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Ground State Wavefunetions 
o4 some Conjugated Carbon Compounds - -  ~ P S 0  Method 

By 

P. B. EMPEDOCLES ¢¢ a n d  Jo W .  LINNETT ~¢¢¢ 

The method of Non-Paired Spatial-Orbitals is applied to the s-systems of fulvene, hexa- 
triene and butadiene in their ground states. This type of treatment which was found to be so 
successful for benzene proves to be satisfactory for these typical non-alternant and poly- 
olefinie systems. Ways for determining a priori the adjustable parameters which appear in the 
wavefunction are examined and a procedure for setting up the non-pairing function without 
using any adjustable parameters is proposed. 

Die NPSO Methode wird auf die s-Systeme yon Fulven, Hexatrien und Butadien im 
Grundzustand angewandt. Die beim Benzol erfolgreiche Ar~ der Behandlung erweist sich bei 
diesen nicht alternierenden und polyolefinischen Systemen als zufriedenstellend. Es werden 
Wege zur ,,a priori" Bestimmung der Parameter in der Wellenfunktion gepriift und ein Ver- 
fahren zur Aufstellung der NPSO's ohne Benutzung yon anzupassenden Parametern vorge- 
schlagen. 

La m6thode des orbitales spatiales non-appari6es (NPSO) est appliqu6e aux syst~mes s de 
fulvbne, hexatribne et butadibne dans leurs 6tats fondamentaux. Ce proc6d6 qui a eu de tel 
succbs au cas de benzSne, ce montre satisfaisant par ces syst~mes typiques non-alternant et 
poly6niqucs. On examine des possibilit6s par ajuster a priori les param~tres dans la fonction 
d'onde, et on propose une m6thode pour obtenir la fonction NPSO sans faire usage d'aueun 
param~tre ajustable. 

Introduction 

I n  a previous  pape r  [6] the  m e t h o d  of Non-Pa i r ed  Spa t ia l -Orb i ta l s  (NPSO) 
was appl ied  to  the  s - s y s t e m  of benzene.  We used the  non-empir ica l  in t e rac t ion  
integrals  of  PAR~, C~xm and  R o s s  [22] and  the  compu ta t iona l  f r amework  of  
GOnr~nRT-MAY~a and  SKLAR [11]. The resul ts  were h ighly  encouraging;  a con- 
clusion which m a y  be expec ted  to  r ema in  va l id  when be t t e r  values  are used for 
the  in tegra ls  which appea r  in  the  energy expression [26, 7, 8]. 

I n  the  hTPSO method ,  the  s -e lec t rons  are assigned as far  as possible to  spa t ia l  
orb i ta l s  localised sepa ra t e ly  in  different  "bond ing  regions"  be tween  ad j acen t  
carbon nuclei. An t i - symmet r i c  wavefunct ions  are formed for the  ground  and 
lower exc i ted  s ta tes  which are eigenfunctions of the  spin and s y m m e t r y  opera tors  
[6, 9]. F o r  several  s ta tes  of  benzene this  t r e a t m e n t  was shown to give a lower 
energy t h a n  t h a t  afforded using a wavefunct ion  of  comparab le  complex i ty  con- 
s t ruc ted  according to  var ious  o ther  methods .  I n  par t icu la r ,  the  g round  s ta te  
energy given b y  this  t r e a t m e n t  is lower t h a n  t h a t  ca lcu la ted  b y  the  qui te  extens ive  
configurat ion in te rac t ion  (CI) t r e a t m e n t  of  PARR, C~AIG and R o s s  [22] and  t h a t  
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given by an Alternant Molecular Orbital calculation (AMO) in which different 
mixing parameters were used for different pairs of orbitals [12]. The energy ob- 
tained with the NPSO function was only 0.09 eV above that  given by a "complete" 
CI treatment,  which represents the limit for any t reatment  using the same basis 
set of 2p~ atomic orbitals and the same integrals [19]. 

