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BOND LENGTHS IN CYCLIC POLYENES C,H,,
A RE-EXAMINATION FROM THE VALENCE-BOND
POINT OF VIEW

C. A. CouLsoN and W. T. DixoN
Mathematical Institute, Oxford

(Recerwed 16 February 1961)

Abstract --The salence-bond resonasnce method for predicting bond lengthsin conjugated hydrocarbon
molecules has been reconsidered New values arc obtained for the vanation of the fundamental
exchange and Couiomb integrals with bond length  Application to the cycl polyenes CyaH,o shows
that {or large n there will be substantial bond alternation. Inclusion of Dewar structures diminishes
this alternation, but does not destroy 1t

1.INTRODUCTION

TWENTY-TWO ycars ago Lloyd and Penncy! made calculations of the bond lengths in
certain small conjugated molecules (c.g. butadiene and benzenc) using the valence-
bond (v.b.) method of resonance. But since that time practically no further calcula-
tions have been made with this approximation, and the molecular-orbital (m.o.)
mcthod has been almost exclusively adopted. Duning the last few ycars, however,
several new considerations have been proposed, leading to substantial changes in our
opinion with regard to several matters previously regarded as settled. Thus (1) the
influcnce of the compressional encrgy? *1s now recognised to be of supreme importance
in determining equilibrium bond lengths: (2) in any use of an order-length relation-
ship to link bond order with bond length, it 1s admitted that the covalent radius of a
tngonal carbon atom s less than that of a tetrahedral carbon atom, thus leading to a
displaced order-length curve, in which the € - C single bond length®* 1s about 1-50 -
1-51 A (3) in long chain polyenes C,,H.,,s and in large cyclic polyenes C,,H,, the
bonds do not tend to equality® as n incrcases, but rather there is an alternating
character rcprcscntcd. in an evaggerated form, by the familiar bond diagram
‘ - - co The situation of equal lengths, as originally predicted® by
naive use of snmplc bond ordcr calculations, turns out to be a saddle point and not a
truc mimmum of the encrgy. For large molecules the alternation of bond length is of
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the order of 0-04 A. A similar alternation is also predicted!® - though with rather
larger disparity between the shorter and longer bonds, of the order of magnitude
0-09 A—in the hypothetic bridged ring molccule pentalene CyH, (see 1).

N

SN

{

The results in references 8 and 10 were all obtained using the m.o. method, though
without configuration intcraction. It would seem desirable, thercefore, to scc to what
cxtent the predictions depend on using this method. Wce have therefore thought it
worthwhile to re-examine the same problems within the v.b. approximation. For
this purposc it would have becn plcasant to be able to usc the numencal valucs of
cxchange and Coulomb intcgrals obtained by Lloyd and Penney', but wc have not
done so, and have preferred to work independently, though in a very similar spirit.
In the first place the calculations of Lloyd and Penney require to be corrected so as to
take account of the revised C  C trigonal single-bond radius, referred to in (2) above:
and in the second place Lloyd and Penney, in their anxicty to take full account of all
exchange terms, appear o us (sec also reference 5 where further comments are made
on this work) to havc taken a g-7 exchange integral equal in magnitudce to 7-m exchange
intcgrals. A rough estimation of these integrals suggests that this is not very probable,
and so also does an clemcentary consideration of the likely contributions to the ex-
change integral from different regions of space. When we allow for these two
changes, somewhat different curves arc obtained for the Coulomb integral Q(r) and
the exchange integral J(r) as functions of the bond length 7.

