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-Concerning Ab Initio Potential Energy Surfaces for F + H2* 

. ** Steven R. Ungemach and Henry F. Schaefer III 

Department of Chemistry and Materials and Molecular Research Division, 
Lawrence Berkeley Laboratory, University of California 

Berkeley, California 94720 

and 

Bowen Liu 

IBM Research Laboratory 
Monterey and Cottle Roads 
San Jose, California 95114 

A contribution to General Discussion No. 62, "Potential Energy Surfaces", . . , 

Faraday Division of the Chemical Society, University of Sussex, Brighton, 

England, September 8-10, 1976. Presented following the paper by J. C. 

Polanyi and J. L. Schreiber entitled "The Reaction F + H2 -+ HF + H: A Case 

Study in Reaction Dynamics". 
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S. R. Ungemach, H. F. Schaefer, and B. Lill said: 

1 Somewhat more than four years ago, Bender, O'Neil, Pearson and Schaefer 

(BOPS)l reported an ab initio potential energy surface for the F + H2 system. 

The theoretical methods used appeared to be sufficiently reliable to provide 

a qualitatively correct surface. Further the predicted barrier 

2 height of 1.66 kcal agreed well with the experimental activation energy 

(roughly 1.6 kcal), as did the exothermicity (34.4 kcal theoretical as opposed 

to the experimental value3 31.5 ± 0.5 kcal). 

During the past year we have been re-examining the F + H2 surface with 

much more reliable theoretical methods. Specifically much larger basis sets 

(of one particle functions) and more complete configuration interaction (CI) 

treatments have been employed. It is well known4 that in the (unattainable) 

limit of a complete basis set and CI expansion, one obtains the 'exact solution 

to Schrodinger's Equation, and hence the exact potential surface. Although 

bur current study is not yet completed, it is appropriate to present our 

preliminary results at this time, in light of the paper just presented by 

Polanyi and Schreiber. 5 The goal of our current research is to obtain an FH2 

surface of sufficiently high reliability to be used directly (or with a very 

modest amount of scaling) in detailed dynamical studies. 

Among the most critical features of a repulsive potential surface such 

as FH2 are the barrier height, saddle point position, arid exotherm~city. 

Indirect information (via activation energies) concerning the first and a 

reasonably accurate value of the third of these features is available from 

experiment. The saddle point represents a unique point on the surface and 
o 

is of special interest here since BOPS predicted r (F-H) = 1.54 A. r (H-H) sp , sp 

and Sc.hreiber
6 

have suggested (on the basis of classtcal 
o 

0.767 A, while Palanyi 
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trajectory studies) that dynamics more harmonious with experiment are obtained 

with a smaller value of r (F-H). However, the most widely used semiempirical sp . 
7 

FH2 surface, the Muckerman V surface, is in essentially perfect agreement 

with BOPS as regards the saddle point position. 

If one assumes a reasonable saddle point position, a large number of ab initio 

surfaces can be tested rather quickly, by performing three computations only: 

for the reactants, saddle point, and products. In the present study this 

procedure has been adopted for several types of electronic wave functions. 

In addition, however, in a few cases the saddle point has been located by 

the more arduous process of direct search, requiring16~25 points on the 

potential surface. 

Table 1 summarizes the results to date of our theoretical endeavors. The 

first entry was based on the basis set used byCade and Hu0
8 

in their near 

Hartree-Fock study of the HF diatomic. This basis does not describe 

the isolated H atom well and hence yields a much smaller exothermicity 

h . 3 t an exper1.ment. 

The second through seventh entries describe the results of a reasonably 

exhaustive set of configuration tests using what is termed the "small basis". 

The latter is a Slater basis with fluorine 2p functions taken from the F 

. 9 
negative ion basis optimized by Bagus and Gilbert. This follows the observation 

that molecular wave functions often utilize basis functions somewhat more 

diffuse than are required for the constituent neutral atoms. The use of a 

single reference configuration (a 1 in column 3) implies that all intL~ractinglO 

singly- and doubly-excited configurations were included relative to the Hartree-

Fock configuration 

(1) 
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Similarly, where three reference configurations are included, these are, 

in addition to (1) 

(2) 

and 

(3) 

Finally the seven reference configuration studies include all single and double 

excitations relative to the seven configurations in the full CI involving the 

30, 40, and 50 orbitals and the outer three electrons. In each case the 

starting 1, 3, or 7 configuration wave functions were obtained by the multi-

11 configurationself-consistent-field (MCSCF) method. 

