J. Phys. Chem. R003,107,2781-2786 2781

Close-Coupling Time-Dependent Quantum Dynamics Study of the H- HCI Reaction

Li Yao,™* Ke-Li Han,* -t He-Shan Song,* and Dong-Hui Zhangt

Center for Computational Chemistry and State Key Laboratory of Molecular Reaction Dynamics,

Dalian Institute of Chemical Physics, Chinese Academy of Sciences, Dalian 116023, China, Department of
Physics, Dalian Uniersity of Technology, Dalian 116023, China, and Department of Computational Science,
National University of Singapore, Singapore

Receied: September 24, 2002; In Final Form: February 15, 2003

The paper presents a theoretical study of the dynamics of theH€l system on the potential energy surface

(PES) of Bian and Werner (Bian, W.; Werner, H. -J., J. Chem. Phys. 2000, 112, 220). A time-dependent
wave packet approach was employed to calculate state-to-state reaction probabilities for the exchanged and
abstraction channels. The most recent PES for the system has been used in the calculations. Reaction
probabilities have also been calculated for several values of the total angular mondent@mrhose have

then been used to estimate cross sections and rate constants for both channels. The calculated cross sections
can be compared with the results of previous quasiclassical trajectory calculations and reaction dynamics
experimental on the abstraction channel. In addition, the calculated rate constants are in the reasonably good
agreement with experimental measurement.

1. Introduction carried out at more than 1200 nuclear geome#fiekhe later
version of the BW2 PES was further improved by scaling the
correlation energies at all geometries with a constant f&étor.

A major theoretical problem stems from the inability of
current ab initio and semiempirical methods in providing a
reliable PES. Recently, Aoiz et 28:3° have carried out quasi-
classical trajectory (QCT) calculations on two versions of the
BW2 PES for the reactioff. The calculated cross sections are
in reasonably good agreement with experimental measurement.
This provides some assurance that the BW2 PES may be
reasonably accurate near the transition state. To the best of our

reaction H+ HCl at a collision energy of 1.6 eV have measured knowledge, no time-dependent wave packet. (TDWP) study for
the reaction system corresponding to a collision energy range

thze Emegral cross section for the abstraction channel tothé)2 of [0.1,1.4]eV was reported on the BW2 PES,
Az, 51owhere as the exchange plus energy-transfer channels gave In the present work, the reaction probabilities have been
a combined cross section of @3) A2 910|t has been shown P N P
. " . . calculated by employing TDWP method for several values of
by Wight et al'! that the dominant process is energy transfer.
. . the total angular momentum quantum number 0 on BW2
In contrast to numerous experiments, only a few theoretical PES. Those have then been used to estimate cross sections and
studies have been reported for thistHHCI reaction. j -
. . . . rate constants for both channels. The calculated cross sections
Due to the relatively low collision energies employed in the . . .
Cl + H, dynamics experiments, these studies provided detailed 2" compared with the results of previous QCT calculations
. 2dy P o provic and reaction dynamics experiments of Aoiz et®%aland
information about the region of the HCIH potential energy - .
experiments of Brownsword et #l.on the abstraction channel.

surface (PES) close to the threshold of reactior® However, The th | fHCl lculated b lovi
much less information is available concerning the high-energy e therma rate constants o Clare calculate y employing
the uniform J-shifting method?33 and a comparison with

regions of the F.)ES that can be assgssed 1 HCI 9 yhamics experimental measurement is provided.
experiments using translationally excited H atcthg? The first . / .
o In this paper, we have carried out TDWP calculations for
globally realistic C+H—H PES was calculated by Baer and the following two channels of the H- HCI reaction
Last?6 and a more recent PES was published by Truhlar &t al. 9

The gas-phase reaction of H HCI and the corresponding
reverse reaction of Cl atoms with molecular H represent
important elementary steps in the H Cl, — 2HCI reaction
system, which has played a major role in the development of
chemical kinetics and to the environment in atmospheric
chemistry2 A large number of kinetics studies were carried
out for the H+ HCI elementary reaction in the temperature
range 195 KT<1200 K3 including experiments in which the
influence of selective vibrational excitation of HCI on the
reaction rate was investigatét® Recent studi€s6 of the

Therefore, a scaled PES has been computed by Bian and Werner H-+HCl—H,+Cl .ooccoeec. \
(BW2)8to get the dissociation energies right. ThglHreaction
system was presented by Bian et&imore recently. The PES H4 HCl—H<+HCl ... L

was developed using the highly accurate electronic structure

methods based on extensive ab initio calculations and very largeto figure out the different dynamical properties of the |
basis sets presently applied. The ab initio calculations were gpstraction channel and the éxchange channel.

