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QUANTUM EFFECTS IN THE F+H2-+HF+H REACTION. 
ACCURATE 3D CALCULATIONS WITH A REALISTIC POTENTIAL ENERGY SURFACE 
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We report accurate benchmark 3D coupled channel calculations for total angular momentumJ=O for the reaction F+H,+HF+H 
using a realisttc potential energy surface. The adiabatic basis functions are generated using the discrete variable representation 
method. The resulting reaction probabmties show what appear to be strong quantum resonance features as well as rapid changes 
in final rotational state distributions. 

1. Introduction 

As a prototypical highly exoergic reaction, the HF 

laser reaction, 

F+H2+HF+H, (1) 

continues to generate intense experimental and the- 
oretical interest. In this Letter we will not attempt to 
review the many experiments on this system, but we 
do want to note the molecular beam experiments of 
Neumark et al. [ 11, which show clear evidence of 
quantum resonance effects: the vibrationally excited 
products HF(v) with u=3 appear at al! scattering 
angles while all those with v<2 are strongly back- 
ward peaked at the energies of the scattering 
experiments. 

We will also not attempt to review the many clas- 
sical, collinear, and approximate 3D quantum cal- 
culations on this system. One coupled channel (CC) 
calculation in the full three-dimensional (3D) phys- 
ical space has been reported for zero total angular 
momentum (J=O) by Zhang and Miller [ 21. The 
resulting reaction probabilities show considerable 
interesting structure as a function of energy. How- 
ever, Zhang and Miller used the Muckerman 5 po- 

’ Present, permanent address: Department of Chemistry, New 
York University, New York, NY 10003, USA. 

’ Present. permanent address: Department of Physics and As- 
tronomy, University of Oklahoma, Norman, OK 73019, USA. 

tential energy surface [ 31 which is known to have 
serious deficiencies, so that the significance of those 
structures to the real system is unclear. 

The calculation of an accurate potential energy 
surface (PES) for this reaction continues to pose a 
challenge to quantum chemistry [ 41. The PES used 
in the present work, which we denote by TSA to dis- 
tinguish id from the M5 surface mentioned above, is 
surface 5A of Truhlar and coworkers (ref. [ 5 1, as 
modified in ref. [ 61). More recent ab initio calcu- 
lations [ 71 indicate that the bending potential of this 
PES near the FHH transition state is not accurate, 
but this PES, which combines ab initio and empir- 
ical information, corrects most of the deficiencies of 
earlier surfaces and is the most accurate PES for 
which an analytic tit to the complete surface is avail- 
able [ 81. 

Until now, the most accurate calculations using the 
T5A PES have been the bending corrected rotating 
linear model (BCRLM) calculations of Hayes and 
Walker [ 91. The resulting differential cross sections 
agreed much better with experiment [ 1 ] than pre- 
vious calculations and provided plausible explana- 
tions for many, but not all, of the observed reso- 
nance effects. 

In this Letter we report what we believe are the 
first accurate 3D converged full CC calculations for 
J=O for this reaction using this realistic T5A PES. 
These calculations also represent our first applica- 
tion of the discrete variable representation (DVR ) 
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method to the calculation of the adiabatic surface 
function basis. The resulting reaction probabilities 
show a surprisingly rich structure with energy. 

2. Theory and calculation 

The present reactive scattering calculations use the 
adiabatically adjusting principal axes hyperspherical 
(APH) theory which has been detailed elsewhere 
[ 10, 1 1 1. This approach involves two steps: ( 1) cal- 
culation of a basis of adiabatic surface functions and 
(2 ) solution of the resulting CC scattering equations. 

In the first step, the range of the APH hyperradius 
p is divided into sectors with the center of the <th 
sector at p? For each pa t= 1, . . . . n, we solve for the 
eigenfunctions @(8, x; p,J of a two-dimensional 
Schrodinger equation in the hyperangles ,9 and x. This 
is the most time consuming step of our calculations 
for two reasons. First, a large number (N) of surface 
functions @ have to be calculated at eachpt- for many 
values of pe (For F+HL, we use up to N= 150 for 
n= 147 sectors.) Second, the shape and size of the 
potentials in 19 and x vary strongly as a function of 
&. For the calculations to be feasible, the method for 
determining surface functions must be: ( 1) fast, yet 
accurate; (2) capable of handling a wide range of 
complicated nonseparable 2D potentials; and ( 3 ) 
implemented in an essentially automatic fashion with 
respect to input parameters. We found the finite ele- 
ment method (FEM), which we use in our earlier 
calculations [ 9,101, to be too slow and too inaccu- 
rate for F+H,. 

