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A state-to-state dynamics study was performed at a collision energy of 1.53 eV to analyze the effect of the
C—H stretch mode excitation on the dynamics of the gas-phase@HDs; reaction, which can evolve along

two channels, H-abstraction, @B H,, and D-abstraction, CHD+ HD. Quasi-classical trajectory calculations
were performed on an analytical potential energy surface constructed previously by our group. First, strong
coupling between different vibrational modes in the entry channel was observed; i.e., the reaction is non-
adiabatic. Second, we found that the-B stretch mode excitation has little influence on the product rotational
distributions for both channels, and on the vibrational distribution for the €Bl, channel. However, it has
significant influence on the product vibrational distribution for the GHDHD channel, where the €H

stretch excitation is maintained in the products, i.e., the reaction shows mode selectivity, reproducing the
experimental evidence. Third, the—®l stretch excitation by one quantum increases the reactivity of the
vibrational ground-state, in agreement with experiment. Fourth, the state-to-state angular distributions of the
CDs; and CHD products are reported, finding that for the reactant ground-state the products are practically

sideways, whereas the—G1 excitation yields a more forward scattering.

1. Introduction ground-state and€H stretch mode excitation and made direct

The dynamics of vibrationally excited polyatomic reactions comparisons with experiment. . .
has focused the attention of a growing number of researchers N 2002, we developed an analytical potential energy surface

in recent years due to the development of new experimental (PES-2002) to describe the # CH, reaction and its isotope

techniques and theoretical methods. In a series of pioneeringah@logues: Kinetically, it reproduces the behavior of the
studies, Zare and co-workéré and Crim and co-workefs® experimental thermal rate constants and kinetic isotope effects.

analyzed the effects of both reactant stretching and bendingPynamically, quasi-classical trajectory (QCT) calculations were
excitations on the dynamics of polyatomic systems performed to analyze the state-to-state dynamics of the vibra-
. . . L i - ionl2,13
These dynamics studies on polyatomic reactions present ational ground-state H- CD, reaction,***and to analyze the

challenge both theoretically and experimentally, and the reaction "0!€ Played by the €H asymmetric stretch mode excitation of

of hydrogen with methane and its isotopic analogues is the Methane in the H- CH, reaction-* The reasonable agreement
prototypical gas-phase reaction. Very recently, Zare and co- found Wlth this wide variety of experl_me_ntal kinetics ar_1d
workerd carried out experimental studies on the effect of the dynamics measurements (always qualitative, and sometimes
C—H stretch excitation on the H CHD; reaction, which can guantitative) lends confidence to the PES-2002 polyatomic

evolve along two channels, H- and D-abstraction, surface.
To shed more light on the role of the-® stretch excitation,
H + CHD, — CD, + H, in this paper we perform an exhaustive state-to-state dynamics
study of the H+ CHD3 reaction using QCT calculations on
— CHD, + HD the PES-2002 surface. The article is structured as follows: In

Section 2, we briefly outline the potential energy surface and

Those authors reported first that due to experimental difficulties the computational details. The QCT dynamics results are
the ground-state reaction shows no clear preference for the H-Presented in Section 3 and compared with experimental and
or D-abstraction channel, second, that the HC excitation previous theoretical results. Finally, Section 4 presents the
enhances the reactivity for both channels, and third, that the conclusions.

C—H excitation is maintained in the CHDproduct, which

suggests mode selectivity. Theoretically, Xie and Bowfman 2. Potential Energy Surface and Computational Details
reported recently quasi-classical trajectory (QCT) calculations
for the title reaction on an ab initio GHbotential energy surface In 2002, our group constructed anew '.DES for the gas-phase
(ZBB3) from the same groudi® The ZBB3 PES is based on 1 T CHs = Hz + CHs polyatomic reaction and its isotope

accurate fitting of roughly 20000 CCSD(T)/aug-cc-pVTZ analogues! which is symmetric with respect to the_ perr_nutation

electronic energies. They calculated cross-sections and angulal fthe methane hydro_gen atoms, a fe_ature especially interesting

and internal energy distributions for the Chiibrational or dynamics calculations. The functional form was developed
in that work and, therefore, will not be repeated here. Basically,

