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We have performed quantum mechanig@M) dynamics calculations within the independent-state
approximation with new benchmark tripl&t’ andA’ surfacedB. Ramachandrast al,, J. Chem.

Phys. 119, 9590 (2003] for the rovibronic state-to-state measurements of the reactici)O(
+HCl(v=2,j=1,6,9)-0H(v'j')+ CI(*P) [Zhanget al, J. Chem. Phys94, 2704(1991)]. The

QM and experimental rotational distributions peak at similar PH(levels, but the QM
distributions are significantly narrower than the measurements and previous quasiclassical dynamics
studies. The OHow ') populations observed in the measurements are nearly absent in the QM
results. We have also performed quasiclassical trajectory with histogram biG@@g-HB)
calculations on these same benchmark surfaces. The QCT-HB rotational distributions, which are
qualitatively consistent with measurements and classical dynamics studies using other surfaces, are
much broader than the QM results. Application of a Gaussian binning correQQT-GB)
dramatically narrows and shifts the QCT-HB rotational distributions to be in very good agreement
with the QM results. The large QCT-GB correction stems from the special shape of the joint
distribution of the classical rotational/vibrational action of OH products. We have also performed
QM and QCT calculations for the transition, #MHCl(v =0,T=300K)—OH(v'j’)+Cl from
threshold to~130 kcal mol' collision energy as a guide for possible future hyperthermal O-atom
measurements. We find in general a mixed energy release into translation and rotation consistent
with a late barrier to reaction. Angular distributions at high collision energy are forward peaked,
consistent with a stripping mechanism. Direct collisional excitation channel cross sections, O
+HCI(v=0,T=300K)—O+HCI(v'=1), in the same energy range are large, comparable in
magnitude to the reactive channel cross sections. AlthougPAhetate dominates most collision
processes, above-48 kcalmol'l, the 2A’ state plays the major role in collisional excitation.

© 2005 American Institute of Physic§DOI: 10.1063/1.1819331

I. INTRODUCTION have shown many important insights including: a strong
HCl(v) dependence of the rate constant, a vibrational-energy
The reaction, OP) +HCI(X '3)—OH(X2II)  conserving tendencyvibrational adiabaticity insensitivity
+CI(*P), is an important prototype for heavy-light—heavy of product rotational level to reagent rotational level, a fairly
(H-L—H) systems and hydrogen abstraction. The reaction igven partitioning of energy among translation, vibration, and
nearly thermoneutral, with AH of ~1.0 kcalmol™* and a  rotation of products, and apparently two dynamical mecha-
barrier of ~10.6 kcalmol* for the lowest adiabatic elec- nisms that give rise to distinct rotational populations.
tronic state involved. Experimental rate constant data are The wealth of experimental data and dynamical informa-
available from a number of initial vibrational levels of HCI tion make this reaction a test-bed for dynamics metHodfs.
over a broad temperature rangé. Measurements of the Using recent, scaledb initio potential surfaces:2 agree-
relative populations for rovibronic transitions W)  ment between theory and measurements has been very good
+HCI(v=2,=1,6,9)~OH(v'j')+CI(*P) have been for the rate constant and the rovibronic state-to-state mea-
made in what was the first fully rovibronic state-to-stategrements in gener&t*However, important differences re-
experiment:'® With HCl(v=2) levels initially populated, main. Very recently, new benchmark surfateave been cal-
relatively slow collisions of G-HCI occur above the reac- ated and used with quantum mechanical dynart@d)
tion barrier, and OH{’=0,1) with a large range of OHl() {5 compute the thermal rate const&halthough agreement

levels are observed. Taken together, these measurememdSaycellent up to 2000 K, large differences between these

calculations and measurements at higher temperatures point
dElectronic mail: matt@spectral.com to a need for further investigations.
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The main purpose of this paper is to report time-quantum vibrational level. This is intuitively appealing and
independent QM calculations with the new benchmark tripletautomatically de-emphasizes trajectories resulting in binning
surfaces of Ref. 1 for the rovibronic state-to-state measurego quantum states not energetically allowed. It helps solve
ments, OfP)+HCl(v=2,=1,6,9-0H(v’j’)+CI(*P), the common problem of rotational distributions that are too
of Ref. 10. The present calculations are a stringent test of thieroad, extending too high in energy. In the present study the
quality of the surfaces and will show the level of agreementQCT-GB correction dramatically narrows and shifts the
that can be obtained between highly detailed measuremen@@CT-HB rotational distributions to an extent not before seen
and nearly exact theory. It will also be the first time to ourin other chemical systems, so that the QCT-GB and QM
knowledge that these measurements have been modeled witsults are in very good agreement for all transitions. The
guantum dynamics. A previous quasiclassical trajectonstriking consistency of the QM and QCT-GB results and their
(QCT) study using the surface of Ref. 11 predicted the pealdifferences with measurements highlight the fact that de-
location and spread of OH() rotational distributions and tailed understanding of this chemical system is still far away.
the OH@E'=1)/OH(v’'=0) branching ratio generally very As the effects of the QCT-GB correction are much larger
well. 113 For the surface of Ref. 12, a previous QCT studyand much different than in previous studies, we investigate
showed that the spread of the GH rotational distributions  the cause in a preliminary way by examining the classical
were reproduced well, but the OH( peak locations were rotational/vibrational action joint distribution of the OH
too high in energy resulting in too hot a rotational products. Future work will investigate in detail the underly-
distribution* An important result from the present study is ing fundamental reasons for the correction’s apparent success
that the computed QM results have a significantly narrowein O+HCI and how the Gaussian-binning correction behaves
distribution of rotational states than the measurements anith other systems. As many important chemical systems re-
previous QCT studie¥;***with the OHlow j’) popula- main out of reach in the immediate future for an exact QM
tions observed in the measurements being nearly absent @ynamics treatment, a reliable correction to a classical trajec-
the QM results. Peak locations of the QM GHY popula-  tory approach will be extremely useful.
tions are quite similar to the measurements, but the maxima We have also performed QM and QCT calculations for
of the relative rotational populations are much larger in genthe transition, G- HCl(v=0,T=300K)—OH(v',j")+Cl
eral than the measurements and previous QCT studies. Pdsem threshold to~130 kcal mol* collision energy. These
sible implications of the present QM results are that the nevealculations are intended to guide future hyperthermal
benchmark surfaces are not adequate to describe the O-atom measurements centered near 85.0 kcalm
+HCI(v=2,)—OH(v'j") +Cl transitions and/or the mea- kms 1. Recently, hyperthermal O-atom beams have inves-
surements themselves require reassessment. It could also figated novel chemistries for a number of systém3he
that the QM approach requires inclusion of spin—orbit cou-high translational energies in such a measurement would sur-
pling effects with nearby singlet statésor other kinds of mount the reaction barrier for ©HCI, without the need for
electronic state coupling not taken into account in the presenhternal excitation of the reagent HCI, and deposit large
study. amounts of energy in products. We report on the excitation

