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The dynamics of the C+ HD reaction has been studied by means of time-dependent quantum wave packet
calculations on the G3 and BW?2 potential energy surfaces. Initial state-specific total reaction probabilities
and integral cross sections are calculated, and the thermal rate constant is obtained. The good agreement was
shown in the comparison of our integral cross sections with other quantum mechanics calculations on the
same PES. The thermal rate constants on the G3 surface are close to the experiment findings. In the case of
neglect of spir-orbit coupling in the ab initio calculations of the BW2 surface, the thermal rate constants on

the surface are somewhat higher than the experimental measurement. When-tieglsipeoupling is taken

into account, the thermal rate constants on the BW2 surface are close to the experiment as well.

I. Introduction reactive scattering calculations for € HD on the BW2 PES
predicted the large DCI/HCI branching ratios at low collisions

The reaction Clt- Hz and iits isotopic variants have played a energies correctly and in better agreement with the recent

key role during the development of gas-phase reaction dynamics.Crossed molecule beam experiment measurefent
In recent years, decisive progress, both theoretical and experi- P .

mental, have been made toward a precise knowledge of the Cl The BW?2 surface differs qualitatively from the G3 surface
+H, re’action and its isotopic variantsis These reactions have in several respects. First, in both the entrance and exit channels,

been a prototypical three-atom reaction system in the field of the BW2 surface has long-range van der Waals minima which

molecular dynamics and have served as test cases for bimo-2'e absent in the LEPS-type G3 surface. Second, in the entrance

: - " hannel, the BW2 surface is least repulsive for perpendicular
lecular reaction rate theoi§ particularly transition state thedry ¢ . .
and the theory of isotope effects that derived fron®iThe (T-shaped) approach of Cl toward; Mrhile the G3 surface is

isotope effects in reaction dynamics are kinetically interesting tmhosé\r/\?gulsnf/e fo_r tr|1e Tt-sgapelq st_ruct:rt]ure. ;I'he sadgle pollr::]of
because they provide different dynamic view of the same € surtace IS located earlierin ne entrance channel than

ntial ener f PES). that of the G3 surfacelwhile the barrier height of the BW2
po'tl% é;\t:: irip?r):a;;v: ([:Jio(gresss) has been made in the construct-Surface (7.61kcal/mol) is very _close to that_of the G3 _surface
ing PES for the KCI reaction system. In 1996, Allison et &l. (7.88 kqal/mol). Also the effective barrier height by _addlng the
presented one global potential energy surface called G3 byzero point energies at the saddlg and the asymptotic channel of
modifying GQQ surface of Schwenke et'The G3 PES is a the BW2 surface (4.03kca|/mo|) is very close to that_ of the G3
significant step forward in quantitative modeling of the €I surface (4-35"0""1’1'“0')- In addlyon, the BW2 imaginary fre-
H, reaction and has already been used for a number of duency (12_9440m ) corresponding to t,hle asymmetric stretch
dynamical studie$- 71315 The rate constants from the quantum is substantially smaller than that (1520n-*) of the G3 surface,

mechanics (QM)and quasiclassical trajectory (QGTalcula- indicating that the reaction barrier of the BW2 surface is thicker
tions showed a fairly general good agreement with the experi- than that of the' G3 surfgce. . .
mental, but tended to yield too high values at low temperatures, O the éxperimental side, the infrared frequency-modulation
As pointed out by Allison et af the theoretical rate constants measurements of absolute rate constants fof €D reaction

are larger than the experimental measurement at the lowPetween 295 and 700K have been reported by Ta&tes.
temperatures might indicates that the collinear barrier given by addition, in ref 11 Skouteris et al presented the results of van

the G3 PES is probably too thin and leads to more pronouncedOler Waals interactions in the G HD reaction in a crossed
tunneling effects. molecular beam experiment. They found a strong preference

More recently, Bian et &.presented a new, fully ab initio for the production of DCI in the HCI and DCI products by

PES called BW?2 for bl reaction system. An accurate quantum measuring the reaction excitation function for each of the two
calculation has been performed by Manthe éf &.investigate product channels.