*To whom correspondence should be addressed. E-mail: joaquin@ It CONSists of four LEP-type stretching terms (str), augmented
unex.es. by out-of-plane (op) bending and valence (val) bending terms.
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Note that in this PES, the vibrational frequencies are harmonic. information first on the temporal evolution of this energy along
In the calibration process we fitted 35 parameters of the the first steps of the reaction, which is related to the quantum
analytical PES to reproduce the variation of the experimental mechanical intramolecular vibrational redistribution (IVR) in
thermal forward rate constants with temperature. The calibration the entry channel, and second on thes;@Bd CHD coproducts
process was widely explained in the original papeand vibrational distribution depending on the exit channel. In these
basically, it consists of three iterative steps. In the first step, modifications, the total energy in each normal mode is obtained
we change some parameters of the PES so that the geometriesis the sum of the kinetic and potential energies in each normal
energy, and vibrational frequencies of the reactants and productamode,i. The kinetic energy is obtained from the momentum
agree reasonably with the available experimental data. In amatrix, Pg, and the reduced mass,

second step, we refit some parameters to reproduce the

characteristics of the ab initio calculated saddle point (geometry, (Ec), = 1 P )_2 1)
vibrational frequencies, and barrier height). Finally, as the third VA

step of the calibration, we refit some parameters to calibrate

the PES against experimental forward rate constants. Thereforeand the potential energy is obtained from the displacement
because experimental and theoretical ab initio information is matrix,

used in the calibration process, the present PES is semiempirical.

Because of the great quantity of experimental information (Ep); = lg,i(QR — Qo)i2 )
available for this reaction, this PES-2002 was subjected to a 2
great variety of tests, in both kinetics and dynamics. The forward - L :
and reverse thermal rate constants calculated using variationalVh€re Qr and Qo are the optimized geometries in Cartesian
transition-state theory (VTST) with semiclassical transmission coordinates for the products and reactants, respectivelypand
coefficients agree with experimental measurements, reproducing' (e éigenvalue of mode This calculation is performed for
the curvature of the Arrhenius plot, and the experimental each trajectory, and the total energy is then averaged. Howeyer,
activation energy. Second, the experimental kinetic isotope because VENUS freely rotates the molecules along the trajec-

effects (KIEs) are reproduced. Note that these KIEs are a very i0ri€s; the normal mode energy calculation is preceded by a

sensitive test of features of the new surface, such as barrierrc’t"?‘t'c,’n of the molecule to malntqm the orientation O.f the
height and width, zero-point energy, and tunneling effects. optimized geometry of the respective products depending on

Moreover, recently Zhao et &t.applied the quantum instanton the channel for which the normal-mode analysis was performed.

approximation for thermal rate constants to this reaction using Once this is do_ne, a projection of_the displacement and
the PES-2002. They find that the quantum instanton rates momentum matrices on the respective r.‘ormal'mOde space
reproduce the available experimental data over the wide allows one to compute the potential and kinetic energies and,
temperature range 26@000 K and concluded that this result  "€refore, the total energy for each normal mode.

lends support to the accuracy of the present potential surface. . To study th? IV_R in CHR (note tha_t although our calcula-_
. . . . .. tions are classical in nature, we use this nomenclature for clarity)
Dynamically, an extensive study employing quasi-classical

- . . we performed batches of 500 nonreactive trajectories. The initial
trajectory (QCT) calculations was also performed on this surface

including both ground-state and the asymmetric vibrationally, conditions were set so that we ensured that no reaction takes
. L . lace during the trajectory. Each set of trajectories was run for
excited C-H stretching methane. First, whereas QCT calcula- P g J Y !

tions fail to reproduce the experimental €product angular the CHD; ground-state and with a stretch excitation by
TR one quantum, and the energy for each normal mode was
distribution in the H+ CD, — CD3; + HD ground-state q e

; . Lo averaged for all trajectories in each case. The variation in each
reactiont! this angular distribution is reproduced when reduced g )

di ionalit i tteri M) calculati ina th normal mode’s average energy was taken as an indication of
|men”5|3nalyt.qualn um-scl:)a ﬁ”ngRI(_% )CadCllj atons, ufsmg de the internal flow of energy between normal modes in GHD
so-cafled rotating fine umbrelia ( ) MOdE!, aré pertormed. -\ qte that this energy flow occurs before the collision with the

Second, excitation of the €H asymmetric stretch mode in

h h the f d rat ants by a factd? of 2 H atom, so that it is not related to the medmode coupling
methane enhances the forward rate cons an3s y atactor o along the reaction path (Coriolis-like terms) that we take as a
compared to the experimental value 3:01.53 In sum, this

bl h . ¢ Kineti dqualitative indication of the energy flow when a reactive
reasonable agreement with a great variety of kinetics and ..<ion occurs.

