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Quantum mechanical cross sections for the two channels of theHdb reaction, calculated and published

by Zhang et al.{. Chem. Phy200Q 112 9802) employing the potential energy surface of Stark and Werner

(J. Chem. Phys1996 104, 6515) were used to calculate ratios of cross sections and ratios of rate constants
under a variety of initial conditions. It is shown that, for the range of low collision energies at a rotational
temperature of 50 K for which a resonance peak for the4HB product channel was observed by Skodje

et al. 0. Chem. Phy200Q 112 4536;Phys. Re. Lett 200Q 85, 1206), both experimentally and theoretically,

and even more so for higher rotational temperatures, there are obvious advantages in presenting results in
terms of ratios of cross sections, rather than in terms of absolute cross sections. Results for ratios of cross
sections for collision energies higher than the low-energy range of the resonance peak, as well as for ratios
of rate constants over a wide temperature range, are presented and discussed.

1. Introduction of the F+ HD(v = 0, ] = 0) reaction employing the SW PES
were carried out by Ba#t for four low collision energies in

the range of 0.481.40 kcal/mol. He showed that, for the lowest
collision energies in this range, the cross sections for therHF

The study of the F+ H; reaction is of central importance to
the development of theories in chemical dynanigslumerous
experimental and theoretical studies of this reaction and of its
isotopic variants B D, and F+ HD have been carried out in D product channelg(HF), are much larger than 'the Cross
recent years. Comparisons between theoretical predictions basea(':‘Ct'O.nS for thg DF .H product. channela(DF). This Iar ge
on various potential energy surfaces (PESs) and experimentaI'SOtolo'_C b_r gnchlng ratlc_> was attributed by him to the existence
measurements have led to conclusions concerning the accuracy @ Significant tunneling process for the HF D product
of these surfaces. The ab initio PES developed by Stark andchannel, but not for the DR H product channel, because of
Werner (SW PES)is considered to be the most accurate surface the thin barrier of the SW PES, which enables the H atoms to
available today:24In fact, quantum mechanical (QM) calcula- tunnel through |t_alm(_)st free_ly but severely I|m|ts_ the passage
tions on this PES have led to a nearly quantitative agreement© D atoms. This thin barrier was calculated in an earlier
with the photodetachment spectrum of the,FionS thereby ~ Publication by Rosenman et @lin which results of QM
demonstrating the accuracy of this surface in the transition statec@lculations for the A H, and F+ D, reactions were presented
region. Other experimental measurements, such as the deter@nd discussed.
mination of rate constants for thet#~H; and F+ D, reactions A combined experimental and theoretical study of integral
and of their ratio (kinetic isotope effect), were also reproduced cross sections as a function of collision energy at a low
quite well by QM calculations on this PES, especially near room temperature (50 K) for the reaction of F atoms with HD was
temperaturé.However, there are some discrepancies between carried out by Skodje et &:'2In this study too, very different
results of scattering experiments and QM calculations for the F behaviors for the two channels of this reaction were found by
+ H, reaction’8 and even more so for the ¥ HD reaction* the experimental measurements, as well as by the QM calcula-
Significant discrepancies also exist with respect to the intramo- tions, which were based on the SW PES. For the BH
lecular kinetic isotope effect for the # HD reaction at low product channel, the behavior was found to be essentially
temperature$. classical, with a direct over-the-barrier mechanism. On the other

The isotopomeric reaction  HD is of special interest due  hand, it was found that the Hf D product channel, at very
to the fact that the F atom can attack either of the two ends of low collision energies, is dominated by tunneling through the
the HD molecule, thus leading to a sampling of different regions barrier. Whereas the cross section increases monotonically with

of the PES. The two channels are collision energy for the DR- H product channel, for the HfF
D product channel, a peak is observed near a collision energy
F+HD—HF+D (1a) of 0.5 kcal/mol. This peak is observed experimentally and is
F+DH—DF+H (1b) reproduced quite well by the QM calculations, although the

calculated peak is about 2 times higher than the measured peak
QM calculations of integral cross sections for the two channels and slightly shifted to higher collision energies (by about 0.1
kcal/mol). The QM calculations showed that this peak is due
T Part of the “Gert D. Billing Memorial Issue”. _ to HD (j = 0). A much smaller peak, at a lower collision energy,
*To whom correspondence should addressed. E-mail: persky@ s gptained for HD j(= 1). Such peaks for the rotational states
mail.biu.ac.il. . L . .
*Bar-llan University. j = 0 andj = 1 were also obtained by the QM calculations of

