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M -The \alcncc-bond rcson~ncc method for prcdKtmg bond Icngth~mconyqyzd hydrocarbon 
molacula hds hccn rcconsldcrrJ New maws arc obtamcd for the varlatton of the fundamental 
cachangc and Coulomb mtcgolr ulth bond length Apphcatlon to the c~clz plycncs C,.H,. show 
that for large n there will hc rutntantial hund .8ltcrnatlon Inclwon of kuar structum dmwwh~ 
thlr altcrnatton. but does not dntroy II 

I. INTRODUCTION 

TWENTY-TWO years ago Lloyd and Pcnnsy’ made calculations of the bond lengths in 

csrtain small conjugated molcculcs (c.g. butadicnc and bcnzcnc) using the valencc- 

bond (v.b.) method of rcsonancc. But smcc that time practically no furthsr calcula- 
tions hats been made with this approximation. and the molecular-orbital (m.o.) 

method has been almost cxclusivcly adopted. I)unng the last few years. howcvcr. 

scbcral new consldcratlons have been proposed. Icadmg to substantial changes m our 

opinion with regard IO scvcral maltcrt previously rcgardcd as stttlcd. Thus (I) the 

lnflucncc of the comprcsslonal cncrgy’ S 1s now recogniscd to hc of suprcmc Impoflancc 
m dstcrmining cqullibrlum bond Icnghs; (2) In any use of an order-length rclatlon- 

ship to link bond order with hond Icngh. it IS admltted that the covalent radius of a 
1ngonal carbon atom IS lcsc than that of a tctrahcdral carbon atom. thus Icadtng IO 3 

dl\placcd order-length curve. m which 1hc C - C sin@ bond length4~7 15 about 1.50. 

I.51 A: (3) In long chain polycncs ClnHzn,l and In large cychc polycncs C,,H,, the 

bonds do no1 tend IO cqualtty as n incrcascs. but rather thcrc IS tin altcrnarlng 

character rcprsbcntcd. in an exaggcratcd form, by 1hc familiar bond diagram 

-. . . . --. The situation of equal Icngths. as originally prcdlctcd’ by 
nal\c u\e of simple bond order calculations. turns out IO bc 3 saddle point and not a 

true mimmum of the cncrD. For I;rrgc molcculcs the altcmatlon of bond Icngh is of 

’ C. H Lloyd and W. <i Pcnncy. lronr Furafar Sot 3s. 8J> (luJ9). 
’ J I I cnnrrd loner. Pror Rev Sor A 158. 290 (1937) 
’ R. S %lulllkcn. C A Rlckc and W. <; Brown. J ~mrr Chew. Sor 63. II (1941) 
’ C A Coul\on. L’rrrur llrwr .Hemorral I’ul~mr p 15. Dcwtr. Legs (IY10). 
’ C A Coulron and 5 L Allmann. Trrons Faoro.L, SW. 48. 293 (1932). 
* Il. J Rcrnrtcln. J Phvc. Chum. 63. 565 (1939) 

*c’. A C’oulron. Pm- Rvr. .5x A 169. 411 (19J9). 
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the order of 044 A. A similar altcmation is also predictcd1° . though with rather 

larger disparity bctwccn the shorter and longer bonds, of Ihc order of magnitude 
0.09 A-in Ihc hypothetic bridged ring molcculc pcntalcne C,H, (see I). 

Ths results in references &I and 10 wcrc all obtained using Ihc m.o. method, though 

without configuration interaction. It would seem doirablc, thcrcfore. to vx IO what 

cxtcnt the predictions dcpcnd on using this method. WC have therefore thought it 

worthwhile IO rc-cxamine Ihc s3mc prohlcms within the v.h. approximation. For 

this purpose it would have been plcasant to be able to USC Ihc numcncal values of 

cxchangc and Coulomb integrals obtained by Lloyd and Penney’. but WC have not 

done so. and have prcfcrrcd IO work indepcndcntly. though in a very similar spirit. 
In Ihe first pl3ce Ihc calculations of Lloyd and Penney require to bc corrcctcd so as IO 

take account of the revised C C trigonal single-bond raJlu\, rcfcrred to in (2) above; 