dynamics results lends confidence in. this PES-2002 polyatomic study the vibrational state of the GBnd CHD products,

surface, although j[here are some d!fferences that may be duethe energy in each harmonic normal mode was computed for
to t_he_PES (especially the barrier helght) but alsq to the known the last geometry (coordinates and momenta) on the reactive
limitations of the QCT method (especially the binning proce- yaiectories, and averaged for all the reactive trajectories.

dure). Because the harmonic approximation was used for this calcula-
Although the kinetic study is not the main focus of the present tjon, one could expect a breakdown of the procedure for highly
study, for clarity of the reader, some kinetics parameters are gxcited states. However, as we are interested in the lowegt CD
included for the present reaction,  CHDs. The forward and CHD vibrational states, we can assume that this method
thermal rate constants were calculated USing also Variationa'is accurate enough for the present purpose. This approach had
transition-state-theory (VTST) with semiclassical transmission peen used in earlier papers by our grifg8-2Lwith excellent

coefficients. The values at 298 K, in émmolecule’ls™?, for results.

the H- and D-abstraction channels are, respectively, 411 The accuracy of the trajectory was checked by the conserva-
10-**and 5.01x 10?°, where the tunneling contributions are  tjon of total energy and total angular momentum. The integration
5.31 and 3.38, respectively. step was 0.01 fs, with an initial separation between the H atom

Quasi-classical trajectory (QCT) calculatiéhd® were carried and the CHR molecule center of mass of 6.0 A, and a rotational
out using the VENUS96 codé,customized to incorporate our  energy of 300 K. The maximum value of the impact parameter,
analytical PES. Moreover, two modifications were included to bma= 2.2 A, was computed by calculating batches of 10 000
compute the average energy in each normal mode to obtaintrajectories at fixed values of the impact parametesystem-
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atically increasing the value df until no reactive trajectories  and they give information about the energy flow between the
were obtained. To simulate the experimental conditfong vibrational modes in the reaction process.

considered a relative translational energy of 1.53 eV. To

compare experimental and theoretical QCT results, for each 3. Results and Discussion

reaction considered in this work, namely, Ckl@round-state
and C-H stretch mode vibrationally excited, batches of 100.000 . ;
trajectories were calculated, where the impact paramieteras To clarify the nomenclature used in the text, we shall start by

sampled byb = bmax RY2, with R being a random number in describing the vibration normal modes in reactants (gHDd
the interval [0,1]. ' products (H and CL for the first channel, and HD and CHD

for the second) obtained with the PES-2002 surface. The{HD
normal modes are: €H stretch ¢;, 3018 cnml), C-D
asymmetric stretchvg, 2260 cnt?, doubly degenerate), €D
symmetric stretchi, 2090 cnt?), rock bending¥s, 1282 cntl,
‘doubly degenerate), deformation bending 1036 cn?, doubly
degenerate), and umbrella bending, (1021 cnl). The CQ;
free radical product normal modes are= asymmetric stretch

3.1. Nomenclature and Coupling of the Normal Modes.

A serious drawback of the QCT calculations is related to the
question of how to handle the quantum mechanical zero-point
energy (ZPE) problem in the classical mechanics simuldfic#.
Many strategies have been proposed to correct for this quantum
dynamics effect (see, for instance, refs—28 and 29 and
references therein), but no completely satisfactory alternatives
have emerged. Here, we employed a pragmatic solution, the(v 2375 cnt?, doubly degenerate), €D symmetric stretch
so-called passive methd#l,consisting of discarding all the r(Vi 2130 le)’ deformation bendiné]v(l 1016 cnt?, doubly
reactive trajectories that lead, depending on the channel, to either}, .” ’ . . ’
an H, (HD) or a CD; (CHD,) product with a vibrational energy degenerate), and umbrella bending, 449 cm™). The CHD

_ X : . e .., free radical product values are:—@l stretch ¢, 3133 cn1d),
below their respective ZPE. This we call histogram binning with  ~~ : A :
double ZPE correction (HB-DZPE). C—D asymmetric stretchvg, 2376 cn1l), C—D symmetric

) , , stretch ¢, 2202 cntl), C—H bend ¢s, 1266 cnT), scissors
Finally, the mode-mode coupling along the reaction path (vs, 1022 cnrl), and out-of-plane bending4, 497 cntl). The