8 The College of Judea and Samaria. Zhang et al? also employing the SW PES. On the other hand,
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Figure 2. Cross sections(HF), as a function of collision energy, for
the reaction H HD for HD (j = 0) and for the rotational temperatures
50,100 and 300 K.

the QM cross sections, as a function of collision energy and of
the rotational state of the HD molecule, that were reported by
Zhang et aP. Our results demonstrate that, for the purpose of
looking for resonance peaks, there are advantages in presenting
experimental and theoretical results in terms of ratios of cross
sections for the two channels of thet=HD reaction, rather
than in terms of absolute cross sections for the:HB product
channel. Our results show that, with such a presentation, the
resonance peak at low collision energies is significantly more
pronounced and should be clearly observed even under condi-
tions where the peak in the cross sections for the -HP
product channel is very small. Results of calculated ratios of
cross sections and rate constants for the two channels of the F
+ HD reaction under a variety of initial conditions other than
the experimental conditions of Skodje ethare also presented
and discussed.
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Figure 1. Cross sections and ratios of cross sections, as a function of
collision energy, for the two channels of the reactior-FHD (j = ; ;
0—-2). (a) Isotc?gic branching ratie(HF)/a(DF), (b) o(HF), (c) a(I(DJF). 2. Results and Discussion

2.1. Isotopic Branching Ratiose(HF)/a(DF). The calcula-
quasiclassical calculations on the same PER®I not show any tions reported here are based on the QM cross sections, as a
peak. The fact that the QM peak is higher than the experimental function of the collision energy and of the initial rotational state
peak was attributed by Skodje et'&k?to deficiencies in the  of the HD molecule, reported by Zhang et al. (Figures 1 and 3
PES. They suggested that the barrier of the SW PES might beof ref 9). In their calculations, they employed the SW PES.
somewhat too narrow, causing excessive tunneling, or it might Figure 1 of the present study shows the absolute cross sections,
be somewhat too low, because of the neglect of -spibit o(HF) and o(DF), for the HF+ D and DF + H product
coupling. channels, respectively, and ratios of cross sectioflslF)/

The main motivation of this study was the outstanding d(DF), as a function of collision energy for the initial rotational
achievement of Skodje et &k12who observed a resonance in  stateg = 0—2. Smooth behavior is observed fofDF) for all
the integral cross sections for the HFD product channel of  initial rotational states (Figure 1c). Foi(HF) (Figure 1b), a
the F+ HD reaction at low collision energies. This is the first peak is observed fgr= 0 at a collision energy of 0.63 kcal/
case in which conclusive experimental evidence was presentedmol, and a much smaller peak is observed ferl at a collision
for the existence of a reactive resonance in integral crossenergy of 0.30 kcal/mol. No peak is observedifer 2. This is
sections, surviving the effect of partial wave averaging. The consistent with the QM results of Skodje et al. (Figure 3 of ref
purpose of the present study was to determine whether one mightl1). Significantly more pronounced peaks jor 0 andj = 1
expect to observe resonance features under conditions other thafre observed in Figure la where isotopic branching ratios,
those of the experiments of Skodje etbaind whether there is ~ o(HF)/o(DF), are presented. A comparison between parts a and
another manner of presenting the results through which the b of Figure 1 clearly demonstrates the advantage of presenting
resonance features would be more prominent. To achieve thisthe results in terms of isotopic branching ratios, rather than
goal, we carried out calculations of ratios of integral cross absolute cross sections.
sections for the two channels of thetFHD reaction under a Figure 2 shows integral cross sectiar®lF) as a function
variety of initial conditions. These calculations are based on of collision energy for HD at the rotational temperatures 50,
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Figure 4. Cross sections (in units ofZ\and ratios of cross sections,
presented on the same scale, as functions of collision energy for the
rotational temperatures (a) 50 and (b) 300 K.
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Figure 3. Isotopic branching ratiosg(HF)/g(DF), as a function of
collision energy for the reaction ¥ HD for HD (j = 0 and 1) and for

the various rotational temperatures (a) 50, 100, and 150 K; (b) 200,
300, and 500 K.