The first part of this paper is therefore concerned with using certain expenmental
molecular magnitudes to deduce empinical Q(r) and J(r) curves. In the second part we
show that when proper allowance is made for the a-bond compressional energy, cyclic
polyenesC,, Hyparenot expected to be regular polygons except for small n (in complete
agreement with the m.o. results) though the critical value of n at which alternation sets
in cannot yet be predicted accurately, since the Dewar-structures and more highly-
excited structures also serve partly to weaken the strong tendency of the Kekulé
structures to induce bond alternation. This surprising result differs from the usual
belief that resonance among Kekulé structures tends to causc cquality of bonds: but
a very simple calculation does in fact show that this is not nccessanly the case. Finally
we presentsomedetailed calculations for the cyclic polyenes C;H,, in which2n - 6.8
and 10. Fxcept in the case of benzene (2n .- 6) these calculations are only illustrative,
since neither C H, nor C,H,, arc planar molecules. But we belicve that these calcula-
tions, all made on the assumption of plananty. arc sufficicnt to illustrate the general
conclusions obtained earlier. We have also tacitly assumed all the valence angles to be
120°. Apart from benzene, this is manmifestly impossible gcometrically for small values
of n. But it1s possiblc, and probably occurs, for the larger molecules which have been
isolated experimentally, and which we shall discuss in Sections 3 and 4.

1 p (. den Boer-Veenendaal and 1D H. W.den Boer, Molec. Phys 4, 3) (1961).
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2. THE FUNCTIONS Q(r) AND J(r)
Let us represent the total energy of a m-electron molecule in the form

Eoulry . ) = Efry .. ) 4+ Efr,.. )+ E(r,...) )

where

f,. . . . are the various bond lengths

E, 1s the total o-bond energy

E, is the total m-clectron energy

E_, is the total 7-0 exchangc energy.
We shall now make the assumption that either £_, is so small in relation to thc other
terms of (1) that it may be ncglected, or else it vanes with bond lengths in so similar a
way to £, that it may be incorporated in this latter function.  This seems very rcason-
able, at least for molecules such as thosc being considered in this paper, for the distn-
butions of = and of a clectrons are effectively uniform. 1t might, however, be less
valid if hetcroatoms were present, such as in pyridine. Thus (1) is replaced by

Ewalre ) Efrn.. )5 Efry..2) )

In order to usc this formula to dctermine the Coulomb and exchange integrals Q(r)
and J(r) we must choose two molecules for which £, 1s known experimentally;
and we must also know the corresponding cxpressions for £, and E,. If we adopt the
usual approximations of orthogonality of all atomic orbitals, then the method of
Pauling!! cnables us to writc for ethylene

E:u-)lmr(,) = Q(,) - J(,)' (3)
and for henzene, when all bonds are cqual
E e (r) - 6{Q(r) +- 0-434 J(r)} (4)

In writing (3) and (4) we have made the usual assumption that Q(r) and J(r) arc the
same functions of r for benzene and for ethylene. This implies- at very least—that
we neglect direct mera- and para-interactions in the benzene ning. If we consider the
two molecules at the same bond distance r, then 7% (r) = 6E;"'*°7(r), and so,
using (3) and (4)

EJtOlene(r) - JEOFO(r) - 0-566 J(r) (9

Empincal curves of £, () for cthylene and { £, o,(r) for benzene arc drawn in Fig. 1.
According to (5) their diffcrence enables us to draw the curve of the exchange integral
J(r). This is also shown in the figurc.

In drawing the cunves for £,,,,(r) we have used Morse functions of the usual form

W(I) . wo{e |ir-ry) _ Qe o(r_";} (6)

where the values adopted (which, apart from 7. arc identical with those adopted by
Lloyd and Pcnncy) are as shown in Table 1. Any alteration in the latent heat of
sublimation of carbon would affect the values of W. For purposcs of comparison we
have accepted for our own calculations precisely the same values as Lloyd and Penncy.
These differ very little from the best modern values, and in such a way as to make only
very minute changes in the calculated bond lengths. The values of r, in this table are

