6)
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Application $0 some hydrocarbong.,

Benéena
The jth molegular orbital ((1.' in benzene is
giveh by |
_ L Z z““"é/é W
a—c
where (for the ground state molscular orbitals) 4 =0, £!.
Substituting these values in equations (4) and (5)

we have

- — L .
JEO j=4 =J = Jou = o =J, = %”4'f3jB,
{
Koa =2 A+2B;  Ku=gA-%B; Ky=gA+2B

In the equatlon

E QZ.L -:»Q.ZZ‘T- +ZJ‘M ZZK%

%4 i
=2 Z I,; +Q(I>-o + J;o + I..) +(J;0+I.,-, *I.)'(Ko-. + Ky +Ke

we subgtitute the above J ond K values, and the fact

T
tnet 2 2 I, = 6t + 8f

=l

19
£ =6 + 83 +A+¢B
g

Using real orthogonal molecular orbitals (for
which the er were obbteined by applying CZV gymmetry Lo
benzene), the resulting emergy is slightly different,
- " “ e
namnsily .y Go L 90 - ik e T

o [ -4 u/30 s oy A

HE
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QOther molecules

A computer progrem was written to caloulate
Eg from the eigenvalues and eipenvectors obtained from
a Hluckel-type computation, and the results obtained for
some hydrocarbons are listed in Teble XIIL, The last
thres summation terms in equation (3) have also been
recorded, for purposes of checking. On examining these
quantitiis "j;t now eppeers that the first two summations,
namely ? 2; T, end 2;_ Jii  need not have been
computed godr the calculation of Eg sines although not

obvious from aquaﬁian (8), column 5 of the table shows
that the sum 4 %;i:ydé’ * i:ﬂ:a is in esch case

=
simply st NA+34R where N end b are respectively
the number of C stoms and the number of C-C bonds in the

molecule. This means that as far as_the coulomb integrals

Jij sre conoerned, the coefflcients of the atomic coulomb

integral A and of the bond coulomb integral B in the
enersy expression are proportional respectively to the
number of atoms and to the number of bonds in the molecule,
a faect which misht be expeoted from simple considerations.
The only components of the repulsion enargy which depend
upon the T electron distributicn (detormined by the

matrix &: ), therefore, are the terms involving the
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Table X [T {cont'd)

Moleocule MH....‘.TNMMHM m«nuM ¥ MM ¢+M.H.i M.«MMK

(l)
o

mwvm\ .w“. «uu ?ﬂ-
kEthylene 3A « 4B 2z ¢ 2,00008. + 0.56004 < 0.5000B
1,3 Dutodiene 0.9998564 + 1,690784B | ha ¢ 4.47808. ¢ 0.79%24 <« 1,3998B

Benzene {complex ¢ 1.500000A <+ 3.0000003 6o ¢ 8,00008> + 1.0000A < 2.83338
real ¢ 1.500000A <+ 3,00C000B Ga + 8,00008: + 1.08334 <+ 2.75008

Nephthalsne 2,4999994 + $,4925098 10c + 13,08328, <+ 1.60794A <+ 4.9362B
Antheacene 3.5000004 ¢ 7.9999918 | lha < 19.3137Be + 2.1386A ¢ 7.0467B
Tetracens 5 ,5000014A <« 10,5000008 i18q <« 24,92948c ¢ 2,6525A ¢+ 9,1827B
Pentacsno 5.2959002A <+ 13,030008RB 22a & 30.54508: ¢ 3.10254 ¢ 11.2846B
Hexgeons 6.49399%A <+ 15.49956208 26a + 356.1560B80 <+ 365594 + 13.4008B
Phenauthrane 3.4959994A < monacmacw g ¢ 19,448280 < 2.1491A « 7.0710B

1--2 Denzanthracene 4,500001A < 10,.5000B1B 18a + 23,40128; « 2,6876A <+ 9,18228
1-2 Denztetraceone 5.5000000A < 13,0000008 22a v 30,72568: <« 3.191%A + 11.2839B
31-2 Benzpentagene 6.5000004 + 15,5000008B 260 ¢ 36,3158 ¢ 3.72084 ¢+ 13.4175B

Chryaena %.500000A + 10.5080008 180, > 25,1C008. ¢+ 2.65784 + 9.1768B
Hoxaphsene 6.5000004 + 15,50000608 260 ¢ 35.39050c + 3.7205A < 13.4032B
Diphenyl 3.000001A ¢ 6.499396D 120 ¢ 16.38328; ¢ 1. m&cmb ¢ 5,70238
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exchange integrals Ky33 (3) end (6) mey consequently be

written more simply as

E QZI +-’-NA4J’£’B ZZK&}
¢ L)&

<251, 55 [A{EN-3 lcullo, I} eBftem

el
-2

N N
%

%S
(fondad)

If accurate valusg of the heats of combustion or
of hydrogenation were known for these molecules, the values
of the perameters of, f,, 4 and B could be caloulated
empiricelly, in a simllar way to the calculation described
in the peper entitled "4n Empirical Determination of the
Huckel paramster . and of the CC and CH Bond Energies in
Aromatie Hydvrocarbons", in Appenmdizx D. However, the
presence of the two extra parameters A and B introduces
too much uncertainty into the set of slmulieneous
equations to enable even approximate values of the

parameters to be coloulated, using the currently availsble

thermometric energy values.
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8.2 The Tirst ozolted singlet stete qu

The firgt excited state results from the

~promotion of an eleotron in the highest occupied to the
lowest unoccupied molecular orbital. The state wave
function mey be written as & linear combination of two

¢ 2]
wave functions \R? and %,

\I{P*:n}"-;(?,; i‘?;) (8.7)
whoze E/ = (VIS ot (O T (- Uy (1) Ty (W)
\y” - (N!).{ ot IW, (G)E’: (2)-venn -W-m (N") Vst (V) i
i .

and

( ?4: and “Y; differ only in the spin éart of the wave
funetion end are therefore orbitally and energetically
degenerate. They therefore appear with equal weight im
{(7) )«  The upper sign' in {7 ) leads to one of the
triplet state wave functions, end the lower one to the
singlet asitate, whish is of interest in the celeulation
of trangitions to the ground staie.

the energy &, = \}f{;é’@ Y AT of the singlet
first oxeited state, on substituting for q’; and % from

(7) end (1), becomes

A5 e afe (fpo A1 4]

a’-.:f&

- f\”’lﬁ
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/ f
where Ep and £p are the energies of the states
1 U n -
¥, end Y . However, since these states gre

degenerate but orthojonal because of their spin funetions,
! z ) \I/” o{z
the term fq.?,?, ; HEY <p is zero., The above

equation therefore simplifies to

#* T o S
Ep=Ep= ZTZ Z, gy Up & (8.8) |
E,;, may be evaluated using (2), and the second term by
multiplying the two determipents EP.;, and 3?,; together with
the factor €%/ i ezpending the molecular orbitals ¢ im
terms of etomic orbitols X , and integrating over orbital~ ]
and spin-space, All the terms in {(8) will thsn involve ‘
only the four pargmeters «, oy & &nd B.
The energy of the lowest-energy singlet-singlet
tz‘ansition {(which is usually assumed to be responsible

for Clar's p-bends) is then the difference between Ep and

Eg, Since Nc( appears as a term common to both these
energies, the p-bsnd transition energy becomes a functliom
of only the thres paramsters /@o, A and B.

How the expression for Ep conbaing terms which are 1
very tedious o evaluate, and we shall consider the ground
and excited states of a molecule to be described purely

by the nizhost bonding and lowest entibonding molscular

s . % v
orbital, treating the othsr ™ slectrous as a "elosed shell™.



Making this approximastion, the energy of the p~state is
=L, «1 + f [ O 4 [ e + f.OWO Ly, OUE 6

where I_, and I, are respagtively the energles of the
highest bonding and of the lowest antibonding Hiicksl
molecular orbitals, Expending the two molecular integrals
in terms of atomic integrals, and making use of the Popls

epproximations desacribed in § 9.1, we have

a 2% Y * = 3 e 3
J"W-»(‘)' ;T:_' ,W. (2)’ dr = A gc;:’.' C)},, + B Zf C};‘q cs,l

1% A%sS
9 (bonded)
fuowoy voumd s AXG.G, B Z#Z Gt Oy o,
S
( Lovded)

E/P = I + \ + QA Zc}‘:‘,d
A

-t

(8.9)

The explenation of the last step is as follows. In &n
alternant aromatiec hydrocarbom, Cp g4 = % Cp,.1i, the

sign depending uoon whether the carbon atom r is a member
‘of the arbitarily assigned "starred” or "unstarred” set.
In an alterngnt eromatic hydrocarbon, any bond res nust
be formed between two atoms of different sets, and so
Cr,1 Cg,1 = =Cr,.10g,.1  Hence Cr 105 10g,.105,1 =

. PR e < 3 ® 3 °
“Cg,*lcén-lo and sco the coefficlent of B in &y vanishes
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For comparison with the above treatment of the
first excited state we require to calculate the energy of

the ground sta.e considering only the doubly-filled

highest bonding molecular orbital W., . This energy is
T
E =21, + [lvolrd Jyml &
¥ R,

Expanded in terms of atomio orbitels this beoomes

E} =21, 4+ A gf,:., +B ZZ ot C:.. (8.10)

The energy of the peband transition is therefore the
difference of (9) and (10):

N ry L

E?-—E? =T -3, +A % G - B ZK:#Z € S5,y
(Londed) '

and substituting I =« ¥ bl 3, where X3 is

the "Hiickel number™ of the highest bonding molecular

orbital, we have

Y N N
RS S ¢er cr {8.11)
EP" Eg =‘Q‘3£n‘/30 + A E_C;{r. B%}gg Aot =50t
(Lronded)




Regulta.
Using the molecular orbitals calculated using

Simple Hiickel theory, the cosfficients of 4, B and f3,
are shown in Table XIII : |

Table XIIT

N
Molecule "35. i Z C;:," % % C; -tc;d AL (em .")

A Ags exptt,

lonted)

benzene 1.000008,  0.166667  0.333333 18,356
naphthalone ©0.618078,  ©.150000  0.119098 - 34,900
anthracene  0,375350  0,121792  0,066258 26,450
tetracene  0,204968c  0,104669  0,041155 21,150
pentacene  0,219698c  0.092667  0.027353 17,380
hexacens | 0.36938p, 0.083462 0,012066 1%,590

Since three equations are suffiecient to detcrmine the
unknown parameters /3,,, 4 and B, the figures for navhthalene,
tetracene and pentecens {benzene showed anomalous behaviour)
were substitubed into equation (11), and the parumeters

were thereby caleulated to be es followa:
‘ 1

Bo = 27,280 emt = «77.99 keal mie"a e =3,38 oV
A = 803,050 ex™t = 951,73 keal mm‘"‘;‘ = 10,82 eV
B = 101,000 e;mw?’ = 083,76 keal mele - = 12,352 oV
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When these values are substituted into (11),
the calculated transition energies of the p=bands for
enthracene and hexacene are found to be 24,511 and
14,6640m”1 regpectively. The volues found by Clar
are 26,450 and 14,5%0cn™t,

The value of P, calculated here is somewhat
greater in megnitude than that celoulated (86.4) neglecting
eleotronie repulsions {-62-7 kcel.mole®l)., This is
probably because iﬁ the lether case (the Hickel method)

an implicit allowance waz made for these repulsions and

S0 the energy velue of ﬂo is incrsasad.

It ls interesting thaet the velue of A, which iz
the repulsion energy between two elsctrons in ths same

-

atomie orbital, i.e. | |X, I £ [A ()] dx
(called by Periger &nd Parr37 the (iifii) integral} is
80 close to the value caleulated by Parisor and Parr
{11.08eV) from ionigation potentials and electron affinities.
The quantity B is the repulsion betwssn two W electrons
at a bond length { ~ 1.48) apart, and is sometimes called
the {4122 } integral. Ibs value should thersfore be less
then that of A, though from our calculation, the opposite

18 true. The ceuge of this snomsly is probably due to the
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fact thetv the calculation of B involves a very smalil
difference bstween two large quantities, thus resulting
in an inacouracy in the calculated value of this

quantity.
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APPINDIX A

Energy eigenvalues, bond orders, bemd lengths and
51 values of some benzenoid aromatie hydrecarbens as
calculated vsing the Coulsen and Goodwin bond order/
bond length curve and the Malliken, Riecke and Brown
bond length/ﬁl value cﬁweo

An asterisk (#) denotes the energy eigenvalues and
bond orders calculated by other workers, and fopxjd in

Ref, 16,




Table 1: Anthzracene
(2) Energy eigenvalues «X;

C%syxm. I# IX iy
6 ‘ Ay 2,41421 2,188035 2.116719
4 1.21421 1.385400 1,.38769%
B, 2,00000 1.875232 1.796839
3 s 1,00000 0.845830 0.768595
7 A, 1,06000 1,001062 0.988433
B, 1.21421 1,363792 1.35991%
0.53421  6,49015  0,567499
> (% |9.6568% 9,149176 8,98569%

(b) Bond orders, bond lengths and B° values.
Dond | po° £t 501 Pn i EQH T I pgln
1 2 |.535 1,420 0.860 | .490 1.447 0,758 | .437 1.476 0,750
1 & | .,738 1.376 1.065 | .787 1.362 1,095 | .827 1.357 1,111
2 3 | .485 1,450 0,800 | . 486 1,449 0,735 | 498 1.443 0,808
2 6 ) o606» 162303 009195 0630 10397 00972 0647 1°392 00990
4 5 {.586 1,410 0,920 | .520 1.421 0.842 | .464 1.460 0,750

‘mean = ,604




Tabla 23 Tevranene

7 ] . . - -
{a) nergy eigenvaluge -y

Coyoyum, L i1 11T

Ay 2,46673 2.212575 = 2.171466
1.77748  1.662737 1.628727
1.00000 0,834609  0,7645Q%
B, 219353  2,005262  1,917537
1.20426 1,229272  1,248572
Ag 1.19353 1.171060  1,129925
0.29496  0.36347%  0.4k9125
B, 1.26673  1.422233  1.418260
0.77748 0,807688  0.825527

2 {ew;)12.46670 11,688911  11,54979%

A
BTN

(b) Bond orders, bond lengths and 31 values .
X IIX X
TR Y B S Y 5

Bond; p g ‘ B

13 |.618 1,400 0,960].662 1,388 1.003| .705 1,377 1,039
17 1,58k 1,512 0,920,584 1,412 0.920| .570 1,417 0.502
23 |.530 1,432 0,855,476 .45 0.716] 395 1.502 0.662
2 5 {761 1,370 1,067].795 1,361 1,099 | .850 1,355 1,118
34 {475 1,45% 0.785|.457 1.86& 0,760 467 1,458 0,742
56 |,581 1,412 0,915].508 1,439 0.827 | .435 1,478 0,726
7 8 [.458 1.463 0.760].438 1,476 0.730| .460 1,462 0,765

mean =,5%



Table 3: Pentacene (8) Unezgy eigenvaluos =xy
Cyysyum, is i1 111
' Ay 2.49551 2,225505  2,206876
2.00000 1.828067 1.786598
1.21969 1,122101  1,115375
B, 2,30278 2.081386  2.039275
1.61803 1,502393 1.475489
1.00000 0.796976 0.735950
Ay | 1.30278 1.271932  1.284300
0.61803 0,66182k  0,702h14
B, 1,49551 1,453092 1.486768
1.00000 0.998938 1.019325
0,21969 0,276733 0.338755
2 {~x,)15.27202 14.,219037 14.191125
Ay
(b) Bond orders, bend lengths and Bl values
Bond PLW = @11 Pu e Blu p.u.t Ak [311“-
13 |.579 1,413 0.915].568 1.417 0,900 | 523 1.420 0,870
15 |.622 1,399 0.965].673 1.385 1,013 | .713 1,375 1.048
25 |.529 1,432 0.853{.471 1.456 0.731 | .17 1.489 ° 0.698
27 | .742 1.369 1.067].798 1.361 1.100 | .840 1,356 1.115
34 {451 1,466 0,750 |,417 1,489 0,698 | 418 1.488 0.699
39 |.596 1,407 0.930{.615 1,401 0,956 | .627 1.398 0,969
56 | .472 1.455 0,782 |.446 1,471 0,744 | .433 1.479 0,723
78 | .579 1.412 0.915.503 1,441 0.822 | 440 1,475 0,734
wean: 587




] s - Havneone .
Table &:  Heracens {a) Energy eigenmvalues %,

Cy eymul I it Il

Ay 2,512943 2,232024 2,20767h
2,141658 1.936735 1.87529%
1.501309 1.375365 1.362015
1.000000 0,783655 0.711801
B, 2,370021 2,125681 2,072688
1.843:87 1.680765 1.640123
1.169375 1.045237 1.036887
A, 1.370021 1.334196 1.34329%
0,843487 0.861720 0,884835
0.169375 0,216767 0.281569
1.512953 1.473381 1,.5L4546
1,341658 1,127151 1,127461
0.501509 0,549197 0,606375

2 (~x;)18.077986 16.74272% 16.665162

(b) Bond orders, bond lengthé und 531 values

I I

' , T U Y i1
Bond | p z e I N pt

14 1,599 1,406 0,938 | .627 1.398 0.970 | 635 1.320 0,996
110].590 1.409 0.926 {.598 1.407 0.937 | .596 1,408 0.93%
24 §,.577 1.413 0,910 | .561 1.420 0,891 | .526 1.421 0.848
26 |.6235 1.398 0.963 | .677 1.38% 1,017 | .731 1.371 1,061
36 |.528 1.432 0,853 | 469 1,457 0,736 | .39% 1.503 0.660
38 |.7%2 1.369 1,068 | .799 1,361 1,101 ; .852 1.355 1.118
b5 }.hug 1,468 0.745 | 408 1.49% 06,683 | 201 1,498 0,672
67 |.671 1.455 0,781 | .4h2 1.473 0.738 | 427 1.483 0,713
89 {.578 1,413 0.913 | .501 1.442 0,819 | 427 1.483 0.713
10 12 ] 647 1,470 0,740 |.b00 1.499 0,669 | 395 1.503 0,659

nean = ,58%



A I3 j L hs e v .
Tabﬁ.e 59 Pﬁﬁeﬂaﬁluh»@nﬁ M (@‘) anz‘-gj‘ elgeﬂval&eﬁ ”Ki

O syma.| 1% 13 111
A o376 2.19715 2.176602
1,51673 1.481047 1.446152
1,30580 1,217168 1.190297
0,60523 . 0,65661%4 0,703350
AM 11.95063 1.882546 1.80u248

1.14238 1.059776 1.048613
0.76905 0.756552 0,784630

> (-x;)|9.72458 9.251750 9,246983
Ao

(b) Bond orders, bond lengths und ﬁl values

a* o
Bond PI rI pK DHI 2‘11 ﬁII pIII ?III ﬁIII

&

12 §,.575 1.&}% 0,910 | 577 L.4lh 0,911 .578 1.41& 0.912
16 §.506 1.k4) 0.825 | 439 1.475 0,733 .381 1,511 0,641
18 |.542 1.426 0,867 | .583 1.412 0,919} .62: 1.399 0.966
23 |.707 1,377 1.062 | .725 1,372 1.057 ] .733 1.371 1.062
34 | .623 1.398 0,962 | 508 1..06 0.938 | 590 1,409 0,928
k5 | .702 1.378 1.037 2720 1,373 1.053§ .728 1.372 1.059
58 | .590 1,408 0.925 .500 1,409 0.927 | .588 1,410 0,925
67 |.775 1.364 1,088 | 831 1,357 1.112{.872 1.353 1.124
89 | .u61 1,461 0,766 | k06 1.495 0.680 | .351 1.531 0,635




Pable O3

o oy . pen
Inergy elgenvalues ~,

i=n IX IIx

2.51657 2.234765 2,201942
2.00000 1,829125 1,772780
1,50352 1.434998 1414667
1.23542 1,168758 1.266296
1.00000 ©,9292:% 0,919758
0.43716 0,519814 0.587725
2,28379 2,087312 2,079424
1.5970% 1,520429 1.517902
1.28899 1,254210 1,242861
1.00000 ¢€.855558 ©.829803
0.52086 0.583186 0,632148

3> (=5, )25.3813% 14,401389 1359597

(b) Bend orders, Bond lengths and ﬁl values

w0 X i ' i IFh
Bond | gt o pit gl g3 gk | giE it S11E0

12 ]|.578 1.413 0,912 .570 1,417 0.902} .551 1.420 0,879
136 | 653 1.389 0.097 | 706 1.377 1.082] .738 1.370 1.065
23 | .548 1.k28 0.875|.519 1,435 0.839| 404 1,445 0,78%
27 !.%98 1,44k 0,815 {.519 1.435 0.839] .557 1.420 ©.886
3% | ,798 1.372 1,008 | .767 1.365 1.08:].793 1.361 1,098
55 .59 1,406 06,9321 .54 1,420 0.879 7 509 1.439 0,829
56 | .72 1,372 1.052].769 1.365 1.086 .795 1.361 1.099
67 | .55 1,425 0,870 .51k 1,437 0.834] 290 1,447 0,762
78 §.98% 1,313 0,912 ].579 1,413 0,934 .539 1,420 0.888

89 |.636 1,795 0,976 688 1.38L 1,0871.72) 1,372 1.05%
910 | 501 1.k43 0,820 | 495 1.485 0,791 | 40 1.447 0.762
912 | 484 1.450 0,798} .58% 1.503 0,661 | 318 1,555 0,526
WI | 435 1.875 0,725 L340 1,532 0,633 .26 1.572 0.483
1215 | 790 1,362 1,095 .838 1.9 1.1201.965 1,350 1.135




Table 7: 1-8 Deazenthracenc {a) lnergy Bigeaveluss wx;

Ix I IIX

2,48465 2,011990 2,196193
2.,17553 2,22199% 2.005780
1,756 1.675881 1,6586474
1.57987 1.414973 1,387592
1.32305 1.266846 1.255741
1,16563 1,076482 1.063%47
1.60000 0,916023 0,914609
0.71497 0,718802 0. 740539
0.25231  0.925520  0.595467

2 {-m;)l12.55062 11.826310 11,813739
Z

(b) Bond ordera, Domd lengths and @1 values

Bond Pﬁn o ggE pAK AL ﬁﬁzﬁ I XIX glzz&
12 L8698  1.796 8,970 | .611 1,203 0,953 | 608 1,46k 0.9
118 695  1.379  1.0%3 | .709 1,376 1.04& | 713 1.375 I
23 L7080 1,378 1,036 |.705 1.37% 1,040 | 717 1,378 1.0%1
34 L5810 1,512 0,935 | .500 1,410 9,927 | 597 1.407 0,936
55 9% 1.B&6 0,810 | .43k 1,301 0,592 § 4L R.538  0.370
417 J586  1.425 0,873 1,590 1,409 0,927 | o620 1,397 6.97
56 783 1,363 1,892 | o859 1,355 L.RL7 | .893 1.33F 1,130
e 7 gL 1.h46 0,810 | 813 1,491 0,691 | (382 1,537 0.57
78 628 1.397  0.970 | .67% 1.38L 1,016 | 708 1,376 1.043
716 | 500 1,552 ©0.819 | 496 1.4%5 0,813 | .50k 1,441 0822
89 L5290 1,409 0,025 | .59% 1,409 0,928 | 578 1l.4lk O
910 580 1,426 0,867 | 507 1,440 0,826 | B79 1,452 0,793
oM G955 1,845  0,81% | .533 1,437 0.833 | o547 1,425 0.87%
on | .732 1,370 1,66} | .77% 1.36% 1,080 { .802 xo3@g 1,202
B2 | 595 1.k07 0.928 | .538 1,421 0.862 | 493 1.k43 0817
235 | .73 1,372 1.060 773 1,36% 1,088 | 8O 1, ,:«ga 1,102
131 | 555 1,525 0,871 | .58F 1,438 0,831 { 483 10?90 0.798
W15 | .58 1,510 0,920 | .583 1,412 0,918 | 571 1,416 0,904
1536 | .666 1,391  ©6.590 | .692 1,380 1,030 | 719 1.375 1 052
1617 | 447 1.468 0,755 | .37% 1,515 0,639 | .19 1,560 0 5}1
1718 | .597 1.h06 0,932 ].005 20405 0.%%% 608 1,404 0.948




Table 8; Chrysene (a) Lnergy eigenvalues 3

02 Y™, I% Ix ITX

A 2.4990 2.228365 2.211558

1,7008  1.64941% 1.66265

1,2858 1.200426 1.185362

0,7923 0.738649 0,758870

0,520 0.570916 0,620391

B 2,1655 2,012092 2,009877

1,5398  1,L82506 1,453109

1,216 1,006295 1.077060

0,8753 0.821976 0,902400

zg(uxi) 12b59$0' 11.870540 315864890

(b) Bond erders, bond iengths and Bl values

Bond | wi® o ﬁlz PII i 5111 9111 LI 31111
1 2].758 1.767 1.075 |.802 1,360 1.102 | .8% 1,356 1,113
1 91.538 1,428 0,863 |.490 1,447 0,806 | 449 1.469 0,747
2 31,521 1.435 0,842 |.471 1,456 0,781 | .432 1,480 0,721
3 41.568 1.416 0.900 | .562 1.419 0,892 | .55 1.422 0.883
3 8).555 1.429 0.860 | .572. 1.k16 0,905 | 609 1,403 0,950
% 5].712 1,376 1.046 | .736 1,370 1,064 | .750 1.368 1.074
5 6].617 1,400 0,958 }.586 1,411 0,923 | 570 1,417 0.902
6 7,707 1,377 1,082 |,731 1.371 1.061 | 746 1,568 1.07t
7 8 .583% 1.h11 0.915 {.57% 1.k15 0,908 | .56& 1.419 0.895
8 10 | 476 1,45k 0,786 | .42 L.47% 0,737 | 409 1.49: 0.68%
910 |.573 1.815 0.005 |.637 1,35 0,980 | 698 1.379 1.032




