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Quasiclassical trajectory calculations have been carried out for the reactidd,S> SO+ O and its reverse

using an accurate single-valued double many-body expansion (DMBE) potential energy surface previously
reported for the ground electronic state of the sulfur dioxide molecule. A new scheme is suggested for
thermalization of the reactants which avoids the usual separation of rotation and vibration. A detailed analysis
of complex formation and thermal energy distribution in the products is also presented for the direct reaction
at T = 300K. The agreement with experimental data is satisfactory.

1. Introduction is believed!-??to describe accurately most topographical features
of the system including the dissociation channels and will be
used here to study the dynamics of the title reaction and its
reverse. For this, we employ the quasiclassical trajectory method
as the atoms are sufficiently heavy to validate such an approach.
The emphasis will be on thermalized calculations, for which a
new scheme that avoids the usual separation of rotation and
vibration is suggested to perform the thermalization of the
reactants. We also investigate the problem of complex formation,
and carry out a detailed analysis of the products energy
distribution for the direct reaction dt = 300 K.

b The paper is organized as follows. In section 2, we summarize
some relevant details of the DMBE potential energy surface.
The quasiclassical trajectory methodology is described in section
3. Section 4 summarizes the calculations, while the conclusions
qre in section 5.

The elementary reactions involving the sulfur dioxide £50
molecule have an important role in the combustion of sulfur-
containing material$.In particular, the title reaction has been
the subject of much experimental watk.® from which critical
evaluations of the results have also been repd#t&tiTheoreti-
cally, it has been studied by Murrell and co-workéfd using
the quasiclassical trajectory method and two different many-
body expansion (MBE) potential energy surfdééawhich were
calibrated from fits to spectroscopic data and limited ab initio
energies. Similar studies were reported by Lendvay ¥tuading
a MBE potential energy surface calibrated from extensive al
initio calculations. Although other potential energy surfaces have
been reported based on spectroscopic dataand ab initio
energies? they are valid only over limited regions of configu-
rational space and hence cannot be used per se for reactio
dynamics studies.

Recently?>??we have reported a single-valued double many- 2. Potential Energy Surface
body expansiof#~2> (DMBE) potential energy surface for
ground state Sgxalculated from a multiproperty fit to extensive ~ The main features of the DMBE potential energy surface for

ab initio correlated energies and spectroscopic data. This surfaceSO: have been discussed in detail elsewtérand hence, we
concentrate here on the features that are relevant for the

* E-mail: varandas@qtvs1.qui.uc.pt. dynamics studies of the title reactions. A graphical view of the
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S0+0 S0, 0+0S surface has been modeled from a fit to ab initio energies under
- et the constraint that the calculated vibrational levels should
accurately reproduce those observed in the spectra of the most
stable SQ@ isomer. It should also be pointed out at this stage
that we have introduced a tiny modification into the DMBE
potential energy surfaékin order to avoid numerical problems
in the calculation of the electrostatic energy term, which is not
well-defined at linear geometries. To do this a scaling of the
Jacobi angle was introduced, namely é6s= [0.99 + 0.01(1
— cog 0)] cos; this eliminates the problem without perturbing
the potential at other regions of configurational space.

0.2

0.0 [

*

Qg /ag

02

] ) 3. The Quasiclassical Trajectory Method
Figure 1. Relaxed contour plét of the SQ potential energy surface

in reduced linear symmetry coordinate®; = (R, — Ry)/v/2P, Q5 = The quasiclassical trajectory (QCT) method is a standard and
(2Rs — R, — R)/v/6P, andP = R, + R, + Rs. well documented to81-2° for carrying out studies of reaction

dynamics. For the QCT calculations carried out in the present

. — . work, we have used an extensively modified version (see refs
potential is shown in Figure 1 as a relaxed triangular®lot 30 an4 31 for previous modifications) of the MERCURY céde.

employing the reduced linear symmetry coordina@gs= (R; In particular, improvements have been introduced on the

