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A theoretical study of the dynamics of thetSc-C3H reaction was carried out, following a theoretical approach

in which the reaction is decomposed in two steps: the collision process and the evolution of the reaction
intermediate formed in the reactive collisions. In both steps, classical dynamical methods were employed.
For the collision step, we used an analytical potential energy surface in conjunction with a Hamiltonian
based on the adiabatic capture centrifugal sudden approximation, whereas for the second step, we computed
direct trajectories with a hybrid analytical and MNDO-type potential energy surface with specific reaction
parameters. We calculated capture rate coefficients for the temperature inter80{BR] as well as branching

ratios forT = 100 and 300 K. Our results suggest that the overall reaction rate is quite high but also that
production of Sg + H may have a branching ratio of about 50%, $CC,H being the other main product.

The results were compared to those of a similar study of thelSC;H reaction.

Introduction states for the interaction of sulfur with botfCsH and c-CgH.
In addition, we have performed a theoretical study of the
dynamics of the S+ I-CsH reactiont® That work employed
lassical trajectory methods in combination with an analytical
ES for the study of the collisions, and with a (MNDO-type)
PM3'® surface with specific reaction parameters (PM3-
SRP)20-23 for the study of the evolution of the SB complex
formed in the collision. In the latter case, the trajectories were
of the direct dynamics type. The most important conclusion of
that study is that the branching ratio corresponding to the
K production of S@ might not be very high; we bracketed it
‘between 52% and 249 (= 300 K). Even though the capture
rate is not very smalk,(300 K) = 2.1 x 10019 cmé s71, it is
not guaranteed that the overall rate for the generation gfiSC
high enough for this process to have a strong impact in the
generation of S¢€ The obvious complement to our previous
study is the analysis of the $ c-C3H reaction ¢-C3H stands
for C3H(?By)), which we present in this paper. It must be noted
thatc-CsH is found to be much more abundant than the linear
form in some sources, particularly in dark clo#dshe likely
reason being the dynamical behavior of the € CyH,
reaction?526

Sulfur-containing cumulenes $G = 1—3, 5), which appear
in the form of linear SC, chains, are of considerable
astrophysical importance and have been received considerabl
theoretical and experimental attentibri. Among the experi-
mental work, we would cite the Fourier transform microwave
studies by the groups of LovdsQshima3 Hirahara! Kasai®
and Saité as well as the Fourier transform infrared absorption
spectra recorded by Vala and co-worKeasid also by Maier
and co-workers in the case of $€The sulfur-bearing cumu-
lenes have also been the subject of intense theoretical wor
Lee® studied many linear SCsystems through a (density
functional) BLYP method, whereas Vala and co-workersed
both the B3LYP and MP2 (second-order Mghd?lesset)
methods. Maclagan and Sudké8womputed the ionization
potential and proton affinities of SG@nd SG, whereas Peeso
et al’* and two of u&® studied the excited states of $C
Murakami® computed spectroscopic properties of the ground
states of SG n = 1-3. Botschwina, Maier, and co-workers
made a detailed theoretical study of 3¢
It has been advocated that neutrakutral reactions may play
an important role in the production of sulfur bearing carbon
chains!>161t has been argued that $€ould be generated by .
the reaction between sulfur angHz1516 Computational Methods
Our dynamical study relies on a previous work by two of us
S+CH—SG+H on the lowest doublet and quartet PES of thel$@ystemt’
. . That study was performed basically at the QCISD(T)/6-811
However, its rate coefficient and the fact that other products G(3df,2p)//QCISD/6-311G*-ZPE(B3LYP/6-311G*§7-% jevel,
may be formed are unknown. ThetCradical could be either 1, some empirical corrections were included that made the
in a linear form ¢IT) or in a state with a gcycle ¢By), with relative energies of G2(QCH quality. Besides, we computed
the latter being the ground state. The ground state ofiSC  gome energy profiles of a number of doublet and quartet states
linear (=*). Two of us have studied the lowest doublet and ¢, the interaction of sulfur with both-CsH and c-CsH: this

i 7 . erak )
quartet potential energy surface (PES) of thel$6ysten’ as information is important in order to correct the capture rates by
well as the energy profiles of a number of doublet and quartet \,q fraction of the PES that is attractiée.

- ) In the present work, we split the reaction dynamics into two
*To whom correspondence should be addressed. E-mail: flores@uvigo.es. . .
t Universidade de Vigo. parts for which we apply different methods: the capture or

* Universidade de Santiago de Compostela. collision step and the unimolecular step. These methods will

10.1021/jp021215t CCC: $22.00 © 2002 American Chemical Society
Published on Web 08/16/2002



8812 J. Phys. Chem. A, Vol. 106, No. 37, 2002

Flores et al.

CHART 1. Schematic Representation of the Potential Surface of the S CsH reaction. The relative energies (in kcal
mol—1) have been computed at the QCISD(T)/6-3HG(3df,2p)//QCISD/6-311G** + ZPVE(B3LYP/6-311G**) with the
corrections described in ref 17: S+ I-C3H (0), S + ¢-CsH (—4.5), M1 (—120.5), M2 (-103.4), M3 (~75.0), M4 (~=73.0),

TS12 (—37.8), TS23 ¢45.3), TS34 (-43.6), TS1H (-51.8), TS3H (-43.5), TS4H (-48.9), SG + H (—52.9), SC+ C.H
(—40.0). Reactants and Products Are in Their Electronic Ground States.
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be described after we present the most salient features of the

PES of the SgH system.