Teble 9:

3% benzephenenthrene

{2) Energy sigenvelues -y

C8 ByEm, I i1 ILE
& ] 2,5070 2.2351960 2.332723
1.7695 1.69677% 1.7%7159
1,5142 1,30387% 1.2979%6
1.123% 0,988157 0©,9%4535
0.5676 0,601381 0,738167
AM 12,3358 1.998487 1.996020
18162 1,.389533 1.370725
1.0000 0©.984372 0,992630
0.6621 0,6823%% 6,717212
2: (mxi412059§7 11870872 12.157136
Ao
(b) Bond erdors, Dond lougths and B! values
pomd | 27 B L | o AL gk | gt i 5gzﬁi”m
1 2§.578 1.413 0,913 | .520 1.517 0.902 | .57¢ 1.416 0.903
1 61.53% 1.230 0:858 | 570 1.517 0,902 | .622 1.39% 0.50%
1 ¢ 1.289 1.447 0,805 | 456 1.265 0,759 | .37%F 1.517 0,625
2 31,709 1,377 1.08% { o735 1,37F 1.062 | 723 1,369 1.069
3 {616 1,500 0,956 | .985 1.431 0.92F | .57% 1,613 0,907
L 51,712 1,376 1,086 | 736 1,370 1,064 | 747 1.368 1.072
5 6].570 1,416 06,902 | 564 1,419 0,895 | .560 1,420 0.890
6 71.519 1,436 0.839 W60 1,858 0,778 | Jblk 1,401 0,692
7 81,762 1.366 1.080 | 509 1.359 1.105 | .861 1,334 1.121
8 10 522 1,435 0.845 93,7’5 1,458 0,785 o386 1,509 0,646
575 1,418 0,906 | 638 1.39% 0.981 | 769 1.365 1.086

9 10




7 p > D3 o 4 . .
Fable i10; Picene {a) Ynergy cigenavalues ey

Byos, - I IZ I

5]

A 2.53480 2,681167 2.22:165
1.93633 1,925163 1.845540
1,56112 1.641610 1.470808
1.20163 1,112136 1.046119
1.00000 0.982602 0.992512

0.50192 0.460636 0.573872
At 2,29599 2,19660; 2.080793
1.53446 1,703137 1.516044
1,36559 1.328438 1,204040
0,85948 0.895510 ©.844055
0,680%0 0,808627 0.755182

O {em;) | 15,7162 15735627 14.498208

3

(b) Bond orders, Bond lengths and {53’ values

Bomd | pt* g g1l R & pi | IREEIINNES S SE
1 2 ].47% 1.456 O0.781 | .380 1.511 0,640 | .359 1.529 0,603
110 }.554 1.%2% ©.883 | .598 1.207 0,937 | .353 1.422 0.881
112 }.563 1.218 0,892 | .607 1,404 0,947 | .650 1.391 0,992
2 31,386 1,210 0,920 | .591 -1.209 0,928 | .583 1.412 0.918
2 7 01.537 1,428 0,861 | 583 1.212 0,919 | .618 1.400 0.560
3 & |.705 1.377 1.040 | .72 1,373 1.056 | .736 1.370 1.063
b 5 |.618 1.399 0,960 | .592 1.409 0.929 | 578 L.4lk 0,913
5 6 1.700 1.376 1.045 | .735 1.370 1.06& | .757 1,368 1.071
6 7 1.570 1.216 0,902 | .561 1.220 0,891 | .355 1.422 0.885
7 8 |.517 1.A37 0.836 | 477 1.453 0,786 | 228 1.482 0.7i5
8 9 1.758 1,367 1,077 | .763 1.366 1,082 |.B21 1.358 1.110
9 12 [.552 1.230 9,857 | .55k 1,420 0,882 |.475 1.43k 0,787
1011 §.732 1.370 1,061 | 687 1.38L 1,026 | .7h% 1,369 1.070
1215 | 493 1.446 0.810 | o403 1,498 0,672 | o440 1.475 0.733




Tahle Lds

b I A Thcnns o oo i T was 75 mne s
ally Bl dibonvontipnsens

{a) Enoruy cigenvalues -z;

| % II 113

{ A 12,5588 2953620 2.205920

2.2219  2,053335 2.042831

1,7223 1.623528 1.607857

1.3165 1.212531 1.167415

1.2020 1.095837 1.06%048

0.7146 0,707760 0,750653

A™ Faomy 1.908933 1.937182

1.3797 1.302817 1.28252%

1.0940 1.039925 1.032103

0.7908 0.807979 0.84812%

0.599) 0.589357 0,651802

b (~2i){15.0700 24575221 14, 385467

(b) Dond orders, bond lengths and B volues
{and % S RN Y g R g AL L gpiid
f1 2] .606 1,403 0,985 | o628 1.399 0,967 5 635 1,395 0,978
1 B | .55 1.518 0.895 | 608 1.40% 0,548 | 642 1,393 0,983
1 10 | .420 1.485 0,702 { .32% 1.530 0,538 | 239 1.636 0.390
2 3 §.686 i,382 1.02% 3 692 1,380 1.030 § .690 1,380 1.029
3 b oy 6M) 1.393 0,985 3 633 1,336 0,976 [ 637 1,395 0,980
L 5 {687 1.381 1,025 | .692 1.780 1.030 § .690 1.380 1.028
15 s-i JG06 1,503 0,355 | .62k 1,389 0,967 | .636 1,395 0.979
6 10 g 658 1.388 1,000 § o717 1,37h 1.050 r 0?5& 2,367 1.076
6 12'i 575 1.41% 0918 | 2559 1,420 0,888 | .530 1.428 0,831
712 [ 548 1425 0,875 | (518 1.K35 0,839 | 497 1.4b% 0,814
7 M §.727 1372 1037 j 0767 1.365 1,084 g 792 1,362 1,007
8 9vﬂ 420 1485 0,702 | .32 1.550 0,538 | 257 1,838 2,386
10 11 | 513 1,438 0.833 | 503 L.bh1 0,832 | 503 1.l 0,821
12 13 | .505 1,452 0,848 | .535 1.h20 0.838 | .572 1.6 0,505
1515 |.985 1,506 0,935 | 567 1.42b 0.7k | (518 1,437 0.83
) ) ’ i 4




Tablie 123

A B enY ']/,‘ ¥
: Feals o] d G
o

O T A
beozanihroson

g
R B Rt
18, ne;

Tigenvaluss -3

Iz

1.5402
1.5123
1.2584
0.8735
0.4917
2,3028
31,6180
1.3028
1.0000
0,6180

2,2433513
1,842%96
1,437870
1,168189
8,910082
0.557222
2,087509
1.543774
1.183846
6.885010
0.632802

1.501979
1.151615
0,.880568
0.668762

> (=) 125.4396 15.492313 14478559
A

(b) Bond orders, Lond lengths end eigenvelues

I i

E T ik | _EiL _IE
‘Dond | p - T T gl I 1%

gt p 7 pilf

31 1,945 0,551

1 2 | .456 1,459 0,75 | 790 1.9505 0.656 | .3

1 10 | 503 1,438 0,833 | .530 1,431 0.853 | .561 1,420 0,892
1 11 | .623 1.398 0.965 | .6%6 1.392 0,980 | .655 1.390 0,997
2 3 | .59 1,407 0,930 { .538 1,407 0,937 | .599 1.406 0.938
2 7 |.58% 1.426 0.970 | 586 1,812 0.922 | .625 1.398 0,968
3 0b 697 1.379 1.035 | o713 1,375 1.048 | 720 1.373 1,053
L 5 | .626 1,397 0,968 | 606 1,404 0,946 | 601 1.206 0,340
5 6 |.703 1.378 1.079 { .719 1,37 1.0%2 | .728 1,373 1.056
6 7 |.579 1.813 0.93% | 385 1,511 0,921 [ .590 1.410 0,926
7 8 | .408 1.k44 0,815 | .424 1,485 0,709 | 359 1.525 0.60%
8 9 | .780 1,363 1,001 | .8h0 1,356 1,115 | 883 1.352 1.127
9 10 | 498 1.kht 0,815 { .42k 1.485 0.709 | 360 1.52% 0.603
10 12 | 621 1.%02 0,951 | .678 1.395 0,981 | .649 1.391 0.992




s ‘r 4 ) o 'T._;.B‘. 3¢ / 7*"' 5 Lt {‘ NP, 3 ey of ¢
Table 13: Feb, b dibenznophenanthrens {e) Energy eigonveluee -x,
- i

C, symn. I L4 Ii3

2t 2551076 2.252446 2,236040
1.954188 1.838455 1.8%9960
1,466192 . 1,367383 1,342950
1.33064% 1.265219 1,242587
0,787246 ©,825155 0,852071
0.656705 0.655453 0,604478
2,257206 2.071294 2,061983
1.655699 1.578302 1.555685
1.218462 1.130656 1,12031%
1,067232 0.941470 0,927157
0,535049 0.571388 0,618150

I

2{-x,;) [15.468098 1%,497223 14,491579 J

(b) Bend ér@ers, Bond lengths and 31 vaiunss

nggd B IS U R R T R L £ e
1 2 |.519 1.k306 6.8%0 | 465 1.659 0,773 | 0,539 1.488 0,701
1 10 | .337 1.428 0.862 | 508 1.439 0.828 | 0,490 1.447 0,806
1 12 | .56% 1.519 0.992 | .635 1,401 0,957 | 0.06& 1.387 1.006
2 3 |.766 1,366 1,081 | .835 1,950 1.107 | 0,850 1.355 1.118
3 b | .515 1.437 0.835 | 459 1.463 0.763 | 0.412 1,492 0,689
5 5 oszé 1,615 0,905 | 569 1.427 0,901 | 0,56k 1.418 0.895
5 9 | .53 1,420 0,860 | 574 1,413 0.908 | 0,613 1.402 0.95%
5 6 |.710 1.376 1,045 | .732 1.371 1,061 | 0.743 1,365 1,069
6 7 |.618 1,399 0.960 | .59 1,200 0,928 | 0,577 1.41& ©.911
7 8 |.706 1.377 1,081 |.798 1.972 1.659 | 0.70 1,369 1.067
8 9” 5835 1. 0,916 | .78 1.1k 0.912 | 0.578 1,416 0,904
9 12 ;@79 1.452 0,790 | L4738 1.476 0,731 | 0,39 1,302 0,661
10 11 | .76 1,369 1,076 | .782 1,363 1,093 | 0.80F 1.360 1.102
12 13 ;52@ 1.5%5 0,865 | 511 1.530 0,831 | 0,496 1444 0,814




w ¢ e B e Boenzonorvi ome [P o,
Table Lé: 1192 Benzoporylens {8} Energy eigenvalues mgi

Acn)

G, symm. I if 1%

A 2,63839  2,306786 2,290028
2.08063  1.897950 1.8872%9
1.59991  1.451827 1.217544
1,35351 - 1.28273k 1,267798
1.00000  6.955273 0.952946
0.68429  0,664678 0,682652
2,19906  2,00:267 2.007787
1.61296 1.539940 1.530808
1.10504  0.978018 0,992861
1.00000  ©,936343 0.932650
0.43922  0,486667 0.548312

i1

2(~x,) {15.71257  14,508494 14,512835

X [

(b) Bond orders, Bond Lengths and ﬁl valuon

Bond | pt® g gl TR CRINT L T

1 519 1,436 0,840 | 467 1.258 0.775 | 425 1.48% 0,710

1 550 1,423 0,878 | 531 1.430 0.8%% | 516 1,436 0.837

1 11 |.5%5 1.425 0.870 | .588 1.410 0,924 | 632 1,396 0.975

2 3 {.765 1.365 1.082 | 815 1.359 1.107 | .847 1.355 1.117

3 4 | .51% 1.838 0,853 | 456 1.462 0,761 | .41a 1,401 0,692

& 5 |.579 1.612 0.931 | .586 1.41% 0,922 | .588 1.410 0,925
L 8 |.53 1.4%1 0,854 | 598 1.h01 0,887 | 588 1,410 0,925

5 6 {.688 1,381 1.025 | .701 1.378 1.038 | ,712 1,375 1.047

6 7 |.6t9 1,391 0.992 | .63 1,396 0.97% | .615 1,401 0.957
7 13 |.627 1.397 0,970 | .665 1.387 1,007 { .693 1.380 1.031

8 11 |.516 1.837 0.836 | .B86 1,440 0,801 | A4k  1.472 0,741

8 13 |.537 1.428 0,862 | .548 1.426 0,875 | 557 1.421 0.886

9 10 |.7% 1.571 1.062 | 765 1,366 1.082 | 779 1.363 1.091
{11 22 |.519 1.436 ©.832 | .510 1.430 0,829 | 499 1.443 0.817 |
15 36 | .he7 1,480 0,713 | .38 1.538 0.57% | 270 1.600 0.%k2




A} e : e
Bleanthracens

{a) nergy eigenvalues iz,

Cpe OYEZe I i1 L1511
Ay 2.700727  2.3363%k  2.309527
1.697860  1.550060 1,53170%
1.657582  1.493860 1,483246
0.866651  0,778193 0,75L149
B, 2,278434  2,023288 1.97631%
1317431 1.193700 1,157h12
1.000000 0.87687% 0,.850116
A, 1.891220  1,783562 1.781435
1,000600 0,87714%5 ©0,856747
2.70462t  0,725136 0,796659
By 2.289795 2.004020 2,0762%9
1,356507  1,320229 1,%329014
1,109792  1.055653 1,117663
| 0.177627  0,226599 ©0,295698
> {~x,) | 20.038930 18310740 18309732

4, -

Orders, Bond Lengths and ﬁl values
Bond glz pEI EEI @111 pXKE EIII @liﬁﬁ
1 2 0,866 | 508 1.439 0.827 | 477 1.453 0,730
i1 5 0.818 | 496 1.48% 0,814 | .505 1.k41 0,823
i 8 i 0,928 | 612 1.402 0.953 | .625 1.398 0.967
2 3 |.710 1,376 1.045 | 749 1.368 1.073 §.738 1.3063 1.00%
3 & | 625 1.%98 0,968 | 581 1.413 0,936 | .332 1.430 0,856
L6 ) .637 1,395 0.980 | o697 1.379 1,035 | .750 1.368 1.07%
5 6 | .528 1,430 0,851 | 515 1,437 0.83F |.450 1,47 0.606
5 10 F57 1,425 Q.87 L568 1,417 0,000 | .588 1,310 ©.925
6 7 | .495 1,85 0,707 | o556 .54 0,556 | .258 1.61& 0,222
10 11 | 477 1,453 0,799 | 523 1,486 0,706 | .362 1.523 0.602




Table 183

Triphenylens

{6} Energy eigenvalues «x

)

€ ayum,
1
A (a5) | 253200  2,381282  2.202798
(B) | 1.96062  1,909555 1.92650%
(a,) | no38730 1.258122  1.216782
| {E) 1.28558  1.183776  1.145069
EI(E) 0,68:08  0,700120 0.764814
A7 (1) 1.96962  1.905555  1.,926641
(E) 1.28558  1.183776  1,145069
(&) | 0.879%  0,911603 0,938381
(1) 0.68404  0,700129 0.764814%
> {-x,)] 12,65726 11.990127 12.03:209
Z
(b) Bond orders; Dond lenmgths and Bl values
, ¥ - i
Bond EC oIt AL A Il I I gl
1 7 |.690 1,381 1.028 | .698 1.379 1.036 | .697 1.37¢ 1.035
1 9 |.603 1,404 0,953 | .618 1.40L 0,960 | 627 1.398 0,970
2 9 - o’bga 1 oé&s@ 00 ?15 03‘);.30 1 0539 Oo 567 0258 l 06115 00&'321
2 11 |.562 1..19 0,893 | .605 1,404 0,94k | .G41 1.39% 0.98%
& 5 1 657 1.79% 0,980 | 627 1.398 0.970 | .629 1.397 0.972




Table 17

bl y Bl y G, Tl Ttk

enzanthracenc

{a} - tnergy eigenvalues

-
oy BYE, I iI 1L1
Ay | 20605549 2.280060 2,23623%
' 1,955551 1.842823 1.877%071
1.336176  1.209359 1.167965
0.899191 ©0,914792 6,95289%
B, 2.434764 2,158765 2.128793
1516275 1.336026 1,277140
1.305808 1.193717 1.15i230
| 6.605225 0.608625 0.678059
A, 1.950627 1.897721 1.921582
| 1.24238% 1.056279 1.039666
0.763052 0.770133 0,81597%
B, 1,95926% 1,913451 1,931603
1,350714 1,208791 3,205150
0.855187 0.890130 0,922361
| 0.57720%  0,621662 0.71.9050
2. (ox;) 21,275058 19,942354 20,014772
3
() Bond Orders, Bond Lengths and ﬁl values
i Bond i‘ R p1% I R | 4 il % pHE '111 g1?1x
'y 2 g L60h 1,405 0,043 | .619 1,400 0,960 I .628 1.397 0,984
16 | .426 1,483 0,712 { 338 1.5%0 0,564 | .257 1.615 0.488
1 8 |.562 1,429 0.892 | 605 1,405 0.9%k | 681 1,39 0,996
2 3 ).6e0 138 1.02 ] .607 1579 .03 | ,696 1,579 1,040
T 4 | 638 1,395 0,980 | 698 1.397 0,970 | .631 1.397 0,987
& 5 | .689 1.381 1.027 | (696 1,379 1.03% i 696 1,379 1.039
5 8 1 .608 1.605 0,945 | 620 1.400 O0,96F ) .629 1.397 0.985
6 7 1.578 1.525 0,865 | .567 1.418 0,895 | 60* 1,405 0,960
6 10 | .605 L35 0,967 | .650 1.391 0,992 | 659 1.738 1.013
A [ 225 Loy 0,700 | 336 1.2 0.5%0 1256 1689 o.te2
H d




Toblo 18:

N TITY
QIR XA

(b) Bond Orders, Bond Lengihs aud P

Ao

68 symR, I % 7%
at 2.595539  2.278510 2,30%632
2.103635 1.965820 2.001557
L.555040  3.097120 1.401%%0
1.333928 1.276314 1.297119
1.000000 ©.952716 0.972772
0.436971  ©.559000 0.628243
AT | 2.005075  1.8ssom 1.0mm17s
1,350856  1.20171% 1.,193%71
1,000000 ©€.942127 0.960528
0,718080 0.693426 0.732580
2 () [12.,163027  33.255905 33,490707

[ﬁmm lnu)’n'n}ﬂ:. [ZAT LTSN

Pomd I JEDRNN R I ' RYEH
1 7 1,383 697 1,379 1,081 | 696 1,379 1.0%0
109 15405 618 1,200 0,575 | 625 1.398 0,982
2 3 1999 658 1,738 1,012 | 677 1.38% 1,021
2 9 1,433 S0 1,339 0,622 | .233 1,586 0,578
9 1l L, 227 o555 1,222 0,903 | 570 1.417 6.923
3 & 1,399 638 1.7%% 0,992 | 631 1.397 0.987
& 5 1.382 JB9h 1,379 1,038 | .698 1,379 1.0%2
5 6 | .985 1,831 @,920 | 506 1.407 0,953 | .60k 1.405 0,961
6 11 | .532 1.A30 0.856 | .562 1.219 0,915 | 589 1.410 0.946
6 1% |.505 1.451 ©0.82% | B50 1,475 0,752 | .393 1,503 0,608
7 8 | .638 1,395 0,981 | .628 1,308 0,985 | 631 1.397 0,987
9 10 | .56 1,430 0.002 | 804 1,405 0,561 | 631 1.397 0,967
11 32 | o530 1,578 0,830 | 271 1,436 0,806 | 423 1.486 0,740
13 34 | .777 1.368 1.090 | ,.832 1,357 1,018 | .80k 1,353 1.125




Table 19: 1,3,5 triphenylbenzone
(2) Energy eigenvalues -

¢, syma, s Ix II1

A 2.41987 2,175970 2.12916€8

-

A ?a‘

2,13578
1.8225:
1,43421
1.00000
0.90697
0,66215
2,13578
1.4142]
1.00000
0.90697

2,0263832
1,838582
1.250774
1.015000
0.925243%
8,735955
2,0268%2
1.26077%
1.015000
1.015000

2,021900
1.868803
1,16%998
1,017000
0.967765
0.830459
2,02189%
1,165998
1.0170C0
1,017000

0.86215 0.735955 0.830458

2 (-z,)|16.48063 15991916 1.081387
A

(b) Bond orders, bond lengths and @3 values

G T 11 i
Dond D G g1t pai Y . T il

18 [ 676 1.38k 1,015 | 676 1.386 1,007 | -092 10365 1.0L3
11 | 660 1.388 1.000 | .661 1.388 1,003 | .66k 1,387 1.005

12 | .619 1.780 0:960 | 643 1,393 0.896 | .656 1.389 0,998
2 1,598 0,963 | 657 1,392 0.990 | .658 1.389 1.000

R I e
&
)

5 | ,368 1,920 0,620 | 269 1,628 0,406 | .16F - -




"
]

P diphonylboasene

{a) Enorgy cigeaveluvas =3,
va By, I Iz IIK
Ay 2,357%% 2,150563 2,15156
v 3 9 1.8451% 1.867565% 1,923230
e s 4 1,00000 ©.973135 0,999692
0 B 1,00080 1.023000 1.032000
1,00000 1,015000 1.021000
Ay 1.60000 1.015009 1.021000
B, 2.15365 2.033558 2.049487
1,54670 1.261752 1,227041
0.5926% ©,65797L 0.7659%h
(==} | 12,38616 12,012322 12,10006%
{b) Bend erders, bond longths and @1 valuca
R G ok i Iz S
Bond pﬁ-&u Ej giﬂ,i PEK ,,N Siﬁ,w ?E Y . IX ;@“M {
302 | .6¥7 1.38h 3,015 | 677 1.78% 1.021 | 672 1,385 1.019
1 7 | o617 1,400 0.960 | (681 31.39% 0,996 | 652 1.3%0 1.003
2 o | .660 1,388 1,000 | 661 1.788 1,082 j 668 1,387 1,01&
3 & | 689 1,381 1.028 | .689 1.381 1.632 | 679 1.383 1.023
3 05 | o611 1.402 0,951 | .63% 1,336 0,990 | .64 1.391 1,002
5 7 | .375 1.516 0,630 | .259 1.613 0.%92 | 196 1.683 0.371




T&bi@ 2?.: I’."“Qg ?uij}’ glmﬁ"é E“&“ﬁ_h@ggmthracen@

(8) Enorgy eigenvalues

X Iz X1

2,578530  2.320005 2,288920
2,359275  2.168169  2,140240
1.973033  1.93191%  1.949581
1,94308% = 1,871279 1.8888i0
1,59367% 527316 1,.401492
1414205 R.316527  1.282760
1,312636 1,231490 1,201311
1.271627  1.,386023 1,158650
1,000205  1.023169  1.010050
0.877374  0.915%55 0.94216%
0.739560  0.808785  0,832900
0,637066  0,649420 0.695430
0.522346  0.582527 ©,6L2140

18,357361  17.528079 17.5424h4




Pable 21 (contic)

{(b) Bond orders, bond lengths and 532 values

kA

T

Bend p s pl o P giil 111 "rIII' Bl
1 2| .699 1.378 1.063| .713 1,375 1.05 | .719 1.574 1.052
1 26 | 625 1,398 0,981 ] .606 1,404 0,965 | .602 1.405 0,941
2 3] .592 1,409 0,949 | .596 1,407 0,953 | .597 1.407 0,935
3 & | o456 1.465 0,786 .&01 1,498 0,709 | .35% 1.529 0,595
3 24 | 543 1.426 0,896 | .580 1.413 0,937 | .613 1,402 0,954
4% 5| .612 1.402 0,969 | .623 1.399 0.980 | .62% 1.399 0.967
L 21 | .522 1.k3% 0,872 .549 1.h24 0,902 | .582 1.412 0,918
5 6| .635 1,395 0.991| .668 1.386 1.016 | .681 1.383 1.021
6 7| .425 1.48% 0,743 .32 1.537 0.627 | .280 1.589 0.458
6 19 | .528 1,431 0.879 { .5&3 1,426 0.896 | .566 1.418 0,897
7 8 { .60% 1.405 0,961 .620 1,400 0,977 |.629 1.397 0,972
17 12 | .562 1.419 0,916 .601 1.:06 0,958 | .629 1,397 0,971
8 9| .688 1.382 1.032| .693 1.380 1.037. | .69L 1,380 1.030
19 10 [ .638 1.704 ©0.99%2| .632 1.396 06,988 | .636 1.395 0,979
10 11 | .688 1.381 1.03%3| .692 1,380 1,036 | .690 1.380 1.029
1112 | .605 1.h0% 0.962| .622 1.399 0,979 | .631 1.397 0.97%
12 13 | 423 1.485 0,740 | 338 1.540 0,622 | 275 1,595 Qo449
1514 | .605 1.406 0,962 .622 11399 0,979 | .631 1.397 0.973
13 18 | .563 1,419 0.917 | .602 1,405 0,959 |.629 1,397 0.972
14 15 | 688 1.381 1,031 | .692 1,380 1.036 ,690 1,380 1,029
1516 | .639 1.304% 0.99% | .633 1.396 0,989 | .636 1.395 0.979
16 17 | .688 1.381 1,031 | .692 1,380 1.036 | .691 1.380 1.029
1718 | .605 1.506 0.962 | .622 1.339 0.978 |.630 1,397 0.973
18 19 | 423 1.486 0,740 ] .339 1,540 0,622 0277 1,593 0,452
{19 20 | .641 1.30% 0.996 | .675 1.38k 1.020 |.687 1.381 1.026
20 21 | .506 1.408 0.953 | .607 1,40k 0,96 |.612 1,402 0,953
21 22 | .505 1.441 0.850 | .a%0 1,473 0,763 |.388 1,506 0.652
22 23 | .776 1.36% 1,098 | .830 1.357 1.137 866 1,353 1.122
25 o4 | 502 1.442 0,849 | 438 1.476 0,760 |.383 1,308 0.648
ok 25 | .578 1.406 0,934 | o582 1,412 0,939 [.586 1,41l 0.923
25 26 | .706 1.377 1,067 o719 1.37% 1,055 |.723 1.573 1,059




