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Abstract The dynamics of the Cl + HD reaction has been studied by means of quasiclassical trajectory calculations on

both BW2 and G3 potential energy surfaces. The calculations show the product rotational alignment is sensitive to the po-

tential energy surfaces and mass factors of reaction system. While the calculated product polarization on BW2 potential

energy surface seems stronger than that on 3 potential energy surface for two products and the rotation of the DCI product

is more strongly aligned in comparison with the HCl product in all cases. And also the calculations show the effect of the

reagent rotational excitation on reactivity for both surfaces is significantly different. The initial rotational excitation has a

positive influence on the reactivity for the Cl + HD reaction from calculations on the BW2 surface, while the effect of the

reagent rotational excitation on reactivity is negative for G3 surface.

Key words (Quasiclassical trajectory calculation, Potential energy surface, Product rotational alignment

CLC number: 064 Document code: A

1 Introduction

In order of full understanding the dynamics of the
elementary reactions such as Cl + HD—HCI + D and Cl
+ HD—DC] + H, it is important to study not only its
scalar properties, but also its vector properties. Only
by understanding the scalar and vector properties to-
gether can the fullest picture of the scattering dynamics
emerge. The most familiar vector correlation is that be-
tween the reagent and product relative velocity ( K,

K’) with i1s characterized by the differential cross sec-

tion di?_' The vectors K, K’ and J’ ( the product rota-
ml

tional angular momentum ) are also interesting; the an-
gular distribution describing the relative orientation of
these vectors in space may be termed the K-K'-J' dis-
tribution and the correlations which characterize it,
double and triple vector correlations. Vector proper-
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ties, suc velocities and angular momenta, possess
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not only magnitudes that can be directly related to
transnational and rotational energies, but also well-de-
fined directions. Clearly, one of the most important
things is the determination of the product rotational a-
lignment and orientation about the regent’s relative ve-
locity vector. Experimental and theoretical interest in
vector correlation in the reaction processes A + BC —
AB + C has increased significantly in recent dec-

ades!' '

With the development of experimental and
theoretical studies for three-atom systems, it is becom-
ing increasingly clear that product rotational polarization
can provide detailed mechanistic information. Re-
cently, many groups turn their attention to the complex-

15-2)  Such systems are

forming four-atom systems
more interesting because angular momentum conserva-
tion in four-atom systems are unlikely to impose such
severe constraints on product rotation as in three-atom

reactions. Furthermore, the rotation of the reactive in-
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termediate prior to dissociation will lead 1o some loss or
smearing-out of polarization.

During the development of gas-phase reaction dy-
namics the reaction CI + H, and its 1sotopic vanants
have played a key role. lJue to its importance in atmos-
pheric chemistry and for photochemical air pollution,
the reaction of chlonne atoms with molecular hydrogen
has received considerable attention both experimentally

231 The reaction Cl + H, and its

and theoretically*
isotopic variants have been a prototypical three-atom
teaction system in the field of molecular reaction
dynamies and have served as test cases for bimolecular
reaction rate theory ™! | particularly transition state the-
orvJand the theory of isotope effects'™®’. The isotope
effects in reaction dynamics are kinetically interesting
for they provide different dynamic view on the same po-
tential energy surface (PES).

On the experimental side, the infrared frequency-

modulation measurements of absolute rate constants for

the Ct + HD reaction between 295 K and 700 K have

heen reported by Taatjes' ).

Alagia et al. have meas-
ured angular distributions and time-of-flight spectra for

the reactions Cl + H, and Cl + D, using high-resolution

: 34
crossed molecular beam experiments'**!.