A. PES of the SGH System.The PES of the SgH system
was already described in ref 17. Here, we will only pay attention
to the most relevant features with the help of Chart 1 and Figure
1. The reaction of S with+CsH or c-C3H is exothermic for the
generation of SGE™) + C,H(3T) and SG(I=*) + H(%S). The
results of a study of the excited states of;5Gndicate that
none of them can be easily formed in these reactions, for the
reaction would be endothermic, although at least the lowest-
lying excited state of @1 (%A in linear geometries) could be
formed33 The collisions of S and-CsH will initially give an
energized M2 species

S+ c-CH—M2
M2 may dissociate back into the reactants
M2 — S+ c-C;H @)

or transform into M3 or M4, which may both generates;SC
(*=*) through bond fission processes exhibiting transition states:

M2 — TS23— M3 — TS3H—SC,('="H) +H (2
M2 — TS23— M3 — TS3H— M4 — TS4H— SC,('=") +
H (3)

M2 may also isomerize into M1, which is a nearly-linear

SCCCH adduét that may generate SE=1) and also SGE™)
+ CzH(22+)Z

M2 — TS12— M1 — TSIH—SC,(=)+H (4)

®)
M1 might also fragment into S- I-C3H even thougHh-CsH is

M2 — TS12— M1 — SC{=") + CH(=")

<HC3C, = 1302° <HC3C,C; =-81.0°
<SC2C1C3 =142.2°

TS12

TS1H

Figure 1. QCISD/6-311G** geometries (A and degrees) of the most
relevant saddle points.

Obviously, M2 may be formed again from M1 via TS12, not

higher in energy thae-CsH:

M1 — S+ I-CH (6)

just directly from the reactants, giving much more complex
mechanisms; however, they are less frequent than the direct
mechanisms. The crucial transition states are only those depicted
in Figure 1, namely, TS12, TS23, and TS1H (see ref 17 for
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details). The reason is that we will approximate the unimolecular V, has the same form but in terms {2 and 6, + 09 (Where
dynamics by assuming that if TS23 is reached the trajectory 6, = & — 0) instead ofrsciand, — o, respectively, an¥,

will finally produce SG + H. It is interesting to note that the

which accounts for the sulfathydrogen repulsion, has the

reaction coordinate corresponding to TS12 implies that some following expression

sort of C-atom scrambling takes place during the M1M2

isomerization, as shown in Chart 1; the carbon atom bonded to

sulfur in M2 becomes the central carbon in M1. Note also that
the G—C; and G—C;3 bonds are preserved in this rearrange-
ment. Finally, TS23 involves hydrogen migration from 1©
C, and simultaneous breaking of the-6C; linkage, G keeps
its bond with sulfur.

B. Capture Step. The capture step is treated through the

Vi = Ay expl— (16, — )7 exp(— Bura)  (13)
rsn represents the sulfathydrogen distance. Note thé, takes
care of the fact that two-SC bonds can be formed when sulfur
approaches-C3H and gives an adequate dependencé&pn

Vg in eq 9 accounts for the variation of the short-range
potential with v, the angle of rotation of-CsH about its

classical trajectory method, where the coordinates are theSymmetry axis. It has the following form

distance between sulfur and the center of mass ofcttigH

group and the three rotation angles of the latter. The corre-

sponding Hamiltonian is written as follows:

2 -
%+Vm

The vectorsi]and’] represent respectively the total angular
momentum of the collision and the angular momentum of the
rotation of thec-CsH group. Vimin(r) is the minimum of the
potential for a particular value aof, the distance between the
centers of masa/y(r,0,y) represents the orientation potential;
thus, the total potential would b¥adr,0,%) = Vmin(r) +

i (TR
oz | o or.0.y) (7)

H

in(r) +

V, = Vole—Ap(fscrrsc,&Z e_A((ep_GO)z _

e MWliser Tsed” o AT irP gy (14)

whereVo, Ay, Isc,a A, andfp are parameters angl is defined
such that it is valueds for planar arrangements € 0, 1, ...).
Note thatVy is exactly zero wherf, = 0, and with the
parameters employed, it is virtually zero fé§ = 7.

We employ two versions of the short-range potentigl
namedVy,, andVn i, which differ from each other only in the
value given to theD. parameter ofV; and would give two
representations ofca, denoted a¥/capandVeap, In the first
case,De is given a value such that the potential represents the

Vo(r,0.p). O represents the angle of the dipole moment with QCISD(T)/6-311-G(3df,2p) dissociation enerdy whereas in
respect to the line connecting the centers of mass defined suct{ne second case, it models the dissociation energy of a QCISD-

that when it is zero sulfur is on the side of the hydrogen atom.
1 is the angle of rotation of-C3H about its symmetry axig:

is the reduced mass of the collision, ands the momentum
associated with the coordinate H,.t is the Hamiltonian
corresponding to the rotation of theCsH group. We have

