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Nous proposons une m6thode de calcul de l'6nergie d'atomisation ou de formation d'hydro- 
carbures et de radicaux pouvant contenir s la fois des liaisons simples, doubles et triples, 
eonjugu6es ou non. Nous caleulons s6par6ment la contribution des 61ectrons z et des 61eetrons 
a ~ l'6nergie de liaison. L'6nergie de liaison a est repr6sentge par une somme de termes dont 
chaeun est associ6 ~ une liaison de la mol6cule. L'6nergie de liaison ~ est ealcul6e ~ l'aide d'une 
extension de la m6thode de Pariser, Parr et Pople. Les r6sultats du calcul song en accord 
satisfaisant avec les donn6es expgrimentales. 

A method of calculating the energy of formation of hydrocarbons and radicals having at 
the same time, single, double and triple bonds, conjugated or not, is developed. The z-bond 
energy and the a-bond energy are considered independently. The a-bond energy is represented 
by a sum of terms, each of which is associated with a bond of the molecule. The z-bond energy 
is calculated by an extension of the Pariser, Parr and Pople method. The agreement with 
experimental results is satisfactory. 

Es wird eine Methode entwiekelt, flit konjugierte und nicht konjugierte Kohlenwasser- 
stoffe und l~adikale mit einfaehen, Doppel- und Dreifachbindungen die Bildungsenergie zu 
berechnen. Die Anteile der ~- und a-Elektronen an der Bildungsenergie werden getrennt be- 
rechnet. Die Bindungsenergie der a-Elektronen wird durch eine Summe yon jeweils mit einer 
Molekiilbindung verkniipften Termen dargestellt, die der z-Elektronen mit einer erweiterten 
PPP-Theorie. Die Rechenergebnisse stimmen mit den Experimenten gut iiberein. 

Introduction 
The purpose of this work is to calculate, by  a method  as simple and general as 

possible, the energy of format ion of hydrocarbons and radicals, containing carbon 
atoms in  any  state of hybridizat ion.  

These energies of format ion are quant i t ies  which are interest ing by  themselves 
and  their  values are useful in  m a n y  exper imental  studies. 

I n  this work, we have calculated the a tomizat ion  energy at  0 ~  of hydro- 
carbons and  radicals, i.e. the opposite of their  energy of format ion from gaseous 
carbon and  hydrogen atoms. The a tomizat ion energy is thus  equal to the energy 
necessary to break all the bonds of a molecule. By definition, it  is equal  to the sum 
of the "bond  energies". The la t ter  entit ies are not  well defined and  are u t i l i ta r ian  
concepts only. Conventionally,  the energy of a bond  is the energy necessary to 
break this bond, in  a process in  which all the bonds of the molecule are broken 
simultaneously.  This quan t i t y  is t aken  posit ively;  hence the a tomizat ion energy 
is also a positive quant i ty .  

* Charg6 de Recherches du Fonds National Belge de la Recherche Scientifique. 
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The bond energies were recently reviewed by  S ~ r s N ~  and t)ILCHEI% [28]. The 
authors discuss the definition, the validity and the utility of this concept, and 
they critically review the different methods which have been proposed to calculate 
the atomization energy of molecules from bond and interaction energy terms. A 
general method, suitable for molecules having at the same time single, double and 
triple bonds, conjugated or not, is, at  the present time, not available. 

Very recently, D~wA~ and his collaborators [6, 3] have calculated the energy 
of formation of aromatic hydrocarbons and polyenes. In  their method, as in the 
method we are going to describe, a-electrons and =-electrons are considered inde- 
pendently. However, the (r-bond energy and the =-bond energy arc calculated in a 
different way. 

Description of the Method 

If, according to the usual approximation, the z- and a-electrons are considered 
independently, the atomization energy E of a molecule may  be written as a sum 
of two contributions : a a-bond energy and a =-bond energy. 

E = Eob + E~b. (1) 

E~b and E~b being positive quantities. 
Moreover, in this work, we suppose that  each bond of the molecule contributes 

separately to the a-bond energy: 

where n is the number of bonds in the molecule. 
In  order to take into account the effect of a possible delocalisation of ~- 

electrons, we consider the 7~-bond energy as a whole, and write : 

E~o = -- (E~ + ~N + ~ I P ) .  (2) 

E~, which is a negative quantity, is the total  electronic energy of 7~-elcctrons. E~v 
is the electrostatic repulsion energy of the cores formed by the nuclei and the 
electrons which do not form a 7~-bond. 

I P  represents the sum, restricted to 7~-electrons only, of the ionization 
potentials of carbon atoms in their valence state. For a trigonal carbon Ctr~ the 

+ ionization potential which corresponds to the process C(trtrtrn) --~ C(trtrtr) is equal 
to 0.4i01 a.u. [15]. For a digonal carbon Cai, it corresponds to the process C(~ia~) 

++ C(giei) and it is equal to L288 a.u. [1@ 

1. Evaluation o/ E~b 
The energy of each a-bond is considered to depend on its nature, on its length, 

and on the hybridization state of the linked atoms. 
I t  is known tha t  the energy of formation of paraffins cannot be expressed 

accurately as a sum of bond energies. The discrepancies are generally ascribed to 
some non-bonded interactions. Following DEwA~ and Sc~M~Isr~G [7], we have 
taken these effects into account by considering different values for the energy of 
the bond between a hydrogen atom and a tetragonal carbon atom according to the 
primary,  secondary or tert iary character of the carbon atom. The available data 
show tha t  it is not necessary to modify the other C-H and C-C bonds according 
to the number and the nature of the adjacent bonds. 
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In  the case of molecules which contain an isolated multiple bond, we consider, 
as a constant, the contribution of this bond to the energy, i.e. the sum of its 
~- and g-bond energies (localized bond). 