The aim of the present paper is to extend these calculations to some very 
different x-systems. Our purpose is three-fold: (i) to show first that  essentially 
the same description which was used for benzene can be employed successfully 
with non-alternant and polyolefinic hydrocarbons; (ii) to examine whether, for 
different molecules, all the parameters which specify the groundstate wavefune- 
tion may  be determined a priori without great inaccuracy, so that  we may  hope 
to write successful wavefunetions for complex systems with no adjustable para- 
meters, and (iii) to demonstrate tha t  calculations on systems less symmetrical 
than benzene are by no means excessively laborious. 

The energies for the non-pairing wavefunctions for the ground states of 
fulvene, hexatriene and butadiene have been calculated and are compared with 

those calculated using" molecular orbital and valence 
t ~ @ ~  bond wavefunctions. 

The non-alternant molecule fulvene, (C6H6) shows 
only weakly aromatic characteristics. I ts  chemistry 

H includes both addition and substitution reactions [4, 1]. 
I t s  resonance energy too is much less than that  of ben- 
zene. The permanent  dipole moment  of fulvene [27] is 

believed to be largely a feature of the z-electron distribution in the molecule. 
Coupled with the information that  there is little charge alternation on the 
hydrogen bearing ring carbon atoms, (from proton magnetic resonance experiments 
on substituted fulvenes [25] this provides a sensitive test  of the one electron 
distribution implied by  a trial wavefunction. I f  such a wavefunction also has a 
low energy then it is likely that  the two-electron distribution is also satisfactorily 
represented, and tha t  the wavefunction will give a good account of several 
electronic properties. 

For fulvene and hexatriene few comparable studies have appeared in the litera- 
ture. For these systems containing six carbon atoms we have assumed bond 
lengths of 1.393 A throughout;  the bond angles have been given the values shown 
below: 

I t  seemed important  not to predispose the systems to some particular elec- 
tronic distribution by  making some bonds shorter than others. Comparisons can 
be made more easily between different systems in this way and, in any case, the 
slight differences between these and the true lengths would not alter the results 
greatly. A computer programme was wl'itten to calculate the integrals rapidly by  
the same method as tha t  used by PaaR, CRam and Ross [22]. 

For the 4-carbon system butadiene, on the other hand, the observed dimen- 
sions and the integrals of PAnE and M~rLLIKEN were used [23]. 
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Wave-Functions 
Fulvene 

The atomic orbitais of fulvene have been labelled as follows : 

b 

C~e  O f 
d 

and all possible Slater determinants written corresponding to the assignment of 
three electrons of co-spin wavefunction and three of fi-spin wavefunction to each 
of the two equivalent sets of non-paired orbitals : 

a + kb, b + kc, e + kd, d + ke, e + ka, a + k/  
and 

ka + b, kb + e, kc + d, kd + e, ke + a, a + kf  . 

Application of the spin [18] and symmetry  [16] projection operators generates 
eigenfunctions corresponding to pure spin and symmetry  states. In  general 
several independent eigenfunctions can be written for each species and the best 
wavefunction is a combination of these. The function formed by  minimising the 
energy of a linear combination: 

. T ,  = ~ T ~  + ~ T ~  + . . . . .  

with respect to the adjustable parameters al, a 2 . . . .  will be described as the 
N P S 0  full spin-CI function. (n here refers to the multiplicity and y to the symmetry  
of the wavefunction.) The cigenfunctions nT~, nT~  etc. for all systems could be 
generated rapidly in this way using a simple computer programme. 