(T)/6-311+G(3df,2p) energy profile computed with a geometry
of ¢c-C3H(%B,) which was optimized at the QCISD/6-311G**
level and which wasot allowed to relax. We assume that the
difference between the energies of the minima of the two
potentials may be a measure of the amount of vibrational energy

employed two equivalent expressions in terms of the Euler 313 the SGH complex acquires in its £ moiety as a result of the

and 123 sets, as shown in the Appendix.
The value of the centrifugal term is determined by using to
the centrifugal sudden approximatfén

ljz;—?z =HIQ+ 1) — 2M +j( + Y2ur*  (8)
r

We split the potential into short and long-range parts

Vcap: (Vm + Vd)W + Vlr(l - W) (9)

whereV, is the long-range potential/m + V4 is the short-
range potential, anal is a switching function, which is defined
as follows:

w= 11+ exp[— y/(rsc — rs)? explo(rsc — 5,1} (10)

wherersc is the smallest distance between sulfur and any of
the carbon atoms not bonded to hydrogen-iGsH, rsc®dis the
corresponding equilibrium distance, ang is a parameteiVy,

is basically a Morse-type potential defined in the following way:

V.=V, +V,+V, (11)
whereV; reads
V= —{D, — D1 — exp(= B(rsc; — red)1’}
exp[—f(6, — 007 + Fyexpl — fy(rsci — re1(6, -
0)? exp[— (6, — 65)7] (12)

relaxation of the geometry of thes& group.

The long-range potential consists of induction, dispersion,

and electrostatic terms, as defined by Bucking¥am:
Vir = Veiee T Ving T Vaisp

elec

(15)

The electrostatic contribution includes dipelguadrupole terms
and is defined as follow%

1
Velee™ — EZTZ,i,j,Wl,i(aZ,j,k (16)
i5

where the indices 1 and 2 refer ¢eCsH and S, respectively.
The components of the quadrupole moment are made
dependent ofr,0} through the following expression:
Oy = ®gJ,k[l — Wo(borl 7)
wherewg is a switching function defined as in eq 10, but with
different values for some of the parameters, namblyand
rd. The role of this switching function is to activate the
atomic quadrupole at short distances. The rationale of this
approach, which has been discussed already in ref 38, is based
on the fact that the three electron configurations corresponding
to the3P term of sulfur should be essentially degenerate at long
distances, providing an average null quadrupole. In other words,
only at short distances there must be a clear preference for a
particular orientation of the quadrupole, as we discuss below.
It must be noted however that the quadrupole activation does
not have a marked influence on the PES ¥ar + Vy of eq 9
dominates the short-range potential. For this reason, we
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TABLE 1: Parameters of the PES Employed in the Capture
Computations?

parameter value parameter value
u (c-CsH)P 2.3359D ff 0.196 rad?
Qux(c-CgH)® —17.039 DA Fyf 209000 J/mol
Quy(c-CsH)P —21.371 DA fyf 5.0A
Q,Ac-CsH)P —15.127 DA 0o 0.9964 rad
O (C-C3H)P 22.411 au Age 500000 J/mol
Oyy(c-C3H)°P 49.051 au fue 0.80 rad?
0zAc-C3H)P 32.509 au P 20A>2
Qu(S)=Qu(Syd —12.141 DA Ve 0.5au
QS)yH —15.218 DA e 0.290 A2
O (S) = 0yy(SY 18.768 au rsc 1.405 A
0S¥ 22.811 au Ae 2.4 rad?
U.? 105600 cm* Yl 1A2
Def 390370 J/mol rsx® 4.610 A
De,f 393947 J/mol be 10 A1
B 1.995 At rexQ 6.0A
reds 1.609 bo® 4A

@ The values of the quadrupole moments correspond to the following
definition Qj = 3 menfimfjm ? B3LYP/aug-cc-pVTZ//B3LYP/aug-cc-
pVTZ computation® B3LYP/aug-cc-pVTZ8 “Fully activated” quad-
rupole components, i.e., they correspon®ig® of eq 10.¢ Obtained
by fitting to the UCCSD(T)/6-311G** and RHF-UCCSD(T)/6-311G**
energy profiles; the latter corrected for basis set superposition error.
fDetermined by means of QCISD(T)/6-3&G(3df,2p)//QCISD/6-
311G** PES points.

considered the use of a switching function as a satisfactory

Flores et al.

one particular orientation of the atomic quadrupole, which also
entails using a polarizability matrix coherent with this orienta-
tion. The important point we want to make is that the lowest-
energy orientation of the atomic quadrupole varies depending
on the orientation of the-CzH group. There are basically two
options. The first would entail keeping one particular orientation
of the sulfur quadrupole during the trajectory; this choice is
consistent with following a diabatic PES. The second choice,
which we would call adiabatic trajectory approach and is the
one we followed in the final computations, is basically
equivalent to keeping the trajectory on the lowest-lying surface;
one does this at long range quite simply by picking the most
favorable orientation of the atomic quadrupole at every point
{r.$,0,9} . An alternative to this procedure would be an
approach based on a very high-level multireference configuration
interaction method for the computation of the PES at long
distances, perhaps in combination with a direct dynamics
approach to the trajectory computations. This kind of procedure
would be not only terribly expensive in terms of computer
resources but also not better, for other problems would arise
related to the accuracy of the electronic energy computations
at very long range and also with the parametrization of the PES
(except if direct dynamics were performed).

The basic results of the capture step trajectory computations
are the capture rate coefficients and approximate distributions
of the total energy of the Sl complex. We have employed

procedure and discarded more elaborate approaches. Note alsBvo models of these energy distributions.

there is no need of such quadrupole activation in the case of
c-CzH.

