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In this paper, we present a time-dependent quantum wave packet calculation based on the AtStarider

Werner (ASW) potential energy surfaces (PESSs) to study the reactivity of the ground and exciteakrsipin

states for the reaction of s2,2Py12) with D, (v = j = 0). The reaction probabilities and the integral cross
sections are calculated. Furthermore, the multistate cross sections are compared with the single-state calculation.
The multistate cross section is smaller than the single-state calculation at higher collision energy. The effect
of the nonadiabatic coupling becomes more and more obvious as the collision energy increases. The overall
reactivity of the excited state of F is, at most, 25% of that of the ground-gplnit states. The threshold

energy of the PPs,) + D, reaction is~0.10 kcal/mol. The contributions of the excited state of F are 0.9%

and 3.1% of the total average rate constant, at 200 and 500 K, respectively. The effect of the excited spin
orbit state rate constant to the average rate constant is very small but grows slowly as the temperature increases.

I. Introduction

The reaction of FP) with H, and its isotopic variants has FH CIT) + H
had a central role in the experimental and theoretical dynahics.
These reactions have been extensively studied in a large variety
of experiments and theoretical calculations in the past de@ddes.
The development of high-quality ab initio potential energy
surface by Stark and Werner (S¥\Has allowed a quantitative
comparison between theory and experiments. A series of
guantum mechanical (QM)® and quasi-classical trajectory
(QCT)1 calculations on the potential energy surface (PES) -
are in agreement with the experimental restfitd? except for
the detail features.

When the F atom approaches thgrablecule, the degeneracy
of the 2P states would be split int#Ps, and?Py, states, which
correlate with the reactant ground and excited sjuirbit state,
respectively, as shown in Figure 1. The splitting between the
two states is 1.15 kcal/mol. The spiorbit effect increases the
R (omers o o oy s sy %74 P 1 Enery of e Fpa v eacton n colnen

X X f X /) geometry (ref 29). Dashed line represents the single, electronically

The role of spir-orbit and nonadiabatic effects in the+F adiabatic potential surface.

H, reaction was first discussed by TufyThereafter, various i
approximations were used in studying the(+ Ha(Ds) workers?8.2° Furthermore, we performed the time-dependent

systemi6-22 Schatz and co-workers applideshift approxima- ~ Wave packet (TDWPY-33 calculations neglecting the Coriolis
tion to calculate the state-selected and the total cumulative COUPling on the Alexande.fsztark;Werner (ASW) PES to
reaction probabilities and the thermal rate coefficients of the nvestigate the nonadiabatic?Pg,?Pyz) + Hy reaction® By
CI(2P) + HClI reaction for total angular momentuin= 1/,.23-25 comparison with the exact time-independent calculations of
Recently, quantum-mechanical calculations on the ab inito Alexander and co-workers, it is found that the Coriolis coupling
adiabatic PES of Hartke, Stark, and Werner (HSW), including has a relatively minor role. - _

the spin-orbit corrections in the entrance channel, were ~HOwever, the isotopic variant f D, reaction has not been
conducted to investigate the-F H,(D-) reaction?8.2” The first extensively studied using the theoretical methods. In the present

exact quantum scattering calculations for the reaction,afieh work, we calculate the initial state-selected total reaction
F(2Ps/5) and F@Pys), which accurately and completely includes probabilities and the cross sections for thérg4,°Pu2) + D2 )
the electronic angular momenta of the F atom reactant and the®action on the ASV\QPES' using the TDWP method described
spin—orbit coupling, were presented by Alexander and co- IN OUr recent work? The main advantage of the TDWP
approach is its slower computational scaling with the number

* Author to whom correspondence should be addressed. E-mail: kihan@ Of basis functions £ N?vs N2 in the standard coupled-channel
dicp.ac.cn time-independent approacH).
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This paper is organized as follows. Section Il briefly presents  To reduce the number of basis functions, the definite-parity
the TDWP treatment for the B;2,2Pi) + D, reaction, basis functions are described as follows:
including the electronic angular momenta of the F atom reactant

and the spir-orbit coupling. The results and discussion are INvIMKjkioe= —[|nuJMKJk/10D+ €nvIM — Kj — k —
presented in Section Ill. Section IV reports our conclusions. NG
— OEJ]

= Uy(RI,(1) Yo (6)
In this section, we briefly describe the TDWP method used
to calculate the initial state-selected total reaction probability Wheree = +1 andK is positive in the definite-parity basis.
of the ground and excited spirrbit states on the ASW PES The split-operator method is used to perform the wave-packet
for the F@P5,,2P1) + D, reaction. The method is closely related ~ Propagation on the multiple PESSThe time-dependent wave
to the time-independent calculatfrand has been used in our ~ function is absorbed at the edges of the grid on every PES, to