3nd in the second place Lloyd and Pcnncy, in their anxiety to take full 3ccounI of all 

cxchangc terms. appear IO us (see also rcfcrcncc 5 whcrc further comments are made 
on thts work) IO have taken a a-n cxchangc mtcgr3l equal in magnitude to n-n exchange 

integrals. A rough estimation of Ihcsc mtcgrals suggests that this is not very probable, 

and so also does an clcmcntary consideration of the likely contributions IO the cx- 
change integral from different rcpions of space. When wc allow for Ihcsc two 

changes. somewhat dilfcrcnt curves arc obfamed for Ihc Coulomb integral Q(r) and 

the exchange intcgr31 J(r) as functions of the bond Icngth r. 

The first part of this paper is thcreforc conccrncd with using certain cxpcrimenlal 

molecular m3gruIudes IO dcducc empirical Q(r) and J(r) curve\. In Ihc second part we 

show th31 when proper 3llowancc i\ made for the n-bond comprcssion3l energy. cyclic 
polycnesC,“H,,arcnot cxpcctcd IO bc regular polygons cxccpt for small n (in complclc 

agreement with the m.o. results) though the critical value of n a1 which allcmation sets 
in cannot yc1 be prcdictcd accurately. since the Dewar-structures and more highly- 

cxcitcd structures 3150 serve partly to wcakcn the strong tendency of Ihc Kekult 
structures to induce bond alternation. This surprising result dilicrs from the usual 

hclicf that rssonance among Kekult struclurcs tends to cause equality of bonds: but 
a very simple calculation does in fact show that this is not ncccscarily the cast. Finally 
wcpresenIsomcdcIailed c3lculations for the cychc polycnes C,,H,, in which 2n 6 .S 
and IO. Fxccpt in the c3se of hcnzcnc (2n .- 6) thcsc c3lculations are only illustrattve. 
smcc ncithcr C,H, nor C,,H,, arc planar molcculcs. But WC bclicve that thcsc calcula- 
tions. all made on Ihc assumption of planarity, arc sufficient to illustrate Ihc general 
conclusions obI3ined carlicr. WC have also tacitly assumed all Ihc valcncc angles to bc 
IZO”. Apart from bcnzcnc. this is mamfcstly impossible gcomctrically for small values 
of n. Rut it IS possible. and probably occurs, for the larger molecules which have been 
isolated expcrimcntally. and which WC shall discuss In Sections 3 and 4. 

” P C den Bocr~Vccncndul and 1) H W. den Boer. .%kr Pbv~ 4, II (1961). 
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2. THE FUNCTIONS Q(r) AND I(r) 

Let us rcprexnt the total energy of a n-electron molecule in the form 

(1) J%,,(r,. . . .) - E,(rI. . . .) t- E&r,. . . .) + E,(r,, . . .) 
where 

r,, . . . are the various bond lengths 

E, is the total u-bond energy 
E, is the total n-clcctron energy 

E, is the total n-u exchange energy. 

We shall now make the assumption that cithcr E, is so small in relation to the other 

terms of (I) that it may bc ncglectcd. or else it vanes with bond lengths in so similar a 

way IO E_ that it may be incorporated in this latter function. This seems very rcasoo- 

able. at least for molecules such as those being considcrcd in this paper. for the distri- 
butions of n and of n clcctrons arc effectively uniform. II might. howcvcr, be less 
valid If hctcroatoms were prcxnl. such as in pyridme. Thus (1) is replaced by 

Elr,,J~I. .) E,(rl. . . .) -i E.(r,, . . .) (2) 