We also performed quasiclassical trajectory calculationgunction, vibrational and rotational distributions of OH prod-
with the usual histogram binnin@QCT-HB) on these same ucts, and the vibrationally resolved angular distributions. We
benchmark surfaces to evaluate how well this widely usedote that above~38.0 kcal mol?, the channel @ HCl(v
method compares to exact QM methods for this fairly quan=0,T=300K)—OCI+H is energetically allowed. The
tum system. The present QCT calculations on the benchmanresent surfaces do not take the @@ channel into ac-
surfaces are also a common denominator for comparisorount, and they are not intended to be quantitative above
with QCT-HB studies using other surfaces so that differences-40 kcal mol'! even for the OH-Cl channel. At high ener-
between surfaces can be assessed. A significant finding of tlyges therefore, the dynamical results presented here will only
present study is that the QCT-HB rotational distributions arebe qualitative. However, lacking other sources of data the
much broader than the QM results with the same benchmankresent results at high energies will be an important starting
surfaces. The QCT-HB results are similar to previouspoint for hyperthermal measurement planning and for future
QCT-HB studies using other surfate$>'*and in fair agree-  theoretical studies in this energy regime. We find in general a
ment with measurements. The similarity of the QCT-HB re-mixed energy release into translation and rotation consistent
sults and previous classical studies implies that the newith a late barrier to reaction. Above 35 kcalmol'? the
benchmark potential energy surfaces are perhaps dynanfiaction of rotational energy in OH products exceeds vibra-
cally similar to those used in previous studfési*although  tion. The rotational distributions are extremely hot and
the barrier heights are different. should give rise to distinct OH bandhead spectra. Angular

QCT and QM calculations for the same surfaces are alsdistributions at high collision energy are forward peaked
an opportunity to examine techniques that may correct classonsistent with a stripping mechanism. We have also per-
sical methods. A simple proposed correction method is théormed QCT calculations on the direct collisional excitation
Gaussian binningQCT-GB) techniqué®?® that in spirit at-  channel, G-HCI(v=0,T=300K)—O+HCl(v'=1), with
tempts to approximate a fully semiclassical approach. Inthe same benchmark surfaces. Vibrational excitation cross
stead of using all trajectories in a classical vibrational energywections are large, comparable in magnitude to the reactive
bin as in histogram binningQCT-HB), the QCT-GB method channel cross sections.
heavily weights trajectories with energies near the exact The paper proceeds as follows: In Sec. Il we review the
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surfaces, and the QM and QCT dynamical methods used imaximum values of andK(K") of 150 and 9, respectively.
this study. In Sec. Ill, we present theoretical results for theFor the coupled channel aspect of the calculation we retained
OCP)+HCI(v=0T)—OH+Cl rate constant, the rovi- all reactant and product channels with internal energies less
bronic  state-specific  transitions ) +HCl(v=2,] than E,=55.35 kcalmol ! (relative to O+HCI (r,)) and
=1,6,9)-0H(v'j’)+CI(?P), the transitions @ HCl(v with diatomic rotational quantum numbess24. A total of
=0,T=300K)—OH(v'j")+Cl, and the transitions O 2275 close-coupled equations were integrated using 120 hy-
+HCl(v=0,T=300K)—O+HCI(v'=1), all with com- perradii sectors betweem,,=1.8a.u. for the®’A” surface,
parisons to measurements and other theoretical results whete9 a.u. for the’A’ surface angh,,—=16.0 a.u. for both sur-

available. In Sec. IV we summarize the results. faces. In order to simulate the experimentally measidred
product OH relativev’ )" populations, we calculated the rela-
Il. METHODS tive populatiqns flollowing the approach giyen in preyious
) QCT calculations? Thus, the relative populatioR(v',j’) is
A. Potential surfaces given by
The present study uses the two lowest triplet adiabatic P(v',j")=F("\j")Fr 3)

surfaces for O{P)+HCI(X '3), 3A” and3A’, as reported
in Ref. 1. The surfaces are fits of complete basis set extrapdvhere
lated multireference configuration interaction calculations
with a large basis set, and they are the most accurate surfaces F(v',j')= 2> f(Econ) > (23+1)
available to date. The lowetA” state has a ber(tl36.09 ' J
transition state geometry with a barrier of 10.60 kcal flpl 3
and the®A’ transition state is linear with a barrier of 13.77 X E ijK,ufj'K'(Ecoll,i)' 4
kcalmolt. The A" and 3A’ fitted surfaces use the same KoK
two-body potentials for HCI, OH, and CIO. Further details of and
the surfaces can be found in Ref. 1.

