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We investigate the role of vibrational energy excitation of methane and two deuterated specien@CD
CH:D,) in the collision-induced dissociation (CID) process with argon at hyperthermal energies. The quasi-
classical trajectory method has been applied, and the reactive @i, system has been modeled by using

a modified version of the CHpotential energy surface of Duchovic et al. Phys. Chem1984 88, 1339)

and the Ar-CH, intermolecular potential function obtained by Troyh Phys. Chem. 2005 109 5814).

This study clearly shows that CID is markedly enhanced with vibrational excitation and, to a lesser degree,
with collision energy. In general, CID increases by exciting stretch vibrational modes of the reactant molecule.
For the direct dissociation of CHhowever, the CID cross sections appear to be essentially independent of
which vibrational mode is initially excited. In all situations studied, the CID cross sections are always greater

for the Ar + CD, reaction than for the Ar- CH, one, the Ar+ CH,D, being an intermediate situation. A
detailed analysis of the energy transfer processes, including their relation with CID, is also presented.

1. Introduction km). LEO conditions are characterized by very low pressure,
extreme variations of temperature, ultraviolet radiation, and the
existence of several chemical species (especially, atomic oxygen)
that may collide with spacecrafts at high velocities(km s™1)
causing important damage to polymer-based materials of their
coat? In recent years, both the Schatz group and the Minton
group have been very active in studying CID and ET processes

by a rare gas atom, followed by its dissociation into two or 54| F( conditions; specifically, their attention has been focused
more fragments. Most of ET studies have been devoted to j, ihe hyperthermal collisional dynamics of GP) with

understanding the mechanisms of ET occurring between trans'hydrocarbonémm N, and Ar with hydrocarbon polyme#4;1s

lational and internal degrees of freedom during the collision 5y Ar with ethand® Schatz and collaborators applied the direct

process and the exchange of vibrational and rotational energyqynamics version of the QCT method in which the energy and
arising in the intramolecular dynamics and unimolecular dis- o gradients are calculated “on-the-fly” as the trajectory is

sociqtign processes. Sjgnificant activity Was_directed at c.har- integrated, while the experiments at Minton's laboratory have
acterizing the mechanisms whereby highly internally excited poqn performed with the use of a crossed molecular beams

molecules lose energy to a bath of nonreactive species throughapparatus that incorporates a fast-atom beam sa{iree

collisional ET12 L .
. . . . . . The Ar + CH;y collisional system has been the subject of
From a theoretical point of view, the quasi-classical trajectory various theoreticat 26 and experimental-32 studies concerning

(QCT) method has plgyed a fur!da.menj[al role to' acquire a both CID and ET processes. The main goal of most of these
qualitative (and sometimes quantitative) Interpretation of CID studies has been the determination of dissociation rate coef-
and ET phenomena at the molecul_ar Ie?{élln particular, the ficients in the high-temperature regime, which is considered to
QCT method has ;hoyvn 0 be.rellable in the study of €Nergy pe important for the CHO, combustion chemistr§? Particu-
Fransfer oceurring in _hlghly excited moleculé%l\_/loreover, It larly, we have performéd the first QCT study of the title

is well-known that quite often the QCT method is the only Way o5¢tion where the rate coefficient has been calculated in the
to study processes taking place under conditions that aretemperature range 2508 T/K < 4500: general agreement

ex;remely hard to s!mulate exp.erlm.entally. Among these, we between experiment&land our theoreticét rate coefficients
point out _the che_mlstry occurring in f_Iames_, as well as th_e has been achieved after adequate correction of the Zeko-
reactions in the hlg_h atmpsphere and in the mterstgllar media. point energy (ZPE), as calculated by using the corresponding
In gddmon, .the S|mu.lat|on of the I.ow-earth .orblt .(I.‘EO.) normal-mode harmonic frequencies. In addition, we have also
environment is recognized to be very important in anticipating used the QCT method to obtaenergy-transfer parameters
problems related to the degradation of materials used to coate ' \which the TAEC(the average energy transferred in all
the spacecrafts operating at such altitudes (i.e., from 100 to 700co||isions) andAE2Y2 (the root-mean-squared energy trans-
. ferred in all collisions) values show good agreement with values
ot TotWhom correspondence should be addressed. E-mail: gtmarque@ deduce& from experimenﬁo while overestimating them in the
CIHCU%i'versidade de Coimbra. cas_e_ofl]&EdD(the average energy transferred in deactivating
* Universidad de Santiago de Compostela. collisions).

