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’ POTENTIAL'ENERGY‘SUR?ACE INCLUDING ELECTRON CORRELATION

FOR THE CHEMICAL REACTION F + H, + FH + H.

I. PRELIMINARY SURFACE*
Charles F. Bender
- Lawrence Livermore Laboratbry
~ University of California
Livermore, California 94550
' Peter K. Pearson,T'Stephen V. O'Neil, and Henry F. Schaéfer ITI
Department of Chemistry and Lawrence Berkeley Laboratory
University. of California

Berkeley, California 94720 -

" October 1971

ABsTRACT
Rigp:ous quantum mechénical calculations have been carried out for about
\ » éisystem;' The contracﬁed
gaussian basis set used consisted of four s and two p functions on fluorine and

two s functions on hydrogen. The barrier height and exothermicity are poorly

predicted by single configuration self-consistent-field calculations:_<However,

~the 21k configuration corrélated results are in qualitative_agreement with

eXperimeht.(iow barrier height and substaﬁtial exothefmicity)u, The reaction
coordinate'is discussed<and pictures éf the poténtiél surface are presented.
A secon& series of calculations ié being carried:out with a'lﬁrger baSié set.
These iaﬁtér calculétipns yield neérly quantifétive agreement'withexperiment

for both the barrier'height ahd{exothermicity,
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INTRODUCTION

v

Recent gb initio electronic structure calculations on diatomic molecules

have shown that by the inclusion of electron correlation, potential energy curves

of chemical accuracy can now be obtained.l’e' However, a recent review3 of quantum
mechanical potential ehergy surfaces indicates that such accurate calculations
for polyatomic systems have only been completed fdf'relatively simple systems

4,5 + 6

such as H3 and H3 . In this report we present the results of a series of

calculations, including electron corrélation, on the_chemical reaction
F+H, FH + H. This reaction is of particular interest since it has been
studied experimentélly by laser spectrOscopy;T infrared chemilumines'cence,-8 and

-erossed molecular beams.9
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BASIS SET RN
o Theabasis set used in.this work.was'of the dqﬁﬁle—zeta farieﬁy, namely
- two 1s, és’ and 2§ functiqns on fluorine and fwo 1s fﬁnctioné>on eaphjhydfogen
atom.‘_Tthe;fqnctibns,wéfe obtaiﬂed by Dunning10 thfouéh optimﬁm cohtréction of

Huzinaga's fluorine 9s Sp and hydrogen is set of primitive gaussian fu‘.ncticms.'ll

Tt is wellfkﬁown*ffbﬁ‘é&iéﬁSive*baiéﬁiétionsl’2'dn-&i&iamib'ﬁdiecuies that addi-
tionél funcﬁions, polarization fun;tionsv(dvfunctionsfbh‘F:and p fuﬁctions-bnAH),

- are required in order to obtain accurate digsociation'energies. However, the

_ baéis éet dgscfibed»here-is probably the’iargest that .can be currently used to
idescribe chémical reactions involving larger moiecule53 Thus‘it is of interest

to aséefﬁaié wvhether this relati&ély modest_basis_sét‘is of ﬁractic&l value.i In

a later section we will briefly discuss results obtained with a larger basis.

-~
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TYPE OF CONFIGURATION INTERACTION (c1)
As a first step, éelf—consistent—fieid (SCF) cal_culationsl.2 were

carried out at each geometry. The SCF configuration for linear géometries is

4

2 26° 30,2 bo 1w,

1o

vhile for non-linear geometrieé (Cs symmetry) we have

\ 13'2'2a'2 3a'2'ha'2:5a' 1a"2. .
.' . \ .