Variational bound state methods based on the dis- 
crete variable representation (DVR) [ 121 have 
proven to be exceptionally efficient for calculating 
highly excited, large amplitude vibrational states of 
strongly coupled multidimensional systems with ar- 
bitrarily shaped potential surfaces [ 13,161. Surface 
function calculations by Whitnell and Light { 171 for 
H + HZ and our preliminary work on H+ Hz and 
F+H2 demonstrated that the DVR is currently the 
method of choice for obtaining surface functions. For 
F-t H,, the DVR gives solutions 5 times faster than 
the FEM where the former solutions are accurate and 
the latter are inaccurate. 

Following Whitnell and Light [ 17 1, 0 was discre- 
tized in the DVR consisting of Gauss-Legendre 

quadrature points, and a symmetry adapted DVR 
(SADVR) was used to discretize x. A SADVR [ 17 ] 
appropriate for the J=O F+HZ system, with CZv 
symmetry, was defined by a set of functions 
cos [ 2 (m - 1 )x]. The surface functions were deter- 
mined using the diagonalization-truncation proce- 
durc of BaEiC et al. [ 181. For each discrete value of 
19, a one-dimensional ray Hamiltonian [ 13- 16 ] in x 
was diagonalized. The ray Hamiltonian was trun- 
cated by ncglccting any DVR points where the value 
of the potential was greater than a cutoff value V,,,. 
The full J=O surface Hamiltonian matrix was then 
constructed in a truncated ray eigenvector basis, 
consisting of those 1D eigenvectors in x with eigen- 
values below a certain energy cutoff parameter E,,,. 
The relatively small size (-c 940) of the 2D DVR 
surface Hamiltonian matrices allowed us to effi- 
ciently solve for the full surface eigenstate spectrum 
by direct diagonalization. 

The potential coupling matrix elements required 
for the CC calculations and the overlap matrices be- 
tween surface functions belonging to neighboring 
sectors, necessary for transforming the R matrix from 
one sector to another [ 10 1, were also calculated ef- 
ficiently in the 2D DVR. At pn, the surface functions 
were transformed from the DVR to the finite basis 
function representation (FBR), so that they could 
be used to obtain the Delves R matrix from the APH 
R matrix [ lo]. Details of these DVR and FBR cal- 
culations will be given later [ 19 1. 

The parameters used to generate the DVR surface 
functions are as follows. The corresponding FBR ba- 
sis included the set of Legendre polynomials 
{P,(cos 28)) up through I,,,= 50 and the set of co- 
sines in x up through m,,,_= 100. The initial and ft- 
nal sector values were p, = 2.2 a, and p,,,=9.405 ~0, 
respectively ( 1 ur,= 1 bohr radius). The 147 sectors 
were placed at the intervals pr+, = 1 .O 1~~ The values 

of Gl,X and mlnan were determined by converging the 
100th surface function eigenvalue &,=,6,,(p) = 2.15 5 
eV to 4 figures at p=9.5 ao. Since the arrangement 
channels shrink in the 0, x coordinate space as p in- 
creases, the resulting FBR basis set is more than ad- 
equate at the values of p < 9.5 a,, as we have verified. 
EC,, was fixed at 4.0 eV between 4.028 and 9.405 a0 
for pe Between 2.2 and 4.028 a,, EC,, varied in a 
manner that kept E,,, about twice G;,,(pe) at each 
P@ We set If,,,= 1.75E,,, at every value of p? We 
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have found from experience that these choices for 
E,,, and I’,,, provide &,,,(p,) converged to 4 figures 
or more. 