We have deduced a series of values of C-C and C-H bond energies, depending 
on the hybridization state of the carbon atoms, the length of the bonds and their 
relative position, by using the energy of formation [1] at 0 ~ of the following 
hydrocarbons: ethane, n-hexane, isobutane, neopentane, ethylene, l-hexene, 
acetylene and l-hexyne, and by supposing that ,  in the non conjugated compound 
the variation LiE in bond energy is proportional to the variation ~J R in the length 
of the same bond, when the variations zJE and LJR are small. The hypothesis of 
the proportionality between LiE and z]R has been successively applied to the 
bonds Cte-tt, Ctr-H and Cte-Cte, Ctr-Cte and to the bonds Cte-H, Cdi-t t  and 
Cte-Cte, C~-Cte. For the C-H bond lengths, we have considered the speetroscopical 
values given by STOIeHEFF [31] in the case of ethane, ethylene and acetylene, and 
for the C-C bond lengths, we have adopted the values proposed by  LIDE [19]. The 
values of bond energies we have finally obtained by this method are given in 
Tab. I. 

Table 1. Bond energies deduced/rom experimental data (0 ~ 

Bond _B(A) E(kcal m -1) Bond R(A) E(keal m -1) 

Ct~-Hp~jm~n, ~. A02 97A2 Ct~-Ct~ ~I.526 84.33 
C~-l-t~oo.~ry 96.45 Ct~-Ct~ ~l.501 88.00 
Ct~-I-It~t~y 95.99 Ct~-C,n 1.459 92.91 
C~r-H t.086 99.47 Ctr=Ctr 1.335 134.86 
C~-It 1.061 ~[02.37 C,~i---C~ i .206 i84.95 

These bond energies are obtained from the energy of formation at 0 ~ of some hydro- 
carbons and by supposing that, in non-conjugated compounds the variation tit7 in bond 
energies is proportional ~o the variation AR in the length of the same bonds, when the varia- 
tions AE and dR are very small. 

According to BAK and ttA~SE~-NYGAARD [2], the variations observed in the 
length of C-C bonds are due not only to the change in the hybridization state of 
bound carbons, but also to the deloealization of electrons along the different 
bonds. From the experimental value of the distance Cte-Cte in diamond and by  
using the following relation [4] : 

rc = ~ (~ + -~ 73 ~ + ~ ~)/(~ + V~ ~ + ~2) 

which gives the covalent radius for a carbon atom in a given state of hybridiza- 
tion, as a function of the mixing coefficient 4, the preceding authors propose a 
series of values for the length of a single bond between two carbons in a given 
hybridization state when the bonds are not perturbed by  any electronic deloea- 
lization. We have adopted these values as equilibrium distances Req between two 
carbon atoms. 

The bond energies E(R) we have obtained so far, are relative to experimental 
C-C distances, which are measured in non-conjugated compounds and which are 
smaller than the equilibrium distances (Tab. i). The values of the equilibrium 
bond energies Eeq, shown in Tab. 2, have been calculated from the experimental 
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Table 2. Equilibrium bond energies (0 ~ 

Bond B(A) a(~ -1 ) E(kcal m -1) 

C~-Ct~ 1.5445 1.9587 84.45 
C~-C~r 1.5309 1.9574 88.32 
C~r-C~ ~.5i74 t .9562 92A9 
C~-C~ 1.5055 2.0448 93.85 
Ca~-C~ t.4666 2A453 103.25 
C~-C~ 1.4920 2.0475 97.72 
C~r=C~ 1.335 2.2639 134.86 
Ca~---C~ 1.206 2.4722 184.95 

These bond energies concern bonds, whose length is equal to the equilibrium distances 
proposed by BAK and HANSEN-NYGAAI~D. They are obtained from the data of Tab. ~ by 
using a Morse function to take the variation in bonds length into account. 

values  E(R) and  b y  t ak ing  the  va r ia t ion  of bond  lengths  in to  account  b y  using a 

Morse funct ion.  

Values of Eeq (Ctr-Ctr), Eeq (Cdt-Cdi) and Eeq (Cd~-Ctr) have  been ob ta ined  
from the  following a p p r o x i m a t e  re la t ions :  

Eeq (Ctr-Cte) : �89 (Eeq (Cte-Cte) -~ Eeq (err-err)} 
Eeq (Cdl-Cte) = �89 (Eeq (Cte-Cte) -{- Eeq (Cdi-Cgi)} 
Eeq (Ctr-Cdi) : �89 {Eeq (Ctr-Ctr) "~ Eeq (Cdi-Cdi)} . 

The value  of  the  cons tan t  a of  the  Morse equa t ion  depends  on Eeq; in  each 
case, i t  is de t e rmined  b y  an  i t e ra t ive  process. We  have  adop ted  six different  
values  for the  force cons tan t  re la t ive  to  the  bonds,  according to  the  hybr id i za t ion  

s ta te  of  carbons  of single bonds  C-C [30]. 
W e  are now able to  calcula te  the  a -bond  energy E(R) as a funct ion of  R, using 

the  same Morse rela t ion.  Values of  single C-C bond  energies, for some pa r t i cu l a r  

values  of R, are g iven in  Tab.  3. 

W i t h  the  values  of  Tab.  t ,  i t  is possible to  reproduce  sa t i s fac tor i ly  the  a tomiza-  
t ion  energy  a t  0 ~  of  all non conjuga ted  hydrocarbons .  I n  Tab.  4, we can see t h a t  
the  largest  difference be tween the  observed and  the  ca lcula ted  values  is 1.3 keal  m -1, 
and  t h a t  the  mean  dev ia t ion  is 0.2 keal  m -1. One sees, moreover  t h a t  the  order  
of t h e r m o d y n a m i c a l  s t ab i l i t y  of  different  isomers is sa t i s fac tor i ly  reproduced.  

