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Total energies, obtained from non-empirical LCAO-MO-SCF calculations on a series of reactions 
involving only closed-shell molecules and ions, have been used to calculate the heats of formation 
AH~ of a large number of small molecules. The Double-~ basis set calculations, after empirical 
corrections for inadequacies in the basis set and systematic errors found in all calculations involving 
oxygen and carbon atoms, usually predict the heats of formation within 10 kcal/mole of the experimental 
value. A series of similar calculations predicts the heats of formation of some negative ions for which 
experimental values are either not available or are unreliable. 

Non-empirical L C A O - M O - S C F  calculations employing moderately large 
basis sets have been successfully used to predict the proton affinities of a variety 
of small molecules [1, 2], to obtain the standard heats of several reactions involving 
small molecules [3], and also to estimate the heats of hydrogenation of even 
larger groups of unsaturated molecules [4, 5]. The success of these studies results 
from the fact that both the reactants and products in all the reactions considered 
are closed-shell  molecules and hence the assumption that A E ..... the change in 
correlation energy in the protonation or hydrogenation reaction, is zero is not 
too serious an approximation. Agreement with experiment can be further improved 
by estimating empirically the errors introduced by (a) the approximation A E .... = 0 
and (b) the inadequacy of the Gaussian basis set [4]. 

Pople et al. [-6] have used experimental heats of formation of several small 
molecules together with theoretical bond separation energies to successfully 
calculate heats of formation of larger molecules. In the present work a different 
approach has been adopted, utilising experimental heats of formation for only 
C 2- and O 2 + (isoelectronic with N2) and using reactions involving only molecules 
and ions with ground state closed-shell electronic configurations. 

Elements are defined to have heats of formation of zero in their standard 
states at 298 ~ and atmospheric pressure and the heat of formation of a molecule, 
A H~ is the heat absorbed or released when one mole is formed from the con- 
stituent elements in their standard states. For  example the heats of formation of 
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methane, ammonia and water are estimated from the enthalpies of the following 
reactions: 

C (graphite) + 2H 2 (gas) ~ CH 4 (gas) 

�89 2 (gas) + ~H 2 (gas) ~ N H  3 (gas) 

�89 z (gas)+ H 2 (gas)--+ H 2 0  (gas) 

A//~ = - 17.89 kcal/mole. 

A//~ = - 11.04 kcal/mole. 

A H~ = - 57.80 kcal/mole. 

These equations illustrate the difficulties encountered in calculating heats of 
formation from molecular orbital theory. Only for the formation of ammonia, 
in which all the reactants and products are closed-shells, can the calculated A E 
be expected to give a good correlation with experimental results. In the formation 
of methane the carbon atom has an open-shell configuration and all the other 
species closed-shells resulting in a different number of electron pairs in the reactants 
and product. This results in a difference in correlation energy, which is difficfilt 
to estimate. In order that such difficulties over correlation energy differences 
would be eliminated the reaction sequence was converted to one containing only 
closed-shell species 

~ C  2 1  2 - + ~ H z + H + _ + C H 4  " 

The experimental heats of formation of the proton [7] and the diacetylide 
ion [8] (Table 1) were then added to the total energy of the reactants (as calculated 
by MO theory). This number was subtracted from the total energy calculated 
for methane and a correction made for the zero point energies to give A Eo ~ 

A similar problem was encountered in estimating the heat of formation of 
water. One of the reactants, oxygen molecule, is a ground state triplet and this 
again results in correlation energy problems. In this case the following all closed- 
shell molecules process was used: 

2"'j21(~2+ +{H2__+ H 2 0  + H + 

Again a correction term, the difference between half the experimental [9] 
heat of formation of 0 2 + (Table 1) and that of the proton, was added to the 
energy difference calculated from the total energies of the reactants and products. 
After correction for the change in zero point energy in the reaction, this then gave 
a value for A Eo ~ for the formation of water from its elements. 

These A Eo ~ values can be converted into heats of formation (A H2~ 8) by addition 
of several small correction terms. Firstly A Eo ~ is converted to A E~ 8 by calculating 
the differences in translational energy (3R Tper  molecule) and rotational energy (R T 
for a linear molecule, 3R T for a non-linear molecule) between the products and 

Table 1. Experimental heats of formation of ions used in theoretical calculations of A H~ (kcal/mole) 

Ion Experimental A H I Refs. 