The induction contribution includes dipeténduced dipole
and quadrupole-induced dipole terms and can be written as
follows:

1 1
Ving = — EZO*ZJ,] ZTZ,i,Wl,k - EZTZ,LK,I@LK,I
[H] )

1 1 1
ZTZJ,Wl,k - EZTZJ,k,IGLk,I - Ezal,i,j EZTZ,i,k,IQZ,k,I
: ] ]
1
(EZTZJ,k,I®2,k,I) (18)

The dispersion interaction includes induced dipole-induce dipole
terms:

U12

Z T Toki04 k0sj)
i, Kl

- T ' (19)

Vdisp =

where Uy, is taken as an adjustable parameter. The indices
{i,j,k,I} stand for any of the Cartesian coordinates. The tensor
operators are defined as follows:

T2,i,j = (3r|r] - rzéi’j)l’_S
Ty = — 30rrr - r2(ric3]-’k + 10y + rkéi‘j)]rq (20)

where{r;} stand for the Cartesian components of the vector
from the center of mass of T-C3H) to 2 (the sulfur atom).

The parameters are given in Table 1. The treatment of the
sulfur atom is a relatively important point. In principle, the free
atom should be a spherical system i#Paelectronic term; three
axially symmetric and degenerate electron configurations would
contribute equally to its wave function. The presence-GtH

Model A In model A, we employ the following correlation:

capture complex
RAI(3+ 1) — 2M + j(j + 1)/2ur? ~ Brotxy
2 2
p Py . -
B — i - 7(0052 Yl + sin’ w/ly) Erotz
P’ P
p 6 : g
ZLIZ +5-(cog il + Sinf yil,) + Vo(r6y) ~ Eos-con
2
P - ~Ess-can
2ur

The centrifugal energy correlates with the rotational energy of
the complex, excluding the component that corresponds to the
singular axis %, roughly coincident with the SC bond of the
complex). The rotational energy @fCsH excluding the two
components shown in the correlation scheme, which correspond
to the # and y angles of Euler's 313 set, correlates with the
rotational energy about tteaxis of the SGH complex. Finally,

the terms in the third expression correlate with part of the
vibrational energy of the SE1 complex, particularly with that
deposited in the SC3H bending normal modesgy s-can
whereas p//2ur? correlates with the energy of the—-§
stretching normal modegs s-c3n. The rest of the vibrational
normal modes are given their zero-point energies, according to
the vibrational frequencies of the potential employed in the
unimolecular step. The trajectories are stopped when2.6

A, whereas (< 6, < 7/2. Then, the following adjustments are
made: Vo(rs,0s1s) — Vo(rs,0m',y¥m') is added toEy s-can term

and Vo(rs,0m' ,¥m') — Vo(rm,Om,ym) is added to theEs s c3n.
{rs0sys are the coordinates of the point where the trajectory
is stopped{rs,6m',1m'} is the angular minimum corresponding
to rs (not a full minimum), and rm,0m,m} are the coordinates

of the minimum. The trajectories were propagated by a fourth-
order Runge Kutta method with a time step of 0.5 fs.

introduces a perturbation that breaks the degeneracy. Choosing Model B.lIt is quite similar to model A but some amount of

one particular electron configuration is equivalent to selecting

energy is given to the normal modes of theHOQgroup of the
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SGH complex, in addition to their zero-point energy. In fact, with rscx being the SCX distance amd. a reference distance.
the Veadm:Om,¥m)i — Veadfm,Om:¥m)i energy difference is Asymptotic potentials\(4 andVs) have the following form:
added to the energy of the normal modes of thgF6€mplex
with the exception of the SC3H stretching and bending modes.
The rationale of this model is that this energy difference should
be put into the vibrations of thes8 group within the SgH
complex, for it originates mostly in the distortion of theHC
group during the formation of the-SC bond. Although we think

V=D- XCG/(r - req)G + Vintra (25)

D is the reaction endothermicity for a given channel (4 or5),
are damping functions

that both models A and B tend to overestimate the percentage 2= (1— SCBH)2 (26)
of energy deposited in the-SC3H stretching and bending
normal modes, where the latter should be, in principle, slightly xs= (1 — 30102)2 27)

less extreme. The criteria for halting trajectories and the rest of

the technical details are the same as in model A. andr andredin eq 25 are the &H (C;—C,) bond distance
Model C In the third model proposed here, the same amount and its equilibrium value at M1 inv4 (Vs), respectively.

of vibrational energy as in mod#lis considered to be randomly  Additionally, V4 includes the terng exp[—h(rcsn — reay)] to

distributed according to a microcanonical normal mode sampling reproduce saddle point TS1IH. To guide the fitting of the

(MNMS).3° This procedure may underestimate the percentage parameters involved i, and Vs, we used B3LYP/6-311G**

of vibrational energy in the SCgH stretching; however, as  points on the energy profiles of channels 4 and 5 and rescaled

shown below, the comparison between the results obtained withthem with the more accurate QCISD(T) endothermicities.

the other models and with this model may provide additional
insights into the dynamical behavior of the ${system. This
model keeps the rotational energ&s:xy andEq, as obtained
using model A. Note that, unlike models A and B, application

of model C does not entail a capture computation as far as the

vibrational energy is concerned.

C. Unimolecular Step. 1. The Semiempirical PM3-SRP
Model. The PES employed in the unimolecular part of the
dynamics studyyni is a combination of a PM3-SRP potential
Vpms-srp With some analytical functions

Viuni = Vems - srreicaean T Va(l — Seap) + V(1 —
S:lC?) ~ DscrSseSsc2 — DscisSserSscaxeec (21)

where V,; and Vs comprise potential functions describing
dissociation channels 4 and 5, respectively. Functi&ns,
Sean, Ssci, and Sscz depend on the £-C,, C3—H, S—Cy, and
S—C, bond distances (for the atomic labeling see Chart 1),
respectively, an&:cc depends on the CCC bending angle, and
are used to switch on thé, andVs long-range potentials and
also to correct the SCzH dissociation energy.