Table 3. Bond energies (0 ~ 

Bond R(•) E(kcal m -1) Bond R(3~) E(kcal m -1 ) 

C~-C~ .476 91.53 C~-C~ t.378 98.73 
1.460 90.98 t.206 45.32 
1.397 85.69 Ca~-C~r ~.440 96.49 
1.390 84.81 1.309 77.53 
1.350 78.35 
1.335 75.24 

These bond energies are calculated from the data of Tab. 2, by using a Morse function to 
take the variation in length into account. 

Theoret. ohim. Ac~a (Berl.) Vol. 5 14 



i96 A. J. LOI~QUET: 

Table 4. Atomization energies o/non.conjugated hydrocarbons (0 ~ kcal m -~) 

Compounds ~o~. Eo~o. Compounds Eo~. Eo,~. 

ethane 667.0 (667.0) trans-2-pentene t369.4 ~1369.7 
propane 943.6 944.2 2-methyld-butene t370.5 1369.8 
n-butane J221.4 J22~ .5 3-methyl-J-butene J368.8 J368.6 
iso-butane 1223A (1223A) 2-methyl-2-butene t371.8 ~372.4 
n-pentane t498.6 i498.7 t-hexene t644.3 (~644.3) 
iso-pentane t500.2 J500.3 tmns-2-hexene ~646.9 1646.9 
neopentane t502.7 (1502.8) trans-3-hexene 1646.7 1646.9 
n-hexane 1775.9 (1775.9) 2-methyld-pentene t647.8 t647.0 
2-methyl-pentane 1777A ~777.5 3-methyld-pentene t645.3 ~645.9 
3-methyl-pent,he ~i777.0 1777.5 l-4-pentadiene 1235.3 1235.4 
2-2-dimethyl-bntane t779.7 t780.0 acetylene 389.7 (389.7) 
2-3-dimethyl-butane t777.8 t779A propyne 671.6 671.6 
ethylene 532.7 (532.7) l-butyne 948.5 948.8 
propene 812.4 8~2.6 2-butyne 952.2 953.5 
~-butene ~089.6 ~089.9 !l-pentyne ~226.0 ~226.0 
trans-2-butene 1092.3 1092.5 2-pentyne ~229.4 ~230.7 
iso-butene 1093.5 1092.5 3-methyld-butyne 1227.5 1227.6 
i-pentene ~1367.0 1367A l-hexyne ~503.3 (~503.3) 

These atomization energies are obtained from the data reported in Tab. 1. 

2. Evaluatiou of E~ 

The axes of  the  2p z a tomic  orbi ta ls  of  the  different carbon a toms  l inked b y  a 
double  or a t r ip le  bond  are supposed to  be e i ther  para l le l  or perpendicular .  Le t  0 
be the  value  of  the  angle made  b y  these axes. The a tomic  orbi ta ls  are called 
Zp, Zq �9 �9 �9 when 0 is equal  to  0 ~ and  Zp', Zq' �9 �9 �9 when 0 is equal  to 90 ~ 

Zp and  Xp' are thus  two 2p z a tomic  orbi ta ls  cent red  on the same a tom p. 

I n  the  ca lcula t ion  of  E~, we have  adop ted  the  semi-empir ica l  me thod  proposed  
b y  PARISnR and  PARR [23] and  b y  PoPLn [24]. I t  is first of all necessary to  ex tend  
this  me thod  to the  case of  ace ty lenic  der ivat ives .  This was a l r eady  a t t e m p t e d  b y  
SnRRE in her  s t u d y  of  U.V. t rans i t ions  in  var ious  der iva t ives  of  ace ty lene  [26], 
v inylace ty lenes  and eumulenes [27]. Moreover,  as we shall  see la te r  on, in order  to  
arr ive a t  a sa t i s fac tory  calcula t ion of  the  fo rma t ion  energies, we had  to reconsider  
the  semi-empir ica l  eva lua t ion  of  the  different  in tegra ls  which occur in the  appl ica-  
t ion  of  the  method.  

The z-e lec t rons  t o t a l  energy is g iven b y  the  usual  fo rmula :  

c SCF E,  = 1 ~ P:oq (H~q -~ H ~  ). (3) 
P,  q 

To calculate  the  m a t r i x  e lements  scF the  formulas :  g~q , w e  u s e  

H ~  ~ = ~ = ~ + �89 Ppp (PP, PP) + ~ Pqq (PP, qq) + ~ Pq' q' (pp, q' q') + 
q ~p qp Cpt 

+ P~,~, (pp, p'p') _ �89 P~,~, (pp', pp') 

and 

t~Ipq flpq ~pq �89 ppq (pp, qq) 1 so~ = : ~ _ _  _ _  ~ pp,q, (pp,, qq,) . 
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When a hydrocarbon contains at the same time double and triple bonds, the 
contribution of z-electrons to the energy takes the form: 

E~ = ~ P~, G + 2 Z P ~  Z;q + ~ ~ Pg, (PP, ~P) + ~ Z P ~  P~'~' 
P l~,q>P P p,pt 

(pp, p'p') + ~ {Ppp Pqq -- { P~q} (PP, qq) + ~ Ppp Pq'q' 
P,q>P p,q~ >pt  

(PP, q'q') -- { Z Ppq Pp'q' (PP', qq') -- ~ ~ P~p Pp'~' (PP', PP') (4) 
p,q>p P,T p 

where p represents successively the electrons p, q, . . .  p ,  q,, . . .  
In the case of acetylene, for example, where the four z-electrons are designated 

by 1, 2, i ' ,  2', we have: 