Hexatriene and Butadiene 

For a long chain compound such as hexatriene with n carbon atoms bearing 
2pz orbitals there are only ( n -  l) "bonding regions". Corresponding to these, 
there are orbitMs of the form x ÷ ky  where x and y are adjacent atomic orbitals. 
The orbital that  is chosen last is a simple atomic orbital, (any one is independent 
of the NPSOs already chosen), the one used being tha t  which overlaps the other 
NPSOs to the smallest extent. This is the orbital on the atom at the end of the 
chain. The basic set of six NPSOs for hexatriene 

is: a, a ~ kb, b + kc, c + kd, d + ke, e + kf, k > i 

b d f 

c O 

(before normMising). The NPS0  wave function also includes determinants based 
on the set of equivalent NPS0s  formed from this set by  application of the covering 
operations of the group to which the molecule belongs, i. e. 

f, f ÷ ke, e + kd, d ÷ kc, c ÷ kb, b + k a .  

A similar procedure was used for butadiene. 
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Results 

I n  Tab. i the results of the NPSO t r ea tmen t  are compared (a) with those of 
molecular orbital  self consistent field (SCF-LCAO-M0)  calculations carried out 
using ROOTHAa~'S scheme [24] and (b) ~-ith simple "Hei t le r -London"  valence 
bond  (VB) calculations. 

Although a "complete"  MO-CI  t r ea tmen t  was no t  carried out for fulvene and 
hexatriene,  (it would have required an excessive amoun t  of labour), i t  is evident,  
considering the NPSO and SCF-LCAO-MO figures for all the systems together, 
tha t  the former has t aken  account  of most  of the correlation energy. This is shown 
to be t rue  for butadiene  by  the figures in  Tab. t and  also for benzene when the 
difference in  energies is 3.00 eV. 

Table t. Energies (in eV) /or the ground state wave/unctions o/ three molec~des ea.le.tdated using 
various treatments 

Treatment Fulvene (1A1) Hexatriene (*At) Butadiene (lAg) 
Energy + 6 We~ Energy + 6 W2v Energy + 4 W2p 

NPSO full spin CI* for - t[17.33(5) - 100.42(5) - 51.20(2) 
/c = /c~ni~, (No. of adj. 
parame~rs) 
SCF-LCAO-MO method [2~4] - t13.83"* - 96.40*** - 48.93 [23] 
Heitler-London VB, - 114.92 - 97.96 - 43.37 
principle structure 
Complete MO-CI . . . . . . .  51.28(t'1)**** 
(No. of adj. parameters) 

Difference 
EsPso-Escs - 3.50 - 3.91 - 2.27 

* The matrix elements of the energy between pairs of Slater determinants were determined 
and the secular determinant set up and solved using a Ferranti Mercury computer. 

** BERTmER'S results [2] for a similar calculation assuming a slightly different geometry 
gave a very close figure for the energy: 6 W2p - 113.93 eV and almost the same wavefunetion. 

*** The authors gratefully acknowledge the use of a programme written by Dr. M. G~F,~ 
for computing these figures. 

**** In the course of the study it became apparent that some of ~aIh- and MATSEN'S 
results [10] for the complete treatment of butadiene and its positive ion using the same set of 
integrals are in error and their work has been repeated in full for this study, 

Some more detai led results for butadiene  are summarised in  Tab. 2. This 
system is sufficiently small to allow a wide var ie ty  of calculations to be made 
rapidly without  excessive labour, bu t  the results are probably  typical  of larger 
systems. 

The first group in  the table are single determinant,  molecular orbital  functions.  
The two constants  /c and 2 could be adjus ted  to minimise the energy of a single 
Slater de te rminan t  independen t ly  of one another,  (row 1). The two orbitals are 
orthogonal by  symmet ry  and this funct ion thus reduces to the SCF-LCAO-MO 
funct ion [23]. Such a funct ion  grossly overestimates both the negative one- 
electron terms and  the positive two-electron terms (see columns ~ and  5). The 
parameters /c  and ~t which minimise the energy are close to those which would be 
deduced using Hiickel 's  method.  The next  three rows show the effect on the energy 
of approximat ing  their  values by  the Hfiekel coefficients. The method  appears to 
be very  satisfactory in  this ease. WHELA~D'S method [28] (row 5), which takes 
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account of the finite overlup integral be tween  adjacent atomic  orbitals gives no 
numerical  improvement  on the more  approximate  method .  