The exact CC equations (coupled in the adiabatic 
basis) were propagated from p1 to p147 using the log- 
derivative method [ 201, and the boundary condi- 
tions were applied as usual [ lo]. The calculations 
presented are converged with respect to the number 
of propagation steps in each sector. 

The surface functions, matrix elements, and over- 
laps were calculated on an Ardent TITAN super- 
minicomputer. The CC equations were propagated 
on a CRAY-XMP 4/ 16 supercomputer. 

3. Results 

In table 1 we present a convergence study of the 
distinguishable particle reaction probabilities as a 
function of the number of adiabatic surface func- 
tions N. P&(vr,jt) is the reaction probability from 
the initial I-I2 rovibrational state (z-1,=0, ji=O) into 
both HF arrangement channels of final state ( vf, jr). 
Reaction probability summed over all open rota- 
tional states within a given ur vibrational manifold 
is 

We also consider the total reactivity out of initial state 
(Vi =0, ji= 0) which is also summed over all open 
vibrational channels, 

P,R,(total) = 1 P$(vf) . 
“f 

(3) 

Although we report three figures in table 1 for com- 
parative purposes, the P,“,( v,-) are only certain to 
about two significant figures. The total energy (in- 
ternal plus translational) is measured from the bot- 
tom of the asymptotic HF well. The 0.1 eV energy 
intervals in table 1 provide a representative sam- 
pling of the convergence behavior. Also, we have 
provided results at smaller intervals around the re- 
gion where uf= 4 becomes energetically open (2.092 
eV). At 2.10 eV, just above the ~,=4 threshold, the 
probabilities appear to be very sensitive with respect 
to varying N, whereas the probabilities at energies on 

both sides of 2.10 eV are better converged. The 
P&, (total) appears converged to better than 2% ex- 
cept at 2.10 eV where it is converged to about 3%. 
At 2.10 eV &o(4) is only converged to within 18% 
whereas at 2.40 eV it is converged to within 2%. 
Convergence is usually slower at higher energy be- 
cause more states are open, but the present behavior 
is due to increased sensitivity in the vf= 4 threshold 
region where the probabilities are varying rapidly. 
The P&( 3) are all converged to within about 2% as 
are all of the Pro except at 2.40 eV where the con- 
vergence is within 5%. Tne a&( 1) and P&(O) are 
relatively small ( no greater than 0.03 and 0.0005, 
respectively) yet are all converged to better than 8% 
and 15%, respectively. 

To compare with calculations which use asymp- 
totic basis functions we provide the asymptotic cor- 
relation of the adiabatic bases used. For transitions 
out of Hz initial states with evenj only surface func- 
tions which correlate with rwn j are needed in the 
Hz arrangement due to symmetry whereas surface 
functions which correlate with all j are needed in the 
HF arrangements. The notation ( jO,j,, . . ..j.) denotes 
the highest j state included within the v vibrational 
manifold. These correlations are: for N= 150, H, 
channels = ( 12,8,2) and HF channels = (3 1,28,24, 
21,16, lO);forN=140,H,=(10,6)andHF=(30, 
27,24,20,15,8);andforN=129,H,=(10,6)and 
HF= (29, 26, 23, 18, 13, 4). Since our basis func- 
tions are determined adiabatically, they provide a 
better basis than a strictly asymptotic basis contain- 
ing the same number of functions. 

In fig. 1 we show distinguishable particle reaction 
probabilities as a function of total energy for the 
F+H2 reaction on the T5A PES for J= 0. There are 
a total of 95 scattering energies, and N=150 adi- 
abatic basis functions were included. The S matrices 
were unitary to a part per thousand or better even at 
the highest energy. We note that the most striking 
aspect of fig. 1 is that the p,R,(total ) as well as the 
P&0( vf) for the individual vibrational channels show 
much structure and vary rapidly over many regions 
of energy. 

