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The dynamics of three decomposition channels of the mercapto catiagSKCHwere investigated by classical
trajectories and RRKM formalisms. The three channels are (I) CH bond dissociation through a “tight” transition
state, (II) CS bond cleavage, and (l1l) SH bond scission. These calculations were performed with an analytical
potential energy surface constructed from theoretical and experimental data available in the literature. The
relative yields of CH™ and CHSH" products are in qualitative agreement with charge-exchange experiments.
The dynamical calculations revealed that the system is intrinsically non-lRiamspergerKassel-Marcus

(RRKM) at the energies selected in this study. Under nonrandom initial conditions, the system showed strong
mode specificity, which may be rationalized by weak couplings between the low- and high-frequency modes,
particularly the CH stretching normal modes, which is consistent with collisional activation studies. The
classical trajectory calculations revealed an inverse isotope effect for both the CS and SH scission channels
and a normal isotope effect for the CH bond dissociation process. Finally, we have found that molecular
rotation decreases the mercapto cation decomposition rate and that orbital angular momentum dramatically
modifies the relative yields of CHi and CHSH" products.

Introduction | is the most favorable channel among those indicated above
because the critical energy for this process is 26 kcal/mot-13

The mercapo cation (G#8H) has been the focus of several below the critical energies for reactions Il and IlI.

experimentdt-12and theoreticdf~16 studies over the last years. i ! - .
P Y Our study began with the construction of a realistic potential

The rearrangement and fragmentation reactions involving this X :
species have been explored by several experimental tech-cneray surface (PES) based on available expeririéntaand

3 .
niques: collisional activatioh,mass spectromet$ charge theoretical® data and flexible enough to model the three
exchangd® and photoelectronphotoion coincidence (PEPI- dgcomposmpn channels. We then employed our PES to calculate
CO)lllntﬁe recent collisional activation experiméithe C-S microcanonical rate constants for each channel at several
bond dissociation to form C# and SH was found to be the energies and to investigate whether nonstatistical behavior could
dominant product channel, even though this reaction channelbe eXh'b'tPTQ' The role of anharmon_lcny in the mercapto cation

is not among the energetically preferred pathways. In other Qecomp05|tlon was assessed by. using severa] RRK schgmes that
words, the dissociation dynamics of gBH" via collisional incorporate anharmonic corrections to the microcanonical rate
activation was found to be nonstatistical. Fenn étatributed constants. R possmmty_ of mode-specific chemistry was
the high yield of CH* + SH “to the more efficient translational investigated by the calculation of rate constants under selective
to vibrational energy transfer for the< stretch than for the excitations of vibrational normal modes. The influence of

CH strtches of CBH", and to weak coupings bewieen the (2 S0 0P U A0 0 00 (28 H8 o R
low-frequency C-S and the high-frequency-€H stretching ) y

vibrational modes of CESH*". In contrast, the breakdown theory. Finally, rotational effects were explored for various

diagrams of CHSH' obtained in the charge-exchante, rotatipnal .angulgr momentum orienta;ions. The results of our
PEPICO! and photoionization mass spectrométegperiments clas_s!cal S|mul_at|o_ns were_compared with charge-exchéage
agree qualitatively with that predicted by RicRamsperger collisional activation studies.
Kassel-Marcus (RRKM) calculation8.

Motivated by such evidence for nonstatistical behavior, we
performed classical trajectory and RRKM calculations for three  The general expression of the analytical PES reads
decomposition channels of the mercapto cation:

Potential Energy Surface

3
HF + 3 3 3 3 3
CH,SH"— CH;" + SH (1 ZV(QSCH“)) + Z Z V(Oyiyeng) + Z Z V(@schgng) T
CHySH"— CH,S"+ H () = =li=T S

Reaction channels Il and Il are simple bond fission processes
involving “loose” transition states, whereas reaction | evolves
through a critical structure (a “tight” transition state). Reaction where the subscripisandj refer to the hydrogen atoms+{B)
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attached to the carbon atom. Following is a detailed description  The carbor-hydrogen interaction terms read
of the different terms composing our PES.

The sulfur-hydrogen interaction/(Rs) is described by a  V(Rgy) = Depg{1 — expl—ocyg(Reng — RCH,eu)]}2 -
Morse function: Derg (12)

V(Rsp) = Dgi{ 1 — exp[~asy(Rsy = Rspedl}2 = Dy (2) where

whereDsy is the potential well depth andsy is the curvature Ocpgy = Oen T (0 — o) SW4 (13)
parameter of the SH bond. We varied the SH bond length
parameter as follows: and
_ 1 _ _ _ 2
RSH,eq: R’SH _ (RSH _ RZH)SW]- (3) Sw4=1 exq C4[RCHav |'-\;CHrsl\;.I } (14)

For the sake of simplicity, we employed the same parameter
where valueRch eqfor all of the CH bonds in the reactant and products.
Bending interactions are described by harmonic functions:
SW1=1-exp{—Cy[Res— Resed } @)

V() = 0.5Ky(6 — 0,9)° (15)
The superscriptp and r denote equilibrium values for the
product SH and the reactant, respectively. The switching
function SW1 was added to alter the SH bond length parameter
from that of the reactant to that appropriate for the product SH.
V(Rc9) is the carbor-sulfur interaction term taken as

The force constant for the CSH bending was modeled as follows,

Koo = {Khgp + [KPg — KL JSWE}SW6 x SW7  (16)

where
V(Re9) = Dol 1 — expl-otcdRes — Ros el ~Des (5) SW5=1 — exp{ ~Co[Repy— Renadd (17
where SW6= exp{ —CqlRes — Res.ed} (18)
Reseq™ Res — (Res — RegSW2 (6) and
with SW7= exp{ —Co[Rsy — Rspred } (19)
WL o -Gl Fonl) () S O T D S P

changes the value of the force constant to that appropriate for
R.s and Rl are the CS equilibrium geometries of g3H" the product CHSH".
and CHSHT', respectively. To take into account the shift of SCHY() bending force constants were attenuated by
the CS stretching frequency from the reactant to the product
CH,SH', the parameteacs was varied according to Kschp = K5cSW6 x W8(i) (20)

Ocs= O¢gt (0fg — 0 SW3 (8) with
SW8() = exp ~CilReyg ~ Rerned } (21)

where

and
SW3= 1 — exp[ ~Cy[Roriay ~ Roval} )
Oscheq— Oscht (05cH— OschSWI (22)
In the above expressions, we have introduced a geometric
variableRcyay that reflects a weighted contribution from each Where

of the CH bond distances and is defined as 2
SW9=1- eXF{ _CS[RCHav_ I{:Ha\;l } (23)