In order IO USC this formula to dctcrminc the Coulomb and exchange integrals Q(r) 

and J(r) we must choose two molecules for which E,,,,, is known expcrimcntally; 

and WC must also know the corresponding expressions for E, and Ed. If WC adopt the 

usual approximations of orthogonality of all atomic orbitals. then the method of 

PaulmgI’ cnablcs us to write for ethylcnc 

E :“t”rn’(r) = Q(r) .i J(r), 

and for bcnzcnc, when all bonds are equal 

(3) 

EtenRw(r) - 6(Q(r) -1. 0.434/(r): . (4) 

ln 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 Icast-that 
wc ncglcct direct mera- and pore-interactions In Ihc bcnzcne ring. If WC consider the 

Iwo molcculcs a1 the same bond distance r. then EJ’“““‘(r) = 6E;““‘ror(r), and so, 

using (3) and (4) 
EL!,‘:‘;““(r) - fE~~awn’(r) 0.566/(r) (5) 

EmpIncal curves of fzt;.,,Jr) for cthylcne and iE,,,,I(r) for benzene arc drawn in Fig. I. 
According IO (5) their dtffcrcncc enahlc\ us to draw the curve of the exchange integral 

I(r). This is also shown in the figure. 

In drawing the CU~CS for Et,,t., (I) HC have used Morse functions of Ihc usual form 

W(r) w,(e m(‘-‘*) ._ zp oI’-‘*l} (6) 

whcrc the values adopted (which, apart from r,,. arc identical with those adopted by 

Lloyd and Pcnncy) arc as shown in Table I. Any alIeraIion In the latent heat of 
sublimation of carbon would affect the values of W. For purposes of comparison WC 
have acccptcd for our own calculations precisely the same values as Lloyd and Pcnncy. 

These dtffcr very httlc 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 

I* L. Paul~ng. 1. Chrm Phrr. I. 240 (1931). Far l 8lmplc WcOunI set c A Coulron. ~‘almrr pp. ?28 216. 
01ford UnlrCrlnty Prcsr (IV521 
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now firmly cstabhshcd. and the paramctcr (a) is dcpcndcnt upon the fundamental 
breathing frequency of each molecule. It is worth reporting that in some preliminary 

calculations we had tried to avoid the complication of a Morse function, with IIS 
cxponcntial terms. by using a harmonic oscillator cxprcstion hk(r - rO)* for ths cncrgy 

C 

Fw 1 (a) lolal energy EWUI for cthylcnc (cxper~mcnt~l). (b) onc.ctrlh of 10~1 energy Lo,., 
for knzrnc (cxpcflmcntal). tc) CJr) f Q(r) dcduccd from (a) rod (b), (d) assumed form ol 
&o(r). tc) I(r) dcducrd from (a) and (b). (f) O(r) deduced from (o and (dj. croaa denote 

values of 4~) calrulrtcd hy Altmann”. 

‘I’Afll f 1 

H, (Lul mole) u(A ‘1 re (A) 
_- .-- -. .-_- 

: Lthykne , 151 2189 134 

Benxnc 124 2OY2 140 

Lthrnc 84 2028 I 54 

of a n-bond. This cxprcssion is the one most widely used in m.o. calculations. But 
we found that the rcsulttgg I(r) curve was tcriously affected by this. and its USC gave 

absurd numerical results for the equilibrium bond lengths of cyclic molcculcs. WC 
thcreforc abandoned it. with regret. As an indication of the serious dcpcndcnce of 
J(r) on the choice of a Morse function of F ,Ot,l(f) instead of a parabolic law. we show 
in Fig. 2 rough diagrams of J(r) and Q(r) obtained by both techniques. It wdl be 

noticed at once that the curvature of J(r) is chat@ in sign. This implies that J*J/dr* 
also changes sign. Now questions of stability of a given set of bond lengths dcpcnd on 

the sign of dtE,.,,, !J?. Thus. ifJ(r) plays any significant part in fixing the equilibrium 

I* S L Altmann. Proc Rot Sor A 210.127. 141 (1051). 