(Coriolis-like terms) was analyzed using the Hamiltonian ) 4nd HD product stretching modes are 4406 and 3816-cm

reaction pati¥2 The kinetic energy is given by, respectively.
For the first channel, we find that the-& stretch modey;,
T(sps{ Qu(9} {P(9}) = is coupled to the reaction coordinate and evolves adiabatically
SN-73N-7 5 to the H stretching mode, while the CHDumbrella bending
. [ps— Z WZ Q9P (9Bmm(9)] mode, v3, evolves adiabatically to the GOproduct .umbrella
5 m=1 nf=1 mode,v,. For the second channel, the-O symmetric stretch
Z z Pr(S) + - IN-7 ®) mode, v, is coupled to the reaction coordinate and evolves
m [1+ Q.(9B (s)]2 adiabatically to the HD stretching mode, while the CHD
m; M mE umbrella bending modez, evolves adiabatically to the CHD

product out-of-plane mode,.

whereps andPy(s) are the momenta conjugate to the reaction  However, in previous work of our group:***we had found

coordinates and the 8I—7 orthogonal normal-mode coordinates  that this simple adiabatic model is incomplete and that coupling
Qu(9), respectively. In this expressioBme(s) and Bmm(s) are between the normal_ modes is significant, especially in the
the so-called coupling terms along the reaction coordinate. Theeactant valley, allowing some energy flow between the normal
first, Bne(S), is the term measuring the coupling between the Modes, and leading to a non-adiabatic picture. Following this
normal modem and the motion along the reaction coordinate, idea, we also performed an exhaustive analysis of the vibrational

F, mode coupling for the title reaction, H CHD3, using two
approaches: first, by calculating the temporal evolution of the
N () energy available .in different 'vibrational modgs (equivalent to
B (9 =— : L, (9 ) guantum mechanical IVR) using QCT calculations, and second,
mF .Z Lm by calculating the coupling terms between vibrational modes,

Bmm (Coriolis-like terms)2 The first approach can give some
wherewi(s) is component of the normalized gradient vector, information about the energy flow among vibrational modes

andLi (s is component of the eigenvector for moda. These that takes place in the CHDeactant preceding its collision

terms are the components of the reaction path curvai(sg, with the H atom. The seconql approach gives_information on
defined as the energy flow among the vibrational modes in the complex

formed after the collision between the two reactants. This
2 1/2 complex will eventually evolve into the activated complex and
K(9) = ( z [Bre(919)" ®) thenpreach the produg{s. P
Figure 1 shows the temporal evolution of the energy available
and they control the nonadiabatic flow of energy between thesein, ditferent vibrational modes for the ground-state GH@actant
mOdes and the reaCtion COOI’dInﬁ?teThe interest in the (F|gure 1a) and after eH S’[retch mode has been exc|ted by
Ca|Cu|atI0n Of these C0up|lng terms I|eS in the qualltaﬂve one quantum (F|gure lb) averaged over a” nonreactive trajec_
explanation of the possible vibrational excitation of reactants tories. In both the CHPground-state and €H stretch mode

and products. excited our classical trajectory calculations show a flux of energy
TheBmni(s) terms are the Coriolis-like coupling terms between from the G-D symmetric stretchy, mode, to the doubly
modes, given by, degenerate rock bending; mode, although quantum-mechani-
cally the energy transferred does not suffice to exciteithe
N dL,(9) mode, and the molecule remains in its ground-state. The effect

Bum(s) = Z L(S) (6) of the C-H ;trgtch excitation. by one quantum (Figure 1b) is
= S mostly to shift its corresponding curve to a higher energy, and
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Figure 1. Average energy of each normal mode of CHEbm QCT
calculations as a function of time. (a) Results for ground-state £HD
(b) Results for excitation of the-€H stretching mode by one quantum.
The degenerate modes are represented by only one curve.

this mode will remain excited until CHcollides with the H
atom. Therefore, no transfer of energy is observed in the first
steps for this reaction, and we conclude that the intramolecular
vibrational redistribution will be small or negligible, in ac-
cordance with the Camden et al.’s suggestion based on experi
ment’