c~ 

o~ 

o~ 

I i I I ~ I I I 1 I 

I I J I I I 1 I I 1 I I 

4 ~  + 
_ _  ¢ 9  

+ ~  ~ ~ + 
~, = ~ "  ~ '~ '~ .  ~ o 

,, ~ ~ ~ ~~+~ . ~ ~= 

The simple t te i t ler-London V B  method,  (rows 6 and 7), is more  successful 
than the SCF-LCAO-MO function as regards est imating the tota l  energy, but  the 
error is in the opposite  sense, since both one and two-e lectron terms are under- 
est imated.  The singlet diradical structure: 

. f  _ /  
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contributes very little to the wavefunetion. Indeed a complete valence bond 
calculation, in which resonance is allowed between all possible covalent and singly 
and doubly charged ionic structures, shows that  this structure is less important  
than the singly charged ionic forms. The weights (squares of the coefficients of 

each type of structure in the complete 
Table 3. Weights, (without normalisin~), o/ 
covalent and ionic structures in a complete 

valence bond calculation for butadiene 

Weight Structure 

3, 988 . ~  

/ +  
0,~56 / _ 

0,392 ~ - 
+ 

0.083 _ 

0 ,056 . / ~ - ~ + "  

0 .055  / } - - - -~+  . 

0,046 - / / ~ / /  
/+  

0,037 - - - /  
+ ~  

0,019 /~,---.-J. + 

0.002 _ 

/+ 
0,001 _ / f i - - - - .  

wavefunetion), are shown in Tab. 3. Such 
a complete VB-CI  calculation is entirely 
equivalent to a complete lV[O-CI calcu- 
lation and involves 11 adjustable con- 
stants, (see last row of Tab. 2). 

The "Coulson-Fiseher" function was 
constructed in a way similar to that  
suggested by these authors for the 
hydrogen molecule [3]. A function of the 
correct spin and symmetry  properties 
based on the orbitals: 

a + lcb, ka + b, e + kd, kc + d (1) 

was generated. Two independent eigen- 
functions of 1A g symmetry  can be written. 
For the calculation in row 8 the admix- 
ture of these two was allowed to vary as 
well as the correlation parameter  k. For 
row 9 the spin combination which is anti- 
symmetric in the exchange of the first 
and second pairs of the orbitals (1) was 
selected. I t  is a very close approximation 
to the first. The energy of these functions 
is quite close to that  of the complete 
treatment,  and the distribution between 
one and two electron terms is fairly satis- 
factory. 

The NPSO functions (rows 10 and i l )  approach the complete MO-CI wave- 
function even more closely, and give a surprisingly good account of both one and 
two-electron terms. The first function is the NPSO full spin-CI function, and the 
second generated by ' :method 3" which will be described later. 

Resonance Energies 

The figures for the n-electron energies of hexatriene, fulvene, and benzene 
differ by the resonance energy and a further positive term for the "self-repulsion" 
of the sigma core, which is, of course, less for the open structure of hexatriene than 
for the other two systems. The latter term is implicit in the coulomb integral c~ of 
semi-empirical molecular orbital theory. One may  assume [21] that  the repulsion 
between carbon eentres X and Y is just the coulomb repulsion integral zx/yy, i.e. 
the positive charge distribution is just that  of the negative distribution which 
would be necessary to neutralise the site. The figures for the NPSO functions 
taken together suggest that  the vertical resonance energies of fulvene and benzene 
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are about l½ and 2½ eV above that of hexatriene. These are very satisfactory 
figures [20] in view of the crudeness of the last stage in the calculation, and possible 
differences in kinetic energy which are only included in an obscure manner in the 
Goeppert-Mayer and Sklar approximation. 