- Elec¢tron correlation was explicitly considered using multiconfiguration

2,13

first-order wave functions. When adequate basis sets are used, first-order

. ' L . ) o
wave functions have been shownz’l' to yield reliable dissociation energies for

a variety of diatomic molecules. This type of wave_function2 includes only
that part of the correlation energy due to low-lying valence orbitals not

occupiédiin the single—configuration’SCF wave function. For the FH, system

2

these orbitals can be thought of as the sixth (unocéupied) F atom 2p spinorbital

5° More precisely, for Cs'geometry, the valence orbitals

_not fully occupied in the SCF wave function are 5a' and 6a'. 1In all configura-

-and the 1ou orbital of H

tions {except single excitations) the lowest orbital (esSentially ﬁhe F 1s orbital)

was held doubly occupied. With this restriction, for general geometry-(cg

symmetry) our first-order wave functions included 214 configurations. These
configurations are indicated in Table I.
The first-order wave function will providé a reasonable déscfiption_of

‘the FH2 potential "surface only if the-ofbitals as well as the 21@ cIl expanéion
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coefficients are optimized. Theé difficult problem of obtaining a nearly optimum
\

'set of molecular orbitals was solved, beginning with the SCF wave functions, e

using the iterative natural orbital proceduye.,s' Typically bors natural orbital

~

. . . . . L . o T : ty ,
iterations -were required to obtain convergence in the CI 'energy. . S :
[N
Al
. %
v/‘
,
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| GEOMETRIES‘CONSIDERED

_Thé fifSt gﬁ_initio:calculétions on the F + Hé system’Were those of
»Newton.16 He carried out SCF calculations (with a small bgsis set) which seémed
to indicate‘clearly that thé least energy path.of reactioﬁ éoordinéte occﬁrs for
the iinear'érfangement-F—H—H. | |

_Sincéva primany purpose §f our research was to aésess the accuracy éf.
our theoretical éurfaée‘by‘comparison with the.éxperimeﬁtéi activation ehéré&
' on Figure 1 shows

and exothermicity, special emphasis was placed"on linear FHE'

vthevF'H2 cdordingte syétem adoptéd. Calculations were carried out for about
150 linear (8 = 0 in Fig. 1) ‘geometries. For each of the angles © - 1d, 30, 50,
70, and 90°, a50u£ Lo additional calculations were Carried out. Thus abou£ 350 '
calculatidns_wére cafried éut in all.

-
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TOTAL ENERGIES

iThé tofal enérgiés obtainéd'in oﬁi'¢350 calculations aré not reported
here. ‘This'dééisiQn ﬁas madé to discoﬁrége.the usé-of fhe”présénf potén@iali
sﬁrface.for §ugntﬁm dypamical cglpﬁlafioﬁs, e,g.;-élassical-trajéctéries; The
presénﬁ "first generation"IPOténtiai_surfacé is in fact nqﬁ sufficiently
 réa1istic‘fof'éﬁEﬁﬁﬁﬁ?§6§éé.“ waévér;;6ﬁfﬁﬁ§€ébﬁdvéénerafidh"'FHévéﬁf?ééé (to
be described brieflyvin a later section) does>appear to aﬁproach fhe accuracy
>requiredvfor‘dyﬁamiéal cal;ﬁlations. |

It_may Se useful to quote a few tbtal'energigé for reference. For H-H
fsepération,llh bohrs_and F étom at:infinite;separétioﬁ;four caléulated‘SCF and CI
_énérgies are —1oq.5208 and -100)5&25 ﬁartregs. Siﬁilarly.:or F-H separation'
» l.?lbohrs.andvthe secoﬁd H atéﬁ'at igfinite separatioﬁ, the-SCF ahd CI energies

are -100.5191 and -100.5726 hartrees. v c .
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LINEAR RESULTS--THE MINIMUM ENERGY PATH
. The essential fesults of our linéar.calculatiénsvare seen in Table II.
~ The SCF barrier height and ethhermicit& are §3h.3'and -0.6 kcal/mole, in poor
' agreement with the'experimeﬁtal activation épérgy,.i;7 kcal/mole,17 aéd
exotherﬁicity +31.2 kc’al/mole.l8 The CI résﬁltslﬁs;Tvénd +20.4 are in qualita-
tive agreement with experiment; tha£ is, the barrier is predicted to be émall
.and thé réacﬁion significantly gxothermic.' As wili-be seen latér, most of
;remaining discrepéncy with experiment is due to the lack of pclarization funé; '
tions (d functions on F and p functions of H) in our_basis,set;
Iﬁ shoﬁld of coufSe be remembered that the barrier height (highest point
on the hinimum enefgy path) and activation energy-Eav(obtained from kinetic data

-E,/RT 19 20

via k = Ze - ) are not the same quantity.”” A simple analysis by Muckerman

suggééts that thé true barrier height for the F + H_ reaction is about 1 keal/mole.