— Ry)/v/2P andQ; = (2R; — R: — Ry)/V/6P, whereP = R, + thermalization of reactants, and the monitoring of complex
R: + Rs is the molecular perimeter. Clearly visible in this plot  formation (see section 3.1).

are the dissociation channels (in the vicinity of the vertexes of  The thermal rate coefficient for the reactiontSO, — O +
the triangle that circumscribes the physical space), and theso can be calculated from the expression
various minima of the potential energy surface which are

indicated by arrows. From this figure, and the minimum energy 8kg T |12

paths shown in Figure 6 of ref 21, it is possible to verify that k(T) = g(T) Z(Zj +1) x
the DMBE potential energy surface shows no barrier both for Tis o, 7

the S+ O, and O+ SO reactions, a result that is in agreement o EufkeT E,
with the surfaces of Lendvay, Schatz, and Harding (L!Skij)d

r —_ .
! JdE——e="To(E,, v,]) (1)
Murrell, Craven, and Zhu (MCZ¥ Note that all these potential Qu (kBT)2

energy surfaces disagree with an early function reported by
Murrell et al1® which shows a nonphysical barrier along the S
+ O, reaction channel. Thus, we will not make any further
reference to this function even during the discussion of the g(T) = 14 3[5 + 3 exp(=570/) + exp(~=825M]} (2)
results. In fact, the experimental measurements and their

dependence on temperatliead one to expect that the title is the appropriate electronic degeneracy factor which has been
reactions should occur without any significant barrier for some obtained according to the usual procedt#&the atomic levels
angles, although the $ O, reaction has probably a narrow of sulfur have been taken from refs 35 and 36. Note that other
entrance channel. Note also that the significant barrier encoun-authord31>16employed the high-temperature limit factgpr=
tered for the collinear S- O, approach in the DMBE potential ~ 1/27. In turn,Qr = 3,i(2j + 1) expE,/ksT) is the vibrationat
energy surface is in agreement with the LSH surface but not rotational partition function of @ ando(Ey, v, j) is the reactive
with the MCZ one. This may probably be explained by the fact cross-section. As usuakE;, denotes the relative translational
that the long-range regions of the MCZ surface have been energy, us o, the atom-diatom reduced mass, ari; the
modeled from the requirement that there should be no barrier vibrational-rotational energy of @with » andj specifying the

for some angles of approach, and not from a fit to ab initio vibrational and rotational quantum numbers. Note further that
energies (these clearly support the existence of a barrier at suclj takes only odd values for Qlue to its nuclear statistics.
regiond®21.23, Also in agreement with the LSH surface, but The thermal rate coefficient for the reactiorfOSO— S +
again at divergence with the MCZ surface, is the existence of O, has been calculated in a similar manner but using the
a significant barrier for the collinear @ OS approach. All vibrational-rotational partition function of SO, and the ap-
potential energy surfaces predict the collineat-@GO approach propriate degeneracy factgfT) which is similar to the one for

to be barrierless. We note that the major qualitative difference the O+ O, reaction3’

between the DMBE and LSH potential energy surfaces lies 3.1. Thermalized Calculations.We have sample&;, from
perhaps on the fact that the latter shows a high barrie€for the Maxwell-Boltzmann distribution usirt§

insertion of S into @, a feature that is shared by the MCZ

here

surface. This is not the case in DMBE, although it shows a E, = —kgTIn(§:&,) 3
significant barrier for short atordiatom C,, geometries due
to a crossing which originates the ring- SO, isomer. A final where&; andé; are freshly generated random numbers; for an

remark to note is that the “chemical regions” of the DMBE, alternative approach to generate such a distribution, see ref 38.
LSH, and MCZ potential energy surfaces are all qualitatively The vibrationat-rotational energyE,, distribution has been
similar, namely in what refers to the minima associated with sampled from the corresponding Boltzmann distribution. To
the various isomeric species. However, the DMBE potential avoid the traditional approximation concerning the separation
energy surface is expected to provide there the most reliableof rotational and vibrational energies, the vibrationaltational
description, as it shows near-spectroscopic accuracy at the globaénergy levelsE,; of the diatomics have been calculated and
minimum. We emphasize that the DMBE potential energy ordered by their energy values prior to running the trajectory
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' i ' ' i ' T ' T TABLE 1: Reaction Channels with Energies Referred to the
SO, Minimum (the Labels a and b Distinguish the Oxygen
0.1 f 1t . Atoms)
channel no. products AE/kcal mol?
T=300K T=500K T=1000K
1 S+ 0. 139.07

