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) ABSTRACT
b Numerical calculations are carried out on a large number of aromatic- and polyene-
ﬁ;; gégtype conjugated molecules by the methods of the first paper of this series. These cal-

culations include all energy levels, the wavelengtha of the first four electronic tran-
sitions, the complete m-electron wevefunctions, the bond densities and bond orders,
free valence and reactivities, and dipole moments. A method of estimation of bond
lengths with a root mean square error of 0.0162 is presented. Wherever possible com-
parisons are made with experiment and with the results of thé'LCAO molecular orbital
theory in the approximation developed by Coulson and Longuet-Higgins. The results in
general are at least as good as those of the LCAO calculations.

THE FIRST PAPER of the present series1 has presented a detalled consistent mathematical
framework for the application of the free-electron model to conjugated w-eleetr&h
systems. The present paper presents the results of a series of calculations designed

to demonstrate the applicability and test the potentialities of the free-electron
model.

ADStIY 7

Many of the previous theoretical calculations on conjugated hydrocarbons have been
done by the LCAO (linear combination of atomic orbitals) molecular orbital theory in
the approximation developed by Coulson and Longuet-Higgins.2 It i1s emphasized that
this method will be referred to throughout this paper as the LCAO method, and that this
abbreviation will refer only to the Coulson-Longuet-Higgins approximation Jjust men-
tioned. It has been pointed out in I that the LCAO three-dimensional, one-electron
model actually closely approximates a one-dimensional model, such as the present
theory, so it 1s not surprising that there exists a very close equivalence between

LCAO results and the results of the present paper. TFor this reason a detailed
f&his work was assisted 1n part by the Office of Naval Research under Task Order IX of
Contract N6ori-20 with The University of Chicago.

1

K. Ruedenberg and C. W. Scherr, J. Chem. Phys. 21, 000 (1953), hereinafter referred
tc as T.

2c. A. Coulson and H. C. Longuet-Higgins, Proc. Roy. Soc. (London) A191, 39 (1947).
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comparison of the two theories 1s presented at the end of this report.

The complete m-elecatron wavefunctions for each of the molecules considered here
are presented. These wavefunctions will be useful to calculate the m-electron density
at any point, to make perturbation treatments, and to calculate oscillaetor strengths of
the electronic transitions,

In referring to particular atoms, the standard organic numbering, as indiocated

on Fig., 1, part (a), is followed; bonds are referred to by their terminal atoms. For

i)

[} (b (T }]

Wﬂtﬁﬁ "‘%i"'ﬁ" &m

Fig. 1. Bond densities and bound valences. The membera of each pair marked (a) pre-
sent the bound valences of the atoms indicated. The members marked (b) present the
total mobile bond densities. The bound valences for joint atoms of the alternant mole-
cules are not presented; they are generally greater than 2.0, usually around 2.3.

example the bond connecling the a and B positions in naphthalene is referred to as

bend 1-2.
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1. THE SECULAR EQUATION AND THE ENERGY LEVELS

No partiocular diffioculty was encountered in solving the secular equations for the
eigenyalues, The largest determinant after factorization according to symmetry species
was 9x9 (ovalene). The firat n energy levels (n is the number of m-electrons) and
their symmetries are presented in Table I. The remaining levels and thelr symmetries
are trivially found from these tabulated values. By the pairing theorem for energy

levels of alternant molecules (see paper I), for every solution k4, where
Ky = QﬂD/Xi s

D = the internuclear distance,

)

and
xi = the wavelength of ¢i’ the ith m-electron wavefunction,

mnti - MTEKy where m may take any integral value, positive or

negative, or zero and with the restriction that Kmnsd » 0. The ith level bet&een mn

there exist solutions «

and (m+l)w (altogether the (mnt+i)th level) has the same symmetry as the ith level
between zero and m; the enargy relation being, as indicated above, Kmngd = MTHKy

The energy levels of nonelternant molecules are not mirrored at half-integral multiples
mnei = MKy, M= 0, 1, £2°°,
Instead of Ky» the value actually entered in Table I is cos K, . The symmetries

of 73 that is, for every £y there only exist solutions x

tabulated refer to the axes of Fig. 2 and are convenient for purposes of calculation,

[ )N TR0
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R e
e 3 MK - AXTAOEM
Fig. 2. The arbitrary coordinates.
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FREE-ELECTRON MODEL. II

The group theory notation is also referred to these same axes.3

2. THE WAVEFUNCTIONS
The wavefuneticn of the 1ith orbital, ¢1, may be represented by

¢1 "§¢Bi ’ (2)

where ¢p, is that part of o, located on branch B and is zero elsewhere. Each ¢p,,
then, is of the form

gy = 8p, 008 (K, x+bp, ), (2a)
where 631 is the phase of ¢Bi referrved to an {arbitrary) coordinate axis located on
branch B.

The complete mw~=electron wavefuﬁctions of all moleoules considered in this paper
are presented in Tables I, II, and III. Table I lists cosk, , Table II lists aBia,and
Table III lists taani. Figure 2 depicts the numbering of the branches gnd the
origing of the xE'a. The bases of‘the arrows are the origins, and the heads indicatie
the direction of positive xp. In no calculations, except those of’ the spectral lines,

4 Wherever the phase is obvious by &

wes it necessary to know mi or &, explicitly.
symmetry consideration, no entry has been made in Table III.

There are two methods, described in the Appendix, which may be employed to find
the wavefunctions, The first method consists of solving for &312 and taani directly
from the Jjoint conditions [I, Eqs. (1.32), (1.33), and (1.3%)] and from Eq. (2.7) of I.
The second method consiasts of finding the eigenvectors of the secular equations by the
usual methods, [see I, particularly Eqs. (2.56) and (2.57)] as in ICAO calculations.
The first method is generally most convenient if the molecule possesses symmetry. The
second is generally more convenient if the molecule is large and/or possesses little
or no aymmetry Tue only molecule for which the second method was used in the present
caloculations is ovalene.