TABLE 1. Distribution of Rotational States of HD at corresponding t¢g = 0 andj = 1. In this temperature range,
Various Temperatures the percentage of HD in the= 0 state decreases from 80 to
fraction of molecules in stafe 36%, and the percentage of HD in the= 1 state increases

from 20 to 47%; correspondingly, the peak duejte= O
decreases, and the peak dug te 1 increases. In the lower
part of the figure, results are presented for 200, 300, and 500

T(K) j=0 j=1 |j=2 j=3 =4 |j=5

50 0.80 0.20
100 0.51 0.43 0.06

150 0.36 0.47 0.15 0.02 K. In this temperature range, the percentage of HD injtke
200 0.22 0.57 0.17 0.04 0 state decreases from 22 to 12%, and the peak due to this state
300 0.20 0.39 0.28 0.11 0.02 decreases and almost disappears. The percentage of HD in the

500 01z 028 028 019 009 003 =1 state also decreases, from 57 to 28%, and the peak due to
100, and 300 K, as compared to the cross sections for HD in this state also decreases, but a very small peak is observed even

rotational statg = 0. The distributions of rotational states at at 500 K.

these temperatures, as well as for some other temperatures, are A comparison between Figure 3 and Figure 2 demonstrates

presented in Table 1. For a temperature of 50 K, correspondingagain that, for the purpose of observing resonance peaks due to

to the conditions of the experiments of Skodje ef&B0% of tunneling, it is preferable to present results in terms of isotopic

the HD is in the rotational staje= 0, and a pronounced peak branching ratios, rather than in terms of absolute cross sections.

is observed. As the temperature is raised, the contribution of Whereas in Figure 2 only the peak duejte= 0 is observed

this state becomes smaller, and correspondingly, the size of theand it disappears almost completely at 300 K, in Figure 3, two

peak decreases. No significant peak dup+ol is observed at ~ peaks, due t¢ = 0 andj = 1, are observed. The peak due to

any of the three temperatures. j = 1 is clearly observed even at 300 K and higher. This is
Figure 3 shows the isotopic branching ratigHF)/o(DF) as even clearer from Figure 4, wheo¢HF) ando(HF)/o(DF) are

a function of collision energy for six temperatures in the range presented as functions of the collision energy on the same scale

50—-500 K. In the upper part of the figure, the results for 50, for temperatures of 50 and 300 K. As can be seen from this

100, and 150 K are presented. Two peaks are observedfigure, for 50 K, the peak in the isotopic ratie(HF)/o(DF)



8602 J. Phys. Chem. A, Vol. 108, No. 41, 2004 Kornweitz and Persky

25 1 1 1 L 20 1 1 1 L 1
® EXP ® EXP
—am
1.8 4
20 -
1.6 -
i 15 - ™
g =)
2 L 14
L [T
I I
® 10 4 ©
1.2 4
5 4
1.0 f——————— o H
0 . . . . . 8 . . . : :
0 1 2 3 4 5 0 2 4 6 8 10 12
Ec (kcal/mol) Ec (kcal/mol)
Figure 5. Isotopic branching ratiosz(HF)/o(DF), as a function of Figure 6. Isotopic branching ratiosy(HF)/o(DF), as a function of
collision energy, for the reaction F HD at 50 K. Filled circles, collision energy, for the reaction # HD at 300 K. Filled circles,
experimental results of ref 11; solid line, QM results of the present experimental results of ref 14 (the boxes account for the errors in the
study. branching ratios and in the collision energies); solid line, QM results

of the present study.

due toj = 0 is more than 10 times higher than the peak in
o(HF) and is much sharper. For 300 K, a small peak dije=to higher than unity. This is probably due to some inaccuracies in
1 is observed for(HF)/o(DF), whereas the curve far(HF) is the SW PES. This discrepancy cannot be related to too much
apparently smooth. Experiments to test the behavior shown intunneling included in the calculations, because in this case, the
Figures 3 and 4 would involve careful measurements of calculated results would be higher than the experimental results,
branching ratiogr(HF)/o(DF) in the very low collision energy ~ rather than lower. Moreover, under the conditions of the
range -2 kcal/mol for some rotational temperatures up to 300 experiments of Johnston et &t.tunneling is probably not very
K. Although such experiments would probably be rather difficult important. As noted by Skodje et &t the SW PES is quite
because of the low cross sections in this energy range, especiallyaccurate in the collinear portion, and therefore, the calculated
for the DF+ H products channel, they would be very important cross sections for low rotational states, especiady0, agree
as a test of the accuracy of the SW PES. quite well with the experimental results (Figure 5). However,