Toble 22: G-k, 9~10 dibenzpentaphene

(8) Energy Bigenvalues

C, symm I i1 111

A" 2,353125 2.316903 2.289234
2,227646 2.058982  2,041862
1,724539 1,65005% 1,60794l
1.459847  1.303755 1.335319
1.365020 1.324841  1,295757
1,000000 0,920807 0,924340
0,816829 0,859885 0.878692

0.432088  ©.4983%9  0,561269
Al | o novous  2.020142  2.200268
1,916930  1.5473648  1.864409
1,543820  1,590411  1.459631
1,220280 1.142565 1,13489%
1,196109 1,307341  1,090137
0.683570 0,699047  0.726269
0.582329 0,621470  0,665805

2(-x,) [21.158189 20,120250 20075827
i




Toble 22 {sent'd)

() Dond orders, bend lengths and Bl velues

X I ) ;
Bond | p* =® pif | I G Il | I I In

2 | .601 1.406 0,958 | 619 1.400 6.976 | .62¢ 1.397 0.971
14 | .63% 1.396 0.990 | 661 1.388 1.012 | .668 1.386 1.009
3 ] o502 1.4%2 0,830 | .&38 1.476 0,761 § .385 1,508 0,647
11 | 515 1.436 0,865 | .53% 1,429 0.887 | .56¢ 1.419 0,895
b 1 777 1.36L 1.098 | .831 1.357 1.1i8 | 869 1.353 1,123
5 1 o500 1.%43 0.84%7 | B3k 1,479 06,755 | o379 1.511 0,639
<578 1.4Ms 0,935 | .58k 1,212 0,941 | .589 1.410 0.926
10 | .5&% 1,426 0,897 | 582 1.412 0,939 | 615 1,401 0,956
7 | 703 1,085 | L7407 1.37% 1,858 | 720 1,373 1.053
8 | .620 0,982 | 608 1,403 0,965 [ .605 1,405 0.9%k
9 | 698 1,802 | 711 1.37% 1,093 | 726 1.37% 1.050
10 | 595 1,408 0,951 | 929 1,206 0,956 | 601 1,406 0,940
2

Tomf
o

=J
=2

8 Y
]

<]

At B BRSNS RS - B U B R L R Y
(=2
e
Q
<
w

10 11 § 452 1.467 0,780 | .39k 1.503 0,698 | 345 1.535 0.578
11 12 | 625 1,308 0,981 | 645 1.392 0.999 | .649 1.391 0.992
12 13 | 609 1,203 0.966 | .63% 1.396 0,990 | .68 1,392 0.99%
13 15 | 514 1.437 ©.86% | .530 1.431 0.881 | 555 1,422 0.88%
13 16 | 295 1.485 0.840 | .42% 1,485 O0.7:L | .367 1.520 0,016
14 15 | 243 1,473 0,767 | .376 1.51k 0.674 { 325 1.550 0.539

16 17 | .780 1,363 1,100 | .838 1,356 1.119 | .877 1.352 1,125




o .
Tablo 20

{2) Lnergy eigenvalues =g

I i¥ 111
2,525067  2,298729 2,275591
2.260955  2.135487  2,128735
1,968607  1.862506  1.837479
1502602 1563450  1.554613
1.495567  1.441988  1.425457
1,357875  1.321563  1.314619
1.162639  1,180736  1.097662
1.095007  1,02203k  0.998745
0.82305¢  0.784565  0.793605
0.70k51L  0.730773  0.750948
0.404791  0.470036  0.322736

15,419606  15,731867  14.699990
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(b) Bend owders, .bond lengihs and ﬁl values

Bond e R T R F
Y02 733 1,371 1,970 | 772 1.36% 1,091 | .797 1.361 1,100
1 22 | .50 1.427 0,893 | .507 1.540 0.856 | .282 1.451 0,796
2 3 | o991 L.h0% 0,948 | (540 1,427 0.893 | 506 1.4%0 0,825
3 B | .732 1.371 1,069 | .771 1,36k 1,095 | .796 1,361 1.099
b5 | .53 1,426 0,806 | 511 1.k 0,860 | 485 1,440 0,80
5 6 |.589 1.410 0,946 | .595 1.408 0,952 | .593 1.k09 0.930
5 22 | 492 1,846 0,935 | .501 1,442 0,858 | .525 1,433 0.847
6 7 | .63 1.30& 0,99% | 672 1,385 1,019 | .689 1,381 1.028
7 8 | k65 1,462 0,791 | 509 1.49h 0,720 | .368 1.519 0,618
7 929 | %96 21.&%% 0,820 | ,40% 1.246 0.837 | 306 1.4kl 0,822
8 9 | .54 1,429 0,807 | ,508 1.479 0.856 | .479 1.432 0.793
8 17 | 570 1.013 0,935 | 663 1,395 0,998 | .69 1.379 1,033
9 10 | .748 1.368 1.08% | 788 1.%62 1.103 | 813 1.359 1,106
10 11 | ,525 1,432 0.876 | 486 1,649 0,827 | 457 1.464 0,761
11 12 | .567 2.:18 0,921 | .559 1,420 0,912 | 538 1.423 0.880
11 16 | .595 1.530 0,885 | .56% 1.519 0,918 | 593 1.408 0,931
12 13 | .71% 1,375 1,055 | .737 1,370 1,072 | .789 1.368 1.075

1% 14 | 615 1,401 0.972 | .587 1,411 0,94k | o572 1.216 0,903
14 35 | .709 1.976 1.05% | .73 1.370 1,068 | J7h4 1,369 1.070
15 16 | 560 1.413 ©.938 | .573 L.416 0.928 | .562 1.419 0.853
16 17 | 481 1.650 .820 | .55 1.466 0,78 | b3k 1.479 0,725
17 18 | .52% 1.433 .87% 567 1,458 0,801 | .17 1.489 0,698

18 19 | 764 1.365 1.092 | .836 1,359 1.11& | 0832 1.335 1.118
19 20 | .507 1,440 0,855 | 467 1.471 0.772 | o398 1.300 0,666
20 23 | 620 1.%00 0.977 | .656 1,389 1,000 | 677 1.383 1.018
21 22 | .595 1.408 0,952 | 683 1,405 0,960 | 589 1.205 0,938




Table Zk;

Haphtho -

genvalues =%y
Gy syum. I iz 1Y

A® 2596155 2,321803% 2.287053

2.287050 2,140138 2,140540

2,000000 1,848289 1,810337

1.653864 1.383803 1.582493

1.324922 1.29533% 1.29358%

1.18264% 1,056526 1.022570

1.000000 0.91758% 0.901852

0.527938 0.388817 0.647570

A% 2.987050 2,14017%8 2,140540

1.653864 1.58%893 1.582403

1,324002 1,205%3k 1.993583

1.263077 1.24217% 1.281505

1,000000 0.93358% 0.901852

0.527938 0,500642 0,647570

0.515722 0,588817 0,641455

> («x,)|21.125146 20,102767 29.134996

4,
(n). Bond orders, bond lengths and §° values

—- pg.v ~ - R 51k I I 5,10
112 | 725 1,372 1,063 | .757 1.367 1,088 | 0777 1.36k 1,091
1 14 | 552 1.42% 0,905 | .531 1.4%0 0.882 | .54 1.437 0.834
2 14 | 568 1,417 0,923 | .553 1,442 0,900 | 533 1,429 0.857
2 16 | 665 1.367 1,085 |.720 1,373 1.060 | 730 1,368 1.073
316 | 410 1,493 0,721 | 313 1,557 0.59% | o252 1.621 0412
312 15 | 600 1,406 0.957 |.550 1,420 0.912 | .533 1,529 0.857
135 | 505 1.hh1 0.853 | o528 L.43D 0,880 | o552 1.419 0.892
16 37 | .50 1.437 0,863 |.506 L.4k0 0,834 | 0303 1.h4 0.821
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Table 8%: 1.2, 5«0 dibenzanthracene

(a) Lnewgy eigenvelues -x,

Cgeymmé i Ix 15X

A ] 2.5212 2.297931 ,272002
1,9285 1,868925 1.885739
1.4142  1.383560 1,354457
1,0696 1,007036 1,0001%4
0,7866 0.829201 0,81907%
B | 2.,3059 2,135407 2,116235
1,6588 1.607519 1.,567686
1,5142 1,319802 1.291535
1,183 1.098973 1.083250
0.684% 0,084260 0.711983
0.4733 0.540692 6.599867

zf(mxi) 15,5408 14773300 H, 721040
i &

K

(b) Bend orders, bond lengths and B° values

. - ¥ T S T A A i
e - L B o I L

,466 0,779 | 391 1500 0.695 | 32 1.537 0.572
438 0,862 | ,529 1,431 0,881 | .557 1.421 0.886
11 | 629 1.996 0.985 | 652 1.391 1.005 | .656 1.389 1.000
31,508 1.407 0,051 | .600 1,406 0,957 | 602 1,405 0.942
7 | .58 1,426 0,897 | 583 1.412 0,940 | 615 1,300 0.957

[
<o W
-] a
Py
B 5
W=
[T R W1

=N @ =) U B W RN = b
w1
o

b .697 1.579 1.042 | .70 1,378 1,052 | 715 1395 1.049
606 1,397 0.98% | 608 1.50% 6,966 | .606 3.40% 0.956

6 | 903 1.378 1,057 | .716 2,376 1.057 | .719 1373 1.033
J579 1437 0,936 | 985 Bokll 0,932 | o59L 1.R03 0.928

8 | .bop 1.asb 0,865 | 532 1,480 0,752 | J376 1.513 0.837

9 JT7E 1,363 1,009 .B8%%  L.357 1,118 0871 1,353 112k
10 | 501 1.483 0.848 | 635 1.478 0,756 | o381 1,511 0.6l
532 | 60 1.00% 0,965 |.627 1,398 0.98% | 638 1.39% 0,981




O N IS S AP,
Table iz An

{a) Energy eigenvalues =1
Cosyamd & Ix Feb

A | 2,562614 2,706891 2.281980
2,124721 1,977339 1,947379
1,479215 1,4509889 1.415119
1.346098 1,336567 1,339953
1600000 6,95668% 0,957879
0.786504 0,752681 0,748813
0,348333 0,41435% 0,460712
B | 2.358675 2.182250 2,179677
1.826186 1,72653% 1.705754
1.533531 1.479795 1,455302
J

1,816572 1,210085 1,209315
' 1,115969 ©,973528 0,930426
0370193 0,630183 0,665390

S {=xg 118,241268 17,346826 17, 312689
(b) Bond orders, bond lengths and B° values -

[Boma | &% & gk | gt G geif] i T I
1 2 §,.798 1,366 1,039 | .808 1,750 1,113 | .842 1,356 1.116
i 13 | .530 1.4% 0.882 | 4f9 1452 0818 | .43 1.478 ©.725

[2 3§ 510 1.433 0.859 | k55 1,466 0.783 | 510 1.493 0.686
5 b | 618 1.800 0.975 | o652 1,390 1,005 | €71 1.385 1.002
3 12 | 495 1.485 0.839 | 490 1.347 0.833 | 501 1.442 ©.819

15 5 .506 1,467 0.953 | .606 1.50% 0.953 ] 608 1,505 0,94
5 6 | 0,539 1,427 0,892 | 506 1,440 0.856 | 479 1.452 0,793

' 3 10 | 0,491 1,447 0.835 | 499 10443 0,855 | .521 1,434 0.842
6 7| 0.7%h 5.370 1.070 | 773 1,364 1,097 | .799 1,361 1,103
7 8 10,590 1;&@9 0,947 | 538 3;&2% 0,891 0504 1,481 0.822

18 90,755 1,370 2.070 | ,772 1,36k 1.096| 798 1,361 1.300
9 10 | 0,562 1,426 0,895 | .09 1,439 0.838 | .A82 1.k30 0.737
10 11 | 0,501 1,409 0,948 | ,599 1.406 0.956 | 599 1,400 0.937
31012 | 0,636 1,795 0,998 | 668 1,386 1,016 682 1.382 1.022
12 16 | 0,464 1,660 6,707 | .19 1,488 0,735 | o383 1,509 0.645
15 04 | 0,585 3,421 0,952 | 656 1,389 1.009 | J73h R.375 16404
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crders, bond

v
X&mww!
g ~

\/;Ilg

{o} Bnergy -3

o "’i

Cﬂsymm £ Iz II3
A% 1 2,568771  2.309330 2,27805
2,309856 2.16%173 2.150507
1.98145%5 1.869387 1.5%5L908
1.567392 1.463518 1,.441742
1,312043 1,207801 1.310L291
1.236558 1.032799 1,010439
0.726551 0,71549% 0,736880
A 1 1.971106  1.933319 1.9526%%
1o823307 1.51040% 1,%3065062
1.213820 1.1%88%3 1,1450%%
0,914512 0.93854:8 §,9560%53
0.746151 0.763£32 ©,80443%
0 0 355@9? 0 o & 3@@?@ @ £§95267

- i
E;(axé}?8028§223 17426200 17,4456k

lengtho snd BY values

P

|

Bond PK o @91 PEI S ﬁsil &111 AL go 3EL
19§ .738 1.370 1,073 § 781 1,363 1.100 | 810 1,359 1,112
3011 | .53% 1.429 Q.887 | 495 1,445 0.850 | .62 1.461 0.79%
2 11 | .608 1,203 ©.965 | .632 1.306 0.988 { 642 1.393 0,997
2 13 | ,600 1 406 0,957 | 618 1.400 0,975 | 627 1.338 0,98k
3013 | .555 1,422 0,908 | .52% 1,433 0,075 | o40F 1.447 0.83h
3 19 | 670 1.33% 1,018 | 735 1.370 1.07% | o776 1.36h 1,098
b 607 1.40b 0,96k | 626 1.398 0,982 | 036 1.395 ©.992
B35 | L4190 1,488 0,375 | .530 1,546 0,611 | .266 1.605 0,500
17 | 568 1.819 0,918 | 603 1,405 0,960 | .629 1.397 0.987
5 6 | .685 1,381 1,020 { 683 1,381 1.031 ; .68J 1,382 1.028
6 7 1 .681 1,398 0,986 | 637 1.395 0.993 | .642 1,393 0.597
7 8 | .68y 3,82 1,028 | 687 1.381 1,051 | .68b 1,382 1,050
8 17 | 608 1.403 0,965 | .687 1.388 0,983 { 638 1.393 0.993
9 10 | 585 1,311 0.052 | 527 1.432 0,878 | (486 1.44% 0,828
1112 | 662 1,450 0,821 | 477 L.A53 0.815 | o491 1.kA7 0.8%
15 3L | Lu7% 1,456 0,806 | 463 L4638 0,793 ¢ 481 1,451 0.820
15 16 | 500 1.463 0,805 | &7k 1,455 G.81Y | (R3S 1,466 0.784
17 18 | .38 1,489 0,733 | .327 1.548 0,607 | .26 1.621 0,496




Table 28:

{a) Energy eigenvalues -x

1«2 benstetrocens

1

3 IT IIX
2,509115 2,234811  2,20708k
2,303538  2.086652  2,063815
1,967577 1.836871  1,822231
1,633451 1,5440%9  1,50614h
1.473261  1.400986  1,403309
1,340660 1,286117  1,266882
1,1797i8  1,100182  1.003923
1,086685 0,996837  ©.985200
0,845431  0.801479  0.817049
0.687423 0.702903 0.70777%
0,327052 0.401739  0,478451
15,362821 14.381521 14,36186k
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13 14
i 1%
15 16
16 17
17 18

EE @aE
1.370 1,066
1,429 0,851
1,412 0,919
1.370 1,066
1.4%0 0.856
1,602 0.9%
o552 0,793
1,409 £.929
1017 0.902
1,830 0,773
1.59% 0,983
1,400 0,808
3,548 0,803
1.%0% 1.0%%
1,447 0,806
1,612 0.919
1,425 9,874
1,378 R.03%
1387 0,977
1,380 1,031
1,506 0,938
1,593 0,739
1,389 1,003
1,410 0.8%%
1,508 0,9%%
1002

0.952

a

o

a

1,096
0,799
6.835
1,097
0.797
0,989
0,782
0,044
D.87%
0,752
1,043
0.680
0,768
1,118
0.677
0,93%
0.928
1,045
0.937
1,0%0
0,951
0,613
1,055
0,862
0,950
0,935

1,111
0.737
0,768
1.121
0,734

1,005

0.798
0,850
0,832
8.798
1.077
0,549
0,745
1,132
0,542
0,946
0.975
1.045
0.957
1,063
¢.,958
0,476
1,085
0.821
0,956
1,002




Tablo 2803

Hexopheno

{e) Ioergy eigenvaluss -X;

I IX 11X
2,529616  2,242956 2,209721
2,361777  2.133125 2,123053
2,13328%  1.936795 1,888552
1.83:132  1,690873 1.,657985
1.538476  1.466607 1,4532%4
1.479086  1.381253 1,376839
1.361588  1.319562 1.318965
1.189726  1.1431281 1.143207
1.127101 1,033246 1.025456
1,000000 0.856316 0.835975
0.823132  0,7687079 0,784596
0.285588  0,533709 0,617625
0,335750  0.%11825 0.490295

18.195264 16,954825  16,92563




Teble 28 coud’ds

Bmd | pt & ot | QT I moam
12| .981 1,412 0,987 | .57: 1.415 0,908 | .55% 1.422 0,882
1020} 637 1,793 0.979 | 691 1.3%0 1,030 | .73 1,371 1.061
2 3§ 586 1,325 0,875 [ 517 1.436 0,838 | .46& 1,445 0,810
2 7| -499 1.x4%F 0.817 | .520 1,43% 0,842 | 550 1.420 0,889
3 & | .728 1,372 1.059 | .767 1.365 1208k { .792 1,362 1,098
L 51 o397 1,807 0,935 | 547 1,225 0.87h | 513 1.437 0.833
5 6 | o727 1,372 1.092 | .765 1,365 1.08% | .791 1,362 1,097
6 7§ o340 1.42% 0,877 | o521 1.43% 0,803 | 408 1.44% 0,816
7 8| 575 1.615 0,999 | .565 1,418 0,896 | 5&5 1.425 0,871
8 9| 655 1,390 0,993 | 710 13,376 1.0%% | 745 1,363 1,070
9 10 | 433 1.579 0,725 | 5 1,536 ©.576 | 266 1.605 0.3
9 26 | ,500 1,452 0,819 | 405 31,446 0,810 | 407 1.54h 0.814
10 11 | 666 3.336 1,088 | .735 1.370 1.066& | .78k 3,365 1,004
10 23 | 483 1,408 0,80% | .459 1,485 0.76% | 240 1.475 0.7
11 12 | 557 1,521 0,887 | .525 1,433 0.847 | 585 1,449 0.801
12 15 | 550 1.406 0,958 | 618 1.500 0.960 | .627 1,398 0,969
12 21 | 468 3.258 0,776 | .459 1,463 0.763 | .282 1,451 0,796
13 14 | 609 1,403 0,949 | 637 1.395 0.980 | 650 1.391 0.993
1% 15 | .535 1.420 0,859 | k87 1.458 0,803 | o847 1,471 0.7hb
1% 19 | 481 1.4%F 0,705 | 476 1.45% 0,788 | 491 1.BA7 0.807
15 16 | .758 1,370 1,06% | .788 1.352 1,095 | .823 1,338 1.110
16 37 | 508 2.L1F 0,920 | 518 1,535 0,838 | 467 1,439 0.775
17 18 | 778 1,378 1.066 | .788 1.362 1.096 | .82k 1,338 1.110
18 19 | 5758 1.520 0,858 | 486 1,449 0.80F | kb5 1.472 0.7h1
19 20 | 630 1.40% 0,951 | 680 1.39% 0,983 { 035 1.390 0,996
20 21 | 595 1.408 0,975 | 612 1,802 0.,95% | 621 1.399 0,963
21 22 | 566 2.41G 0.895 | 536 1.629 0.860 | 493 1.4k3 0.812
22 25 | 656 1.902 0.989 | 716 1.37% 1,030 | 770 1.365 1,086
25 o6 | 403 1,550 0,798 | .39% 1,504 0,657 | o330 1,360 0.510
o4 25 | 700 1,762 1.097 | o858 1,55% 1,120 | 903 L343 L.E3h
95 96 | sgx 1.am 0.79% | L392 1.500 0,659 | o389 1.56L 0.508




Table 305 1-2, Jek, 5«6, 78 tetrabenznaphthalens

(2) Energy eigenvalues -3

Co, Syman. i Iz 11X

Ay 2,62182L 2,414229 ©2,260443
1,661575 1,586302 1.528660
1,308129 1.250619 1.195540
0.511458 0,525395 ©0.575:16
2,278414 2.150453 2.083562
1.307631 1,262543 1,207767
1,600000 0,981260 0.982092
Ay 1.891220 1,8608532 1.871580
1.000000 0,984451 ©.991800
0.704624 0.68895: 0.716041
2,032626 1.951151 1.924959
1.277730 1,199052 1.125157
0,792632 0.,792341 0.810953

L

Ef(mxi) 18,397659 17.647599 17.282978

(b) Bond orders, bond lengths and B’ values

Ix T Iy IIif IIX
Bond pI % WI pII P P r g’

500 1.409 0,948 | .388 1,410 0,925 [ .593 1.409 0.930
550 1,817 ©.925 | .572 1.516 0,905 | .612 1,402 0,953
459 1,43 0,869 | .433 1.480 0,722 | 371 1,517 0.62%
,699 1,386 1,018 | .711 1,375 1,046 | .720 1,373 1,053

629 1,200 0,973 | 614 1,402 0,955 | .60k 1,405 0,944
696 1,387 1,016 | .708 1,376 1,043 | .716 1.37% 1.050
597 1,607 0.05% | .506 3,407 0.93k | 600 1,406 0,940
bk 1,839 0,860 | 1415 1,490 0.69% | 349 1,532 0.385
.031 1,400 009?q ‘oé?ﬁ 1,385 1,014 | .758 1,366 1,079

QO O\ Uit & W R B e b
BN IS BN NS B S B - <R S LY




Fable 31: 1«2, 3<b, 5.8 twibenznaphihalene

 (2) lnergy eigenvalues %

I iz IIX

2.57332% 2,262208  2,231741
2,204962 2.051310  2,039170
1.971009 1.900215 1,915986
1,698870 1.628259  1,617256
1414214 1,326103  1,298772
1.311719 1,211216  1,176413
1,225088 1,106967  1.075929
1,000000 0,982515  0,991851
0,857702 0.855906 0,871293
0,71068% 0,701129  0.749953
0,531921 0.570977  0.628817

15.499493  14,584783  14.597181




Table 31 cont’d:
{b) Bond ordera; bond lengths and B’ values
Bond R g ISR g i RS 8¢ go 11
1 2] ,746 1.368 1,071} ,788 1,362 1.096| .813 1,359 1,106
1 22| 547 1.42k 0.874] .510 1.438 0,830 .481 1.451 0.795
2 3| .53% 1.430 0.854| .492 1,446 0.808 | 464 1,460 0,771
3 & o565 1,418 0.896| .553 1.422 0.881| .539 1,427 0,864
3 8| .525 1,431 0.851] .562 1.k19 0.892] .507 1.k07 0.935
n 5] 716 1.37% 1.650) .74% 1,369 1,669 .762 1,366 1,081
5 6| .612 1.402 0,953 .577 1.4k 0.911| 554 1,422 0,882
6 7| 723 1.37% 1.047) .781 1.369 1.068] .760 1,366 1,080
7 8| o57% 1,435 0,9071 .580 1.420 0,890 543 1.426 0,868
8 9| 499 1.443 0.817] .478 1.453 0.791 | .457 1.46k 0,760
9 10| k52 1.467 0.753] .382 1,510 0.6:3 | 311 1,559 0,513
9 221 .599 1.k06 0.938] .675 1.38& 1.036 737 1.370 1.065
10 11 | .593 2,408 0,931 603 1.405 0,942 .609 1,403 0.950
10 15 | .55% 1.422 0.882| .595 1.k08 0,933| .833 1.396 0.975
1112 | 696 1,379 1.033] 707  1.376 1.083| 709 1.376 1.044
1213} .632 1.396 0.974] .617 1.40% 0.9591 617 1,401 0.958
13 14 | .693 1.380 1.031] .70& 1,377 11,0801 .706 1.377 1.042
1% 15| 600 1.406 0,93¢| .011 1,403 0,951 o617 1.%01 0.958
15 16 | .437 1.477 0,729 .366 1.52% 0.605| .28 1.580 0.472
1617 | .599 1.406 0.938] .610 1.403 0,950 .616 1.401 0,957
16 21 | .557 1.421 0.886 .598 1.407 0,937 .635 1,395 0.978
1718 | .69% 1.379 1.032| .706 1,377 1.060} .706 1.377 1.042
18 19 | ,633 1.796 ©.976] .619 1.k00 0,961 ,618 1,400 0.960
19 20 | .69% 1.779 1.032) .705 1.377 1.041} 707 1,376 1,043
20 21 | .508 1.407 0.9361 .607 1,404 0.947} .613 1.402 0.955
21 22 | 439 1.475 0,733 .366 1.520 0,616} .297 1:»57} 0,485




(a) Lnergy eigemwiues -X;

LA [ q5 T S N, N, | -
Fotvy el dibenztotraphens

(b) Bona

ok

SFB, bonad

lsngths and B' valud

Bond

s

B

rd

pIK EIE IX

ﬁ(}

I ix
2,545488 2,25703%
2,38108%  2.3139071
2, 100478  1.94L287%
1,772176  1,676881
1.595206  1.530009
1,:62827  1.3656204
1.3448%89  1,250654
1.270274  1.163249
1,085394 C.271138
0.211743  0,914740
0.729756 §,.736810
0.6825&L  0,666276
0.428567  0,L0244L8

18.310%33 17.117430

12
1%
23
3h
4 5
5 6
526
67
62
78
89
%0
02
101
12
i)
2D

BI7LE

155
15
516
51
7B
B
DD

DAL

222

23 %
P55
59

® 2?;450 465

713
. 567
,616
0 708
. 582
479
o 538
. 5230
. 576
, 758
515
. 593

96

1,375 1.047
1,427 0,8%9
1,201 0,957
1,376 1,043
1.412 0,917
1,252 0,792
1,429 0,857
1,43) 0,853
1,414 0.910
1,366 1,079
1,537 0.835
1.807 0,937

8 1.439 0,827

1,396 6,977
1,469 0,749
1,439 0.829
1,408 6,934

5 1.423 0.871

103‘?9 100%

5 «;1.039@ 00969

1.378 1,039
1,413 0,915
1,454 0,825
1,363 1,092
1,543 0,817
1,403 0,951
1,339 0,963
1.459 0,773
1,426 0.868
1,368 1,073
1,417 0,845

2738 1,370 1,065
560 1,420 0,890
585 1,411 0,920
o733 1,371 1,062
573 1,416 0,906
449 1,460 0,748
569 1,417 0,901
A7h 1,455 0,785
.63 1,393 0,986
.B11 2,359 1,105
458 1,464 0,761
614 1,402 0,956
522 1,434 0,844
.666 1,397 1,007
383 1,500 0,644
o519 1.435 0,8%0
602 1,405 0,941
587 1,411 0,923
731 1,375 1.046
.608 1,405 0,948
o717 1,375 1,051
587 1,411 0,923
522 1,486 0,705
840 1,356 1,115
425 1.48% 0,769
642 1,593 0,985
638 1.39% 0,981
421 1,487 0,703
498 1,443 0,816
.796 1,361 3.099
477 1.453 0,790

~ i




Table 33

6«7 benzpentephens

(a) Energy eigenvalues -2

{b) Bond orders, bond lengths and B° walues.