L. Pauling. J. Chem. Phvs. 1. 280 (1933). For a simple account see C. A. Coulson. balence pp. 228 236.
Oxford University Press (1932).
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now firmly cstabhished, and the paramcter (a) is dependent upon the fundamental
breathing frequency of cach molecule. It is worth reporting that in some preliminary
calculations we had tricd to avoid the complication of a Morse function, with its
cxponential terms, by using a harmonic oscillator expression yk(r — r,)? for the cnergy
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Tame 1
W, (heal mole) a(AY) re (A)
Lthylkne 151 2189 134
Bensenc 124 209 1 40
Lthane 84 2028 184

of a a-bond. This cxpression is the onc most widely used in m.o. calculations. But
we found that the resultigg J(r) curve was seriously affected by this, and its use gave
absurd numcnical results for the cquilibrium bond lengths of cyclic molecules. We
therefore abandoned it, with regret. As an indication of the scrious dependence of
J(r) on the choice of a Morse function of £, ,,(r) instead of a parabolic law, we show
in Fig. 2 rough diagrams of J(r) and Q(r) obtained by both techniques. It will be
noticed at oncc that the curvature of J(r) is changed in sign. This implies that d?J/dr?
also changes sign. Now questions of stability of a given set of bond lengths depend on
the sign of @£, qq1/dr?. Thus, if J(r) plays any significant part in fixing the cquilibnum

19§ L Altmann, Proc. Rov. Soc. A 210, 327, 34) (1951).
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bond length—as it most clcarly does—we can see why we may be led to unacceptable
positions of stability or instability, if we abandon Morse functions in favour of the
simpler parabolic ones. All our later work, therefore, will usc only the Morse functions
(6) and the paramcters of Table 1.
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Ftu. 2. Curves showing dufference between exchange integral J(#) and Coulomb integral Q()
with use of parabolic or Morse potential functions for ethylene and beazene.

We have still to determinc Q(r) and F,(r) wherc this latter quantity is the o-bond
energy for a bond of length r, so that

Efrory...) = E(r) ~ Efry = ... %)
Equations (2), (3), (4) and (7) allow us to wnte
hepene

E(r) = Q(r) = 1~767@6_(_’) — 0-T6TE ™ (r) (8)

We have shown this quantity in Fig. 1. Since it depends only upon equations (2),
(3). (4) and (6) it is independent of any assumptions that we may make about the
naturc of E(r), other than that the m-o interactions are included in it.

Table 2, columns 2 and 3, shows the values of J(r) and E(r) + Q{(r), both in
kcal/mole for various values of r, in A. This is the tablc of values which we shall usc
in our later numernical work. At this stage it is not necessary to separate £,(r) and
Q(r), since in all our applications we shall find that it is their sum which appears. This
would not be the casc if we were considering heteronuclear molecules, and then we
should find that each was required separately. Simple analytical approximations to
the functions in Table 2—valid to within 0-020 kcal. in the range 134 <r <
1-51- are

Jir) = —41-199 — 121-2(r — 1-42) - 114-2r — |-14)* %)

E(r) ¢ Q(r) = —105905 - 39-6(r - 1-42) + 526{(r — 1-42)
1000(r  1-34Xr -~ 1-42Xr - - 1:51) (10)
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The last figure in these numencal values is entirely without significance in any absolute
scnse: but for locating stationary valucs of the total energy it may have some signifi-
cance.

There is not very much with which we may compare the numerical cntnes in
Table 2. But Altmann'?, in some studics of the cthylenc molecule, calculated J(r),

Tasir 2
| Kekuk and Dewar structures Kckule structures only
r I Jir) Falr) QU Jtr) o) « QUr)}

1-34 I 51625 99 178 48 70 102 30
1:36 48 892 101834 —
1-37 ) 47 587 102:839 44 86 103 54
138 46 236 103707 ) - —
139 i 44927 104 449 —
140 43 650 105 056 4118 107 83
141 ) 42 411 i 105539 40-01 107 94
142 i 41199 ' 10590 3883 108 27
143 | 39 992 106 183 — -
1-44 : 38 790 106 371 36 59 108 $7
1-45 37 653 106432 » -
1-48 34 336 106-148 3239 108-09
1-51 31 206 105211 2944 106 98