All scattering calculations were performed within the in- Foor= 2 [F(0,j")+F(1j)]. (5)
dependent, non-interacting surface approximation. The re- i’
pulsive 2°A” state has not been included, and coupling toln Eq. (4) above,f(Eq ;) is the fitted experimental initial
singlet surfaces is ignored. Dynamical results from #8¢  translational energy distribution function described below,
and3A’ surfaces are weighted by the following temperatureand E o= E — Eyj-
dependent expression that attempts to account for the spin— For the OrHCl(v=0T=300K)—OH(v',j’)+Cl
orbit splitting of the overall triplet reagents: transition calculations, we applied the standard thermal aver-

f(T)=3/(5+3e‘228’r+e‘326”). (1) aging to the distribution of HCI internal stat_es. Du_e, t_o the

low temperature of the system, the rangejoénd j’ is

At 300 K, f(T)=0.445, and at high temperature where allsmaller than for the @ HCl(v=2,=1,6,9) calculations,
spin-orbit states become equally populatgd)=1/3. We  and the cross sections were well converged With, equal
note that use of Eq(1) for inclusion of spin—orbit degen- to 6. However, since we are interested in higher collision
eracy is approximate as we are not accounting for fine strucenergies, convergence with respect tb for E.y

ture explicitly. =33.2kcalmol ! (5 kms 1) was not reached until,,,,
=220. Higher collision energies require too much computa-
B. Quantum dynamics tional effort, so we stopped & . =33.2kcalmolt. All

. ) other parameters in the quantum reactive scattering calcula-
The QM calculations were done using the quantum reyjong were the same as the calculations on theHTI(v
active scattering code “ABC 2?8 Detailed state-to-state reac- _ 2,j=1,6,9)>OH(v'=0,1j')+Cl transitions, except for

. - J
tion probabilitiesP, ;c ;. (E) were calculated as a func- the number of coupled channel equations which was reduced
tion of the total energye and the total angular momentwin 5 1729 as a result of the smallir, ..

From these probabilities the reaction cross sections summed
overJ, K, andK’ for a particularvj—v'j’ transition were

obtained from the standard expression, C. Classical dynamics
- For the QCT calculations, we use standard Monte Carlo
qu,u'j'(E)=m; 2 (2J+1) technique$® Table | summarizes the convergence param-
i

eters used in the various QCT calculations, whggg, is the
maximum impact parameter aid ,;, is the minimum inte-
x> ijK,vrerr(E), (2 gration time step for the variable time step integrator. To
K model the experiments of Ref. 10 for the transitions the O
wherek; is the wave vector. The details of the scattering+HCIl(v=2,j=1,6,9>~0H(v'=0,1")+Cl, the relative
calculations for the G{P) + HCl reaction on théA” and®A’  populationsP(v'j’) were obtained analogous to the QM
surfaces are essentially the same as in a recent paper.  ones, and follow directly the approach described in previous
For the OFHCl(v=2,j=1,6,9)-0OH(v'=0,1j')+Cl  QCT calculationd! The only difference from the QM calcu-
transition calculations, converged results were obtained witlhations is that, instead of performing the collision energy
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TABLE I. Convergence parameters for QCT calculations.

Dmax Atpin Number of Statistical
(a.u) (a.u) trajectories uncertainty
O(®P) + HCl—OH+Cl 4.0-4.8 0.01 5.e4-2.e4 <1%
rate constant
1000 K—2500 K 1000 K-2500 K
OCP)+HCl(v=2,=1,6,9)— 5.2 0.01 ~8.e5 for <1% QCT-HB
OH(v'j")+CI(?P) each HCIf)
<10% QCT-GB
O(®P)+HCl(v=0,T=300 K)— 3.4-4.8 0.01  2.e5p,=6 kms?  1%()-10%()
OH(v'j")+CI(?P) 6.e4,0,q<5 kms*
per coll. energy
O(®P) +HCI(v =0,T=300 K)— 3.4-4.38 0.01 2.e5p,=6 kms? 1%(v)
OCP)+HCl(v") 6.e4,0,4<5 kms*

per coll. energy

average, the relative OlI(j’) populations are obtained by hotter, energetically closed rotational populations. We note
directly sampling from the initial translational energy distri- that in spirit the correction attempts to achieve a primitive
bution described below for each trajectory. semiclassical approach. However, since only a fraction of the
To assign final internal energy states in the QCT calculrajectories falling in a bin contribute significantly, many
lations, we define the continuous rotational diatomic “quan-more trajectories need to be computed for statistical accuracy
tum number,”j’, comparable to QCT-HB. As an indication of the comparative
. 1 statistics between QCT-HB and QCT-GB, Table Il gives the
J'=dch =3, 6) number of trajectories for all reactive transitions, O
whereJ, is the magnitude of the product diatomic angular +HCl(v=2,j=1,6,9)-0H(v'=1,j')+Cl, for the
momentum vector), . The continuous diatomic vibrational QCT-HB and QCT-GB trajectory calculations. Of the
quantum numbey’, is assigned with the following standard 800 000 classical trajectories run for these transitions, 61 614
semiclassical expression: contributed to OH product. Of these 41371 contributed to
12 the QCT-HB result fon’'=1 (0.5<v'=<1.5), with 6163 in
R } dr— } @) the range 0.95v’'=<1.05 most important for QCT-GB with
5

v = —
mh )i

Ji-J;
2ur?

wherer .. are the classical turning points,, is the internal
energy,Vp(r) is the diatomic potential, and is the reduced
mass. For the QCT-HB calculations, andj’ for a given
trajectory are assigned to the nearest integer bin with equal Modeling of the state specific rovibronic experiments of
weighting wherever they fall within the bin. When these Ref. 10 for the transitions, ®HCl(v=2j=1,6,9)
“quantum numbers” are translated back into integer bins,—~OH(v',j") +Cl is complicated by the fact that collisions
they can Correspond to energetica”y closed channels, a We“ake place over a range of initial translational energies. Ulti-
known problem of QCT-HB. As pointed out in Refs. 25 and mately, the center of mass frame translational energy distri-
26, one can lessen this pr0b|em by app|y|ng a Gaussiahution of the G+-HCI reagents must account for the relative
Shaped Weighting function to the classical trajecto(‘@@T_ thermal motion of the HCI with respect to the initial O atom
GB) such that the trajectories with vibrational quantum num-velocities imparted from photodissociation of B&**The
bers closest to an integer value are most heavily weightedjeneral form of the translational energy distribution for such
and those near the edges of a bin are effectively not consicollisions has been derived in the literatdteFor O+HCI

ered. The weighting function used in the present work ha&kef. 14 reports, without supporting details, a reagent trans-
the form, lational energy distribution that is Boltzmann-type centered

at ~2.3 kcalmol'! and extending to-8.1 kcal mol L. Since
there remains some ambiguity about the actual initial trans-
lational energy distribution for @HCI, in the Appendix we
explicitly give the functional form for the translational en-

2 €in—Vp(r)—

a full-width half-maximum of 0.1.