3
= i Switching functions SW6 and SW8 make SCH bends weaken
Rovay .ZRCH(')S(I) (10) as reaction | or Il takes place. Because the STbt§nd angles
change significantly from the reactant to the productLSH",
where we have included the function SW9 to change adequately the
Osch.eqbond angle parameter.
3 Force constants for the threeilfH(j) bends have the form

(i) = ”{0-5[1_ tanh@[Rcg — RopgD}  (11)
=

o Krgeng = { Khion = [Kiion — KiicrlSW10 SW8() x

SW8() (24)
The functions(i) ensures that the major contribution to the sum
in eq 10 comes from the longest AH(istance Ry, is the

value ofRcpay Calculated by using the geometry of the reactant. SW10= 1 — exp{ —Co[Repiay — Ron v]2} (25)
av a

where
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and

GHCH,eq: Glr—|CH + (6E|CH - Olr-ICH)SW]-l (26)

where

SW1l=1—-exp{—CyRes— Resed}  (27)
If H(i) or H(j) takes part in the CH bond scission process, the
bending term vanishes according to SW8. On the other hand
if the other hydrogen atom is involved in the CH dissociation,
SW10 changes the value of the force constant to that appropriat
for the product CHSH". SW11 was employed to change the
value of the HCH equilibrium bond angle as reaction Il evolves.
The wagging interaction in the product €sH" was modeled

by

3

3 3 3
Z V((USCH@H(J')) =
1=1j=1+1

Z Z O'H<SCHQ)H(j)[wSCHQ)H(j)]2
1=1j=1+1 (28)

The wagging force constarKschgrg was varied by the
switching function SW8,
Kscrpng) = KOTL — SW8H)] (29)

wherekff)l is the wagging force constant for the product £H
SH*. The wagging term concerning the product £Hs

— 2
V(a)H(l)CH(Z)H(3)) - 0'5<H(1)CH(2)H(3{('UH(l)CH(2)H(3).| (30)

where

KnwcHeme = KS,Z{ 1—exp[~Cyy(Res— Rcs,eQz]}

and KE,Z is the wagging force constant for the product £H
Explicitly, V(thcshp) in eq 1 is written as

(31)

5 5
V(Thcshg) = Zaj,HCSHa) cos(r) + ij,HCSHQ) cosfr) (32)
i= i=

The first sum on the right-hand side of eq 32 concerns the
torsion around the €S bond in CHSH", whereas the second
sum refers to CkBH'. The torsional coefficients; pcswg Were
attenuated as follows:

8 jicsh = 8 SW12x SW13x SW7 (33)
with

SW12=exp{ —CiRes — Resed} (34)
and

SW13= exp ~CifRepay — Rorad (35)

Whereajr are the torsional coefficients for the reactant £H
SH*. The coefficients; ncshg depend on the hydrogen atom
H(i) and have the following form,

b',HSCHQ) = bjp[l — SW13J[1 - (i)]

, (36)

with bjp being the torsional coefficients for the product £H
SH*.

€,
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ing values computed by means of GENDYN cé&tand our
model PES. All of the parameters of our PES are listed in Table
2. The equilibrium bond distances and angles were taken from
ab initio structures optimized at the QCISD/6-311G** level of
theory!® Force constants, curvature parameters, potential well
depths, and paramete@—C,3 were fitted to reproduce more
accurately the geometries, frequencies, and energetics available
in the literaturet317-19

A comparison of equilibrium geometries, energies, and

'vibrational frequencies computed by our PES with the corre-

sponding ab initio and experimental values shows reasonable
agreement (see Table 1). More specifically, for geometries, it
can be seen that the structural parameters at the reactant
conformation (CHSH") calculated by the analytical PES are
in nearly exact accord with the ab initio values. For the transition
state, the major differences involve the bond that is being
broken. Thus, deviations of 0.117 A appear for the-tC
equilibrium bond length, and a difference of 5&ppears for

the H-CS equilibrium bond angle. On the other hand, the
relative energies computed by our PES agree very well with
the literature values. The barrier height for reaction | is computed
to be 55.98 kcal/mol by our PES, a value similar to that
predicted by ab initio theory (55.15 kcal/mé®The reaction
endothermicities predicted by our model PES for reactions Il
and Ill are 85.81 and 81.0 kcal/mol, respectively, which compare
quite well with the ab initio figures (85.77 and 80.4 kcal/mol,
respectively):® Finally, the vibrational frequencies computed
numerically by the analytical potential are in general agreement
with the ab initio frequencies evaluated at the MP2/6-311G**
level of accuracy.

Dynamical Study

A. Computational Methods. 1. Trajectory CalculationsWe
have performed classical trajectory simulations, employing the
GENDYN code? at energies ranging from 100 to 170 kcal/
mol. The initial conditions for the computations were established
in one of the following ways.

The first method to assign initial conditions was the efficient
microcanonical sampling (EM3)with the angular momentum
restricted to zero. This method is based on a Monte Carlo
“random walk” technique for microcanonical sampling of
coordinates and momenta, which generates a random distribution
of energy over the entire molecule. The sampling was carried
out by performing a Markov walk in configuration space, with
all of the Cartesian coordinates being varied 0.10 A. This
selection was made to achieve an acceptance ratio of about 0.5
for the Markov chain. During the incubation period, 50 000 steps
were made, and the final configuration was used as the “starting
geometry” of the molecule. Initial momenta were then generated
from the appropriate microcanonical distribution so that the
required total energy was obtained. Maximum bond extensions
allowed during the random walk to confine the sampling to
reactant configuration space vee2 A for all of the bonds. The
angular momentum was restricted in the initial condition
selections of these ensembles because we wanted to make these
calculations comparable to those in which normal modes are
selectively excited.

In the second method, vibrational quanta were assigned to
each normal mode with random vibrational phases. A total
energy of 140 kcal/mol was allocated among the vibrational
modes in such a way that one mode was initially excited and
the remaining modes contained the zero-point vibrational energy.