using a full twelve-clectron Hamiltonian. For the distances 1-:34, 1:39 and 1-54 A he
found values —62-9, —52-4 and — 28-6 kcal respectively. These vary in the right way
as our valucs, and are of the right order of magnitude, though they differ by about
10 kcal for short bonds. In view of the different types of approximation involved in
the two cstimates of J(r), this is probably as good agrcement as may be cxpected.
If we wish to go further than this, and obtain cxpressions for E,(r) and Q(r)
scparately, we must usc some additional data. The most natural is £,(r), which we
could approximatc as if it were the encrgy of a single bond between two trigonal carbon
atoms. For this purpose we usc a Morse curve in which the cquilibrium length is not
1-54 A, as in ethanc, but is taken to be 1-51 A, to atlow for point (2) in the Introduction.
It is not quitc obvious which values we should choose for W, and a in equation (6).
but we have, somewhat arbitrarily, chosen -84 kcal/molc and 2028 A ! respectively.
With this choice we can draw the E (r) curve of Fig. 1, and so dctermine Q(r). For
obvious reasons this curve is much less reliable than E(r) — Q(r). but in the region

1:34 - r -2 1-54 A, it may be represented approximately by
Q(r) = —25275 = 49:9(r - - 1-42) — 53-5(r — 1-42)* (1)

The difference between (10) and (11) is, of course, a representation of E,(r).

Wc have now obtained approximate values of J(r), Q(r) and E.(r). Thesc arc rcady
for application to our cyclic molecules. But before procceding there 1s a point to
consider. In (4) we have used the cnergy expression for the m-clectrons of benzene,
taking into account Kckulé and Dewar structures. Itis not immcdiately obvious that
we have any night to usc this formula—and the implied J(r)—n larger molecules,
where there will also be doubly-excited and more highly cxcited structures. But we
shall assume that this is so0, and shall try. when dealing with other molecules, to write
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down the cxpression for £, analogous to (4), neglecting all structures other than the
Kckulé and first-excited ones. 1115 doubtful that inclusion of the more highly-excited
structures would scriously affect the predicted bond lengths and stabilities, though it is
known'? that for sufficicntly large conjugated molecules the more highly-cxcited
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134 1 40 146 52 158
Bong lenqth, A
Fic 3 Curves showing variation of exchange integral J(-) and Coulomb intcgral Q(r) when
Dewar structures are included and when they are not inciuded

structures dominate over the less-excited. However, we can make an alternative
calculation, in which we consider only Kekulé structures. If we do this, equation (3)
is unchanged, and cquation (4) is replaced by

ETmentry  61Q(r) - 0-400 J(r)} (12)
By an entircly similar process, this leads to values of J(r) and Q(r) which differ slightly
from those previously determined (Table 2, columns 4 and $). Fig. 3 shows, on a
larger scale than Fig. 1, the variation of J(r) and Q(r) both with and also without
inclusion of Decwar structures in benzene. The genceral variations are remarkably
similar, leading to the vicew that predictions based on them would also be similar.
Table 2 also allows a dircct comparison of the values of J(r) and E,(r) - Q(r)in these
two approximations.

3 THE CYCLIC POLYE NES Cy H,,. n LARGE
Consider the cyclic polyenc C,,H,,,. represented for the case of n = 4, by 1. We
are supposing that the molecule is planar. This is known not to be true for cyclo-
octatetracne (1), but it must be more ncarly true for the larger systems 2n ~ 18, 24
'* See C. A. Coulson, Proc. Roy. Soc. A 207, 91 (1951},
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and 30 synthesized by Sondheimer, Wolovsky and Gaoni'*.!®.!8, Let us supposc also,
for the moment, that we use only the Kckulé structures. Therc are just two of these,
for all n, and they arc represented by (a) and (b). We have allowed for possible bond

c e TR PRealRt DOIIC

alternation by lctting the bond lengths be alternately ry and r,. If r, - ry, asin the