E~ = Pxl ~ + P22 c~ + PI,~, o~, + P2'2' c~, + 2 P~2 fi~ + 2 P~'2' fi~,2, + 

+ } P~  (il, ii) § ~ P~  (22, 22) § ~ P~,f ( l ' f ,  t ' i ' )  + ~ P~,2, 

(2'2', 2'2') § �89 Pl~ P~%, (l i ,  i ' i ' )  + �89 P~,~, Pll  ( t ' l ' ,  l l )  § �89 P22 P2'2' 

(22, 2'2') + �89 P2'~' P~2 (2'2', 22) + {Pn P2~ - �89 P~} (l i ,  22) § 

i p2, ,~ ( l ' i ' ,  2'2') + Pl l  P2'2' ( i l ,  2'2') § PI ' I '  Pz2 ( l ' t ' ,  22) - 

- -  �89 P12 Pl'2' ( i i ' ,  22') -- �89 Pl,e, P ~  (t't ,  2'2) -- ~ P~  P~,I, ( i i ' ,  i i ' )  -- 

-- �88 P~'f  P n  ( l ' l ,  t'1) -- �88 P ~  P~,~, (22', 22') -- ~ Pe,~, P ~  (2'2, 2'2).  

The latter equation can be written: 

E .  = 4 Pl l  a~ J- 4 P ~  fi~. + P~  (l i ,  l i )  + 2 P~  P~,~, (11, i ' l ' )  + 

-]- 2 {Pl l  P22 - 1 p~2} (it ,  22) + 2 P n  P~'2' ( t l ,  2'2') -- P1'2' PI~ ( i t ' ,  22') - 

-- P n  Pl ' l '  (1t', t l ' )  . 

In the formula (4), we find the usual terms: 

Ppq = 2 ~ Olp Ciq 
i 

where C~p and Ciq are the coefficients of atomic orhitals Zp, Zq in the expression of 
the molecular orbital ~0~ 

P 

and the usual integrals: 

H ~  
d 

G~ 

(PP, qq) = f Z'v(1) Zp (i) (i/Rpq) X* (2) Zq (2) dr in a.u. 

where H c (i) is the one-electron core operator, and (i/Rpq) is the hielectronic 
operator associated with the repulsion between electrons. 

a) Evaluation o/Ppq 
These terms are evaluated from the coefficients of atomic orbitals in the expres- 

sion of molecular orbitals, calculated by the SCF LCAO method. 

14" 
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In  the case of naphtalene and styrene, we have simply taken the molecular 
orbitals given by CounsoN and ST~nITWInSnR [5]. In  the case of naphtalene, the 
use of the SCF molecular orbitals reported by HOYLA~D and GOOD~AN [14] was 
found to lead to a very small improvement  only; the atomization energy of 
naphtalene is equal to 2074.0 kcal m -~ in the first calculation, and to 2075.8 kcal m -~, 
in the second one. 

b) Evaluation o/core integrals @ 

PAXlSER and PAxa [23] give for @ the following expression: 

@ = W~ - E [(PP, qq) + (q:PP)] - E (r:pp) (5) 
q ~ p,pt r 

where r is an atom giving no ~-electrons. 

(q: pp) and (r: pp) are penetration integrals.  

Wp is the energy of the electron which is described by  the zx orbitM in the 
carbon atom. In  the case of an ethylenic carbon, the a tom is formed by a core C + 
and by  this electron in the Zx orbital. In  the case of an acetylenic carbon, it is 
formed by a core C ++ and by  two electrons, one in the ~x orbital and the second in 
the ~y orbital. For the electron of a trigonal carbon, Wp is equal to the opposite 
of the ionization potential of the carbon atom in its valence state trtrtrz~, i.e. 
-0.410141 a.u. For an electron of a digonal carbon, we have adopted the value 
-0 .79t249 a.u. This value has been obtained from the second ionization of 
carbon in its valence state didizz~, modified as suggested by Lxxov  [18] in order to 
take the orbital effective nuclear charge into account (Z = 3.25). 

I f  penetration integrals are neglected, the preceding expression becomes: 

@ = W~ - E (PP, qq) " (6) 
qr  

In  the present method, penetration integrals are taken into account in spite of 
the fact tha t  the simplified expression (6) is used for @. One sees easily tha t  the 
ionization potential of a given carbon occurs twice, in expression (2), but with 
different signs: once in the te rm ~ I P ,  and once in the term ~ Ppp @ (where Ppp 

P 

is practically equal to unity). In  the case of ethylene, for instance, we use in the 
first term the ionization potential of Ctr instead of the ionization potential of the 
group formed by  a trigonal carbon surrounded by two hydrogen atoms and a 
carbon atom. This amounts to neglecting the penetration integrals due to the 
interaction between the z-electron and the neighbouring atoms. In  the second 
term, we use the ionization potential of Ctr, neglecting, in the same way, the 
penetration integrals considered in eq. (5). Finally, we have, in the expression of 
E~b, a cancellation of penetration integrals which justifies the described approxi- 
mation. 

c) Evaluation o] Core Integrals fi~ 

A critical examination of the different methods of evaluating fi~r which have 
been proposed so far, leads to the conclusion tha t  there is only one suitable method 
for the calculation of atomization energies. This method has been proposed by  
Dv~wAa and SCHMEISING [8] and by  OL~A~I and DI SIPIO [21]. These authors do 
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not  calculate the in tegrals /~q from the values of  spectroscopic transitions, but  
from the tota l  bonding energy of a molecule. F rom the experimental  values of  the 
a tomizat ion energy of  ethylene and acetylene, one obtains a relation between tic 
and the distance R between either two trigonal carbons or two digonal carbons. 
This process will now be briefly described in the case of fiC(ct~,c~r ). 

The energy of an isolated double bond of length R m a y  be represented by  the 
Morse equat ion:  

E ( R )  = Eeq (err=err) [2 e x p  { - -  ct 1 ( R  --  Req)} - -  e x p  { - -  2c~ 1 ( R  - -  Req)}  ] . (7) 

Eeq (Ct~=etr) is the value of the double bond energy between two trigonal carbons 
at the experimental  distance Req = 1.335 A; it is equal to 134.86 keal m -1 (Tab. 2). 