Kandel et al.
report the vibrationally state-resolved differential cross
sections and product rotational distributions for the Cl +
HD reaction using a pholoinitialed reaction tech-

*/ " In addition, the effect of HD reagent rota-

nique*”
uonal alignment in this reaction has also been investiga-
ted'’”’. On the theoretical side, several potential ener-
gv surfaces for the CIH, system have been constructed
and many dynamical calculations on these surfaces have
been performed. The first potential energy surface
( PES) for this system was suggested by Eynng and co-
workers in 1936'*").
named G3 was introduced by Truhlar and co-work-
ers !, The G3 PES was based on the GQQ PES of

Schwenker et al. !, which was based on the GSW

A refined potential energy surface

surface and some new ab initio data. The G3 PES has

[39]

been successful in reproducing rate constants'™ and

28
molecular isurements-? from QM!%#! and
" 28,40 ; \
QCT lynamical calculations.
The QM - wamical calculations based on

the G3 PES are¢ in good agreement with earlier experi-
ment, so the G3 potential energy surface 1s regard as
the most accurate surface currently available for the
HHCI system. However, recent molecular beam expen-
ments of Lin for the reactions Cl + HD and C] + H, are
in strong disagreement with theoretical calculations on

43 - 43
! The crossed molecu-

(G3 potential energy surface
lar beam experiments on the reaction Cl + HD revealed
a strong preference for the production of DCI-** | while
the QM calculations on the G3 potential energy surface
predict the HCl and DC} products io be produced al-
most equally. Liu and co-workers have measured the
effects of H, rotational states and Cl spin-orbit states on
the Cl + H,(v =0) excitation function and additionally
report that the vast majority of HCl products are back
scattered'*' /. The effect of reagent rotation should be
positive for the Cl + H, reaction, but the QM and QCT
calculations on the G3 PES show that the effect of rea-

gent rotation 1s negative. So Bian et al. presented a

new global three-dimensional PES‘**) named BW2 for
Cl + H, system which has been computed using the
most accurate electronic structure methods and basis
sets presently available. In contrast to the G3 PES, the
exact QM reactive scattering calculations for this system
on the BW2 PES predicted the large DCL/HCI branch-
ing ratios at low collision energies correctly and in het-
ter agreement with the recent crossed molecule beam
experiment measurement' 2!

In our previous papers, time-dependent { TD)

quantum wave packet dynamics studies have been per-

formed on both G3 and BW2 PESs for the reaction Cl +

41 The significant

HD and its isotopic varnanis:
differences in the energy dependence of the reaction
probabilities and integral reaction sections on the two
surfaces have been found. The dynamics of the Cl +
HD reaction has also been studied using quasiclassical
trajectory calculations on BW2 potential energy sur-
face'®! . The DCI/HCI product branching ratios calcu-
lated quasiclassically on this surface predict a clear
preference to the production of DCY over HCI1, which is
in reasonable agreementi with experimental result and

some other theoretical results as well. While thesc firs|

calculations have been pointing to a different behaviour
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of the two surfaces, a test of the new surface against the
other available dynamical observables has still to be
performed. So, in this paper we focus our attention on
the calculations of product rotational alignment for the
Cl + HD reaction in order to learn more about the po-
tential energy surface and more dynamical information

from vector properties than from scalar properties.

2 Theory

2.1 Rotational alignment

During a reactive encounter, the total angular mo-
mentum is conserved

J+L =J +L'

where L and L’ are the reagent and product orbital mo-
menta, respectively. When the reagent angular momen-
tum J is small (as is common), the product rotation
can only result from L. The distribution of the angular
momentum J' of the product molecule is described by a
function f{ #) , where 8 is the angle between J’ and the
relative velocity vector K. f{#) can be represented by

Legendre polynomial moments''?!,

f8) = 3 a,P,(cosh)

n =2 indicates the product rotational alignment
(P,{J *K)) = —%—(3(:-0528 -1)

where P, is the second Legendre moment, and the
brackets indicate an average over the distribution of J’
about K. At present, we only calculate the rotational a-
lignment parameters of the product since it has solely
been measured in most experiments until now.
2.2 Quasiclassical trajectory calculations

In this paper two different potential energy sur-
faces have been employed: one from G3'®), and the

other from BW2!%!,

extensively

The comparisons of two surfaces

been studied in the

44 - 48}

have previous
work"

The general method for the calculation of quasi-
classical trajectories is the same as the one used previ-