D. Initial translational energy distributions
for O+HCl(v=2,/=1,6,9)—OH(v',j")+CI

G(v)=\%exr(—(,3(v’—n))2), 8

wheren is the bin integer valua=(0,1,2,...) andB is the
bin-width parameter. For the QCT-GB results, we used a

value of 8=16.651 which corresponds to a full-width-half- TABLE IIl. Number of QCT reactive trajectories for the transition O
maximum (FWHM) of 0.1. This width is quite narrow and ~HC(v=2J=169)-0H(’=1]") as a function of the bin width.
effectively removes a large fraction of the trajectories. The 05<y'<15 0.9<p'<11 0.95p'<1.05
results were insensitive to the exact value@fvarying by

2%—4% over a value corresponding to FWHM from 0.05 to é iég;; 122;; %gf
0.2. The QCT-GB correction has been used in a number of 4 6898 2349 1145

recent studies, and the major effect has been to remove the
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FIG. 1. Thermal rate constant for4€HCl(v=0)— OH+ Cl from 1000 to
3000 K., Measurements of Ref. ¥, measurements of Ref. 2; ---, QM
results of Ref. 15, 4 —, present QCT-HB results.

ergy distribution specifically applied to thet®CI measure- 00 01 02 03 04 03

ments of Ref. 10, and the details of its derivation are dis- E, (eV)

cussed. We present a Monte Carlo sampling method to o _ _

determine initial collision velocities based on this funCtionalFIG. 2. (a)—(c) Vibrationally resolved cross sections as a function of energy
. ) . o for the transitions @ HCl(v=2,j=1,6,9)~0OH(v'=0,1)+Cl. I, QM re-

form that is particularly convenient and efficient for the syis forp’=0: B, QM results foro’=1; ¢, QCT-HB results for’ =0:

present QCT calculations. The initial translational energye, QCT-HB results fon'=1.

distributions obtained are similar to those reported in

Ref. 14, ) . .
B. Cross sections and relative populations

for O+HCI(v=2,/=1,6,9)—0H(v'j")+Cl

We wish to model the measurements of Ref. 10 for the
IIl. RESULTS transitions, G-HCl(v=2,)=1,6,9)-0OH(@'j')+Cl. As
discussed earlier, the initial collision energies have a
A. Rate constant for O +HCI(v=0)—OH+ClI Boltzmann-type spread from 0O up te8 kcal mol'%. To un-
Figure 1 shows the present calculated QCT-HB and QMlerstand the impact of this energy distribution and for a more
resultd® along with recent experimental results betweenstraightforward comparison between QM and QCT results, in
1000 K and~3000 K. Both QCT-HB and QM results in- Fig. 2 we show the energy dependence of the cross sections
clude the®A” and A’ surfaces. As shown previously, the for the present calculated QCT-HB and QM results for the
QM results are in excellent agreement with measurements upansitions G- HCl(v=2,j=1,6,9)~0OH(v'=0,1)+ CI. For
to ~2000 K. Above this temperature, it was shown that thecomparison purposes these results use only*Mfesurface.
OCI channel is likely not contributing, and the differences(The3A’ surface makes a relatively small contribution to the
between theory and measurement remain an open issue. Thess section.Except very near threshold, the agreement be-
QCT-HB results are about a factor of 2 lower than the QMtween QCT-HB and QM results is remarkably good includ-
results at 1000 K, but by 2500 K they are nearly identical.ing the local structure between 0.1 and 0.2 eV where QCT
This is consistent with a previous study using other surfacesalculations were done for HGIE 2,j =6,9). (We wish to
at lower temperaturé$and with the expectation that tunnel- emphasize that the QCT cross sections at fixed energy pre-
ing is becoming less important with increasing energy. Thessented in Fig. 2 were not used to generate results for com-
calculations help confirm that the-HCI potentials are be- parison purposes with the measurements of Ref. 10. To com-
ing used consistently in the quantum and classical scatteringute relative populations, QCT results were obtained by
calculations. directly sampling from the initial translational energy distri-
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bution discussed earli¢\We note that as in Ref. 14 Fig. 11, 025 F(a) 0+HCI2,1) | —o—,—e— Exp
the HCIp=2,j=1) cross section is much larger than the 020 _ T ot
other transitions. However, all cross sections presented here T " —4—, —4-QcT-GB

are about a factor of 2 larger than those in Ref. 14. The 0.15
relative magnitude ordering of the H@K2,j) cross sec-

tions of the present results are much different than those 0.10
using the surface of Ref. 11.

We note that the collision energy distribution in the mea- 0.05
surements of Ref. 10 are Boltzmann-type with a maximum 0.00 €
near 0.1 eV, but the calculated energy dependent cross sec- 0.25
tions continue to rise rapidly after this energy. The net effect c
is that collisions near 0.2 eV appear to be the most important. -(% 0.20
Furthermore, we have found that results for a fixed collision 2 015
energy around 0.2 eV are quite similar to results taking into K
account the full initial translational energy distribution. o 0.10
Figure 3 shows the present theoretical results, QM, =
QCT-HB (histogram binning and QCT-GB(Gaussian bhin- g 0.05
ning), along with the measurements of Ref. 10 for the tran- 0.00 £
sitons O+HCl(v=2,j=1,6,9)~0OH(v'=0,1j')+Cl in 0.20
terms of relative populations for each initial HGK 2,j)
state. The theoretical results use the full initial translational 0.15
energy distribution discussed earlier and bd#&{ and 3A’
states. 0.10
A significant result of the present calculations as shown
in Fig. 3 is that the QM relative populations are much nar- 0.05
rower and larger at the peak than the measurements, with the ‘
prominent OHlow j’) populations in the measured results 0.00 s
nearly absent in the QM results. The peak locations of the 0 5 10 15 20 25
rotational populations agree very well between the QM and i

experimental results, especially for QHE1). The differ-
ences between QM and experimental results are consistelﬁiﬁ-l ?; (@;(C) Relative pg):'él}ionszqf Ongig asOaL| functigri of C(:)IHK(,))
A Vi r ransition =2j= "= +ClI.

across the HCK=2) |n_|t|al states and extend far beyond 2 gen%e;tzl :easuTt;OOstef. 1o(fl<;ﬁ :'é); o Ex)p_érimgnal rés)ults of Ref.