2
Perhéps the most valuable.infbrmation obtained from our calculations
regaras.tﬁe position'of-the saddle point and gene?ai shape of the surface. The
SCF éaddle‘point occurs near‘ah F-H distance of 2.01 bohré (1.06 A) for H-H
distance of 1.54 bohrs (0.81 A), while the 21k configuratibn calculation predicts
2.58 and 1.54% bohrs (1.37 and 0.81 A). For coﬁparison the isoiated diatomic bond
distances are 0.92 and O;7h A. Thus both calculaﬁions predict the saddle point
to occur.réther early (significantly lengthéned F-H distancé)'for a slightly
expanded HfH‘disﬁance. - . | ”
'The p6sition of the saddle point is not a gquantity that caﬁ be measured
by current experimen?al méthods. Howe?er, experiﬁental data for thé‘F'+ H2 reaction

. seems most consistent with a potential surface with saddle point occurring early

8,21

in the entrance valley. - This experimental "prediction" is for the most part

consistent with our theoretical saddle point position. In addition, it should be
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nofed that two semi—empiricel potentiel surfaces recentiy used for classical
trajectory°studie520 »22 .also dlsplay an early saddle point.

The minimum energy path or reaction coordlnate is usually deflned with

<

respect to the saddle-p01nt. For llnear FHQ,'lf X is the F—H dlstance and ¥

the H-H dlstance; the saddle p01nt has the property
./

3V _ av

= — =0 s

9x . Jy

vhere V is the potehtiel‘energy; _Given the saddle point, the minimum energy

path may be found by following the negative of the gradient

Py oRWpoy
—§V—ax l,' aYVJ :

Table III'sheWS the linear minimnm enérgyvpéth_fOr the SCF and CI potential
Surfaces. | |

 The minimum energy paxh (Table III) divides the edrfece into two regions.
In the first, a very gentle uphill grade 1s traversed as the F atom approaches

the. nearly unperturbed H2 molecule. At R(F-H) 2. 7 bohrs the H-H separation

is only 1.h9 bohrs. The second region of the surface is the downhlll part in
which 51multaneously a) the R(F H) is decreased until 1t reaches re, b) the H2

'molecule separates,‘and c) the _energy goes monotonlcally downward to that of

the products, HF + H. :
| The ab 1n1t10 surface is of the type often referred t023’as'"h1ghly

. repﬁ151ve., Evans and Pola.nylg)4 long ago argued that thls type of surface

would’conrert'the exqthermicity to translational, rather than vibrational,

product energy. However, claséical.tradectory studies by Polanyi and coworker523
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have shownuihaf a highly repulsive surface usually leads to "mixed energy

release,"

fesulting'in-considerable vibréfional'excitation1of the products (FH
in the present case). In this light, our highly repulsive surface is consistent
with eXpefiméntal findinésng for the F + Hé

cule is frequently formed in an exéited vibrational state.

resction, namely that the HF mole-

Table III shows the prediction by both calculations of a‘small longl

“range attraction (¢O.2'kcal/mole) between FH and H. For FH separation'l.Y'bohrs,

the minimim for this attraction occurs at H-H distance 5.08 bohrs. A similar

25

attraction was found in the SCF caiculations of Lester and Krauss for the

yinteraction between Li and HF. Thié fype of attraction is also seen in’ the

recent sehi-empirical calculations of. Raff g&_gl,zs for the IH2

surface.
The linear ab initio energies have been fit Fo'an analytic form ihvolving

exponentials and pbwers of r,vyielding an rms error of slightly_less than

1/2 kcal/mole. Figures 2 and 3 show three-dimensional plots of the electronic

‘entry'and exit channels, while Figures h_and 5 show an overall view of the

surface and a traditional contour map. It is hoped that these plots will

provide a useful physical picture of the linear potential energy surface.