H + 365.11 (0 ~ [7] 
C 2 222.0 (298 ~ K) [8] 
02+ 862.18 (298 ~ [9] 
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reactants. Then A H~ 8 can be obtained from the equation A H~ s = A E~ s + R TAn  
where A n = (the number of product molecules) - (number of reactant molecules). 
These correction terms for all the molecules and ions, along with the reaction 
sequences used to estimate A E ~ and the zero point energy, are given in Table 2. 

Computational Details 

The L C A O - M O - S C F  calculations in this study employed two extensive 
basis sets of Gaussian functions, the Double ~ set [10] and Huzinaga's 106/4 
set [11]. The majority of the total energies for the product molecules were taken 
from earlier publications [1, 4]. Those of the remainder and of the reactants 
were computed on an IBM-7094-II computer using an extensively modified 
POLYATOM system [12] and an IBMOL-II  program [13]. These are given 
in Table 3. 

T a b l e  3. Calculated total energy and zero-point energy (both in hartrees) for reactants and hydrocarbons 

I o n  o r  m o l e c u l e  D o u b l e  ~ H u z i n a g a  Z e r o  p o i n t  

H 2 - 1 . 1 2 6 6  b - 1 . 1 2 6 6 "  0 . 0 0 9 9  b 

C ~ -  - 7 5 . 2 9 4 5  - 7 5 . 3 4 1 3  0 . 0 0 5 4  c 

N 2 - 1 0 8 . 8 6 9 5  u - 1 0 8 . 9 0 4 7  0 . 0 0 5 4  b 

O ~  + - 1 4 8 . 0 6 6 3  - 1 4 8 . 1 0 4 7  0 . 0 0 5 4  c 

F 2 - 1 9 8 . 6 9 3 2  b - 1 9 8 . 7 3 7 4  0 . 0 0 2 0  b 

C H  4 - 4 0 . 1 8 2 2  b - 4 0 . 1 8 7 1  0 . 0 4 3 2  b 

C z H  4 - 7 8 . 0 0 5 2  b 0 . 0 4 9 1  b 

C 2 H  2 - 7 6 . 7 9 1 9  b 0 . 0 2 5 8  b 

N 3 - 5 3 . 0 3 2 4  - 5 3 . 2 1 1 7 "  - -  

N H  2 - 5 4 . 4 3 7 6  - 5 4 . 5 0 7 6 "  0 . 0 0 7 "  

N H ~  - 5 5 . 4 7 8 2  - 5 5 . 5 0 0 9  a 0 . 0 1 9 "  

0 2 .  - 7 4 . 2 7 4 1  - 7 4 . 3 6 1 9 "  

O H -  - 7 5 . 3 4 5 1  - 7 5 . 3 7 5 6 "  0 . 0 0 8  a 

F -  - 9 9 . 4 0 6 5  - 9 9 . 4 1 9 7 "  - -  

C N -  - 9 2 . 2 5 1 6  - -  0 . 0 0 5  a 

H C O  + - 1 1 2 . 9 0 0 0  - -  0 . 0 1 3  a 

R e f .  [ 1 ] .  

b R e f .  [ 4 ] .  

c A s s u m e d  t h e  s a m e  a s  t h a t  o f  t h e  i s o e l e c t r o n i c  N 2 m o l e c u l e .  

Results and Discussion 

Preliminary calculations, using small sets of basis functions showed, as in 
other studies [1, 5] that the computed heats of formation are too large but converge 
on the experimental value as the size of the basis set is increased. The results 
obtained from calculations using the extensive sets of basis functions are given in 
Table 4 along with the experimentally determined values. Although there are 
only a few molecules upon which to base a comparison, the Huzinaga basis set 
(without contraction) gives a slightly better correlation with experimental data 
than the Double-~ calculations. Both sets of calculations predict the heats of 
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formation of molecules (but not ions) to be too exothermic by about 40 kcal/mole 
for each oxygen atom in the product molecule and about 13 kcal/mole for each 
carbon atom. This systematic error could be caused by changes in correlation 
energy in the reaction sequence used to estimate the heat of formation. However, 
after allowing a correction factor of 7 kcal/mole per hydrogen added in each 
reaction sequence to allow for the inadequacy of the Double-~ basis set [4], 
good agreement was found between the predicted and experimental heats of 
formation of the molecules not involving carbon and oxygen atoms. This re- 
emphasises that correlation energy changes are not very large in reactions in- 
volving only molecules with closed-shells and suggests that the majority of the 
systematic error is caused by (a) inaccurate experimental values for AH~ for 
Oz 2 § and C 2-, (the former value, in particular, is suspect as the two values in the 
literature vary by 1.1 eV [-9, 14]), (b) poor estimates of Ev~b, the change in zero- 
point energy caused by estimating C 2- and 022 § to have the same zero-point 
vibrational energy as the isoelectronic N 2 molecule, (c) partly by using AH~ 
values for C 2- and 0 2 § instead of the required A H ~ values, and (d) assuming 
the bond length of C2 z- and O 2+ to be the same as those of C2 and 02. 