This paper is organized as follows: Section 2 gives a brief
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calculations and with experimental measurement, whenever Once the reaction probabllltld%JdoK (E) have been calcu-
possible, are also given in this section. Section 4 concludes thelated for all fixed angular momenth calculation for the cross

article. sections and rate constants are straightforward. The cross section
is given by
2. Theory
Here, we briefly describe the TDWP method employed to o, (E)= 12(2\] + 1)pi_ (E) (6)
calculate the initial state-selected total reaction probability with do ) do

the final resolved products. The reader is referred to ref 34 for

more detailed discussions of the methodology. In the present\,\,herekyojO = (2urE)Y2/h is the wavenumber corresponding to
study, we solve the time-dependent Sefinger equation the initial state at fixed collision energl, and de-o(E) is

iven b
in’L = Hw @ Y
: I : Py, (E) =—ZPi- () (7
for the H+ HCI reaction. The Hamiltonian expressed in the do 2+ 16 o
reactant Jacobi coordinates for a given total angular momentum
guantum numbed can be written as In practice, we can use the interpolation method to get the
_ probabilities for missing values o reaction probabilities at
h2 2 (j _ ]')2 j 2 - only a limited number of total angular momentum values of
H=- 2 o + o R +—— (T, R) +h(r) (2) need to be explicitly calculated.
RO 2ug a As in refs 34, 38, we construct wave packets and propagate

them to calculate the reaction probabilities fBf(E) each
product. The integral cross section from a specific initial state
jo is obtained by summing the reaction probabilities over all
the partial waves on total angular momentum.

The rate constants are calculated for the initial states Q,
j = 0) of HCI by using the uniform versi&a of J-shifting
approximatior£? The initial state-specific thermal rate constant
in the uniformJ-shifting scheme is given as

whereT is the diatom internucleaR is the vector jointing the
center of mass of diatom to the atom, whileis the reduced
mass for HCI, angir is the reduced mass between H and HCI.
J andj represent the total angular momentum operator and the
rotational angular momentum operator of HCI, respectively.
V(T, R) is the interaction potential excluding the diatomic
potential of the diatom. The diatomic reference Hamiltonian
h(r) is defined as

2 2
hr) = — - v, (n) ®) km= [ My @1+ e T (g)
o’ (egT)?

whereV(r) is a diatomic reference potential.

The time-dependent wave function satisfying the Sdimger The shifting constant is determinedy

eg 1 can be expanded in terms of the body-fixed translational kT Q’
vibrational-rotational basis, defined using the reactant Jacobi (M= In|=— 9)
coordinates, &8 JI+1)-3G+1) (¢
1pJ'V'f T, 1) = FiMe  (OW(R (1Y M(RFP) (4 wherekg is the Boltzmann constant, is the temperature, and
o T 0 = n;K ik iU (RIPYi(RT) (4) QY is a partitionlike function defined as
wheren is the translational basis label aini andK are the Q= pri(E)e—EkBTdE (10)

projection quantum numbers dfon the space-fixed axis and

body-fixed z axis, respectively.p, jo, Ko) denotes the initial where J; is a reference angular momentum that divides total

rovibrational state, anelis the parity of the system defined as angular momentum into different rang@sandQ’ is similarly

e = (—1)* with L being the orbital angular momentum defined as

guantum number. The reader can find the definitions of various

basis functions elsewhefé. Q= [P(E)e TTdE (11)
The split-operator methétlis employed to carry out the wave

packet propagation. The time-dependent wave function is wherePJ(E) is the probabilities for a total angular momentum

absorbed at the edges of the grid area to avoid artificial from a given initial state.

reflections” Finally the initial state-selected total (final-state- ~ The numerical parameters for the wave packet propagation
summed) reaction probabilities are obtained through the flux are as follows: A total number of 200 sine functions (among
calculatior®® at the end of the propagation. them 80 for the interaction region) are employed for the
translational coordinatR in a range of [0.8,14.@}. A total of
voJoKo(E) 100 vibrational functions are employed forin the range of

