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Abstract

This Letter reports on a quantum-mechanical coupled-state study of the reactions FqHD ™ FHqD and FqDH ™
Ž .FDqH at four low energies namely 21, 35, 51 and 61 meV. Vibrational state-to-state integral and differential

Ž . Ž .cross-sections are presented. The main results are: a the FD products are always distributed backward; b the FH products
show forward–backward distributions at the two higher energies, a tri-peak distribution at the third energy and a backward

Ž .distribution at the lowest energy; c the calculated integral cross-sections yield a strong isotope effect where the FH product
is favored over the FD product. q 1999 Elsevier Science B.V. All rights reserved.

1. Introduction

Ž .The FqXY X, YsH, D systems have played
an important role in the study of elementary chemi-

w xcal reactions for the last three decades 1 . The
number of studies devoted to this reaction probably
exceeds the number of studies relating to any single
system in chemical physics. Still, this system pos-
sesses unrevealed features that justify additional
studies. It all started with the crossed molecular
beam experiments by the Lee group, which provided
the first vibrational resolved differential cross-sec-

w xtions for all four isotopic systems 2–4 , and with the
low pressure arrested relaxation chemiluminescense

w xexperiments of the Polanyi group 5–7 , that yielded,

) Permanent address: Soreq NRC, Yavne 81800, Israel. Fax:
q972-8-9456017; e-mail: mmbaer@netvision.net.il

1 Guest Professor at the Academia Sinica, IAMS.

for these systems, the first products vib-rotational
distributions. More recently it was the Toennies group
w x8–11 that succeeded in obtaining the first vib-rota-
tional resolved differential cross-sections for FqD .2

These experiments together with a simultaneous
quantum-mechanical treatment established the exis-
tence of rotational bi-modal distributions formed in

w xthis reaction 10,11 . Some time later, two other
groups, independently, explored the rotational distri-
butions of HF products using IR-based techniques. In

w xone experiment, Dharmasena et al. 12 measured the
relative population of several rotational states be-
longing to Õ

X s1, 2 and in another, Chapman et al.
w x13 measured, as a function of energy, state-to-state
vib-rotational integral cross-sections. A few months

w xago the Toennies group 14 completed an additional
series of experiments in which for the first time the
vib-rotational state resolved differential cross-sec-
tions for FqH were measured. More experiments2
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w xare currently being performed by Liu 15 at the
IAMS in Taipei, with the aim of measuring state-to-
state integral and differential cross-sections at low
energy for the FqHD system.

Ž .The quantum-mechanical QM study of these
systems started in 1973 with the publications by Wu

w x w xet al. 16 and by Schatz et al. 17 . These studies
were followed by many others, among them the first
attempt to simulate Lee’s experiments which was

w xdone by Jellinek et al. 18 employing the three-di-
mensional reactive infinite order sudden approxima-

Ž . w xtion RIOSA 19 . This attempt, compared to pre-
sent achievements, can be considered to be some-
what ‘naive’. This could be due to the approxima-
tions involved in the RIOSA but it is more likely
attributable to the shortcomings of the M-5 potential

Ž . w xenergy surface PES 20 employed in these calcula-
w xtions. Indeed, a few years later Takayanagi et al. 21

employed the same RIOSA but with a more success-
ful PES, namely a modified London–Polanyi–Eyr-

Žing–Sato surface with a non-linear saddle point this
PES has numerous features in common with the

w x.recent advanced Stark–Werner PES 22 and got
much more relevant results for these reactions al-
though still far from the present achievements. It was

Ž .only after Stark and Werner SW made available
w xtheir PES 22 that theory and experiment started to

converge. In almost all subsequent QM calculations
w x10,11,23–25 a consistent reasonably good fit be-
tween the above scattering experiments and theory
was achieved. In this respect it is important to men-
tion also a very good fit achieved, employing the SW
PES, in a different type of calculations, namely that
of rate-constants. Here the success of the QM treat-

w xment 26,27 in producing correctly the experimental
results for a whole range of temperatures for the two

Ž .isotopic reactions FqX XsH, D , and in particu-2
w xlar for their isotopic ratio 26 that was measured
w xdirectly and independently 28,29 , which increased

the confidence in both the SW PES and the QM
approaches.

w xA few years ago Rosenman et al. 26 revealed a
unique feature of the SW PES, namely the existence
of a dynamic QM potential barrier of height ;0.75
kcalrmol that is thin enough to permit the hydrogen
atoms to penetrate through it almost freely but yet
broad enough to significantly reduce the penetration
capability of the deuterium atoms. This selective

ability was already noticed while calculating the
cross-sections of the two isotopic reactions FqX 2
Ž . ŽXsH, D . Whereas for hydrogen the threshold in

.the case of js0 was practically zero, it was ;0.5
kcalrmol for deuterium.