Qgﬁymm’; | X . Bond pl EI ﬁoz E;IE E;K ﬁe'EI
A" | 2,579260 2,258597 1 131,610 1.%0% 0,950 | 620 1,397 0.972
20149138 1.997743 1 151,683 1,582 1,023 | 688 1,381 1,027
1.812687 1.705029 2 51,662 1,388 1,004 | .722 1,373 1,058
1.304159 1,322159 2 110,513 1,437 6.833 | 503 1,461 0,821
1.212551 1.085797 5 231.51% 1,500 0,693 | .33 1.558 0.516
1,000000 0.912205 % al.571 1,416 0,904 | .535 1,422 0,883
0.505758 0.573546 5 51,550 1,627 0,878 | 525 1.432 0,847

A% 1 2.286930 2.09362% dh 91,50k 1,441 0,822 | .530 1,431 0,853
1.644286 1,548461 5 61,726 1,372 1,057 | 762 1,366 1,081
1,258063 1..247750 & 71,599 1,406 6.938 | .552 1.523 0.880
1,340752 1.06092% 7 81,726 1,372-1.057 | .762 1.366 1,081
0,76282% 0,74670% s 01,550 1,427 0,878 | 525 1,432 0.847
0,520684 0.588203 9 10,578 1,516 0.904 | 555 1,422 0,884

10 111,662 1,388 1.00% | 722 1,373 1,05k

-(“xi)%8°307@96 . 146338 11 12,506 1,402 0,693 | .34b 1,558 0,517
b 15 141,566 1,418 0.897 | (609 1,403 0,949
15 161,642 1,393 0,985 | .637 1.395 0,980




Table 3&:

(a) Lnergy eigenvalues -z,

Nephtho {20=30, 3ub) peataphene

{b) Bongd orders,

bond lengths and P° values

Cy aymmi I I Bond pI e 5‘1 pII £t ﬁ“II
A |2.550263 2,257236 1 20,492 1,446 0.809 | (&11 1,493 0,688
2,208409 2,015300 1 151,519 1,475 0,840 | 561 1,427 0.866
1,6768602 1.578989 1 16,.605 3.404 0,955 | 630 1,397 0.972
1410235 1365641 2 31,783 1,363 1.09% { .848 1.355 1,117
1.161241 1.313260% 7 &.h90 1,447 6,806 | .406 1,495 0.680
1.000000 0,864441 5 51,631 1,307 0,873 | .681 1,383 1,021
0.536288 0,608269 B 131,500 1,143 0.818 | 404 1.445 0,811

B {0.16607 2.166272 | 5 61.587 1.2l 0,923 | (585 1.411 0,922
2.000000 1.806677 6 7].5%% 1,426 0,878 | 511 1,438 0,831
1.550628 1.470958 6 111.296 1.uhd 0,814 | 515 X437 0,833
1,514218 1,%04612 7 8{.770 1.37% 1.060 | 770 1,36k 1,087
1,19725% 1,107040 8 9150k 1,408 0,932 | 541 1,427 0,867
1,000000 0,890322 5 10,729 1,371 1.039 | 770 1.365 1.086
0.576483 0.613605 10 121,547 1,425 0,873 | 515 1,436 0.835
0.7396057 0.h62342 11 121561 1,413 0,936 | 577 1.41% 0.9

12 1%,,650 1,391 0,992 | .698 1.376 1.035

Ties,) br.osanaz sgeugss | |13 M| 3470 07358 1O -
’ 14 151,630 1.397 0.973 | 657 1,389 C.002




Teble 33:  Anthrecomo (2°-1', 89} tetraphene

(a) Energy eigenvalues ~X;

I Iz

2.556939 2,262515
2,420842 2.168875
2,22118% 2,015011
1.948637 1,804990
1,705199 1,605513
1.518789 1,426312
1.489155 1.406693
1,325618 1,270945
1,272037 1.183368
1.137608 1,051806
1.046266 0.913834
0.83u681 0.8%7645
0,719463 0.687653
0.571777 0,615646 -
0.365130 0.433957

1, 13389 19,684753

2
[

o




{b) Bond orders, bend lengths snd B valuse

RS S I A i1

o
e
|5
2
el

%3

Q(i

1,398 0,970 | 609 1,403 0.949
696 1,379 1,036 | 710 1,376 1,045
1.378 1.038 | ,716 1.37% 1,050
1.513 €.915 | .587 1.410 0.924
497 1,444 0,814 | 421 1,487 0,703
.545 1,425 0,871 | .587 1,410 0,924
.780 1.363 1,002 | .84% 1,356 1,115
599 1,443 0,817 | 424 1,485 0,708
612 1,502 0,953 | .646 1,792 0,989
1,439 0,827 | 516 1.436 0,836
,619 1,400 0.961 | ,633 1,396 0,976
470 1,457 0,780 | 432 1,480 0,722
506 1,440 0,824 | ,519 1,435 0,839
1.431 0.851 | 468 1,458 0,776
1,612 0,917 | .656 1.389 0,998
1.366 1.080 | .817 1,358 1.108
1,439 0,828 | .4k 1,472 0,740
1.400 0,961 | .658 1,389 1.000
1,445 0,812 | ,490 1,447 0,806
1,508 0,93k | 605 1,504 0,945
1,427 0.865 | 501 1,442 0.819
1.446 0,808 | ,502 1.442 0,821
1,371 1,063 | 778 1,363 1.091
1,409 0,928 { 532 1,430 0.856
1.371 1,062 | 777 2,364 1,090
1,426 0,868 §°505 1.4 0.82%
1,402 0,927 §°§98 1,407 0,936
1.395 0,980 | 673 1,385 1.0k

i
§
B .
1,461 0,769 | 411 1,492 0,680
1.h28 0,861 | 487 1,448 0,807
1,367 1.075 | .862 1,360 1.102
5
i
|
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3,035 0,860 % 667 1.45% 0.77%
1.007 © :.610 1,403 0,751
1.395 0,97 1,385 1,013

5 1,510 0,602

T mer : [
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Table 36:

Totrophens (9°=8°, 8.9) tetraphone

{a) Energy eigenvalues %

(b) Bond ozders, bond lengthe and B’ valucs

Cgmymmo

I IX

Rond

pi EE 50&

I II
P

AL it

y:\

2,566726 2,269742
2,30685% 2,069161
1,798753 1.62959%
1.5147973 1,422198
1,271000 1,203547
1,148803 1,049660
0.855071 ©.8%085%
0.667535 6.635926
0.382738 0.451170
2,4%9500 2,193953
2.05663 1,901342
1,671608 1,579231
1.459899 1.373569
1,372484 1,24L702
1,12433% 1,001729
0,795752 0,801933
0,.852062 0,628494

Z (=)

24, 025508 22,35550%

2
it
3
&

16

AV T B I R =)

N
fad

ETER
LIS

e N G TGS
Wl A =D

Ped  fmd fed fad pd oo

LS L S W B = R Vo I 5

15 16
16 17
17 18

-75% 1,367 1,076
539 1,429 0,859
<517 1,536 0.838
0597 1.1087 0,935
0506 1,440 0,825
635 1,395 0,978
SAb® 1,469 0,749
508 1,839 0,828
526 1,407 0,93k
,545 1,425 0,871
686 1,379 1,034
627 1,398 0.969
702 1,378 1.0639
580 1,413 0,915
497 L.hkb 0,814
779 1,363 1,092

3 10459 1.403 0,817

o611 1,402 0,952
.620 1,400 ©.962
LA68 1,458 0.777
579 1,413 0,914

-803 1,360 1,103
%83 1,430 0.797
463 1,469 0.770
-612 2,402 0,952
2520 2,43k 0,841
668 1,386 1,009
.382 1,510 0.643
o537 1,236 0.838
.602 1,405 0,941
-587 1,410 0,924
2711 1,375 1,046
.608 1,403 0,948
2737 1o37% 1,051
.587 1,411 0,923
oA21 1,487 0.70h
2841 1,356 1.115
525 1,485 0,709
o6k 1,393 0.987
635 1,395 0.978
427 1,483 0,713
.649 1,391 0,991




Table 37: 2-%, 89 dibonzpicens

(2) Energy eigenvalues -z, (b) Bond orders, bond lengthe and B valuse
ks oym) I il Bond | pt £ g% | pit gL ol
A’ | 2,561005 2.262631 1 2,769 1,365 1,085 {.830 1,357 1.112
2,216503 2,014344 1 14).518 1,435 0.838 | %46 1.471 0,744
1,679221 1.587760 2 3].502 1,442 0,820 |.429 1,482 0,716
1.530%60 1.459069 3 41,623 1,399 0,965 |.667 1.386 1,008
1.272636 1.2350%3 3 12[,497 1.4%% 0,815 |.493 1.446 0.809
1,325141 0,954108 b 55.592 1,409 0,930 |.597 1.407 0,936
0,770283 0,77776% 5 61,541 1,427 0,865 |.505 1,441 0.82%
0,39633% 0.471343 5 10].49% 1,405 0,810 | ,508 1,440 0,827
A'® ) 2.h3267% 2.167020 6 71,732 1,371 1.062 |,775 1.364 1.089
1.977103 1.798199 7 81,592 1,209 0.930 {.536 1.428 0.860
1.546323 1,360844 8 9,731 1,37F 1,061 |.77% 1.364 1.088
1.327258 1.271372 9 10,58k 1,426 0.870 |.509 1,439 0,828
1.072789 1.01222% 10 31,587 1,411 0,923 |.589 1.410 0,926
0.864166 0.755625 11 12,642 1,393 0,985 | .68 1.382 1.023
0.460333 0.515571 12 131,454 2,466 0,735 | .392 1,504 0,657
13 141,568 1,419 0.893 {618 1,201 0,959
(~x;) {21:121285 B.655712 13 16,567 1,418 0.899 | .554 1,422 0,882
- ik 151,506 1,441 0,823 | ,510 1,438 0.830

16 17:.719 1.373 1,053 | .725 1,368 1.071




Pable 33

12, G=7 dibenziotracsne

(2) Energy eigenvalues -z

{b) Bond orders, bond lengths end B° values

Couymma, i 11 Bond | & 2 gl |gF AT gl
A} 2.,5310827 2.2488%7 1 21,655 1,390 0.99% | ,708 1,376 1,043
2,101855 1,948442 1 13,571 1.416 0,903 | .557 1,421 0,887
1,556946 1,478853 2 5,445 1,472 0,781 | .369 1.518 0,621
1,306423 1,168866 2 11} .493 1.446 0,809 | 478 1.453 0,791
1.093862 0,977481 3 & 598 1,407 0,937 | .608 1,403 0,948
0,680018 ©0,666843 % 84 547 1.425 0,873 | .59Q 1,410 0,927
0,338381 0.:35522 B 5,693 1,380 1,033 | .705 1.377 1.041

B }2.387201 2.133935 5 6§ .630 1,397 0,972 | .61k 1,402 0,955
1.802075 1.700422 6 71 .699 1,578 1,036 | 712 1,375 1.046
1,802194 1,419896 7 8i{.58% 1,412 0,938 | .593 1,408 0,931
1,294106 1,223830 8 0! ..92 1.446 0.808 | 409 1.494 0.685
0,931761 0.912545 9 101 .78% 1,363 1.09% |.848 1,355 1.117
0,711366 0.74620% 20 11 | 493 1.446 0,810 | (411 1,493 0,688

. 11 121 .633 1,396 0,976 | .688 1,381 1,027

12 14 | .580 1,513 0,915 | .572 1.416 0,905

S%(-Ei)%8°258695 17063836 | 415 1a ] La7h 1,455 0.786 | 478 1,455 0.790




Table 39:

12 benzpeniacene

(s) Energy eigenvalues =

II

2,523122
2,377673
2,123763
1,8194k0
1.558519
1.472887
1.361068
1.230420
1.089640
1.000000
0.752878
0.617630
0.243616

2,251214
2,1316€5
1.943341
1.690782
1.478011
1,.408024
1.263762
1.163712
0.991%53
0,909692
0,730016
0.655549
0.309677

18170664

16.916902




Fable 39 comd’ds

(b) Boné orders, bona lengthe and B°

values

Bond

I
P £ 691

I _iX
P

AL gl

2
26
3

A-J =T RS DA TS LB~ © I & I

-631 1,397 0,974
692 1,380 1.030
697 1.379 1.035
584 1,411 0,920
o489 1,448 0,804
o547 1,428 0.87%
<786
<491 1,547 0.807
643 1.393 0,986
B3 1,450 0,798
564 1,418 0.895
o605 1,405 0,943
457 1.46% 0,761
o591 1,409 0,928
581 1,413 0,916
5% 1,466 0,755
,620 1,400 0,962
530 1,431 0,853
474 1,455 0,785
<74l 1,369 1,068
580 1,413 0.915
.741 1,369 1,068
2530 1,431 0,853
,619 1,400 0,961
.582 1,412 0,918
589 1,410 0,926
.608 1,404 0,948
558 1,421 0.887
,663 1,388 1,004
442 1,475 0,737
- 600 |Lh0o 0,938

1,362 1.00%

617 1,401
.702 1,378
.708 1.376
«597 1.407 0,936
401 1,498 0,672
»592 1,409 0,929
-853 1,354 1.129
J50% 1,497 0,576
o715 1,375 1,049
oh49 1,469 6,748
2532 1.430 0.855
+636 1,395 0,979
oBb3L 1,480 0,720
600 1,406 0.939
576 1,415 0,909
427 1,483 0,714
667 1,386 1,008
-h73 1,455 0,784
453 1,467 0,754
.797 1,361 1.099
.505 1,440 0.824
.796 1,361 1,099
47k 1,455 0.785
.666 1,387 1,007
,578 1,414 0,912
.597 1,407 0.935
652 1,393 0.985
522 1,434 0,843
733 1,371 1.062
,361 1.52& 0,607
,612 1,402 0,953

0,959
1,039
1,063




Table 403

ey F=b dibenzpentacenc

(a) Lnergy eigenvalues -z (b) Bond orders, bend lengths and B° values
Canym. I IX Bend pg p_'E ﬁol PII E'II SGIE
A | 2,573150 2,259k04 1 10| .71 1.369 1,068 | ,796 1,361 1,099
2,519469 2,160073 1 12 .530 1,431 0,853 | .475 1.454 0,786
2,150465 1.Y57846 2 12,618 1,400 6,960 | ,663 1,367 1,004
1,809396 1.657652 2 1% .58k 1.412 0.919 | .582 1,412 0,917
1.457721  1.306200 3 1| 587 1.411 0,923 | .589 1.410 0.926
1,309285 1.199135 3 16§ .612 1,402 0.953 | .652 1,390 0,995
1.09548% 0,95L826 L 16§ .550 1.424 0,877 | .503 1.441 0.822
0.731205 0.703470 5 18 | .675 1,388 1,035 | .753 1,367 1.076
A'® 1 1,971125 1.910516 5 6! .608 1,40k G,948 | 627 1,398 0,969
1.478700 1.432310 5 18] .519 1,488 0,701 | ,321 1,553 0,531
1,292270 1,225525 5 20,56k 1.419 0,895 | .608 1.404% 0,948
1.070259 1,034928 6 71.685 1,382 1.025 | 690 1,380 1,028
0.818712 0,838360 7 81 .641 1,39 0,984 | .635 1.395 0.978
0.659703 0.654:268 8 9} ,.68: 1,382 1.025 | 689 1,381 1,028
0.262107 0,332698 9 20| .609 1,403 0,949 | 628 1,397 0,971
: 10 312 | 580 1,513 0,915 { .507 1,440 0.825
2;(-31)210093?&9 19659211 12 15 | 475 1,45 0,786 | 456 1,465 0,759
ik 15 1,456 1,465 0,758 { 433 L.479 0.723
16 37 | 462 1,461 0,768 | o439 1.475 0,733
18 19 | .49 1.445 0,810 | .453 1.467 0,75k

.b17 1,489 0.697

0317 1.556 0,523




Table %13

(2) Energy eigenvalues A

Tetracene {1°-2', 1<2) totracens

{(b) Dond orders, bond lengths and B values

s

17 18

,589 1,410 @°925E

|

Cy aynm1 1 11 Bond | p¢ 2 pit | pit £ gefl
A 12,557882 2,250348 1 2 [.648 2,392 0,991 { .701 1,378 1.0637
2,303617 2,0062662 1 1h 482 1.451 0,796 | 457 1.46& 0,761
1.846024 1.684737 1 18 |.461 1.462 0,767 | .407 1,495 0,681
1,472010 1.40063% 2 3 |.570 1.%17 0,902 | .555 1.422 0.883
1.278652 1,196735 3 & ,502 1,409 0,929 | .600 1,406 0.939
1,15828% 1,11704k 3 12 1,463 1,461 0,769 | 448 1,470 0,747
0.864472 0.761608 B 51,61k 1,402 0,955 | .650 1,391 0,993
0,703919 0,706392 5 61,532 1,430 0,856 | 481 1,451 0,795
0,246965 ©0,313922 5 10§ .478 1,453 0,791 | 466 1,459 0,77k

B | 2.539063 2.1851370 |6 7 ).7%0 1,369 1,067 | 792 1,362 1,097
-2,095118 1,896835 7 81|.582 1,412 0,918 | .572 1.438 0.83}
1,64204% 1.542788 8 9 |.740 1,369 1,067 | .793 1,362 1.098
1,506263 1.395907 9 10,532 1,430 0,855 | -£79 1,452 0.793
1.336351 1.281910 10 11 | ,635 1,401 0,956 | 653 1,390 0,953
1,087476 0,959618 11 12 | .588 1,420 0,925 | 595 1,408 0,933
0.932112 0,870125 12 15 | 576 1.41% 0,910 | 0563 1,419 0,894

0.393357 0.455468 13 1b | .630 1,397 0.972 | 685 1,332 1,02 -

- 1% 15 | 508 1,430 0,828 | 441 1,475 0.735

-, J 15 16 | .759 1,366 1,079 | -817 1,338 1,108
%:(-31)239365568 22.110977 06 17 | 52m 20430 D@51 | W65 10459 06773

.073 1,385 1,014




Teble 48: 1-2 honztotraphens

(a) EInergy eigenvaluss -x;

I

2,533067
2,273711
1.965356
1,641058
1.464570
1,332738
1,198236
1,084844%
0,844650
0,660116
0,418589

15.416915

(b} Bond Qrﬂ®rﬁo bond lengths and B’ values
Bond pI goz B? I
I 21,508 1,439 0,827
1 22 | 772 1,564 1.087
2 3| .528 1,431 0,851
2 11 | .580 1,413 0,915
3 &4 {.756 1,367 1.077
b5 | .52 1,433 0,845
5 6| .568 1,517 0.800
5 10 | .530 1,431 0,852
6 7| .713 1,375 1.0u8
7 8 | .61k 1,402 0,955
8 9| .711 1,375 1.046
9 10 | 576 1,415 0,910
10 11 | 495 1.445 0,812
11 12 | 473 1.455 0.78k
12 13 | .632 1,396 0,975
12 21 | 495 1,445 0.810
15 14 | 501 1,409 0.928
14 15 | 542 1,426 0,867
1% 19 | .492 1,446 0,808
15 16 | 733 1,371 1.062
16 17 | 591 1,409 0.928
17 18 | 733 1.371 1.062
18 19 | 581 1,427 0.866
19 20 | .59% 1.408 0.932
20 21 | .623 1.408 0,932
21 22 | 505 1.h4l 0,823




weh pecns (LPel’y 1-R) vedrescas
| i {b) Bond ordors, bend lengths
and B° wvalues,
Bond px rl 301
1 21,501 1..00 0,929
1 307.635 1.395 0,977
2 31,582 1,426 0,867
2 71,491 1.447 0,807
. o’ 3 &{.73% 1.371 1.062
(a) Eaergy eigenvalues -axi‘o b 51,590 1,409 0,927
5 61.73% 1.370 1.063
6 71.559 1.427 0.86%
I 17 81,597 1,407 0,935}
;8 9|.618 1,401 0.959
2.551195 |9 10[.%12 1,438 0,831
2.409129 19 30 |.493 1.k46 0.810
2,227686 10 11} .756 1.367 1.078
1,976496 11 12 | 552 1,430 0.856
1.704607 12 15 | 460 1,462 0,765
1.535281 12 29 | .587 1.k11 0,923
1.450963 (13 1% | 649 1,391 0,991 |
| 1,345303 . (13 26 | 483 1.450 0,797
1,257323 & 15| .569 1.417 0,902
1.117955 115 16 | .502 1.409 0.930
1,069436 15 24 | 463 1.461 0.769
0.875695 16 17 | 634 1,402 0,963
| 0;763&81 17 18 | 532 1,430 0.856
0.488799 17 22 | 478 1,453 0.791
0.279873 18 19 | 739 1.369 1.067
19 20 | 582 1.412 0,918
21,052819 | leo 21 | 740 1,368 1,067
| 01 22 { .552 1,430 0.855
20 95 | 615 1,401 0,956
2% 24 | 589 1,410 0.925
o4 25 | 575 1.413 0,909
25 26 | 630 1,397 0.973
26 27 | 507 1.440 0.826
27 98 | 761 1.373 1.080
98 29 | ,526 1,432 0,849
i29 3@¢ 466 1,459 0.973 |

e —— ]



Tablo bbs

(2) Energy eigenvalues -x

7-3 bensheptaphone

i

| CS symm,

AD

An'

2,592565
2,303672
1,978607
1,638066
1,44739%
1.208682
1,116139
0.810991
0,372999
2,406781
1.984822
1,509046
1.371466
1.1%0933
0.932209
0.765116
0.358745

Z("‘Xi)

23,938253

(b) Bond orders, bond lengths
and B° values,

Bond

I
P

X
F

. saz

15
17
3
17
19

W OB N R B W D D B e e
o
Wl

.882
611
676
A13
0598
0550
603
472
.0606
536
183
0437
386
o137
536
.606
.602
551
675

2565
A1k

1.382
1,403
1,384
1,492
1.454
1,423
1.403
1,456
1,404
1,429
1,450
1.370
1,411
1,370
1.429
1.50%
1,405
1.423
1,384
1.393
1.k18
1,401

1,022
0,952
1.017
0,690
0,815
0.878
0,942
0,783
0,946
0,860
0.797
1,065
6,922
1,065
0,869 .
0,946
0,942
0.878
1,015
0.985
0.897
0,693




Teble 45: 3=b, 8-9 dibenstotraphene

N i (b) Bond orders, bend lengths
. V-2 and B’ values.
Bond | p¢ #F - gl

21 706 1,377 1.040
26| .578 1.k14 0,913
3].625 1.398 0,968
698 1,378 1.035
o595 1,408 -0.932
6| .495 1.467 0,755
26| 583 1.426 0,869
623 1,399 0,965
23| 517 1.436 0,837

(a) Energy sigenvalue -

O OO NG A U W 8 e b
ol

: 81 .612 1.402 0.953
2,538366 9] .590 1.847 0.806
2,371029 211 .515 1,436 0.835
2,115733 10| .785 1.363 1.09%
1.80%521 10 11 { 488 1.448 0,804
1.573142 11 121 .632 1,396 0.97%
1.463090 11 20| .500 1.k42 0,818
1.351267 12 13 .586 1.411 0,922
1,234758 13 14| .54& 1,426 0087Q
1,001378 13 18| 497 1.kkk 0.81%
1.000000 14 15 0330 1,371 1006?
0,741522 15 16| .595 1,408 0,933
0.55293% 16 17 .72 1.372 1.059
0428737 17 18| 547 1.425 0,87%

| 18 19| .580 1,413 0,915
19 20| 651 1,301 0,993
18.269479 20 21| 439 1.476 0.732

o1 221,637 1.395 0.979
22 231 .599 1,406 0.938
o5 oi | 503 1.441 0,822
o4 251 .776 1.36% 1,090
05 261,500 1.h42 0,819




APPINDIX B

Energies, bond orders etc., calculated using the
improved r(p) ecurve of Fig.J, and the Longuet~

Higgina and Salem B'(r) curve.