In an attempt to clarify some of the observed 
structure in fig. 1, we have also plotted HF final ro- 
vibrational state reaction probability (PFO( v,,jr)) 
distributions in fig. 2 as a function ofj,for vi-=2 and 
3 at three total energies. Figs. 2a-2c, obtained at 1.78, 

486 



T
ab

le
 

1 

A
 c

on
ve

rg
en

ce
 

st
u

dy
 

of
 t

h
e 

F
+

 
H

z 
-t

H
F

+
H

 
re

ac
ti

on
 

pr
ob

ab
il

it
ie

s 
P

&
(q

) 
fo

r 
J=

O
 

T
ot

al
 

P
&

J(
V

r=
O

) 
G

(L
+

=
 

1 
Y

J 
G

(Q
=

2)
 

en
er

gy
 

a)
 

(e
V

) 
N

b’
=

12
9 

IV
=

 1
40

 
A

’=
 

15
0 

A
’=

 
12

9 
N

=
 

14
0 

N
=

15
0 

i?
J=

 1
29

 
N

=
 

14
0 

N
=

 
15

0 

1
.7

0
 

1.
80

 

1.
90

 

2.
00

 

2.
10

 

2.
20

 

2.
30

 

2.
40

 

1.
70

 

1.
80

 

1.
90

 
2.

00
 

2.
04

 

2.
08

 

2.
10

 

2.
12

 

2.
16

 

2.
20

 

2.
30

 

2.
40

 

0.
26

2(
 

-5
) 

C
) 

0.
21

5(
-5

) 
0.

22
1(

-5
) 

0.
59

4(
 

-3
) 

0.
57

7(
 

-3
) 

0.
57

0(
-3

) 
0.

61
4(

-l
) 

O
&

16
( 

- 
1)

 
0.

61
1(

-l
) 

0.
60

1(
-4

) 
0.

61
1(

-4
) 

0.
63

0(
 

-4
) 

0.
78

0(
 

-2
) 

0.
78

8(
 

-2
) 

0.
79

2(
-2

) 
0.

11
7 

0.
11

8 
0.

11
8 

0.
12

5(
-3

) 
0.

13
1(

-3
) 

0.
12

9(
-3

) 
0.

90
7(

 
-2

) 
0.

90
3(

 
-2

) 
0.

89
6(

 
-2

) 
0.

10
4 

0.
10

4 
0.

10
4 

0.
31

2(
-3

) 
0.

35
1(

-3
) 

0.
34

0(
 

-3
) 

0.
21

0(
-l

) 
0.

21
3(

-l
) 

0.
21

2(
-l

) 
0.

16
4 

0.
16

2 
0.

16
4 

0.
30

4(
-3

) 
0.

28
0(

-3
) 

0.
33

2(
 

-3
) 

0.
17

2(
-l

) 
0.

16
3(

-l
) 

0.
16

4(
-l

) 
0.

14
4 

0.
14

2 
0.

14
3 

0.
46

2(
 

-3
) 

0.
43

3(
-3

) 
0.

42
0(

 
-3

) 
0.

17
6(

-l
) 

0.
16

7(
-l

) 
0.

15
7(

-l
) 

0.
12

8 
0.

12
7 

0.
12

6 
_d

) 
0.

38
4(

 
-3

) 
0.

44
4(

 
- 

3)
 

- 
0.

14
1(

-l
) 

0.
14

3(
-l

) 
- 

0.
12

1 
0.

12
0 

O
-4

16
( 

-3
) 

0.
40

1(
-3

) 
- 

0*
12

2(
-l

) 
0.

11
3(

-l
) 

- 
0.

11
3 

0.
10

8 

P
%

(u
f=

3)
 

&
(&

=
4)

 
P

&
 

(t
ot

al
) 

N
=

 
12

9 
N

=
 

14
0 

N
=

 
14

0 
N

=
 

12
9 

N
=

 
14

0 
N

=
 

15
0 

N
=

 
12

9 
N

=
 

14
0 

N
=

15
0 

0.
0 

0.
34

0 
0.

34
1 

0.
34

1 

0.
0 

0.
51

6 
0.

51
8 

0.
51

8 

0.
0 

0.
72

2 
0.

72
4 

0.
72

3 

0.
0 

0.
63

2 
0.

63
8 

0.
63

5 

0.
0 

0.
65

5 
0.

65
7 

0.
0 

0.
72

3 
0.

71
3 

0.
15

1 
0.

40
4 

0.
68

5 
0.