Table 1 collects geometrical features, frequencies, and relative  For trajectories incorporating molecular rotation, we assigned

energies obtained from the literatdfg,1° and the correspond-

initial conditions as follows. We first distributed 130 kcal/mol
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TABLE 1: Equilibrium Geometries, Energetics, and Frequencies for the Chemical Species Involved in This Study
internal CHsSH" TS CHSH+H CH;*+SH CHS"+H
coord. PES ref 13 PES ref 13 PES ref 13 PES expd  ref13F PES expe ref 13
SH 1.351 1.351 1.351 1.348 1.351 1.349 1.343 1.352 1.343
CSs 1.799 1.799 1.633 1.638 1.628 1.628 1.799 1.767 1.771
CH: 1.090 1.096 1.090 1.088 1.090 1.088 1.090 1.087 1.094 1.090 1.098
CH, 1.090 1.090 2.292 2.175 1.090 1.087 1.094 1.090 1.098
CHs 1.090 1.090 1.090 1.088 1.090 1.089 1.090 1.087 1.094 1.090 1.098
CSH 97.6 97.6 97.6 97.7 97.6 97.9
H.CS 108.2 107.8 120.3 122.7 122.5 122.9 108.2 108.3
H,CS 108.2 108.4 104.2 109.8 108.2 108.3
HsCS 108.2 108.4 120.3 117.5 122.5 117.6 108.2 108.3
H,CH, 110.7 111.3 86.1 83.1 120.0 120.0 110.7 102.5 110.4
H1CH3 110.7 111.3 119.0 119.5 115.0 119.4 120.0 120.0 110.7 102.5 110.4
H2CHs 110.7 109.4 85.5 83.0 120.0 120.0 110.7 102.5 110.4
H,CSH 180.0 180.0 176.7 177.1 0.0 0.0
H,CSH 60.0 59.3 3.7 4.2
HsCSH —60.0 —59.3 —89.4 —90.5 180.0 180.0
Harmonic Frequencies/(crH
descr’ PES ref 13 PES ref 13 PES ref 13 PES expd ref 13 PES exp? ref 13
torsion 233 230 525i 761i 825 873 1141 1448 715 754
CS str. 697 727 327 387 1019 905 1453 1453 1117 881
CSH bend 787 820 362 423 1123 1078 1453 1453 1120 881
CHsrock 1117 882 812 866 1264 1102 3301 3093 1392 1368
CHsrock 1122 1130 994 950 1524 1152 3491 3303 1392 1401
CHs bend 1392 1376 1009 1046 1713 1507 3491 3303 1536 1401
CHs bend 1392 1447 1256 1156 2552 2740 3220 3034
CHs bend 1536 1453 1336 1169 3380 3174 2552 2800 3341 3147
SH str. 2552 2736 1745 1511 3489 3300 3341 3147
CHg str. 3220 3069 2552 2758
CHg str. 3341 3162 3360 3175
CHg str. 3341 3234 3486 3299
Relative Energy/(kcal/mol)
PES ref 13 PE® ref 13 PE® ref 1F PES expd ref 13 PE® expe ref 13
0.0 0.0 55.98 55.15 54.37 54.02 85.81 85.77 81.0 80.4

2 Distances given in angstroms and angles in degfeBsis study. QCISD(T)/6-311G** and MP2/6-311G** data from Manez-Nifiezand
Vazquezt® 9 Taken from Crofton et al’ and Ashfold et at® ©Taken from Hsu et & " Approximate description of the normal modes at the

reactant geometry.

into vibration according to the EMS algorithm. Then, the trajectory being followed until a bond dissociation had occurred
molecule was positioned in the principal axes of inertia. The (CH, CS, or SH distance greater than 5 A) or 10 ps had elapsed.
required initial rotational energy was then specified together RRKM theory assumes that the unimolecular decomposition
with the direction cosines defining;:Ly:Lc, wherelL; is theith is statistical with the probability that decomposition occurs in
component of rotational angular momentum, defined with the time intervalt to t + dt given by the lifetime distribution
respect to the principal axes of inertia. In our calculations we
employed a rotational energy of 10 kcal/mol.

The lifetime of a trajectory resulting in reaction | was taken
to be the integration time up to the point at which the system
reaches the top of the barrieRcy > 2.292 A; Repe, Repes, wherek(E) is the RRKM rate constant. When a microcanonical
Rcs, andRsy < 2 A, where the star and double star denote the statistical method is employed to initialize the trajectories, the
hydrogen atoms that remain attached to the carbon atom.t = O intercept of P(t) gives the anharmonic RRKM rate
However, to check for immediate recrossings of the transition constant, which will be calleésa,,,(E). In addition, the total
state, the trajectory was followed until the CH distance were rate constant involving the three channels investigated here is
greater than 5 A. The lifetime of the trajectories resulting in key + ks + ksp, wherekep, kes, andksy are the individual
reactions Il and Il was taken to be the integration time up to rates for the CH, CS, and SH bond cleavage, respectively.
the last inner turning point of the CS and SH vibrations, 2. Statistical CalculationsThe microcanonical RRKM rate
respectively. However, trajectories that had not undergone atconstant of a unimolecular reaction can be expressed as the flux
least one CS or SH vibration were not included in the ensemble across a dividing surface (transition state) separating reactants
averages. and product®

Trajectories of both types of initial conditions were integrated
by using a fourth-order Runge&Kutta—Gill routine. The deter-
mination of the step size for numerical integration has been done
by trial and error on the basis of accuracy requirements. The
value 0.08 fs has been found to be sufficient to warrant
conservation of energy to better than four significant figures. where I' is the complete set of position and momentum
Typically, an ensemble comprised 2000 trajectories, with each coordinates{q, p}, H(I') is the Hamiltonian of the system

1 dN()

R = K(E) exp[-k(E){]

P(t) = 37)

lqumm—ﬂﬂ%uwﬂ%d (38)
2 Jdro[H(T) — E]

k(E) =
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TABLE 2: Parameters for the Analytical PES

Stretching Parameters

parameter valde parameter valle parameter vallfe
R's|-| 1.351 OlsH 1.83 DSH 81.00
RPsh 1.343 ocs 1.62 Decs 85.80
RrCS 1.799 O.pcs 2.25 DCH 54.00
Rpcs 1.628 (XrCH 2.70
aPcH 2.82
Bending Parameters
parameter value parameter valife
Ocsh 97.6 K esh 0.60
0 "sch 108.2 KPcsh 0.70
0 Psch 120.0 K'sch 0.90
6 "vcH 110.7 K'yen 0.43
0 Puch 120.0 KPrch 0.23
Wagging Parameters
parameter valife
KrL, 0.50
Kr2, 0.25
Torsional Parameters
ao a a’, a's ay a’s
0.0084 0 0 0.0084 0 0
bPy bPy bP, bPs bPy bPs
0.50 0 —0.50 0 0 0
Switching Functions Parameters
parameter valfe parameter valde parameter valde
Ci 1.00 Cy 0.0001 a 100
C 2.50 Cuo 1.00
Cs 2.50 Cu 0.50
Cs 3.60 Ci2 1.00
Cs 1.00 Cis 0.91
Cs 1.00
C; 0.96
Cs 0.84

2In angstroms? In inverse angstroms.In kilocalorie/mole.d In

degrees®In millidyn angstrom per square radidrn electronvolts.
91n inverse square angstroms.

excluding the center of mass motioggrc = 0Orc(q) is the

reaction coordinateyc is the critical value ofjrc required for
reaction, andjrc = rc(q) is the velocity through the critical
surface. The integrals ovérin eq 38 are understood to be over

the reactant part of phase space.