Once the reactive collision occurs, the energy flow between
modes can be monitored by the coupling tefag;. Figure 2
shows the coupling matrix for the nine vibrational modes in  gjgyre 2. Coriolis-like By coupling terms along the reaction path
CHD; along the reaction path for channels 1 and 2. In these for the nine normal modes in CHDThe normal modes are numbered
plots the peaks indicate large coupling between the modes listedfrom higher to lower vibrational frequencies. Thus, mode 1 corresponds
on the axes. In the first channel(Figure 2a), this coupling is to v1, modes 2 and 3 correspondtg mode 4 tov,, 5 and 6 tovs, 7
especially important between the-@ stretching modext) and and 8 tove, and 9 tovs. (a) Coupling terms for channel 1, GB- H;
the C—D symmetric {-), Bmni = 38 au, and asymmetria-d), (b)values comput_ed for channel 2, CHB HD. _Note that a d_|fferen_t

. scale was used in each Panel. So, the maximum value in (a) is 38,
Brmni = 5 au, syretch modes. In the second chann_eI(Flgure_ Zb)'whereas in (b) it is 2.
the situation is more complex. The coupling is especially
important between the-€D symmetric stretch modes,, and TABLE 1: Product Energy Partition (in Percentagesy at a
the rock bending modes§); between the rock bending mode, Collision Energy of 1.53 eV for the Two ChannelsP1: CDs
vs, and the deformation bending modes;){ and between the + Hzand P2: CHD, + HD

deformation bending moded) and the umbrella modes;. All CHDs(v = 0) CHDs(v1 = 1)
these coupling terms show valuBg; ~ 2 au, and therefore P1 P2 P1 p2
smaller than the co.rres.po.n_dent coupllng tgrms for the chaqnel fu(CDs0rCHD)" 1 8 7 20
1. Therefore, there is significant mode mixing, and the reaction . (cp.or CHD;) 4 4 3 3
does not preserve vibrational adiabaticity along the reaction path, f,(H,or HD) 16 20 15 17
i.e., the reaction is nonadiabatic. fr(H20r HD) 8 6 10 6

3.2. Product Energy Partition. The QCT results for the fr 61 62 65 54
ground-state and €H vibrationally excited CHB(v) reactant a Calculated maximum errat1. ® Values of the products depending
at a collision energy of 1.53 eV are listed in Table 1 for the ©n the channelfy, fr, and fr mean vibrational, rotational, and
two channels,P1: CD; + H,, and P2: CHD, + HD. translational contributions, respectively.

Unfortunately, there is no experimental data for comparison,
but we observe that when the-E1 stretch mode is excited by  energy of 1.53 eV, where all the vibrational states of the
one quantum the vibrational excitation of the Ciiproduct diatomic product, K or HD, respectively, are considered.
(channel 2) increases by a facter 2 with respect to the ground- We begin by analyzing channel 1, @®) + H,. The ground-
state. This behavior agrees qualitatively with the experimental state vibrational CHE{» = 0) reactant gives mainly ground-
results of Camden et alindicating that the &H stretch mode state CR(v = 0) products. The percentage diminishes with the
preserves its character along the reaction. We shall return tomodes: 25% with excited umbrella bending)( 9% with
this point below. excited deformation bending4), and 0% in stretching excited
3.3. Product Vibrational Distribution. Table 2 lists the modes. When the €H stretch mode in CHPis excited by
percentage vibrational distributions of the polyatomic product, one quantumy; = 1, we find a similar CLQ vibrational
CDs3 or CHD,, depending on the chanriel or P2, at a collision distribution, with the CIQ product mainly in its ground-state.
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TABLE 2: Percentage Population of CD; and CHD, Product Vibrational States at a Collision Energy of 1.53 eV
P1 channel, CRproduct

V) V4 V1 V3
0 1 2 3 4 0 1 2 0 1 0 1
CHDs(v = 0) 75 13 12 0 0 91 7 2 100 0 100 0
CHDs(v; = 1) 83 11 4 1 1 95 5 0 100 0 100 0
P2 channel, CHRproduct
Va4 V3 Ve Vo Vs V1

0 1 2 0 1 2 0 1 2 0 1 2 0 1 2 0 1 2
CHDs(v = 0) 34 25 41 77 17 6 85 13 2 97 3 0 100 0 0 100 0 0
CHDs(v1=1) 53 24 23 90 8 2 93 7 0 98 2 0 98 2 0 12 77 11

TABLE 3: Reaction Cross-Section,or (AZ), at a Collision
Energy of 1.53 eV

TABLE 4: State-to-State Reaction Cross-Sectiongg (AZ), at
a Collision Energy of 1.53 eV