Bond lengths In cychc pulycna C,.H,. 219 

bond length-as it most clearly does -we can see why we may be led to unacccptablc 

positions of stability or instability, if WC abandon Morse functions in favour of the 

simpler parabolic ones. All our later work, therefore, will use only the Morse functions 

(6) and the paramctcrs of Table I. 

O* I I 

FKJ. 2. Curves sbowog dlnercna between exchange tntqrrl I(r) and Coulomb tnlcgnl o(r) 
nth use of par&ok or Morse potcn~~al functtons for ethylene and bnzeac. 

WC have still to determine Q(r) and &(r) where this latter quantity is the u-bond 

energy for a bond of length r. so that 

&(I*, I*. . .) - t;(r,) - EJrt) :’ . (7) 

Equations (2), (3). (4) and (7) allow us IO write 

EJr, ;. Q(r) 2 I.767 
E l!::U”(r) 

6 
- 0.767E:,tf:,“~(r) (8) 

We have shown this quantity m Fig. 1. Since it depends only upon equations (2). 

(3), (4) and (6) it is independent of any assumptions that WC may make about the 

nature of E,(r). other than that the na mtcractions are included in it. 
Table 2, columns 2 and 3. shows the values of 1(r) and E,(r) + O(r). both in 

kcal/mole for various values of r. in A. This is the table of values which we shall use 
in our later numerical work. At this stage it is not necessary to separate S(r) and 

Q(r). since in all our applications we shall find that it is their sum which appears. This 

would not bc the cast if we were considering hctcronuclear molecules, and then we 
should find that each was rcqtircd separately. Simple analytical approximations to 
the functions in Table 2-valid to within 0.020 kcal. in the range I.34 < r < 
1.51. are 

J(f) : -41.199 - IZI.Z(r - 1.42) - ll4.2(r - 1.14)’ (9) 

E,(r) ; Q(r) = - 105905 - 39+1(r -’ 1.42) + S26(r - 1.42)’ 

lOOOV 1.34)(1 - I*42)(r . 1.51) (10) 
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The last figure tn thcsc numcncal values is enttrcly without stgniftcancc in any absolute 

sense: but for locating stationary values of the total energy II may have some stgnifi- 

cancc. 
There is not very much wrth whtch we may compare the numerical cntnes in 

Table 2. But Altmannr*. m some studies of the cthylcnc molcculc. calculated I(r). 

TAILL 2 

I KckulC and Dcwar wucturcs Kckulc %trucwm only 

I I J(r) iEn, C)(r): J(r) ;E,(r) * Q(r); 
.- - -_ ----. - 

I-- - 
-. - __ - 

I.34 51 625 V9 375 4n 70 102 MI 

1.36 48 a92 101 a34 - 

I.37 47 557 102,839 44 a6 10s 54 

I 38 46 236 103 707 -. - 

1.30 ; 44 V27 104 449 - 

100 43 6% I05 056 II II 107 53 

I 41 42 411 I to5 53V 4O.01 to7 94 

I.42 41 I9V ’ 105 905 3883 toa 27 

I 43 39 VV? 106 la3 - 

I44 38 7~0 IO6 371 36 JV Iott 57 

I ,45 37 653 IO6 432 .- 

I48 34 336 IM 148 32 39 10809 

1.51 31 2ofl 105 211 2904) IObVM 

using a full twclvc-clectron Hamiltonian. For the distances I .34. I .39 and I .54 A he 

found values - 62.9, - 52.4 and - 28.6 kcal respectively. These vary in the right way 

as our values. and are of the right order of magnitude, though they differ by about 

IO kcal for short bonds. In view of the different types of approximation involved in 

the two estimates of J(r), this is probably as good agrcemcnt as may bc cxpccted. 
If we wish to go further than this, and obtain cxprcssions for E,,(r) and Q(r) 

scparatcly, we must USC some addttional data. The most natural is E,(r). which we 

could approximate as tf it were the energy of a single bond between two trigonal carbon 
atoms. For this purpose wc use a Moot curve in which the equilibrium length is not 
I.54 A. as in ethanc. but is takca to be I.51 A, to allow for point (2) in the Introductton. 