Dipole Moment  o /Fulvene  

For fulvene the z-component of the dipole moment computed from the NPS0- 
full spin-CI wavefunction using the expression: 

S T* f i  T d v  
# -- S T* T dv (fi is the dipole moment operator) 

is 1.1 Debye, in excellent agreement with the experimental figure [27] for the total 
moment of 1.1 D. In  Tab. 4 the z-component of the dipole moment of the NPSO 
full-spin CI function is shown for various values of the constant It, (krain = 4.2). 
The z-moment for a single electron in the exocyc]ie bond is shown below for the 
same values of/c. Evidently the system behaves as if the whole of the dipole mo- 
ment is localised in the exocyelie bond. 

Table 4. The dipole moment ol ]ulvene is close to that o] a single electron in the exocyclic double bond 

/~ 3.00 3.50 3.75 4.00 4.25 4.75 5.50 

NPSO full spin-CI dipole t.55 t.31 1.21 t.12 1.05 0.92 0.78 
moment 

Dipole of isolated exocyelie 1.62 t.36 t .26 1 .t7 1.09 0.96 0.8t 
bond 

The covalent valence bond function gives a zero dipole moment, whereas a 
simple Htickel calculation leads to one which is greatly in excess of the observed 
moment [29]. An SCF-LCAO-MO treatment is the least complex which is neces- 
sary to give a reasonable estimate of the moment of this z-system [15]. 

Evidently then none of the special effects of non-alternaney reduce the effec- 
tiveness of the NPSO treatment which is as successful for calculating electronic 
properties for the pseudo aromatic fulvene and the polyolefinie hexatriene as it 
was for benzene. The NPSO full spin-CI function provides a very satisfactory 
account of the complete wavefunction since the number of adjustable parameters 
is small and the energy very low. We can however simplify the treatment even 
further by using empirical and a priori arguments to determine the values of the 
adjustable parameters which define the wavefunction. I f  the energy determined in 
this way is not too high we might expect to calculate reasonable values for other 
observable properties without passing through the intermediate state of a (labo- 
rious) energy calculation. Such simplifications are essential in any case if calcula- 
tions are to be made on much larger systems. Preliminary investigations of this 
problem have already been made [6, 13]. 

A Priori Approximations to the 5TPSO Full Spin-CI Function 
Method 1 

The first method is crude but very simple. The Slater determinants from 
which the NPSO function is constructed can be classified according to the numbers 
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of pairs of similar spin functions in adjacent spatial orbitals. A wavefunction is 
constructed using only those determinants in which the minimum number of 
pairs bear similar spin functions. For long chain and even membered ring com. 
pounds one set of determinants can be written in which no pair of adjacent NPSO's 
has the same spin function thus for butadiene: 

d 

b 

J Q 

(a) (a + ]cb) (b + kc) (c + kd) j, 

(]ca ÷ b) (kb ÷ c) (]cc + d) (d) Ii , and 

are of this type. 

J 
c 

(a + kb) (a) (c + ]Cd) (b + lee) 

(]cb + c) (]ca + b) (d) (]Co + d) 

For fulvene all the determinants have at least one pair of adjacent NPSO's 
bearing the same spin function. In  this case determinants such as: 

J (a + ]cb) (b + ]cc) (c +/Ca) (~ + he) (e +/ca) (a + ]Cl) i 

must be used. 

Table  5. Mean square8 o/ the coe/ficients o] determinants o/ di//erent type~" in the NPSO /ull 
spin-CI /unction /or Ic = ]cmi,, /ulvene and hexatriene 

Fnlvene 

No. of pairs of adjacent NPSOs 
with same spin function 1 2 3 4 5 

Ot (X ~ a 

a 

R e l a t i v e  we igh t  3.55 t . 56  0.73 0A0 0.07 

Hexatriene 

No. of pairs of adjacent NPSOs 
with same spin function 0 1 2 3 4 

t{e la t ive  we igh t  1.70 0.88 0.2t  0.05 0.00 
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These are the determinants which are emphasised in the qualitative double- 
puartet  [17] interpretation of the wavefunetion. For benzene [6] such determinants 
are found to dominate the wavefunction derived in the full calculation. 