measured error bars. This may mean that the new benchma?g forv’=1; [J, QM results foro’=0: M, QM results forp'=1; o,

surfaces are not adequate to describe theHCI(v=2,j)  QCT-HB results foro’=0; #, QCT-HB results foro’=1; A, QCT-GB

—OH(v'j")+Cl transitions and/or the measurements them-esults forv’=0; A, QCT-GB results fon’=1.

selves require reassessment. It may also point to the impor-

tance of spin—orbit coupling effects with nearby singlet

stateé* or other kinds of electronic state interactions notous distributions to understand the underlying mechanism

taken into account in the present study. We note for exampléor its apparent success. In Fig. 4 we show a contour plot of

that Ref. 10 measures the GH 3, component only, and this  the joint probability as a function of the continuous classical

may have to be explicitly accounted for in the modeling.  vibrational and rotational quantum numbers using trajecto-
As a point of reference, the present QCT-HB results argies for the transition @ HCl(v=2,=1)—0H(v'j’)

in fair agreement with the measurements, although consis+ Cl. The contours have a distinct ridgelike shape along a

tently extending too high in OH() and predicting an line of high{, low-vy and extend to low,, highwv, cut-

OH(j") maximum that is too low in OH(). The QCT-HB ting off on the high energy side at the maximum available

results have the same level of agreement with earlier QCPproduct energy. The ridge extends from the maximum near

results using a different surface!® The largest difference vy=1.25,j4=7.5 toward the lows, high§y corner, and

between the present QCT-HB results and measurements oappreciably stretches into the,=2 bin.

cur for HCl(v=2,j=6). For O+HCl(v=2,j=1)—OH(v'=0,j')+Cl transi-
Another significant finding of the present study is thattions for example, QCT-HB will use all trajectories with,

the QCT-GB results are dramatically different from the between—0.5 and 0.5 with equal weighting, while QCT-GB

QCT-HB results and closely resemble the QM results for alwill weight the trajectories with a Gaussian function such

transitions. The QCT-GB correction, in addition to lesseningthat those trajectories within the shaded band arougd

the very highj’ populations as seen in earlier studies on=0.0 will be very heavily weighted. Because of the ridgelike

other system&’ severely diminishes the loy populations, ~shape of the probability and its orientation, it is clear how

narrowing and shifting the’ distribution to match the QM application of the Gaussian weighting narrows the rotational

results very well. Since the QCT-GB correction seen here iglistribution. Because within a full bin the probability is

far larger and different than seen in other systems, we haweeighted toward highvy and lowq, application of the

examined the classical joint vibrational/rotatiorfabntinu-  weighting function removes a great deal of higtilew-j)
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20 TABLE Ill. Average total and fractional energy partitioning for the
OH(v'j") product for transitions HCl(=2,j)—OH(v'j") +CIl. Main en-

tries include OH('=0,1) states and for QCT results are obtained by as-
signing energies after quantum binning. QCT entries in parentheses include
all transitions tov’=0, 1, and 2 OH states, and they were obtained by
assigning energies of classical trajectories directly, before binning into quan-

tum OH@’j’) final states. All energies are in kcal mdl

15

i Experiment
lg 10 Ref. 10 QM  QCT-HB QCT-GB
HCI(j=1) (Eq) 186
(E, ") 7.3 82 83 8.2
(E,\) 5.9 73 62 7.4
S 3 (Er) 5.4 31 40 3.1
(f,1) 0.395  0.439 0.449.547 0.4410.440
(1) 0320 0495 0.33D.272 0.3950.361)
(fr) 0.285 0166 0.220.18) 0.1640.199
0
-0.5 : . . 1.5 2.0 HCI(j=6) (Eo) 198
v (E, ") 7.6 80 92 9.2
d (E, ) 6.4 85 54 7.2
(Er)) 5.8 33 52 35

FIG. 4. Joint probabilities of the continuous QCT rotationg|)(and vibra-

tional (vy) action for the transitions ©@HClI(v=2,j=1)—OH('j") (f,) 0.386 0.403 0.464.622 0.4630.504
+Cl. The contourg0.9, 0.7, 0.5, 0.3, 0.1, and 0)0&re normalized such (fin 0.325 0431 0.278.210 0.3630.310
that the maximum is 1.Qindicated by an+). Results include contributions (frr) 0.289 0.166 0.268.168 0.1740.186
from both the>A” and®A’ electronic states. HCIG=9)  (Ew) 212
(E,") 8.2 85 89 8.7
(E;) 7.0 86 70 8.8
populations. It is also interesting that weighting recovers the (Er) 6.0 41 53 38
M relative population magnitudes. Although promising {fo) 0386 0402 0420.61) 0.4080.602
Q_ X = ' I ' (f;) 0.331  0.406 0.330.212 0.4140.242
this work is preliminary, and we report only limited results (f17) 0.284 0192 0249177 0.1780.156

using the Gaussian binning correction in this paper. But we
do note that the Gaussian binning apparently has only a

small affect on vibrational and total cross sections. Future _ . _ )

work will investigate in detail the underlying fundamental QCT-HB average rotational fractions are in fair agreement
reasons for the correction’s apparent success in these particlyith the experimental results. Including contributions from
lar O-+HCl transitions and how the Gaussian-binning correcth® OH@’=2) QCT results makes the fraction of energy

tion behaves in other ®HCI transitions and in other sys- 90iNg into vibration much larger, as expected from examina-
tems. tion of the joint classical vibration/rotation actions.

Table IIl gives total and fractional product energies as a _ 1able IV gives the cross section summed over @H(
function of initial HCI(j) level. The experiment entries are —0:14') @s a function of HCI() level. Although the QCT
taken from Ref. 10. We adopt their convention for defining@"d QM results are different in magnitude, they show a very
energies for a more direct comparisqiE,,y) is defined as S|m|I€_;1r decrease in cross section as a function of_ the _|n|t|al
the sum of initial vibrational energy, average initial transla-Cl(i): a factor of 3.4 for QCT-HB and 5.3 for QM in going
tional energy, initial rotational energy and the heat of forma- 1M HCI(j=1) to HCI(j =9). In contrast, the experimental
tion, (E,) is the average final OH vibrational energy with résultsincreaseas a function of HCI() by algactor of 1.5
respect to the OH zero pointE, ) is the average final OH 0.5 in going from HCl{=1) to HCI(] :9,)- ,
rotational energy, and the average final translational energy is 1 he Vibrational branching ratiosy(v'=1)/o(v'=0)
defined (E1/)=(Ewr)—((E,)+(E,)). We also adopt the @€ s_hown in Table V as a funcnon of H¢)(Ieve|. For.
convention for the average fractional final energies,HCI(J =1) all theoretical results are in fair agreement with
(f’ Y=(E,,E, ,E1)/(Eyy). The table entries reflect each other and they are larger than the experimental results.