The same energy E(R) can also be expressed by  the following relation, where 
~- and a-electrons contributions are separated:  

E(R) = {Eeq (ct~-et~) -- Ecomp} - {  E,~ -1- EN + 5 IP} . (8) 

I n  this relation, Eeq (Ctr--etr) is the value of  the energy of a a-bond between 
two tt~gonal carbons at  the equilibrium distance (92.19 kcal m-l) .  

Ecomp is the energy which is necessary to contract  the single bond from the 
equilibrium value 1.5174 ~ to the value R. 

Ecomp = Eeq [I  -k exp { - 2 a 2 (R - 

I n  the relation (8), we have:  

E,  + EN-F ~ I P  = 2 fi c 

R~q)} - 2 e x p  { - 2 ~ (R - R~q)}] .  

+ ~ (1t ,  11) - ~ (11, 2 2 ) .  

Nzr being considered equal to ( t t ,  22) as explained later on. 
Equat ing  expressions (7) and (8), one finally obtains:  

fic(c~,,c~r) = -- 0.013644 R 2 -t- 0.002426 R ~ § 

§ 0.073434 [2 exp { -- 1.9562 (R -- t . 5174 )} -  

- exp { -- 2 • t.9562 (R - t.5174)}] - (9) 

- 0.107422 [2 exp { - 2.2639 (R - t . 3 3 5 ) } -  

-- exp { -- 2 • 2.2639 (R -- t.335)}] in a.u. (R in •) 

by  the same process, applied this t ime to acetylene, one gets : 

fiC(Cd~,Cd~ ) = -- 0.017641 -- 0.015224 R ~ + 0.002747 R 3 § 

+ 0.041122 [2 exp { - 2.1453 (R - 1.4666)} 

- -  exp { -- 2 • 2.1453 (R - t.4666)}] - (t0) 

- 0.073661 [2 exp { -- 2.4722 (R - 1.206)} 

-- exp { - 2 • 2.4722 (R - 1.206)}] in a.u. (R in A) .  

I n  order to obtain fie(c~r,ce~ ) as a function of  R, we have supposed tha t  : 
1 C 

Tab. 5 gives the values we have adopted for tic in our subsequent calculations. 
Let  us now remember  tha t  we consider Eob as the sum of a-bond energy terms, 

and tha t  these terms do not  include a contr ibut ion representing the zero-point 
energy. I n  the calculation of  the compression energies, we continue to  use, in the 
Norse equation, the same values of  a-bond energies and, therefore, neglect the 
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Table 5. Core integrals fl~ 

Bond B(A) -flc(a.u.) -fl~(eV) Bond R(A) -flc(a.u.) -fl~(eV) 

Ctr-Ctr 1.273 0.076249 2.07 C~i-C~ i.206 0.090575 2.46 
t.309 0.070133 1.91 1.273 0.078369 2A3 
1.335 0.066033 1.80 1.309 0.073037 1.99 
1.35 0.063788 t.74 t.378 0.064866 L77 
1.390 0.058245 1.58 1.440 0.059475 1.62 
t.397 0.057340 L56 C~-Ct~ 1.273 0.077309 2A0 
t.440 0.052191 t.42 t.309 0.07~585 ~.95 
t.46 0.050033 t.36 t.440 0.055833 1.52 
L476 0.048411 L32 

The values of tic are calculated 
the paragraph 2-c. 

from the three relations tic(R) (9) (t0) (1t) described in 

zero point  energy. By  this process, the maximal  erroris about  2.5% on a correction 
term. (According to CHv~a and ])EWAtt [3], in benzene, the contr ibut ion to the 
zero-point energy of  a C-C a-bond is about  2 kcal m -1 while, for the a-bond energy 
itself, we use the value 86 kcal m-1.) 

Actually, this error is still much  smaller, because the values of  flo have been 
obtained by  a calculation of  the atomizat ion energy of  ethylene and acetylene, 
where the preceding approximat ion has been made. 

The use of the same values of  tic, in the calculation of  the a tomizat ion energy 
of  other hydrocarbons,  must  decrease the error to  a large extent.  

d) Evaluation o/ the Electronic Repulsion Integrals (pp, qq) 

The one-center integral (pp, pp) is calculated by  PAoLo~fs  formula [22]; it 
has the same value of  0.393603 a.u. for trigonal and digonal carbons. I n  order to 
get the value of  the integral (pp, p'p'), we have supposed tha t  the ratio between 
the integrals (pp, pp) and (pp, p'p') was equal to its theoretical value, evaluated 
from I~OOT~AA~'s tables [25]; the adopted value is 0.350973 a.u. 

The integral (pp', pp'), calculated by  the relation: 

(pp', pp') = �89 {(pp, pp) -- (pp, p' p')} is equal to 0.021315 a.u. 

When  the internuclear distances R are greater t han  2.8 ~ ,  the two-center  
integrals are calculated by  using the uniformly charged sphere approximat ion [23]. 
When R is smaller than  2.8 A, they  are obtained from a polynomial,  chosen so tha t  
the curve representing the variat ion of the integral (pp, qq) as a function of  R, has 
a slope equal to zero at the origin. The following expressions were used: 

(pp, qq) = 0.393603 - 0.054575 R 2 § 0.009702 R 3 a.u. (R in ~)  

and 

(pp, q'q') = 0.350972 - 0.041933 R 2 § 0.007130 R a a.u. (R in/~) 

The integrals (pp', qq') are calculated by  the relation: 

(pp', qq') = �89 ((PP, qq) -- (pp, q' q')} . 
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3. Evaluatio~ o/ EN 

I n  order to calculate the nuclear energy E;v, different flmctions were tried 
(see Appendix).  We have, finally, adopted the relation: 

E~v = E (PP, qq) (i2) 
P>q 

where p and q are 2p 7r atomic orbitals si tuated on different carbons. 