The second method only gives the value of the wavefunction at the atoms. The

n-plectron density at the mid-point of a bond is found from:

the 2 axis is always taken perpendicular to and out of the plane of ine paper except
for molecules with C2v symmetry, where the Z axis is as Indicated in Fig. 2 and the

X axis is perpendicular to the plane of the paper. The orbitals are antisymmetric with
respect io oh, designating reflection at the plane of the molecule.
uThe phase angle is arbitrary by an additive factor imm, m integral. One takes

n/2 » gy > -n/2.
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¢y (r)+9,(s)
value of ¢, at pond r-s, ¢i(r-e) o . (3a)
. 2 cos{uci
The quantities of Tables II and III are then found from
2 2
Bra (=, 1n) = dni (46, /n)
tanty, = -Bi—/2 _ Bi _i/2. (3b)
a(simci)qu1 (0)
and
a.Bi2 - (1+tan2631)¢512(0) s (3e)

where ¢,(r) is the value of the ith orbital at atom r, for eéxample, and in (3b) end
(30) ¢,(x) 18 tts value in branch B at coordinate x.
3. SPECTRA

The wavelengths of radiation for the four transitions between the two highest
filled and the two lowest unfilled energy levels are presented in Table IV. The
nomenclature and asslgnment i1s due to Platt and Klevens.5 These wavelengths are come
pared with the center of gravity of the corresponding singlets and triplets.5 Unfor-
tunately, most of these triplet data are estimates. Where the estimates of the trip-

lets were not available, only the singlets are listed. There will, of course, always

be triplets, which generally lie in such a direction as to improve the agreement of the’

theoretical caloulations., Some corresponding LCAQ oalculatione5 are also tabulated for

comparison,

The free-electron model (and'the LCAO model) gives agreement to within
lo,OOOom'l, usually better., Indeed the prediotion of the longest wavelength transi-
tion is generally quite good. These results are the more remarkable when one considers
that there 1s only ong¢ (quasi-) adjustable parameter in the free-electron medel, D,
the internuclear distance. Actually, no attempt at adjustment was made; D has been
taken to be 1.393 (the tenzene C~C distance) in the aromatic systems, and, 1.343 (the
ethylene C-C digtance) in the n-polyenes. When comparing the LCAO model predictions
with the free-electron model predictions, it should be borne in mind that in the
former there are two adjustable parameters, S and B; 8 is usually fixed at about 0.25,

and B is varied to give a best fit.

sﬂ. B. Klevens and J. R. Platt, J. Chem. Phys. 17, 470 (1949); J. R. Platt, J. Chem.
Phys. 18, 1168 (1950).

6K. Ruedenberg and J. R. Platt, private communication.
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FREE-ELECTRON MODEL. II
4, BOND DENSITIES
The total mobile bond order, defined by Coulson and Longuet-Higginal for their
LCAO theory would be, in free-electron terms, as follows!
néa y
where Ppa 18 the total mobile bond order of bond r—s, J refers to the orbital and ¢J(!‘)
and ¢,(s) are the values of the jth orbital wavefunction at atome r and g, respectively
This definition is an approximation to the electron density in the bond,
The total mobile bond density for the free-electron model is defined by
n/f2
b(rs) =2 I ¢,%(r-s), (5)
J=l
where ¢,(r-s) is the value of the jth orbital at the midpoint of bond r-s. This defi-
nition is also an approximation to the electron density in the bond which, however, 1s
consistent with the definition of the electron density at the atoms. For comparison
with Bq. (4), Eg. {(5) may be written approximately as
n/2 )
b(!’!) o f[é"‘ Jfl ¢J(1‘)¢J(B)4 ) (6)
where £ is some constant, equivalent to a mean value of 1/cosaéni, and may be taken as
& 1,25, It would seem that the most exact, but probably unnecessary, definition for
the electron density would be an integrated density extending helf a bond length to
either side of the point in question.
The bond densities calculated from Eq. (5) are presented in Figs. 1 and 3, part.
1.687
(b). %
. |- CH —— CH ==enem- | '------- CH e CH ==-=- -l
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5. BOUND VALENCE AND REACTIVITIES

Coulson and Lonsuet-ﬂiggina7 have defined a useful quantity, Lhe free valence,
which has been successfully correlated by many authors with chemical reactivity. It is
a second-order effect whioch becomes of importance in alternant hydrocarbons because the
"electron denaity" at the atoms (the first-order effect) is the same (but v.i1.). The
free valence is the potential bond-forming power 2 particular atom in a molecule has.
The free valence is obtained by forming the sum of the vond orders of the bonds termi-
nating on the atom under consideration and then subtracting thls sum from & certain

number, N N is obtained in the following manner: If one were to have available

max’
caloulations on all possible hydrocarbona, then he would be able to pick cut the max-
imum possible value for the sum just mentioned above. This maximum value is taken to

be Nmax' Analytically the

i : free valence of atom r = Nemax” z Prs
|

all s neighboring
tor

This concept may be teken over, in toto, into the free-electron picture. The present‘
author has chosen to tabulate merely the sumas of the bond denaities, and in order to
indicate the complementary -nature of these sums to the free valence, has called them,
following & suggestion of Ruedenberg's, the bound valenee. Hence, the smaller the
bound valence, the more reactive the atom (to eleotrophillic reagents). These bound
valences are presented in Figs. 1 and 3. The base of the arrows indicates the corre-
sponding atom, | '

In the first paragraph of this seotion it hes been mentioned that the firat-order
effect for reactivities is the "eleotron demsity"; however, it should be noted that

the LCAO model has tacitly implied that the first-order effect ia due to the electron
population (see paper I, since to the author's knowledge this distinetion between

: denslity and population has never been made before). This point 13 being investigated
, | further. In this paper once D has been taken as the unit of length there is nc¢ numer=~
ilcal difference between density and population for bond or for non-joint atom den-
sities. At the Jjoints the population is g of the density. No bound valences are
reported for Jjoint atoms (they are generally greater than 2.0, usuwally around 2.3).
In nonalternant molecules, it is the total electron density at the atoms whieh 1is

reported rather than the bound valence.

: 7C. A. Coulson and H. C. Longuet-Higgins, Rev. Scientifigue 85, 929 (1947).
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FREE-ELECTRON MODEL. II

Table V compares the (theoretically) must reactive atoms in each molecule with
the known chemistry of the hydrocarbons. The only serious discrepancy with exper-
iment is found in the phenanthrene molecule, where the 1,8 positions are indicated to
be slightly more reactive than the 9,10 positions., If one attempts to explain this
by noticing that there is an over-all very high concentration of n-electron density
about the 5,10 positions (i.g., atoms 9 and 10 contiguous and connected by the very
high density 9-10 bond) then a difficulty arises in explaining why the somewhat
similar pyrene molecule is not reactive at the pyrene 1,2 positions. An exactly
simllar aifficulty is encountered in the LCAO model.