Vet 1 Vet [0.8,8.5p for the reagents HCI in the interaction region. For
@, (ENT2[0(5 — sp)vs + 00(5 — 197 5, () (5) the rotational basis, we Uggax= 45. The number oK used in
our calculation is given bimax= max (3,Ko+2) starting with
wheres is the coordinate perpendicular to a surface located at Ko = 0. The largest number & used is equal to 6 for the=
S for flux evaluation ands is the velocity operator correspond- 0, Ko = 0 initial state (fore = —1, there is one lesK block
ing to the coordinates. z/ﬂ""“’ (E) is the time-independent used). These values &b andKnaxwere determined following
wave function that can be oBtalned by Fourier transforming the an extensive series of tesfslt was found that convergence of
TDWP wave function. total cross sections, for all the reported initial (rotational) states
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Figure 1. Total reaction probabilities fa# = 0 from the ground state of the HCI reactant for both channels of the I reaction on the BW2
PES. The solid line is for the exchange channel, and the dashed line is for the abstraction channel.
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Figure 2. Total reaction probabilities for = 0, j = 0,J = 0, 8, 18, 28 of the HCI reactant for the exchange channel on the BW2 potential. The
solid line is forJd = 0, the dashed line is fai = 8, the dotted line is fod = 18, and the dasheetotted line is for] = 28.

in the entire energy region, was achieved up to a few percent. In the entrance channel of the HHCI — H,+Cl reaction,
The initial wave packet was centered atRlL0ay, with a width a van der Waals (vdW) well with a collinear geometry and a
of 0.233, and an average translational energy of 0.8%@Wor depth of 0.019 eV is found, while in the exit channel, a T-shaped
lower J, we propagate the wave packets for 15000 au of time vdW well with a depth of 0.022 eV is predicté®.In the

to converge the low energy reaction probability (in all calcula- collinear transition state for the abstraction reaction, the heights
tions, a time step-size of 10 au was used). Bor 20, we of the classical barriers is 0.184 eV for BW2 PBJ:or the
propagate the wave packets for a shorter time, because thed + CIH exchange reaction, which also has a collinear transition
reaction probability in the low energy region is negligiBten state, the barrier height is computed to be 0.776 eV for BW2
this calculation, we used from 0 to 80 to calculate the cross PES?8 The threshold of the reaction for the exchange channel

section. is a bit higher than that of the abstraction channel. This can
) ) explain why the two channels show different behavior in

3. Results and Discussion Figure 1.
Reaction Probabilities. First of all, we computed the energy In addition, we calculated the reaction probabilities for

resolved reaction probabilities for collision energies in the range different total angular momewtfor HCl initially in its ground

of [0.1,1.4]eV with HCl initially in its ground state. The results  state. The reaction probabilities as a function of collision energy
of J = 0 as a function of the collision energy for the BW2 for total angular momentum df= 0, 8, 18 and 28, are presented
potential for all possible channels are presented in Figure 1. Asfor both channels in Figure 2 and 3. As shown in Figure 2,
shown in Figure 1, the behavior of the reaction probabilities generally the values of the reaction probabilities decrease with
for the two channels is quite different. One can see from Figure an increase of in the low energy region. However, this is not

1 that the reaction probability for the abstraction channel is much always true. For example, the= 8, 18 reaction probabilities
higher than that of the exchange channel. exceed thel = 0 probability at high energies>(0.45 and
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Figure 3. Total reaction probabilities far = 0, j = 0,J = 0, 8, 18, 28 of the HCI reactant for the abstraction channel on the BW2 potential. The
solid line is forJ = 0, the dashed line is fai = 8, the dotted line is fod = 18, and the dashedlotted line is forJ = 28.
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Figure 4. Total reaction probabilities fal = 0, v = 0 of the HCI reactant for H- HCl — H + HCI (a) H + HCI — H; + CI (b) on the BW2
potential. The solid line is for = 1, dashed line is fof = 3, dotted line is foij = 5, dashee-dotted line is foj = 7, dashee dotted-dotted line
is forj = 9.

>0.9 eV), see Figure 2, while the values of the reaction probabilities in the low energy region is negligible with the
probabilities for the abstraction channel decrease with an approximate of the theory.

increase ofJ as shown in Figure 3. The threshold of the  Integral Cross SectionsNext, we calculate the integral cross
probabilities increases with increasidgn both channels. section from the initial ground state of HCI on the BW2 surface.
The effect of the initial reagent rotation excitation on the In ref 30, Aoiz and Baares carried out QCT calculation of the
reaction probability for the two channel3€ 0,»=0,j =1, reaction cross section on the BW2 PES with HCl initially in its
3, 5, 7, 9) is shown in Figure 4. As seen from Figure 4, the state { = 0,j = 0—6). The calculated cross sections fortH
reaction probabilities of the abstraction channel decrease withHCI are depicted in Figure 5 for both channels. As can be seen,
increasing rotational quantum numbehe decrease may be the present cross section in the abstraction channel is systemati-
due to shape resonances caused by hydrogen tunneling throughally larger than the results of Q€Tand the corresponding
a centrifugal barrier, which traps the hydrogen for a finite time. experimental values. For the exchange channel, the results from
The reaction probabilities for the exchange channel increase withthe QCT calculations cross with the ones from the TDWP
increasingJ. The increase and the oscillating can perhaps be calculations at 1.2 eV, and the threshold energy of the QCT
explained by a long-range vdW well in both the entrance and results is much higher than the one from this work. The
exit channels that is the same as the explanation in ref 12. Thethreshold energy of the TDWP results is much lower than the
oscillating of the probabilities turns strongerjascreases for reaction barrier for this channel (0.8 eV). This can be explained
the exchange chann&l.The negative values of the reaction by the fact that the TDWP method has correctly included the
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Figure 5. Reaction Cross section as a function of collision energy for the HCI reaction using TDWP approach and QCT on the BW2 PES.