However functions corresponding to pure spin states cannot be formed from 

such determinants alone; i.e. they cannot be eigenfunetions of the operator gy. 
Tab. 6 shows tha t  for these systems the energy determined from such functions 

is a good deal lower than tha t  found using an SCF-LCAO-MO function. I t  should 
be emphasised that  calculations can be made rapidly with these functions since 
only four matr ix  elements of the energy are necessary. Minhnising the energy of 
this simple function with respect to /~ gives a reasonable value for this constant 
for use in a more complete calculation. 

Tab. 5 shows the mean squares of the coefficients, (weights), of each type of 
determinant for fnlvene and hexatriene in the NPSO full spin-CI treatment,  and 
an example of each. The determinants in which the spin functions alternate be- 
tween adjacent NPSOs dominate the wavefunction. 

Method 2 

The projection operator may  be applied directly to one of the determinants 
which involve the maximum alternation of spin function, giving a function which 

is rigorously an eigenfunction of gy. This formally correct method is however 
rather inflexible. For example it fails to show any change in the spin combination 
as the benzene x-system is (hypothetically) converted to fulvene and hexatriene: 

Y 

A similar inflexible projection operator method has been proposed for use with 
the alternant molecular orbital method. Although the results of this method 
(Tab. 6) provide an improvement  on method 1, they are still not as good as one 
might hope, and can be improved by  making a more reasonable assumption about 
the spin combination. 

Method 3 

I f  we start  with the wavefunction from method I for ethylene or the "allyl +'' 
x-system, and make it antisymmetric in the exchange of electrons between the 
pair of NPSOs we derive a function representing the ground state. Let  us examine 
the possibility that  the ground state of a poly-electronic system is closely repre- 
sented by  a function which is antisymmetric in the exchange of the maximum 
number  of pairs of electrons in adjacent NPSOs. Such a function reduces to the 

• h~oret, chJm. Ac~a (Berl.) Vol. 4 27 
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Hei t ler -London valence bond form when k --, ~ [5]. I n  each case, (see Tab. 6), 
this funct ion gives an energy very  close to tha t  of the NPSO full spin-CI t rea tment .  
For benzene too the difference, 0.048 eV for k - 4, is small. Indeed  it  seems most  
reasonable to suppose t ha t  the ground state is a state in which there is the m a x i m u m  
spin-pairing between electrons in  spatial ly adjacent  orbitals. 

Table 6. Ene~yies o~ approximate NPSO /unctions and SCF-LCAO-MO/unctions compared to 
those obtained using the NPSO/ull spin-CI treatment (in eV) 

Funct ion FulYelle t texatrielm Butadiene 

NPSO full spin-CI 
k = kmln (km~. approx) 0.00(4.2) 0.00(3.9) 0.00(3.3) 
NPSO full spin-CI/c - 4 0.00 0.01 - -  

Method t, k = kmin 1.81(4.2) 1.95(3.3) - -  
k - 4 1.82 2.08 .... 

Method 2, k = km~ 0.55(4.6) 0.52(3.7) - -  
k = 4 0.58 0.53 - -  

Method 3, k = kmin 0A6(4.0)* 0.26(3.9) 0.00(3.3) 
,, k = 4 0.16 0.27 - -  

SCF-LCAO-MO 3.50 3.91 2.27 

* The two ways of making the function antisymmetric in three pairs of adjacent NPSOs 
are not quite equivalent, but have been combined with equal weights for simplicity. 

A fourth method,  which was found to be very successful for benzene [6], is to 
decompose the single de te rminan t  ground state molecular orbital  funct ion into 
de te rminants  based on NPSOs, dropping all those in  which one or more pairs of 
electrons are confined to the same orbital. This is best applied when the MOs are 
determined solely by  symmet ry  and has not  been used here, where they  are not. 