In this Letter we report on QM integral and
differential cross-sections for the three-arrangement
reactions:

Ž .DqFH Õ j IaŽ .m m
Ž .FqHD Õ s0, j s0 ™l l ½ Ž .Ž .HqFD Õ j IbÕ Õ

as calculated in the low-energy range 21 meVFEtr
Ž . w xF61 meV. Castillo and Manolopoulos CM 23

considered these reactions and calculated integral
and differential cross-sections at the two ‘experimen-
tal’, energies, namely E s1.35 and 1.84 kcalrmol.tr

They revealed the existence of a strong isotopic
effect in the angular distributions for the two prod-
ucts but only a slight one for the integral cross-sec-
tions. In this Letter we shall show that, in the
low-energy region, isotope effects also appear in
integral cross-sections.

2. Theoretical comments

The approach, developed by the present author
together with his colleagues, was described in detail
on several occasions and there is no necessity to go

w xinto too much detail once again 30–34 . However,
since this is the first time that a three different-

Ž .arrangement-channels AC system is treated
Ž Ž . Ž . Ž ..namely, F, HD , FH, D and FD, H , it could be
of importance to remind the reader of some details
and show how efficient and friendly this method is,
even in such a complicated case like this one.

The aim of the calculation is to obtain the follow-
ing matrix element:

m
< ² < < :S t t s d d q c V c qxŽ .a 0l t t a t t t t½ 520 l a l a a 0 l 0 li"

=exp iw . 1Ž .Ž .ta

Here the function: C sc qx is the totalt t t0 a 0 a 0 a

Žwavefunction defined in the l AC including an
.extended interaction region , c is the unperturbedt0 a

part of the total wavefunction which contains the
correct boundary conditions, and x is the per-t0 a
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turbed part which is a solution of the following
inhomogeneous Schrodinger equation:¨

EyH x sV c . 2Ž . Ž .t t t0 l 0 l 0 l

Ž . Ž .The potential V , in Eqs. 1 and 2 , is the perturbedta
potential in the a-AC, t stands for a set of quantuma

Ž .numbers related to the a-AC, i.e. Õ , j , V , J ,a a a

Ž .w is the t th elastic phase shift and the d ’s areta a

the ordinary Kronecker delta functions. In all cases
l labels the initial AC and a any of them, namely,

Ž .either the initial one and then a'l or one of the
Ž .exchange reactive ACs. As for the four quantum

numbers: Õ and j are the vibrational and rotational
quantum numbers, respectively, J is the total angu-
lar momentum quantum number and V is the projec-
tion of J and j along the respective translational
vector R. It is important to emphasize that t stands0l

for the initial set of quantum numbers. The main
Ž .advantage of this approach is that once Eq. 2 is

Žsolved and this can be done only with the help of
w x.negative imaginary potentials – NIPs 35 then all

required S-matrix elements follow from a straight-
Ž .forward integration over the l-AC the initial AC

Ž .coordinates as given in Eq. 1 . The solution of Eq.
Ž .1 is carried out employing the ordinary reagents
Jacoby coordinates. In what follows the incoming
l-AC is the FqHD AC, the reactive m-AC is the
FHqD AC and the reactive n-AC is the FDqH AC.
The results reported here were obtained by employ-

Ž . w xing the coupled-states approximation CSA 36 .
As was mentioned above the calculation of each

state-to-state S-matrix element is done separately. A
check for the approach is to calculate, for a given J,
the reactive probability for each of the two products,

Ž . Ž .namely, P J for FH and P J for FD, and com-m n

Ž Ž . Ž ..pare their sum P J qP J with the total reac-m n

Ž . Ž .tive probability, P J , as obtained independentlyT

from the corresponding non-reactive S-matrix ele-
ments. It turns out that for all reported energies and
for most J-values, indeed, the relation:

P J qP J fP J 3Ž . Ž . Ž . Ž .m Õ T

is approximately maintained. However, we also found
Ž . Žthat at some J values P J is too large thism

happens for the J values that are directly associated
.with the resonance, as will be discussed later .