Equation 38 may be rewritten in a form suitable to be
evaluated by EMS algorithms:

g:

wherelalylc is the product of the principal moments of inertia
and N is the total number of atoms]grc|Uis the average

k(E) =

1 quW(Q)a(QRc — 00)Mrcl O

J daw(a)

In this equation)\\V(q) is the statistical weight of configuration

W(@) = (11l "B = V(@)

(39)

(40)

absolute velocity along the reaction coordinate, given by

Jdpo[T(p) — K]|trd

[dpolT(p) — K]

(41)

J. Phys. Chem. A, Vol. 103, No. 48, 1999787

whereK = E — V(q) is the kinetic energy at configuratian
andT(p) is the kinetic energy for momentum

It is common to introduce an importance sampling function
I(q), with the same form as the EMS weight, to increase the
convergence rate:

1(q) = (11l 4E — V(a)]* (42)

wherea is an adjustable parameter. This yields an effective
weight factor of

Wer(@) = (Ilpld ™ E = V(@))% (43)

Good convergence in the calculation of the rate constant may
be achieved when the exponent in eq 43 takes a value between
1 and 1.5324Consequently, in our study, we selected= 4.
Hereafter, the RRKM rate constant thus determined will be
referred to ascay(E).-

The statistical rate constakbayy(E) is an upper limit to
the “true” rate constant computed by classical trajectories

awi(E) on the same potential energy surfd&eConse-
quently, the value ofiiay(E) should be minimized with
respect to the location of the transition-state dividing surface.
Details of the minimization procedure are given elsewReére.

For the special case of simple bond scissions, the average
absolute velocity across the transition-state dividing surface has
been evaluated analyticatf/by the formula

1A(BN — 5)/2]!

(0rcl L= (2K /) (3N — 4)12]!

(44)

where u is the reduced mass for motion along the reaction
coordinate.

For the CH, CS, and SH bond scissions, the reaction
coordinatesirc Were the lengths of the dissociating bonds so
that the dividing surfaces were spheres of radii equaktaAn
incubation period of 5 10* random moves was first performed
and then a Markov walk of % 107 steps was completed in the
reactant region of the PES. At each step of the Markov walk,
all of the atoms were moved 0.10 A. We considered 7, 12, and
11 transition-state dividing surfaces (separated by 0.1 A) for
reaction channels I, I, and Ill, respectively. The statistical
RRKM rates reported in this study are the average of eight
values of the rate constant with different initial random number
seeds.

B. Results and Discussionl. EMS Initial ConditionsWhen
the EMS scheme is used to excite the mercapto cation, the
lifetime distributions were found to be biexponential at all of
the energies selected here. For the sake of example, the lifetime
distributions obtained at 120 and 150 kcal/mol are illustrated
in Figures 1 and 2, respectively. The biexponential decay
indicates that the decomposition is intrinsically non-RREM?
with only the intercept oP(t) being equal to the microcanonical
RRKM rate constant. Table 3 summarizes the nonexponential
characteristics of the lifetime distributions and product branching
ratios following EMS initialization. It is clearly seen that most
of the reactive trajectories resulted in CH bond scission, as
expected on account of the lower energy barrier for this process.
The trajectory branching ratidgg'kcn andksi/ken indicate that
CS and SH bond scissions become more probable as the energy
increases. Particularlcgkcn increases significantly from 0.01
to 0.1 (in the energy range 13070 kcal/mol), andksi/kcn
increases from 0.01 to 0.02 (in the energy range-1P2M kcal/
mol). As the energy rises, the entropy factor is larger, and
therefore, reactions Il and Ill, which involve loose transition
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Figure 1. Lifetime distribution of the mercapto cation at 120 kcal/
mol when the trajectories were initialized using the EMS scheme. The
initial decay rate is~0.3 ps, whereas the rates associated with the
biexponential are 1.1 and 0.2 3sThe single-exponential fit is also
shown for comparison.

2.0
1.8 —
3
1.4 —
1.2 —
1.0
0.8 —
0.6 —
0.4 —
0.2 —
0.0

= 0.25xdxexp(-41)+0.75x0.8xexp(-0.8¢)

\ - single exponential

P(1)

| | l |
25 4.0 55

Time/ps

Figure 2. Lifetime distribution as in Figure 1 but at an energy of 150
kcal/mol. In this case, the initial decay ratex®.8 ps?, and the rates
associated with the biexponential are 4 and 0.8'.p3he single-
exponential fit is also shown for comparison.

TABLE 3: Rate Constants and Product Branching Ratios
from Trajectory Simulations of the Mercapto Cation
Decomposition

branching ratios

energy rate constants CA(E) kedken  ksiken

100 0.3 (2%), 0.03 (98%) 003 d e

110 1.1 (5%), 0.1 (95%) 0.1 001 ¢

120 1.1 (15%), 0.2 (85%) 0.3 0.03 0.01
130 3.3 (15%), 0.4 (85%) 05 0.07 0.01
140 3.1 (30%), 0.4 (70%) 1.1 0.09 0.01
150 4.1 (25%), 0.8 (75%) 1.8 0.12 0.01
160 6.9 (25%), 2.0 (75%) 2.7 0.14 0.02
170 12.1(25%), 1.9 (75%) 43 0.11 0.02

2n kilocalorie per mole® The percentage of trajectories decaying
with a certain rate constant is given in parentheSéstercept ofP(t)
following EMS initialization.® At this energy, no CS dissociations were
observed in the simulation period of tinfeAt this energy, no SH
dissociations were observed in the simulation period of time.

states, become important. On the other hand, even though the

critical energies for reactions Il and Il are very similar, reaction
Il is markedly faster than reaction Il