Il. Theory

calculations for the PPs,,2Py0) + Hy reaction3* The total avoid artificial boundary reflection. _ o
Hamiltonian in the reactant Jacobin coordinates,) can be The initial state-selected total reaction probabilities are
written as (in atomic units, au) obtained on the PES of the ground sporbit state through

the flux calculatiod®32
1 9 L? 2
+—=—+V(r,R0) + FE
2:“R 8R2 2MRR2 Zurrz |( ) u, (21 m 1)(21a T 1)
VsdrR6) + h(r) (1)

i

wherer is vibrational coordinatd,the initial state label, an&
wherer is the interatomic distance in the diatomic moie®y, the energy labelW is the time-independent full scattering
the center-of-mass separation of the collision partiaiesthe wave function. We choose the surfacerat ro for the flux
reduced mass between atom and diatomthe reduced mass  evaluation.
of Dy, L the nuclear orbital angular momentum operator, gnd The integral cross sections can be obtained by summing the

o~ rogvel] @

the rotational angular operator of,DV is defined asVasw — corresponding reaction probabilities over all the partial waves
V,, where Vasw is the potential of the PPs;p2Pyn) + D> (total angular momenturd):
reaction. Vsp is the spin-orbit interaction, andh(r) is the
diatomic reference Hamiltonian, which is defined as T
B =23 (3 1P;..(E) (8)
) = — =2 v 2)
rar’ wherek; = v/ 2uE andE is the collision energy.
) ) ) ) The corresponding specific rate constlyyt, can be calcu-
whereV(r) is the diatomic reference potential. _ lated by thermally averaging the collision energy of the cross
The nuclear orbit angular momentuix?, can be written as sectiongjj, ,(E) ag®
LP=@—j—1-97 ,
=P+ P42+ S — 204 — 201 — 205+ 2+l + Kujj (T = (kBﬂ Jo E01(®) ex‘( kBT) dE )

2rst 20 (3) wherekg is the Boltzmann constant alkds the collision energy.

whereJ is the total angular momentum, amdainds are the ~ USing eq 9 and the cross sections of the_rf_e_acion %Of’_"m
electronic orbital and spin angular momenta, respectively. The FCPs2) and FEPyy), the rate constants (the initial= 0, j = 0)
matrix elements ofL2 can be determined as described in ©Of the ground and excited spirrbit states, respectively, could
Appendix A of the recent work of Alexander and co-work&s. ~ Pe evaluated.

The expansive basis functidig®34of the time-dependent The averages = 0, j = 0 rate constant can be giveny
wave function are

2] + 11112 ) R ku=0,j=0 = 4 A I"v=0,j=0,ja=3/2(T) +
INIMKikEOT= (S5 RO (DY QYR 0T 4+2 eXF( kBT)
4) A
2 ex;(— T)
Here, u(R) isAthe translational basisp,(r) thg vibrational kg 'f\y_o,' 0 _(T) (10)
basis, andyx(Rf) the spherical harmonicDﬂ,lK(Q) is the 4+23XF(_ A)
Winger rotation matrix element, witM being the projection keT,

of the total angular momentum along the space-fraragis o o ) . ]
andK being the projection of the total angular momentum along The Coriolis coupling is not included in our calculation. The

the vectorR that is defined as numerical parameters of the converged calculation are as
follows: The range of the translational coordinafe is
K=k+A+o0o (5) [0.5,14.5h,. The number of total translational basis is 140

(among them 60 for the interaction). The 45 vibrational basis
where k is the projection ofj along the vectoR and the are used ta in the range of [0.5,6.%}. For rotational basis,
guantitiesi ando is the projection of the electronic orbital and  jmax = 30 is used. The center of the initial wave packeRis
spin angular momenta along the vecRir 10ap. The width is 0.8y and the average translational energy



Spin—Orbit States for PPs2,2Py2) + Do J. Phys. Chem. A, Vol. 107, No. 50, 200B0895

0.5 e mmmmmmmee e - 3.5 7
N | —— multi-state ~ _____.
304----- single-state Rt
0.4 JPESas
| g j,=3/2
E ~ 2.5 ) a
RN o 204 2
2 S 4
- - ’
o 6 I/
=
Q1.5 4 4
2 02 @ /
2 2 /
L & 10 "l
S / Ja=172
0.1 !
------ single-state 0.5 1
——— multi-state
0.0 T T T T T T T T T 1 0.0 T T d T v T v T T 1
0 2 4 6 8 10 0 2 4 6 8 10
E. (kcal/mol) E.q) (kcal/mol)

Figure 2. Multistate probabilities based on the ASW PES for the Figure 3. Total multistate cross sections for the2P{; 1) + D
reaction of F{Ps21) with D, (v = j = 0), as a function of the collision  (y = j = 0) reaction, as a function of the collision energy (solid line)
energy forJ = 0.5 (solid line) and single-state probability fér= 0 and the single-state cross section (dashed line).
(dashed line).