A 6. DIPOLE MOMENTS

Of all the molecules considered here, only fulvene and azulene ocan (theoretically)
have dipole moménts, and indeed, this 18 an experimental fact, that alternant hydro-~
carbons have at most, small dipole moments. The caloulated moments are: Fulvene L.l
D (Debyes); azulene 6.3 D. These may be compared with the (unrefined) LCAO values of

8

4,8 D and 6.9 D, respectively.  Experimentally, fulvene would be expected to have a

dipole moment of about 1.2 D on the basis of the dipole moments of its derivatives,

8 There are many well-known reasons

while that of azulene is of the order of unity.
for these discrepancies among which the g-electron contribution to the dipole moment
and the effect of the true bond length shoﬁld be mentiocned.
7. BOND LENGTHS

COulson9 has successfully demonstrated that on the basis of the total m-eleetron
density (Coulson's total mobile bond order) at the bonds, predictions of the bond
lengths in these moleculea can be made which agree fairly well with experiment;
usually within the experimental error. The present author has found the following,
completely empirical equation to be satisfactory for use with the bond densities cal-
culated on the basis of the free-electron model. It reproduces the known bond lengths

with a root mean square deviation of 0.01622
length of bond r-e(A) = 1.665-0.1398[1+b{rs)] . (1)

Equation (7) has been obtained from the curve of Fig. 4. Figure 4 i3 analogous to the
well-known figure due to Coulson9 constructed on the basis of the LCAQ model results,
8LCAO data taken from B. Pullman and A. Pullman, Les théories diectroniques de la
chimie organigue (Masson and Company: Paris, 1952), pp. 399 and 406.
%. a. Coulson, Proc. Roy. Soc. (London) A207, 91 (1951), and also in J. Phys. Chem,
froc. noy. S0¢ Jd. Inys. them
56, 311 (1952). .
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and indeed, the present Fig.

4 18 constructed to facil-
itate comparison, Experi-
mental bond lengths are
plotted agalnst calculated
bond densities. The solid
line is a stralght line
which can be drawn through
the pointa.lo The dashed
lines repreaent 0.0203 devi-
ations from the solid line,

EXPERIMENTAL BOND LENGTH (A"}

and correspond to the exper-

] ) ] 1 ] .ab‘\ I imental error for most of
160 180 200 220 240

FREE ELECTRON BOND ORDER
Fig., 4. This curve shows the relationship between the
caleulated total mobile bond density and the experimental oculated the root mean square
data now avallable. A, anthracene; Be, benzene; Bu, deviatiora on both Fig. 4
butadiene; C, coronene; G, graphite; N, naphthalene, O,
ovalene; P, pyrene; Tr, triphenylene; and E, ethylene.

the molecules considered.

The present author has cal-

and the analogous plot of
coulson.ll These deviations
are, for the free-electron model, 0.0168; LCAO, 0.0188. mavle VI presents a breakdown
of these f‘igures.12 The predictions of bond lengths by the free-electron medel are

1°A better fit to the experimental data could perhaps be obtained if one disregards
the somewhat doubtful polyene points and the certainly dubious pyrene points.
Because of this uncertainty of how to weight the experimental data, the best line
has been estimated by an inspection.

11The bulk of the necessary data is taken from J. M. Robertson, Proc. Roy. Soec.
(London) A207, 101 {(1951). It has been necessary to make a few corrections to tnese
data; see, for example, note b to Table VI.

12The e. perimental lengths for butadiene, and in particular the 1-2 bond (1.462), are
somewhat dubious. [See, e.g., Coulson, and Daudel, and Robertson, Proc. Roy. Sce.
(London) A207, 311 (1951;.] For a discussion of the polyene bond lengths from a
free-electron point of view see H. Kuhn, J. Chem, Phys. 16, 840 (1948); 17, 1198
(1949). See also Noel 8. Bayliss, Aust. J. Sci. Res. A4, 344 (1951), and earlier
references glven there; his treatment does not conform %o that of the present paper.
For these and other reasons the butadiene point was not included in this caliculation.
With this polnt in they become: free-electron 0.0173; LCAQ unchanged.
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FREE-ELECTRON MODEL. 1II

consistently better than the predictions by the LCAO model,
8. DISCUSSION OF SPECIAL POINTS
Detailed calculations on a series of n-polyenes has not been given. COne may oon-
venlently find the total mobile bond density from the following formula:

-1 - )" 8
:Sﬁi{ ! (n+1) sin{n(r+i)/(n+1)} ’ (8)

where r in Eq. (8) 4s the systematic number of the rth atom, and n is the number of
atoms in the polyene chain. This equation clearly shows the “"alternating single and
double bonds" of polyene chains. It also shows that the strongest bond in any n-
Polyene 18 the 1-2 bond and its sister, the (n-l)-n bond. The formula impiies that
very long chains would show only a slight conjugation efrect.A

In the cyclo-butadiene molecule there exist{ a filled level, Ky = in, degenerate

with the lowest unfilled level, and,.hence, oyclo-butadiens has a triplet ground
state.l3 Properly speaking, that is, there are two hslf-filled orbitals in the ground

state, and Eq, (5) must be used in its general form,

o(re) = T npoflre) (58)

where gﬂ is the number of w-electrons in the Jth orbital. Lcnguet—Higginsl4 has cone-

sidered the followlng three hypothetieal hydrocarbons from the LCAO approach which also
have, on that model, a triplet ground state; 1,}—(CH2)206H4, and 1,1—(CH2)20 = CHQ,
Clarts hydrocarbon,15 none of which have a Kekule structure, but all of which have
unstrained 6~bonds and an even number of weelectrons. As might be expected, all three
of these also have a triplet ground state on the basis of the free-electron model cal-
culations.

The lowest bound valence in the cata-condensed ring systems considered here was
found in pentacene, wnich agrees with the observation that the higher members of the

polyacene series are not only highly unstable, but progressively more unstable,

133e¢ for wxampie, C. A. Coulson and G. 8. Rushbrooke, Proc. Cambridge Phil. Soc. 36,
193 (1940), p. 198.
1%y ¢. Longuet-Higgins, J. Chem. Phys. 18, 265 (1950).

l5E. Clar, Aromatische Kohlenwasserstoffe (Verlag. Julius Springer: Berlin, 1941),
p. 311. This hydrocarbon consists of six benzene rings, peri-condensed into an equi-

1ateral triangle.
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9. A COMPARISON WITH THE LCAO MODEL

A general statement can be made oconcerning the compariscn of the LCAO model of
Coulson and Longuet-Higgins and the free-electron model on the basis of the caloula-
tions carried out here; namely, that the free-electron model predictions are equivalent
to or alightly better than the LCAQO results. The superiority is slight and may not be
real.

Specifically, the accuracy of the predictions of spectra seems to be about equal,
partiocularly when the center of gravity of the singlet and triplet lines are considered
This equality actually is in favor of the free-electron model, since (in the present
caleulatidna) no parameter has been varied in order to give optimal fit, whereas in
the LCAO calculations at least one of the avallable parameters has bee. freely adjusted
to give optimai fit.