Martinez-Nuiez and Vaquez

For the CS and SH bond rupture processes, the minima were
located at larger distances (between 3.1 and 3.3 A for the CS
dissociation and between 3.5 and 3.8 for the SH dissociation).
The RRKM rate constants and product branching ratios calcu-
lated by means of EMS algorithmiga(E) are given in
Table 4. A comparison of the classical microcanonical RRKM
rate constants determined from thf) intercept (and listed in
Table 3) with the statistical RRKM rate constants listed in Table
4 shows reasonable agreement. Particularly for the three lowest
energieskaau(E) is equal tokia, (E). For energies between
130 and 170 kcal/mol, the statistical rates are about1.2
times higher than the trajectory rates. It must be stressed that
for a rigorous comparison the definition of the transition state
used in the statistical and trajectory calculations should be
identical. In the statistical calculations, the rate is determined
by the first passage of a trajectory through the dividing surface.
However, transition-state recrossings are allowed in the trajec-
tory simulations. We therefore performed additional trajectory
calculations, at 120 and 170 kcal/mol, in which the transition-
state definition resembles that in the statistical calculations. At
120 kcal/mol, recrossings have a very minor effect on the decay
rate. When determining the decomposition rates from the first
time at which the mercapto cation crosses one of the dividing
surfaces at 120 kcal/mol, the decay remains double exponential
with 20% of the trajectories reacting with a rate constant of 1.1
pst and 80% with a rate constant of 0.2 psThet = 0
intercept ofP(t) is 0.3 ps®. These results are very similar to
those obtained when recrossings are taken into account (see
Table 3). However, at 170 kcal/mol, the effect of recrossings is
more significant. Thus, the trajectory results in which the
lifetime was taken to be the time up to the first passage of the
dividing surface show biexponential decay with 25% of the
trajectories decaying with a rate constant of 13pand the
remaining 75% with a rate constant of 2-psin addition, the
RRKM rate constant determined from tR§) intercept is 4.6
ps1, which is equal to the statistical rate constant (4.®.1

ps ).

On the other hand, the product branching ratios determined
from statistical calculations are in close agreement with the
trajectory results, indicating that the CH bond scission channel
is the preferred one, with the CS and SH channels being more
important as the energy increases.

To examine the extent of anharmonicity in the microcanonical
rate constants, we used several RRK schemes, recently proposed
by Song and Has#®.The classical harmonic RRKM expression
read

logk(E) =logv + (s— 1) log[(E — Ej)/E]  (45)

s whereky is the barrier height for the processjs the total
number of degrees of freedom among which the total engrgy
is assumed to be randomized, an@s?®

S

(46)

with v; andv; being the reactant and transition-state harmonic

As pointed out above, the statistical rate constants should bevibrational frequencies, respectively. It is very common to fit

minimized with respect to the location of the dividing surface
to obtain the correct microcanonical rate. For the CH bond
cleavage, the minimum in theversusegc profile was found in

the range 2.142.3 A, moving inward slowly as energy increases.

this expression to trajectory rate constants, even though eq 46
is only exact for a harmonic Hamiltonian. To introduce
anharmonicity into the RRK expression, one has to make the
term energy-dependent. In addition, variational effects, which
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TABLE 4: Statistical RRKM Rate Constants (ps—1) for the Decomposition of the Mercapto Catior?

energy S (=) Ken kes Ksh kes/ken kst/ken
100 0.03+ 0.004 0.03+ 0.004 5x 105+ 1 x 107 1x 1054+ 4x 107 0.001 2x 107
110 0.12+ 0.009 0.12+ 0.008 0.002+ 0.0007 2x 104+ 6x 1075 0.02 0.002
120 0.31+ 0.01 0.30+ 0.01 0.014+ 0.004 0.00H3 x 104 0.04 0.005
130 0.61+ 0.03 0.55+ 0.02 0.05+ 0.01 0.014 0.005 0.07 0.02
140 1.33+ 0.05 1.224- 0.03 0.09+ 0.01 0.02+ 0.007 0.08 0.02
150 2.10+ 0.07 1.91+ 0.04 0.164+ 0.02 0.03+ 0.01 0.08 0.02
160 3.12+ 0.1 2.73+ 0.06 0.324+0.04 0.07+ 0.01 0.11 0.02
170 4.60+ 0.1 4.024+ 0.09 0.494+ 0.04 0.134+ 0.02 0.12 0.03

aErrors associated are 95% confidence linfit&nergy is in kilocalorie per mole.

are very important for the CS and SH bond cleavages, reake
energy-dependent. Thus, the RRK expression, modified to 0.4 ]
incorporate the above effects, becomes CH dissociation
0.0 —
log k(E) =log v(E) + (s — 1) log[(E — E,(E))/E] 47) @
== 04
In this work, and following Song and Hag&the potential §°
energy at the variational transition st&gfor reactions Il and 0.8 —
Il was approximated by Scheme 1
1.2
E(E) = D, — CE, (48) | | | |
whereE., = E — Dy is the energy in excess of the dissociation -0.35 -0.30 025 -0.20

energyDo. On the other hand;(E) may be modeled by log(1-E,/E)
(]

v(E) = af,,(E) (49) Figure 3. Microcanonical rate constants for the CH dissociation
channel obtained by RRKM theory with our potential energy surface
where the constard represents the energy-independent har- (circles) and fitted RRK rates according to scheme 1.
monic factor andan{E) is an anharmonic correction term. We
considered two different RRK schemes. The anharmonic
correction term in the two schemes re¥ds

_ expb™(E — Ey)]
fand E) = expbE)(1 + bE/s)

can be written as a convolution of the classical vibrational sum
of statesW' at the transition state and the density of states of
the two two-dimensional rotors:

(50) WSE) = [FWI(E)E ~E)dE.  (53)

where two different parametetsandb's were considered for ~ 1hen: the rate constant becomes

the reactant and transition state, respectively. He E-E )5_3
Schemes 1 and 2 differ in the treatment of the degrees of K(E) = vhi(s—1)s—2) 0

freedom of the CS and SH transition states. In scheme 1, all of B.B, st

the transition-state degrees of freedom were considered as

vibrations, and therefore, eq 47 applies. In scheme 2, someln this casey does not include the transition-state frequencies

motions were treated as rotors, as described below. The well-related to the two-dimensional rotors. Scheme 2 uses this rate