"89S the classical Hamilton's equations are

ously
integrated numerically for motion in three dimensions.
The stat olved differential cross sections are calcu-
lated by the metl noments expansion in Legendre

polynomials ~'. Now, we have carried out the calcula-

tions of the reaction cross sections with the variation of
collision energy for the reaction C1 +HD{@ =0,;7=0,1)
on both G3 and BW2 PESs. The product final rotation-
al state distributions and the product angular distnbu-
tions are performed at £,=23.4, 27.2, 33.4 kJ/mol
for this system. Additionally, we calculate the rotation-
al alignment parameters of the HCl and DCIl products
for the C1 + HD (v =0, j =) reaction on two sur-
faces. Batches of 10° trajectories are run for each initial
condition, and the integration step size in the trajecto-
ries 15 chosen to be 0. 1fs, which guarantees the con-

servation of the total energy and angular momentum,

3 Results and discussion

Fig. 1 presents some notable differences in the in-
tegral cross sections calculated on the BW2 and G3 sur-
faces. First, in contrast to the prediction on G3 PES,
the QCT calculations on BW2 PES shown in bottom
panel reveala dramatic preference for producing DCI for
the C1 + HD—HCI] + D and Cl + HD—DCI + H reac-
tions. These phenomena are in agreement with the ex-
perimental results'“!and have attracted us to investigate
in the previous work!®. Second, the absolute cross
sections obtained on BW2 PES are smaller than their
counterparts calculated on G3 PES| particularly for the
HCI product. The quasiclassical results agree well with
the results calculated using time-dependent quantum
wave packet theory for the C! + HD reaction*’!. And
also the calculated results indicate the effect of the van
der Waals forces is more pronounced for producing the
HCI product. As the center of the mass of HD is closer
to the D atom, and thus, the H atom encounters the
van der Waals forces at a larger HD-to-Cl separation.
Third, the top panel in Fig. 1 shows the reagent rota-
tional excitation has a negative influence on reactivity
for the Cl + HD reaction for both DCI and HCI products
from calculations on the G3 surface. However, as
shown in bottom panel, the effect of rotational excita-
tion from the calculations on BW2 surface is positive.
In our earlier work, the time-dependent quantum wave
packet method has been employed to calculate the total

integral cross sections for this reaction'*’!. While the

calculations based on BW2 surface also show the effect
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Fig. 1 Integral cross section as functions of collision energy
for the C1 + HD (v =0, j=0,1) reaction
The top panel shows the calculations on the G3 PES and
the bottom panel shows the calculations on the BW2 PES.
The right Y-axis on bottom panel indicates the calculated
results for the HC] product.

of reagent rotational excitation on reactivity is positive.
For the calculations on BW2 PES, it reveals the effect
of rotational excitation is positive for the Cl + H, reac-
tion, which are in nice agreement with the recent mo-
lecular beam experiments of Lee et al. 4] Therefore,
the new BW2 PES predicts the right effect of the initial
rotational excitation for the reaction Cl + HD and its i-

sotopic reactions.

Fig. 2 depicts the HCl and DC] product rotational
state distributions calculated on G3 and BW2 PESs for
the Cl + HD (v =0, j =0) reaction at collision energies
E =23.4,27.2, 33.4 k]/mol. The calculations show
once more the BW2 surface is less reactive than the G3
surface and the effect of BW2 on reactive is more sig-
nificant for the Cl + HD—HCI + D channel. However,
the final rotational state distributions calculated on
BW?2 surface are similar to those on G3 surface for both
HCl product and DCI product except that the final rota-
tional states on G3 are little hotter than those predicted
on BW2 surface. The corresponding differential cross

sections {( DCS) of the DCl and HCl products for the Cl
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Fig.2 Integral cross scction as a function of final rotational state of the
HCl and DC] products from the Cl + HD (v =0, j =0) reaction
G3 and BW2 indicate the results calculated on the G3
and BW2 potential energy surfaces, respectively,
The right Y-axis indicates the calculations on G3 PES.