The relat;ve bond densities in any series of related bonds are both qualitatively
and quantitatively reproduced with amazing fidelity in the two theories, despite their

divergent approaches, Figure 5 shows the LCAO bond ordera8 plotteq against the free-
asol
omb (]
3 )
oro} :
1] 0% oeo 088 070 ors 080 ass 00 on —15 160 LIB I.l 120

FREE £LECTRON BOND DEMSTY

Fig. 5. These curves indicate the close correspondence of the

free-electron model and the LCAO model calculated bond densities

(orders) for alternant molecules; both coordinates to the same

scale. A, anthracene; Be, benzene; C, coronene; D, diphenyl; N,

naphthalene; 0, ovalene; P, pentacene; Pe, perylene; Ph, phenan-

threnc; Py, pyrene; S, stilbene* St, styrene; T, tetracene; and -
Tr, triphenylene. E
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electron bond densities, both to the same scale. The points olosely align themselves,

according to broad generalizations of bond type (terminating in two Joints; terminating

in one Jjoint, ggg.), on lines whose slopes are very close to unity. The deviations of
the points from these straight lines rarely exceeds 0.02 density units, much too small
to be decisive in comparisons with experiment. However, there do exist certain differ-
ences which ocan be subjected to experimental test; whenever a point on a left-lying
line is higher.than & point on a right=-lying line (of Fig. 5), then the rslative bond
lengths of the bonds involved are reversed in the two theories, Such pairs of points
will be partioularly decisive when they include bonds from the same moleoule. The
present experimental data however"are not precise enough to differentiate and could
only permit such comparisons to indicate & trend. o ) 7
Nevertheless, in predictions of bond lengths based con these electron densities the
free-eleoctron medel is superior, In the important case of the naphthalene molecule,
Important beoauﬁe of the high degreé 6f precision claimed for the x-ray investigetion,
both models give unsatisfactory predictions. The rcot mean square deviations for this
molecule are: Free-sleotron model 0.02323 LCAO 0.0252. It has been pointed out in
Table VI that the LCAQ root mean square deviation of 0.018R olaimedg' 11, 16 for the
LCAO predictions of the bond lergths in this molecule is obtained, not from Coulson's
graph,g but from a special graphl6 which heavily weights the naphthalene, the anthra-
cene, and the graphite predictions. These Very poor root mean square deviations are
directly attributable to their (almost identically) poor prediction of the length of

the cross-1inked bond. 7 As has been discussed elsewherel: 1€

it is this particular
bond which is subject to an experimental error about twice those of the other three
bonds in naphthalene.

There 1s a possible fruitful fleld of comparison of bond length predictions. As
can be clearly seen in Fig. 6, the predictions of bond lengths in the odd-membered
ring systems by the two theories are widely divergent. Even comparatively rough bond
18

length measurements on azulene would suffice for a discrimination.

IECoulson, Daudel, and Robertson, Proc. Roy. Soc. (London) A207, 306 (1951).

17The value predicted by both models is about 1.”372, which value seems to be more o
reagonable, on the basis of a comparison with the similar bond in anthracene (1.4404)
than the experimental value (1.3952) of reference 11.

18Dr. Hellbronner (ETH, Zurich) has kindly supplied the author with some advanced ten-
tative results of electron diffraction measurements made on the azulenc molecule,
which indicate that the crosa-linked bond in azulene is about 1.458. Free-electron
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Fig. 6. Thie plot shows the lack of correspuondence of.the free-
electron model and the LCAO model calculations of the bond den-.
gsities {(orders) for nonalternant molecules; both ooordinates to _ L
the same scale. D, difulvene; F, fulvene; P, pentalene; 2, azu- :

lene, _ _
A comparison of the physical labor involved in solving molecular problems by the o sf

The time involved for a complete calaoulation on one

two methods is diffiocult to make.
molecule ran from one minute for the polyenes through four and & half hours for penta- N

cene to alx days for ovalene.
10. CONCLUSION
The free-electron model has been shown to be a versatile and respectable tool for
It is ocapable of extension to other

e~ W

us2 in the investigation of molecular structure.
systems of interest than those considered here and seems to be capable of extension f
ﬁo include electron interaction; it deserves more attention than has hitherto been =
It seems quite reasonable to expect that the thoory may be refined to

On the other hand, the free-electron model

given to it.
the same degree as the LCAO model theory.
seems to have the same limitations and inaccuracies that the LCAQ method has, and

further its present treatment of polyenes 1s unasatisfactory.
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model prediction 1.4&63; LCAO, from reference 9, greater than 1.49; LCAO from refer- s
ence 16, about 1.45, .
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plane of the molecule, taken Iin the order X, Y.

Benezene
1. 8%8% A,
2., AS .
3, SA }Elg
4, AA
5 s }Eau
6. A%8% 1,
7. 8783 Byg
Naphthacene
1, S8 Blu
2, SA 323
2. 88 By
4, AS 333
5. SA B23
6. AA Au
7. 88 By
8, A8 ng
9. AA A,
10. SA 528
11, 88 Biu
12, AS B38
12, SA B28
14, AS ng
15. 88 B1u
16. AS ng
17. AA A
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TABLE I

THE nm-ELECTRON WAVEFUNCTIONS!t

The symmetries (8S, SA, gtc.) and the group Lheory notation refer to the axes of
The symmetries indicate the behavior of the :rbital upon reflection at the
Hence, AS would mean antisymmetric
upon reflection at the XZ plane, symmetric upon reflection at the ¥Z plane) 83A3, sym-
metrie upon reflection at any of three equivalent X2 planes, antisymmetric at any of
three equivalent YZ planes. A single letter (e.g., in molecules with Coy symmetry)
indicates the behavior upon refleection at the Z axis (at the X2 plane).

Den
1.0

"1 I°
"1 -0

Vh
1.0
0.94450
0.79002
0.63640
0.57008
0.53783
0.37823
0.36518
0.14382
~0.143B2
~0.36518
-0,37823
~0.53783
-0.57008
-0.63640
-0.79002
-0.94490

Naphthalene
1. 88 Blu
2. SA B28
3. AB B38
k, 88 14
B. AA Au
6. SA 328
g. AS ng
9. AA Au
10. AS 333
Pentrcene
l. 88 Blu
2. SA Bag
3., 88 Blu
4. 8h By,
5. AS BBS
6. AA Au
g. 88 B1u
« AS 835
9. SA B28
10. AA Au
11. AS B38
12. 88 Blu
13. SA 825
14, AA Au
15. 88 Blu
16. AS B.,g
17. SA B2g
71