N .
N :
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1

diagram, the structure (a) will be more encrgetically bonding than (b), and, as Coulson
and Altmann® showed for the case of benzene (2n = 6), the resonance energy is
drastically reduced as r, -- r, incrcascs. Thus whenr, — r, = 1-:39 A they found that
the dclocalization cnergy, defined as the difference in £, between the localized bonding
of a Kekulé¢ structure and the delocalized epergy of the corresponding resonance
hybnid, was about 63 kcal/mole. But when r, — 1:39 A, r, - 1-54 A (they used the
old valuc for the length of a purc trigonal carbon--carbon bond), the delocalization
cnergy was only 9-6 kcal/molc. We shall now show that even when 2n is large, reso-
nancc of this kind contnbutes rclatively little to the delocalization encrgy, and is
certainly insufficicnt to favour a regular shape with equal bond lengths.

If we write y, and y, for the Kekulé structures, and if the ground statc wave
function 1s

Vooay. - ay.

then the secular equations to determine the =-clectrons encrgy £, and the coefficients
¢,. ¢4 take the form
(nQ, - nQ, - nJ, r“"z - E)ey - ;,,l—, (nQ, - nQ, - nJ, - nJ, —E), 0

Y

n

1
=M@, nQ, - nJy - nJy - E)ey - (nQ, nQ,  nJ, 3

3 Jy E), =0

(13)

In these cquations @, and Q, are the two Coulomb intcgrals, appropnate to bond
lengths r, and r,, and J;, J, are the corresponding cxchange integrals. The intercsting
feature of these equations lies in the coefficient 1/2°~! multiplying the off-diagonal
elements in the resulting secular determinant. In the case of benzenc this factor is 1/4,
but for larger molecules it rapidly decreases, so that the roots of the secular determi-
nant are given essentially by the diagonal elements. Infact,if r, -~ r, the lowest root is
approximately

E [Q Q, ~-J, — W 3 J (14)
e - N U, 2 1 Tt om W, Iy

Thus the delocalization energy, which is given by the last term in (14) actually tends

' F. Sondheumer and R. Wolovaky, Tetrahedron Letters No. 3.3 (19%9).
% F. Sondheuner and R. Wolovsky, J. Amer Chem. Soc. 81, 4753 (1959).
' b Sondheumer, R. Wolovsky and Y. Gaoni, J Amer Chem Soc. 82, 753 (1960).
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tozeroasn- » oc. Inthe case where J, - J; the approximation (14) must be replaced

by:
Jb -0 ]
£.=0)20 4 (g 1
. °[Q ) (19

Here again it follows that for sufficiently large n, the delocalization energy tends to
€10,

Thus on the basis of Kckulé structurcs alone. the larger cyclic polyenes would not
be expected to be as stable as the smaller oncs.

But we can also show that for sufficiently large n, the regular polygon withr,  r,
15 less stable than the alternating one with (say) r; < r,. To do this we consider
Eiorat(r1r). which is the sum of £, and £, where £ (r,r,) can be found from the
cquations (13), and where £(r,r;)  nE(r) 1 nE(r,). Itis obvious from symmetry
considerations alonc that there is a stationary valuc of the total energy when r, = r,
and their common value is such that

df . (1 & (1/2°79)
il H0 - 00 - i) 0] - o ()
This common value differs very little from that appropnate to benzene, though it
actually incrcascs slowly withn. Withr .- 1-400forn — 3, it becomes 1-403 forn - 4
and 1-413 forn — §.

A tedious calculation, which we shall not reproduce, but which uses the appro-
pnate J(r) and Q(r) from Fig. 3, shows that, at these stationary values, £, 4, is an
absolutc minimum in the casc of benzene, but a saddle point forn — 4 and n == S and
all hugher values of n. Thus, using Kckulé structures only, benzene is predicted to be a
regular polygon, but all larger even cyclic molecules should show bond altcmation.