(54)

known RRKM expression is constant expression with the aforementioned anharmonic and
variational corrections. This scheme was applied to reaction
WE(EY) channels Il and .
(B) = ho(®) (51) In the fits, the number of vibrational degrees of freedsm

was set to 12. The classical threshold ener@igsvere set to

wherep(E) is the density of states of the reactant molecule and the values obtained by our potential energy surface (see Table
WS(E*) is the total number of states on the transition-state 1). As shown in Figures 35, the trajectory rates (circles,
surface (with energf* = E — Eg).2° The dissociation reactions  triangles, or squares) are well-fitted by either scheme 1 or 2.
involve “loose” transition states. In such cases, the motions of However, for CS and SH bond dissociation channels, the best
the fragments about axes perpendicular to the breaking bondfits were achieved by scheme 2. In other words, the treatment
are relatively unhindered and may conveniently be treated asOf several degrees of freedom at the transition state as two-
two-dimensional rotor& In the model we use here, the reactant dimensional rotors rather than vibrations leads to the best
rocking modes become two-dimensional free rotors at the agreement between statistical RRKM and trajectory results. The
transition state. The density of states for the two two-dimensional results of the fits are given in Table 5. The anharmonic
rotors is: corrections to the reactant’'s density of states at the threshold
varies between 2 and 26, depending on the reaction channel
l(E) = _E (52) ano! scheme used..These results.suggest that. anharmonicity plays
B.B, an important role in the evaluation of the microcanonical rate
constants at the range of energies investigated.
where B; and B, are the rotational constants for the two- 2. Normal/Local Mode Excitation3.o explore the possibility
dimensional motions around axes perpendicular to the reactionof mode-specific effects, we have also evaluated the trajectory
coordinate. Thus, the total sum of states at the transition staterates and branching ratios resulting from initial excitation of
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05 | £ and complete energy leakage from the initially excited CH mode
in 0.6 ps. The other two CH modes gain energy due to strong
10— CS dissociation couplings between the three CH stretches, whereas the SH mode
-1.5 — and the low-frequency CS mode do not significantly participate
g 20 in the vibrational relaxation. On the other hand, Figure 7 depicts
i 05 | — Scheme 1 the average mode energies for an ensemble in which the SH
o bond is initially excited. The behavior of this ensemble is
80 S Scheme 2 completely different from that in Figure 6. In this case, the SH
3.5 — bond energy is localized in this mode during the 5 ps of
40 _| simulation. Neither the CH nor the CS mode gains energy in
LA ! I | | l i this period of time. This behavior indicates that the SH mode

acts as an intramolecular bottleneck for IVR (intramolecular
vibrational energy redistribution).

log(1-E,/E) 3. Isotope.EffectsOne of the purposes .of t_his study was to
analyze the influence of deuterium substitution on the rates of
reactions +llIl. To this end, we performed classical trajectory
calculations under microcanonical (EMS) initial conditions for
the decomposition of C}$H", CH,DSH", CHD,SH", CDs-
1 L5 SH*, and CQSD", constraining the total angular momentum
to zero in order to facilitate a further comparison with classical
harmonic RRKM predictions. The ratidg/kp [where ky and

ko stand for the rates of the undeuterated and deuterated

Figure 4. Comparison of two fits to the CS dissociation rate
constants: A, microcanonical RRKM rates;-, RRK scheme 1; and
---, RRK scheme 2.

.2 | SH dissociation

@ molecules, respectively], calculated by trajectory simulations
fb 3 % at 140 kcal/mol, are shown in Table 7. The rates were computed
° —— Scheme 1 from thet = 0 intercept ofP(t) to make a direct comparison
] with classical harmonic RRKM rates. We found that upon
........ Scheme 2 deuterium substitution the global rate and the CH dissociation

rate diminish (normal isotope effect), but the CS (for three and
four deuterium atoms) and SH dissociation rates increase

07 06 05 04 03 (inverse isotope effect).
To evaluate the classical harmonic RRKM rates for reaction
log(1-£/E) I, we employed eq 45. Consequently, the RRKM computed ratio

Figure 5. Comparison of two fits to the SH dissociation rate can be obtained by

constants: A, microcanonical RRKM rates:-, RRK scheme 1, and
(- - -) RRK scheme 2. E _ V_H (55)

VY
each normal mode at 140 kcal/mol. Hereafter, each ensemble ko b
will be denoted by the frequency (in inverse centimeters) of g seen in Table 7, trajectory and RRKM calculations predict

the n_or_mal _mode initially excited, a_nd n_orr_nal modes V\_’i” also a normal isotope effect with the ratids/kp in reasonable
be distinguished by their frequencies (in inverse centimeters) agreement

at the reactant geometry. For an approximate description of each "o aactions 11 and I1l, which involve loose transition states,

normal mode at the equilibrium geometry, see Table 1. .
The trajectory rates and product branching ratios obtained we employed eq 54, and then the rakigk, reads
from trajectory simulations are collected in Table 6 for those k, (BB)p
ensembles in which normal modes were initially excited. For _—=— (56)
the ensemble in which the SH stretch was initially excited, all Ko (BBoy "o

of the trajectories decayed within 0.005 ps, and neither CH nor o ] ]

CS bond dissociations occurred. Overall, the computed resultsFor the CS scission channel, the rakig’kp determined by
shown in Table 6 indicate a high degree of mode-specific classical harmonic RRKM_ theory with the above expressions
chemistry. The branching ratios show that excitations of the !ed to values close to unity. For GBH" and CRSD", the
three lowest frequency modes (233, 697, and 787), closely trajectory results predict an inverse isotope effect for reaction
related to the torsion, the CS stretch, and the CSH bend, !l; for the latter species, the RRKM prediction is in agreement.
respectively, enhance the CS and SH bond scission rates. Iffowever, when the statistical uncertainties in the trajectory
particular, ensembles 697 and 787 yield the highestkcy calculatl_ons and the _approxmatlons inherent in the above
branching ratios and ensembles 787 and 2552 clearly favor the€Xpressions are taken into account, these results should be taken
SH bond dissociation process. On the contrary, excitations of With caution. -

CHj stretching modes enhance the rate of reaction | as could For reaction channel lll, the transition state has one two-

be expected. dimensional rotor, so that eq 56 becomes:

To complete the previous analysis, we have monitored the B
local mode energies at a total energy of 60 kcal/mol, just above E _ooVn (57)
the CH dissociation threshold, for ensembles of 100 trajectories ko Byvp

in which either the SH or the CH local mode was initially

excited. Figure 6 displays graphically the average (CH, CS, and The RRKM computed ratios agree in general with those
SH) mode energies of an ensemble in which one CH bond is obtained by the trajectory calculations, predicting an inverse
initially excited. As seen in this figure, there is an irreversible isotope effect for the four species.
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TABLE 5: Fits to Microcanonical Rate Constants with Modified RRKM Schemest

channel scheme Do a b s c fanhp(Eo)® fite
| 1 56 2.9x 1¢° 5.4x 1072 5.2x 1072 - 26 1.02
1 1 86 9.6x 107 3x107? 2.7x 1073 1.9x 103 16 1.42
1l 2 86 1x 10 7.7x 108 4.1x10° 45x 1072 2 1.13
1 1 81 29x 10° 9.7x 1073 1.3x10° 7.3x 102 2 1.22
1 2 81 9.4 x 10/ 3.2x 1072 4 x 1072 4 x 1072 16 1.06

aThe units for the parameters are kilocalorie per moledgrpicoseconds for a, inverse kilocalorie per mole fdv andb's, andc is unitless.
b Anharmonic correction to the reactant’s density of states at the unimolecular threshestage of the ratios between the microcanonical and
fitted rate constants. For each point, the rate constant ratio used is the one greater than unity.