Y
1.0
0.80902
0.59023
0.42356
0.30902
-0.30902
~0.42356
~0.5%023
-0,80902
-1,0

Y
1.0
0.96385
0.85968
0.70083
0.64491
0.57601
0.51454
0.45582
0.36855
0.29056
0.10681
-0.10681
~0.29056
~0.36855
~0.45582
~0.51454
~0.57601

coslci

Anthracene
1, 88 Elu
2. gA Bﬂg
3. 88 Blu
L. AS B35
5. A Ay
6. SA BQS
T. A8 BBE
8. 88 Elu
9. AA Au
10. SA BEg
11. 88 A1u
12. A8 B35
13, AA Au
14. A8 By,
Diphenyl
1. 88 Blu
2. SA 523
3.8 By,
4, Ar Au
5. AS 535
6. SA 32g
7. 88 Blu
8. AA Au
9. AS 338
10. SA B23
11l. 88 Blu
12. SA B25

Vn
1.0
0.90627

10.65841
0.62139
0.46685
0.39392
0.20369

~0.20369
~0.39392
~0.46685
~-0,62139
~0.65841

‘0-90627

-1.0

Y
1.0
0.92249
0.57180
0-5
005
0.31597

~0.31597

-0.5

-0.5

~0.57180
~0.92249

«1.0
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18.

AS

Stilbene

1.
2.
3.
4,
5.
6,
7.

8.

9.
10,
11.
12.
13,
14,

1.
2.
3.
4,
5.
6.

1.
2.
S
4,
5.
6.
7.
8.
9.
10,

88
SA
ss
SA
AS
AA
8s

AS
AA
ss
sA
88
SA

Fulvene

8
3

Azulene

]
S

A
S
A
S
A
S
A
S

SA . .

8

-1.0

Vh
1.0
0.96096
0.72011
0.5
0.5
0.5
0.24085

-0.24085
-0.5"

) "005

-0.5
-0.72011
-0.96096
-1,0

Cay
0.96262
0.44376
0.30902

-0.12480
-0.78158
-0.80902

C

1.0
0.81254
0.63253
0.39186
0.22398

-0.18526

-0.35032

-0.77636

-0.83952

-0.90934

2v
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18. S8 By,
19. AA Ay
20. AS ng
21, AA Au
22, AS ng
Styrene
1, 8 B2
2. 8 By
3. A Ay
L, 8 B2
5. 8 B,
6. A - A2
7. 8 By
8. 8 By
Methylene-3
pentadiene 1,4
1. 8 B2
2. A A2
3. s Ba
4, 8 B
5. A A2
6! s BQ
Phenanthrene
1. 8 B,
2, A A,
3! s BE
4, 8 32
5. A Ay
6. A A2
7. 8 B,
8. A A2
9. S 82
10. S B2
11. A A2
12. A A,
T2

-0.64491
-0.70083
-0.85968
-0.96385
-1.0

Cav
0.97903
0.66594
0.5
0.31308

-0.31308
~0.5
~0.66594

-0.97903 .

Cay
0.83041
0.5
0.24581

-0.24581
=0.5
-0.83041

Gz
1.0
0.89689
0.72015
0.56250
0.5
0.33647
0.28404

-0.28404
-0.33647
-0.5

-0.56250
=0.72015

v

Difulvene
1, 88 B1
2, 8A B23
3. 88 Blu
4, AA Au
5. AS B38
6. SA B28
7. 88 Blu
8. A8 B38
9. AA Au
10. SA B2
Pentalene
1, 88 Blu
2, SA B28
z. AS 335
. 88 Blu
5. AA Aﬁ
6. SA B28
g. AS 338
« S8 Blg
Pyrene
1. 88 Blu
2., A8 B35
2. 8A B28
4, 88 Blu
5., AA Au
6. 98 Blu
7. A8 B38
8. 88 By,
S. AA Au
10, S8 B1u
11, A8 B38
12, SA B23

Vi
1.0
0.89830
0.42356
0.30902
0.30902
0.11020

-0.56023

-0.80902

-0.80902

v

1.0
0.70711
0.43426
0.18371
0.0

-0.70711

-0.76759

-0.86038

¥h

h

1.0
0.87017
0.78868
0.64306
0.5
0.41731
0.35687
0.21132
-0.21132
-0.35687
-0.41731
-0.5

———
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10.
11.

erylene

. 88

As
SA
AA
8s
As
ss
SA
AS
AA
SA
ss

ovalene

s8
8A
AS
AA
ss
ss

vh

1.0

0.5210k
0 82261
0.75120
0. 64460
o.43524
0. k2469
0.42178
0.37968
0. 15986
-0.15986
-0.37968
-0.42178
-0.42469
-0, 43524
-0, 64460
-0.75120
-0.82261
-° -galou
-1.0

vh

1.0

093890
0. 90269
0.80139
0 . "(9300
0.67428
0.63641
0.59895
0.52671
0.41907
0.41600

FREE-ELECTRON MODEL. II

13. 8 32
1. A Aa
Triphenylene
3
1. 8 A2“
x } E"
3, A
3
’-h s Aall
5. s } E"
6. A3 |
7. A Alu
% } EH"
9. A
10- A }- En
11, 837
| [
1i. i Aa'
1 .
ke ;
14, 8 } ;
5. A3 Aln
16‘ A } 1t
17. 8
18. A g
ovalene
12. AA Au
13, 88 .
14, AA Au
15. SA Bag
16. A8 B}g
17. 88 Blu
18. AA Au
19. SA Bzg
20, AS B}g
21. SA Bag
2p. 88 Blu
[

-0.89689
-1.0

D3h
1.0

0.89610
0.59023
055400
0.42356
0.29074

-0.2907k
0. 427456
-Onssuoo

0.59023
--0.89610

-1.0

vh
0.41279
0.31’698
0. 20085
0.24635
0.14602
-0.14602
-0.24635
-0-30085
-0.34698
-0.41900

13 . AS 5.58
14, AA |

u
15. S8 Blu
16. AS B}g
Coronene
5. AS
E
3, SA } :
T
E
5, AA 2u
6. 8383 Aau
T S3A3 Blg
8. a%g3 >
9. AS :
11. 88 } E
12, AA N
13. SA g
15. AA E
17. 3333 Aau
18. A3A3 Alu
19. A333 BEE
0. SA. } :
21, AS .
22. AA
E
23, 88 } N
24, A333 Bes
ovalene
2%, A8 BBB
o4, AA Au
25. 88 Blu
26. AA :

ag' AS g}g
28. AS .
29. SA

30. S8 Blu
1. AA :
32, AS :

-0.78868
-1.0

Dgp,
1.0

0 83345

0.70598

0.61693
0.5
0.45025

0.38018

0.230%6

-0 . 38018

0.45026
0.5
-0.61693

-0.70998

-1.0

vh
~0.41907
-0-52671
-0. 59895
-0.6364)
-0.67428
-0.79300
-0.90269
-0.9389o
-1.0

W
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SCHERR

TABLE IIX.