It is not quite obvious which values WC should choose for I+‘,, aod o in equation (6); 

but we have. somewhat arbitrarily. chosen - 84 kcal/molc and 2.028 A ’ respectively. 

With this choice WC can draw the E,,(r) curve of Fig. I. and so dctcrminc Q(r). For 

obvious reasons this curve is much less reliable than E,,(r) T Q(r), but in the regon 
I.34 --. I - : I.54 A. it may be rcprcscntcd approximately by 

Q(r) = -25.275 -:. 49,9(r - 1.42) - 535(r - 1.42)’ (11) 

The diffcreoce between (IO) and (I I) is, of course, a representation of E,(r). 
WC have now obtained approximate values of J(r), Q(r) and E,(r). These arc ready 

for application to our cyclic molecules. But before procccdmg thcrc IS a point to 

consider. In (4) WC have used the cncrgy cxprcs\ion for the rr-clcctrons of benzene, 
taking into account Kckule and Dcwar structures. It is not tmmcdiately obvious that 

WC have any right to use this formula-and the lmphcd J(r)- m larger molecules, 
whcrc there will also hc doubly-excited and more highly cxcitcd structures. But WC 

shall assume that this is so, and shall try. when dealing with other molcculcs. to write 
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down the expression for E, analogous to (4). neglecting all structures other than the 

KckulC and firstcxcitcd ones. It IS doubtful that inclusion of the more highly-excited 

structures would seriously affect the predicted bond Icngths and stabilities. though it is 
known*’ that for sufficiently large conjugated molecules the more hrghly-cxcitcd 

1 

FYC; f Cuws ihowng wrsafton of crchrngc rnwgrrl ftrf and Coulomb rntcpl 0(r) when 
Lkrrar wucturc~ l tt m&&d and when they l rc not mcludcd 

structures dominate over the Icss-cxcitcd. Howcvcr. WC can make an altemattvc 

calculation, m which WC consider only KckulC structures. If WC do this, cquatron (3) 

is unchanged. and cquatron (4) is replaced hy 

Et=_-+(r) 6{Q(r) . ~.~~(~)~ (12) 

By an entirely srmilar process, this leads to values ofJ(r) and Q(r) which differ slightly 

from those previously determined (Table 2, columns 4 and 5). Fig. 3 shows, on a 

larger scale than Fig. 1, the variation of J(l) and Q(r) both with and also without 
inclusion of Lkwar structures in bcntenc. The gentral variations are remarkably 

similar. leading to the view that predictions based on them would also be similar. 
Table 2 also allows a direct comparison of the values of I(r) and E,_(f) f Q(r) in thcsc 

two approximations. 

3 TI1t. CYCLIC POLYP NES C,,ii,,. n LARGE 

Consider the cyclrc polyenc CinHt,,. rcprcscntcd for the case of n = 4, by II. We 
are supposing that the molecule is planar. This is known not to be true for cyclo- 
octatctracnc (II), but if must be more nearly true for the larger systems 2n - 18. 24 

‘* Se c’. A. (‘outson. Pwc. Roy. Sot A M. 91 (1951). 
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and 30 synthesized by Sondheimer. Wolovsky and Gaonil’.rS.*“. Let us suppose also, 

for the moment, that we use only the Kckult structures. There arc just two of these. 

for all n. and they arc represented by (a) and (b). WC have allowed for possible bond 
alternation by letting the bond lengths be alternately rr and I?. If rl I*, as in the 

- _ 
I, ‘, 

; ‘. ,\ 
I 

dtagram. the structure (a) WIII be more cncrgetically bondmg than (b). and. as Coulson 

and Altmann’ showed for the case of benzene (2n 7 6). the resonance energy is 

drastically reduced as rt - rI increases. Thus when rr 7 ra = I.39 A they found that 

the dclocalization energy, defined as the difference in E, between the localized bondmg 

of a KckulC structure and the delocalized energy of the corresponding rcsonancc 
hyhrtd. was about 63 kcal/molc. But when rr - I.39 A, r2 - I.54 A (they used the 

old value for the length of a pure trigonal carbon.carbon bond), the delocalization 

cncrgy was only 9.6 kcal,‘molc. WC shall now show that even when 2n is large, reso- 

nancc of this kind contributes rclativcly little to the delocalization energy. and is 
certainly insufficient to favour a regular shape with equal bond lengths. 