o 2 0.+ SO, 134.41
g L L L 3 0, + SO, 134.41
3 00 4 S+ 0.+ Oy 259.29
[
&

TABLE 2: Definition of the Reactive Channels (the First
0.1 F 1T 1T ) Entry Specifies Their Configurational Properties While the
Second Entry Defines the Actual Geometries Used)

channel no. products Rso/A Rso/A Rod/A

P I S 1 J U P | >100  >100  <3.0875

T=1500K T=2000K T=2500K

0 10 20 300 10 20 300 10 20 30 2 O, + SQ, 0 1.4811 o0
vibrational-rotational energy of O,/kcal mol ™! >11.55 <1.7888 >11.55
Figure 2. Generated and exact (within the model) vibratienal 3 O+ S0, iif8718188 °>°11 55 0:11 55
rotational energy distributions. The latter are represented for each 4 S+ 0.+ O o o o
vibrational quantum numbaer as the line envelope of the rotational @ > >10.00 >10.00 ~10.00

guantum numberg, while the former is indicated by the vertical

displacements from that curve (see text). . . . . .
P ( ) Finally, within the thermalized classical trajectory approach,

batches. The levels have then been sampled using the cumulativéhe thermal rate coefficient is calculated as

distribution functiod”2° () = 8k T \ 12N, b 2 6
vj E kT (M=g s o, Ntﬂ max (6)
2+ 1y——= 4
UDZIO( ) Q. & @) whereN; denotes the number of reactive trajectoridghe total

number of trajectories, afghaxthe maximum impact parameter
where the summation runs from the lowest energy level (this has been optimized by running small batches of trajectories
characterized by the quantum numbess o) to the level ¢, j) for fixed bmax values until the reactivity becomes negligibly
which gives the best agreement with the random numbser 0 small). As usual, the estimate of the error of the thermal rate
&3 < 1. For the present stud,; has been calculated from the ~ constant is given byAk(T) = k(T)[(Ne — Ni)/NiN{J Y2

expression for a vibratingrotating (vib—rotor) Morse potential, 3.2. Assignment of Reactive Channels and Monitoring of
namely Complex Formation. The procedure employed to assign the

reactive channels is identical to that reported in previous
work30:3L41for other reactive systems. The S@olecule has
four reactive channels (including the atomization one) and their
1 ... L 2 assignment is done here in terms of energetics (see Table 1),
ae(”—’_ﬁ)m +1)=Ddi( + I (4 and configurational properties (see Table 2). Similarly, the
monotoring of complex formation uses both geometrical and
wherewe = 1563.33 cm?, weXe = 14.57 cm?, B, = 1.44574 energetic criteria to distinguish the various S@omers.
cm ', ae = 0.01742 cm?, andDe = 4.93 x 10 6 cmt are, in Specifically, the geometric criteria employs reduced symmetry
the usual notatiof? the spectroscopic constants of the coordinategs with the conditions for formation of a complex
EHFACE2U diatomic curve for € for the EHFACE2U SO being
diatomic curve, these constants assume the values1141.45 . .2 . 21172
cm L, wee = 7.45 cnl, B = 0.72084 cm, ae = 0.00605 (Q— Q)"+ (- QT =9 ()
cml, andDe = 1.15 x 10°® cm™L. Note that, within this V(R) < E ®)
approach, exact quantum calculated energies can also be utilized -
with not much extra computational effort, as well as other where Q}; and Qj; are constants that define the equilibrium
probability distributions (e.g., non-Boltzmann ones). Besides the geometry of theith complex, § is the radius of the circle
fact that the Morse vibrotor model leads to small errors, one  associated with its configurational space (also in reduced
may also benefit from the possibility of using the semiclassical coordinates), ané; is the maximum allowed energy. Clearly,
diatomic internuclear distance sampling method of Porter®tal.  the geometrical parametergy; and Q%) are obtained from
as implemented in the MERCUR¥ code. the configurational properties of the associated minima in the
A comparison of the generated and exact (taken as the Morsepgtential energy surface. The rad§sind energyg; have been
vib—rotor model) distributions of vibrationatotational energies  gelected for each complex by warranting that they are uniquely
for O, at several temperatures is shown in Figure 2. Of course, gefined as much as possible. This has been done by an eye-
such distributions are discrete but due to their compactness thgnspection of exploratory trajectories, which has shown that all
exact one is represented for clarity for each value @ the  reported complexes could be well identified through the above