0.15 4

is 0.2 eV. The wave packets are propagated for 35 000 au for — multi-state
the ground spirrorbit state and for 15 000 au for the excited |----- single-state
spin—orbit state (a time step size of 10 au is used).

Ill. Results 0107

Figure 2 shows the total multistate reaction probabilities based -
on the ASW PES for the reaction of3%19) + D2 (v =j =
0) as a function of the collision energy and for the total angular
momenta of]l = 0.5 and single-state probability fdr= 0. The
single-state calculations are performed on the lowest adiabatic
ASW PES, which is obtained by diagonalizing the ASW
potential matrix at each geometry.

As discussed by Alexander and co-work&tty compare the 0.00 . - . . .
present reaction probabilities and cross sections of the-spin 0.0 02 0.4 0.6 0.8 1.0
orbit ground states with the single-state calculations, the single- E,o) (keal/mol)
state results must be divided by 2. As can been seen, at the low_. . .

.. . R Figure 4. Total multistate cross sections for the?Py,.1) + D:
cqlhsmn energy, the single-state probgblllty is in good agreement = j = 0) reaction at the very lower collision energy (solid line) and
with the multistate ground spirorbit result. The reaction  the single-state cross section (dashed line).
probabilities of the excited spirorbit state are found to be small
and, at most, 25% of the probabilities for the reaction 8Pk4) Figure 4 shows the cross sections for théPg§ 1) + D2
with D,. The result is similar to the calculation for the reaction (v = j = 0) reaction and the single-state result at very lower
of F(Ps2129 + H22° The major difference between the collision energy. Because the excited spanbit state has no
probabilities for the reaction of R3.1/9 + H and FEPaj,1/9) threshold, the reaction cross section of this state is slightly larger
+ D, is the resonance feature. Because the PES barrier is broadhan that of the ground spirorbit state at this low collision
enough to reduce the tunneling of the D atoms significantly, energy. As the collision energy becomes higher, the cross
there are no resonance features in the reaction®&k () + sections of the ground spirorbit states rapidly increase. In the
D.. collision energy range of Figure 5, the agreement between the

Figure 3 shows the total multistate reaction cross sections multistate cross section and the single-state calculation is almost
based on the ASW PES as a function of collision energy for perfect.
the FEP32,1/9 + D2 (v = j = 0) reaction and a single-state result. A threshold of the ground spirorbit state and single-state
In the present multistate calculation, the electronic nonadiabaticreaction appears at0.10 kcal/mol. The threshold can be
potential and the spinorbit coupling are included. Conse- compared with the QM value 0f0.36 kcal/mol (15 meV)
quently, at higher collision energy, the multistate probabilities obtained on the HSW PBSand the QCT value 0f0.92 kcal/
and the cross section for the?P{, 1) + D, reaction are smaller ~ mol (40 meV) obtained on the SW PESThe present threshold
than those of single-state calculations. As the collision energy of the ground spirrorbit states is lower than the result obtained
increases, the multistate cross sections become increasinglyn the HSW PES.
smaller than the single-state cross sections. It seems that the Figure 5 shows the comparison between the average),
effect of the nonadiabatic coupling would be obvious at high j = 0 rate constant obtained through eq 10 and the rate constant
collision energy and would grow as the collision energy obtained through eq 9 for the reaction off{, 1) + Dz. In
increases. The present results without the resonance featurethe calculation using eq 9, it is assumed that 100% of the F

0.05

cross section (Az)

can be comparable to the calculation for théPg6 1) + H» atoms were in either the ground or excited spimbit states.
reaction?>3* The integral cross sections of the ground and The ground spirorbit rate constant obtained through eq 9
excited spir-orbit states for the reaction of the2P) with D, agrees well with the average value. Thus, the contribution of

is smaller than those for the 4R) with H, reaction. the excited spirrorbit rate constant to the average value seems
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Figure 5. Averagev = 0, = 0 rate constant obtained through)(eq
10, (++) eq 9 for the reaction of PPs;) + D, and (---) eq 9 for the
reaction of F{Py) + D..

to be very small. At 200 K, if only the ground spitorbit state
reaction would occur, the rate constant would be 2.928) 12
cm®/s. Comparing with the total average rate constant,
k,=0j=0o(T) = 1.994 x 107'2 cm’/s, we can see that the
contribution of the excited spirorbit state is very little, as small

as only 0.9% of the total average rate constant. The effect of -

the excited spirrorbit states grows slowly as the temperature
increases. At 500 K, the contribution of the excited spinbit
states could reach 3.1% of the total average rate constant.

IV. Conclusion

Zhang et al.

The contribution of the excited spiorbit state rate constant

to the average value is very small and grows slowly as the
temperature increases. The contributions of the excited-spin
orbit state rate constant are 0.9% and 3.1% of the total average
value, at 200 and 500 K, respectively.
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