It is not possible to give a similar gencral demonstration when Dewar structures
are included 1n addition to the Kckulé structures. But (see later) detailed calculation
of the energy contours for a varnicty of values of 7, and r, shows that almost certainly
preciscly the same situation obtains. We conclude, therefore, that in the larger cyclic
polyencs the configuration of greatest stability is onc with alternating bond lengths, in
agreement with the results of m.o. theory.® But in our v.b. theory the alternation
appears to sct in carlicr than in the m.o. theory. In view of the approximations in
both, such divergencics are not altogether surprising.

It s worth writing down the expression for the total energy, which results from
solving equations (13) for £, and then adding £,. It will be convemient to write &, for
E(r) 4 Q(r), and &, for £ (r) - Q(ry). Then for benzene, where 2n =- 6, and
taking the ncgative value of the square root,

Erowmilrir) 38,4 36, = Uy - T - Yo = LP - KL
for the case where 2n - 8,
Fiowmlriry) 48, 148, + 13, - J) + 11604, — Jp)* - VAL
For the case where 2n 10,
Fiowlriry) 5, - 58, = H(J, - J) = H{64J, U, WAL

Once again we see the growing importance of J; -- J, as the size of the polyenc
INCreases.
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4 DETAILED CALCULATIONS FOR 2n - 6.8, 10
In more detailed calculations for the smaller molecules of this type, we have
included both Dewar and Kekulé structures. In the casc of benzene, with r, £ r,
there are five structures. The two Kekulé structures [I(a)(b) will have different weights
but the three Dewar structures, of which 111(c) 1s onc example, will all have the same
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Fi.. 4 Calculated values of the total encrgy — F(7,.ry) for benzene, using Kekule - Dewar
structures  The zero of cncrgy 1s taken at £ — 120 kcal/mole.

weight. The sccular determinant 1s a 3 - 3 determinant. This has alrcady been
given by Coulson and Altmann® in cquation (3) of their paper. We have venfied
that this is correct. In our symbols it 1s

243 - YT, - Tt - 23, SR - A = (- )Y, 2 S =0 amn
where 60 - 3Q, - 3Q, E_

By choosing various combinations of 7y and r, this cquation can be solved numenically,
and F (r,.ry obtained. By addition of E (r,r,) we obtain the total cnergy £, g 4/(r,7y).
A typical sct of such valuesis shown in Fig. 4. 1t is at once clear that the equilibrium
value r, = r, = 1-40 A is the position of stable cquilibrium, though the curve is much

flatter along the line r, - r,  2:80 than along the linc 7, -= r,.  This is just what we
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should cxpect from the known force constants of benzenc in the two corresponding
normal modces By, and A, respectively.

PUERNS AN Ve
f . SN

to} ()] (¢}
m

In the case of C4H,, therc arc 2 Kckulé structures and 8 Dewar structures, which
divide up as in IV, where we have simplificd the diagrams by only representing the
m-electrons.

i' 2 ) \\ // I / \

degenerocy ' | 4 )

The secular determinant is of order 4 X 4 and the equation for the energy is
2048 -- 160(J, 4 JPx* — 20024(J, — Jp)* i 23J,J,}x2
+ 28(J, = A, — Jo)? + Lydodx - DJo{T(J, — J)P — 2004y} — O (18)

where, now
8x .40, i 40, - £, (19)

A check on (18) may be found from the fact that it gives correct values when J; = J,
and when J, — 0. The significance of (J, — J,)t, which depends on the degree of bond
alternation, is very clear.

Fig. 5(a) shows a set of values of E,,(r,.ry) for various r, and ry. Along the lioe
r, - rywc have a minimum cncrgy at r, - r, = 1-404 A, But Fig. 5(b), which shows
the variation of cncrgy along the inc A8, where r, - ry =- 2:81 A, suggests that the
point (1-404, 1-404) is rcally a saddle point, and the stable configurations are at
(1-375, 1-435) and (1-435. 1:375). Thus we predict a bond alternation with difference
0-06 A. This is of the same order as that predicted by Longuet-Higgins and Salem®,
but rather larger.