The Space Constant k 

Provided tha t  k is chosen to be near the value which mininfises the energy we 

find empirically that ,  (cf. reference [6]): 

t .  The spin combinat ion  changes only very slightly as k changes. A ny  of the 
methods t, 2, or 3 can be used successfully to determine the spin combinat ion  for 
an arb i t ra ry  value of k near the min imum.  Tab. 7 gives examples of the coefficients 
a I to a 5 for fulvene and hexatriene,  which define the NPSO full spin-CI funct ion 

for the ground state at. a rb i t ra ry  values of k. 

dE) is small. Thus  if k is chosen anywhere near  kmm the energy and 

wavefnnct ion are not  greatly affected. The energies of NPSO full spin-CI functions 
for the ground state are also shown in  Tab. 7 for a rb i t ra ry  values of k about  the 

min imum.  

3. The value of k which minimises the energy of the NPSO full spin-CI funct ion 
for hydrocarbon ~-systems of different types and geometries are all close to 4.0. 
Using this value for k and the spin combinat ion  determined by  method  3, (anti- 
symmetr ic  pairs), for all systems invest igated gives a funct ion with a very low 
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e n e r g y * .  T h e  v a l u e s  o f  ]Cmin a p p r o p r i a t e  t o  a v a r i e t y  o f  s y s t e m s ,  a n d  t h e  e r r o r  i n  

t h e  e n e r g y  m a d e  b y  a s s u m i n g  a v a l u e  o f  k = 4 a re  s h o w n  i n  T a b .  8. 

Table 7. Energies (in eV relative to 6 W2v), and eoe//ieients /or the NDSO lull spin-CI ]unctions 
o/ (i) /ulvene and (ii) hexatriene in their ground states 

k Energy a l ~  a 2 a 3 a t a 5 

(i) 2 - t16.04 .2281 ,6522 .0566 .6971 .1829 
3 - 117.11 .1t05 .4834 .t585 .5636 .6414 
3.5 - 117.28 .0840 .4358 .t646 .5262 .7065 
3.75 - 117.31 .0747 .4183 .1659 .5133 .7270 
4 - 117.33 o .0672 .4038 .1665 .5028 .7429 
4.25 - 117.331 .0610 .3917 .1668 .494t .7556 
4.75 - t17.30 .0512 .3725 .1667 .4803 .7747 
5.5 - 1t7 .2t  .0407 .3517 .t658 .4653 .7942 

(ii) 2 - 98.92 .0150 .0488 .2039 .1384 .9678 
3 - 100.22 .0061 .0384 A570 .1288 .9784 
3.5 - 100.37 .0048 .0373 .1512 .1292 .9793 
4 - 100.41 .0059 .0375 .1502 .t316 .9791 
5 - t00.32 .0053 .0371 .1482 .1333 .9792 

* See Appendix for definition of functions associated with a,. 

Table 8. kmi~ ]or the NPSO/u l l  spin-CI treatments o/various molecules 

Molecule km~n Error  (in eV) Source 
in assuming 
k = 4  

Benzene 3.7 0.02 Ref. [6] 
Fulvene 4.2 0.00 Present  Calcs. 
Hexatr iene 3.9 0.01 Presen$ Calcs. 
Butadiene 3.3 - -  Present  Calcs. 
Allyl rad. 3.6 - -  Ref. [14] 
Allyl + 4.0 - -  Ref. [14] 
Ethylene,  R = t.393 ]k 3.5 0.01 Present  Calcs. 

T h e s e  r e s u l t s  c o n f i r m  t h a t  i t  is pos s ib l e  to  w r i t e  a n  a c c u r a t e  w a v e f u n c t i o n  for  

t h e  g r o u n d  s t a t e s  o f  t h e s e  c o m p l e x  m o l e c u l e s  w i t h o u t  p a s s i n g  t h r o u g h  t h e  l a b o r -  

ious  i n t e r m e d i a t e  s t a t e  of  m a k i n g  a n  e n e r g y  c a l c u l a t i o n .  

P.B.E. would like to acknowledge gratefully the receipt of a maintenance grant  from the 
Depar tment  of Scientific and Industr ia l  Research. 