The reference coordinates are shown in Fig. 2. Wherever the phase

Orbital: 2 3 4 5 6 7 8
Molecule Branch
Naphthacene B2 1.0925 0.066212 15.631 0.63293
Pentacene B2 -1.6333 3.0250 0.28006 0.10148 -0.25623 -1.4330 5.9578
Fhenanthrene Bl -0.092822 0.41338 -1.22%6 1.7321 -0.99169 1.5007
Bk -0.8784k -2.8427 - - '1.9800 ~2.7221 .. 0.10223 0.13161 .

Pyrene B3 -1.0895 0.78433 1.2107 -0.02519
Perylene B2  0.46039 1.5269 -1.4366 ~0.697u44
B3  1.,15656 17.292 0.81522  0.063547
- B¢ 1,3300 o -0.50211 28.402  1,3007
Triphenylene B2 -6.3933% 2,1311 ‘ﬁ0.2251877 6.675061 7 7-3.6881
o ‘B3 -0.26968 0.089892 3,1611 -1,0537 ’ T a1.4872
B4 -2,572%  0.85747 -4.7962 15087 -0.096145
Coronene B2  0.39688 1.2642 |
B3 1.070k4 1.2523 S
B4 ~1.0704 -1.0704 ~1.2523 -1.2523 . 2.7752  -0.87758
B5 1.4055 7.2845
Ovalene B2 0.75161 -0.45800 0.054668 9.7656 -0.38012 -0.69565  1.0065
B4  0.69905 1.0701  1.1320  1.9561  2.0230  4.2473  1.3501
B5 0.16904 -1.1287 -0.66845 -0.27687 138.63 -0.52226 -0.39123
. B6 -1.7143  1.,5406  0.27330 5.2209 ~0.039311 1.2565  4,7215
/ B7 5.6332  1.3231  3.0116 -0.54088 -0.73200 2.1215  0.33171

78
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9.7850 0.25472

-0.70262
-1.2338
0.46804
1.2294
- 0.49572
© 0.032048
-0.067714
-1.1245
1.1205  1.1245
0.49741
-0.021495 0.3894).
-1.8669  0.82172
2,141  -1,3251
~0. 44961  ~1.T4O0
1.7960 ~1.2067

FREE-ELECTRON MODEL.

II

THE m-ELECTRON WAVEFUNCTIONS: tanéBi

11 12 13

~0.2350

-1. 4004

0.32469

-0.32469 -0.32469

3.7931

-0.57068 92.121 0.16745
0.29987 1.1876  1.2520

2.6748  -0.27299 ~1.7090

0.35086 2.2731 -1.5176

0.09435 1.5511 ~1.3786

79

14

-0.21940

-0.29737
1,0954
0.15720
1.3640

is obvious from symmetry considerations, no entry has been made.

15 16
1.4730 -0.35993
0.049343 0.64402

-0,25094  3.2016
8.8338 3.3322
1.2860 ~0.18934

.

="




SCHERR

00Ge+ 005 ¢
4] 006 T¢
00GT- 004G 12
000 O1- 0066+ 000 6¢
000.L- 000.L+ 00¢ ge
0002+ 0006+ 00C 92
ococ+ 000T+ 00g 1T
0009~ 0009+ 002 <4
00G - 00SG#+ 006 2¢
00GT+ COoSC+ 00G J2
0002+ 0001+ 00G ST
0 0006+ 002 64
0006~ 0002+ 00G #¢
0002+ 00Se+ 000 T¢
COGT+ o 00L o2
005G+ 000 1T+ 005 45
0004~ o 00S 6¢
0002~ 000¢- 002 ¢¢
0001~ 000¢ - 002 g2
0065~ 0006~ (oot <%)
ovo1 ond sqatdrag
UOTF03JII0)

005 4T+ 005 84

(oot )
(0oL 62)
(ool ¢¢)
(o000 22)

(000 <£)
{(0o¢ 42)
(000 ge)
(o029 )

(000 6¢€)
(o002 g2)
(005 62)
{0055 )
(0oL )
(000 0¢)
(000 ¢¢)
0oL 41

(00¢ 6%)
(000 &¢)

(002 9¢)
00¢ T2

(000 oy)
(000 o1)
(008 <)
00¢ 62

004 €S
001 6€ .
00< g2
000 ¢¢

{000 <¥)
000 <C
$000 #2
00¢ LT

00y Ly
00L 9¢
{005 G2)
000 T2

00l <G
005 g¢
{000 62)
00L 9¢
000 65
000 S
00T 2¢
000 S
000 45

000 #G .

002 8¢

23

£4931dTag s3o13uts
PuU®B 833TJUTS JO DIAIISQO PIAIIEqQ)
£3TARIE JO a23ua)

000 6%
00G &<
000 #2
000 OT

000 64
000 J<
000 92
00G €T

000 6%
00 6<
000 62
000 61

000 64
000 ¢

000 S¢

000 62

00T 6%
ovo1

(-

00< +<
00T 2¢
000 1I¢
008 &2

005 62
00 T2
088 8t
069 o1

oot s
008 Le
000 2
o2 4T

00G Of
00k 2<
005 g2
00S O

0oL ¢t
00T 6C
00T 9¢
0ok T¢

00€ 26

oRdd
wo) ARxsus

TOTTsURBIY PajzoTpaad
*SUOTEWT]E3 aJe auumaa:ohdn ut ejep rejuamgaadxa auy, g pue

§ E30U3JISJSI WOJJ UINB] USIq TTE SA®RY ®1ED TejuantIadxs .3y pue ﬁﬁuﬂuooo.mm =
(suakyod)yg pue nﬁnsoooo.mw = Auﬂn.dn mm_N.o =3 Ylra) suotrqorpaxd Tapom OYIT auy

SNOLLOTQHHL TNUIDAIS  “Al TTAVEL

g
d.u BUIIYJUEUIYJ
s
€,
1 auadejuag
%g
€
T suasreyjydeny
®g
13
T U BIYJUY
g
e
T suatreyjydeN
( “xoadde sTy3 Ul
*uadap projanoy)
%g <% <9 <%q auazuag
UOTJTSUBLL EYUBES (o7

80

it 4



00Gc+
000 1T-

0004t

00G OT+
00G¢+
006G +
006G~

0006+
ooSe+
000T+
00Ge+

000 91+
000 TT+
005+

000L+
COGC+
000¢+
004G+

ovo1

GO0 #1+

O00T+

0009+
00S Or+
004c+
0
0009~
0065+
00ST+
000T-
0002+
0006+
0006+

0069+
~ ooGe+

000¢+
00GT+
000+

Onag

Arvo 83378ulE J0J UOT3931I0)