the thermal rate constant on the surface obtained by modifying _ Currently, time-dependent (TD) wave packet approach pro-
the rate constants for the effect of the sparbit coupling on vides a competitive alternative to the time-independent (TID)

the barrier height. In contrast to the G3 PES, the exact QM approach for numerical solutions in gas-phase reactive scatter-
' ing.29-24 Efficient time-dependent methods for dynamical

tPart of the special issue “C. Bradley Moore Festschrift”. calculation have been developed for atediatom reactiofP~3*
* Corresponding author. E-mail: klhan@ms.dicp.ac.cn. and diatom-diatom reactio#*~#! In these approach, absorbing
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potentialsv, are employed to absorb the wave function to avoid cross section for a specific initial state by simply summing the
boundary reflection of the wave function due to finite numerical reaction probabilities over all the partial waves (total angular

grid.*2

We report in the present work the results of TD wave packet
calculation of total reaction probabilities and integral cross
sections for CI reacting with HD on both the G3 and BW2

surfaces. The thermal rate constants of HD are calculated by

employing the unifornd-shifting method!*4>and a comparison
with experimental measurement is provided.

This paper is organized as follows: section Il gives a brief
review of the quantum TD reactive dynamics used in the current
study. The result of calculation and discussion of the result are
given in sections lll, and section IV concludes.

Il. Quantum TD Reactive Dynamics

In this section we briefly outline the TD wave packet
treatment for atomdiatom reaction dynamics. The reader is
referred to ref 26 for more detailed discussions of the methodol-

ogy. The Hamiltonian expressed in the reactant Jacobi coordinate

for a given total angular momentudcan be written as
K2 R 2

R # O
2UR IR 2ugR
wherer is the diatom internuclear vectdR,is the vector jointing

the center of mass of diatom to the atom.and ur are two
corresponding reduced massésndj, respectively, represent

H= +

>t V(r, R) +h(r) (1)
iy

momentumJ),

0, (B) = kzi 5@+ 1P),© (5)

Yolo

whereky,j, is the wavenumber corresponding to the initial state
at fixed collision energ¥. In practice, reaction probabilities at
only a limited number of total angular momentum valueg of
need to be explicitly calculated and probabilities for missing
values ofJ are obtained through interpolation.

The reaction rate constant can be calculated using a uniform
versiort*45of the J-shifting approach? The initial state-specific
thermal rate constant in the unifordrshifting scheme is given
by

r(T) = QM 3 (224 1) M (6)
(ﬂRkT)3
The shifting constant is determined“dy
_ kT Q
B,(T) 0+ ln(QJ) (7)

wherek is the Boltzmann constant, is the temperature, and

the total angular momentum operator and the rotational angularQ® is a partition-like function defined as

momentum operator of diatonV(r, R) is the interaction
potential excluding the diatomic potential of diatom. The
diatomic reference Hamiltoniahn(r) is defined as
2 2
) =~ 5 5 VD)

r

)

whereV((r) is a diatomic reference potential.

The time-dependent wave function satisfying the Sdimger
equationih(a/at)¥(t) = HP(t) can be expanded in terms of
the BF translationatvibrational-rotational basis defined using
the reactant Jacobi coordinateg®as

KR ELO= S F

nyo, J,K

JMe
ntK,UOjOK0

IPJ Me

Yo jov

ORI, Yi“(R )
3)

wheren is the translational basis label] is the projection
quantum number of on the space-fixed axis, (o, jo, Ko)
denotes the initial rovibrational state, ané the parity of the
system defined as= (—1) - with L being the orbital angular
momentum quantum number. The definitions of various basis
functions can be found elsewhéfe.

The split-operator methdtlis employed to carry out the wave
packet propagation. And the time-dependent wave function is
absorbed at the edges of the grid to avoid boundary reflectfons.
The total reaction probability is obtained by evaluating the
reactive flux26:35

@ﬁ
iE

where the dividing surface for flux calculation is chosen &t
ro. The stationary wave functio;- is obtained through a
Fourier transformation as described in ref 26.

After the reaction probabilitieE’iR(E) have been calculated
for all fixed angular momentd, we can evaluate the reaction

Pi® = im (4)

0
o =1 |vie]

Q* = [PUE)e *dE (8)
andQ’ is similarly defined as
Q’= [P(E)e TdE 9)

where PJ(E) is the reaction probability for a total angular
momentumJ from a given initial state.

In practical applications of quantum dynamics, it is desirable
to calculate the total reaction probability for more than two
values ofJ in order to obtain more accurate rate constant.
Typically, using reaction probabilities evaluated at three values
of J can yield very accurate rate constant.

Ill. Results and Discussion

The time-dependent methodology described in section Il was
applied to study the Ct HD reactive scattering on the G3 and
BW?2 surfaces, respectively. Below, we present and discuss the
results (total reaction probabilities, integral cross sections, and
rate constants).