Teble 1:

Tetracens

(2) Energy eigenvalues —x

i
€y oy, i= X 11X
Ay 2,46673 2,278130  2,248053%
1.77748  1.686035 1.660570
1,000600 0.875439  0.8557C6
B, 2.19353 2.050627  2.03642%
1,29426  1,2430899  1.243i91
Ay 1.19353 1.169672  1.173807
0.29496  0,336508 0.364052
B, 1.56673  1.422300  1.%03260
0.77748 0,790870  0,788936
§§(°xi) 12,46470 11.852699  11.77k006
R
() Bond orders, bond lengths and B' velues
' 111 III
Bond pl* I 51 p;z I 5011 PIIE i &
1 3 | .618 1.500 0.964 | .6%7 1,395 ©.981 | 666 1.390 1,008
1 7 | .58% 1.508 0.937 | ,53& 1.420 0,900 | 572 1,411 0.940
2 35| .550 1,420 0.898 | .495 1,429 0.869 §.A71 1.435 0.870
2 5 | .74l 1,377 1.03% |.778 1,570 1.060|.799 1.368 1.080
13 & ] .475 1.4%% 0.855 | .265 1.437 0,843 |.463 1.438 0.861
5 6 | .561 1,409 0.935 | .531 1.420 0.899 | .503 1.427 0.891
7 8 | .458 1.43% 0,879 | 447 1.441 0.830{.471 1..35 0.870




Teble 23

Pentocono

(a) Energy eigenvalues s

€, By, In 194 11X

A 2,49550  2,205671 2,292528

2,00000 1,860688 1,856761

1.21969  1.146707 1.146349

B, 2,30278  2,134603 2,123645

1.61803 1.527553 1,5208%5

1.00000 ©.863527 0,843151

L% 1,30278  1,270904 1.276311

0,61705  0,.6&0543 0,659125;

By 1.49551  1,451297 1.462807

1.00000 0.9924217 1,000829

0.21969  0.254116 00279716%

2(em;) | 15.27202 1%,447025 E%&éEl&%

i A
(b) Bond crders, bond lengihs and 3° values

Dond | pt° & gel R O S R aptt
1 3 |.579 1,409 0.933 | .570 1,431 0.929 | o560 L.4lk 0,930
1 5 {.622 1,400 9,965 | .655 E.393 0,987 | .674 1.389 0.980
2 5 | 529 1,420 0,897 J JASL 1,431 0,863 | 466 1,437 0.867
2 7 | .742 1.377 1.040 | 781 1.376 1,062 | .802 1,367 1.081
3 4 | 451 1.4L0 0.8%% | 432 1,245 0.819 A3%h l.hbik  0.890
3 9 ].596 1.406 0,945 | 608 1,503 0.95% | o613 3.k02 0.967
5 6 | 72 1,536 0.857 | AS5T 1,839 0.837 | o455 1,435 0.860
7 8 | 579 1.409 0,933 | 527 1,428 0,896 | .497 1,429 0.886




Table 33 Horacens

(a) Lnergy cigenvalues ~x

1
T
C2§symm° I II IIL
Ay 2,512953 2,306494 2,299449

2,141658 1.986675 1.971558
1,501509 1,406L481 1.308%17
1,000000 0,85592% 0,827824
o | 20370021 2,187453 2,177512
1,843487 1.719316 1.706633
1.169375 1.080717 1.076209
Ay - | 1:370021 1.333529 1.344643
0,843:87 0,.846437 0.86153%
0.169375 0.197673 0,220368
1,512953 1,46887% 1,487777
1,143658 1,121692 1.133485
0.501509 0.527166 0.549437

S{~z,) {18.077986 7, 038431 17, 052886

&

(&) Bend orders, bond lengths and B° valuag

X I

: IIT III IIX
 Bend P r §°1 pEI e @“EI P r g

b 1,599 1,805 0,948 §.617 1,401 0.955 |.627 1.399 0.978
10 | .590 1,407 0,941 | 595 1.%06 0©.939 [.594 1,406 0.953
o577 1.4I0 0,931 | 566 1,412 0,920 }.553 1.412 0.937
623 1,399 0,967 | 659 1,392 0,985 {.679 1.388 1.011
J528 1,421 0.896 | 490 1,431 0,858 | 263 1,437 0.865
J7h2  1.377 1.039 | 782 1,370 1.055 |.803 1.367 1.081
448 1 b1 0,850 | J225 1,445 0.800 |.521 1,446 0,840
JBTL 1436 0,847 § A5k 1,480 ©§.829 | 44O 1,41 0.851
J578  1.410 0,932 | 0525 1,421 0,890 |.49% 1.430 0.885
10 11 | .&%73 1.447 0,827 | 418 1,447 0,790 j o413 1.448 0.833

@ O S W W0 D e
W 3wy 0 & & &




£ TR £
Toblo a: Hopiooone fod 1
L8) Lnergy

BT "\;, ) geavalucs h"ﬁg
C,. sy X z %
0 YT, iz iz b
Hi
T N O U R

Z
2,236481 2,09555L 2,092616
1,738455 1,623209 1,610304
1.134225 1,052033 1,029

BZ 2.43%21% 2,252208 2,851570
2,000000 1.880543 1,877503
1504210 1,333658 1.332421
1.000000 0.878%79 0,86%625
A 1,43421% 1,377057 1.386892
1.000020 0,%93098 1.006245
0.414214 0.438813 0,457042
1,5325292 1,581408 1,492602
1.236481 1,212104 1.233517
0,718655 0.729842 0,746263
0,134225% 0,154669 0,16896%

S (-, )120,883761 1,355880 10, 914456

(B) Bond orders, bond lemgihs end B? valueo
J 133

Bora | p& £ pob | It g gfl | TID KD gI0
L& ] o588 1.A09 0,947 | .989 1.409 0,947 | o585 1,810 0,943
L6 | 60D 1,407 0,955 | .617 1,403 0,965 § .627 l1.401 0.971
2 6 | 576 1.5i2 0,979 | 565 1.hlh 0,932 | 552 L.AhI7 0.92%
2 8 | .623 1,002 6,989 ! 655 1,395 0,983 § 673 1.391 1.00D
308 | .328 1,421 0.903 | .499 1,430 0,886 | 467 1.4235 0,873
3 10 | J74% 1.377 1.058 | ,782 1,369 2,078 | 803 1.36h% 1.0%%
o5 0 ,0h1 2,450 0,859 | o420 1.4bh 0,837 | oAl 1.84% 0.8%6
B 12 | 593 1,408 0,950 | 601 1,506 0,935 | 60k 1,406 0.958
6 7§ BAT B30 0,868 | o430 1,402 0,852 | o430 1.4b2 0,832
8 0 | 471 B.hTh 0,875 | o460 L.AT5 0,869 | o457 1.437 0.867
1031 | 578 1,411 0,950 | .526 1,482 0,957 | .96 1,428 ©.883




Table B¢ Octocens

(a) Lnergy eigenvalues -x

i
Cp, symm. | - I Ix Iz
Al 2,532089 2.351540  2,352318
2,302776  2.150952 2,149354
1.879385  1.764801 1,761894
1.347286  1.261520 1,260032
1,000000  0.875488  0,860597
B, 2.4E4T59  2,277110 2,277210
2,111613  1.977607 1.975180
1.618036  1.52302%  1,519298
1.108781  1.018150 1.013327
A, 1,5660759  1.405640  1.416335
1.131613  1.09550%  1,.107647
0.61803%  ©0,632519 0,6u8952
0,108781  0,12%229 0,138081
B 1.532089  1.488875 1.501286
1.302776  1.273146  1,284090
0,879385  0.878948  0,893072
0.347296  0.37033F 0.387746
jE:(nzi) 23.680L68 22468389 22.546423
A




Table 5: Octacene {cont’d)

(b) Bond orders, bend lengths and B° valuss

Bond PI o @91 S B gotl PHE LTI go 112
1 5 | .59 1.%08 0,951 | .60% 1,406 0.958 | .609 1,405 0,961
1 13 0592 1,409 0,289 | .597 1.497 0,993 | .597 1.%07 ©.953
2 5 | .588 1,409 0,946 | .587 1.400 0.946 { ,582 1.411 0.942
2 7 001 1,407 0.,95% | .618 1,203 0,966 | .629 1,400 0.973
3 72 576 1,412 0.979 | 584 1,434 0,932 | 551 1.4k17 0,923
3 9§ .623 1.402 0.969 | .656 1.395 0.989 | .67% 1.391 1.001
L 9 | .528 1,421 0,908 ! .490 1,430 0.885 | .466 1,435 0,872
5 11 o783 1,377 1.048 | .782 1.369 1,078 | .803 1,36k 1,004
5 6 | .b41 1,640 0,858 | .18 1.4hh 0,846 | (416 1.445 0,845
7 8 | AA7 1,539 0.862 | (429 1.h32 0,852 | A28 1l.kh2 0,852
9 10 | 471 1.43% 0,875 | .459 1.436 0.869 | 456 1.437 0.867
11 12 | .578 1,411 0.980 | 525 1.422 0.907 | .495 1.428 0.888
13 1% | 439 1,440 0,858 | 415 1,445 0,84k | 413 1.345 0,843




Table 6:

Nenaecene

(a) Energy eigenvalues -x
Co,, Symu, I II III
A 2,537673  2,356228  2,355061
2,350830 2,192359  2.190361
2,000000 1.,872429 1,868745
1.536547 1.538612 1,435907
1.089819 0.992558  0,985322
B, 2,466732 2,295466  2.294714
2.193527 2,049381 2,046676
1,777484 1,666032 1.662596
1,294963 1.204546  1,201780
1,000000 0,875142  0,857743
A, 1,466732 1,426839 1,437431
1,193527 1,171201 1,183084%
0,77748% 0,782108  0,796305
0,294963 0.316518  0,332690
B, 1.537673 1.495117 1.507434
1.350830 1,318202  1,328803
1,000000 0,991042 1,003663
0.536547 0.552523 0,568517
0,089819 0.103303  0,113778
o {em,) |o26,505151  25.097512  25.173417




Table 6: Nonaeene {Contid)

(b) Dond orders, bond lengths and B° values
Bond e O IR - 3 e - ST
1 5 0591 1,409 0,949 § .595 1.408 0,952 | .59% 1,408 0,981
1 7 | .595 1.408 0,951 | .605 1..06 0,958 | .611 1.40% 0,961
2 7 | .587 1,409 0,926 | 587 1.k10 0.945 | .561 1,411 0,942
2 9 601 1,407 0,956 o619 1.k03 0,966 | .62¢ 1.400 0,973
3 9 576 1.%12 0.939 508 1,414 0.931 05350 1.%k17 0.923
3 11 623 1.k02 0,969 856 1,355 0,980 | .67% 1.391 1,002
5 11 528 1,421 G,908 490 1,430 0.885 | 466 1,435 0.872
L 13 <73 1,377 1,048 | 782 1,369 1,078 | .803 1. 364 1,09%
5 6 438 1,340 0,857 | .413 1,445 0.843 ] .4L0 1,446 0,841
5 15 0593 1.408 0,950 | .600 1,407 0.955 | .602 1.406 0.956
7 8 Ah0 1,440 0,358 [ 417 1,445 0,845 | 415 1,445 0.8k4
9 10 oBh7 1,439 0,862 | 428 1,442 0,852 | .428 1,442 0.851
11 12 o471 1,43k 0.875 | 459 1,436 0,868 o456 1,437 0.867
13 14 .578 1,411 0,940 | .525 1,422 0.906 { .495 ]:0&29 0,888




Table 7:

Fyrene

blnergy eigenvalueg « x

ﬁ.

Cyy syma) It II IIX v
A 2.53209 2,327011 2,321i% 2.319328
1.34730 1.327295 1.324600 1,322599
1.00000 1.003853 1,012262 1.015462
B, 1.8019% 1.706558 1.68792k 1.680328
0.44504 0,487658 0.514881 0.528408
A, 1.24608 1.134904 1.127597 1.126055
By 2,00000 1,80052h 1,89550k 1.900703
0.87939 0.80549%  0,798672 0,799030
(~z;) |11.25275 10.683397 10.68257% 10.68995%

(b) Bond orders, bond lengths end B' valuks
| I 1@ I . IIf IV _av

bond | pI* gl | JII I I TE o gl IV
1 2] .594 3.406 ©.9%4 |.628 1,403 0,955 | .617 1.401 0,961 [.620 1,400
1 51 .670 1.390 0.996 |.669 1.390 0,996 |.668 1,390 0.996 [,667 1.390
2 3| 508 1,527 0.875 |.459 1.439 0.839 [.436 1,444 0.822 1424 1,447
2 71,528 1,402 0,892 {.535 2,419 0,902 | 545 1.417 0.909[.551 1.415
3 4] .777 1.361 1.059 |.815 1,366 1,075 |.833 1.364 1.083[.841 1,362
7 8| .53 1.419 0,903 |.521 1.423 0,888 | 501 1,428 0.873[.489 1.431




Table 8;

Coronene

{2) Energy eigenvalues

7
(o) I# II 111 v
Ay 2.67513 2.435168 2,428158 2,424069
1.67513 1.573301  1.566910 1.564005
1.53919 1.456050 1,442156 1.431972
0,539L9 0.53789%F  0,549751 0.557263
B, | 2.21432 2,053330 2,047172 2,044518
1,00000 1.041519  0.952065 1,0614L7
1,06000 0,.94%9914 0.952064 0,952176
A, 1,67513 1.57330%F 1.566920 1.318438
0,53919 0,55789% 0,549754 0,469775
B, | 2.21432 2.053331 2,047169 2,04454k
1.21432 1,065595 1.050000 1.043692
1.60000 0.949914 0.952082 0.802688
:E}a 17.28592 16,227205 16.207292 16.187113
A .
(v) Bond orders, bend lengtha and ' values
Bond p;[fe- o ﬁox pj[:@ AL 6611 PIH el gy ﬁ,III IPIV AV
12 |.745 1,576 1.06% |.769 1,372 1,055 | .779 1.370 1,061 | .785 1.369
18 |.538 1,428 0,907 | .518 1.423 0.888 | .508 1,426 0.878].302 1,427
315 oﬁ% 1,518 0090? 0562 Y55 {)0921 0578 1,410 00933 0589 1,407
b5 |.502 1.422 0,896 {.512 1,425 2,883,508 1,427 0,873 .498 1,429




Table 9:

Ovalons

(8) IDnergy eigenvalucs -x

€y, Bymm, 1 IX XX
Ay 2,761020 2.505390 2.516719
2,000000 1,865987 1.875449
1.697124 1,603302 1.611745
1,000000 0,958520 0,968476
0.824152 0.843389 0.861882
A, 1.950627 1.8260%8 1,832752
1,14238% 1,002370 0.997019
0,769052 0,759788 0,776765
B, 2,43h704 2,20637h4 2.257539
1,51627% 1.429085 1.431987
1,305800 1.264749 1.276072
0.605225 0,585008 0.591939
By | 2303555 2.137880 2.146662
1.496453 1,392316 1.399443
1.126413 1.068442 1,078937
0.335875 0.355949 0,374:229
2 (=x;) | 23.248718 21.846608 21.999613
A _
(b) Bond orders, bond lengths and B’ velues
Bond| pt° b gt [ I g g IT [T T I
1 2} .511 1,426 0,895 |,475 1,432 0,880 | 461 1.438 0,861
1 5].508 1,426 0.8%% {.513 1.42k 0,900 ).520 1.423 0,905
110} .604 1,40 0,955 |.617 1,402 0.967 |.622 1,399 0.978
2 3).763 1,373 1.060 |.796 1,365 1.090|.809 1,365 1.090
3 4,519 1,42 0,900 j.486 1,430 0,885 | 471 1.436 0,869
b 6,535 1.k 0,910 |,555 1,415 0,929 |.568 1.412 6,937
L 8§ .557 1,41 0.925 |.550 1,416 0.9251.550 1.416 ©.923
5 6§.526 1,52 0,904 §.514 13.42% 0,900 | 502 1.428 0,820
512§ 5631 1,41 0,915 |.549 1.417 0,923 | 556 1.415 0.928
6 71.503 1.47 0,900 1,516 1,423 0,90k | 5153 1,525 0090&“
8 9].726 1,38 1,035 [.740 1,377 1,047 | .742 1.37% 1,060
213 |.497 1,429 0,827 |.A79 1.31 0,808 | L47F 1436 0,869 4




Table 10: 2«3, 89 dibenzcoronene

(a) Lnergy eigenvalues uxi

¢ ’ ‘
Oy BYTEE. I I 11

| 2.76238 2485110 2.401155
2.03763% 1.904079  1.907505
1.596663 10538727 1.551964
1.115675 1,069640  1.069786
0.558884 0,584518 0;616263
b | 2.228328 2,073581  2,079108
1,360409 1,269352  1.269263
1.000000 1.002309  1.023172
0.185885 0.216507 0,236935
A, 11.774623 1.652786  1.660502
1.000000 0,896963  0,892973
2.404039 2,217971  2,225061
1.593990 1.50556k 1.508991
1.162195 1,078796  1,088492
0.845089 0,766752 0,759128

25’(-xi§21055987& 20,259662 200380295
A

(b) Bond orders, Lond lengths and B! values

¢

lBond bt gl | I AT gLy I 42 QR e
1 2 |.57F 1.416 0.926 |.580 1,411 0.941].586 1,410 0,945
1 9 | .670 1,386 1.017 {.670 1,392 0.998 | .670 1,392 0.998
23 |.5%9 L.h2k 0,902 [.530 1.421 0.909 ) .515 1,424 0,900

l2 11 | .50 1,438 o.85 3051, 1,425 0.898 | 517 1,424 0,901

! 3 4 | .64 1,792 1,000 5 658 1,388 1,011 {707 1,385 1,024

& 5 | 487 1,849 0,828 1.433 0.876 50%6) 1,435 0,872

e 7| .87 1,48 0,829 043@ 1.1 0,855 | 412 1.446 0,842

! 5 6 .567 1,418 0,921 {579 1.411 0,940 .581 1.bll 0,942

E 5 1% | 518 1.43%5 0,868 | .519 1,423 0,907 [ (525 1.423 0.903

£‘7 B | .788 1,362 1,167 3 (831 3,398 1.115] o847 1,355 1127

[11 23 | 548 1624 0,901 | 549 1.317 0,922 ;o043 1418 0,918




Table 11:  Anthanthrene (a) Lnergy eigenvalues =%,
€, syon, I 5 IIX
A 2.625997 2.516783 2,404732
1,777259 1.682913 1,.689656
1.534285 1,460204 1,475342
1,20990% 1.169401 1,181641
0.874820 0.796329 0.790454
0.290959 0.329211 0,353582
B 2.201340 2,108319 2.114741
1,965927 1.859847 1.865164
1.232394 1,183119 1,185156
1.1035i2 1,014571 1,01519
0,730047 ©,783785 0,808926
Z(—xi) 15,626442 14,812682 14,904812
L
(b) Dond orders, Lond lengths and B’ values
pond R gt | T Ben‘ BTN TN i
1 2 ].563 1,415 0,920} .56 1,415 ©.929 |.559 1.415 0.928
1 6 | .507 1.428 0.891 {.512 1.425 0.898 [.521 1,423 0,903
112 | 565 1,435 0,927 ] .540 1.A17 0.922 |.540 1,419 0,916
2 3| .,680 1,380 1,008 .701 1,386 1,020 |.708 1,384 1.02%
3 b | .650 1.797 0.98% | 637 1,399 0,978 |.628 1,401 0,972
b 5 | 605 1.406 0,956 .631 1,400 0.97h {.64k 1,397 0.982
5 6 |.520 1.h2h 0,900 .523 1.h22 0,905 {525 1,422 0,900
5 7 1.49% 1,430 0.885 ] 446 1.439 0,861 [.225 1.843 0,850
6 10 | .550 1.238 0,920 .547 1,418 0,921 [.540 1,419 0,916
7 8 |.78: 1,369 1,078 |.82¢ 1,360 15110 |.840 1,357 1.121
8 % | .49% 1.430 0.685 % .44 1,439 0,860 |.423 1,443 0.849
9 10 | JB7 1,432 0.880 | (AT7 1,432 0.878 |47k 1.433 0.877
9 13 | .660 1.309 ©.976 | .676 1.391 1.002 {691 1.388 1,013
10 311 | 500 1,420 0,005 1,555 1.416 0,926 |.§65 1.4ih 0.932




APPENDIX €

Energies, bond orders etc. calculated as for
molecules in Appendix B, but with special provisiom
nade for extreme short and long bonds, ss described

in 8 6.3,



Phenanthrene

Table 1:

(a) Energy eigenvalues =

02 syma, I il IIX v

AY  12,255841
1.%429019
1.209599
0,726083
1,92005%
1,06&673

0.812916

2.281178 2,284230 2,284603
1.503049 1.502668 1,502689
1,232885 1.24075% 1,24250%
0,70325% 0,687811 0,681615
1,923817 1,908630 1.905832
1.070064 1.074528 1,076752
0,779482 0.7712uk 0.768825

Ate

9437085 9.483726 9.469805 9.462817

Z.(“’xi)

{b) Dond erders, bond lengths ond P° values

I _IX I v IV v

ﬁ“z P r

!

PIIE rIII

B BGIEE >

Bond | p

0586 1.410 0,945
k27 1.4%3 0,852

805 1,408 ©,951
h15 1,445 (.844

1,405 6,960
1.416 CG.83L

608

0392

628
0339

1,401
1,260

0,972
0,804

2697
.682
0629
- 680
032
-895
o337

O & Ul W N e e e
= W0 & N

oad oW

1,405 0.959
1,389 1,000
1,396 0.985
1,390 1,005
1,000 0,975
1,345 1,166
1,465 0,791

1,409 0,948
1,396 1.017
1,460 0,975
.694 1,387 1,015
.613 1,404 0.963
.86% 1,352 1,140
2373 1.454 0,821

<391
596
631

586 1,410 0,945
708 1,384 1,024
619 1,402 0,967
0705 1,385 1,023
601 1,407 0,955
-848 1,355 1.128
2305 1,449 0,832

,586 1,410 0,945
.716 1,382 1,030
,610 1,40% 0,961
713 1,383 1.028
.592 1,408 0,949
-840 1,356 1,121
o805 1,447 0.838




Table 2:  Triphenylene

{2} Energy Eigenvalues -,

Cy symm
(D ) I iL 1iX v
, X
A (4,1 2.332253 2.320636 2,345922 2,348122

(1) | 1.950012 1,925866 1,942828 1.922500
(AQ) 1,275427 1,277255 1.289376 1.,292069
(1) | 1.188250 1.195939 1,211062 1,214734
(1) | 0,758644 0.723369 0,707638 0,701191
A" (8) ] 1.950012 1.925866 1.924828 1.922509
(B) | 1.188240 1,195939 1.211062 1,21473k
(Al) 0,907680 0.898892 0.896297 0.897191
(B) | 0.75864% 0.723362 0,707638 0,701191

IS (~x;)  [12.309150 12, 187131 B, 21864812, 214250

(b) Bond orders, bond lengthe end B’ values

>

I ERN S &

' ’ 1 T iV
Bond | pb  £% B RN T A0 G TV 3V )

B

676 1,390 1,002 | 684 1,789 1,008 .692 1,387 1,013,697 1,386 1,017
637 1.399 0,978 | 626 1,481 6.971] .617 1,403 0,965,611 1,404 0,961
2300 1,469 0,780 | .33% 1,462 0.800] .359 1,456 0.814[.369 1.455 C.818
,613 1.40& 0,963 | .603 1,406 0,957 .596 1.408 0.952].595 1,408 0,951
653 1,395 0,987 | 643 1,397 0.982] 635 1,399 0,977 ,629 1,400 0,973

BN N b ke
[
S I Y- NN

(84}




Table 33

1=2, 3-4, 5"69 7-8

tetrabenznaphthalene

{(a) Energy eigenvalues =

CZVsymm‘

I I ITT Iv

20341739 2.400140 2.409464 2.410867
1.506626 1.579248 1.587492 1.587253
1.209775 1.232438 1.239705 1.241681
0.587146 0.565640 0.557610 0.554460
2,167050 2.157296 2.155108 2.154827
1,230802 1.246968 1.253027 1.254749
1.000000 0.988218 0.986695 0.987372
1.914530 1.8812%5 1.873645 1.871344
1,000000 0.989173 0.988694 0.989967
0.783322 0.732055 C.7L4489 0.707637
1.974111 1.957573 1.954064 1.953273
1.141091 1.168372 1.177048 1.181041
00850084 0.805520 0.801160 0.800947

\
> (~x,
ol 4

17.606276 17, 703896 17.696198 17,695419

(b) Bond ordcrs, bond lengths end (7 values.