008 c¢

000 <%
000 1S

(-8-2)
000 62

000 g
000 #<
00G Lz
ok #T
000 g5
00S 9
006 g¢<
000 #¢
000 #5
006 &¢
000 12

000 96
000 84
(000 1)
002 6¢

uamﬁwn_.nm. .
paalasqQ

ool ge
005 Of

000 89

002 G2

005 IS
009 Of

-, 000 Le

000 Oe

. 000 6%
008 C

00l o<

" 00€ 1€
000 §¢

00¢ 42
009 8t
000 6%
004 4y
00 8¢
cog ¢¢
0¥

o002 42
008 <<
006 GG

00C ce

005 LE
004 O¢
ooy le
00c 02

00¢ 26

008 ik
00¢ 6¢

008 T¢
008 4
00¢ g2
009 02
00<¢ 26
006 th
005 6¢
00T 2¢

() 8

( ﬁlﬁﬂ& £3x3us

UoT3IsuURI] PIROTPAIIL

A.w.s (-8-2)
(o0g 62) . 000 %<

nﬂﬁﬁb.f.nz JUITIFEXIH
pmmbtﬁz suatpesng
nﬂ.n.nb..n.nz suatdyszs

( -xoadde styj up
*ualap projamog)

wm.n .Am.n Mruﬂ .Q.Hm ocw:w.noo
mHH

“mﬂ.__m
A.Hn auarnzy
-
d.Hn auaafis
PITITIJUN 183
-MCT auy 03 SI3AaY
POTTITI 9aay3 Yy SUIATNI
&
ot
L TAuaydt@
uoT3Isueay, 3aTnNoaToK

{ “xoadde 8IYQ] w,

*ualap proJamog)
e

00G 62 g ‘Yg <Y1 <®1 suatAusydiag

81



SCHERR

-(0G61) G9T ‘C -I5EIH TPoV qmﬁ._umu 03 Inq 6 vnw.mn B,U0STNO) 03 Jou “sa3Fax WH.HH.mugcmwﬁoE sTUl

, 403 9T0°0 JO antea pajonb ualjc ayj 3eUl P3j0U ag TINOYUS .._.Hn
*8J3Y30 M3J B pu®R 3[No3Irom

STU1 JO JOA®] UT pajuBToMm L[TARSY U33q S2U UDSTUM *TIT 22UdIJISI JO BYEP 23 WOl

‘OT 20U3JI8J3I WOJIJ JAIND TBI3ual s8a7 ‘Tersads w2 Arutem ‘xoygne juosaxd ayg £q pajeTNOTEd SIaM SIa3QUNU 383YL,,
g10°0 L1070 , 83[noarou T1v
g10°0 910°0 sauahyod 1dsoxs sernasTom 1TV
910°0 940°0 puoq g-1
000°0 #00°0 puoq ¢—¢g

suarpeing
000°0 000°0 suatdysy
010°0 600°0 ajtydea)
g10°0 410°0 3uarTeA0
#1000 L00°0 BUIUCIO]
020°0 ST10°0 oSUSTAuaudiay,
G20°0 G20°0 . auagly
€10°0 800°0 ‘ sudderyauy
5200 €200 suateujudey
U00°0 #00°0 suazuag

el2POM OVDT TSPOR UO0I323T3-9300 STNO310N
(v) suorjerasq axenbg uesy 300y

TICQOH OVD'T SHE NV THFON NOULOATI-HAHA FHL A
SAIONTT aNOE 40 SNOLIOI@ENd SHI J0 NOSTUVIWOD ¥ °IA TTHVL

ot'e*y°C - B

ot 0T‘6°4°< o1‘¢
6‘¢ (o) i 4 6°¢C . - OT°¢ 6°¢C (oT°6°%°¢c) auatiaag

ot‘gea‘sc 0T‘g“G ¢
8‘6°¢ o oT‘e 8¢ {or‘gea‘¢ auaaky
6¢21 6 0T‘6. 6 ot‘6 | o6 (8t auaayjueuayq
puoq ¢-v 3yj 03 uof3rppe S - - g-r g auaafig
puoq (0—0 8Yyj O UCTITPpE ‘ i 0—0 1242 auaqrLas
(¢83193339 oTJ93s) fmoge § ayq Je SUCTioERaA [Te (st“q) uwaua (.2‘e2 TAuaydtg
; €19 €1‘g auadeludgd
016 or‘eé (2T tr‘ot‘6 auadeyjuden
81T 61 01‘6 6 01‘6 6 OT‘6 (8°G“%°1) uaya (016 auaseayjuy
T 8TSTT o S "0 P NS : %1 (B°S*nt suateyauden

uorjeuoJIns uofjed3ru uoyjeusdorey uor3epIx0 | puoq (e)ucqe EY b E) (7]
uodn payoeqqe SUOTATSOd : | BAT4O®ax 180w ATTeOT3aI09YY,

*sassyquaged UT aansorsus Lq PajedpUT 3JB SWOle JUSTRATNDS ATTeuoT3is0d - a[nosTom yoes
J0J pPa3sTT st L1Tsuap uoI43aT3-1 3S3YBTY 3Uq Y3IM puoq 3yjg ‘Araargdoadsaad ‘Jo 3ouarea punoq
13m0 YaTm uorgrsod woge ayqg :..unoplﬁnusoam aatgoead qsom Arredsrasgoayy, Burpesy syy Japup

SHLLTATIOVAH "TVOIWIHD NV SHONTTIVA aGNNOg A TTEVL

82



£
FREE-ELECTRON MODEL. II ‘?4

APPENDIX

ILLUSTRATION OF THE METHOD: NAPHTHACENE
Matrix Formulation

The naphthacene molecule has Vh symmetry; expressed n terms of cartesian coor-
dinates the symmetry species are SS, SA, AS, AA (where the letters refer to the behav-
ior (asymmetrioc or antisymmetric) upon refleation at XY and Y2 planes, respectively).
See Fig. 2.