This work Xie-Bowmah reactant state products states or (A?) percentage
CHDs P1° p2> P1 P2 CHDs(v; = 0) reactant ground-state

=0 0.08 016 0.04 008 CHDy(1=0) CDy(v> = 0) + Ha(v = 0) 0.053 66

- CDs(v2 = 0) + Ho(v = 1) 0.006 8
=1 0.26 0.37 0.49 0.10 _ _

v = 1/1/ =0 3.2 23 12.2 1.2 CD3(’V2 = l,2)+ Hz(V = 0) 0.013 16

. ! : : : : CHDs(v; =0) CHDy(v4=0)+HD(»=0)  0.041 25

aFrom ref 8.P P1 channel: CR+ H,; P2 channel: CHB+ HD. CHD(v4 = 0) + HD(v = 1) 0.013 8

CHDo(vs=1,2)+ HD(» =0) 0.056 35

CHD(v4=1,2)+ HD(»=1) 0.016 10

These theoretical results agree with the experimental evidence, CHDs(v; = 1) reactant G-H stretch mode excitation

indicating that the reactant vibrational excitation has a little CHDs(vi=1) CDs(v2=0)+ Hx(v =0) 0.175 67
influence on the CPproduct state distribution for channel 1. . GDs(r2=12)+ Hv=0) 0.036 13
Next, we shall analyze channel 2, CK{B) + HD. In general, CHDs(v1=1) g:gzg“; g)ztfag(;g)m 8'333 gg
the CHD,(v) vibrational distribution is broader than in the earlier CHDi(V: —12)+HD(r=1) 0.030 8
case, CIXv), and the ground-state vibrational Ck() reactant CHDs(»;=1) CHDy(r;=0)+HD(»=0)  0.031 8
gives CHD products that are more excited, 66% in thenode, CHDy(v1 = 1) + HD(v = 0) 0.213 57
23% in thevz mode, or 15% in thes mode. The three stretching CHD;(v;=1)+HD(v=1)  0.067 18

CHDy(v; =2)+HD(r=0)  0.029 8

modes appear practically in the ground-state. The excitation of
the C—-H stretch mode by one quantumy, = 1, changes the
situation sharply. Thes, v3, andve modes are still excited, but
now the C-H stretch mode in CHR mode v;, appears
vibrationally excited, 77%. These theoretical results reproduce
the experimental informatidrindicating that the €&H stretch
mode excitation is maintained along the reaction, i.e., the

a Percentage of the total reaction cross-section for each channel. The
differences from 100 in each channel correspond to minor p&tB%of.
In the last reaction, CHEjv; = 1) + H, channel 2, we have separated
the contributions for each CHDvibrational statey, andv,, to avoid
double counting the HD contributions.

reaction presents mode selectivity.

3.4. Reaction Cross-SectionThe QCT reaction cross-
sections,og, at a collision energy of 1.53 eV, for the two
channelsP1 andP2 are listed in Table 3, together with other
theoretical valuésfor comparison.

For the ground-state reaction, Ck{B, = 0), it was found

section ratioP2/P1, (CHD, + HD/CDs + H,), obtained in the
present study, is 2, i.e., the D-abstraction is favored, which

by Xie and Bowmafon a very different surface. Statistically,

tionally adiabatic curve for the D-abstraction is 0.95 kcal Thol
higher than for the H-abstraction.
When the C-H stretch mode in CHE{v; = 1) is excited by

two channels, CB{v = 0) + H, and CHD(v, = 1) + HD, the

behavior. Thus, the vibrational excitation localized in thekC

stretch mode is also able to enhance the reactivity of the
D-abstraction. Our QCT results reproduce this behavior, and
qualitatively agree with other QCT resifisn a different PES,
although those authors report a greater value for channel 1. The
reaction cross-section ratio found in the present study for the H
+ CHDs(v; = 0,1) reaction due to the €H stretch mode
experimentally that the H- or D-abstractions show no clear excitation, 3.2 and 2.3, for channels 1 and 2, respectively, agrees
preference, and due to experimental difficulties with the isotopic with recent QCT results from our grotfifor the similar H+
substitution a quantitative ratio was not reported. The cross- CHa(v; = 0,1) reaction, where a factor of about 2 is reported,

which agrees with experimental values,0 & 1.5.