Bend

pq by ﬁ

I

f

WiV

PlllrI;I fgli

12
16
18
23
34
45
56
67
89

628

1.401 0.972
L8605 1,406 0.958
+340 1.460 0,804
.682 1,390 1.006
648 1,396 0.985
680 10390 1.005
2634 1.399 0.976
0315 1.466 0,790
2793 1.366 1.086

609 1,405 0.960
588 1,409 0.947
<387 1.451 0,828
.695 1.387 1,016
635 1.400 0.975
693 1,387 1.014
s616 1.403 0.964
369 1,455 0,818
<737 1,378 1.044

2598 1.407 0.924
2586 1,410 0.945
2402 1.448 0.836
705 1.385 1,022
.621 1.402 0.968
702 1.385 1.021
.604 1,406 0.958
387 1.451 0.828

L 727 1.382 1.031

592 1,408 0,949
2586 1,420 0,946
<409 1.446 0,840
»T11 1.383% 1.027
614 1,404 0.964
.708 1.384 1,025
598 1,407 0.954
2394 1.449 0,832
70T 1.384 1,024




Table 4: 1-+2 benzpyrene (a) Energy eigenvaldes =X,
. . N - - 1

Cooymm, I I XTIy

A" 12.373018 2.392875 2.395815 2.397330
{2-006793 2.010938 2.010629 2.010832
10463106 1.523436 1.523831 1.524240
1.266656 1,282305 1.288296 1.290666
0.873028 0.986286 0,982585 0.980349
0.642699 0.594362 0.572950 0.564358
A 11.973509 1.942598 1.933855 1.931314
1.204079 1,234951 1243835 1.247376
0.963924 0.954760 * 0.953541 0.953830 -
0.7737868 0.733390 0.721874 0.719255

: Z(-xi)lﬁ 630601 13.656397 13.627210 13.619549

(o) Bond orders, bond lengths and ﬁ values.

- : T I T O III 7 )
Bond pl rl fyi II IEY ing 111 At EIT pIV rlv ﬁFV

r.,.!
L]

<3
[#)Y

676 1.391 1cb02 2685 1,389 1.009].692 1.387 1.014{.697 1,386 1.017
657 1.399 0.9781.624 1,402 0.969|.615 1,403 0.964] 4610 1,404 C.961
645 1.397 0.982].642 1.396 0.9811 643 1,397 0.962}.645 1.397 0.963
+300 1.469 C.7€0 |-346 1459 0.607].363 1.456 0.515].368 1.455 0.618
11 | .605 1.406 0,956 1,577 1,412 0.939f .564 1.414 0.952].559 1.415 0,928
| 1.394 0.992 1,656 1.395 0,989} .652 1,396 0.966|.548 1,396 0.985
672 1.392 1.0001.676 1.390 1.003.682 1.390 1,006} .685 1.389 1,008
2631 1.400 0.974 1,617 1,403 0.965( 609 1.405 0,961] 605 1.406 0.958
.603 1.406 0.957{.560 1.411 O. 941{ 4571 1413 0.936] 568 L.413 0-934

WO\
L2
S
o

=
=W

Fo S TR € T SRR G YRR X S SR O R S o
O
o
o\
A
=

13 [+339 1.460 0.804{.392 1.450 O 0.831] .415 1.445 0.844] 425 1.443 0.830
7 8 1.654 1,395 0.987§.642 1.398 0.981f-634 1.399 0.976].629 1.400 0.373
9 10 |.613 1.404 0.963{.598 1.407 O. 954 595 1,408 0.951}.596 1.408 0.952

446 1.439 0.861] 457 Lo437 0.867
849 1.355 1,128} .841 1.356 1.122 |

I

i

OGN

‘mn;m&‘mm:m_m_—m

112 {.347 1.459 0.608.419 1.444 0.84
B14 [.895 1.345 1 1663 .864 1.352 1.140}
i




Table 53

1-2, 6-T dibenzpyrene (a) Energy eigenvalues ~x,
Oy 8ymmsd I III III v
Ay 2.453521 2,422130 2,4234T1 2.424225
1.879222 1.843399 1.837668 1.837014
1,282965 1.277637 1.280943 1.282541)
0.970925 0.945419 0,942266 0,.941556
B, 2,134998 2.115472 2.115503 2.115866
1.33763) 1.339870 1.343870 1.345714
0.650486 0.604997 0.591831 0.58735%
A, 1.285621 1.295061 1.300753 1.30248%
0.837294 0.821278 0.819451 0.820474)
B, 1.982360 1.950640 1.945853 1.94401C
1.082691 1.083037 1.085155 1.086209
0.721582 0.689907 0.682340 0.680115
'z(»xi) 16.619494 16,388846 16,369102 15, 367579
£
(v) Bond orders, bond lengths and ’fj' valuess,
pong | pI st [g{{ oI T ﬁ,nc asgias ﬁ:EII A7 AT /3,19’
1 4 1.678 1.390 1,004 [.687 1,368 1.010} .634 1.387 1.015.698 1,386 1.013
1 6 §.632 1.400 0.9751.621 1.402 0,967|.613 1.404 0,963 [.609 1.405 0.961
2 3 |.638 1.598 0.979|.633 1,400 0.975] -651 1,400 0.974 [.630 1.400 0.974
12 6 }.324 1.464 0.7951.355 1.457 0.812} -367 1.455 0.817[-370 1.454 0.813
2 8 .596 1.408 0.9521.562 1.411 0.942| .576 1.412 0.938}.573 1412 0,937
310 |.666 1.393 0.9951.666 1.393 0.995].666 1.393 0.9951.666 1.393 0.995
4 5 {.651 1.396 0.986|.639 1.398 0.979| -652 1.400 0.975.627 1.401 0.572
6 7 1.606 1.406 0,958,595 2.408 0.952f 594 1,408 0.9511.595 1.408 0.952
8 9 |.574 1.454 0.821 1,408 1,446 0.840].424 1.443 0.849].430 1.442 0,852 |




Table 63

(a) Energy eigenvalues -x

1-2, 3-4, 5-6 tribenzanthracene

i

1 I 111 v
2.367521  2.380136 2.383953%  2,384104
2,188349  2.204913 2.207058  2.207504
1.950650  1.929108 1.925715  1.924405
1.920537 1.888114  1.880587 1.877545
1.479890  1.5393%% 1.540030  1.539722
1.291391  1.324866  1.332492  1.334107
1.220772  1.236359 1.243024  1.245058
1.170802  1.190104 1.196875  1.198896
1.027811  1.026691  1.027573 1.027714
0.921024 0.905598 0.90197% 0.901543
0.831685 0.810828 0.804055 0.802683
0.710626 0.664399 0.651908 0.648304
0.665045 0.619526 0.598278 0.589393

17.746101 17.720101 17.693486 17.680976




Tavie 6 cont'd.

Bond

I
P

(e

rI ﬁ,

IT

* B

y LT

pIII 1,fJ[H

LIT
g

IV

o rI‘!

IV

B

26

O @B =3 =3 O O B B W N e
(o2

b=
= O

12

24 25
25 26

-680
2649
2633
0317
.607
641
<295
.651
- 300
397
637
613
.676
»654
675
-638
.298
638

0613 £ o Y

576
654
«676
.638
» 299
.652
+63%6
2339
895
338
.628
.682

1.390 1.005
1.336 0.92%
1,400 0.975
1,465 0.791
1.405 0.959
1.398 0.981
1.408 0.952
1.396
1.469
1.407
1.399
1,404

0.780
0.953
0.978
0.963
1,002
0.988
1 1.002
5 1.25
0.779
1.398 0.979
0.963
1.391 1.002
1.395 0,988
1,391 1,002
1.399 0.978
1.469 0,780
1.396 0.987
1.399 0.978
1,460 0.804
1.345
1.461 0.803
1.401 0.972
1.390 1.006

§¢)
o
o
O
=3

\O
et

°

=
L

!

\0

AR

WA
O
w

)

0.9866 .

1.166 k.

> 1.401

1 1,389
3 1.397

i 1w450
5 1.351

1 1,387 1.015

1.400 0.975
1.404 0.963
1.454 0.820
1,409 0.948
1,400 0.975
1.413 0.935
1.396 0.986
1.459 0.807
1.414 0.934
0.970
0.953
1,008
0.982
1,008
0.970
0.806
0.970
0.954
1,008
0.982
1.008
0,970
0.807
0.987
0,971
0.830
1.141
1.450 0.829
1.405 0.960
1.387 1.016

1.407

1.389
1.401
1.489
1,401
1.407
1,389
1.397
1.389
1.401
1.459
1.395
1,401

704
621
.602
2392
0587
+626
+259
652
2361
2904
617
«594
.691
.836
.690
.618
+359
617
2995
2691
0636
691
617
« 360
059
0620
2412
850
411
0597
. 706

1.022
0,967
0.956
0.830
0.986
0,971
0.929
0.987
0.815
0.925
0.965
1,408 0.951
1.388 1.013
1.399 0,977
1.388 1,012
1,403 0,966
1.456 0,814
1.403 0,965
1,408 0,951
1.388 1,012
1.399 0.977
1,388 1.013
1.403 0,965
1.456 0.814
1.395 0.988
1,402 0.967
1,446 0.842
1,354 1.129
1,446 0,841
1.407 0.953
1.384 1,023

1,385
1,402
1,406
1.450
1.410
1,401
1.415
1.396
1.456
1,416
1.403

.711 1,383 1.027
613 1.404 0.963
,535 1,408 0,951
L400 1.448 0.835
,587 1.410 0.946
623 1,402 0,969
556 1,416 0.926
654 1.395 0,988
L 366 1.455 0,817
,548 1,417 0.921
612 1,404 0,962
595 1.408 0.951
,695 1.387 1.016
631 1,400 0.974
.695 1,387 1,015
,613 1.404 0.963
,365 10455 00816
,613 1.404 0.953
,595 1.408 0,952
695 1.387 1.016
,651 1.400 0,974
695 1.387 1.016
613 1.404 0.963
,365 1,459 0.817
,657 1.395 0.990
616 1.403 0,965
,422 1,444 0,848
,843 10356 1.123
421 1.444 0.847
,589 1.409 0.947
715 1.383 1,028




Table T3 1-2, 3~4, 5-6, T~8 teirabenzanthracene

(a) lnergy eigenvalues -x,

Cgvg i I 1I IT1 v

Ay | 20391968 2.399990 2.404763 2.405244
1.923432 1.893354 1.886803 1.884131
1.225434 1.239227 1.245473 1.246628
0.944263% 0.919206 0.912564 0.911260
Bg 2.248291 2.253785 2.257879 2.258323
1.385184 1.399692 1.404797 1.405723
1.205384 1.222948 1.230424 1.231692
0.685264 0.636753 0.622378 0.618501
A2 1.941927 1.917460 1.912915 1.911099
1.068015 1.075543 1.079983 1.081652
0.814065 0,784175 0.777580 0.775483
1.958255 1.9381€2 1.935331 1.934052
1.244513 1.267452 1.278073 1.281802
0.888609 0.8T74020 0.873759 0.874805
0.693700 0.636314 0.617439 0.610596

Z(—-xi) 20618282 20.458290 20, 440159 20,431003
A

(b) Bond orders, oond lengths and g'velues.

ITL_ITT IITf Iv IV i)

637 1.399 0.978 1,623 1.401 0.969{.616 1.403 0.964|.611 1.404 0.962
.300 1.470 0.780 [347 1.459 0.807].363 1.456 0.815.368 1.455 0.818
613 1.404 0.96% 598 1.407 ©.953.594 1.408 0.951}.595 1.408 0.951
.676 1.301 1.002 685 1.389 1.0091.692 1,387 1.013[.696 1.386 1.016
(654 1.395 0.968 1,642 1,396 0.961.634 1,399 0.976-629 1.400 097
676 1,391 1.002 1,684 1.389 1.008}.691 1.388 1.0151.696 1.387 1.016
,638 1.399 0,976 1624 1.401 0.970{.617 1,403 0.965].612 1.404 0,962
L601 1,406 0.956 1,576 1.412 0.939].566 1.414 0.952{.562 1.415 0.930
646 1.397 0.984 |.641 1.398 0,981,640 1,398 0.980 640 1,398 0,980
.299 1.469 0,779 [o345 1.459 0.806{.361 1.456 0.614 .366 1.455 0,817

=} @ W\ How o 0NN

[T 2 Y« NG s S - WY L S A
=
o

O




Table 83

1-12, 2-3 dibenzperylene

(a) Energy eigenvalues -x;

I

Ix

IIT

Iv

2.430480
2.153936
2.018463
1.896101
1.495396
1.328533
1.265475
1.130766
0.987265
0.952573
0.880546
0, 717348
0.608789

20448547
2.163320
2.002741
1.861576
1.557778
1.347940
1.288092
1.141567
0.995647
0,945150
0,862350
0.670970
0,551582

2.452237
2.164851
1.997322
1.851943
1.559443
1.355849
1.297511
1,144708
0.989680
0.945301
0.858513
0657195
0.527768

2.453011
2.165387
1.995066
1,848653
1.560127
1.358894
1.300957
1,145788
0,986252
0.942937
0,888515
0.653378
0.517686

17.865672

17.837261

17.800320 17.786650




Table 8 contld.

FRPPR, g §
(b) Bond oxders, bend lengtho and ﬁ values.

(=]
3
a

Ny
.

o

I

¥

!
3

XX
P r

IT

I
‘@

pIII rIII ﬁ;II

T .
A

B

22

24

25

12

10
10 11
11 12
12 13
13 14
13 26
14 15
15 16
16 17
17 18
17 26
18 19
18 23
19 20
20 21
121 22
22 23
23 24
24 25
25 26

W @ =3 =3 0N O\ WU B G N N e e

-

.894 °

o341
0542
621
606
.686
626
-303
616
636
+61.2
676
653
.676
o637
2301,
640
+609
-057
<665
«641
300
.609
0645
-605
2601
2673
630
603
348
601
2331

45
1.460
1.460
1.402
1.405
1.389
1.401
1.468
1.40%
1.399
1.404
1.391
1.395 0.987
1.391 1.002
1.399 0.978
1.469 0.781
1.395 0.980
1.405 0.960
1.393 0.996
1.393 0,595
1.398 0.981
1.469 0.7€0
1,405 0.960
1.397 0.9853
1.406 0.958
1,394 0,992
1.391 1.000

1..16%
0. B804
0,805
0.968
0.959
1.009
0.971
C.782
0.965
0.378
0.962
1.003

i,

B\

1.400 0.974 [

1.406 0,997
1.462 0,799
1.40% 0.956
1.462 0.799

860 1.352 1,138
95 1.449 0.832
+399 1.448 0,834
<597 1.407 0.953
-587 1.409 0.946
«T0% 1.385 1.021
»604 1.406 0.957
<354 1,457 0.811
.602 1L.406 0,956
621 1.402 0,968
.595 1,408 0.952
.687 1.388 1,010
.640 1.398 0.980
.686 1.369 1.009
623 1.402 0.96%
+350 1.458 0,809
632 1,400 0,974
2586 1,410 0,945
2668 1.392 0,995
2665 10393 0.994
263% 1,399 0,976
2547 1,459 0.807
2586 1.410 0.945
-64% 1,397 0.981
T 1.412 0.939
5 0.988
1.330 1,004
5 1.40% 0.964
1,411 0.941
7 10449 0.834
L 568 L.413 0.934
2397 1.449 0.834

7
o

NN

843 1.356 1,124
+420 1,444 0,847
0424 1,443 0.849
2582 1,411 0,942
2581 1,411 0.942
o715 1,383 1.030
+589 1,409 0.948
2374 1.453 0.821
600 1,407 0.955
611 1,404 0,962
2591 1.409 0.949
695 1.387 1.015
631 1,400 0.974
.694 1,387 1.015
614 1.404 0.963
368 1.45% 0.818
628 1,401 0.972
oBTT 1,412 0,939
669 1,392 0997
663 1,393 0.993
633 1,400 0.975
.363 1.456 0.816
576 1.412 0.939
644 1.397 0,982
.563 1.414 0,931
650 1,396 0.985
684 1.389 1,008
.606 1,405 0,959
570 1,413 0.935

.422 10444 0.848

.550 1,417 0.922
422 1.444 0.848

2834 10358 1,117
2433 1,441 0,854
438 1,440 0,857
L571 1.413 0,936
2581 1,411 0.941
.T24 1,381 1.035
2580 1,411 0,941
382 1.412 0.825
2601 1.406 0.956
605 1.406 0,958
.591 1.409 0,949
700 1.386 1.019
625 1,401 0,970
.699 1.386 1,019
.608 1.405 0,960
376 1,453 0,822
,625 1,401 0.971
574 2,412 0,937
670 1,392 0,993
.662 1,394 0992
2633 1.399 0.976
,368 1,455 0.818
572 1.413 0.936
647 1,397 0,984
.557 1.416 0.927
.645 1.397 0.983
688 1,388 1,011
.600 1,407 0.955
566 1.414 0.933
.432 1.442 0,853
.540 1.419 0.916
432 1,442 0.855




Table 9¢

1-12, 2-3%, 10-11 tzibenzperylene

(a) Energy eigenvalues ~x;

(a) Energy eigenvalues -x

C, symm. I IX II1 v
A 2.449316  2.461744  2.466843 2.468354
2.063061 2.048616 2.04692%1 2.045548
1.926334 1.895198 1.887807 1.885009
1.33477%  1.357595 1.367886 1.370783
1.271637 1.293631  1.302465 1.303871
1.000000 0.993214  0.994618 0.996062
0.969123  0.954568  0.949916 0.947550
0.704437 0.652605 0.637795 0.632904
A"? 2,213538  2,216373 2.220206 2,221025
1.883460 1.848679  1,840284 1.836833
1.361340 1.379330 1.387786 1.390299
1.175594  1.187417 1.193488 1.194732
0.949510 0.940404 0.939075 0.939226
0.806859  0.777892  0.,771560 0.770258
0.628579 0.564074  0.541853 0.533710
20.737358 20.571339 20.548503 20_-538165

2—0 (=x;)

i




Table 9 cont'd,

(b) Bond orders, bond lengths

and /%'values

Bond

I 1 I

©

IT
p

I1

-8B

1IT

JI1T 1 IIII ]
ity 1I BILI

~
NC YR

(Yo NI, NI I S S

WO @ = AN D AN R N e e
o
N

[
o

10 11
1117
12 15
12 17
13 14
15 16
17 18

1.469 0.781
1.400 0.974
1.404 0.962
1.399 0.978
1.404 0.963
1.391 1.002
1.395 €.987
1,391 1.002
1.399 0.978
1.469 0.780
1.398 0,980
1.405 0.960
1.39% 0,996
1.393 0,995
1.398 0.981
1.462 0.799
1.405 0.961
1.390 1.005
1.405 0.958
1.469 0.780

<552
613
«595
622
-596
.686
2641
.686
.623
=348
632
o987
667
<665
- 586
»396
» 586

0692 2

«ST7
347

1.456 0.810
1.404 0.963
1.408 0,951
1.402 0.968
1.407 0.952
1.389 1,010
1.398 0.981
1.389 1,009
1.402 0.96%
1,459 0.808
1,400 0,975
0.945
3 0,995
0.995
0.545
0.833
0.945
7 1.013
0.939
1.459 0.808

*3TL
603
- 590
612
« 592
-694
632
2693
614
<366
.629
2578
668
664
632
«421

1.454 0,820
1.406 0.957
1.409 0.948
1,404 0.962
1.408 0,950
1.387 1.015
1.400 0,975
1.387 1,014
1.404 G.964
1,455 0.817
1.400 0,973
1.411 0,940
1,392 0.996
1.393 0,994
1,400 0.975
1.444 0.847
«577 1.412 0,939
700 1,386 1,019
563 1.414 0.931
364 1.456 0.816

2379 1.452 0.823
«9597 1.407 0.953
-589 1,409 0.947
.607 1.405 0.959
2593 1.408 0.950
.699 1.386 1.019
.626 1,401 0.971
.698 1.386 1.018
.609 1.405 0.960
+373 1.454 0.821
,627 1,401 0.972
+574 1.412 0.937
668 1,392 0,997
.664 1.393 0.993
.631 1,400 0,975
.430 1,442 0.853
<573 1.412 0.937
.705 1.385 1.022
.556 1.416 0,926
.369 1.454 0.819




Table 105 1=2

(a) Energy eijenvalues -x

i

s 34y 5-6, 10-11 letrabenzenthanthrene

I

IT

III

v

A0

2.480455
2.151806
1.945161
1.863076
1.329778
1.235368
0.991032
0.9439807
0.908025
0.639634
2.266721
1.979162
1.385193
1.354335
1.122834
0.947052
0. 777817
0.623887

2,493082
2.14780%
1,910030
1.825775
1.352443
1.250317
0.966441
G.940805
0.892350
0.574895
2.272431
1.958507
1.404457
1.360294
1.151793
0.939669
0.743917
0. 560103

2,497368
2.149336
1.900673
1.816195
1.362409
1.257278
0.958534
0.939393
0,890530
0.553274
. 276283
+955980
. 412253
1,391191
1136947
0.939608
0. 735501
0.539170

o

[P

2.498990
2.149895
1.896750
1,813196
1.366475
1.259268
0.954938
0.939558
0.890990
00545177
2.277103
1.954646
1.414810
1.394933
1.138187
0.940351
0.733410
0.531458

}:.: ("'Xi )
Q&

24.95135 24.745490

24.713924 24.700135




Tabie 10 contld.

(b) Bond oxders, bond lengths

{
and ﬁ rvaluesg.

Bond

I
b

) I

r !34

t=1

I IT
p ¥

[3!11

plII r.S,II

III

(gl

v
P

v

z ﬁ;v

17

L o
da oW o = O
[ )
F

15 16

18 19

N -

15191}

0641
666
301
-609
<641
609
666
.666
641
300
-609
+637
613
676

2653 2
676 1

° 637

- 500 1

.644
0332
.609
0332

1.398 0.980
1.393 0.996
1.469 0.781
1.405 0.960
1.398 0.980
1.405 0.960
1,395 0.995
1.393 0.995
1.398 0.981
1.469 0.760
1.405 0.96L
1.399 0.978
1.404 0,953
91 1.002
99 0,987
1,002

1.405 0.961
1.462 0,799

. 062§

7 3.578

633 1,400
666 1.393
-349 1.459
585 1,410
633 1,400
586 1.410
666 1,393
665 1.393
-634 1,399
0347 L.459
585 1.410
624 1

-59T 1.407
685 1.389
642 1.398
686 1.389
1.402
1.459
1.411
1.398
400 1.448
585 1,410
.398 1.448

2348

638

0.975
0.995
0.808
0.945

0.975 i

0.945
0.996
0.995
0,976
0.807

0.945 §
0.969 &

0-953

1.00% &

0.98%

1,009

0.969 1.