TABLE 6: Trajectory Rate Constants (ps~1) and Branching 45
Ratios for Normal Mode Excitations?
ensemble rate constants kedKen kst/ken %
233 b 0.06 0.2 g 30 —WMWNWMWMWWW
697 2.2 (40%), 0.02 (60%) 1.4 0.05 =
787 10.1 (82.5%), 0.3 (17.5%) 0.6 5 2
1117 3.3 (60%), 0.8 (40%) 0.05 0.001 =
1122 3.1 (65%), 0.7 (35%) 0.05 0.001 20 45 |
1393 3.9 (55%), 0.8 (45%) 0.06 0.001 g
1393 4.1 (60%), 0.8 (40%) 0.05 0.002 &2
1537 6.2 (40%), 0.9 (60%) 0.06 0.001 "
2552 b c c 0 Lwe i WO A .
3221 9.9 (60%), 0.9 (40%) 0.04 0.0007 | | | l |
3341 31.0 (90%), 0.3 (10%) 0.01 0.0004 0 1 2 3 4 5
3342 9.2 (60%), 0.9 (40%) 0.04 0.0007

Time (ps
2|n these calculations, the total energy was 140 kcal/fehbr these (ps)

ensembles, we were unable to fit the trajectory results to a biexponential. Figure 7. Mode energies averaged over 100 trajectories for an

¢ For this ensemble, we only observed SH bond dissociations. ensemble in which a SH bond is initially excited.
45 TABLE 7: Microcanonical Rate Constants (ps) and Ratios
kn/kp for Decomposition of CDH,SH*, CD,HSH", CDsSH™,
e — CH stretches and CDsSD* at 140 Kcal/mol
=)
g 30 4% C'S and SH stretches Kulko®
= molecule global channel | channel Il channel Il
(83
< CDH,SH*  1.20  1.23(1.01) 1.12(1.05) 0.65(0.86)
2 CD,HSH"  1.24  1.27(153) 1.12(1.07) 0.61(0.76)
5 15— CD;SH" 1.30  1.38(1.49) 0.90(1.09)  0.78(0.69)
5 CDsSD* 1.53 1.62(1.44) 0.90(0.97) 0.80(0.69)
e T 2 EMS initial conditions were employed in the trajectory calculations.
o A Values in parentheses correspond to the classical harmonic RRKM
| | ‘ I computations.
0.0 0.2 0.4 0.6 0.8 1.0
' TABLE 8: Rate Constants and Product Branching Ratios
Time (ps) from Trajectory Simulations of Rotating Mercapto Cation?2
Figure 6. _Modg energies ave_ra_gt_a_d over 100 trajectories for an branching ratids
ensemble in WhICh a CH bond is initially exmtu.ed. | excitation rate constartts "??{’KM(E)d kedkon  kerkon
For bpth reaction channels Il and Ill, the inverse |sotop§ effect axis 1.6 (30%), 0.4 (70%) 08 0.03 001
may arise from the presence of two-dimensional rotations at paxis 1.0 (30%), 0.3 (70%) 05 0.19(4.8) (01
the transition state, which provides a much larger sum of states c-axis 1.8 (15%), 0.3 (85%) 0.6 0.20 0.01

Contrlbutlo.n in the deuterated species than that '“35””: a An energy of 140 kcal/mol was employed in these computations.
However, it must be stressed that for the 4SD* species in bValues in parentheses correspond to initial excitation of the CS stretch
reaction Il primary and secondary isotope effects may be with 10 kcal/mol added tob-axis rotation® The percentage of
involved. Primary isotope effects generally have two contribut- trajectories decaying with a certain rate constant is given in parentheses.
ing components: the so-called “statistical weight” effect, arising ¢ Intercept ofP(t) following EMS initialization.® For this ensemble,
from changes in densities of states upon isotopic substitution, "° SH dissociations were observed in the simulation period of time.
and the “critical energy” effects, arising from the difference in influence of molecular rotation and angular momentum orienta-
zero-point energies in the SD and SH boA¥&.Our classical tion on the decay rates of GBH". Three orientations of the
trajectory and classical RRKM calculations display only the angular momentum were considered lying parallel to the three
purely mass-dependent, statistical weight contribution to the principal axes of inertia. The initial reactant vibrational energy
isotope effect. Therefore, the inverse isotope effect found for was randomly distributed among the vibrational degrees of
the C;S™—D dissociation could be overestimated in the present freedom. The resulting rate constants are listed in Table 8. As
calculations. seen in the table, molecular rotation decreases the microcanoni-

4. The Influence of Molecular Rotation on the Mercapto cal rate constant substantially as is suggested by RRKM theory.
Cation DecompositionAs Fenn et al indicated, the initial Therefore, it seems that rotation is inactive for randomization
energy distribution in their experiment could involve the of energy. However, it must be stressed thatand c-axes
rotational degrees of freedom. We therefore investigated the excitations substantially increase the rétig/kcn.
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The mercapto cation is a nearly symmetric top at the reactant Concluding Remarks

geometry with principal moments of inertida = 5.01 amu We have investigated three unimolecular decomposition

-2 — 2 — 2
'3‘ ’ l*zj Ss.ﬁhamut A2, aTd Itc i?,'gz'amtg K f TTet' Ichannels of the mercapto cation by classical trajectory and
ependence ot the rate constants on the direction of rotalionalgyjistica| methods. These three decomposition channels are the
motion may be explained by the effects of the centrifugal force. dissociations of bonds CH (1), CS (1), and SH (IIl). Reaction