If WC write ‘/so and ~1~ for the Kckulti structures. and rf the ground state wave 

function 15 

‘I’ ClV’o * ‘2VL. 

then the secular cquatronc to dctcrmtnc the rr-clcctrons cncrgy E, and the cocfftcicnu 

c,, ci take the form 

(nQ, . nQ* .-. nJ, ; J1 - E,)c , . $, (nQ, . nQ2 ‘. nJ, f nJ, - E,k, 0 

nQt f II./, . n/, E.k-, * (nQ, nQ2 nJX - :J, - E,)c, = 0 

(13) 

In these equations Qr and Qr arc the two Coulomb integrals, appropriate to bond 

lengths r, and ri, and It, J, arc the corresponding exchange integrals. The interesting 
feature of thcsc equations lies in the coefficient I/ZO-’ multiplying the off-diagonal 
clcmcnts in the resulting secular determinant. In the case of bcrtrenc this factor is l/4, 

but for larger molecules it rapidly decreases. so that the roots of the secular dctcrmi- 
nant arc given essentially by the dtagonal clcmcnts. In fact, if rr . . rx the lowest root is 

approximately 

Q, Qi - J, - #Jr ! 229 ,T 
1 4) I 

(14) 

Thus the delocaluation cncrgy. which is given by the last term in (14) actually tends 

” F. Soo6hcunu u%j R. Wolovrky. Ttfrohrdrorr Larrrrr tie 3. 3 (19591 
‘* F. Sondhcuncr and R Wolovct~. 1. Amrr Chrm. Soz 01. 4753 (19591. 
‘* k Sondhcuncr. R. Wolorrt) and \. Goon!. J Amrr (‘hem Sor 82. 753 (lOt101 
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toleroasn. l cc. In the case whereI, -- I, the approximation (14) must be replaced 

by: 

)I (15) 

Here again II follows that for sufficiently large n. the dclocalization cncrgy tends to 
/em. 

Thus on the basis of Kckult structures alone. the larger cyclic polyenes would not 

be cxpcctcd to be as stable as the smaller ones. 
But WC can also show that for sufficiently large n. the regular polygon with rr I) 

IS less stable than the altcmatmg one with (say) rI < I*. To do this WC consrdcr 
E _,,,,.t(rr,rJ, which is the sum of E, and E, where E,(r,rJ can bc found from the 
equations ( 13). and where E,,(r,r,) nE,,(rJ ,t nE.,(r,). It is obvious from symmetry 
considcratrons alone that there is a stationary value of the total energy when r, = rj 

and their common value is such that 

f E_(r) ) 1 J(r) - 0 (16) 

This common value d~ffcrs very little from that appropriate to bcnzenc, though it 

actually incrcascs slowly with n. With I .- 1400 for n - 3. it bccomcs 1403 for n - 4 

and I.413 for n - 5. 
A tedious calculation, which we shall not reproduce, but which uses the appro- 

priatc J(r) and Q(r) from Flp. 3. shows that, at these stationary values, Et,,,, is an 
absolute minimum in the cast of bcnrene. but a saddle point for n : 4 and n = 5 and 

all hrghcr values of n. Thus, using Kckulc structurss only, hcnzcnc is predicted to be a 

regular polygon, hut all larger cvcn cyclic molecules should show bond altcmation. 
It is not possrblc to g~vc a simrlar gcncral demonstration when Dcwar structures 

arc rncludcd in addrtron to the KckulC structures. But (xc later) detailed calculation 

of the cncrgy contours for a var~c~y of values of I, and rt shows that almost certainly 

prccruzly the same situatron obtains. WC conclude. thcrcforc. that in the larger cyclic 

polycncs the conliguration of greatest stahility is one wrth alternating bond Icngths, in 
agrccmcnt with the results of m.o. theory.” But m our v.h. theory the alternation 

appears to set rn carlicr than In the m.o. theory. In view of the approximations In 

both. such divcrgcncics arc not altogcthcr surprising. 