ALY plp e ST The QM and experimental results are in fair agreement for
HeCI(j =6,9). However, the QCT results are all consistently

results evident from the figures. Since the low QH(popu-
lations observed in the measurements are nearly absent in t
QM and QCT-GB results, the average rotational energy frac-

tion in the QM and QCT-GB results are larger than the meaTapLE Iv. Total cross section summed over all final states ®H() as a
surements for all transitions. In fact, for all transitions thefunction of HCI(j) level for the transition @ HCI(v=2,j)—OH(v",j")
QM fractional rotational energies are larger than the QM*Cl.

fractional vibrational energies, which is opposite to what is QCT-HB oM
observed experimentally. The fractional amount of internal i o (au) o (au)
energy is greater for all theoretical results compared to mea

surements, and the partitioning of energy between vibration é é‘iig g'ggg
and rotation in the theoretical results varies more as a func- 9 0.386 0546

tion initial HCI(j) level than the measurements. The

Downloaded 19 Jan 2005 to 138.47.30.134. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



014301-8 Xie et al.

6

)

2
o

n

Reaction Cross Section (a

-1
Vo (kms )

FIG. 5. Total and vibrationally resolved cross sections fot KICI(v
=0,T=300K)—OH+Cl as a function of relative collision velocitya)
Total cross sections for ®HCI(v =0,T=300 K)— OH+ Cl and their elec-
tronic components$, QCT-HB total cross section including tf&” and
SA’ states;[], QM results for the’A” state up to 5 kms; ¢, QCT-HB
results for the®A” state; ¢, QCT-HB results for the’A’ state.(b) Total
vibrationally resolved cross sections for +®ICl(v=0,T=300 K)
—OH(v")+Cl and their electronic component®., QCT-HB total cross
including ®A” and3A’ states forv’ =0, 1, and 2;<, QCT-HB total cross
section only including théA” state forv’' =0, 1, and 2{J, QM total cross
section for the’A” state only up to 5 km's for v’ =0, 1, and 2.

much larger than the experiment, especially for HEE),

J. Chem. Phys. 122, 014301 (2005)

0.6

(a) v,o=4 km s’
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FIG. 6. (8)—(c) Rotationally resolved cross sections vs QH(for the tran-
sitions O+HCl(v=0,T=300K)—OH(v'=0,1j")+Cl at 4, 6, and 8
km s, respectively(], QM results at 4 kms' for v’ =0; B, QM results at
4kms?tforv'=1; &, QCT-HB results at 4, 6, and 8 kmsfor v’ =0;
¢, QCT-HB results at 4, 6, and 8 kmsfor v'=1; A, QCT-GB results at
4 kmslforv'=0; A, QCT-GB results at 4 km¢ for v’ =1.

for the transition G- HCl(v =0,T=300K)—OH(v'j')+Cl

although the QCT-GB correction does improve agreemenfrom threshold to 10 kms collision velocity (~133

with the QM results. The underestimate of the=0 level
contribution in the QCT-HB results is not fully recovered in
the QCT-GB correction.

C. Cross sections for O +HCI(v=0,T=300K)
—OH(v'j")+CI

As a guide to possible future hyperthermal O-atom bea
measurements centered nea8 kms ! (85.0 kcal mol?),
which surmount the reaction energy barrier through reage
translation as opposed to internal energy, we present resu

TABLE V. Vibrational branching ratios OH('=1)/OH('=0) for O
+HCl(v=2,j)—OH(',j")+Cl

j=1 j=6 ji=9
Experiment 2.60.1 3.0:0.1 4.1+0.2
QM 4.0 3.6 51
QCT-HB 4.5 9.1 7.0
QCT-GB 4.1 8.7 5.6

kcal mol%). This is the first time to our knowledge that re-
sults for this system have been presented abex20
kcal molt. The upper energy range of these calculations is
far beyond the energy threshold for the GE&l channel at
(~38 kcalmol') and the reported valid range of the poten-
tial surfaces even for the OHCI channel. The present re-

Sults above~40 keal mol'! (~5.5 kms}) use what is really

an extrapolation of the fitted surfaces, and so there is a large
Lfncertainty associated with any dynamical results generated

rltrsom them. However, the present calculations yield important

qualitative information and serve as a baseline for future
work.

Figure 5 shows results for the QM and QCT-HB reactive
cross section for @ HCIl(v =0,T=300K)—OH(v') +Cl as
a function of relative collision velocity. The QM results in-
clude only the*A” surface and the QCT-HB results include
both surfaces. Figure(® shows the QCT-HB total reactive
cross section, thBA” and®A’ component contributions, and
the QM results for théA” surface alone. There is excellent
agreement between the QM and QCT-HB results. They show
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a steep rise from threshold and a leveling off of the total
cross section which is dominated by tA&” contribution.
Above ~4 kms ! (21.3 kcalmoll) the cross section re-
mains constant over a large velocity range. Figufk) 5
shows the vibrationally resolved cross sections as a function
of velocity. There is generally good agreement between QM
and QCT-HB results, but the’ =0 cross sections are under-
estimated and the’'=1 are overestimated by the QCT-HB
method, consistent with our findings in Table V. There is a
large falloff in the cross section with vibrational quanta, es-
pecially near threshold, with most of the product energy go-
ing into translation and rotation. This is consistent with a late
barrier picture of the energy release.