-10- B IBL-250 . .

ANTISOTROPY OF THE POTENTIAL SURFACE
3 Another interesting feature of a potentlal surface is its anisotropy, or .
behavior as a function of angie. The 200 nonlinear"FHa calculations-discussed '
above were'carriea out for the purpose‘of characterizingithe_anisotrOpy,: S
Table TV'gives’the harrier'heights and_saddle point positions'for approaches
9:39 = 10°;‘3d°,'50°,‘70°, and 90°. ‘ This table'verifies Newton's earlier con-
-clusiopl6_fhat the true minimum energy path is linear. .However, note that the
evAi=‘ 10° va’.‘ppr',oa_ch has a barrier height only 0.02 kcal_' above the linear approach.
NoteTalso that the 6 = 9d° approach is quite unfaQOrable energetically. Another
interesting;feature of Table IV is that the FH distance'at the_saddle’point
decreases significantly as 9 goes from O to 90°;' Slmultaneously the HH dlstance
becomes longer as the angle of approach goées to 90°
T,QOre information on the anisotropy of the calculated surface'is'given in
- Table V. There the calculated energies as a function of angle are glven for
R(FH)'= 350. The HH ‘distance in these calculatlons is 1.46 bohrs, that specified
by the miniuum energy path from the linear CI calculation. ”
_ Table V shows that the 214 conflguratlon calculations predlct a small
'force constant for bendlng., In fact the CI energy for the 30° approach is only
0.0h kcal above_the linear. The SCF’energy rises ﬁuch more rapidly as a function:
of bendlng angle. This is consistehtvwith our general observation that.the‘CI_
surface is much smoother than the SCF surface. . c | i i, = . .
Flnally the CI miminum energy path for the 90° approach 1s shown 1n : .
. .

Table VI, .Comparison with the 0° approach (Table III) empha51zes that the downhill

"partlofhthe‘surfaceloccurs much "later"'for g = 90°.
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DIS@USSION.'
Tt should be eﬁphasizéd.tﬁét cohfigurétiOn interaction calculations of
the type reﬁorted here are.ggﬁ;éxcessively time gonéumiﬁg using our computational
methods. For each point‘op théypoténtial Surfacé;'a cdﬁpiété calculatioﬁ réquirés,
about three‘minutés of CDC 6600 cdmputér timé. Analogous calcﬁlations aré

“currently pracfical for any A + H, chemical reaction, if A is no larger than

2
chlorine or argon. In addition potential surfaces including electron correla-
tion may be obtained for H + AB reactibns, if A anij-are restricted to atoms

27

smaller than sodiqm. Qur récént wbrk on the HO2 radical illustrates this
point. .

As.meﬁtioned abové, the preéent ﬁotential'surface does ndt»predict the
barrier héight and exothermicity accurately enough to be usefﬁl for scatkering
calculations. For this réason, a Serieé §fcalculat10ns using a larger basis
'set-(including d fﬁnctions én'F'and ) funcfions oﬁ'H) are ﬁnder@a&. .Thése_cal—
éulations predict a barriervﬁeight'of:l.69‘kcal and exdthermicity éf 3&.& kecal,

" both in good agreement with eiperimeﬁt.

It is important to note that—the minimum energy path predicted by these
.extended calculations is qualitatively siyilar-to that seen in TablevIII._ Thus
it seems likely that calculations such aé those reporfed here (using modest basis
sets) will be useful in evaluﬁting qualitative features of chemical réactions,
i.e. reaction coordinates. | |

This.study‘shows clearly that thé’enefgétic‘aspepts ofva chémidal reaction
are the most difficult to deséfibe ab initio. The Hartree-Fock approximétion
~does not appeér to yield réasonable results in this regard,'since the ﬁdéreiatioﬁ

energies for the reactants, transition state, and products may be quite different.