The experimental isotopic branching ratio$HF)/o(DF) other portions of the PES are probably less accurate, and
determined by Skodije et &l.at 50 K for the range of collision  therefore, at higher rotational states and especially at high
energies 65 kcal/mol are compared with calculated results in collision energies, there are discrepancies between the calculated
Figure 5. Unfortunately, only part of an experimental peak is Cross sections and the experimental results (Figure 6).
observed, as only a few measurements have been carried out in 2.2. Intramolecular Kinetic Isotope Effect, kyr/kpr. Zhang
the low-collision-energy range, especially measurements of et al? calculated the intramolecular kinetic isotope effégt/
o(DF). However, the shift of the theoretical peak to higher kor, as a function of temperature and compared the results with
collision energies with respect to the experimental peak reportedexperimental results of one of the authors of the present
by Skodje et al! is clearly observed. The good agreement publicatiort® for the temperature range of 15813 K. They
between experiment and theory in the higher-energy range, forfound that the calculated values are higher than the experimental
which most of the measurements were made, is also observedvalues by a factor of about 2 in the lowest temperature and
More careful measurements are needed in the low-energy rangeapproach the measured values at the highest temperature. The
for a better comparison between experiment and theory in this calculated and experimental results are presented in Figure 7.
important range. It should be noted that, when the experimental Also presented in this figure are the quasiclassical trajectory
results are presented in terms of isotopic branching ratios, thereresults of Aoiz et at3 As can be seen, whereas the quasiclassical
is no need to include a normalization factor, which is essential results underestimate the kinetic isotope effect, the QM results
in the presentation of absolute cross sections in comparison withoverestimate the effect, and the discrepancy increases as the
theoretical prediction&:12This is another advantage of such a temperature is lowered. This indicates that the tunneling effect
presentation. included in the QM calculations is probably too high. This

Measurements at a much higher rotational temperature thanconclusion is consistent with the suggestion of Skodje &t*4l.
that used in the experiments of ref 11 were carried out by that the barrier of the SW PES might be somewhat too narrow.
Johnston et al* They measured the isotopic branching ratio Calculated kinetic isotope effects,e/kor, Over a very wide
o(HF)/o(DF) at 300 K for three collision energies, namely, 4.50 temperature range, down to 10 K, for HD in the rotational states
+ 2.20, 6.05+ 2.50, and 8.36t 3.00 kcal/mol. The results are  0—2, and for thermal distributions of rotational states are
presented in Figure 6, in comparison with the QM results presented in Figure 8a. Individual rate constakis,andkpr,
calculated in the present study. It can be seen that the calculatedor thermal distributions of rotational states, are presented in
isotopic branching ratios are significantly lower than the Figure 8b. As can be seen in Figure 8a, peaks are observed in
measured ratios over the whole energy range of the experimentsthe curves foj = 0 andj = 1, but not forj = 2. A peak is also
For collision energies higher than 2.8 kcal/mol, the calculated observed in the curve for the thermal distributions of rotational
ratios are lower than unity, whereas the measured ratios arestates, and this curve is very close to the curvg fer0. This



Isotopic Branching Ratios for the  HD Reaction J. Phys. Chem. A, Vol. 108, No. 41, 2008603

4 L L L L

i (a) E

QM

KHF/kDF
o N
kHF/kDF

s
—

2 3 4 5 6 7 1000
A (b)
1000/T (K1)

Figure 7. Intramolecular kinetic isotope effectk(HF)/k(DF), as a
function of 10001 for the reaction F+ HD. Filled triangles,
experimental results of ref 15; empty triangles, quasiclassical trajectory
results of ref 13; filled circles, QM results of ref 9.
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is because most of the HD molecules at temperatures near the
maximum of the peak of this curve (60 K) and at lower
temperatures are in thie= O state. The peaks observed in Figure
8a result from the resonance peaks in the curvess{biF)/
o(DF) as a function of collision energy (Figures 1a and 3), but
they are rather wide (they spread over a wide range of
temperatures), because of the effect of averaging over thermal A4 -
distributions of collision energies involved in the calculations

of rate constants. No peak is observed in Figure 83 for2,

as there is no resonance peak for this rotational state in the curve 01
for o(HF)/o(DF). It can also be seen that, whereas there is a 0 20 40 60 80 100
peak in the curve forkye/kor for thermal distributions of 1
rotational states (Figure 8a), there is no peak in the correspond- 1000/T (K™)

ing curve forkyr (Figure 8b). This is probably due to the fact Figure 8. Rate constants and ratios of rate constants for the two
that the resonance peak fafHF) is much smaller than the peak ~ channels of the R~ HD reaction, as a function of 1000/(a) kur/kor

for o(HF)/o(DF) (Figure 4) and is washed out altogether by for HD in the ro.tatlonal states-€2 and for thermal distributions of
the Boltzmann averaging over collision energies in the calcula- rotational states; (bl andkp for thermal distributions of rotational

. states.

tions of rate constants.