The results of the experimental measurements filled triangle of ref 36 and filled square of ref 16 as well as QCT excitation function calculated on
the BW2 PES are also shown for comparison of the abstraction channel. The solid line and the dashed line are separately calculated for the
abstraction channel and the exchange channel using the TDWP approach. The dotted line and thedddstidthe are in the results for the
abstraction channel and exchange channel from QCT calculations. No experimental cross sections have been reported for the exchanged channel
of the reaction.
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Figure 6. The Rate Constant far = 0, ] = 0 of the HCI reactant for the H HCI reaction eq | on the BW2 potential. The solid line represents
the exchange channel, and the dashed line represents the abstraction channel.

zero-point energy and tunneling effects. Total absolute reaction produce more HCI; therefore, the result for the exchange channel

cross sections for chlorine atom informatiany(1.4 eV) = increases faster than the one for the abstraction channel. It is
(0.35+0.16) A2, have been measured using a photolytic calibra- surprising that dynamical calculations on the BW2 PES, which
tion method® In ref 25, a value obr(1.0) = (0.34+0.05) A2 is based on high-quality ab initio points and clearly more

was determined employing vacuum-UV laser-induced fluores- accurate than any previous PESjield reaction cross sections

cence for Cl atom detection. However, in any case, the for the abstraction channel noticeably larger than the experi-

agreement is only approximate, bacause the BW2 cross sectionsnental one$® No experimental cross sections have been

lie outside the experimental points. The experimental values of reported for the exchanged channel of the reaciion.

(2+1) A2 reported in ref 9 for Ecok= 1.6 eV was not included Rate Constant. Despite several measurements of relative

in Figure 5. reaction rates, accurate results for absolute rate constants have
At low temperature and collision energies, the tunneling dodged investigators for many years. So, the rate constant

works most remarkably in the reaction process to make the H calculations are also one of our main objectives.

abstraction easier. At high collision energies, the H atom has One has to calculate the total reaction probability for more

more chances to collide with the Cl atom, and the reaction will than two values o to obtain a more accurate rate constnt.
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A very accurate rate constant can be obtained by using reaction  (4) Leone, S. R.; Moore, C. BCchem. Phys. Lett1973 19, 340.

probabiies evaluated at more han 6 valued fartalwaves). (3 WIS LD Chen PRsloines set L
The HCl initially in its state { = 0, = 0) had been considered  ciyne, M. A. A, Eds.; Academic Press: New York, 1983. T

in the calculation oK(T). (7) Miller, J. C.; Gordon, R. JJ. Chem. Phys1983 78, 3713, and

The calculated rate constants for thetHHCI reaction are fefezg)ncﬁjs ﬁ?eresm'l_ Luneh 6. G Truhiar. . G Schwenke. D, W
H H H : lelke, S. L.; Lynch, G. C.; Trunlar, D. G.; Sschwenke, D. .
depicted in Figure 6 for both channels. The calculation of the Phys. Chem1994 98, 8000.

thermal rate constants is in the range of temperatures between “(g) aker, P. M.; Germann, G. J.; Valentini, J. Chem. Phys1989
200 and 1000 K. One can see that the calculated rate constan®0, 4795.

of the abstraction channel is systematically larger than that of ph(yioig’é'ée&opzlg"oéGe”“a"”’ G. J.; Tabor, K. D.; Valentini,JJChem.
the exchange channel for all the temperatures. As can be seen, (11) wight, C. A.; Magnotta, F.; Leone, S. R.Chem. Phys1984 81,

the present rate constants roughly follow the same as the39s1.
corresponding experimental values in the range of {10071 (12) Yang, B. H.; Gao, H. T.; Han, K. L.; Zhang, J. Z. B.. Chem.