For L and L. excitations, the centrifugal force nearly lies on | qceeds through a transition state, whereas reactions Il and
the CS bond, and th.erefqrel, the effect of rotational .mot|on iSt0 ||| are simple bond scissions.
enhance the CS dissociation channel. The rotational energy \ye have constructed a reliable potential energy function that
associated with excitation of the orbital angular momentum is ,qqels the three decomposition channels. With this potential
channeled into the CS dissociation reaction coordinate as thefynction, we have evaluated rate constants and branching ratios
two moieties separate. for the unimolecular processes at total energies ranging from
We also calculated the lifetime distribution for an ensemble 100 to 170 kcal/mol. Under random initial conditions, the
in which the CS stretch and orbital angular momentum are branching ratios indicate that reaction | is much faster than
excited. In this case, we found a large percentag®00b) of reactions Il and Il and that Il is an order of magnitude faster
trajectories decaying within one vibrational period of the CS than lll. The branching ratikcg/kcn obtained in this study under
reaction coordinate and no SH dissociations in the simulation Statistical initial conditions is in qualitative agreement with the
period of time. Thus, CS dissociations are clearly favored over results of charge-exchange experiméfitshe dynamical cal-
CH dissociations. In summary, energy placed in specific culations suggest that t_he system is intrinsically_ non-RRKM at
rotational and vibrational degrees of freedom can dramatically the energies selected in this study. Anharmonicity effects on

modify the yield of CH* or CH,SH* products. the decomposition rates were investigated by fitting RRK
schemes incorporating anharmonic corrections to the microca-

nonical rate constants.

The study of normal mode excitations predicts a high degree
of mode specificity in the unimolecular channels of SHi.
This specificity comes from the poor coupling between the low-

5. Comparison to Experimerit.is very interesting to compare
our results obtained under statistical initial conditions with those
obtained in charge-exchange studigbecause as we stated in
the Introduction these experiments are in qualitative agreement

with RRKM theo?" In the energy range 1245 kcal/mol, @ 54 the high-frequency vibrational modes (in particularsCH
ratio kegkers of ~0.02 was extracted from the breakdown gyretches) as suggested by Fenn et il.their collisional

diagrams of the charge-exchange exp_enrr%%ﬁ’thls value is  gctivation study. In addition, the SH stretch mode has been found
somewhat lower than our computed trajectory branching ratios 55 5 pottleneck for IVR.

(0.03-0.09) in the same energy range. However, it must be  The trajectory simulations reveal an inverse isotope effect
noted that in the experimental work other ions were observed for hoth the CS and SH scission channels and a normal isotope
because more channels than those selected here are open at thesgect for the CH bond dissociation. The inverse isotope effect
energies; therefore, the comparison should be taken with caution.could be explained by the presence of two-dimensional rotors
On the other hand, the energy randomization assumption seemst the transition state.

to be valid in the charge-exchange study because the abundance Finally, molecular rotation decreases the decomposition rate,
of product ions observed in the experiment is consistent with but orbital angular momentum excitation promotes CS bond
RRKM predictions’ However, the statistical calculations of scissions.

Kutina et al® were based on assumed parameters (vibrational

frequencies and moments of inertia), so that their conclusions Acknowledgment. We thank R. Rodguez-Ferhadez for
may be questionable. In fact, our classical trajectory results his help as system manager of our computing facilities. We are
suggest that, in the energy range *1Q0 kcal/mol, the pleased to acknowledge financial support of this research from
mercapto cation behaves nonstatistically. Xunta de Galicia (XUGA20903A98).

In the energy range 120145 kcal/mol, the collisional
activation study of Fenn et alpredicted a ratidkcg/kcn of ~4.
In this case, as they pointed out, the initial energy distribution (1) Fenn, P. T.; Chen, Y.-J.; Stimson, S.; Ng, C.JYPhys. Chem. A
should be nonrandom; that is, the rotational and low-frequency 1997 101, 6513. _ o
vibrational degrees of freedom are expected to be excited uponspe(cztzoﬁ‘]”_{gg’g%' Ze‘dgs' R. G.; Occolowitz, J. L.; Pisani, J. Brg. Mass
collisional activatiort. In the previous section, we discussed the (3) (a) Keyes, B. G.; Harrison, A. Gl. Am. Chem. Sod968 90,
effects of molecular rotation in the product branching ratios. In 5671. (b) Harrison, A. GJ. Am. Chem. Sod.978 100, 4911.
particular, we found that excitation of the CS stretch and orbital 5 ;4)’\1':50{;}]0 Cé;hHﬁHg% ':7-6(3-1:0*%85”& A.; McDowell, C. A.;; McLean,

. . . A. N.J. Phys. Che ) .
angqlar momentum rgsulted ina rak@(_ ken of 4.8. Our results (5) Cradock. S.; Whiteford, P. Al Chem. Soc., Farada1972 68,
are in agreement with the experiment of Fenn et dut 281.
comparisons must be taken with care because of the limitations  (6) (a) Holmes, J. L.; Lossing, F. P.; Terlouw, J. K.; Burgers, PJ.C.

; i i initia] Am. Chem. S0d.982 104, 2931. (b) Terlouw, J. K.; Heerma, W.; Dijkstra,
of ou.r.potentlal energy ;urface gnd.the uncgrtalnty in the initial G.: Holmes, J. L. Burgers, P. M. J. Mass. Spectrom. lon PhyE983
conditions of the coII_|S|onaI activation s_tud|é$\levertheless, 47, 147. (c) Holmes, J. L.; Lossing, F. P.: Terlouw, J. K. Burgers P. C.
we found weak couplings between the high- (CH stretches) andCan. J. Chenl983 61, 2305. _ _
the low-frequency vibrational modes, as can be extracted from _ (7) Kimura, K., Katsumata, S., Achiba, Y., Yamazaki, T., wata, S.,
Tabl 6 ds A It if th . f iall Eds.Handbook of Helium | Photoelectron Spectra of Fundamental Organic

a e§ gn - As a result, | t_e energy Is pre erentlg Y Molecules Halsted: New York, 1981.
deposited in the €S stretch or orbital angular momentum is (8) Akopyan, M. E.; Serhiev, Y. L.; Vilesov, F. Klim. Vys. Energy
excited, the CH—SH* bond dissociation dominates over the 1970 4, 305.

other dissociation process even though the dissociation energy, ., é%)og“ti”a' R. E. Edwards, A. K.; Berkowitz, J. Chem. Physl974

for this process is significantly higher than that for-BH,- (10) Jonsson, B:-O Lind, J.J. Chem. Soc., Faraday Trans.1874
SHT cleavage. 70, 1399.
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