'
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In addltlon an extended ba31s set including polarlzatlon functlons is
_ needed to rellably predlct ‘barrier helghts and exotherm1c1ties.
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IS
Table I. Configurations included in the first-order wave functions for FH,,
C geometry. In some cases, only those configurations i having nonvanishing
matrix element H i‘with the SCF configuration were included (see C. F. Bender
and H. F. Schaefer, J. Chem. Phys. 55, 0000 (1971)). na' refers to the Ta',
8a', ... orbitals, while na'' refers to 2a'', 3a'', ... '

2A,
Excitations \ ' ‘ . Number of Configurations
Included Per Orbital Occupancy

la.'2 2a'2 35?2 ha'e S5a' la"2 ‘ : . 1
la', 2a'; 3a', Lka' > 5a!’ o o ' 1
la;, 2a', 3&*, La' » 6a' » | 2
la', 2a', 3a{; La! *.né' | 2
Sa' = 6a' : - o | i-'
S5a' > na' | _ | » .. | ‘ | ;' :.. Sl
la'' »> na'' ; ' 2
2a'2,_3a'2,.ha'2 >5al 6a' T
2a'2, 3a'2,_haf2 > 63‘2 o o | B ,‘.4 1
2a' 3a', 2§'lha;, 3a' La' » Saf 6a’ ' _: , i_ _‘-‘ 2
‘2a' 3a', 2a' La', 3a' La' » 6a'2 l» ' _'. , 2.
2a’ 5a',y3a' S5a', ha' 5a' f.6a'2'v . | _ ': 1'
1a"2f* 5a' 6a' : B . :  v 1 l.
la"2 4‘6a'2> o B : 1

(Continued)
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Table I. Contihued.

\

Excitatiéns

,2A'

Nnmbér okaonfigurations
Included Per Orbital Occupancy

o

3a

3a!
- 3a!

3a’

lavl‘

la’v

-.3a¥

3&'

5a'

3a1?

. 45'2.5{§a' na'

, ha'2 *f6a‘vﬁa‘

Lha' > 5a'vna'

ha' > 6a’ na'ﬁ

5;', hé' 5a' + 6a' na"
2 5afina"

2 + 6a’ na

la'', La' la'' > 5a' na''

la'', ka' 1a'' > 6a' na''

la'' »+ 6a' na''

1

2

2a’
2al
‘2a'
2a'

. 28.'

: 3af

3a!

o 3al

- haf

2 301 > 5at 6ar?

2 4a' > 52’ 6a'?

32'2 > 531 6a'?

ha'z + S5g' 6a'2

vla"a + S5a' 6&'2

?.ha' %'fa',Gaf2

Ha;? + 5a' Géfg
1a’ 12 - 58.'68.'2

1a'1% > 58 6a'”

1
t
i
i
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Table IT. Summary of self;consistentafieid (SCF) and configuration interaction

i

_'(CI)-réSUlts“for the F + Hé reaction. |

e———

—
—— ——a

 SCF _. ' o éI Experiment
Barrier Height (kcal/mole) o W 5.7 1.7°
Exothemicit‘Y- (kcal/mole) -0.58 . -20.b 31.2°
Saddle.Point Géometry () | N
F-H o - ' 1.06 ' . 1.37 -—
H-H 0.81 . . 0.81 --

a C . . . ' .
Experimental activation energy, reference 17.

bRefei‘ence 18.
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Table IIT. Minimum energy paths for the F + H, > FH + H reaction. Inter- .
nuclear separatlons are given in bohrs and energies in kcal/mole relatlve to
the reactants ‘ Saddle p01nts are 1nd1cated by asterlsks