It 15 worth writing down the cxprcGon for the 10131 cncrgy, which results from 
solving equations (I 3) for E, and then addmg E.‘,,. It will be convcrucnt to write 8, for 

&Jr,) -1, Q(r,). and Ez for E,,(rJ .. Q(rJ. Then for hcnrcne. whcrc 2n =- 6. and 
takmg the ncgativc value of the square root. 

f -,“r.l(r,.~J 3cl, t 3&, L i(J, ‘. J2, . ;(4(/, - J2,’ .. J,Ji}’ 

for the cast uhcrc 2n - 8, 

F -,0,.1(~,.rz) fl, t 48, t. t;(J, . Jd t j:{l6(/, - J$ . /,I,}‘. 

For the case whsrc 2n IO, 

F .,o,.~(~,.~z) 56, . 54, - ff(J, . 13 L .,‘,(WJ, Jt,’ : /,I,)‘. 

Once again u‘c NCC the growing importance of Jl -- Ji as the size of the plycnc 
incrcars. 
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4 DETAILCD Chl.CU1.h I IONS I OR 2n 6. 8. 10 

In more detailed calculations for the smaller molecules of thtr type, wc have 

included both Ikwar and KekulC structures. In the cast of beruenc. with f, # rI 
there are five structures. The two Kckult structures Ill(a)(b) will have dificrcnt wctghts 

but the three Dcwar structures. of whtch Ill(c) is one cnamplc. will all have the same 
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weight. The secular dctcrminant IS a 3 . 3 determinant. This has already been 
given by Coulson and AIrmann’ In cquatton (3) of their paper. We have vcrtficd 
that thts is correct. In our symbols it I\ 

24.9 -- y/, ... 1*)xX - 2{3(J, J*)* f J/&.r .- l/, -. J&J, f J*, = 0 (IT) 

whcrs 6x - 3Q, -- 3& E,. 
By choosing vartous combmattons of I, and r2 this cquatton can bc solved numencally. 

and E,(r,.rJ ohtaincd. By addition of E,(r,r,) WC obtam the total cncrgy Eto,.t(~,fJ. 
A typical set of such values IS shown in Fig. 4. It is at once clear that the cqutlibnum 
value I, = ri = I40 A is the position of stable equilibrium. though the curve is much 

flatter along the line I, -’ rt 2.80 than along the lint I, -7 r:. This is lust what we 
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should cxpcct from the known force constants of bcnrenc in the two correspondmg 

normal modes B,, and A,, rcspcctivcly. 

IO1 Ibl IO 

In the case of C,,H,. there arc 2 Kckult slruc1ures and 8 Dcwar structures. which 
divide up as in IV, where we have stmplificd the diagrams by only representing the 

n-electrons. 

The secular determinant IS of order 4 v 4 and the equation for the energy IS 

2048~’ -. 16O(Jr +. J*),\J - 20(24(/r - Jr)’ i 23/r/~}? 

f 28(J, f J3{2(J, - J*)’ t /&lx - JIJt( 7(J, - /a’ - 2OJ,J,) 2 0 (I 8) 

whcrc, now 

8x -’ 40, : 4Qr - E, (19) 

A check on (18) may be found from the fact that it gives correct values when J, = Jr 
and when J2 2 0. The significance of(J, - J&*. which depends on the degree of bond 

altcmalion. is very clear. 