Results and Discussion 

Substi tut ing (6) and (i2) in (i), one finally obtains the general formula:  

lo ~,q>p 
1p2 " t - -  + �88 E P ~  (p~, ~p) + -i E P ~  P~'~' (pp, p'p') + E { P ~  P ~  - ~ ~ 

p p,pt p,q~p 

-- Pvp -- Pqq} (PP, qq)4- 

+ Z {Ppp Pq'q'-t- i - Ppp - Pq,q,} (pp, q'q') - } E Pp~ PFp'  (PP', PP') -- 
p,qt >p~ T,Tt 

-- �89 Z P~q Pp'q' (PP', qq')] (13) 
P,q>P 

where p represents successively electrons p, q, . . .  p ' ,  q', . . .  
The atomizat ion energy of  some conjugated hydrocarbons  has been calculated 

by  this formula. The comparison between these calculated values and the available 
experimental  da ta  is made in Tab. 6. 

The experimental  information on the thermodynamical  stabili ty of  conjugated 
acetylenic hydrocarbons  is unfor tunate ly  very  scarce. For  tha t  reason, is was only 
possible to  test  the val idi ty of  the approximations we have proposed, in a indirect 
manner,  f rom a consideration of  the experimental  vMues of the heat  of hydrogena-  
t ion of some acetylenic derivatives. ~oreover ,  since these experimental  measure- 
ments  are made at 298 ~ and in solution, it is necessary to  make several correc- 
tions before comparing them with our calculated values. Under  these conditions, 
a very  good agreement  between the two sets of values cannot be expected. 

The following method  was used, in order to make the correction for the 
difference of  temperature.  We have calculated the difference between the heat  of 
hydrogenat ion,  at 0 ~ and at 298 ~ of  all unsa tura ted  hydrocarbons  for which 

Table 6. Atomization energies o/ conjugated hydrocarbons (0 ~ keal m -1) 

Compounds Eobs. Ec~lc. Compounds Eobs. Ecac. 

l-3-bu~adiene 961.5 964.4 t-2-pentadiene 1225.6 t222.4 
~rans-l-3-pentadiene 1241.5 1244.3 vinylacetylene - -  824.6 
benzene 1308.1 t309.5 butadiyne - -  691.t 
toluene 1588.2 t589.3 divinylaeetylene - -  i259.8 
p-xylene t868.2 1869.2 butadienylacetylene - -  1256.5 
styrene 1735.8 1736.2 hexadiyne 1-3 - -  1250.3 
naphtalene 2076.0 2075.8 hexadiyne 2-4 - -  t254.9 
allene 670.0 665.3 hexadiyne 1-5 - -  1230.6 
t-2-butadiene 949.3 945.2 diallene - -  1229.6 

Calculated values obtained from the general formula (13). 
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the necessary data were known. One finds that  this difference is an additive 
property, which can be expressed as the sum of contributions of the different 
multiple bonds of the hydrocarbon, irrespective of their conjugation. One arrives 
at this conclusion by  considering conjugated as well as non-conjugated hydro- 
carbons such as ethylene, acetylene, benzene, i-2, 1-3, 1-4 pentadiene ere . . .  

The contribution of a double bond is 1.6 + 0.2 kcal m-Z; tha t  of a triple bond 
is 3.4 _+ 0.3 kcal m -1. 

S x I ~ l ~  et al. [11, 29] have measured the heat of hydrogenation of hexadiyne 
1-5 and of dodecadiyne 5-7. At 298 ~ and in the liquid state, the authors 
propose a value of -139 .4  _+ i.0 kcal m -~ for hexadiyne 1-5, while at 0 ~ and 
in the gas state we calculate a value of -132 .3  kcal m -x. I f  the difference of 
temperature is taken into account, by  applying a correction of 6.8 kcal m -1 
(correction for two triple bonds) to the experimental value, one gets a value of 
- t 3 2 . 6  kcal m -1 which is comparable to our calculated value. 

The experimental heat of hydrogenation of dodecadiyne 5-7 is equal, at 
298 ~ and in the liquid state, to - t 2 7 . 2  • 0.7 kcal m -1. With the preceding 
correction, we expect, at 0 ~ a heat of hydrogenation of about - i 2 0 . 4  kcal m -x 
while the calculation gives a value of - 1 0 8  kcal m -1. 

At 0 ~ and in the gas state, we calculate, for pcnt-3-en-i-ync and for pent - i -  
en-3-yne, heats of hydrogenation of -8~ .7  and -82 .7  keal m -1 respectively. At 
298 ~ and in the liquid state, SKI~EI~ et al. measure, for the same substances, or 
for comparable ones, heats of hydrogenation of -96 .0  and -92 .3  keal m -1. I f  we 
apply the appropriate correction of 5 kcal m -1 to the experimental values (correc- 
tion for one double bond and one triple bond), we calculate at 0 ~ for pent-3-en- 
t-yne, a heat of hydrogenation of 84.7 instead of 9t kcal m -1 and, for pent-i-en-3- 
yne, 82.7 instead of 87.3 kcal m -~. 

The available experimental informations are indirect and too scarce to allow 
any meaningful comparison. I t  seems, however, possible tha t  our calculated 
atomization energies are somewhat too large, especially in the case of conjugated 
acetylenie derivatives. An accurate knowledge of the heat of formation of, e.g., 
diacetylene and vinylacetylene, would provide a starting point for an improve- 
ment  of the t reatment  we propose, by only modifying minor details. A slight 
decrease of the value of the integral (1op, pp) and some modification of the value 
of the term Wp in the case of an acetylenic carbon might lead to a better  agreement. 