A trial-and-error procedure was employed to fit M&ys-srp
part of the potential to the ab initio energdigsef M1, M2, TS12,
and TS23. In addition, about 30 B3LYP/6-311G** points scaled
with the QCISD(T)/6-313G(3df,2p) dissociation energies were
employed to guide the fitting of the intermolecular part of V4
and V5. In addition, the intramolecular potentials of the products
were fitted to the available force fields. Finally, the more
accurate ab initio dissociation enerdiefor channels 1 and 6
were employed in the determination of parametegs; and
Ds(31cin eq 21.

Although the explicit forms of the terms included in eq 21
were reported elsewhet&here we briefly show them. Switch-
ing functionsScic2 and Scay have the form

Sice= expl~alreic,— r?:qlCQ)b] (22)

Sean = expl—a(reay — r?:qu)b]

with rcicf9andrcsedbeing the G—C, and G—H equilibrium

distances of M1. Switching functions& (with X = 1,2) have

the following form

Sscx = 0.5{1 + tanhfe(rsex — rsdlH{1 — expl—f(rscx —
rsdl}” (24)

(23)

The intramolecular potentialSinr, in eq 25 comprise the
following harmonic functions fitted to the force field of the
corresponding products

Vec = 0.Ks{rsc — rg%pm(jz (28)
Ve = 0.9cc(lee — ree” Y + 0.5cu(ren — re)” +
0'a<CCH(9CCH - G(e:qc'pHrO(i (29)
Vscz™= 0.%Kscq(Msc1 — rg%prmjz +0.%eicAlcice ™
reics 2+ 0.Keocdlcocs ™ r(e:qz,gngz + 0.%Ksc1cdOscico™

02%’;2)52 + 0.%c1cocdOcicaca™ Ggql'grzoggz (30)
where the bond distances, bond angles and their equilibrium
values refer to the corresponding product molecules, except for
the C-H distance, which, for simplicity, was given the same
value as in M1.

The only modification made in the present work with respect
to the model PES employed in our previous dynamics sfudy
is the last term of eq 21, which corrects the+S c-CgH
dissociation energy. Particularly, functi®cc reads

Sece= {1~ exp[-p(6 — 6,9}

with 6 being the CCC bending angle afig, = & radians.

All of the parameters involved in the above unimolecular PES
Vuni are gathered in Table 2. This PES predicts values in exact
accord with the ab initio oné&for the S+ ¢-CsH, S+ |-C3H,
SC+ C,H, and SG + H dissociation asymptotes with respect
to the minimum isomer M1. For dissociation channel 4, the
saddle point of index one TS1H was also located in our model
PES; its energy is 2 kcal mol higher than that of the products
(1.1 in the ab initio PES). The M1-M2 energy gap predicted by
the model PES is 15.1 kcal md| which is in good agreement
with the 15.9 kcal moi! predicted by QCISD(T) computations.
These two isomers are connected by TS12, which lies 82 kcal
mol~! above M1 (vs 84 kcal maol in the ab initio PES). In
addition, in our model, potential TS23 lies 83 kcal mahbove
M1 (77.3 kcal mof? from ab initio calculations). As mentioned
above, in the dynamics part of this study, trajectories surmount-
ing TS23 were considered to result in $& H; that is,
recrossings through the TS23 dividing surface were not taken
into account. The reason for this approximation stems from the
fact that the first term in eq 21, which includes the semiempirical

(1)
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TABLE 2: Parameters of the Full-Dimensional PESV,2

Flores et al.

TABLE 4: Capture Rate Coefficients in Units of 10710 cm3
s 1 Scaled with the Fraction of PES Which Are Attractive

parameter value parameter value (1/2)
Uss(H) —13.000000 G, (C) 10.506292 o - " I
Bo(H) ~5.500000  Gy(C) 8.942566 k10710 cm? s k100 cm’ s
Zs(H) 1.067807 Hsp(C) 2.190980 TIK model A model B T/K model A model B
a (H) 3.000000 Uss(S) —55.995371
Gss(H) 14.894208 Upn(S) —43.592583 600 45 42 180 3.4 32
e 300 3.7 3.5 140 3.3 3.1
Uss(C) —49.800320  Bs(S) —8.027465
260 3.6 34 100 3.0 2.9
Upp(C) —36.300000  f3,(S) —7.291415 290 34 39 60 58 57
Bs(C) —11.900015  Gg(S) 9.164667 ' ' : '
Bo(C) —9.902755 Gsp(S) 6.585936 o ) _ o
Zs(C) 1.600000 Gpo(S) 0.868164 the vibrational modes to investigate the possibility of ZPVE
Gss(C) 10.860708 Hsp(S) 3.941836 leakage. Channels 1 and 6 may experience some ZPVE leakage
Gs(C) 10.035027 because their dissociation asymptotes are very near the excitation
a 10 A-6 Feocgohprod 1.287 A energy. Nevertheless, because the percentages of these processes
b 6 Occpaprod 7 rad are very small, as shown later, the overall conclusions will not
c 30A-¢ OscicsoPd  mrad change.
d 6 Ocicacs?e!  mrad For each set of initial conditions, 1000 traj i
1 1 , jectories were
e 12 A Ksc 8.8 mdyn A X .
f 5 A-1 kee 16.4 mdyn A? propagated by using the fourth-order Rungitta—Gill algo-
g 50 kcal mot?t Kew 6.43 mdyn A1 rithm, as implemented in a code that interfaces the classical
h 25A1 Keen 0.05 mdyn trajectory program GENDYWK and the molecular orbital
p 5 ksc1 7.5 mdyn A package MOPAC74 with a step size of 0.1 fs. The first
a 4 Keicz 2.0 mdyn A derivatives of the PM3-SRP part of the PES were evaluated
roics 14134 keacs 15.76 mdyn A lytically using the DewatLiotard algorithm in MOPAC7.0
Fo e 1060 A Keorcr 0.20 mdyn analytically using the DewarLiotard algorithm in 0.
rec 2.700 A Kercacs 0.27 mdyn Analytical derivatives were also employed for the remaining
rgced-prod 1.546 A Dsc1 27 kcal mot? part of the PES. The integration of the equations of motion was
recaprod 1.216 A Dscic 18.3 kcal mot* halted when the center-of-mass distance between the products