Therefore the J-dependent, state-to-state S-matrix
elements were normalized accordingly. Thus if

Ž .S t , J is the original S-matrix element for them

Ž .m-AC, then the modified one, S t , J , is given inrn m

the form:

P J yP JŽ . Ž .T Õ
S t , J s S t , J . 4Ž .Ž . Ž .rn m m) P JŽ .m

This requirement for normalization was somewhat
surprising for us because, so far, we had never had to
carry it out. Even in the present case, while consider-

Ž .ing the total probability functions, P J , no nor-T

malization was needed. Thus it could very well be
that the CSA becomes sensitive in case the reaction,
for a given J at a given arrangement channel, is
dominated by a strong resonance.

As a final subject we would like to refer to the
type of NIPs employed in our calculations. Since the

Ženergy of the reagents and of course of the non-re-
.active products is very low we are forced to employ

soft and long-range NIPs in this AC. Indeed, we
chose the Neuhauser–Baer linear NIPs with a range

˚of 2 A and a height of 0.07 eV to ensure full
absorption and no reflection. This large increase in
the total length of the entrance AC hardly affects the
numerical effort.

3. Computational results

Ž .In the present study we concentrate on the very
low-energy region, namely the energy range 21 meV
FE F61 meV. Two types of results will be dis-tr

cussed.

3.1. Vibrational state-to-state differential cross-sec-
tions

Here we show results for two energies. In Fig. 1
the differential cross-sections for E s61 meV astr

Ž .calculated for the two reactive ACs in Eq. 1 are
shown. The results in this figure are not novel: a

w xcalculation, by CM 24 , employing an ‘exact’ treat-
ment yielded results which in general look like ours.
However, a more detailed inspection reveals some
quantitative differences. In the case of FH the two
treatments yield angular distributions with strong
backward and forward maxima but the CM distribu-
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Fig. 1. Vibrational state-to-state differential cross-sections for the
Ž .FqHD reactions as calculated at E s61 meV: a results fortr

Ž .FqHD ™ FHqD and b results for FqDH ™ FDqH.

tion is milder. For instance, the ratio between cross-
sections belonging to a central angle vs. cross-sec-
tions at 1808 or 08 is about 1:3 in the CM case and
about 1:4 in our case. As for FD the two treatments
yield strong backward distributions but in this case it
is the present angular distribution that is milder: for

Ž . Ž .instance, the ratio s 1208 rs 1808 is about 1:3 in
the CM case and only about 1:2 in our case. Al-
though these differences may be regarded by some
as significant we think that the CSA, as incorporated
in our approach, is capable of yielding reasonable
state-to-state differential cross-sections and therefore

Žis trustworthy even those for FH for which some of
.the S-matrix elements had to be renormalized . In

this respect it is worthwhile to mention that our

opacity functions are also similar to those of CM,
Žexcept for the sharp peak at Js3 designated by

.them as B . Our calculations do not support the
existence of this abrupt behavior.

We also calculated differential cross-sections for
Ž .E s51 meV not shown here and got similar distri-tr

butions as for E s61 meV.tr

In Fig. 2 are presented the differential cross-sec-
tions for a lower energy, namely E s35 meV. It istr

well noticed that whereas the FD channel yields a
‘normal’ backward distribution, similar to what was
encountered at the previous case, the FH channel
produces a different distribution, which is to a cer-
tain extent novel. It is well noticed that in addition to
the strong forward and backward maxima which are

Fig. 2. Vibrational state-to-state differential cross-sections for the
Ž .FqHD reactions as calculated at E s35 meV: a results fortr

Ž .FqHD ™ FHqD and b results for FqDH ™ FDqH.
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Žtypical for the low-energy FH channel in the case of
.FqH as well as in the case of FqHD here a new2

feature is encountered. Around the center-of-mass
angle uf1108 the angular distribution reaches a
third maximum that is only rarely seen in scattering

Ž .calculations. In fact, we encountered such a third
Ž .peak in the LiqHF reaction for low translational

w xenergies 34 . The LiqHF result can be attributed to
the fact that the product molecule, LiF, emerges
from the interaction mainly with an VsJ value. In
such a case it is well known that the Legendre