Experimentally, Camden et &lfocused their study on the
agrees with experiment, and quantitatively with the QCT results detection of the polyatomic products, @Br CHD,, depending

on the channel, ignoring the diatomic product statepHHD,

one would expect a ratio 3:1 (D versus H), but the 2:1 ratio respectively. In the present study, for the first time for this
found can be explained because the maximum of the vibra- reaction, we have performed a theoretical state-to-state study.
Because of the large number of paths opened for the title
reaction, especially when vibrational excitations are considered,
we focused the study on those paths with a participati8fro

one quantum, unfortunately the experimental measurerhents of the total reactivity. Table 4 lists the state-to-state reaction
only report a qualitative description, in particular that for both cross-section for CHEg§v; = 0,1) at a collision energy of 1.53
eV. First, as was anticipated in Section 3.3, the vibrational
excitation of the C-H stretch mode increases the reactivity with  spectra for channel 2, CH») + HD(v), is more complex than
respect to the reactant ground-state. These results suggest thdhat of the channel 1, GIly) + Hx(v). For channel 2 the number
the simple spectator model is not enough to explain this of product paths is greater than for channel 1, especially when
the C—H stretch excitation is considered. Second, for channel
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8 Figure 4. Product angular distribution for the # CHD; reaction at
j (H-H or H-D) a collision energy of 1.53 eV, for the main paths in both channels. The

distributions are normalized so that the area under the common levels

Figure 3. Rotational populations for H CHD; reaction at a collision h . L
9 bop N is the same. (a) Channel B1, with the CHIQ reactant in its ground-

energy of 1.53 eV. The distributions are normalized so that the area ; X .
under the common levels is the sandL, H-abstraction, channel 1,  State and with the €H stretch mode excited. (b) ChannelR, with

leads to the CB+ H, productsP2, D-abstraction, channel 2, leads to  the CHD: reactantin its ground-state and with the-8 stretch mode
the CHD; + HD products. The number afté or P2 corresponds to ~ €Xcited-

the vibrational state of the polyatomic and diatomic products, respec- : P : ; _
tively. For instanceP1—00 corresponds to channel 1 with the £D broader, than in their vibrationally excited states{sH= 1)

and H in their respective ground-states. The notafeh— v1 = 1,0 and HD@ = 1), j = 1—2, which is the expected behavior. This
corresponds to channel 2 with the ChiBxcited by one quantum in  tendency is independent of whether or not the GH&actant
the C—H stretch and the HD in its ground-state. (a) and (b) Reactant is vibrationally excited. Unfortunately, there are no experimental
CHDs(v) ground-state and €H stretch mode excitation, respectively.  values for comparison, and the only available theoretical résults
do not differentiate state-to-state.

3.6. Scattering Distributions of the Polyatomic Products,
CD3; and CHD,. It is well-known that one of the main
limitations of the traditional histogram binning procedure used
in the QCT calculations is that it gives product rotational

_ . _ _ distributions hotter and broader than experimental measure-
H + CHD4(v; = 0,1)= CD4(v = 0) + H,(v = 0) ments. In atomt diatom systems this seems to be a general
tendency, and moreover when the dimensionality of the system
increases, the distributions seem to have an artificial tail
extending to very high rotational level%:% In an earlier study
on the Cl+ CH, reactiont! we observed that the product
rotational distribution obtained with QCT calculations greatly
influences the angular scattering distribution, and only when
the lowest rotational numbers are considered is the experimental
measurement reproduced. Therefore, in the present study, we
assume this behavior, and the product scattering distribution

1 the main reactions lead to Gand H products in their
respective ground-states, for the CilBeactant both in its
ground-state and vibrationally excited: 66 and 67%, respec-
tively,

Channel 2 leads mainly also to CHBnd HD products in their
ground-states, although now the contribution of the excitation
of the out-of-plane modey,, is important, and this behavior is
similar for the CHI} reactant in its ground and vibrationally
excited states. Moreover, for this channel the contribution of
the vibrationally excited €H stretch mode in the product,
CHDy(v1 = 1), is important for the vibrationally excited CHD
reactant, being 57% of the total reactivity,

H + CHD4(v, = 0,1)— CHD,(v,= 0,1,2)+ HD(v = 0) (measured as the differential cross section, DCS) is analyzed
st 2 using only trajectories with the lowegtalues, between 0 and
— CHD,(v,=1) + HD(v = 0) 2.