This last source of error was eliminated for the Double-~ calculations by 
carrying out a bond length optimization for the two ions. The optimum bond 
lengths taken from Fig. 1 were found to be 1.032 A for O~ + and 1.297 • for C 2-, 
compared with experimental values of 1.2074A [14] and 1.3117,~ [15] for 02 
and C 2 respectively. The major difference is for O 2+ where the bond length is 
considerably shorter than that for 02, the loss of two antibonding electrons 
producing an ion with a triple bond. The corresponding minimum total energies 

- 7 5 . 2 E  

-75.2~. 

- 7 ' 5 . 3 0  I -  

uJ 

-148.1C 

J 

o I -  

-148.ff  

-148.14 

1.0 
I 

r -  

§ 

, I , I , I 
1.8 2 . 0  2 . 2  2 . 4  

BOND L E N G T H  { B O H R )  

BOND L E N G T H  ( A N G S T R O M )  
I.I L 2  1.3 1.4 
I ~ I ' I ' l /  \ +~176 

4-\  4 

l~176 
3 O 0  

q 
, ,~ . O O ~  

II: 

, I 
2 . 6  

IO.0 

0.O 

Fig. 1. Plots of calculated total energy (hartree) against bond length (A) for the 022 + and Cz z-  ions 
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are found to be -148.1421 hartrees for O 2+ and -75 .2955  hartrees for C 2-.  
Hence the error in estimating the bond length of Oz 2+ resulted in an error of 
0.0758 hartrees in the total energy and made the estimated heats of formation of 
all oxygen containing compounds too exothermic by 23.79 kcal/mole per oxygen 
atom. The optimized total energy for C 2- resulted in a correction term of only 
0.3 kcal/mole for each carbon atom in the molecule. 

The computed heats of formation, after application of the correction for errors 
in the bond lengths of C 2- and 022 +, were still too exothermic, and were further 
improved by making two empirical corrections. Firstly, in an attempt to make up 
for deficiences in the Double-~ basis set, a correction term of 7 kcal/mole [4] was 
used for each hydrogen molecule added in the formation reaction. Then correction 
terms of 16.33 kcal/mole and 12.82 kcal/mole were added for each oxygen and 
carbon atom respectively, thereby allowing for errors in (i) the experimental heats 
of formation of O22 + and C 2 - and (ii) using the same vibrational energy for these 
ions. The corrected computed A H~ values are given in the fourth column of 
Table 4. There is good agreement between the experimental and calculated heats 
of formation for the neutral molecules, the largest deviation being 9.00 kcal/mole 
for formaldehyde. 

T a b l e 4 .  Heats of formation (kcal/mole) 

M o l e c u l e  o r  i o n  D o u b l e - ~  H u z i n a g a  C o r r e c t e d  D o u b l e - ~  E x p e r i m e n t a l  

AH~ v a l u e  

N 3 -  8 3 6 . 8 0  7 3 5 . 2 9  8 4 7 . 3 0  7 1 7  b 

N H  ~ -  3 2 3 . 2 5  2 9 0 . 3 6  3 3 3 . 7 5  - -  

N H ~ -  4 1 . 1 1  3 7 . 9 2  5 1 . 6 1  - 6 . 4 ,  1 0 . 6 ,  1 6 . 6 ,  1 8 . 0  b 

N H 3  - 2 1 . 4 5  a - 1 6 . 4 1  - 1 0 . 9 5  - 1 1 . 0 4  ~ 

0 2 - 2 3 6 . 6 8  1 9 3 . 5 9  2 8 7 . 2 6  2 1 5 ,  2 2 4 ,  2 0 9 ,  2 0 7  b 

O H -  - 6 6 . 4 8  - 7 3 . 5 6  - 1 5 . 8 6  - 4 8 . 4 ~ 3 9 . 3  b 

H 2 0  - 1 0 8 . 4 2  - 1 0 5 . 2 9  - 5 7 . 8 0  - 5 7 . 8 0 "  