JŽ .polynomials P u attain their maximum at usV

pr2, and therefore it is expected for the angular
distribution to peak at this angle. Here we found that
the FH molecule emerges from the interaction region
mainly with VsV s0 and therefore the situationm

is more complicated. Since we cannot attribute this
phenomenon to any obvious cause a possible expla-
nation is as follows. Due to the strong tunneling
processes on one hand and the existence of shallow
potential wells on the other this low-energy region is
vulnerable to interference effects that for different
energies may lead to different patterns for the differ-
ential cross-sections. Indeed, we found that the shapes
of the differential cross-sections are very sensitive
with respect to the energy. In this respect it is
important to mention that we also calculated differ-

Žential cross-sections for E s21 meV not showntr
.here and obtained an unexpected pure backward

distribution.
As for the comparison with experiment there exist

the well-known results of the Lee group which were
obtained at two energies, one of which is E s60tr

meV. It is difficult for us to compare the present
differential cross-sections with the Lee differential
cross-sections as these were never transformed to the
center-of-mass system and we lack the means to
transform ours to the laboratory system. However,

w xCM 24 did a careful analysis in this respect, and we
cannot add much to it except for one comment.
Comparing our angular distributions to theirs it is
seen that the present curve has a more pronounced
peak in the forward direction. If all that is missing
Ž .as was claimed by CM in order to obtain a good fit
with experiment, at this energy, is a pronounced
forward peak then our calculation fulfills that de-
mand. However, this kind of statement must not be

Ž .taken too seriously for two reasons: 1 our treatment

is, after all, an approximate one whereas CM’s is
Ž .exact and 2 we realize that this forward peak is not

as stable as the rest of the curve with respect to
variation of numerical parameters so that it has to be
considered with some care.

w xWe are aware that Liu 15 at IAMS performs
new experiments for this system at this low-energy
region. It will be interesting to see to what extent his
new results will compare with the QM calculations.

3.2. Vibrational state-to-state integral cross-sections

In Fig. 3a are presented the individual integral
cross-sections for each of the products. In Fig. 3b are

Ž .Fig. 3. a Total integral cross-sections s and s for theH D
Ž .individual products as a function of energy. b Isotope effect IDH

Ž .ss rs as a function of energy.D H
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presented the energy-dependent isotope effects IDH

defined as:

I ss rs , 5Ž .DH D H

where s and s are the cross-section for reactionsH D
Ž . Ž .Ia and Ib , respectively. The main features to be
noticed are:

Ž .1 Whereas the cross-section s is only weaklyH

dependent on the energy, the cross-section s de-D

creases rapidly as the energy approaches zero.
Ž .2 The isotope effect, which in general in this

energy range favors the formation of FH, is seen to
increase rapidly with energy so that once the energy
reaches the highest value it becomes somewhat larger
than unity. In this respect it is interesting to note that
the CM I value is 0.96 for this energy, namelyDH

;10% smaller.
The vibrational state-to-state and total integral

cross-sections as a function of energy for reactions
Ž . Ž .Ia and Ib are presented in Tables 1 and 2, respec-
tively. The relative vibrational distributions are
shown as well. In addition to the theoretical results,
we present for each reaction Perry and Polanyi’s
Ž . w xPP 7 experimental vibrational distributions, as

Table 1
˚2Ž .Vibrational state-to-state cross-sections A for the reaction Fq

ŽHD ™ FHqD numbers in parentheses are the relative values
.with respect to Õs2

E E Õs0 Õs1 Õs2 Totaltotal tr
Ž . Ž .eV meV

0.254 21 0.02 0.09 1.39 1.50
Ž . Ž . Ž .0.02 0.06 1.00

0.268 35 0.01 0.06 1.31 1.38
Ž . Ž . Ž .0.01 0.05 1.00

0.284 51 0.02 0.11 1.36 1.49
Ž . Ž . Ž .0.01 0.08 1.00

0.294 61 0.04 0.17 1.34 1.55
Ž . Ž . Ž .0.03 0.13 1.00

a a a a0.294 61 0.01 0.15 1.24 1.40
Ž . Ž . Ž .0.01 0.12 1.00

b Ž . Ž . Ž .Exp-IR 0.03 0.29 1.00 -

a w xRef. 24 .
b w xRef. 7 .