In the case of n 5, there are three types of Dewar structure:



226 C. A CouwsoN and W. T. DmxoN

150

0} )
. 23 Def. —
I
! : .
4 — e  — —_—. — E
1481 e 296 g
| e .u¥¢2
R .
v a6 — * 4
1
| 4 o
279 1
42 . -
.q 258
~
4 . .
e P 248
1
138 I —_— -
* L ]
166 294
1% — —
I
. L4 , -
13e °|6' 2.76
13a t 48 + %0

F10. 5. Main disgram (a). Calculated values of the total energy — E(r,.ry) for hypothetical

planar C H,, using Kekule -+ Dewar structures. The zeroof energy1sat £ - -120 kcal/mole.

Small inset dizgram (b). Curve showing total energy along the line A8 of (a), 1.c. where 7,

4 7y - 281 A. The minmum energy occurs at 7, ~ 137, 7, 144 A, and the cquivalent
position », 1 44,7, 137 AL

The sccular determinant is of order S~ § and the equation for the cnergy eventually
reduces to:

3 — 11(J, + Jxt — X382 - St} - 846J,J,)
+ xMJ, = J)(6824.2 § Ut} — 1018J,Jy)
i X{1043{J,8 + 18} + J,,471820,, — 3302(J% + J1)))

= (I = N3 = 12 — 44700,7,) - 335/, - .9 0 (20)
where
10x - 5SQ, - 5Q, F 21)

This equation was checked by putting J, = J,, when it is divisible by the equation
denived ab initio
iz,

X — 22/x — 44473 ~ 560 — 0 (20a)
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The quintics obtained on inserting numencal valucs for J,, J, were solved by means of
the Oxford “Mercury’ electronic computer, and the cnergy surface (symmetrical about
ry = ry, of course) plotted. (Fig. 6).

It turns out that there is a2 much more definite minimum in this case (n - 5) than
in the case n = 4. This occurs atr, - 1-365 A, r,  1:455 A leading to a difference

1 846
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Fie,. 6. Calculated valucs of the total encrgy — Etr,.ry) for hypothetical planar C, H ,. unng
Kekule and Dewar structures. The zeroof energy istaken, asinFig S.at# — 120 kcal/molke.

of 0-09 A in the two bond lengths. From this result, it would appear that bond alterna-
tion tends to increase with the size of the rings (i.c. when including singly-excited
structures in the calculation). [t seems to us rather unlikely that subscquent addition
of doubly-cxcited and higher structures would matenally alter this. But it should be
mentioned that the inclusion of the Dewar structures has led to a distinct change in the
bond lengths: for a similar calculation using only the two Kekulé structures leads to
bond lengths not greatly different from the valucs 1:51 and 1-34 A appropnate to
non-resonating single and double bonds.

The difference in cnergy between the unsymmetncal and symmetrical structures
can be scen, from Fig. 6, to be about 0-2 kcal. This, although quite dcfinite, is not
large, so that molecules of this kind would show rapid interconversion at room tem-
peraturc. Further, since the interconversion motion would be slow at the saddle point,
an X-ray diagram might casily show an apparcntly symmetrical appcarance.

5. CONCLUSION

The discussion just given seems 1o us to show that 10 many respects the v.b.
technique leads to very similar results to the m.o. technique, when applied to cyclic
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polyenes CyaHy. Small members of this sencs will tend to have equal bond lengths,
but larger ones will defimtely show alternation. With Kekulé structures only it is
found that beyond 2n -- ¥ therc is very hittle resonance, so that onc of the two struc-
turcs dominates the complete wave function. Even in the symmetrical configuration
the resonance (more strictly. delocalization) cncrgy is much smaller than in benzenc.
Inclusion of Dewar structures tends to favour more nearly equal bond lengths, but
bond altcrnations of the order of 0-1 A may occur.

Note added 1n proof Since the manuscript was written, we have included doubly-excited structures in the

deniption of the cight and ten membercd nngs  This makes almost no Jifference to the calculated bond
lengths in the cquibibrium configurations.