line-envelope of thg-distribution while the generated one is  requirements. The numerical parameters obtained in this way
represented by the vertical displacements from that line-envelopegre presented in Table 3.

curve. As can be seen, the generated distributions are very

accurate, even for high temperatures where several vibrational4- Results

guantum numbers are sampled, and the usual separation of The numerical results for the thermalized rate constants of
vibration and rotation is known to fail. the reaction St O, — SO+ O are presented in Table 4. The

E; = we(v—i-%) - a)exe(y + %)2 +B.j(+1)—
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TABLE 3: Parameters Used to Define the Complex Region 1.2 T T —————T
for the Relevant Minima of the Potential Energy Surface
(Energies Are Referred to the SQ Minimum)
08 T=50K - T=300K T=500K

minima Q; Q% S Ei/kcal mol <

SO, 0.0000 01542  0.12 1255 Soatl

r-sG 0.0000 —0.0370 0.04 131.8 3

SO0 —0.1156 —0.1159 0.08 138.1 2

00s 0.1156 —0.1159 0.08 138.1 g (l)g E—
TABLE 4: Trajectory Results for the S + O, Reactior? g

TK g  buadA N Nes  k(T)/102cnfs? g 08  T=1000K

50 15.00 8.6 6000 1002 6.670.20 ;5

200 1557 7.8 6000 562 5.920.24 04 F

300 16.54 7.6 65536 5887 6.21+ 0.08

500 18.46 6.4 3000 315 5.960.33 0.0 L

700 19.91 6.4 3000 298 6.180.35 0 40 80 120160 0 40 80 120160 O 40 80 120 160
1000 2140 6.0 3000 342 6.930.36 scattering angle/deg

1200 22.11 6.0 3000 334 7.180.38 Figure 4. Differential cross-section for reactiontS0, — SO+ O at
1500 2289 60 3000 318 738040 Severa| temperatures_

2000 23.74 6.0 3000 301 7.480.44

2500 24.32 6.0 3000 261 8.370.51 ; ; ; i
3500 2502 68 3000 253 10.540.65 temperature regimes. Note that the underestimation of reactivity

at high temperatures may be due to insufficient opening of the
entrance channel or to exaggerated barriers near collinearity,
although such a guess contradicts the existing ab initio results.
It should also be noted that Murrell and co-worRéfdobtained

thermal rate constant in good agreement with the experimental

aN,s are the trajectories leading to S® O formation with rate
constanky(T).  For T = 300K, a large number of trajectories has been
run to improve the accuracy of the product SO vibratiematational
energy distribution.

' ' ' T results at low temperatures but experienced difficulties in
ety | mimicking the correct dependence on temperattifes already
pointed out, their most recent surfatés also likely to suffer
from wrong barrier localization. Finally, Lendvay ef@have
;‘” !k i also found an exaggerated reactivity which they have corrected
g Pos 0 @ with an ad hoc modification of the long-range part of the
‘é E%" e and S potential energy surface. Although we cannot discard that the
el — Woiki and Roth {1995) present DMBE surfa_lce may suffer from small def_|C|enC|.es_,
— Tsuchiya et al (1997) (possibly, an excessive attraction at long-range regions), it is
7 i";:‘;;';";”;‘ﬂ;"gﬁ‘;u” also true that there are well-known surface crossings that need
i | +8 this work with g=1/27 | to be taken into consideration before any serious attempt to

achieve high accuracy can be done.