Focussing on the results with only one orbital frozen or doubly-occupied 

in all configurations, one must conclude that a CI including only single and 

double excitations relative to the single SCF configuration leaves out 

important correlation effects. In particular the barrier height goes from 

5.26 to 3.64 to 2.97 kcal as the reference configurations are increased 

from 1 to 3 to 7. We also see that the effect of holding the 20 (roughly 

fluorine 2s) orbital doubly-occupied has little effect on the barrier height 

but increases the exothermicity by '\J 1.3 kcal. Thus we conclude that for 

truly quantitative accuracy, the FH2 potential surface requires a very complete 

treatment of electron correlation. 

The last three entries were obtained using a much larger basis, synthesized 

r 1 h ·· 1 d' fL' 12 HF d . h13 . rom t ~ very accurate t eoretlca stu les o. lU on an Ungemac on H2" 

With one reference state and only the fluorine ls doubly-occupied, all single 
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and double excitations were included, and again the barrier appears much 

too large. However, as with the smaller basis, going to three reference 

configurations substantially reduces the predicted barrier. Modifying 

the fluorine 2p functions to describe F is seen to have little effect 

on the theoretical predictions. 

The most reliable saddle point position predicted here is r (F-H) 
sp 

o o 

1.48 A, r (H-H) = 0.778 A. Although this saddle point occurs somewhat sp 

"later" than BOPS or Muckerman V it remains earlier than the Polanyi-
5 0 0 

Schreiber result of 1.434 A, 0.7766 A. 

By combining the small and large basis set results, we can estimate 

the results of a "complete" (seven reference configurations, one frozen 

orbital) treatment using the large basis. The predicted barrier is 

(3.93-0.58) = 3.35 kcal and the exothermicity (32.6-1.3) = 31.3 kcal. 

The exothermicity thus obtained lies within the limits of experimental 

3 
uncertainty, while the barrier height is considerably greater than either 

the observed activation energy or the barrier height of 1.06 kcal adopted 

in the Muckerman V surface. 7 Nevertheless it seems improbable that our 

predicted barrier is more than 1 kcal larger than the exact value. In a 

later paper we will attempt to reconcile this result with experiment. 

r 
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Table 1. Ab initio potential surface features for the F + H2 ~ FH + H reaction. 

Saddle Point 
Barrier 

Calculation Basis Reference Frozen Number E(FH+H) Height Exothermicity 
Number Set Configurations Orbitals Conf igura t ions. (hartrees) r (F-H) r (H-H) (kca1/mole) (kca1/mo1e) sp sp 

1 Cade-Huo 3 2 3954 -100.7013 2.79 1.47 3.99 26.5 

F(5s4p2dlf) 

H(3s1p1d) 

2 Small Basis 1 2 588 -100.7040 2.79 1.47 5.22 28.2 

F(4s3p1d) 

H(2s1p) 

3 Small Basis 1 1 1081 -100.7532 2.79 1.47 5.26 27.5 . 

4 Small Basis 3 2 1598 -100.7075 2.79 1.47 3.55 29.6 

5 Small Basis 3 1 3279 -100.7564 2.79 1.47 3.64 28.3 

6 Small Basis 7 2 2142 -100.7075 2.79 1.47 2.95 29.6 
I 

0\ 

7 Small Basis 7 1 4681 -100.7564 2.79 1.47 2.97 28.3 I 

8 Large Basis 1 1 5966 -100.8432 2.79 1.47 6.03 28.7 

F (6s4p3dlf) 

H(3s2pld) 

9 Large Basis 3 2 6874(8790)b -100.7645 2.79a 1.47 a 3.93 32.6 

10 La,rge Basis 3 2 6874(8790)b -100.7630 2.79 1.47 3.99 32.6 
Mo'difed to 
describe F-

~heoretically determined saddle point for this calculation. 

bApproximate natural orbitals used to select 6874 from a total possible 8790 configurations. 

"t _,!;it 

,T- ". ,I> .. 



.. , \J 

This report was done with support from the United States Energy Re
search and Development Administration. Any conclusions or opinions 
expressed in this report represent solely those of the author(s) and not 
necessarily those of The Regents of the University of California, the 
Lawrence Berkeley Laboratory or the United States Energy Research and 
Development Administration. 



TECHNICAL INFORMATION DIVISION 

LAWRENCE BERKELEY LABORATORY 

UNIVERSITY OF CALIFORNIA 

BERKELEY, CALIFORNIA 94720 

-I 




