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Potential Energy Surface Including Electron Correlation 

for the Chemical Reaction F + H2 + FH + H. 

II. Refined Linear Surface 

Bender 1 
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Abstract. ! priori quantum mechanical calculations have been carried out at 

about 150 linear geometries for the FH2 system. An extended basis set of 

gaussian functions was used, and electron correlation was treated explicitly 

by configuration interaction. Comparison with the experimental activation 

energy and exothermicity suggests that the theoretical potential surface is 

quite realistic. 
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Introduction. Recently we reported (1) an ~ priori quantum mechanical potential 

energy surface for the chemical reaction F + H2 ~ FH + H. About 350 individual 

calculations (each referring to a particular FH2 geometry) were carried out, 

yielding a wealth of qualitative information both about the surface itself and 

the usefulness of various theoretical approaches to the calculati.on of potential 

surfaces. For example, the minimum energy path or reaction coordinate was 

found for a linear F-H-H arrangement, with the perpendicular approach of F 

to H2 lying 12 kcal/mole higher. The calculations showed that a single con

figuration or Hartree-Fock wave function will inevitably yield a barrier height 

or activation energy much greater than experiment. However, the explicit 

inclusion of electron correlation by way of configuration interaction (CI) 

yielded a small barrier height, in qualitative agreement with experiment. 

Nevertheless, our preliminary F + H2 surface (1) was not of "chemical 

accuracy", i.e. of sufficient accuracy to be useful in detailed stUdies of the 

reaction dynamics. The principle problems with this first CI potential surface 

were a) the exothermicity was predicted to be too small, 20.4 kcal as opposed 

to the experimental value (2) 31.8 and b) the barrier height, 5. '7 kcal, was 
\ 

predicted to be significantly higher than the experimental activation energy, 

1.7 kcal (3). In the present work, we have extended the basis set used 

previously and substantially reduced the above discrepancies with experiment. 

Although the potential surface reported here is by no means expected 

to be perfect, we suggest that it corresponds fairly close to reality. Since 

relatively little is known experimentally about the saddle point region of any 

A + Be potential surface, it is hoped that some of the features of this 

~ priori surface will be useful for dynamics studies, i.e. classical 

trajectories (4), semiclassical treatments (5), and quantum calculati.ons (6). 

Due to the wealth of experimental information (7-9) concerning the dynamics 
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of this reaction, an ~ priori F + H2 surface seems particularly appropriate 

at the present time. 

Description of Calculations. The primary difference between the present 

computations and our earlier work (1) concerns the basis set of contracted 

gaussian functions. For a general discussion of basis sets, the reader is 

referred elsewhere (10). To our earlier F(4s 2p) and H(2s) basis we have added a 

set of 3d functions centered on fluorine and a set (p , p , and p ) of 2p x y z 

functions centered on each hydrogen. Since the importance of such "polarization 

functions" for the prediction of diatomic molecule dissociation energies is 

well established (11), it follows that such functions should be used in 

potential energy surface studies. Our preliminary calculations did not 

include polarization functions since they increase the computation times by 

about a factor of three. 

The initial stage in each calculation consisted of the solution of the 

restricted self-consistent-field (SCF) equations. This was followed by cr 

calculations of the "first-order" variety (12). The configurations selected 

were of the same types as those listed in Ref. 1, the only differences being 

due to the extension of .the basis set in the present work. For each geometry 

an optimum set of molecular orbitals was obtained using the iterative natural 

orbital procedure (13). 

Calculations were carried out for about 150 linear F H H geometries. 

We are hopeful that the qualitative features of the angular dependence of the 

FH2 surface will be satisfactorily predicted by our earlier calculations (1). 

Since we will not quote total energies hereafter, it should be mentioned that 

the total energies of F plus H2 are -100.52568 (SCF) and -100.56202 (cr), while 

for FH plus H the calculations yielded -100.54701 (SCF) and ~loo.61691 (cr) 

hartree atomic units. 
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Results and Discussion. Table 1 summarizes the present results. We first note 

that the apparently perfect agreement with experiment for the CI barrier height 

is probably fortuitous. First, the experimental activation energy may be too 
, 
I 

low (14), and secondly the barrier height is not (15) the same as the 
[ 

experimental activation energy in any case. Muckerman (16) has suggested that 

for F + H2 the barrier height is about 0.7 kcal/mole less than the activation 

energy. Nevertheless, it is clear that the ab initio barrier height is quite 

close to the exact value. The SCF or single configuration barrier height is 

seen to be much too large. The calculation which takes electron correlation 

into consideration predicts an exothermicity 2.6 kcal (or 8%) larger than 

experiment. This small overestimation of the exothermicity appears to be an 

inherent feature of our theoretical approach and one not likely to be removed 

by further extension of the basis set. The saddle point geometry is not an 

observable using currently available experimental methods, but our predictions 

seem to agree well with the intuitive expectations of those (17) familiar with 

the experimental aspects of the F + H2 reaction. 