Table 2
˚2Ž .Vibrational state-to-state cross-sections A for the reaction Fq

ŽHD ™ FDqH numbers in parentheses are the relative values
.with respect to Õs3

E E Õs0 Õs1 Õs2 Õs3 Õs4 Totaltotal tr
Ž . Ž .eV meV

0.254 21 - 0.001 0.01 0.03 0.02 0.06
Ž . Ž . Ž . Ž .0.03 0.35 1.00 0.67

0.268 35 0.002 0.004 0.04 0.14 0.070 0.25
Ž . Ž . Ž . Ž . Ž .0.01 0.03 0.29 1.00 0.50

0.284 51 0.009 0.024 0.16 0.54 0.25 0.98
Ž . Ž . Ž . Ž . Ž .0.02 0.04 0.30 1.00 0.46

0.294 61 0.023 0.057 0.29 0.91 0.34 1.62
Ž . Ž . Ž . Ž . Ž .0.02 0.06 0.32 1.00 0.37

a a a a a0.294 61 - 0.02 0.20 0.65 0.47 1.34
Ž . Ž . Ž . Ž .0.03 0.31 1.00 0.72

b Ž . Ž . Ž . Ž . Ž .Exp-IR 0.07 0.15 0.50 1.00 0.55 -

a w xRef. 24 .
b w xRef. 7 .

measured for a somewhat higher energy. The main
features to be noticed are:

Ž .1 The QM vibrational distributions are only
weakly dependent on the energy. This is particularly
interesting for the DF case because here the total
cross-sections are strongly dependent on the energy.

Ž .2 In all cases the FH vibrational distribution is
sharply peaked at Õs2 whereas the FD distribution

Žpeaks at Õs3 which, in contrast to the FH case, is
.not the highest vibrational state , but the distribution

is much milder.
Ž .3 The fit with PP’s infrared chemiluminescense

Ž .results for our highest energy is reasonable but not
as well as could be expected recalling the good PES
applied and the accuracy of the QM calculations. At
this point we would like to mention that the Õs3
vibrational state, at this energy, which is open in the
real FH molecule, is closed for the SW PES. This
fact can have an effect on the QM calculations for
this system but we do not think that the results are
significantly affected by this defect.

Ž .4 It is also interesting to note to what extent the
CSA is capable of reproducing the exact results. In
the case of FH the results are only a few percent
apart, this applies also to the total cross-section. A
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larger discrepancy is obtained for FD where the
Õs3 is seen to be over populated at the expense of
Õs4. Also, the total cross-sections in the case of FD
are ;20% apart. The large discrepancy for this
value is somewhat surprising because for FqD at2

the energy of 90 meV the difference between the
exact and the CSA cross-section was only 2–3%.

4. Conclusions

In this Letter a QM numerical study of reactions
Ž . Ž . ŽIa and Ib at the low-energy region near thresh-

.old, 21 meVFE F61 meV is presented. Twotr

types of results were discussed:
Ž .1 Vibrational state-to-state differential cross-sec-

tions were calculated for four energies, namely E str

21, 35, 51 and 61 meV. The distributions for E s61tr

meV were compared with ‘exact’ results and the fit
was found to be, qualitatively, acceptable. They show
an ordinary backward distribution in the case of FD

Žand a two-peak distribution one forward and one
. Žbackward for FH. Similar distributions not pre-

.sented were obtained for E s51 meV. The distri-tr

butions at E s35 meV are as follows: in the casetr

of FD the distribution is as before, namely backward
peaked, but in the case of FH a change occurs,
namely in addition to the backward and the forward
peaks a third peak appears at uf1108. This phe-
nomenon is attributed to the strong tunneling process
that takes place at this energy region and the exis-
tence of shallow potential wells which are capable of
forming bound states, thus leading to the build-up of

Ž .resonances. At E s21 meV not shown here wetr

got pure backward distributions for both DF and HF.
Ž .2 A very strong isotope effect was revealed at

Žthis energy interval. We found that I defined inDH
Ž ..Eq. 5 changes from 0.04 at E s21 meV totr

;1.0 at E s61 meV. This effect is attributed totr
Ž .the selection capability of the dynamic barrier in

the entrance channel. It enables the hydrogen atom to
tunnel through almost freely but at the same time
severely limits the passage of deuterium.
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