Reaction Probabilities. The calculations for the C+ HD
reaction was carried out in the collision energy range [0.1,1.0]-
eV, based on the two surfaces, G3 and BW2, respectively. To
start, we consider the total reaction probabilities when HD is
initially in its ground state. In Figure 1, we plot the total reaction
probabilities as a function of collision (translational) energy from
the initial ground state of the HD reactant for total angular
momentumJ = 0. As shown in Figure 1, near the threshold,
the reaction probability obtained on the G3 surface are larger
than that on BW2 surface. This results from several features of
the BW2 surface which are different from the G3 surface. The
G3 surface has no van der Waals well, and is most repulsive
for perpendicular approach of the HD to Cl. In contrast to this,
the BW2 surface is attractive at long distances, and has a
minimum with a well depth of 0.5 kcal/mol for a T-shaped
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Figure 1. Total reaction probabilities fa¥ = 0 from the ground state of the HD reactant for the#CHD reaction on the G3 and BW?2 surfaces.
The solid line is for the G3 surface, the dotted line is for the BW2 surface.
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Figure 2. Total reaction probabilities af = 0 for j = 0—6 on the G3 surface. Solid line is fpr= 0, dashed line fof = 1, dotted line forj =
2, dashed-dotted line forj = 3, dasheetdotted-dotted line forj = 4, short dashed line fgr= 5, and short dotted line fgr= 6.

structure. Moreover, there is a more notable difference in the In addition to investigating the reaction probabilities for HD
imaginary frequencies that the imaginary frequency on the BW?2 initially in its ground state for the G3 and BW2 potentials, we
surface is about 230 cmi lower than that on the G3 surface, have calculated the energy resolved reaction probabilities with
indicating that the barrier of the BW2 surface is wider than that HD initially in the states4 = 0,j = 1—6) to show the rotational

of the G3 surface. It is plausible that the relatively thinner barrier dependencies. The results fbr= 0 are presented in Figures 2
on the G3 surface enables easier barrier transmission by theand 3 on G3 and BW?2 surfaces, respectively. As with the results
system than the thicker barrier on the BW2 surface. reported in Figures 2 and 3, the increasing rotational excitation
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Figure 3. Total reaction probabilities of = O for j = 0—6 on the BW2 surface. Solid line is fpr= 0, dashed line foy = 1, dotted line forj =
2, dasheetdotted line forj = 3, dashed dotted-dotted line forj = 4, short dashed line fgr= 5, and short dotted line fgr= 6.