Appendix 
T h i s  A p p e n d i x  g ives  t h e  N P S O  w a v e  f u n c t i o n s  of  (i) F u l v e n e ,  a n d  (ii) H e x a -  

t r i e n e  t o  b e  a s s o c i a t e d  w i t h  t h e  coef f ic ien ts  al  i n  T a b .  7. 

T h e  N P S O  t y p e  o r b i t a l s  a re  n u m b e r e d  as fo l lows:  

* For  calculations using "empirical integrals" the  best value for this constant  may be 
different [7], bu t  an equally satisfactory one may be chosen. 

27* 



388 P. ]~. EMPEDOCLES and J.  W. LINNET]:: 

F u l v e n c  (k > 1) l, a -~- lob; 2, b +lcc; 3, c ÷ kd; 4, d +/cc; 
5, c +  ]ca; 6, a ÷  k/;  7 , / c a +  b; 8, kb + e; 

9,/cc + d; ~0, kd + e; t t ,  ke + a; t_2, a + k/. 

H e x a t r i e n e  (It > t) t ,  a; 2, a + kb; 3, b + kc; 4, c + kd; 5, d + k,c; 
6, e + k/; 7, ]ca + b; 8, lob + c; 9, kc + d; 
t:0, kd + e; 11,/~e + / ;  I 2 , / .  

The  a p p r o p r i a t e  N P S O  x - w a v e  func t ions  for  t h e  g r o u n d  s ta tes  of  F u l v e n e  and  

H e x a t r i e n e  are  t he  c o m b i n a t i o n s  shown below.  The  i n d i v i d u a l  d e t e r m i n a n t s  (~bm) 

are iden t i f i ed  in t h e  t ab l e  b y  g i v i n g  in  t h e  t o p m o s t  r o w  t h e  t h r ee  N P S O s  of  t h e  

first set  (t ,  2, 3, 4, 5 and  6) w i t h  wh ich  ~ - sp in  w a v e  f u n c t i o n s  are  associa ted ,  t he  

th ree  o the r s  be ing  assoc ia ted  w i t h  /~-spin w a v e  func t ions .  The  coeff icients  w i t h  

which  each  of  these  a p p e a r  in  t h e  l~p}A~ ihnc t ions  are  t a b u l a t e d  (Tab.  9). T o  

Table 9 

t23 124 125 t26 134 t35 136 145 146 156 234 235 236 245 246 256 345 346 356 456 

ePm 1 2 3 4 5 6 7 8 9 t0 I I  12 13 14 15 t6 t7 t8 19 20 

1T 1 -3 - 1  1 t l - I  I - 1  I - 1  - 1  I - 1  t - 1  ~ - i  i - 1  - 3  

~g*2 0 - 4  - 2  2 - 2  - i  1 1 i 2 2 / - 1  I - I  - -2  2 - 2  - 4  0 

~T s 0 0 -2 - 2  0 -1  - 1  1 1 0 O l I - 1  - 1  0 -2  - 2  0 0 

~T~ 0 0 0 0 - 2  - 1  1 I - 1  - 2  --2 -1  I i - 1  - 2  0 0 0 0 

~T 5 0 0 0 0 0 - 1  I ~-I 1 0 0 - i  -1  -1  -1  0 0 0 0 0 

o b t a i n  t he  coeff icients  of  t h e  second set  (7, 8, 9, J0, i i ,  and  i2)  the  a p p r o p r i a t e  

s y m m e t r y  o p e r a t i o n  is appl ied  a n d  the  coeff icients  are  car r ied  o v e r  w i t h o u t  change  

o f  sign. F o r  F u l v e n e  t h e  s y m m e t r y  o p e r a t i o n  is re f lec t ion  in t h e  p lane  at. r i gh t  

angles  to  t he  p lane  of  t he  m o l e c u l e  and  for H e x a t r i e n e  r o t a t i o n  a b o u t  t h e  two- fo ld  

axis.  
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