In  conclusion, we feel tha t  the method just described can be expected to give 
reasonably reliable values of the atomization energy of all hydrocarbons, in any 
hybridization state of the carbon atoms. 

In  another connection, it is important  to emphasize tha t  this method is limited 
to the calculation of atomization energies only. We have already stressed the fact 
tha t  the expression of tic(R) has been obtained by  equating the experimental 
value of the energy of ethylene or acetylene to an approximate expression. The 
approximations involved in the model will, therefore, directly influence the value 
of tic. Since, however, the same relation is then used in the calculation of the 
energy of other hydrocarbons, the errors introduced by  these approximations 
will, to a large extent, cancel out. This will also be true for the error due to inac- 
curacy of the separation of atomization energy into a z- and a a-component. 



Energy of Formation of itych'ocarbons and Radicals 203 

But, by  the same token, one also expects tha t  particular values of tic are only 
appropriate for the calculation of one specified property. For a given bond, 
different values of/3 c must  be considered according to the property one calculates. 
I t  seems, for example, tha t  it is not possible to get values of/~c which are satis- 
factory for the simultaneous calculation of the atomization energy and the U.V. 
spectrum. The values appropriate for the atomization energies are much too small 
when U.V. spectra are considered. Conversely, the standard values of tic, which 
have been derived from spectroscopic studies will never be satisfactory for the 
calculation of ground state energies. Analogous remarks may  be made in the ease 
of imfization energies calculations. This situation is hardly surprising, if one 
remembers tha t  the original definition of fi~ is entirely empirical [23]. 

Atomization Energy of Radicals 

In  the case of radicals deriving from saturated hydrocarbons by  the removal 
of one hydrogen atom, the z-system is formed by  only one electron localized on 
the carbon losing the hydrogen atom. In  these conditions, eq. (2) becomes: 

E:~ § E~v § ~ P I  = - P I  + P I  = O . 

There is no z-contribution to the atomization energy, which therefore reduces to 
the sum of a-bond energies. 

The atomization energy at 0 ~ of some CnHm radicals was calculated from 
the values of the a-bond energies which were used previously. A temperature 
correction was then applied, by  considering the difference between the experi- 
mental  atomization energy at 0 ~ and at 298 ~ in the case of the saturated and 
ethy]enie hydrocarbons CnItm+l and Chitin-1 with a similar structure. In  the case 
of the t-C4H 9, for example, a correction term of t5.4 kcal m -1 was added to the 
calculated value at 0 ~ This correction represents the mean value of the difference 
between the experimental atomization energies measured at 298 ~ and at 0 ~ 
for isobutane (16.8 kcal m -1) and for isobutene (~4.0 kcal m-l) .  

The values of the atomization energy calculated at 0 ~ estimated at 298 ~ 
and measured at the same temperatures are given in Tab. 7. The difference be- 
tween the calculated and the experimental values, which is more important  for the 
small radicals, depends especially on the number of Ctr-H bonds present in the 
system. The use of a value of the Ctr-H bond energy slightly smaller than  the 
value which was considered in the case of hydrocarbons would lead to a bet ter  
agreement. 

Table 7. Atomization energy of radicals (kcal m -1) 

Radicals Ecalculated Emeasured ]~estimated Emeasurea 
(0 ~ (0 ~ (298 ~ (298 ~ 

CH 3 298 292 [1] 296 [1] 
C~H 5 578 586 578 [10], 
n-C3H ~ 855 867 858 [10], 
s-C3H~ 858 870 861 [10], 
n-C4H 9 1133 1t48 1137 [10], 
t-C~H 9 1138 tt53 1150 [10], 
C2H3 420 425 417 [10], 
Call5 73t 741 743.5 :~ 6 [20] 

579 [13], 580 [10] 
861 [9], 862 [10] 
868 [10] 

t144 [lO] 
1153 [10] 
432 [16], 435 [121 
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In  the case of open shell systems, the relation (13) is no longer applicable for 
the calculation of atomization energy. 

The atomization energy of the radicals C2H 3 and CatI 5 (Mlyl radical) was 
obtained by calculating E~ from the definition of the total  electronic energy of 
x-electrons : 

E~ = f THTdT 

where • i s  the wave function which represents the ground state of the considered 
system and which has the usual form of a normalized determinant, built on SCF 
orthonormalized molecular orbitals. These latter orbitals were determined by  
using the method proposed by L]~FEBVRE [17]. The different integrals and matr ix  
elements, which are necessary in the calculation of E, were obtained by the 
methods already described. 

At 0 ~ the calculated atomization energy of the radical C~l~ is 420 keal m -1. 
From this value, it is possible to deduce a reasonably reliable value of the atomiza- 
tion energy at 298 ~ by  considering the difference between the atomization 
energy measured respectively at 0 ~ and at 298 ~ for the molecules C~It~ 
(6.6 kcal m -1) and C~H~ (3.7 kcal m-l) .  Taking the average of these values in the 
case of C2H ~, one gets for this radical an atomization energy, at 298 ~ of 425 keal 
m -~. The experimental measurements give the values: 417, 432 and 435 _ 3 kcal 
m-1. 

At 0 ~ the calculated atomization energy of the radical C3H 5 is 73t kcal m-L 
I ts  atomization energy at 298 ~ estimated from the atomization energies of the 
molecules CaIt 6 and Call ~, is equal to 741 kcal m -~. At the same temperature,  the 
experimental value is 743.5 + 6 kcal m -1. 

The results of these calculations seem to show tha t  the energy of formation of 
radicals can be calculated with the same accuracy as the energy of formation of 
hydrocarbons. 

The author is grateful to Professors L. D'O~ and 1%. DAVDEL, to the members of their 
groups, and to Dr. G. KLOP~AN for severM wluable discussions. This work has been supported 
by the following Belgian institutions: the Fonds de la Recherche Fondamentale Collective a.nd 
the Fonds National de la Recherche Scientifique. 