70
4 

0.
70

6 
0.

69
9 

) 
- 

0.
59

5 
0.

59
9 

0.
16

0 
0.

72
7 

0.
74

7 
0.

74
 

1 

0.
65

3 
0.

66
0 

_ 
0.

73
2 

0.
73

2 

0.
27

8 

0.
39

1 

0.
60

9 

0.
44

6 

0.
39

2 

0.
42

1 

0.
27

9 

0.
39

2 

0.
61

1 

0.
45

4 

0.
38

4 

0.
59

1 

0.
42

4 

0.
43

7 

0.
35

6 

0.
43

0 

0.
38

4 

0.
42

1 

0.
28

0 

0.
39

2 

0.
61

0 

0.
45

0 

0.
38

3 

0.
58

1 

0.
41

9 

0.
43

8 

0.
35

1 

0.
43

 
1 

0.
39

1 

0.
43

0 

0.
0 

0.
0 

0.
0 

0.
0 

0.
0 

0.
0 

0.
10

3 

0.
12

4 

0.
86
2(
-l
 

0.
17

4 

0.
13

4 

0.
18

5 

0.
0 

0.
0 

0.
0 

0.
0 

0.
0 

0.
0 

0.
12

5 

0.
11

7 

1 
0.

93
9(

 
- 

1 
0.

16
8 

0.
13

5 

0.
18

2 

‘) 
T

o 
co

n
ve

rt
 

to
ta

l 
en

er
gy

 
to

 r
el

at
iv

e 
tr

an
sl

at
io

n
al

 
en

er
gy

, 
su

bt
ra

ct
 

1.
64

5 
eV

. 

b,
 N

is
 

th
e 

n
u

m
be

r 
of

 
ad

ia
ba

ti
c 

ba
si

s 
fu

n
ct

io
n

s.
 

” 
0.

26
2(

 
-5

) 
=

0.
26

2x
 

lO
_‘

. 

d,
 D

en
ot

es
 

th
at

 t
h

e 
ca

lc
u

la
ti

on
 

w
as

 n
ot

 p
er

fo
rm

ed
 

fo
r 

th
is

 v
al

u
e 

of
 N

 a
t 

th
is

 e
n

er
gy

. 



Volume 157. number 6 CHEMICAL PHYSICS LETTERS 26May 1989 

0.20 , I, , ! / , I, I, , 1, I,, 

E=1.78 eV (a) 

0.2 

0.0 
t~~~~l~~~~r~~~~l~~~~r~~~~r~~~~l~~~~l~~~~i 

1.60 1.70 1.80 1.90 2.00 2.10 2.20 2.30 2.40 

Energy (eV) 

Fig. 1. F+ H, reaction probabilities P&( uf) for .I=0 plotted ver- 
SW total energy. Legend (listed in order from smallest to largest 
P$, at totalenergy=2.20 eV): (diamond), Us= I; (asterisk), z+=Z; 
(dot), ur=4; (open circle), vr=3; X, total reactivity. The points 

are connected for clarity. ur=O is not shown as it is negligible on 
this scale (see table I ) . 

1.82, and 1.86 eV, respectively, are representative of 
the lowest energy region in fig. 1 where Pto (total) 
exhibits structure. 

4. Discussion and conclusions 

There is more structure in fig. 1 than we antici- 
pated; we had expected most of the structure seen in 
reduced dimensional quantum calculations to be 
washed out in the 3D results. However, such is not 
really the case. BCRLM [ 2 I] calculations for zero 
angular momentum show peaks in PFo (total), 
P&(2), P,Ro(3), and Pto(4) which are clearly anal- 
ogous to the present peaks at 1.66, 2.06, 2.1 and 2.2 
eV and most of which are nearly as wide as the pres- 
ent peaks. Collinear calculations [ 2 1 ] show peaks 
between 1.98 and 2.15 eV which are narrower and 
not so directly analogous. However, neither of the 
reduced dimensional calculations shows anything 
analogous to the dip in Pj$ (total) and P,",( 3) at 1.8 
eV or the peaks in P&(2) at 1.72, 1.82 and 2.04 eV, 
the corresponding BCRLM and collinear results are 
smooth. Whether the 3D results for J> 0 (which must 
be included to calculate cross sections) will wash out 
some of the structure in fig. 1 remains to be seen. We 
intend to generate J> 0 information in future work. 