of HD has visible effect on the reaction probability. For the G3 our results, 82% of the integral cross section corresponding to
surface, Figure 2 shows that over the energy range of interestinitial rotational stat¢ = 0 and 18% of that of initial rotational
thej = 1 results are larger than those for 0, and near the statej = 1 are summed up to yieldh, which will be compared
threshold region th¢ = 2 results are larger than those jof with 1 directly.
0, whereas in the high energy regiprs 2 gives the smaller Figures 4 and 5 depict the comparison of the our integral
results thanj = 0. While the reaction probabilities of other cross sections with those from ref 11 on the G3 and BW2
rotational levelsj(= 3,...,6) are different from= 1, 2 as shown surfaces, respectively. It is observed that there is a very good
in Figure 2. Generally, the results pf 3,...,5 are smaller than  agreement between the TD wave packet calculation in this paper
those off = 0 in the low energy region, and present larger results and hyperspherical coordinate reaction scattering calculation
thanj = 0 in the high energy region. For the BW2 surface, as from ref 11.
depicted in Figure 3, in general, the increasing rotational Also, in Figure 6 we plot the integral cross sections on the
guantum numbey, up toj = 6, results in the increasing of G3 and BW2 surfaces as a function of collision energy from
reaction probabilities in the low energy region. the initial ground state of the HD reactant. Comparison show
Integral Cross Sections.In the present work, we have that the cross sections from the BW2 surface are much smaller
performed the calculations of the collision energy dependencethan those on the G3 PES. This result is obviously expected
of the integral cross sections for two initial rotational stgte ( based on the energy dependence of individual reaction prob-
0, 1, and 3) on both the G3 and BW?2 surfaces, respectively. abilities on two surfaces discussed above.
As done in ref 11, the reactant molecule is in its ground In addition, to show the reagents' rotational excitation effect
vibrational state f = 0). With the use of the hyperspherical on the reactivity we present in Figures 7 and 8 the integral cross
coordinate reaction scattering methods, Skouteris éf al. sections for initial rotational statgs= 0,j = 1, andj = 3 on
presented the exact quantum mechanical results of the reacthe G3 and BW2 surfaces, respectively. It can be found from
tion excitation functions (that is, the translational energy Figure 7 that, for the G3 surface, an increase of the HD rotational
dependence of the cross section) for thetGHiD (v = 0, 82% guantum numbey results in lower values of the integral cross
= 0 +18% = 1). Their calculations were carried out on the section at a given collision energy, that is to say, the effect of
G3 and BW2 surfaces at 26 total energies between 0.35 andreagent rotation is negative on the G3 surface. While the effect
0.60 eV, respectively. One can find that the theoretical results of reagent rotation is positive on the BW2 surface, Figure 8
of ref 11 consist of absolute reaction cross sections for the Cl shows that the integral cross section increases with the increasing
+ HD — HCI + D and CI+ HD — DCI + H reactions. While, of rotational quantum numbgr The reason is that, the G3
in our calculations, the integral reaction cross sections are surface is collinearly constrained throughout its entrance valley,
calculated for reaction C HD, to facilitate the comparison  the initial rotation would hinder the reactants into the cone of
of our results with those of ref 11. The following steps are acceptance steered by the forces outside the barrier in absence
taken: (1) the cross sections corresponding to different productof rotation, leading to a decline of cross section wiflor the
channels HCI and DCI in ref 11 are summed up to obtain the first rotational quantum, thus diminishing the possible orienting
integral cross section; for the reaction CH HD; (2) as for effect of the potential energy surfateHowever, the BW2
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Figure 4. Integral reaction cross sections (angstrom squared) on the G3 surface as a function of collision energy fer H2 @l= 0, 82%
= 0 +18% = 1) reaction. Solid line is for the present calculation, dotted line is for the quantum mechanical calculation from ref 11.
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Figure 5. Integral reaction cross sections (angstrom squared) on the BW2 surface as a function of collision energy for lti2 @l= 0, 82%
= 0 +18% = 1) reaction. Solid line is for the present calculation; dotted line is for the quantum mechanical calculation from ref 11.

surface has a €lHD van der Waals well with a nonlinear trajectories away from the collinear transition state saddle point.
equilibrium geometry;'! and the van der Waals interactions When the HD is in the high rotational states, the van der Waals
are not confined to the well region but persist for some distance interactions are weaker, then trajectories with more rapid HD
into the side of the reaction barrier. When the HD is in the low rotation are not deflected so strongly by the van der Waals
rotational excitation, the van der Waals interactions deflect forces!!
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Figure 6. Integral reaction cross sections (angstrom squared) on the G3 and BW2 surfaces as a function of collision energy forHie CI
reaction from the initial ground state. Solid line is for the BW2 surface, dotted line is for the G3 surface.
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Figure 7. Integral reaction cross sections (angstrom squared) on the G3 surface for the initial rotationakstatds and 3. Dash dot dotted line
is for j = 0, dotted line is foj = 1 and solid line is foj = 3.

Rate Constants.Thermal rate constants were calculated for Equation 7 is used to generate the optimized shifting constant
the Cl+ HD reaction between 200 and 550K. In our calculation B(T) for each adjacent pair dfvalues, and the shifting constants
we only consider the zeroth vibrational level for different initial are defined:
rotational stateg = 0—6 of HD, which permits the calculation .
of the thermal rate constants in the range of temperatures B(T) = kT In Q (10)
between 200 and 550 K. ! Ji1(3y, +1) QJi+1 -

We calculated the reaction rate constartsr the initial states (=12..)

(v=10,j = 0—6) of HD by using the unifornd -shift approact® According to the thermal distribution of the rotational levés,
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Figure 8. Integral reaction cross sections (angstrom squared) on the BW2 surface for the initial rotationgl stéte$, and 3. The dash dot
dotted line is forj = 0, the dotted line is fof = 1 and the solid line is fojf = 3.

the rate constant of HD at the temperatlirean be expressed | .
as ]

T .
r(T) = Z 61(21- + 1)@ BIUF kT (11) ] . G3 surface
=0 &r L

in which Q is*® 1E-13 5
Q, =1+ 3e BT 4 g ®BhokT 4 (12)

where B is the rotational constant of HDK is Boltzmann
constanth is Planck’s constant, arglis the velocity of light in
a vacuum.