Figure 6 shows the OH() cross sections for Ohi(
=0,1) at collision velocities of 4, 6, and 8 km’s(21.3,
47.8, and 85.0 kcal mot, respectively. QCT-HB results are
shown for all velocities, and QCT-GB and QM results are
shown at 4 kms'. For the QCT-GB results, 5.5 trajectories
were run on each of théA” and 3A’ surfaces in order to

obtain acceptable statistics. The rotational distributions peak

approximately between’=10 andj’'=20 (~6 and ~23
kcalmol'!) and extend up tg’=35 (68 kcalmol'?) at 8
kms L At 4 kms 1, agreement between QM and QCT-HB

20

15

A
T 10

5
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QcT ,/
/

Vg (km s'1)

FIG. 7. Average OH{’) quantum number vs relative collision velocity for
e transitions @ HCI(v=0,T=300 K)—OH(v'j") + Cl summed ovev'.
, QM results; ¢, QCT-HB results.

results is good with the QM results slightly narrower, butthe transition G-HCl(v=0,T=300K)—O+HCl(v'=1).
with the same peak locations. The QCT-HB results extendhe results are shown in Fig. 10 broken down ifd and

farther in OH(') than the QM results, particularly far’

3A” components. Near threshold, tha” surface contribu-

=1. The QCT-GB correction, however, improves the com-tion dominates and the cross sections are relatively small.
parison with the QM results far’ =0, and corrects the high Above 6 kms?, however, the!A’ surface contribution be-

j' fall-off for v’=1. At the same time, the original loy

comes most important in what is likely a different excitation

QCT-HB results are hardly changed, so that the QCT-GB andhechanism. As mentioned earlier, the fitféd and®A’ sur-

QM results are in very good agreement fdr=1. The effect faces use the same two-body fragment potentials. It could be
of the QCT-GB correction for the rotational distributions at 4 that the same set of initial conditions leads to reaction on the
kms ! is consistent with that seen in other studiégut  3A” surface and very effective nonreactive vibrational exci-
very much different for the @ HCI(v=2,j) transitions dis- tation on theA’ surface. At these high velocities, the total
cussed earlier. It is remarkable that the QCT-GB correction i€ross section begins a steep rise making collisional excitation
effective for such different cases and indicates promise fochannel comparable in magnitude to the reactive channel.
applications to other chemical systems.

Figure 7 shows the average rotational quantum number
of the OH(') product as a function of collision velocity.

There is good agreement between the QCT-HB and QM re- 1.0
sults except near threshold, showing the steep increase ir -
OH(j") with velocity. Figure 8 shows the fractional energy 08 L

release in products as a function of collision velocity. Above
5 kms %, the fraction of energy in rotation exceeds vibration.

f Energy

0.6 -

The high OH(") populations will produce a distinct band- ‘g R /
head OH spectrum for the nascent products, something thaig L \<> &
should be experimentally observable. The strong transla—'g 04 | /
tional and rotational energy release in this reaction is consis-ug: )

tent with the late barrier in thA” potential energy surface.

Finally, Fig. 9 shows the OH(') angular distribution at 0.2+ Rotation

8 km s ! as a function of the center of mass scattering angle. ]

The dominanbv’=0 andv’=1 cross sections are quite for- 0.0 | ) , |
ward peaked indicating a stripping mechanism. Ty 4 6 8 10
D. Collisional excitation of HCI: Vil (km S-1)

O+HCI(v=0,T=300K)—O+HCI(v'=1)

. P IG. 8. Fractional energy disposal into OH products for the QCT-HB results
Hyperthermal O atom observations may also contain %s relative collision velocity for the transitions 4HCI(v =0,T=300 K)

substantial collisional excitation component. To investigate . opy'j')+ Cl. ¢, Translational energy? , vibrational energy:# , rota-
this possibility we have performed QCT-HB calculations ontional energy.
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02 coupling effects with nearby singlet states or other kinds of
electronic state interactions not taken into account in the

§ present study.
NQO We have also performed quasiclassical trajectory with

histogram binning(QCT-HB) calculations on these same
benchmark surfaces. The QCT-HB rotational distributions,
which are qualitatively consistent with measurements and
classical dynamics studies using other surfaces, are much
broader than the QM results. Application of a Gaussian bin-
ning correction(QCT-GB) dramatically narrows and shifts
the QCT-HB rotational distributions to be in very good
agreement with the QM results. The cause of the large
QCT-GB correction stems from the special shape of the clas-
0 30 60 90 120 150 180 sical rotational/vibrational action joint distribution of OH
products. Future work will investigate in detail the underly-
6 (deg) ing fundamental reasons for the correction’s apparent success
FIG. 9. Vibrationally resolved angular differential cross section, IN O+HCI and how the Gaussian-binning correction behaves
sin"¥(#)do/ds, vs center of mass angl®, at 8 kms? for the QCT-HB  in other systems. The striking consistency of the QM and

(sin0) ' do(6)/do (a

results for the transitions ®HCI(v =0,T=300 K)— OH(v') + Cl. QCT-GB results and their differences with measurements
highlight the fact that detailed understanding of this chemical
IV. SUMMARY system is still far away.

. _ We have also performed QM and QCT calculations for
We have performed time-independent quantum mechani, reactive  transitions ©OHCI(v=0,T=300K)

cal (QM) dynamics calculations with the new benchmark_)OH(v, j")+Cl from threshold to~130 kcal mo * colli-

triplet surfacefs 0; Ref. 1 for theé;%)viblr_(')glic sfaztg-iol-séa;e ®Xsion energy as a guide for possible future hyperthermal
periments of the reaction, )+ (v=2)=16,9) O-atom measurements. Above40 kcal mol't we expect

—OH(v'j")+CI(?P), from Ref. 10. Although the OH() o L .
peak locations agree well between QM results and experic—mly qualitative results as this is beyond the reported valid