reic#4™  1.208 A of dissociation channels 1, 4, 5, or 6 readeA or when the

aFor theVeus_srp part of the potential, only those parameters that trajectory surmounted TS23.
differ from its PM3 original value have been collected in this table.
TABLE 3: Initial Energy Partitioning for the Different Results and Discussion
Excitation Models Employed in the Unimolecular

Decomposition of M2 A. Capture Rates and Energy Distributions. The capture

rate coefficients are presented in Table 4. The numbers were

T=300K T=100K scaled by the fraction of PES that can be considered attractive
model A modelB  model € modelA model € according to the behavior of their energy profiles, reported in
Erotny 27 26 27 12 12 ref 17. The scaling fraction ¥, (we hgve inclu.ded the @
Erotz 2.0 2.7 2.0 1.9 1.9 PES in the attractive set because of its crossing with e B
Ep.s-can 25.3 21.0 24.6 21.8 24.3 PES, which generates a conical intersection). The capture rates
Esscan 712 71.0 11.5 75.1 12.7 computed with models A and B are very similar. The fact that
Eonm2 12.5 18.5 72.9 12.5 72.4

model B employs a slightly more repulsive PES accounts for

aEy 2 represents the energy assigned to the normal modes otherthe smaller capture rates and the slightly higher average energies
than the S-CsH stretching Es s-car) or bending Ep,s-car) vibrations. of the reactive collisions (see Table 3). There is very little
Energies in kcal mot. ® Average values are listed. dependence with temperature; the values increase a little with

increasing temperature. These capture rates are higher than the
part of the potential, becomes increasingly negligible as e C  ones computed for the 6 I-C3H reaction, which are bracketed
distance increases, and therefore, additional analytical functionspetween 2.1x 10710 cm? s™* (T = 300 K) and 2.4x 10710
would be necessary to describe this part of the PES. This will ¢m? s-1 (T = 60 K) and show a slight increase with decreasing
resultin a much more involved PES; however, for the purposes temperaturd® Even though providing reliable capture rates for
of the present study, the approximation followed here seems jower temperatures, down to perhaps 10 K, would be convenient
reasonable. The geometrical parameters and vibrational frequenin order to assess more accurately the role of the present reaction
cies of the stationary points involved in the dynamics are in dark clouds, our method might not be accurate enough for
reasonably well reproduced by the model PES and are not shownsych low temperatures. We do not expect a dramatic variation
for simplicity. of the trend down to 10 K.

2. Trajectory Computational DetailsAs indicated above, The evolution of the energy distributions of models A and B
models A-C were employed to excite the M2 isomer of the with temperature is displayed in Figures 2 and 3; the results
SGH system by using the results of the capture step for two for T = 100 and 300 K together with the MNMS results (model
temperatures 100 and 300 K. Table 3 shows the energiesC) are shown in Table 3. It is readily seen that both models A
deposited in the SCC bending modes (the two lowest ones)and B agree in an accumulation of the energy in theCgH
Eb,s-can the S-C stretching modeEss-can, the remaining  stretching vibration of M2, although there is a moderate decrease
modesEgm2 and in the rotation around the singular aig;, with increasing temperature. The amount of energy deposited
and around the other two axEg:xy, at the two temperatures.  in the S-C3H bending vibrations is normally higher than the
For model C, average initial values for the above different energy of the other modes altogether and gets close to 20% at
energies are also listed in the table. the higher temperatures. The rotational energy of M2 is only a

In this work, the trajectories were integrated in Cartesian small percentage of the total energy for low temperatures, but
coordinates, and no attempt was made to follow the ZPVE of it increases strongly with temperature by virtue of the nearly
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5 - TABLE 5: Branching Ratios in Percentages for the
Processes Defined in the Text
4 T=300K T=100K
o— Erot(xy)/A process model A modelB modelC model A model C
3 —— Erot(z)/A M23/1 0 1 1 1 1
) M3,M43/2+3 45 38 43 46 44
2 o Erott)8 M1%/4 7 6 11 6 10
—O—Erot(2)B M1%5 45 52 42 43 42
21 M1%/6 3 3 3 4 3
2+3+4 52 44 54 52 54
4+5+6 55 61 56 53 55
14 [4/(4+5+6)] 13 10 20 11 18
[5/(4+5+6)]0 82 85 75 81 76
0 . ' . aIntermediate whose fragmentation originates the prodtidtke
0 200 400 600 percentages corresponding to the fragmentation of M1 in thd-EsH
reaction afT = 300 K are as followd® 40% (SG + H), 35%(SC+
T/K CoH), 12%(S+ I-CsH) (C-type model, i.e., MNMS) and 5% (SC-

H), 71% (SC+ C;H), 6%(S+ I-CsH) (A-type model). The rest of the

Figure 2. Rotational energy distribution as a function of the temper- trajectories originaté (SGH H) through M2.

ature for the capture models A and B.