+HD (v =0, j =0) reactions calculated on both G3

and BW2 PESs at the same collision energies are pres-
ented in Fig. 3. For the calculations on both PESs, it
predicts backward scattered molecular preduct inclu-
ding larger sideways contributions as the collision ener-
gy increases. Although the HCI product shows a prefer-
ence for sideways scattering on BW2 surface, the angu-
lar distributions of DCI product computed on BW2 are
almost similar to those calculated on G3 surface. The a-
greement between DCSs and product rotational distribu-
tions calculated on both surfaces probably arise from the
similar characters of two surfaces, which have collinear

transition states. While the barrier height of the BW2
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Fig. 3 Differential cross sections for the Cl + HD (v =0, j=0) reaction
The top three panels show the results calculated on the BW2 PES and the right Y-axis indicatea the
calculations for the HCl product. The botiom three panels show the results calculated on the G3 PES.

surface (31. 81 kJ/mol) is quite close to that of the G3
surface ( 32. 94 kJ/mol). The harmonic vibrational
frequencies of the bending and stretching coordinates at
the transition state are also pretty similar.

As to investigate the isotope effect and the effect
of different surfaces on vector correlation, the product
rotational alignment parameters (P,{(J’ - K)) for the
Cl + HD reaction on BW2 and G3 PESs have been cal-
culated and the results are shown in Fig.4 and Fig. 5.
It is very obvious that the product rotational angular
momentum for both the DCl and HCl products is a-

ligned either on BW2 PES or on G3 PES, and the vari-
ety of the product rotational alignment with the change
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Fig.4 Product rotational alignment parameters as functions of

erzy for the C1+ BD (v =0, j=0) reaction
r.3 tl.rid sz i!'

and BW

cate the calculations on the G3

i energy surfaces, respectively

of j' is also similar on both PESs. The (P,(J" - K))
values for DCl and HCI products calculated on beth
surfaces are increasing with the increases of the colli-
sion energies and are decreasing as the increases of the
final rotational quantum number j’. Generally, the
higher the collision energies are, the stronger the rota-
tional alignment of the products will be. However, the
(P,(J' - K)) values calculated on both BW2 and G3
PESs for the Cl + HD reaction increase as the collision
energy increases in present work. The reason is that
the collision energies studied in present work are close

to the energy threshold. This phenomenon agrees with
the calculations for HLL ( H, heavy; L, light) mass
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Fig. 5 Product rotational alignment parameters as functions of final
motational state for the C1 + HD {v =0, j=0) reaction
G3 and BW2 indicate the calculations on the C3
and BW2 potential energy surfaces, respectively
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combination reaction on an attractive potential energy
surface reported in Ref, [ 51 ]. In that paper we stud-
ied the dependence of the product rotational alignment
on collision energies for HHL, HHH, HLL and LHL
mass combination reactions on attractive and repulsive
potential surfaces'™!. Calculations on BW2 PES show
the product polarization is stronger than that calculated
on G3 PES. Maybe the difference attributes to the sad-
dle point of the BW2 surface is located earlier in the
enirance channel than that of the G3 surface. The re-
pulsive energy provides a distnibution of the rotational
angular momentum vector of the product which is less
anisotropic. So the product rotation calculated on BW?2
PES be strongly aligned even at very low collision ener-
gies due to that BW2 is so attractive than G3. It 15 well
known that the well in the PES can affect the rotational
alignment of the products, because it may lead to“loss
of " memory of angular momentum alignment in that the
separation of the products will take various direction in
space. The most outstanding difference between BW?2
and G3 PESs is the BW2 surface has long-range van
der Waals minima in both the entrance and exit chan-
nels. However, the degree of the polarization for the
HCl and DCl products calculated on the BW2 PES is
stronger than that on the G3 PES. So, to draw a con-
rlusion that probably the product rotational alignment is
mainly controlled by the characters of transition state
regions, and the effect of van der Waals force on prod-
uct polarization is quite weak.