Despite not being experimentally available, we have calcu-
lated the differential cross sections for the reactioftr ®, —
SO+ O at different temperatures, which are shown in Figure
4. The salient pattern is typical of a nondirect type reaction with
reported rate constants were obtained using the appropriateformation of long-lived complexes. This can easily be inferred
temperature dependence for the electronic degeneracy gé€jor  from the almost isotropic distribution of the differential cross
given in eq 2; the values calculated within the high-temperature- sections as a function of the scattering angle. Fer 300K,
limit approximation using = 1/27 can easily be obtained from  the formation of long-lived complexes can be corroborated from
the data reported in Table 4. The results for these two the analysis of the lifetime distributions of the complexes which
approximations are both displayed in Figure 3 over a wide range are shown in Figure 5. This illustrates the distributions,
of temperatures together with available experimental Gdfa. percentages, and lifetimes of the three most relevant types of
The error bars associated with the experimental results are alsacomplexes which can be formed prior to dissociation through
indicated by the shadowed areas which are delimited by the the available reactive channels. The most visible finding is the
lines corresponding to the maximum errors when these are confirmation of the postulatédelevance of the SOO and OOS
available. For the S- O, reaction, the calculated QCT results isomers in the reaction mechanism. In fact, almost all trajectories
show a satisfactory agreement with the experimental data, beingthat dissociate to one of the reactive channels will evolve
in most cases within the experimental error. Nevertheless, therethrough the corresponding isomer, and there are a significant
appears to be some reactivity overestimation for low-temperaturenumber of trajectories that even visit both isomers. Although
regimes, while an underestimation is observed at high temper-the first observation can obviously be inferred from the potential
atures. The overestimation at low temperatures can probablyenergy surface topography (see Figure 1), the second offers new
be attributed to small deficiencies in the potential energy surface, insights on the reaction behavior. Finally, we should note that
possibly an excessive attraction for n&xg-paths referring to about 25% of the trajectories visit the $@omer forming very
the S— O, approach. In fact, exploratory work using ad hoc long-lived complexes, with a mean average lifetime of about
modifications of the potential energy surface tending to diminish 1.5 ps.
the attractiveness of the potential energy surface at the long- The results for the reverse thermal reactiofrGBO— S +
range regions has shown that the reactivity could be decreased, are given in Table 5 and Figure 6 using the appropriate
to values close to the experimental ones at low temperatures.temperature-dependent electronic degenegéBy Note that the
Unfortunately, such a tendency would also extend to the high- effect of this temperature dependence does not appear relevant

2000
T/K

Figure 3. Calculated and experimental rate constants for the reaction
S+ 0, — SO+ O.

0 1000 3000 4000
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T T T T T T T T T
0+0S 0+0S 0+0S
800 1L 1L |
89% S00" 98% 00S" 21% SO;
<t>=0.28 ps <t>=0.34 ps <t>=1.33 ps
400 1L 4 L i
z
S 5 oo I B ok VO . O,
9]
o] T T T T T T T T T
g
& SO+0 SO+0 SO+0
800 . B N o . g
98% SO0 849% 00S 26% SO;
<t>=0.34 ps <t>=0.30 ps <t>=1.61 ps
400 ar 1+ B
) 1 1 N 1 ool mnen

3 0 1 2 3 2 3

complex lifetime/ps
Figure 5. Complex-lifetime distributions for the reaction-5 0, —
O + OS/SO+ O atT = 300K. The various plots are best interpreted
by looking at Figure 1. For example, starting from the bottom corner
of the triangle to end at the top right-hand-side one, the results in the
top line of panels show that 89% of the trajectories sample the SOO
minimum on the left-hand-side (i.e., lead to S®Gmplexes) while
98% visit the SOO right-hand-side minimum (O$30f all trajectories,
only 21% sample the deep $@inimum (SGQ*). A corresponding
interpretation holds for S- O formation.