Self-Consistent-Field . . , 21k Configurations
R(FH) R(HH) Energy - R(FH) : R(HH) - Energy
6.0° " 1.380 0.03 6.0 1.h25 " 0.00
k.0 1.381 1.48 4.0 1.k29 0.82
3.5 1.h01 3.90 3.5 1.439 . 2.09
3.0 1.397 10.07 3.0 1.459 k.22
2.8 1.503 - 14.33 2.9 1.470 LT3
2.6 - 1.428 . 20.04 2.8 1.48Y4 5.20
2.k 1.466 . 2T 2.7 1.490 5.48
2.2 1.502 32.40 | R
I | 2.58 1.54 5,72
2.01 1.5 .33 -
| | | 2.412 1.6 5.1
1.930 1.7 C29.11 2229 LT 3.36
'1.8%0 - 1.8 25.99 2.095 - 1.8 0.22
1.845 1.9 - 21.01 2.005 1.9 ~2.87
1.811 2.0 .~ 18.50 - 1.931 2.0 -5.67
S 1.792 2 15.k1 - 1.87k 2.1 -8.14
1.782 2.2 12.93 1.840 2.2 -10.17
1.776 2.3 10.88 1.826 2.3 - -11.83
1.7 2.k . 9.16 1.87 2.k -13.24
1.768 . 2.5 CT.72 1.811 2.5 - -1h.L6
1.750 3.0 $3.12 ©1.809 3.0  -18.12
1753 k.o 0.53 1.799 4.0 =20.L3
1.7h2 5.0 . 0.37 - 1.798 5.0 . -20.61
1.7%2 - 10.0 ~  0.58 1

.798 . 10.0 -20.k0
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Tab1e IV. 'Saddle point geometries and'enefgiés (relétive to

F+ H2) for different angles 8 of approach.

6 .. R(F-H) : ﬁ(s—H),_ | Energy
0° R  2.58 o 1.54 5.72
100 2.55 1.5k 5.7k
30° - 2.0 |  1.56' | ~ 6.08
50° 2.k 1.0 | 7.31
10° o239 168 10.43

90° 2.35 1.87 o 17.52
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Tablean’,Angular‘dependence'pf'the,F.+,Hé potential surfaces for R(FH) = 3.0
bohrs and R(HH) = 1.46 bohrs. Energies are given in kcal/mole relative to F

and H2 at infinite separation.

— e ]

'OI(deéréeS). - o :; .E(Séf) T }_ _E(CI) .

0 ' _ | 106221 . - k.08
10 | . ; 10.25 - o ko6
30 o i ‘ 10.57 | -  .‘ ' .12
. 50 o ©11.38 e ks
(I | 1321 5.58

%0 . -11;18 S ‘_ . i o T.69
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Table VI. Minimum gnergyvpath;for_the 90° approach of F to H,

A1l points refer to the 21k configufation'first—order calculations.

' R(FH)‘. . - R(HH) | ._”'.'v - Energ& |

6.0 1.43 0.00
b.0 1.43 1.
3.5 1.4 3.56
3.0 1.47 8.00
2.8 1.53 © 10.78
2.6 1.6 . 1h.sk
2.L . 1.78 17.23
2.35 ©1.87 - 17.52%
S2.20 2.1 14.58
2.06 2.2 10.76
©1.99 2.3 6.97
1.94 2. 3.62
1.86 2.6 . -2.27
1.82 3.0 -10.36
1.80 3.5 - -15.94
1.80 4.0 ~18.70
1.80 - 6.0 -20.45
'1.80 10.0

-20.40
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FIGURE CAPTIONS

1. Coordlnate system descrlblng F + H2 R

2. Plot of the electronic energy of linear FH as a functlon of F-H and

_ H—H dlstances. Eacn,small section bounded by four 51des represents a

" Fig.

Fig,

Fig.

square region in space 0.0T5 bohrs . on a side. Thus the F-H distances
ranges from 1. 4 to 8 0 bohrs and the H-H dlstance from 1.0 to 7.6 bohrs.

3. Same as 2 but viewed from the exlt channel FH + H. .

L. A view of the FH2 surface from the three atom region.‘w

5. Traditional contour map of the FH2 surface.  As in the three-dimensional

plots, the F—H dlstance goes from 1.4 to 8.0 bohrs and the H- H dlstance from

1.0 to 7.6 bohrs.
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LEGAL NOTICE

This report was prepared as an account of work sponsored. by the
United States Government. Neither the United States nor the United

' States Atomic Energy Commission, nor any of their employees, nor

any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any

information, apparatus, product or process disclosed, or represents ..

that its use would not infringe privately owned rights.
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