_ Balakrishnan and Dalgartfoinvestigated the isotopic branch- o of isotopic branching ratios(HF)/o(DF), rather than in
ing ratios and_ the intramolecular kinetic |sotope_effects fo_r the tarms of absolute cross sectiongHF). With such a presenta-
F + HD reaction at ultracold temperatures. Their calculat_lons, tion, the resonance peaks are much sharper and are much larger
which were also based on the SW PES, showed that, in they, o they are for(HF) under the same conditions, and they
!|m|t of zero temperatu_re, the value of the |ntramolecular_ klne_t|c are clearly observed even under conditions where no peaks are
isotope effectkr/kor, is 5.5. The same value was obtained in pqeryeq for(HF). Another advantage is that no normalization
the present study for the lowest temperature of the calculations.,tor is needed when the experimental results are compared to
theoretical results, whereas such a normalization is needed when
the results are presented in termss@ifiF) 11121t is also shown

The main purpose of the present study was to investigate that the resonance features survive even the effect of averaging
whether one might expect to observe resonance features in theover the thermal distributions of collision energies involved in
integral cross sections for thet=HD reaction under conditions  the calculations of rate constants. Peaks, though rather wide,
that are different from the experimental conditions of Skodje are observed in the curves presentipg/kor as a function of
et al* and whether results can be presented in a different 1000 for HD in rotational states 0 and 1 and also for thermal
manner, so that such features will be more pronounced. Todistributions of rotational states. On the other hand, the
achieve this goal, calculations of isotopic branching ratios, resonance peak foo(HF) does not survive this averaging
o(HF)/o(DF), and of intramolecular kinetic isotope effeditgy/ process, and the corresponding curvelgr is rather smooth.
kor, under a variety of initial conditions were carried out. The Experimental studies based on the results of our calculations,
calculations are based on the QM cross sections for the twoalthough probably rather difficult, would be very important as
channels of this reaction for the SW PES reported by Zhang et a test of the accuracy of the SW PES.
al® It is shown that, for the purpose of observing resonance Isotopic branching ratiosi(HF)/o(DF), calculated under the
peaks, there are obvious advantages in presenting the results iconditions of the experiments of Johhston et al. (300 K and

1013 (cm3molecule'1s'1)
I
m

3. Summary
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collision energies in the range of 4:8.3 kcal/mol}*were found (2) Althorpe, S. C.; Clary, D. CAnnu. Re. Phys. Chem2003 54,

tor bbe Ellgncliflca[ltly lcr)nweirnthan ﬁheiexer?r;?ers]‘[\% :Deéglts' This is (3) Stark, K.; Werner, H.-JJ. Chem. Phys1996 104, 6515.

pro a. y, ue to some ?CCU acies e . ) (4) Castillo, J. F.; Manolopoulos, D. [Earaday Discuss. Chem. Soc.
As indicated here and in some other studies, there are somerggg 110, 119.

discrepancies between results of QM calculations based on the  (5) Manolopoulos, D. E.; Stark, K.; Werner, H.-J.; Amold, D. W.;

SW potential energy surface, which is the most accurate surfaceBra‘z(‘;‘)’”gbsSénErﬁ?aZ‘e‘é”_“";‘_: K D- MBclencel993 ggékly%:-_ Baor e

avallablg today fo.r'the.Fr— H> system, and gxperlmental results. Phys. Lett1996 257, 421. re P ’ :

Some slight modifications of this potential energy surface are (7) Castillo, J. F.; Manolopoulos, D. E.; Stark, K.; Werner, H3J.

needed to close the gaps that still exist between experimentalChem. Phys1996 104, 6531.

nd theoretical r Its for thi m. (8) Aoiz, F. J.; Banares, L.; Martinez-Haya, B.; Castillo, J. F;
and theoretical results for this syste Manolopoulos, D. E.; Stark, K.; Werner, H.d1.Phys. Chem. A997 101,
6403.
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