In the case of 88 symmetry

$(1) = ¢(4) = ¢(5) = ¢(8) ,

¢(2) = ¢(3) = ¢(6) = ¢(7) ,

¢(9) = ¢(10) = #(11) = ¢(12) , (A.1)

¢(1:12)"' ¢(4,11) = ¢(5:1°) = ¢(8:9) ’

¢(9,12) = ¢(10,11) ,
(where ¢(r,s) designates the value of the wavefunction at the Joint atom looated be-
tween atoms r-and g, and is to be distinguished from ¢(r—t), the value of the wave-
function at bond r~t), Hence, there are only five independent varilables. If we write
the secular equations [I, Eq. (2.4%4), (2.45), (2.46)], keeping the relations of (A.1)

in mind, we arrive at

(=3cosk+l)e(9,12)+  2¢(12) = 0

¢(9,12)~2008k¢{12)+ ¢(1,12) =0
#(12)+(1-3co8x)(1,12)+ (1) =0 . (A.2)

¢(1,12)-2c08ke(1)+ a0

¢(1)+(1-2008k)9(2) = O

By similar considerations, we can write for AS symmetry

-(1+3008x)¢(9,12)+ 2¢(12) =0

¢(9,12)-2008x¢(12)+ #(1,12) = Q
$(12)+(i-3c0o8x)0(1,12)+ o(1) =0 . (a.3)

¢(1,12)-2cosxd(1)+ #(2) = 0

$(1)-(1+2008k)0(2) = O

For SA symmetry,

el

83




SCHERR

¢(9,12) = ¢(10,11) = 0

-2008k6 (12)+ ¢(1,12) =0
¢(12)+(1-3cosk)¢(1,12)+ ¢(1) =0 (A.4)

¢(1,12)-2cosxd(1)+ #(2) = 0

¢(1)+(1~2co8k)d(2) = O

For AA symmetry,
¢(9:12) = ¢(1°:11) =0

-2008Kk¢(12)+ ¢(1,12) =0
¢(12)-(1+3c08x)¢(1,12)+ ¢(1) =0 { (A.5)
¢(1,12)-2c08k¢(1)+ ¢(2) = 0 :

¢(1)-(1+2c08k)0(2) = 0

The Elgenvalues
' From this point on we will disouss only the symmetry SS., From (A.2) we obtain the

- following secular equationt.

(1-3c08k) 2

1 ~2008K 1
1 {1~3cosk) 1 =0 P, (A.6)
1 =2008K _ 1
1 - (1~2c08k)
giving
-72(005:)5 + 84(005:)4 + 34(cosx)3 - 48(cosx)2 ~ 3c08k + 5 m 0
or

(cosx-l)[72(cosx)4 - 12(cosk)3 - 46(oosn)2 + 2008x + 5] = O,

(In the absence of free end points, the solution cosx = 1 can be anticipated for 88
symmetry.) The solutions of (A.6) are given in Table I for the 88 orbitalas. The neg-

atives of these roots are the roots of the AS symmetry secular equation.

Wavefunction Obtained via the Eigenvectors
The secular equation (A.2) may now be solved, for each eigenvalue, to give the

relative values of the eigenvectors. Application of the normalization condition (1,
Eq. (2.34)] fixes thelr absolute values,

Thus
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$(2) = (-1+2oosn)'1¢(1) s
$(1,12) = [2cosx-(-l+acosn)'1]¢(1) ’

q (A.T)
#(12) = {(-1+3cosx)[2oosx-(-1+2cosx)'l]-1}¢(1) ,

8(9,12) = 2{(-1+3c08k)[2c08x~(-1+2008k) 1]-1} (~1+3cosk) " *¢(1) , |
and
462(1) + 402(2) + 492(12) + ¥(3/2)62(1,12) + 2(3/2)62(9,12) = 1 . (A.8)
For example, r;r the elgenvalue cook a 1

¢(r) = ¢(1) for all r,
¢2(1) = 1/21 = 0.04762,
For the eigenvalue, poén = 0,79002,
| 6(1) = 0(1) ,
¢(2) = 1.72400(1) ,
¢(1,12) = -0.1440¢(1) ,
¢(12) = -1.1973¢(1) ,
¢(9,12) = -1.7478¢(1) ,
and from (A.8)
0%(1) = ¢ 235,  8(1) = #0.1799 .

If we arbitrarily seleot ¢(1) to be positive, all the other eigenvectors are uniquely
determined. We may now find the value of the wavefunction at the mid-point of & bond
from Eq. (3a). We can find ag and 4y from the considerations of I, Eq. (2.21)-(2.30)
and the accompanying text; of aBE and tanéB (the quantities listed in Tables II and
IIX) from Eq. (3b) and (3e), and ap and 85 from these. Since m/2 » 8y > -m/2, we
obtain, for example, for cosk = 0.75002,

6 =0,
8, = 0.8296 , 1
8= 0,
S
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in radians. Hence, 0.1799 = ¢(1) = 8y cos(3x/2) = 0.5488, gto., so that one finds

a; = 0.3278 ,
8y = -0.3189 ,
a3 = -0.0274 ,
&y = -0.3323

(A.9p)

Wavefunotion Obtained via the Joint Conditions

This method works without excessive labor if the molecule is small and/or there
is enough symmetry to supplement it. Consider the case in question (SS symmetry).
Here 61 = 63 = 64 = 0, since we have chosen our branch origins to lie on the symmetry
axis. (If the axis had been an A axis, we would have bp = n/2.) There remains 8,

to be determined. We write, g.g., at the Jjoint atom (9,12) the boundary conditions

~2tan(-k+8,)+tan(k/2) = 0 , o . (A.108)
aacos(fm+62) a 94°°3(‘/2) . (A.10b)

By usé of h
‘tan(xx3+6B) = (tanxx3+ban65)/(1-tanxx3 taan) R (A,ll)

Eq. (A.1Ca) 18 {ransformed from a transcendental equation in 62 into ﬁn Algebraie
equation in tanba, which 1s readily solved to yileld the value in (A.9a). By virtue
of (A.11), the system of Jjoint conditions is, in all cases, equivalent to a system of
algebraic equation.

The values of the &g, when substituted into the equations of the type (A.10D),
réadily determine the ratios of the aB's. The normalization sondition I, Eq. (2.7),
then gives the abaolute values listed in (A.9b).

The value of the wavefunction at any point 1s now easily found, e.g.,

at atom 12: ${(12) = ay0088, ,
at atom 9,12: ¢(9,12) = ajoon(-x+3,) = & c08(x/2) ,
at bond 9,12-12:  ¢(9,12-12) = ajcos(-x/2+8,).

Use of Tables I, II, III for the Construction of the Wavefunctions

The 6B's may be obtained from the taan's listed in Table III. The signs of the
63'8 are the same as the signs of the tandy's [See I, Eq. (2.11)]}. The magnitudes of
the aB's are the square roota of the aBE's listed in Table II. We arbitrarily choose
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one of the aB(say al) to be positive. To find the sign of a,, we write the continuity
conditinn I, Eq. (1.32) or (2.4), at atom (1,12):

alcossx/a a aacos(n+62) .

The signs of the cosines determine the sign of the 8y We may then consiuer (A.10b)
to find the sign of 8y etc....

Convenient checks on the calculations are provided by I, Eqs. (2.43), (2.89),
and (2.90).
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