The calculations of product rotational alignment
for the C1 + HD reaction show the notable isotope
effects. Fig. 4 and Fig. 5 depict the rotation of the DCI
product is so strongly aligned in comparison with the
HCI product in all cases. Our previous work'® ") has
explored the product polarization for the H + H'L mass
combinations reaction in detail and found that the dis-
tribution of the product angular momentum vectors is
quite sensitive to the mass factors. For this reaction,

g i,

as the mass factor cos’ 8 =
(my +my) (my +m)
approache duet rotational angular mo-
mentum vector 1s strongly aligned with respect to the

relative velocit The increase in mass factor

cos’ will reduce the anisotropic distribution of J' by
about K. The effect of mass factor on product rotational
alignment 1s also notable for the Cl + HD reaction. For
the Cl + HI) — HCI + D channel the mass factor is lar-
ger than that for the Cl + HI) — DCl + H channel with
the same PES . So the large mass factor lead to the
(P,(J’ » K); values of HCI product become less neg-
ative and the product rotational angular momenta J’
tend towards a less anisotropic distribution with respect
to the direction of the vector V_,. In contrast to the
HCl product, the rotation of the IXC] product is thought

of being strongly aligned in all cases.

4 Conclusions

The above comparison of excitation functions cal-
culated on both PESs for the C1 + HD (v =0, j =0, 1)
reactions has shown the different features between BW?2
and G3 PESs lead to some different dynamical phenom-
ena. In contrast to the prediction on G3 PES, the QCT
calculations on BW2 PES reveale a dramatic preference
for producing DCI for the Cl + HD—HCL + I} and (1 +
HD—DCI + H reactions. The BW2 surface is less reac-
tive than G3 surface due to the influence of van der
Waals well in the entrance valley of the BW2 surface.
The effect of rotational excitation on reactivity from the
calculations on BW2 surface is positive, while the rea-
gent rotational excitation has a negative influence on
reactivity for G3 surface.

The calculations on both BW?2 and G3 PESs show
the product rotational angular momentum is aligned and
the variation trend of product rotational alignment effect
with the change of the collision c¢nergies and the final
rotational quantum number j* is similar. The predicted
final rotational state distnbutions and angular distribu-
tions on both surfaces are also so similar. Comparison
of the BW2 potential energy surface and the G3 sur-
face, the transition state regions arc broadly similar.
Therefore , the similarity of the final rotational state dis-
tributions, angular distributions and the product polari-
zation calculated on both surfaces imply that these dy-
namics properties are mainly controlled by the charac-
ters of transition state regions in PES. The calculations

of the product rotational alignment show that the vector
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correlation in Cl + HD reaction is sensitive to mass fac-
tors and the potential energy surfaces of reaction sys-
tem. The rotational alignment effects of HC] product

are smaller than DCI product in all cases as the mass
factor is larger for the Cl + HD—HCI + D channel. The

minor differences of the properties in transition state re-
gions between BW2 and G3 surfaces result in a signifi-
cant distinctness for the product polanzation. Compa-
ring with the scalar characters, the vector correlation in
reaction i1s more sensitive to the potential energy sur-
face, especially for the properties in the transition state
regions. We look forward to the completion of experi-
mental studies of product rotational alignment effect on
the Cl + HD reaction so that a higher resolution com-
parison of theory and experiment can be implemented.
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Cl+HD R YRS ST

HRE,

EEE, ®xHl",

BT 7

(TERZFRAENEDENK Ao TN IFERBEILRE, KE  116023)

W E: AAEERHZER, 7 BW2 MG WASMER L, BT Cl+ HD RN MEh ¥ it B4ERE
B, FE Y0 BT BB X BB SR AR R B A AR R U £ BW2 SBERTE b T E MBI 005 s
[[58 T C3 $aem LIt A BIER, MGG R1E BW2 $6Em LR 27E G3 #6EmE L, DCL =488 n) &858 T
HCl =YX R TR G RERA, EARMZER LR N MESIBE M A AEREE S EMNAR. 7
BW2 $MBiE L, RN VI PI IR sh M R B AT Cl + BD G HEAT ; M 7E G3 S HETH b, KA 4 5940 #h ¥ 50

BT T RLEI R TE.

XA HEZAPLEW, $EEmE; YR shEN

RESHES: 064 MWFRIATE: A
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