Appendix 
This appendix is a summary  of the methods which were tried in the evaluation 

of the different terms and integrals. We have finally adopted the method which 
gives the best result in the calculation of the atomization energy of benzene. 

Evaluation o] Eob. We have deduced two series of values for the energy of C-C 
and C-I-I bonds. The first series, which is designated by E,(a), was obtained by  
taking only one value for the energy of (Cte-m)primary, (Ctr-~I) and (Ca/-I-I) bonds. 
The second method is the one described in the text ;  the set of values it gives is 
designated by  Eo (b). in  both methods, the effects of non-bonded interactions have 
been taken into account by  considering different values for the energy of the bond 
between a hydrogen atom and a tetragonal carbon atom according to the primary, 
secondary or ter t iary character of the carbon atom. In  the calculation of the 
atomization energy of non-conjugated hydrocarbons, the two sets give equally 
good results, but they give different results in the ease of conjugated derivatives. 
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When the series Eo (b) is used instead of the series Er (a), the contribution Eov 
increases and the contribution E~b decreases. In  the ease of benzene, the increase 
of E ~  is 40.5 kcal m - i  while the decrease of E~b is 54.6 kcal m -i. The difference 
between the two values of the atomization energy of benzene is finally --14.t  kcal 
m - i .  

Evaluation of Ear. In  the calculation of nuclear energies, we have tried two 
different relations: EN = ~ (pp, qq) which is designated by  E~v (l) and E x  = 

/ ~  which is designated by E v (2). The two approximations I give very different 
PCq 
results. In  the ease of benzene, if the approximation E~v (2) is considered instead 
of the approximation E~v (i), the atomization energy is decreased by  an amount 
of i28.4 or 183.5 keal m - i  according to the method used in the calculation of the 
other integrals. In  all eases, the use of the relation EN (2) gives too small atomiza- 
tion energies. 

Evaluation of (pp, pp). This integral has been calculated, either by  PAOLONI'S 
formula [approximation designated by  (pp, pp) (1)], or by  the relation: (pp, pp) 
I~ - A~ which is designated by (pp, pp) (2). I f  the relation EN (t) is used, the 
two approximations give almost the same result. An increase of 0.37 eV in the 
integral (pp, pp) increases the atomization energy of benzene by  an amount  of 
i keal m -1. As we have already pointed out in the discussion, it is possible tha t  a 
slightly smMler value of this integral would lead to a general improvement  of the 
numerical results. 

Evaluation of (pp, qq). When R N 2.80 •, we have tried two different poly- 
nomials for calculating the two-center integrals : 

(pp, qq) = (pp, pp) + aR + bR 2 which is designated by  (pp, qq) (i) 

and 

(pp, qq) -~ (pp, pp) + aR 2 + bR a which is designated by  (pp, qq) (2) . 

By using the second polynomial, the value of integrals (pp, qq) for small inter- 
nuclear distances is increased, aud better  results in the calculation of atomization 
energies are obtained. 

The values, which are reported in Tab. 6, are calculated by  using the approxi- 
mations: E~ (b); Ezr (i); (pp, qq) (2); (pp, pp) (i). 

In. the case of benzene, Tab. 8 shows the values of ~c and of E which are ob- 
tained in different calculations. 

Influence of the Molecular Geometry. In  one case, the influence of the molecular 
geometry on the calculated value of the atomization energy was also studied. 

In  the ease of trans-butadiene, two different nuclear configurations were 
considered successively : 

(a) ~12 ~--- i.335 .~; Rga = 1.476 A; <): = 120 ~ 

(b) R~2 = 1.350 A; R2a = 1.460 ~ ;  ~ = f24 ~ 

The following results are obtained: 

(a) Eob = 838.8 kcal m - i ;  E,b = i25.6 kcal m - i ;  E = 964.4 kcal m -i. 

(b) E~b = 844.8 kcal m- i ;  E~b = 1f9.7 keal m- i ;  E = 964.5 kcal m -i. 



206 A. J. LO~QVET: 

Table 8. Results o] di~erent calculations o/the atomization energy o] benzene 

Approximations -fl~ (1.397~) E~e~. 
(eV) (keal m -~) 

Eo (b); E~ (1); 
E~ (b); E~ (1); 
Eo (b); E~ (2); 
E ,  (b); E~ (2); 
E~ (a); E~ (1); 
E~ (a); E~ (1); 
E~ (a) ; E~ (2) ; 
E~ (a); E~ (2) ; 
E~ (a); E~ (2); 

(pp, q~/) (1); (pp, pp) (1) t.82 1326.9 
(pp, gq) (2); (pp, pp) (t) 1.56 t309.7 
(pp, gq) (1); (pp, pp) (~) 3.25 1143.4 
(pp, qg) (2); (pp, pp) (t) 2.44 118i.3 
(pp, qg) (1); (pp, pp) (1) 2.t2 134t.0 
(pp, gq) (2); (pp, pp) (t) 1.85 1323.7 
(pp, gq) (1); (pp, pp) (1) 3.54 t157.4 
(PP, g!t) (2); (pp, pp) (t) 2.74 ~195.3 
(pp, qg) (2); (pp, pp) (2) 2.67 1213.3 

1.60 1310.7 
1308A 

E .  (b); E~ (~); (pp, qq) (2); (pp, pp) (2) 
Observed value for E~e,~. 

The a tomiza t ion  energy  is p rac t i ca l ly  not  modified,  b u t  the  va r ia t ion  of  i ts  
a - componen t  and  the  va r i a t ion  of  i ts  z - c o m p o n e n t  are bo th  equal  to  6 kcal  m -~ 
bu~ with  opposi te  signs. 
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