0.808

0.940 L

0.979
0.835
0.944
0.834

7 1.393
5 1.393

{ 1.456
) 1.403
11,399
5 1.387

5 1.455

' 1.443

1.400 0.974
1.393 0.995
1.455 0.817
1,432 0,939
1.400 0.973
1.412 0.939
0,996
0.994
0.975
0,816
0.938
0,964
0.951
1.014
0.976
1,014
0.964
0.817
0.933
0.978
0.850
1.412 0.938
'1.443 0.849

1.400

1.412

1. 5}08

3.387

1,403

1.414
1.399

.629
, 666
373
<572
.628
.572
667
664
632
.370
- 571
.610
-994
697
. 628
697
.610

.562
636

1,393

1.395 0.996

372 1.454

<455 1.441
«570 1.413
«434 1.441

1.400 0.973
0.995
1.454 0.820
1.413 0,936
1.400 0.973

1433 0.937

1,393 0.994
1.400 0.975
1.454 0,819
1.413 0.935
1,404 0.961
1.408 0.951
1.386 1.017
1.401 0,972
1.386 1.017
1.475 0.961
0.820
0.930
0.977
0.855
0.935
0.854

1:415
1.399

P




Table 1ll:

(b) Bond orders, bond lengths

Hexabengcoronens

[+

(a) Energy eigenvelues =Xy

Cy

|
oy B

I I

111 v

-1

A,

2,527381 2,541485
2,017115 1.999535
1.950362 1.908510
1.266259 1.277876
1.007843 0.977061
0.940158 0.935345
2.281889 2.287809
1.409481 1.444751
1.385161 1.409759
0.961180 0.950374
0.595300 0,523692
2,017115 1.999465
1.266259 1.277904
0,940158 0.935265
0.709481 0.664751
2.61889 2.287910
1.830367 1.784929
1.385161 1.409627
0.961180 0.950319
0.955219 0.944344
0.595300 0.523682

2,544998 2.546477
1.996524 1.995%89
1.894704 1.890363
1.283917 1.285988
0.965699 0.959946
0.936453 0.937802
2.291876 2,292586
1.460078 1.465369
1.418759 1.423173
0.948605 0.,948409
0.498994 0,489826
1.996687 1.995287
1.283968 1.286016
0.936579 0.957691
0.651078 0.647389
2,291702 2.29272%
1.772133 1.767918
1.418798 1.423018
0.948631 0.948344
0.942054 0.941141
0.498977 0.489819

3

-3 )

29,284258 29,03440 26.981214 28 964696

¢
and /')7 values,

Bond

EI ﬁ' I

I
p

II
r

IX
£

1z I;II ﬁgli

b

’ 7 v
pIV rIv /gl

i

2
16
3
14
10
10 11

1
1

= N P

. 1.488 0.780

o 1.405 0.959

1.398 0.980
1.393 0.995

1.40% 0.960
1.462 0,800

2633
666
2549
- 565
-401
. 581

1.400
1,395
1.458
1.410
1.448

1411

C.975
0.995
0.809
0.945
0.836
0.941

1,400 0.974
1.393 0995
1.455 0.818
1.412 0.938
1.443 0.851
1,413 0.935

630
. 666
367
272
427
. 569

.629 1.400 0.973
.665 1.393 0.995
<373 1.454 0.821
.571 1,413 0.935
.438 1.440 0.857
565 1.414 0,932




. P . .
Table 12z 1-2y Z=d. 50

s =8 tetrabenztetracens

(a) Energy eigenvalues -k

Co symn. I II III v

A | 2.402864 2.394380 2.399253 2,400027

2.083483 2.051148 2.049112 2.048026

1,285540 1.293314 1.29740% 1.298159

1.187358 1.204507 1.211528 1.212716

0.703997 0.666951 0.657142 0.655167

B, | 2.294399 2.301825 2.307214 2.307987

1.698915 1.683633 1.683668 1.683569

1.221743 1.235327 1.242080 1.243086

0.901426 01869903 0.862954 0,86175}

A, | 1.948293 1.926426 1.923872 1.922635

1.121115 1.145860 1.158617 1.16303%

0.838065 0.821672 0.822001 0,822874

0509010 0,489730 0.487407 0.486803

Bl 1.953589 1.932408 1.930344 1.929316

1.400012 1.362442 1.364624 1.365214

1.01001% 0.986347 0.980755 0.97912%

’ ' 0.799632 0.759083 0.74771é 0.743443

(b) Bond orders, bond lengths L

~‘and. ' values. 2 (%, 125.35945 23.124933 25 125664 25122997
Bond |pl o ' B,I | R ] LI IIE /3;11 Ry B.IV
1 7]-682 1.390 1.006}.698 1.386 1.018 {.705 1.385 1.023].708 1,384 1.025
1211 7.582 3.421 0.942].561 1.415 0.930{.553 1.416 0.924{.549 1,417 0.922
2 31.638 1.396 0.9791.627 1.401 0.971{.620 1.402 0.967}.617 1.403 0,965
2 71.298 1.469 0.779y.340 1.460 0.804'.354 1.456 0.811}.357 1.457 0.813
2 91}.613 1.404 009635,,599 1,407 0.954{.596 1.408 00952r596 1.408 0.952
3 41.675 1.%91 1.00L;.682 1.3589 1,007,668 1.388 1.0107.691 1,388 1.013
14 5 +655 1,395 0.986.645 1.397 0.9831.639 1.398 0.979;.635 1.399 0.977
5 6 5.674 3,391 1.00% §.682 1.389 1.006.687 1.388 1.010;.691 1.388 1.012
6 9 | -639 1.398 0.9791.627 1.402 0.972.621 1.402 0,960 ,618 1.403 0.966
T 8 561 1425 0.930[.518 2.424 0.902,500 1.427 0,891,494 1.429 0.888
9 10 [+295 1.470 0,778,530 1,461 0,80%}.352 1,458 0.810{.356 1.457 0.812
Y12 10448 1,438 0,8651.493 1.429 0.807].508 1,426 0.896{.515 1.424 0.900




Table 13: p-diphenylbenzene (8) knergy eigenvalues w-x i

C o ST 1 TI II1
A 2,218475 2.193541 2.192%8)

- 1.877200 1.859483 1.859426
0.999813 0.98423%5 0.982559

B, 1.000000 1,003000 1.,006000
1.000000 0.999000 1.001000
A, 1.00C000 0.999000 1.001000
Bl 2.068386 2.048386 2.047976
1.328540 1.311278 1.309100

0.698562 0.674596 0.671490

:E{—xi) 12.190979 12,072518 12.071134

t

{
(b) Bond orders, bond lengths and ﬁ values.

111

I I 1 L pIII rEII

Bond P r {g P

iz EII {chI

ﬁ’

WOW W N e

672 1.392 0.999
| .641 1.398 0.9811
. 663 1.393 0.993
1.678 1.390 1.003}

«638 1.338 0.979
<270 1.475 0.766

662 1.394 0.992

-674 1.391 1.001
639 1.398 0.979

.682 1.390 1.006
+635 1.393 0.977
277 1.474 0.769

675 1.391 1.001
.639 1.398 0.979
.662 1.394 0.992
.683 1.389 1,007
.634 1.399 0.976
277 1.474 0,769




Table 14: Diphenyl

(a) Energy eigenvalues -,

sz symm. I iI

2.167050 2.145424
1.230802 1.218781

32 1.000000 1.000000
A2 1.000000 1.000000
B1 1.914335 1.899696

0.783122 0.764509

S (-x.) |8.095310 8.028410
© 1

(b) Bond orders, bond lengths and [3' values

672 1.392 0.999 }.674 1.391 1,001
«642 1.398 0.981 [.640 1.398 0.980
=663 1.393 0.993 j.662 1.394 0.993
0268 1.476 0.765 |.274 1.475 0.768

W N =
Tl WU W N
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L.C.A.0. - M.0. CALCULATIONS ON PYRENE BENZOLOGUES
T. H. Goodwin and D. A, Morton-Blake
Chemistry Department, The University, Glasgow, W,2,

(Received 13 March 1963)

AT the suggestion of Dr, E., Clar, we have carried out

some calculations on a number of benzologues of pyrene

(1)

T I

in which benzenoid rings are annelated linearly in the
1:2 and 6:7 positions. These have all been found by
Clar and his co—workers1 to have ultra-violet absorpt-
ion spectrum bands, the positions of which are remarkably
independent of the number of rings on the shorter side.

If these molecules were thought of as dibenzoacenes this
result would not be anticipated, as the absorption spectra
would be expected to exhibit a resemblance to those of the
corresponding parent acenes and to show marked and pro-
gressive displacement towards longer wave-lengths with in-

creasing length of the acene chains. Moreover, the

1. E. Clar, J.-F. Guye-Vuilléme, A, McCallum, and
I. A. Macpherson (private communication).
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902 Pyrene benzologues No.1l4

positions of the absorption bands of the pyrene benzo-
logues are very different from those of acenes having
the same number of collinear rings, thus showing that
the former are not just simple derivatives of the latter,
For convenience we shall adopt the following system
to describe the pyrene benzologues: if the molecule can
be regarded as pyrene with n annelated benzene rings on
one side and m on the other (m not greater than n) we
shall denote it as nPm. Naphtho-[2'.3t:1,2]anthraceno~
[2".3":6.7]pyrene (II) will therefore be written 3P2.
Calculations by the simplest Hiickel method, i.e. with
all overlap integrals neglected and all interaction in-
tegrals between orbitals on neighbouring atoms assumed
equal to Qf show moderate consistency in the energies of
the highest occupied molecular orbitals, and hence in the
transition energies of Clar's p-bands (highest occupied
level to lowest ‘unoccupied ). If, however, we recognise
a fundamental asymmetry2 in the fully-aromatic benzenoid
rings by allotting f-values in accordance with tendency
towards the development of single-bond and double-bond
character, then much more consistent results obtain,
The molecule 3P2, for example, was supposed to have
an electronic structure indicated diagrammatically at (III).
The bonds shown as single in rings D, E, H, I are,
rather arbitrarily, assigned the value O.BBO, those
shown as double l.l]3o (for pure single and double bonds

the assignments would be Oﬁo and 1.20[3° reapectively)

————— S ——

2, B. Clar, Tetrahedrom, 5, 98 (1959); 18, 1471 (1962)
etce.
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while those forming part of a delocalised acene system3
and enclosed by broken lines are taken to have values ﬁo.

The "double" bonds in rings H and I have been assumed to

I

have such positions as to provide an induced aromatic
sextet2 in ring D, thue leaving ring E formally empty in
accordance with Clar's picture of these molecules,

The n~bond energies (& - a) of the highest occupied
molecular orbitals calculated for the pyrene series 3Pm, 2Pm
are given in the table together with the measured wave-
lengths of the p-bands. The consistency of the calcul-
ated energies in column 3 is seen to parallel that of the
observed wavelengths in column 4, This appears to give
strong support to Clar's picture of the aromatic hydro-
carbons and, in particular to his conclusion regarding the

asymmetry of the benzene ring.

3., E, Clar, Aromatische Kohlenwasserstoffe, p. 79,
Springer-Verlag (1952).



904 Pyrene benzologues No.1l4

@ ~ E(units of By Longest
MOLECULE ) , p-wavelength
nert RN measwrea (3)
3P3 0.3391 0.3629 4420
3p2 0.354Y 0.3656 4390
3P1 0.3570 0.3658 4390
3P0 00,3587 0.3663 4420
2p2 0.4762 0.5117 3420
2P1 0.5009 0.5147 3410
2P0 0.5053 0.5168 3450

The method is being extended to other aromatic
hydrocarbon systems.
One of us (D. A, M.-B.) thanks the D.S.I.R. for a

maintenance grant.
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The Configuration of Diphenyl in the Crystalline and in the
Vapour States: A Simple Non-bonded H-H Potential Funetion
By

T. H. GoopwIN and D. A. MorToN-BrAKE




Electron diffraction shows that in the vapour the phenyl rings of diphenyl are inclined at
about 42°. This is a compromise between the 2p.-orbital overlap, which tends to keep the
whole molecule planar, and overcrowding of the 2:2" and 6:6’ hydrogen atoms which causes
twisting of the rings to reduce the steric repulsion. A potential function, having an exponential
form, has been derived, which gives a minimum at the observed angle.

La diffraction électronique indique qu’en vapeur les anneaux phényles du diphényle
s'inclinent & 42° approximativement. Cet angle est un compromis entre le recouvrement des
orbitales 2p, qui tend & maintenir plan la molécule entiére, et I'encombrance des atomes
d’hydrogéne 2:2' et 6:6' qui font tordre les anneaux pour réduire la répulsion stérique. On a
dérivé une fonction potentielle, d'une forme exponentielle, qui & un minimum & I’angle observé.

Die Elektronenbeugung zeigt, dafl die beiden Ringe des Diphenyls im Gaszustand um
einen Winkel von etwa 42° gegeneinander verdreht sind. Dieser Zustand stellt einen Kom-
promiB dar zwischen der Uberlappung der p.-Orbitale einerseits, die das ganze Molekiil planar
zu halten sucht, und der Pressung der van der Waals-Radien der 2,2’ und 6,6'-Wasserstoff-
atome andererseits, die die Ringe aus der gemeinsamen Ebene herausdreht, um die sterische
Hinderung abzumindern. Fiir die potentielle Energie wurde eine e-Funktion mit einem
Minimum am beobachteten Winkel hergeleitet.

X-ray diffraction studies show that in the crystalline state diphenyl is planar [9]
or very nearly so [I2], but electron diffraction results [I] indicate that in the
vapour phase there is an angle of about 42° between the planes of the phenyl rings.
Since in the vapour the molecules may be regarded as free from mutual interaction
_ the configuration in this state may be regarded as an equilibrium compromise
between the tendency towards planarity, which is promoted by p,-orbital overlap
across the bond between the rings and which favours a lowering of n-electron
energy, and that towards non-planarity which favours reduction of steric repulsion
energy between the overcrowded hydrogen atoms 2 and 2’, 6 and 6'.

1. Calculation of 7-electron deloealisation energy across the interphenyl bond

For the planar diphenyl molecule it is a simple matter to calculate the total
energy of the m-molecular orbitals by the usual Hiickel approximation, parti-
cularly if group theoretical methods are used to factorise the 12th-order secular
determinant of Cy, symmetry into the two quartics of the 4, and B, symmetry
classes and the two quadratics of the 4, and B, classes. When the rings are not
coplanar the interactions f,s between neighbouring atomic orbitals on carbon
atoms r, s remain unaltered except for that, f;.,,, between the orbitals on atoms 1



Configuration of Diphenyl 459

and 1', which becomes f;,;- cos 0, 0 being the angle by which one ring has been
rotated about the axis 4:1:1":4’ with respect to the other. It follows that, within
the limits of the Hiickel approximation (fs =0 if r and s are not neighbours)
the 4, and B, determinants remain exactly as for the completely planar molecule
since they do not involve the orbitals on the two-fold axis of the twisted structure,
and the 4, and B, determinants require
only the multiplication of ;., by cos 6.
Thus pseudo-Cy, symmetry remains.
Now the interphenyl bond, as mea-

H H H

{

sured by X-ray crystal analysis,is 1.50A g I v H
long [9, 12] whereas the electron dif- _\ . 6 s
fraction spectrum [I] is interpreted as \__/ \

showing its length to be 1.48 A. DEwAR H/ \\ H/

and SCHMEISING [7] believe that the
length of apure o-bond between sp? hybridised carbon atoms is 1.48 A and this is
supported by various other pieces of evidence [10, 13]. We have assumed, there-
fore, that the small difference of 0.02 A is significant, that the bond 1:1’ is
stretched a little in the crystalline state to relieve the overcrowding of the hydro-
gen atoms at 2 and 2’ and at 6 and 6’, and that this extension persists for values
of 0 not greater than 20°, i.e. ~ half of the observed 42° twist [1].

To calculate the 7-electron energy levels for the molecule when C; — €, = 1.48
and 1.50 A the corresponding f-values were inferred from the LoNeUET-HiceINs
and SavLeM [11] relationship as 0.750 f, and 0.710 §, respectively, 8, being the
interaction integral appropriate to the bond length in benzene, to which the ring
bonds of diphenyl approximate fairly closely.

The total s-electron energy is then given, for the ground state, by

6 6
&(0)=2 _281 (0) =12« —2p, ,lei (@),
i= i=
where ; (0) is the “Hiickel number” (negative for binding orbitals) of the i-th
molecular orbital, summation being over the six doubly occupied levels. The
m-electron energy of two isolated

benzene molecules in their ground 020
states is 12 & 4 16 8, and hence the s =
“energy of delocalisation” across the §° BN
bond 1:1’, i.e., the zz-electron stabili- & ,,L
sation gained by untwisting the mole- 3‘3 N\
cule, is 0051~ A
6
N { 1 | | ! {
e (0) = — [2 '2’1 % (6) + 16} Bo- 7 TR T
1= 0
Fig. 1 gives the plot of &, (0) against § Tig. 1. e, (6) against 6

for0 < 0 < /2 ; that the curve is closely
sinusoidal is shown by the degree of coincidence with the fitted curve (broken line)

&, (0) = 0.196 B, cos? § = —6.375 cos? § keal/mol &)

when f, is given [8] the value —32.5 kecal/mol.
31*
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2. The Potential Function for Repulsion between the Hydrogen Atoms
The form of the repulsive potentials between the hydrogen atoms at carbons 2
and 2’ and at carbons 6 and 6’ is not known with certainty. It is discussed for
some similar situations by CouLson and Hareu [4]. Most authors use a Bucking-
HAM “‘6-exponential”’ function [5]

V (r) = —A4r-5 - Be-cr (2)
in which r is the distance between the unbound hydrogens. We have worked,
however, in terms of the variable 0 and since ¥ (6) clearly decreases with in-
creasing 6 for |0 | < @/2, we shall assume that it may be expressed by an ex-

ponential function
V (0) = Vg exp (—n0?m) (3)

the shape of which may be adjusted by means of the parameters # and m, m being
integral. We have chosen this type of function for its simplicity and because it is
symmetrical about a maximum at 0 = 0 as the problem requires. ¥, is the empirical

barrier height for internal rotation due
] to the overcrowded hydrogen atoms

- v ©) alone, though this cannot be measured
2r inthe normal way for diphenyl because
0 of the attractive contribution by the

F®) n-electrons to the observed barrier.

We may, however, estimate it as
follows. The energy difference between
z0) cis and trans butadiene is found [2]
N R Y H N N I from thermodynamic considerations to
RS p T T80 e 930 keal/mol. Since the s-electron
Fig. 2. V (0), e, (0), E (6) against 0 energy in the two isomers is the same

within the approximations of the

Hiickel theory, this difference must be accounted for by steric repulsions between
the hydrogen atoms at the 1 and 4 positions of cis butadiene since in the frans
compound no two hydrogen atoms approach within twice their van der Waals
radius. Now the distance between the 2 and 2" and the 6 and 6" hydrogen atoms in
diphenyl is very close to that in cis-butadiene. Hence we take V in the former to
be just twice the steric hindrance barrier height in the latter. (3) therefore becomes

V (0) = 4.60 exp (—n0%m) in kcal/mol. 4)

£nergy (kg-cal/mol.)
I
T 1 1 1 “? T

3. Minimisation of the Total Energy

That portion of the total energy of diphenyl which is dependent on 0 is then
given as the sum of (1) and (4)

E (0) = 4.60 exp (—n0%*m) —6.375 cos? 0. (5)
Differentiating and using the fact that there is a minimum at § = 42° we have
—9.20 mn x 0.73302m—1 exp (—0.733027mn) 4 6.375 sin 84° = 0. (6)

For m = 1 no value of n makes £ (f) a minimum at § = 42° but to each greater
integral m there corresponds a value of n satisfying (6). Withm = 2, 3,4, 5
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V (0) has a flat portion with | § | less than 20° and decreases almost to zero at
| 0 | = 45 or 50°. We have selected (7), with m = 2,

V (6) = 4.60 exp (—7.393 64) )

as the most likely of this family of curves since it has the shortest flat portion
(] 0] < 10°). With m = 3,4, 5 n ~ 18, 40, 80 respectively. Curve (7) is shown in
Fig. 2 along with &, (0), the m-electron energy across the bond 1:1’, and the
resultant energy X (0). We note that besides the minimum in E (0) at 42° a
shallower minimum is found at 0°. This may account for the planarity in the
crystalline state since only 1 kcal/mol need be supplied by the crystal forces to
convert the twisted to the planar configuration.

4. Root Mean Square Amplitude of Twisting
Taking the potential well in Z (0) at 0 ~ 42° as shown in Fig. 2, we may
attempt to estimate the root mean square amplitude of the twisting of the phenyl
rings with respect to each other by assuming the motion to be simple harmonic
and caleculating the force constant

7 (0) =5 0" (8)

The best fit of (8) to £ (42°)is with # = 0.003 from which, using CRUTCRSHANK’S
relationship [6]
Fe = 2T
»?
where k£ and 7' are the Boltzmann constant and the temperature, the mean square
amplitude @2 is found. Because of uncertainty in fitting (8) to (5) there is an
1

appreciable uncertainty in »# and hence in @2 but a smaller uncertainty in ($2)2,
for which the value 28° is found, corresponding to a root mean square twist of
each ring of 14° in opposite directions. The only experimental evidence which can
be set alongside this calculation seems to be the inferences of ALMENNINGEN and
BasTransen [1] that the probability of finding the phenyl rings at any angle 0
in the neighbourhood of 42° is quite large and that to reduce this probability to
one half of the equilibrium probability the phenyl rings would need to be rotated
through 17° in opposite directions.

5. Non-Bonded Repulsion as a Funetion of r

It is of interest to express the repulsive potential (7) in terms of the distance r
between a pair of overcrowded hydrogen atoms. Using the bond lengths C,0;: =
1.490, C,C, = 1.398, C,H, = 1.084 A and the angle 0,C,H, = 120°

1
2.

7 =(12.4949 —9.2397 cos 0) (9)
When (9) is substituted into (7) we have

V (r) = 4.60 exp | —7.393 [cos—1 (1.3523 — 0.1082 r9)]¢}. (10)
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The curve V (r) is shown in Fig. 3. As for most repulsive potential functions it

rapidly approaches zero, doing so, in

5

Vir) (kg-cal/mol.

0 I 1 1 1 I ! !

18 19 20 21 22 23 24 25 a6 27

Fig. 8. V (r) against r

fact, rather abruptly at approximately
2.6 A, i.e., at just over twice the van der
Waals radius of hydrogen (1.2 &).

6. C-H bending

The shoulder in ¥V () arises, of
course, from the selection of a potential
of the form (3). In planar and nearly
planar molecules some relief of steric
repulsion can be achieved by the bending
of the C—H bonds (in conjunction with
the stretching of the C—C bond) and
would also have the effect of lowering
(flattening) V () at low 6. That such
bending does occur is revealed by the
accurately determined crystal structures
of certain overcrowded molecules, e.g.,
chrysene [3].

The authors acknowledge the award of a
maintenance grant to one of us (D.A.M.-B.) by

H.M. Department of Scientific and Industria
Research.
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An Empirdcal Determination of the Huckel Parameter
8 and of the C~0 and G- Bend Fnergies in Aromatic
Hydrocarbonsg,

by T. H. Gm«;’éwm god B, 4, Morton-Blake

The atomic orbital interaction integral /3 is calculated
from appropriate Morse functions and the Hickel theory
of Wemolecular orbitals, consistent results being
obtained from data for benzene and ethylene. A third
value, lying beitween these, has been derived from the
heats of combusiion of some aromstic hydrocarbons and
estimates of the ¢ ~bond energies of the C-C and C=H

bonds in such compounds have been made.

1. Calculation of /3 (z)

The energy of the ith w -electron molecular orbital as

caloulated using the simple Huckel theory is of the fomm

5 = % - xf (1.1)

where z, is the "Huckel number” of the ith molec'z.ular orbital and has

a negative value for the levels contributing to the ground state, o ie
the energy of a 2p, etomic orbital x icea ¢4 sf’,}’%H’}{g{t (in
which H is the noxi—explicit Hamiltonian operator), and /3 is the matrix
element j’/ﬁ& X & AT  expressing the intersctionm between the twe

atomic oxbitals 7 ;( a and A +° /% ig a Tunction of the distence

r between the atoms g and % but in the simple Huickel spproximation it is



g

(2

.

considersd negligible unleas 8 and 1 are neighbours, in which case all

Vo - ol mry o s
i? @ are aken as equal within the cempound under discusgion although it

is frequently proposed %o devive bond crders and hence tc infer differing

bond lengths.

The total W -electron energy of the ground state of a molecule
goutaining a system of n neighbouring 2p, atomic orbitals is obtained by

sumning (1.1) over the #n doubly occupied levels.

i Y -
2 ) £y - md-2B) x
i=l i=m]}

from which it may be inferred that the total binding energy of the

¥ -component of the bonds is given by
n
£ m2 > X 102)
E‘er {3 A1 o (
i=) .

For a system in which the W-molecular orbitals are spreéd over m
equivalent bonds the total energy of the ¥ -component of each of these
is EW‘ = & /m. In ethylene m = 1 and z -xi = =1, vhile for benzene
these are 6 and -4 respectively. Hence

ethylene

) 1.
benzene
1,
and E-W " %ﬁ (1.4)




(3)

The terms ou the left of (1.3) ang (1.4) arve, however, not directly

measurable, since a W -bond ig known only in association with a @ -bond.

Nevertheless, from the energies of o "= 4y " bond and of a o -hond of

the same length we can calculate the energy of the corresponding pure

W -bond if we neglect interaction of o« and w-electrons. Thus
¥ (x = -
B_(x) R C)) E_ (») (1.5)

In general B o 47 and E o- 8Te known only at particular, unequal

values of xr, viz., the equilibrium distance 7 . To calculate them

at other bond lengths we require to take into account the energies of
ccmpression or expansion of the bonds. This may be done conveniently

by use of the Morse function

~2a(z-x ) ~a(z-z )
Ex) = Ez) { e = -2 }

The quantity a is characteristic of the particular bond and can be

calculated from the stretching force consiant.

However, the further difficulty arises that there is ample
evidence®*??3 that E_ (x) depends on the hybridisation of the atoms
involved and that C-C in ethylene should be compared not with that in
ethane but with that in a hypot&éetical C-C o -bond between gﬁzé-hybridiaed
atoms. ~ The length of such a bond is mot unequivocally established nor,

. . : ; tant and enex
in the nature of things, cen its siretehing force constar &'

2 .
be directly known.  We have taken  x = 1046 with B (g) and g as in

=3

\e@hane, Otherwise our dats ave those selected by Coulson end Dixon and

ghowin below.