We also plan a detailed analysis of the scattering 

0 2 4 6 6 10 12 14 16 16 20 

if 

(b) 

I 
0 2 4 6 8 10 12 14 16 18 20 

if 

0.20 

2 

f 0.10 

% 
c? 
a. 

0.05 

,‘,‘, ‘,,,‘,,,,,’ 

E=1.86 eV (c) 
0.15 

0.00 IL,,! 

0 2 4 6 6 10 12 14 16 18 20 

if 

Fig. 2. (a) HF final rotational state distributions for J=O for a 
total energy E= 1.78 eV. The F+H> reaction probabilities 
PFO(uF, jr) are plotted as a function of_jffor ur=2 (asterisks) and 
u,=3 (open cmzles). (b) Same as (a), except E=l.82 eV. (c) 
Same as (a), except E= 1.86 eV. 

matrices, Argand diagrams, time delays, and adi- 
abatic potential curves to elucidate the nature and 
source of the present structures, and that will be re- 
ported elsewhere [ 191. At present, we simply men- 
tion a few possibilities. 

The sharp peak in P& (total ) and Pto ( 3 ) near 2.06 
eV is very likely a closed channel resonance since it 
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occurs just before the opening of the vr=4 channel 
(2.092 eV). The small peak in PzO (total) and 
P$,(2) between the threshold for reaction ( 1.645 
eV) and the opening of the ur= 3 channel at 1.664 eV 
may also be due to a closed channel resonance. 

The structure in fig. 1 between 1.7 and 1.9 eV 
seems connected with changes in the final rotational 
state distributions as shown in figs. 2a-2c. In fig. 2a 
at 1.78 eV, the ur= 2 rotational distribution is broad 
and smeared out across all energetically allowed val- 
ues of jr. However, in fig. 2b at 1.82 eV we see a very 
inverted rotational population in 21~~2 (i.e. a large 
increase in the probabilities for forming HF in high 
rotational states). By 1.86 eV (fig. 2c) the peak in 
v,= 2 at large jr is rapidly subsiding and a second peak 
is appearing at 1owJf. At the same time, a more sub- 
tle change occurs in the ut-= 3 rotational distribution 
in figs. 2a-2c: the peak in the v,= 3 distribution shifts 
from;,= 1 to jr= 2 and P$ ( 3 ) grows (see fig. 1) since 
the jr=0 and 1 probabilities remain nearly constant 
as the j,> 2 probabilities increase. Equally fascinat- 
ing changes in rotational state distributions also OC- 

cur in connection with the structures in fig. 1 at higher 
energies. These effects in the rotational distributions 
in vr=2 and 3 bespeak a rather highly quantized ro- 
tational motion for this system. We do not yet know 
the underlying causes of this behavior but will probe 
it in future work [ 191. 

Another feature of the F+H2 quantum dynamics 
for I=0 on the T5A PES, apparent in fig. 1, is that 
P&(3) is greater than P&0( 2) at every energy above 
the vf= 3 threshold. However, the rate constants into 
vr= 2 are known experimentally [ 221 to be larger than 
those into vf= 3 for thermal rates corresponding to 
total energies peaked about 1.78 eV. We do not ex- 
pect this dominance of P& ( 3) over P&0( 2) to persist 
for J>O. However, if it does persist, it will clearly 
indicate an error in some important region of the T5A 
PES. We note in passing that the calculations of 
Zhang and Miller [2] on the presumably less accu- 
rate M5 PES give P,“,( 2 ) > P&, ( 3) for J= 0 for ener- 
gies near 1.78 eV. 

In conclusion, we have presented benchmark ac- 
curate 3D full CC calculations of the reaction prob- 
abilities for the F+HI reaction for J= 0 using the re- 
alistic T5A PES and have demonstrated their 
convergence. The significant structure in the reac- 
tion probabilities with energy and the rapid changes 

in rotational distributions suggest strong quantum 
resonance effects. 
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