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1. Introduction 

I t  is cus tomary  to  write the tota l  electron energy of  conjugated hydrocarbons  
as a sum of a- and z-electron energies : 

E t~ = E a ~- E ~ . (l) 

Consider a molecule in its equilibrium conformation,  then  for every  bond kl the  
condition for equilibrium is: 

O E t~ 
- -  = 0 .  (2) 

r~ 

F r o m  (1) and  (2) it follows t h a t :  

E" a E :~ 

I n  simple LCAO-MO theory  the  mobile bond  order  for a bond kl m a y  be wri t ten 
as : 

~E = 

Allowing for a var ia t ion of  the bond  length r~t the r ight hand  side of  (4) becomes : 

OE~ e E" / ~ r~, (5) 

A combinat ion of  (3), (4) and (5) leads to  

d E~ / g r~, (6) 

because the total d-electron energy is the sum of all individual d-bond energies. 
This clearly demonstra tes  t ha t  the choice of  a linear p-r relation combined with 
an exponential  fl-r curve involves a part icular  funct ion E~t(rkl). 

2. Bond Order and Sigma Electron Energy 

Length-order  relations derived f rom a chosen E~(r) funct ion and exponential  
fl-r curves ~11 be considered. For  reasons of  comparison with recent  valence bond 
work [2] it was decided to accept  for E"(r) a Morse curve based upon the experi- 
menta l  force constant  for the C-C stretching vibrat ion in ethane and a length of  
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1.5i _~ for a pure a-bond between s p  2 hybridized carbon atoms [g]. The latter 
assumption is open to questions. 

CouLsoN [3] and MULLrKEN [9] at tr ibute the difference in the C-H bond 
lengths in methane and ethylene to a change in s-character of the bonds. A similar 
correction of the C-C distance in etha- 
ne leads these authors to a value of 5' 
1.51 A for the hypothetical bond. 

O.8O 
D~wA~ et al. [6] among other argu- 
ments extrapolate a linear order- 
length curve (bond orders calculated 
without the usual neglect of overlap) 
and so deduce i.48 A. aTO 

In  Fig. i the results are given of 
a calculation of overlap integrals for 
s p a - s p  3 and s p ~ . s p  ~ hybridized C atoms aeo 

Z R 
as a function of cr = ~- ~-0 (Z = effec- 

t ive nuclear charge, R = interatomic 
distance and a o = Bohr radius). The 
max imum overlap for s p  2 hybrids is 
found a~ a smaller a-value then for 
the s p  3 hybrids. The uncertainty in 
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~ig.  1. Over lap  i n t e ~ a l s  for a C-C bonds versus a = 
ZR/2ao; curve  A ~p2-sp2 hybrids ,  curve B spa-sp s hybr ids  

the value to be taken for the effective nuclear charge obviously carries over 
in the deduced lengths. However, if it is accepted tha t  the overlap integrals 

r A% 
1.50 - ,~,.,~ 

I.~5 

Ir 

135 

.1.s~ f, a2s 

| 

\'x~x" 

N 

: \  

050 0.75 p I00 

Fig.  2. Caleulat, ed bond  order-bond leng th  curves ( . . . . . .  a = 0.20 _~--1, _ _  a = 0.30/~--1,  __ __ __ a = 
0.40 .~--x). Measured bond  lengths  are  ind ica ted  for g raphi te  ~ ,  benzene o,  e thylene Zk versus symmet ry-de te r -  
mined  H(iekel  bond orders;  for bu tad iene  ~ ,  naph tha lene  �9 and  an thracene  • versus bond  orders ca lcula ted  

wi th  a = 0.30 ~--x 
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considered are maximal  for the equilibrium bond lengths a shortening of  a few 
hundredths  of  an  ~ to  t .5 t  A for the sp2-sp 2 bond  relative to  the sp3-sp ~ bond of  
~.54/~ is reasonable. Recently,  SC~A~F~ and WHEATLnu [12] found by  X - r a y  
analysis of  te t ra-acetyle thane a length of  1.508/~ for the central C-C bond and 
suggest this to be a single a -bond of  pure sp~-sp ~ type.  

expression f i~=f io  e x p ( l ' 4 ~  r ~ z ) "  ~ " Using the - -  as int roduced by  LONG~nT- 
k Y 

H I r 1 6 2  and S ~ n ~  [8] and the Morse curve for E ,  as discussed, bond  order bond 
length curves were calculated from (6) for three different values of  a viz. 0.20, 
0.30 and 0.40 ~-~. The parameter  fi0 was fixed in such a way  tha t  a bond  order of  
0.667 was obtained for the C-C bonds in benzene (1.397 X). The graphs of  Fig. 2 
indicate t h a t  for a = 0.30 _~-~ and fi0 = - 24.7 kcal/mole a curve approximated  
by  the hnear  funct ion r = 1 . 5 1 -  0 . i7  p (or by  the quadrat ic  funct ion r = 
= L 5 t 0  -- 0. t60 p - 0.015 p2) is found. The calculated line goes almost  exact ly  

th rough  the three points obta ined  b y  plot t ing the measured bond lengths in 
ethylene, benzene and graphi te  versus their bond  orders which are determined by  
s y m m e t r y  in the simple tt i ickel theory  [10]. The calculations on the basis of  
a = 0.20/~-~ and a = 0.40 _~-~ with fl0 = -- 16.4 and - 3 3 A  kcal/mole respectively, 
clearly show a less sat isfactory behaviour.  

Discussion 

B y  using the  accurately  known st ructural  da ta  for butadiene [1], naphthalene 
[7] and  anthracene [5], it is possible to perform an independent  check on the  
val idi ty  of  the relation derived in section 2. For  these conjugated hydrocarbons  
Hiickel type  calculations were performed in which the parameters  fl~z had  been 
adapted  to  the measured bond lengths with the aid of  the (three) above ment ioned 
exponential  functions. This procedure also permits  a discrimination between the 
values taken  for a because for a "selfconsistent" si tuat ion the bond orders cal- 
culated via the secular determinants  should fit the corresponding curve. As can be 
seen from Fig. 2 this criterion is fulfilled adequate ly  if a is chosen to be 0.30 A -~. 
I t  should be ment ioned t h a t  LO~GU~T-HIGGI~S and S~L~M [8] derive a = 0.3106 
A -~ from measured vibrat ional  frequencies of  benzene. 

The central  bond  of  butadiene does not  fi~ in any  of  the three curves. This 
anomalous  result  for butadiene m a y  indicate t h a t  calculations of  bond  length 
al ternat ion [11] for which the  parameters  are based only upon this compound are 
open to discussion. 

Acknowledgement : The authors appreciate th e helpful criticism of Dr. T. H. GOODW~. 
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