A more detailed picture of the F + H2 reaction is given by the minimum 

energy path, obtained from the calculated total energies as described earlier (1), 

and seen in Table 2. Along this reaction coordinate, the H2 separation increases 

only slightly until the saddle point or transition state is reached. Proceeding 

further along the reaction coordinate the H-H distance increases and the energy 

drops steadily, leading to separated FH + H. Three graphical representations 

of FH2 surface are seen in Figs. 1 (traditional contour plot), 2 (perspective 

view from the entry channel), and 3 (three-dimensional view from 

the exit channel). Our calculated FH2 surface is sufficiently accurate that 
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these pictures may be helpful to persons with an interest in chemical kinetics 

but no interest per ~ in the computation of potential surfaces. 

Polanyi and co-workers (18) have developed methods for classifying 

exothermic A + BC potential surfaces as "attractive", "mixed", or "repulsive". 

An attractive surface is expected to yield a high degree of vibrational 

excitation in the AB product molecule, while a repulsive surface should convert 

more of the exothermicity into product tranlational energy. Qualitatively a 

surface is termed attractive if the exothermicity is released as the A atom 

approaches the BC molecule. In the same way, the surface is repulsive if the 

energy is released as AB and C separate. "Mixed energy release" is said to 

occur if the AB and BC internuclear separations simultaneously change as the 

energy is released. More quantitatively, Kuntz et al. (18) have proposed 

several procedures for categorizing surfaces as % attractive, mixed, and 

repulsive. Muckerman (16) has recently applied these categorizations to four 

semi-empirical London-Eyring-Polanyi-Sato (LEPS) (19) surfaces for FH2 . Using 

Polanyi's rectilinear method, three of the four surfaces were found to be 0% 

attractive and 100% repulsive. Our ab initio surface is also 100% repulsive 

by the rectilinear method. We have also categorized the present surface by 

Polanyi's minimum path method and find 23% attractive, 22% mixed, and 55% 

repulsive. This minimum path characterization is far more flexible than the 

rectilinear, which (taken literally) might lead one to expect all the 

exothermicity to be converted to product translation. Further, the simple 

minimum path description of our surface is consistent with the experimental 

finding (1-9) that the F + H2 + FH + H reaction yields a large (- 67% of the 

exothermicity) amount of FH vibrational excitation. 

• 
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A feature not apparent from the minimum energy path or the graphics 

is a small long range attraction between FH and H. When diatomic FH is held 

at its experimental equilibrium internuclear separation (1.7328 bohrs) this 

attraction is strongest at 4.75 bohrs H-H distance and amounts to 0.24 kcal/mole 

(or 1200 K) in our CI calculations. This attraction is predicted to be 0.25 kcal 

from the present SCF calculations, and was 0.22 kcal in our earlier work (1). 

Jaffe and Anderson (20) have recently carried out classical trajectory 

calculations for F + H2 on a modified LEPS potential surface which has a 

4.8 kcal attraction between FH and H. Our calculations suggest that such a 

large attraction is not realistic. Finally , it should be noted that the 

present computations do not predict a long range attraction between F and H2 . 

This work seems to demonstrate that ~ priori potential energy surfaces 

approaching quantitative accuracy are now feasible for systems with more than 

three electrons. We hope to extend our methods to the study of potenti.al 

surfaces for several distinctly different types of A + BC reactions, including 

H + F2 (calculations now in progress), Li + HF, and Li + F2 . 

Charles F. Bender 

Lawrence Livermore Laboratory 

University of California 

Livermore, California 94550 

Stephen V. O'Neil, Peter K. Pearson, 

and Henry F. Schaefer III 

Department of Chemistry and 

Lawrence Berkeley Laboratory 

University of California 

Berkeley, California 94720 
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Figure Captions 

Fig. 1. Traditional contour map of the linear FH2 potential energy surface. 

Fig. 2. Plot of the electronic energy of linear FH2 as function of F-H and 

H-H distances. Each small section bounded by four sides represents a 

square region in space 0.05 bohrs on a side. 

Fig. 3. Same as 2 but viewed from the exit channel FH + H. 
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Table 1. Summary of self-consistent-field (SCF) and configuration interaction 
(CI) results for the F + H2 reaction. 

Barrier Height (kcal/mole) 

Exothermicity (kcal/mole) 

Saddle Point Geometry (A) 

F-H 

H-H 

SCF 

29.3 

13.2 

1.18 

0.836 

a . 
Experimental activation energy-, Ref. 3. 

b Ref. 2. 

CI 

1.66 

34.4 

1.54 

0.767 

Experiment 

1.7a 

31.8b 

,) 

" 

..t 
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Table 2. Minimum energy path for F + H2 + FH + H. Distances are in bohr radii. 

338 configuration first-order wave functions were used . 

.. 
R(F-H) R(H-H) E(kcal/mole) 

-( 00 1.42 0.00 Reactants .' 
6.0 1.42 0.00 

4.0 1.42 0.25 

3.6 1.43 0.44 

3.4 1.43 0.75 

3.2 1.44 1.27 

3.0 1.44 1.61 

2.90 1.45 1.66 Saddle Point 

2.8 1.48 1.59 

2.63 1.5 1.18 

2.36 1.6 -2.15 

2.03 1.8 -12.30 

1.85 2.0 -20.70 

1.80 2.2 -25.30 

1. 78 2.5 -29.15 

1.77 3.0 -32.91 

1. 76 00 -34.44 Products 

\ 
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