As mentioned by Mielke et af.the ground electronic state
2Py, of the Cl atom is 4-fold degenerate and only two states
correlate adiabatically with the product. So a statistical weight
factor should be included in order to make comparison of
theoretical result with experimental measurement. This factor
is given by

1E-14

rate constants (cm’s™)

2
4+ 2 exd —AE/KT}

B(T) = (13)

whereAE is the energy splitting between the two fine structure
states of Cl2Py;; and?2Ps,, taken as 881 cni.

Similar to the reagent’s rotational effect on the integral cross
sections plotted in Figures 7 and 8, we also show the effect of 1000/T (K")

reagent rotation on the rate constant, the rate constafis : : )

different initial rotational stateg(j = 0, 1, and 3) on the G3 Figure 9. Arrhe.nllu.s plot of our theqretlcal rate constants on the G3
- P . ; s surface for the initial rotational stat¢s= 0, 1, and 3. The dash dot

and BW2 surfaces in Figures 9 and 10, respectively. For a given gotted line is fofj = 0, the dotted line is fof = 1, and the solid line

temperature, from Figure 9 one can see that the rate constantss for j = 3.

on the G3 surface decrease with rotational excitation. However,

as depicted in Figure 10, for a given temperature, the rate However, Manthe et &P proposed that the BW2 surface does
constants on the BW2 surface increase with rotational excitation. not include the spirrorbit (SO) interaction. Thus, the potential
This is in accordance with the integral cross section behavior energy surface correlates asymptotically to the average energy
displayed by Figures 7 and 8. of the? Py, and? P, states of the chlorine atom. Consequently,

1E-15 T T T T T T T T
15 2.0 25 3.0 35
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. . ) Figure 11. Arrhenius plot of theoretical (on the G3 and BW2 surfaces)
Figure 10. Arrhenius plot of our theoretical rate constants on the BW2 54 experimental rate constants for the4OHD reaction. The dashed
surface for the initial rotational stat¢s= 0, 1, and 3. The dash dot |ine js the present calculation on the G3 surface, the dotted line is the
dotted line is forf = 0, the dotted line is fof = 1, and the solid line present calculation modified by using eq 13 on the BW2 surface, and
is forj = 3. the solid line is the present calculation modified by using eq 14 on the

. . . BW2 surface. and the dashedotted line with open symbol is
the electronic part of the partition function of the reactants has experimental result from ref 8.

to be taken as

1A 2 AE topology of these two surfaces, the dynamics on them is quite
QYT = Zexdéﬁ + ex _§ﬁ) (14) different. Besides the difference in overall topology on two
surfaces, the barrier on the G3 surface is thinner than that on
the BW2 surface and may be responsible for the enhanced
reaction probability on the G3 surface at the threshold region.
The calculated quantum integral cross sections are in good
agreement with those obtained using hyperspherical coordinate
reaction scattering methods on the G3 and BW?2 surfaces. The
effect of reagent rotation on the reactivity on the G3 surface is
from 200 to 550 K between our calculations on the G3 and negative, while the eﬁect O.f. reagent rotation on the reactivity
on the BW2 surface is positive. The thermal rate constants on

BW?2 surfaces and the experiment from ref 8 is given in Figure the G3 surf | o th . t findi In th
11. Figure 11 shows that the present results on the G3 surface € surtace are close 1o the experiment findings. In the case
f neglect of spir-orbit coupling in the ab initio calculations

are in agreement with experiment at the lower temperatures and®

are somewhat larger than the experimental findings at the higherOf the BW2 surface, the thermal ra;e constants on the surface

temperatures. are so_mewh‘_at hlghe_r than the ex_penmental measurement. When
In general the rate constants modified by using eq 13 on the the spin-orbit coupling is taken into account, the thermal rate

BW2 surface, the dotted line in Figure 11, are larger than the constants on the BW2 surface are close to the experiment as

experimental measurements. However, the rate constants modiWe”'

fied by using eq 14 which is displayed in the solid line in Figure
11, in general, are in agreement with the experiment findings, . S . . .
but the results are somewhat larger than the experiment at highe ng Young Scientist Foundation of China from NSFC. Benhui

temperatures and smaller than the experiment at lower temper- ang a]so gratefully acknowledges the support of K. C.Wong
atures. Education Foundation, Hong Kong.

where AE is the SO splitting of the chlorine atom. This
electronic partition function effectively lowers the asymptotic
potential energy of the reactants WWAE = 0.84 kcal/mol. Since
at the barrier the effect of SO is almost negligible, the effective
barrier height will be increased by about this value.

The comparison of the thermal rate constadfy obtained
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