80 - must point out that, in our previous study of thetSI-CsH
reaction® we bracketed the production of $G H between
M —e—Eb,S-C3H/A 24% and 52% at 300 K, with these limits corresponding to an
60 1 B Es S-C3H/A A-type (nonrandom) model and @-type (MNMS) model,
A— Eb S-C3H/B respectively. The percentages corresponding to the-SGH
2 40 4 6— Es,S-C3H/B channel were 71%A-type modc_al) and 35% (MNMS; see
&— Eo M2/A footnote of Table 5). Note that, in the case of the-S-CsH

e —O—EoM2B reaction, the traje.ct(.)rieg were initiated at M1, which impligs
that the energy distribution models are applied to this species.

20 4 922
W It is worthwhile to investigate in more detail the fates of those

trajectories evolving through M1 and compare the present results

0 0 2(')0 4(')0 6(')0 with those obtained for the § I-CsH reaction!® In general, _
the percentages of the fragmentation processes of M1 determined
TK with the three models (see the last two rows of Table 5) are
Figure 3. Vibrational energy distribution as a function of the much closer to those obtained with the nonrandom model of
temperature for the capture models A and B. the S+ I-C3H reaction than with th€-type one (see footnote
of Table 5). In the present case, we have found that, for model
linear dependence @otxy With the temperature. Howeve;o, A (B) at 300 K, 13% (10%) of the trajectories dissociate to

is nearly constant and significantly lower for model B than for SG; + H and 82% (85%) dissociate to SE C,H. For model
model A, probably as a result of a somewhat earlier locking of C the results are 20% of $G H dissociations and 75% of SC
c-CsH during the capture process in the case of model B. + C,H dissociations. The differences between the three models
Inspection of Table 3 indicates that model C (MNMS) gives a may be explained by two facts. First, the normal modes of M2
completely different distribution of the vibrational energy (the but the three lowest ones (the twe-83H bendings and the
rotational energies are the same as in model A), for the major S—C3H stretch) have altogether 72.9 kcal mbin model C vs
part is deposited in the normal modes of M2 associated with 12.5 (18.5) kcal moi® in model A (B). Therefore, the €H
the ring and G-H vibrations. The SCsH stretch has a very  terminal stretch has, on average, much more energy in model
little energy, and its value is even lower than the one corre- C than in models A and B. This vibrational mode may not
sponding to the SCzH bending vibrations, which is very similar  exchange energy very efficiently; as a consequence, the number
to that corresponding to model A. One could regard the energy of C;—H dissociations of M1 is larger for model C than for the
distribution of model C as aA-type distribution in which the others. It must be noted that M2 has an average lifetime of about
most of the energy of the-SC;H stretch has been transferred 200 fs. Hutchinson et &F studied the vibrational energy flow
to the normal modes of thes8 moiety. from an initially excited G-H bond in model hydrocarbon

B. Analysis of the Unimolecular Step.Table 5 lists the  chains. They found that at very high-& vibrational energies
branching ratios for the above-mentioned processes. In general(v > 10) nonlinear resonanc€dead to irreversible energy flow
the branching ratios obtained under the three models are noton a time scale of ca. 100 fs, independent of chain length. At
very different from each other and suggest that production of lower energiesy = 2), they observed no energy transfer at all,
SG + H and SC+ C;H are competitive channels. With models Which agrees with our results because thetCstretch in M2
A and C, SG + H is the major product; 52% (A) and 54% (C) is not highly excited (the averagequantum number is lower
of the total reactions yield these products, whereas with model than 2). However, this comparison must be taken with caution,
B, the SC+ C;H channel has the highest weight (52%). The because in our case other normal modes of M2 are more excited
three models predict the generation 0f$-CsH or S+ ¢c-CsH than the C-H stretch.
to be of little importance, especially the latter, which has, at  Second, by a nonstatistical behavior of M1, that is, the
the most, a weight of 1%. The results for 100 K are in very intramolecular energy redistribution in M1 is not rapid enough
close agreement with those predicted for 300 K, pointing to a to ensure ergodic behavior. As a result, somewhat different
very weak temperature dependence of the branching ratios. Webranching ratios are obtained for the three models employed.
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The nonstatistical behavior of M1 was also found in our previous
study of the St I-C3H reaction!® in which only 6% of the M1
dissociations led to SC+ H with nonrandom sampling at the

Flores et al.

step and an unimolecular step, which have received separate
treatments. We have compared the results with those of a similar
study of the S+ |-C3H reaction.

same temperature, whereas 46% led to these products with

MNMS.
Process 6 is very often compared to process T &t 300

First of all, it must be pointed out that the capture rate must
be almost equal to the overall rate, for the branching ratio

K. it has a percentage of 3% with respect to the total number corresponding to the generation oft(c,[)-CsH is very small.
of trajectories, and a percentage of 5% with respect to the The capture rate is almost twice that of the-3-CsH reaction

reactions occurred from M1. This value (5%) is in accord with
that obtained in our previous studyusing nonrandom initial
conditions (i.e., anA-type model), where 7% of the M1
dissociations led to S |-CzH.