The angular scattering distributions at a collision energy of

Third, unfortunately there are neither experimental nor theoreti- 1.53 eV for the main state-to-state paths, considering the{CHD
cal data for comparison, so that the present theoretical calcula-reactant in both its ground and vibrationally excited states, are
tions are predictive, to be confirmed (or not) in future plotted in Figure 4 for channel 1, GD+ H, (Figure 4a) and
experiments. channel 2, CHD + HD (Figure 4b). For the CHPpreactant in

3.5. Rotational Distributions of the Bimolecular Products, its ground-state, both channels yield predominantly sideways
H, and HD. The rotational distributions of the Hand HD scattered Cpand CHD, respectively. When the-€H stretch
products at a collision energy of 1.53 eV for the main state- mode is excited by one quantum, these distributions are more
to-state paths are plotted in Figure 3 for the GHBactant in forward, suggesting an increased contribution of the rebound
its ground-state (Figure 3a) and-El stretch mode excitation =~ mechanism associated with low impact parameters.
(Figure 3b). Unfortunately, there is no experimental information on the

In general, for the main state-to-state paths the bimolecular title reaction for comparison. However, for the similartHCD,
products in their vibrational ground-statesy(#1 = 0) and — CDj3 + HD ground-state reaction, Zare and co-workerg
HD(v = 0) appear hotter, = 3—4, and the distributions are  find that the CR products are sideways/backward scattered,
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Figure 5. Opacity function (reaction probability(b), versus impact
parameterb) for channel 1 (a) and 2 (b), with the CHBeactant in its
ground-state, together with the Xie and Bowman'’s results for com-
parison? In each Panel, the distributions are normalized so that the
area under the common levels is the same.

<cosf> = —0.20+ 0.09 at 1.95 eV, andcos6> = —0.07
+ 0.10 at 1.2 eV. For the CH{reactant ground-state at 1.53
eV we obtain<cosf> = —0.05 for channel 1, an&cos 6>
= +0.03 for channel 2. The-€H stretch excitation of the CHP
reactant produces a shift toward forward anglesps 6> =
+0.13 and+0.11 for channels 1 and 2, respectively.

Xie and Bowman’s QCT calculatiofgield a similar picture
for channel 2, for the CHPpreactant both in its ground-state

and in the excited state, but remarkably different for channel 1,

especially for the CHBIn its ground-state, where those authors

Espinosa-Garfal

4., Conclusions

In this paper we have performed exhaustive state-to-state QCT
calculations with the aim of analyzing the effect of the-ig
stretch mode excitation in CH®N the dynamics of its reaction
with a hydrogen atom, which can evolve along two channels,
CDs + Hjy, and CHD + HD. A collision energy of 1.53 eV
was considered for comparison with experiment and other QCT
calculations. Before the collision between the reactants, no
transfer of energy between vibrational modes is observed for
this reaction, and once the reaction occurs strong coupling
between some vibrational modes is found, allowing the non-
adiabatic flow of energy between modes. Therefore, they do
not preserve their adiabatic character along the reaction path,
i.e., the reaction is non-adiabatic. This behavior has also been
previously reported for the similar H CH, reaction.

1. The C-H stretch mode excitation by one quantum
increases the reactivity with respect to the vibrational ground-
state by factors~3 and~2 for the H-abstraction, CD+ Hy,
and D-abstraction, CHD+ HD, respectively. These results
agree with the experimental evidence.

2. For channel 1, CP+ H,, the C-H stretch mode excitation
has little influence on the product rovibrational distributions.
For channel 2, CHP+ HD, whereas the €H excitation has
little influence on the HD rotational distribution, it increases
the C-H stretch mode excitation in the CHDproduct,
indicating that the reaction shows mode selectivity. These
rovibrational results also agree with experiment.

3. For the CHR reactant in its vibrational ground-state, the
CD; + Hz; and CHD + HD channels yield predominantly
sideways scattered GD<cosf> = —0.05, and CHDB, <cos
6> = +0.03, respectively. The €H stretch mode excitation
by one quantum leads to a shift toward forward scattering for
both channels. These results qualitatively agree with those by
Xie and Bowman, except for the channel 1 with the GHD
ground state. Finally, these theoretical results are predictive,

suggest a rebound mechanism. A direct comparison with the because unfortunately there is no experimental information for
present QCT calculations is very difficult because several factors comparison.

are involved. First, there is the influence of the diatomic
molecule rotational distribution on the scattering distribution.
As was observed previousty larger values of favor forward
scattering. Whereas we obtain valuesjafp to 7, Xie and
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