0 1

TABLE 5: Trajectory Results for the O + SO Reactior?

TK oM  bralA N N  k(T)/102cmPs?
500 22.27 7.4 3000 1 0.02 0.02
700 23.38 6.8 6000 8 0.08 0.03

1000  24.33 6.0 3000 10 0.21.0.06

1200  24.73 6.0 3000 10 0.220.07

1500  25.15 6.0 3000 14 0.340.09

2000  25.58 6.8 3000 17 0.470.11

2500  25.85 7.2 3000 34 1.040.18

aN,s are the trajectories leading to - O, formation with rate
constantk(T).

10»11
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=
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10»13

k(T)/cm3$‘l

._
S
=

1

0.5

1015
0 1.5

1000/T(K)

Figure 6. Calculated rate constants for the reactior-C5O— S +
0O,. Symbols are as in Figure 3; the Arrhenius fits to the calculate
values are indicated by the thin lines.

d

within the scale of Figure 6. Disregarding the usual statistical
fluctuations, both results seem to follow an Arrhenius type form,
as can be seen from the fitted curves (thin lines). There are no
direct experimental results for this reaction, but the approximate
experimental rate constants can be inferred from the equilibrium
constant using the relatid€(T) = k_1(T)/ky(T). Instead of doing
this, we have calculated the equilibrium constant directly from
the QCT thermal rate coefficients for the forward and backward
reactions. The calculated equilibrium constant for the process
O + SO= 0, + S is shown in Figure 7. The agreement with
the analytical fit of Schofiellito the thermodynamic data of
Gurvich et at? is good.
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K(T)

102

10°

1500
T/K

Figure 7. Calculated equilibrium constant for the processGO =
S + O.. The solid line is a fit to thermodynamic déta.

2000
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0.04

P(E,)

0.01

6

8
Evj/kcal mol !

10 12 14

Figure 8. Product SO vibrationatrotational energy distribution
obtained for S+ O; collisions initially thermalized aT = 300K.

4.1. Product Energy Distribution for the Reaction S+

0O, — SO + O. The quantum vibrationalrotational energy
distribution of the product SO molecules in the thermalized S
+ O; collisions atT = 300K is shown in Figure 8. For every
trajectory, the assignment of the diatomic quantum levels has
been made using the method of Muckerrfi@where the energy
is fitted to eq 5 in order to obtain theandj quantum numbers.
First, an approximation to the diatomic rotational quantum
numberj' is obtained from

ji'("+ 1) =Lk 9)
wherelL is the diatomic classical angular momentum. Then,
starting with a rigid-rotor approximation for the rotational energy
E;.: = Bej'(i' + 1), successive iterative approximations to the
vibrational quantum number’, vibrational energyE,i,, and
rotational energyE, are carried out from the total diatomic
internal energyEi; as follows:

Eib = Eint = Erat (10)

v+ % - %we/wexe - %[(waeXQZ — 4B o™ (11)
U U 1

B,=B, - (U + E)ae (12)

Ew=8,i'('+ 1)~ DJj'(' + LI (13)

Evib = Eint - Erot (14)

The procedure finishes when the vibrational and rotational
energies are converged within 0.001 @dmand 0.1 cm,
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15 I
N ° O w Q& © o
5 I -

Figure 9. Plot of In[P(E.)/(2] + 1)] vs E for the product diatomic
SO obtained in St O; collisions initially thermalized aT = 300K.

respectively. Finallyj' andv’ are assigned to integer values by

the usual binning procedure. Figure 9 shows the logarithm of 139.

the probability for each vibrationakotational energy divided
by its degeneracy IF(E./(2] + 1)] as a function oE,,. Note
that for a perfectly thermalized distribution, the results should
follow the straight line INP(E./(2j + 1)] = In Qu(T) — Eu/T.
The actual fit leads to 7.3% 0.16+ E,;/2019+ 210. Although
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