It is important to recall that channel 1 (redissociation of M2
to S + c-C3H) is negligible at the two temperatures studied

for T = 300 K but gets very close to the latter Bt= 60 K.
Second, the branching ratio for the generation of 8st be
very close to 50%, with this result being quite independent of
the capture or energy distribution model. This ratio could be
somewhat higher than the one corresponding to tHelSC3H
reaction, which varies much more with the model and was

here and with the three models employed in the phase spacgyrgcketed between 52% and 24%Tat 300 K. In both cases,

sampling of M2. This result together with the fragmentation
ratios of M1 suggests that the energy deposited initially in the
S—C,; stretch flows rapidly and efficiently to other degrees of
freedom, with the likely exception of the-H stretch. From

all these results, we conclude that the process WM2M1
(through TS12) excites preferentially the-6; and G—C;
stretches, with the degrees of freedom associated to AG¢HC
moiety, especially the €H stretch, behaving to some extent

the competing channel is the generation of 8C,H. Finally,

both the capture rate and the branching ratios appear not to vary
much with temperature, especially the latter quantities. Accord-
ing to these considerations, and subjected, of course, to the
abundance of the reactants, one might conclude that the S
c-CsH reaction could be a somewhat more efficient way of
producing S@than the St |I-C3H reaction, especially at high

as spectators. There are at least two reasons for this to be solemperatures.

First, the GCsH frame has not changed its geometry very much
on going from M2 to M1. Second, the;€C; stretch couples
more efficiently with the @—C, stretch than does with the
terminal C-H stretch, which is a very high frequency mode
and probably behaves as a local mode. If in the process-M2
M1 most of the energy is trapped on the-G; and G—C,

stretches and if these modes exchange the energy efficiently a

seen in our previous stud§ process 5 should be favored over
process 4, which requires a large amount of energy in thel C

stretch. This is what is observed in the present study: more

than 75% of the trajectories reaching M1 lead to $GC;H,
which is substantially higher than the 35% obtained with
microcanonical sampling of M1 in our previous wdfin other
words, even if the initial energy distribution of M2 is statistical,
M1 is formed with a rather nonstatistical distribution, the reason

being the particular form of TS12 that requires some energy

accumulation on the SC; and G—C, bonds. However the
nonstatistical distribution of M1 generated from M2 is by no

We would also like to note as a conclusion that the behavior
of the nearly-linear form of SgH is critical in the dynamics of
this system in both the $ ¢-CsH and the St I-CsH reactions.

Its behavior might be highly non-RRKM because of (i) an
impulsive mechanism which transfers energy rapidly and

S‘efficiently from the S-C bond to the next €C bond, which

may break originating S& C,H, and (ii) a somewhat inefficient
energy exchange between thezSfiviety and the €H bond.
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are 6.3 and 3.7 respectively, whereas those computed previously

for models A and C are 14.2 and 0.9. Besides, the fact that the

5/4 ratios calculated in this study are more similar to each other Appendix

than the ones computed for the4SI-CsH reaction indicates
that the vibrational relaxation must progress more easily in M2
than in M1. However, it is not complete (otherwise the ratios
would be virtually equal). Note that only a rapid energy
exchange between the-€; and G—C; stretches may explain
why the percentage corresponding to the M1S + [-CsH

The rotational Hamiltonian of the CsH groupH;,.: has been
given two equivalent expressions in terms of two sets of Euler
angles and their corresponding momenta. The reason of using
two alternative expressions is that they become singular for
different orientations of the molecule with respect to the space-

fragmentation is mostly independent of the model and equivalent ¢y o q frame, so one changes from one formulation to the other

to that found in the Sk |-C3H reaction with the nonstatistical
model (equivalent to model A), where a very high percentage
of the energy was placed in the-§; stretch. In fact, the
behavior of M1 may be reminiscent of that ogfll where the
terminal N=N stretch impulses the rupture of the centratN
bond#4

Conclusions

We have performed a theoretical dynamical study of the S
+ ¢-C3H reaction. It is decomposed in a capture or collision

to avoid this singularity. This procedure was proposed by Kroes
and Rettschnick for dealing with the dynamics of formation of
He—glyoxal complexes, although they used symmetric rotor
Hamiltonians®® It is an alternative to the action-variable method
of Augustin and Miller¥8 The two sets of Euler angles used
are the 313 sef¢,0,y}*” and the 123 sé¥ a,8,y}. Because

we employ the asymmetric-rotor Hamiltonian, it could be of
some interest to reproduce the formulas we have employed for
the{a,S,y} set.
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The Hamiltonian takes the following form

rf 5 in 1
ta2 ﬁ(colxy+5|l y)+51]py2+

y
1 [cody | sity 1fsify , cosy
2CO§ﬁ|I Ix " Iy ]pa2+2[ IX i IY pﬂ2+
_tanﬁ[co§y+sin2y
cosf| I, l,
1 1sin(2){1_1

ry] PPy 5 cosh A E] PPy (32)

Hio(PePyiPy 17) = ’

1. 1
]papy + Esm (2y) tanp E( -

and the momenta may be written as follows

p, = I (cosp cosya + sinyp) cosf cosy — I (cosyf —
cospf sinya) cosp siny + l(sinfo + ) sinf
ps = 1,(cosp cosya + sinyp)siny + I (cosyp —

cosf sinya) cosy

p, = Isinpa + 7) (33)
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