T "V ~"range of the surfaces. However, these results will be an im-
ment, the QM results have a significantly narrower distribu- . .
. . . portant baseline for future measurements and theoretical
tion of rotational states than measurements and previo

classical dynamics studies. The QbW j’) populations ob- sstu_dies. we find_ in gene_ral a mi>_<ed energy rel_ease into tr_ans-
served in the measurements are nearly absent in the Q tion anq rotat|oln cpnsptent with a late barrier to reaction.
results. Possible implications of the present QM results ar .he rptatlonql Filstrlbutlons are extremely hot and §hqu|d
that the new benchmark surfaces are not adequate to descripd® 115€ t.o d'St'r?C_t OH bandhead spectra. Angular d'St,”bu'
the O+ HCl(v =2,j)—OH(v’j’)+Cl transitions and/or the tl(?nS at h!gh-colllswn energy are forward peaked consistent
measurements themselves require reassessment. It could a¥4é! @ stripping mechanism. We have also performed QCT
be that the QM approach requires inclusion of Spin_orbitcalculatlons on the direct collisional exc_ltat|on channel, O
+HCIl(v=0,T=300K)—O+HCI(v'=1), in the same en-
ergy range with the same benchmark surfaces. Vibrational
25 O+HCl(v=0,T =300K)—0+HCl(v=1) excitation cross sections are large, comparable in magnitude
8 ' to the reactive channel cross sections. Although*#lestate
dominates most collision processes, abev48 kcal mol %,
the 3A’ state plays the major role in collisional excitation.
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FIG. 11. Fit of the O atom speed distribution showing the two Gaussian-SPeed squared, where the spaedfor fo(v) refers to the O-atom speed in

type components and their sum from the measurements of Ref. 32. ThHE'® NG the center-of-mass frame; —fo_c(v), relative O-HCI speed
maximum value is set to 1.0. distribution from Eq.(A2), where the speed,, for fo_yc(v) refers to the

O-atom relative velocity in the ®HCI center-of-mass frame. Note that
each distribution is normalized to unity.

APPENDIX: O+HCI TRANSLATIONAL ENERGY . .
DISTRIBUTION EOR THE MEASUREMENTS by Eq.(8) of Ref. 31, which reduces to E() of Ref. 30 if

OF REE. 10 the experimental distribution from the photodissociation pro-
cess is given by(v — v ey -

In this appendix, we review the derivation of the center  Explicitly, for the processesAB+hv—A+B and A
of mass frame reagent translational energy distribution for- C—products, the final expression for tide+ C velocity
the rovibronic state-specific measurements of Ref. 10, @istribution in the center of mass frame used in the present
+HCl(v=2,j=1,6,9-0OH(',j’)+Cl. The reagent QCT calculations is
O-atoms are initially formed from photodissociation of NO 12
The resulting measured O atom velocity distribution of Ref.f(;, )= J duf(u)u2[v°°”
32 (represented by the sum of the two Gaussia@shown in 0 u
Fig. 11. The O atom velocity in this figure is in the center of 2 2
mass frame of the N precursor. The lower velocity X {EXP = V(U= veon) ")~ €XR( = V(U veon) )}
Gaussian-shaped peak corresponds to formation ofuvNO( (A2)

=1) and the higher velocity peak to formation of NO(  Here y=(m.m,;)/(m,+my+m.), u is the velocity (mea-
f(u)=Aexp —(a(u—u;))?)+Bexp — (b(u—u,))?), distribution given in Eq(A1), andv is the velocity in the

A+ C center of mass frame. In the present modeling,,NO

+hy—O+NO and O+HCI—OH+Cl, so thatA=0, B

Re
T

where u;=890ms?!, u,=1400ms!, a=4.6353e
—3sm !, b=4.6353e-3sm !, A=0.847, andB=0.997.

To model the &-HCI measurements of Ref. 10, we need
the O+HCI center of mass frame relative velocity distribu-
tion. First, the velocity in the N©frame is averaged over the
thermal distribution of the N@precursor, which results in an
O atom distribution in the laboratory frani&g. (1) of Ref.
30] for a given speed, say. Thenuv is averaged over the
HCI thermal distribution, as originally done in Ref. 88ee
also Eq.(2) of Ref. 30. The resultant conditional relative
velocity distribution is then averaged over the O atom distri-
bution in the laboratory frame as described by #g.of Ref.
30, resulting in a relative velocitispeed distribution in the

O-+HCI frame for a single value af [Eq. (3) of Ref. 30. If 0 T o
the photodissociation process resulted in a single velocity 00 0.1 02 0.3 04 05
value, we would simply use Ed3) of Ref. 30. However, E. (eV)

tr

since we have a distribution of velocities given by Ref. 32,
Eq.(3) of Ref. 30 is then averaged over the measured O atorpg. 13. O+HCI relative (normalized translational energy distribution cor-
distribution shown above. The resulting expression is givenesponding to the speed distributid,_pc(v), shown in Fig. 12.
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nient for selecting initial @-HCI velocities for QCT calcu- _Chem. Phys111 3862(1999.

. . . . 12 i i
lations. In the present QCT calculations we select the initial E'ggjc;'z“m" G. C. Schatz, and M. S. Gordon, J. Chem. PI9f5.6421

O+HCI velocities in two steps: 138, Ramachandran, J. Chem. Phg&2, 3680(2000).
(1) Selectu from duf(u)uz. 14E. J. Aoiz, L. Benares, J. F. Castillo, M. Menendez, and J. E. Verdasco,
. - _ 2 Phys. Chem. Chem. Phys, 1149(1999.
(2) Givenu, SeIeCtv"g" from [v con/ul{€XP(=AU=veon)?) 15T, Xie, J. M. Bowman, K. A. Peterson, and B. Ramachandran, J. Chem.
—exp(—Hutveo)?)}- Phys.119, 9601(2003.

) ) o 163, Skokov, S. Zou, J. M. Bowman, T. C. Allison, D. G. Truhlar, Y. Lin, B.
The resulting G-HCI relative speed distribution from  ramachandran, B. C. Garrett, and B. J. Lynch, J. Phys. Chefr05A

Eqg. (A2) is shown in Fig. 12 as thég_pc(v) curve (solid 2298(2001.
line). Also shown is the kernel distribution, EAL), times K. Nobusada and H. Nakamura, J. Phys. Cheri08 6715(1999.
the velocity squared as a referen@ashed ling Figure 13  ‘°W. H. Thompson and W. H. Miller, J. Chem. Phj€6 142(1997; 107,
shows the relative translational energy distribution f0r192164('_5)_ (1997,

.. . B. Poirier, J. Chem. Phy4.08 5216(1998.
O+HCI center of mass collisions. To judge the reasonablezor "\, i kis and U. Manthe, J. Chem. Phy42, 130(2000.
ness of the distributions, consider the approximate FWHM:|  \ang, c. Kalyanaraman, and A. B. McCoy, J. Chem. Phgs, 11221
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