cmis1, 2.26.27.39-41 However, in any case, the agreement is only th’lsé,?o\?gntl%lﬁ?’_““n H. M. Han, K. LJ. Phys. Chem200Q 104

approximate, because the rate constants on BW2 PES lie inside g517.
the range of experimental values. The agreement of the results (14) Lin, S. Y.; Han, K. L.; Zhang, J. Z. HChem. Phys. Let200Q

is presented here, and the experimental results are good enough?24 122.
. . (15) Kosloff, R.J. Phys. Chern1988 92, 2087.
but the BW2 PES need improvement of the theoretical results.  16) 7hang,'3. . H.; Dai, J.; Zhu, W. Phys. Chenl997 A101, 2746,

The calculated rate constant can also be taken as an indicatiorand references therein.
that the existence of quantum effects such as tunneling effect (17) Neuhauser, D.; Baer, M.; Judson, R. S.; Kouri, D. Lhem. Phys.

; ; : 199Q 93, 312. Judson, R. S.; Kouri, D. J.; Neuhauser, D.; BaerPRls.
may play an important role. So, according to our calculation Rev. 1090 A42 351.

results.here, possible reasons for the nonlinear behaviqr of the (18) zhang, Y. C.; Zhan, L. X.; Zhang, Q. G.; Zhu, W.: Zhang, J. Z. H.
Arrhenius plots of the reactions should be the combination Chem. Phys. Lett1999 300, 27.
influence of tunneling effects. (19) Zhang, D. H.; Zhang, J. Z. H. Chem. Physl993 99, 5615;1994
. 100, 2697.

One can predict that the r_ate constqqt; of the exchange (20) Neuhauser, DJ. Chem. Phys1994 100, 9272.
channel from calculated reaction probabilities should also be  (21) Sato, SJ. Chem. Phys1955 23, 2465.
smaller. This feature is usually found for exothermic reactions 5 (2§) %nu \\,IVV gﬁi, N %haznng-PZH H. gﬁe?ﬁggféyil(?gagggf%l-

; : 42,43 ai, J.; Zhu, W.; Zhang, J. Z. H.. Phys. Che .
with a low energy barrief? (23) Zhang, D. H.: Light, J. CJ. Chem. PhysL996 104 4544:1996
. 105, 1291.
4. Conclusions (24) Barclay, V. J.; Collings, B. A.; Polanyi, J. C.; Wang, J.JPhys.

. . Chem.1991, 95, 2921.

In this work, we have applied the TDWP appm?Ch to_ study  (25) Brownsword, R. A.; Kappel, C.; Schmiechen, P.; Upadhaya, H.
the H+ HCl reaction on the BW2 PES. We have investigated P.; Volpp, H. R.Chem. Phys. Let1998 289, 241. .
the reaction probabilities as a function of the collision energy _ (26) Baer, M.; Last, |.; InPotential Energy Surface and Dynamics

. . Calculations Truhlar, D. G., Ed.; Plenum Press: New York, 1981.
for the both channels for the #t HCI reaction and studied the (27) Schwenke, D. W.; Tucker, S. C.; Steckler, R. Brown, F. B.; Lynch,

influence of the initial rotational state excitation of the reagents. G. C.; Truhlar, D. G.; Garrett, B. Gl. Chem. Phys1989 90, 3110.
In the low temperature and collision energy range, the tunneling  (28) Bian, W.; Werner, H.-JJ. Chem. Phys200Q 112 220, and

; : references therein.
works most remarkably in the reaction process to make the H (29) Manthe, U.: Bian, W.: Werner, H.-Chem. Phys. Let1999 313

abstraction easier. In the high temperature and collision energygs7.
region, the H atom has more chances to collide with the Cl  (30) Aoiz, F. J.; Baares, L.; Bohm, T.; Hanf, A.; Herrero, V. J.; Jung,

m. and the r ion will pr more HCL. Th he cr K.-H.; Lauter, A.; Lee, K. W.; Menedez, M.; Saz Radanos, V.; Tanarro,
atot., a fdt e ehacto o P o?u.ce ore (f: . utsﬁt etﬁ ?szl.;VoIpp, H.-R.; Wolfrum, J.J. Phys. Chem200Q 104, 10452.
section for exchange channel increases faster than thal O (31) aoiz, F. J.; Baares, L.; Diez-Rojo, T.; Herrero, V. J.;"Banos,

abstraction channel. Such a study provides a clear and simpley. S.J. Phys. Chem1996 100, 4071.
picture about reaction mechanisms. (32) zZhang, D. H.; Zhang, J. Z. H. Chem. Phys1999 110, 7622.
(33) (a) Sun, Q.; Bowman, J. M.; Schatz, G. C.; Sharp, J. R.; Connor,
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