F -  - 3 7 . 9 5  - 4 6 . 2 6  - 3 4 . 4 5  - 6 5 . 5  c 

H F  - 6 3 . 8 0  a - 6 2 . 9 4  - 6 4 . 8  - 6 4 . 8 "  

C H  4 - 4 1 . 5 1  - 2 9 . 9 2  - 1 7 . 8 9  - 1 7 . 8 9  a 

C 2 H 2  2 1 . 9 8  - -  4 8 . 2 3  5 4 . 1 9  ~ 

C 2 H  4 - 2 9 . 3 1  - -  3 . 8 4  1 2 . 5 0  a 

C O  - 8 2 . 9 9  - -  - 2 9 . 7 5  - 2 6 . 4 2  a 

H C O  § 1 4 3 . 1 0  - -  1 9 6 . 3 4  2 0 7  d 

C N -  4 . 3 0  - -  1 7 . 4 2  10 ,  2 1 ,  8 1 , 1 1 8  c 

H C N  1 2 . 0 5  - -  2 5 . 1 7  3 1 . 2  a 

C H 2 0  - 9 6 . 9 4  - -  - 3 6 . 7 0  - 2 7 . 7  a 

H C O N H  2 - 1 1 4 . 0 6  - -  - 5 0 . 3 2  - 5 0 . 0 "  

H C O O H  - 1 9 8 . 0 4  - -  - 9 4 . 1 9  - 8 6 . 6 7 "  

C z H  6 - -  6 1 . 2 7  - -  - 2 1 . 0 3  - 2 0 . 2 4  a 

N 2 H  4 5 . 5 2  - -  - 1 9 . 5 2  2 2 . 7 5 "  

H 2 0  / - 1 3 3 . 7 9  - 3 9 . 6 4  - 3 2 . 5 3  a 

H C O F  - 1 4 0 . 1 4  - -  - 8 3 . 4  - 9 0 . 0  a 

H H 

C C 

/ ~ J "~- - -  3 8 . 5 8  - -  1 1 . 8 9  1 2 . 7 4 "  
H H 

C 

H H 

26 Theoret. chim. Acta (Bed.) Vol. 23 
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Table 4 (continued). 

Molecule or ion Double-~ Huzinaga Corrected Double-~ Experimental 
A H~ value 

H H 
J 

C C - 1.69 

H / ~ / /  ~ H  
N 
[ 

H 

H H 

C C - 85.82 

H / ~ / ~ H  
O 

H H 

C 
/ N 93.10 

N N 
J 

H H 

H H 

C C 
\ /  

C - - H  28.97 
I 

H 

N N 
\ /  

C 77.59 
/ \  

H H 

C H z = N = N  50.60 
CO2 -184.17 

35.06 30.12 a 

- 8.95 

116.72 

- 12.19" 

71.84 66.60" 

94.21 101.0" 

67.22 71.0 a 
- 87.32 - 94.05" 

" Ref. I-4]. 
u Pritchard, H. O.: Chem. Rev. 52, 529 (1953). 
c Ref. 7. 
d Pritchard, H., Harrison, A.G.: J. chem. Physics 48, 2827 (1968). 

The computed heats of formation of the ions in Table 4 also improve markedly 
with increases in the number of basis functions. However, from the limited data 
available it appears that the difference between the computed heats of formation 
obtained from the Double-( and Huzinaga basis set calculations increases rapidly 
with the charge on the ion and that the latter more closely reproduce the somewhat 
unreliable experimental values. Addition of the correction terms to the Double-( 
results did not give an improvement in the correlation with the existing experi- 
mental data as most of the computed heats of formation were already more 
endothermic than the experimental values and addition of the corrections made 
the reactions more endothermic. 

In conclusion, the non-empirical calculation using the Double-~ basis set, 
after correction for inadequacies in the Gaussian basis set and for the lack of 
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sufficiently accurate experimental data on Cz 2 - and O2 a + predict heats of  formation 
for molecules with +9 .0  kcal/mole.  Agreement between computed and experi- 
mental heats of  formation for ions deteriorates as the charge on the ion increases. 
Possible explanation for these deviations are (a) the exponents are optimised for 
neutral atoms not  for the ions which are being studied. Perhaps exponents 
optimised for the Ne  atom would be more appropriate for the N 3- ,  0 2 - and F -  
ions; (b) the experimental heats of  formation for the negative ions are difficult to 
obtain and are often unreliable. 
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