Fig. 5(a) shows a set of values of E,,,,(rr,rJ for various rr and I*. Along the line 

‘I rt WC have a mmimum cncrgy at I, 7 rp 2 I.404 A. But Fig. 5(b). which shows 

the variation of cncrgy along the hnc AB. whcrc rr + rt :- 2.81 A, suggests that the 

point (1404. 1404) IS really a saddle point. and the stable configurations are a1 
(1.375. l-435) and (1.435. 1.375). Thus we predict a bond altcmalion withdiffcrencc 

WI6 A. This is of the same order as that predicted by Longuct-Higgins and !Salcmn. 

but rather larger. 
In the case of n 5, thcrc are three types of Dcwar structure: 
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FIO. 5. Mam dlr6rrm (a). Calcdrtd values of the totrl cncr6y - E(r,/,) for hypotheltcd 
planar C,H.. wm6 Kctulc f Dcwrr s~~cIurc% The zeroof encr6y 1s a1 & 2 - 120 kul/molt. 

Small Inset durgrm (b). Cunc shown6 total cmr6y along the llnc AB of (a). I.C. U&IX P, 
-I r, - 2.61 A. The mmanum cocr6y occun 01 I, - I 17. I, I 44 .i. and the equwrlmt 

powon I, I 44. I, I.37 A. 

The secular determinant IS of order 5 s 5 and the equation for the cncrgy eventually 

reduces to : 

319 - 11(/l i JJ9 - ?(738(J,~ !- J*‘} - 846/,/J 

+ x’(‘/, + J&682(/,* t Jx’] - lOlBJ,JJ 

1. .r[lO43{4 i- J,‘) + 44(7182.44 - 3X2(/,* ,I. Jzq)] 

L (J, -L JJ[JJ*( 173q/, * ; JJ’, - 447044: 335(/,’ r J2‘)] 0 (20) 
where 

10.x - SQ, . 5Q1 E, (21) 

This equation was checked by puttmg I, = Jr, whco it is divisible by the equation 

derived oh inirio 
vi/. 

31 z - 2u.x - 444P.r - 56OP - 0 (a) 
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The quintics obtained on inserting numcncal values for J,, Ji were solved by means of 

the Oxford ‘Mercury’ electronic computer, and the energy surface (symmetrical about 

rl -r r,. of course) plotted. (Fig. 6). 

tt turns out that therc is a much more definite minimum in this cast (n - 5) than 

in the case n = 4. ‘This occurs at r, I.165 A, rt 1.455 A leading to a ditfercnce 

ofO-09 A rn the two bond lengths. From thrs result, it would appear that bond altcma- 
tion tends to increase with the SIZC of the rings (i.e. when including singly-excited 

structures in the calculation). It seem\ to us rather unlikely that subsequent addition 

of doublycxcitcd and higher structures would matcnally alter this. But it should he 
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 KekulC structures leads to 
bond lengths not greatly dinircnt from the values I.51 and 1.34 A appropriate to 

non-rcsonatmg single and double bonds. 

The difference in energy bctwccn the unsymmetrical and symmetrical structures 

can be seen, from Fig. 6, to bc about 0.2 kcal. This. although quite definite, is not 
large, so that molcculcc of this kind would show rapid interconversion at room tcm- 

peraturc. Further, since the interconversion motion would be slow at the saddle point, 
an X-ray diagram might easily show an apparently symmcttical appearance. 

3 CONCLUSION 

The discussion just given seems to us to show that ID many rcspeets the v.b. 
technique lcads to very similar results to the m.o. technique, when applied to cyclic 
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plycncs &H,,. Small members of this sencs ~111 tend to have equal bond lengths. 

but larger ones will dcfmttcly show altcmatton. With KekulC structures only it is 

found that beyond 2n .- 8 thcrc is \cry littlc rcsonancc, so that one of the two struc- 

turcs dominates the complctc wabc function. Even tn the symmetrical configuration 

the resonance tmorc strictly. dclocalization) cncrgy is much smaller than in bcnrcnc. 

Incluston of Dewar ctructurcs tends to fa\our more nearly equal bond length%;. but 

bond alternations of the order of 0.1 A may occur. 