{4)

C-C bond g.;g g(ge ) 2
Ethylene 1,338 151 kg.-cal./mol. 201893“'1
Benzene 1.3%9 124 2,093
Ethane 1.54 ) 84 ) 2,028
ERZ-Q‘E‘Z _ 1048 )
From equations (1.3) to (1.5) we then have
thyle
{3@ hyl ne(z) - % { Eethylene(z) - EW(E)} (196)
Bbanzene(g) . 2 { ghenzene () - & (E)} (1.7

and within the limits of ocur approximations these should be egual, i.e0,
ﬁ(g) ie obtained from two independent sets of data.  The results of

. these calculations are saown in Table 1. The last line gives a ratio
which is frequently used in sttempting to improve the simple Huckel approx-
imetion by allowing for the dependence of [} or r and assuming that the

ﬁ of the simple Hickel ( /30 of the next section) methed is the same

for il aromatic compounds.

The diffe:ence between the two values of 8 (1.39), 1.39A
being the benzene C-C bond length, is .only 1.5 Kgo-calo/mol., i.€., 2.2%.
Greater relisnce should be placed on the benzene curve since z, is nearer
the middle of the range of r-values used; thig results in a more
favourable application of the lMorse function.

The "lest-squares’ quadratic expresszion

f3(z) = 31852 - 149.52z <+ 178.85

fits the calculated curve elmost ensctly.




(5)

Zable 1.

r (R 1.33 1.36 1.39 1.42 1.45 1.48 1.51 1.54
REUVIERE (2) (kg ~cal./mol.) 38.81 36.38 34.04 31,79 29.64 27.59 25.64 23.60
RP"2°7(x) (kg.-cal./mol.) 36.30 34.39 32,55 30,71 28,95 27.26 25.63 24.08

ﬂbenz@m(@/ﬁbewene(lc39) 1,116 1.057 1.000 0,944 0.890 0.838 0.788 0,740




2o A =nd Bond Imermics from Heots of Combus
L \ . ‘

For molecules containing only © -bonds,haat of combusiicn

o)
Q

ig a gimple sdditive property of the individual bond enexgica. Fox
molecuies containing, in sddition, W -molecular orbitals it is necessczy
to include a further term even if ¢-W interaction is neglected. Thisg
term is the total W -electron energy calculated usually by the simple

Hickel approximation end given earlier as eguation (1.2).

If we consider the hest of combustion as determined in two

steps, first atomisation and secondly the conversion of the atomic fragmentis

into the producis of combustion, we have, neglecting energy terms. due

to changes in hybridisation

CH + (z+ %@;)Qf» x + gE + (2x+dg)0

2 X
: 1
+ BoeBag * BopBom + (3EBy + € (2.1)
xC 4+ FE 4+ ‘(2:1;_4‘52)9; -> 00, + iyE0 - 5%02 - ﬁ'%zo (2.2)
where g.. = number of C-C bonds in the Hydrocerbon C_H ,
. " 1] "_ W n " »
Boy C-B >
By = ‘ o = th evious section.
co ¥ Sneray of 022? QQE? bond = B of the pr u,
w . n 6t - 1
.&CH 0222 H .
EOO = disgociation energy of oxygen molecule,
- . . - 00
QGOZ heat of atomisation of C o
- 0 ] 4 1" 0.
%0 5

Adding (2.1) and (2.2) we heve

{v]

1R/

an "Crw

H

3 '4 .1 - b3
CH = @@g}@z —> %00, + #H0 + C {2:3)




(1

” - 1 ~ 10
whore C = n, B, + BB + (3;5}23’*)500 + €, = xy, - &Qﬁgo - (2.4)

2
C being the heat of combustion of C Hyc The available experimental

_quantities on the right of (2.4) arve 9 o Qg ond By, for which we
2

00
. _ 2
heve taken the following values ’
%02 = 2x 192 = 384 kg.-cal./mol.,
QH20 = 2 x 11096 s 22102 kgo“calo/molog

Byg = 119.1 kge-cal./mol.

Using the known heats of combustion of the three avométic hydrocarbons
benzene, naphthalene and anthracene (?8991, 1249.7, 1712.1 kg.,-'cal./molu)
ve obtain three equations in the unknowns ECC’ EUH and {g-o whe:e rBo
represents a standard /% supposed applicable to all these compounds. Then

benzeno

&= = 0 - . @ ~J-’- -
c = 789,1 6x3§4 + 3%221.2 = 6B,.~6B, (6+;2)Eoo 8,000 (3’ o
or 1285.27 = 8!30 + 6EGC + SECH’
and 2045.9 = l5°685ﬁo + 11 Ecc,-é- BECH, .
2904.75 = 19.314 /{0 +. léEcc + lOEcH-
Hence /30 - 3&96 kgo—caln/mdlo
ECG = ??058 kgo“calé/m.ollag
Byy = 92,68 kg.-cal./mol.
" This ﬁo' value compares very favourably with [3(1039) = 32,53
kgo‘-c‘a.l g/mol.' determined in the previous section. This is particularly

interesting since (a) /39&&59' vary somewhe® from compound to compound and
(o) l}(g) varies with interatomic distance ¥ even within the same molecule.
It seems however %o encourage confidence in the /g(g) values of the previous

section.




(e)

EC%? which we have noted as the Bg. of the first paxrt of
this paper hag e mumerically smaller value than the 84 kga-cal./mol.
which we suppozed t0 be applicable tc the puve gg?-gg? U -bond. However
we know that all the C-C bonds in the reference compounds are substantially
shorter than 104830 In fact the average of the 33 bonds5 is 1°401£ with
a spread from 10361g o 1043630 Applying the Morse equation for the
gg?ugg? o -bond to this average gives E_ (1.40) = 81.4 kg.-cal./mol.,
which iz in ressonable agreement with cur 77.58 kgoacalo/molo when the

approximations ere borne in mind.

Substituting the values zoz'ﬁgg Eccg Ecﬁg QGOZ’ QHz° and
Byg in {2.4) the genersl equation for the heat of combustion of a

hydrocarbon becomes (within the limits of our approximation)

G ~ 264.9% - 80.8y - 77.58 B,

i
= 9268, + 65:92 > x (2.5)
i=]

the (negative) Hickel numbers being summed over all the (doudly) occupied

levels, i.@., the cccupation number (2) has been included in the tera

65.92.
Using (2.5) we calculate the following heats of combustion
ccalc. Cobso
Phenanthrene 1708.4 kgo-oal./mol. 1705.0 kg.-cel./mol,
Triphenylene 2163.6 2164.4
132-Benzanthracene 2169.3% 2169.8

Chrysene 2166.4 2165.0




(9)

it is interesting to note that the quite small differences
between the heats of combustion of the last three compounds are so

accurately mirrered by the Hickel energies.

The authors thank H.M. Department of Scientific and
Industrial Research for a maintenance grant to D.A.M-B., Chemistry

Department, University of Glasgow.
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4 Simple Molscular-Orbital Study of the S, « , and
P=~Bends in Triphenylenes

by T« H. Goodwin and D. A. Morton-Blake

Clar has observed that the spectra of ennelated
derivatives of triphenyleme such as I, II, III, IV below
show remerkable ressmblence to those of the phenes definsd
by the central ring of the triphenylene and its two longest
@gene chains, I and I¥ resembling tetraphene and IIX and IV
pentaphens V. We show that this observation can be

explained in terms of a simple modification of the Hickel
aolscular-orbitsl methods

l. Energy levals in Triphenylenss,

In this paper we disgcuss the positions of the
absorption bands in a large number of annelated derivatives
of triphenylene, but since the‘systemmabio names of these
compounds are often decidedly cumbrous we have used the
following gsimple scheme for referring to them. The molecules
conglst of benzernoid rings annelated at thrse alternste bonds
in benzene; we therefore describe them as gbBml where g, m, 1

are bthe aumbexs of rings in the three limbs. & 1s separated




2o

from the other two indices and refers tc the shortest

1ob; 1 is the longest; g % n F 1. Triphenylenes

with the seme m and 1 are said to form & c¢lass. Thus

I to V (below) are dssoribed as 0Bl, 2; 1B1,2; 1B2,2;
2B2,2; OBR,2 and the first two and the last thres belong
to different classes,

Now Clar and his oolleaguea(a} have obgerved only
vexry small shifts in the positions of the /3 ultra=-violet
absorption bands when an aromstic system is annelated %o
& bond of high T -eleciron densivty. In tetraphen.s, I,
{(0B1,2), mleculsr-orbital calculations, show that the
bond PY has & high double bond character corresponding %o
the chemical properties; ifoxr these reasons, and in
accordance with Clar®s idees concerning these molecules
we represent this bond as a formal double bond. The
addition of a butadiene systenm at /3‘&’ of I to give the
triphenylene II, (1B1,2) is sccompanied by a zero spectral
shift of the f§ =band and this lseds Cler to conclude that
the phene system I is present in II end is vnaffected by
the presence of the newly formed benzenoid ring A,

The high order of the bond A7 in I 1s apparently
meintained in II with the consequence thet the bonds

are also of higher order and :;([5’> ¥§, €7 of lower order

than the averagd.
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However, if a further ring is annellated to II

at B (or 4) to give III, it 1s found that the f -band of
longest wavelength now occurs 2408 eway at Sléoﬁa This

is slmost exactly the position of the corresponding band,
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31‘70.2t in pentaphene V, and further extension of the
shortest limb of III by e second ring to give IV is
accompanied only by a very small (violet) shift %o 31202.
Thus, IIT, IV and V all give rise to the same p—band and
presumably have, at ths moment of producing the spectrum,
the same aromatic conjugation, thet of pentapheng., Clar
therefore concludes that, as fer as the origin of the first
/3 -band is concerned, the aromatic conjugstion of any
triphenylene cexiends only over the two longest limbs snd

1s unaffecied by the benzenold rings of the shortest limb.
This 1s clearly demonstrated in Teble I where all the absorption
spectra :ecord@ﬁ for phenes and triphenylenes are summarised.
Fourteen spectrs &re noted Including pairs of speotra

for the five classes gBl,l, gBl,8, 8B1,%, gBl,4, gB3,3

and three spectra for the class gB23,2. In no class is

the spread of peband heads greater than 80l Similar
though less cloge agreement is observed in the A~ and

P~bands.

We must emphasise here that this paper is not
coneernaed with theiglwbands whieh, aceording to Clar,
originate from one of the +wo aromstic conjugation

schemes which involve the shoptest 1limb,
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We have espplied the method of molecular-orbitels
to a large number of triphenylenss not strictly to caleulate
the positions of the f~, ot~  and p-bands, but to
determine in units of ﬁf s the energy levels of the
molecular orbitaels transitions between which are respons-
ible ‘for those bands.

With alternant hydrocarbons having 2n carbon atoms
in the W «electron system it is well recosznised that the
p-bands (of intermsdiate intensity, log & 2 4) arige from
trensitions between the nth endfn + 1)th electronic levels
(counting the lowest as the first level) while the of- and
p wbands (of low and high intensity log &§¢ ~ 2,5 and 5
resp.) both arise from transitions betwsen the nth end
(2 + 2)th and betwesn the (n «1)th and (n + 1)th levels
these being degensrate in the simple forms of the molecular-
orbital theory in which overlap is neglected. We have
not here attsupted to break this degeneracy (see e.g. refﬁ
for one method of doing this) being more interested to
see whether Clar®s observations are explicable in terms of
& simple molecular-aorbital approach to the electronic

strugctures of molecules. Thus we have rsquired the

* Confusion is unlikely to arige betwsen ‘ghis /3 and
that labelling the mogt intense absorption band.
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energies of the highest and penultimate levels of the
ground states of the molecules since 2}_&_ should be

related to the peband wavelengths and k + k to those

-n+1
of the of and 3 ~bands, where k is the (positive) Hickel

number :i.a0 the coeffiecient of /3 in the energy expression
gzt A endkpn g = k.

Two series of calculations have besn carried out.
In the first the /3 «values of the bonds were agsumed equal
except for the extreme single and double bonds. In VI,
for exarple, the /3 *g within the dotted islands were pub
equal to /30 the interasction integral between atomiec
2p,~orbitals on neighbouring carbon stoms separated by

the standard C-C distence in benzene, and since the
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formulae written by Clar (2) for these triphenylenes
show the bonds olf, %§, 7 as of low order, we have
allotted them the [ ~values of 0.88p. In the benzoe
ring A we have supposed the 3 's to be alternately 0.8/?0
and Llﬁo ,X? having, of courge, the higher value.

vIn’ VII and in moleocules having a shoriest limb of
two or more rings (g > 2) we have, however, put all ﬂ '3
equal to /?AOQ Again the B's for «B, VS, ¢ have been
taken to be O;Sﬁoa

P

We have folt justified in this approach by the
(1)

results of Ahmed and Trotier who have medes & threse

Gimensional exaninaetion of the erystal structure of
triphenylene and report a mean bond length of 1.4468 for

the lunterphenylene bondg corresponding o 01/3’ etc. of VI

and mean lengths of 1,415 {for the bond gorresponding t0 Z ),
1,416, 1.377, 1l.402, 1.377 and ..WIGA round the periphersl
rings. /3 ij nust depend on the distance between atoms

i and j and ;gese lensths imply {5, 6) /? «values of

0,880 for «R , 0.93f (foretd ), 0,91/, 1.0445, 0.954,.
13041-/@0, 0,91&), Cur galeculations were oompiatra before

the work of Ahmed and Trotter becauws avelleble and in any
cage the Xerey results glven above are nobt only the averags

values over all similar bonds in the erystal, bubt represens



averagess over meny minutes or hours wheress spectroscopy
presents the situation over an enormously shorter interval
of time. It j’S. therefore of congiderable significance
that the length reported for the interphenylena bonds
corresponds with the B ~value we have allocated to them
and that the pattern of lengths in the peripheral rings
corresponds {spart from of £ ) with the /3 '3 we have
gssumed for bonds in vings such ag A of VI, We do not
compars ouyr gelescied /2 for the bonds between the Trings
with valusg appropriate to lengths such as the 1,508

(5)

found by Haxgreaves and Hasan Rizvi for the central
hond in diphenyl because we belleve this bond to be

elongated by rspulsicns between the 2:2° and 6:6° palrs
(4)

of hydrogen atons o

in the mecond gseriss of calculations Clarfs
gcheme was not invoked. The triphenylene gBm.l was
regarded ag formsd from g-, m~ and l-ring acenes Jjoined
by low order bonds «f, ¥S, £4. The ff-values for the
bonds of the various limbs were derived from the bond
orders calculated for thege asenes. - In VI, for example,
the /gﬂs for ring & were /@0, es in benzens, and those icw

the naphthelene systens were inferred from the calculated

bond orders in naphthalene; those foxr of /3) ¥Sand §¢



e mu e Series I Seriee 11
- , 18 ) i/ 3 - ; y
SRk E B Fpa gt 80 B B KK A ko Ky Bk, 4
0Ll 7 29254 34508 whou on 0.605  0.T69 1.374 0.741 0.816 1.556 7 0,741 0.816 1.556 7
& ~ _ ¢ _ ¢ 0,08
111 9 2840 MO0 2500 G 0,6844 1,368 0,006 0.7494 1.498§ 0,058  0.749 1.498 058
Qi2 9 38%0 3850 ,9,;;,@ 7 0.453 0.715 1.168 0.502 0.814 1,316 : 0.569  G.719 10286:}" 6,042
In . 3 ;.' bl
iz 11 24%0 3750 2900 | ¢ 0.499 0.714  1.213  0.005 0,516 .0.794  1.310) 0.006  0.604 0.726 1,330}
013 11 4525 T G 0.327 0,688 1.015 C.357 ©0.782 1,139 0.460  0.728  1.1887 0.020
113 13 44315 yide M : 0.366 0.777  1.143) 0.004 -0.48L 0,727  1.208}
014 313 5510 2Emm 50 0.262 0,668 ° 0.930 2 0.419 0.678  1.097 f 6. 002
114 15 3385 0.268 0.674  0.942) 0.012  0.397 0.702  1.099§
022 11 3590 4230 2107 L. 0.437  0.521 0,958 0.510  0.545 1,056 7 0,560 0.620  1.180 7 050
4 i : o
122 13 3390 3940 -0, 531 0. 545 1»076 'j’ O, 605 00620 15225 %
222 15 3400 2890 0.531  0.5664 1.097 J 0.041 0.615d4 1.230 §
023 13 4400 L5 SERG 0.371 0.531 0,902 7 - 0.468  0.597 1'065/,} 0.046
123 15 0.378  0.541 09918;g 0.028  0.488 0.617  1.1057
223 17 2,384 ©0.%46  0.930J 0.491  0.620 1,111
033 15 4230 5190 L o
233 L7 a380 ABRG
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were again Oegﬁgﬁ In this way it was hoved that the
two geories of calculations would provide some evidence
for or ageinst the Clar theory of aromatielty. The
results are shown in Tables 1 and 2, These differ only
in that Table 1 1ncludes'a11 the spectra of triphenylenss
known to us and such Hickel molecular-orbital levels as
have been published, sither in Coulson and Daudel's
"Dictionary of Velues of lolecular Constants"™ or
Streitwieser’'s "Molsculaxr Orbital Theory for Organic
Chamists‘gw Thess Huckel molecular orbitals are based,
as is well known, on the assumption of sn interaction
integral ﬁ:ﬂo bestwsen all neilghbouring orbitals. We
have not ourselves made such galculatlons for all the many
compounds which have been the subjects of our study here
because they seemsd lesgs likely to yield the desired
explanation of Clar’s obgervations.

Inspection of Tables 1 and 2 shows that our Serles I
calculations do lead to fairly constant values of §é4g§a-l
in any class of triphenylenes. The series II caleulations
are not generally quite so constant though the superiority
of the series I results over those of serles II end of the
Huckel method is not so great s to compel out-of-hand

rejectlion of the others or to constitubte unequivoecal
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10,

theoretical justification of Clar®s conclusions., A
more satisfactory comparison is to plot the frequencies
of the /g ~bands agalnst k, + gael, becauge Clar's
conclusion is not aeeurat; to an £ unit and the slight
varistions in /3 -band wavelengths correspond to the
variations in k. 4k, 3. Graphicel representation of
these results i; ghown in Fig.l when it l1s seen that there
ig 1little to choose betwsen our zeries I and geries II
results but that both are bebiter then the Huckel values
‘whioh show a much greater spread although, there being
fewer of them, the comparison is not so extensive as one
could dssire. 7

Gengrally similar conclusions result from inspection
- of the valueg of gﬂ and Fig.2 (p-band frequencies against k)
)o
4 particularly important point is howsever that

and of Fig.3d (& mb;nd frequencies against 534- E'g-l
just as the spectra (p, %~ and f8-bands as a whole) of
pentaphens (082,3) and isoe-pentephene (1,2-benzietracens)
(0 B 1,3) are distinetly differsnt so do the values of

agg and -En"-lgn«l while agreeing within the classes sB2,2 and
sB1,3 dif;er”be’cween the classes. So far this ig in
acéoréanee with obgervation, bu% pentaphene and igo-pentaphene

(1,2-benztetracene) have thelr /9 =bends at almost exactly



the same wavelength. Our series I calculations suggest
(k + ky.q different) that tha /? -bands should differ
app.eciabls-a but the series II calsulations do make them
almost equal. This sugnests that the series II results
are supsrior, Uanfortunately, no other similar comparison
¢en be made for lack of sxperimental data on triphenylenes

with my+ 1, = mo+1ls but with my # mg.

2, Bond Lengih Alternation in a Benzenoid ring.

Consider 2 bengzene molecule consisting of two kinds
AP DN hmala ~kngeeging pound the ri with A =values
equal %o [3, and 3, . 8 ad A
equal %o [S, and jﬁl. The molecule would, therefore, have
Q_g,h symmetry and the one-slectron molecular orbitals 05,9,
Thls leads to the following linearly indspendsnt molecular

orbibalﬂ of the Ay, the Ay and the doubly degenerate E classes:
. i
,é(ﬁl) =J§(C$’ + Cbz ‘4"#’3 'Ld’u + Pe 4‘¢6‘)
] .
Bug= F(% ~F +& —du +ds —)
?
$ () 224}% (2¢e ‘5*2¢z,"¢3 —Py —Fe — Pbe )

0
Sl = g~y ~ e+ )



Expressing the snergles E of these in terms of the

' ¥ =
interaction integrals fég..g ?@ ég dr .../9, >

g@ﬁ% % . dr :=‘,/32 and the coulomb integrals
j};,jg,g ¢. dr =0l (the subsoripts to g being

expressed in modulus 6) we have

é (44) = o + /gl ‘5’/§z
\E (Ag) L - ﬂ' = ﬁl
% () o« =+ {ﬂf * ﬁ: AR ¢

i

i

The doubly occupied molscular orbitsls of ths ground state
e .
are % (44}, =3 (E) end € "(£) leading then to the

total ground state T ~ecleoctron ensrgy

B3g) = 2 E(a) + 5 E (B)

= s + 2{A+ [ "'Q(/?.n/f’;*ﬂﬂ)*},mu)

The W =clectron energy of the ground state if all CeC

bonds are equivalent (molecular orbital symmetry C, ) is

B

E(Gy_) = 6t <+ 9/}9 oo'ca(Z)

where /‘Zo is %he intoraction integral for the observed

benzens C=C bond length.
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Lguating (1) and (2} we obtain & relationship
showing how ﬁ, and ﬁ?_ must change relative to esch other,
in order to preserve in the Sy medel the same total
W «eclestron energy obtoined with the E%v model. Since
we are concerned with the relative rathé; than the actual
magnitudes of fo, 3y and f5, we shell work in terms of
,/3,' and /ﬁ; the ratios of f}, and f3, %o ﬁo' The

required relationship is then

N
R = -t - (s -380)7 ] eneta)

- This is plotted out in Fig.4, which 1s really a single

ﬁ' =Space. For an extended range a family of suc}z sontours
; ﬁ' =spage., For an extended range a famlly of such sontours
would be requlred,

We may now obsserve the effect of changing the
values of adjacent bonds in en anrelated benzene ring
subjeoct to the requirement that the total W -slectron
energy of the annellated benzene ring remainsg constant.
Thus, accepting the volidity of Clar®s explenation of the
origin of the ﬁab&:ﬂds in the spectra of the triphenylenes,
we may regard one of the three outer rings of VIII, say

ring A, as having bonds of alternately bigh and low oxrder,






whlle the other rings constitute a phenanthrene system,
ﬂ .
We may, therefore, vary the f§ ~values for the bonds in

this ring iso~onergetically according o (3) and, for
§
gimplicity, assume that the /3 «valueg for bonds of /3' and

’}5 are the seme ag thoge of the low order bonds in ring A.

In phenanthrene IX although the bond 59 is not shared with

—

ww—

another ving we may st1ll suppose, for purposes of
comparisom, thaet the ﬁ’evaluea of bonds oS, Y, 75 are
agein given by {(3). |

The resulits of these calculations are 1llustrated
in Fig.5 whers the highest occupied molecular orbitsl
energiss have been plotted in units of -/30 egaingt 7= Z "”/ﬁa
The curves eross &bt ‘4 = 1.81 and, using this with {3)
we find that [§ = 0,737 amd f, = 1.187.  Subsbitution

of thege values into a new Hickel moleculareorbitel



et g

calculation on phenanthrene and triphenylens leads %o
ky equsl to 0,7407f, and 00%03/3, respectively, and

go confirma the technique described,

DISCUSSION

We do not claim that the celeculations deseribed
here yet furnish unasgailable proof of Clar®s theories
of aromaticity. They are in ganeral agreement with the
relevant spectra of the known triphenylenss and to this
extent corroborats the preaietions made on the basls of
Clar®*s nodels, However, ths fact that we ere using
Huckel moletuler-orbitals as bases precludes the acceptance
| of localised ezieei;mn-e-paisf models. These ean have no
meaning in the Hilokel thecry unless some of the /Brs values
are assumed Vo be zero even when T and g are neighbours. |
Fbr é:a:amplm if? in txriphenylene VIII we put the /3 »Taluss
for bonds /ge'r and TT egqual %0 zsTo, as would be negessary
if theze were congidered to be purs ¢ -bonds, we sghould
obviously find the secular determinant factorising to give
the W olevelé of ph@nan‘tnrene Ifrom the conjugated systen
to thé loft of and including /52’ and these of butadiens

{or of ethylene if KA salso hag /3 = 0} from the rest of



the molecwlc, In either case the lowast eleatrénic
trangition snergios would therefore be those of
pheaanthrang However, there is ample evidsnoce to
support the view thab hetween'gggwhybridised carbon.
atoms fg iz a fupection of bond lengbth and cannot bs zero
in aromastic hydrocarboas. Further /35 appears always
to be betwesn 0.7 and 1.2, Our caleulastions indicate

that the relative spoctral meaguremeénts are predictable

by using f -values lying within this range.

CONCLUSION

We conclude thst the observations of Glar and
his collecaguses on the spectrs of the triphenylenes are
explicable on the bvasgis of molecular orbital calgulatbions
such ag our series I apnd II the letber being probably the
better. We certainly do not assert that we cen explsin
th@ speetra in debalil or thet we sre confident that the
interaction Integrals j@ are unsquivocally determined,
indesd we show that it ig possible to vary these In a
benzense ring without albering the highest occupled levels

gﬂ. We hope %0 mepord in & subsequend publication on the



ilu.&
=1

result of assuming in the Bm,l portion of the molecule

8Bm,l that the fSare those of the phene OBm,l.

We gratefully acknowledge many helpful dlscussions
with Dr. Z. Clar and Dr. J. ¥F. Guys-Tuilleme and the
award of a D.S.I.R. Maintenance Grant to one of us (D.A.M.-B.)
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