Collision-induced dissociation (CID) phenomena have been
always related to the study of microscopic dynamics of the
energy transfer (ET) among all degrees of freedom of the
involved species. Although many possibilities may arise, a
typical CID study implies the activation of a molecular species
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TABLE 1: Fundamental Frequencies and Zero-Point Energy (ZPE) of Reactants Chj CD,4, and CH,D, and Products CHs,
CDj3, CH,D, and CHD, Arising in the Potential Energy Surface>*3 Used in This Work

vibrational mode frequencigécm™1)

system 2 2 V3 V4 ZPE (eV)
CH, 1423 (3) 1608 (2) 3084 (1) 3266 (3) 1.263
CD, 1080 (3) 1137 (2) 2181 (1) 2408 (3) 0.925
CH;,D, 1104 (1), 1182 (1), 1343 (1) 1393 (1), 1523 (1) 2284 (1) 2409 (1), 3185 (1), 3263 (1) 1.096
CHs; 394 (1) 1471 (2) 3039 (1) 3208 (2) 0.793
CD; 306 (1) 1080 (2) 2149 (1) 2395 (2) 0.583
CH.D 367 (1) 1231 (1), 1464 (1) 2304( 1) 3106 (1), 3208 (1) 0.724
CHD; 338 (1) 1087 (1), 1346 (1) 2222 (1) 2396 (1), 3161 (1) 0.654

aThe degeneracy of each mode is given in parentheses. Althougb.Ctds nine nondegenerated modes, they are still grouped in four sets
associated to the symbals (bend-type modes),, (bend-type modes);; (symmetric-stretch-type mode), angl(antisymmetric-stretch-type modes)
(see the text).

Recently, Troy# has applied the QCT direct-dynamics only up to~5 eV. Since both intramolecul&?>and intermo-
approach by using quantum-mechanical semiempirical Hamil- leculaf® potential functions have been extensively described
tonians to investigate the role of A+ CH; and Ar + CFy in the original papers, no further details are given here.

hyperthermal collisions in the erosion of hydrogenated and  To investigate the importance of isotope substitution in the
fluorinated hydrocarbon polymers in LEO atmosphere. This title reaction, we have carried out trajectory calculations for Ar
dynamics studf has shown that collisions of hyperthermal 4+ CH,, Ar + CDy, and Ar+ CH.D, by using an adapted
argon atoms with methane in its ground vibrational state leads versiorf547 of the MERCURY codé8 which allows the
to low values of the CID cross sections even at high relative jdentification of all possible reactive channéidNote that, for
translational energies (e.g., 10 EV) Addltlonally, CID and Ar + CH.D,, one may obtain both (@7;5)] and CHD productsy
collisional ET to internal modes of the alkane molecule is whijle for Ar + CH, and Ar+ CD; only one type of products
enhanced by fluorination, which has been attribgfted both arises (i_e_’ Chl and CL, respective|y). Batches of 40 000
the decrease in the hydrocarbon vibrational frequencies and anrajectories have been run for each set of initial conditions, and
increase of the steepness of the corresponding intermoleculathe integration of the Hamilton equations of motion has been
potential. Since Troya has considered that the initial vibrational done by a combined fourth-order Rungi€utta and sixth-order
energies of both CiHand Ck molecules were thermalized &t  Adams-Moulton predictor-corrector algorithm with a time-
=300 K, itis impOSSible to enVisage the influence of vibrational Step of 0.01 fS, which ensured good energy conservation. The
excitation on CID and ET. Indeed, it is expected that collisions reactants are initially separated by 14 A and the integration is
occurring between the gases at orbital altitude may have halted when argon and, in the case of dissociation, one hydrogen
sufficient energy to excite infrared-active molecules to various (or deuterium) become Separated from the p0|yatomic molecule
vibrational state$* Moreover, Varandas and collaboraférg? by more than 15 A. The maximum impact paramedgs, has
have suggested that local thermodynamic disequilibrium (LTD) been optimized by applying the method of Lim and Gill#ért,
conditions may play an important role in the chemistry of which consists of the calculation of the second moment of the
atmosphere, providing a clue for explaining the “ozone-deficit energy-transferfAE20) whose converged value arises from the
problem” and “HQ dilemma”3941 More than a half century  summation of all the contributions from trajectories falling in
ago, Meinet? associated near-infrared night-time air-glow in  the equally spaced subsets of the intervaltj@s]; as in our
the mesopause with LTD conditions because of the vibrational previous W0r|(2’5 the convergence is attained when the contribu-
excited OH {I1) radicals formed from the H- O reaction. tion to [AE20from adding an extra impact parameter subset

In the present work, we have studied the dynamics of pecomes less thans2 10-2 cm 2, which was chosen to reflect
hyperthermal argon species with highly internally excitedsCH  the effect of energy transfer in inelastic collisions.
CDs, and CHD, molecules. We endeavor to elucidate whether £ yhe three isotopomers of methane, we have studied the
vibrational excitation may contribute to the erosion of hydro- iy ence on the title reaction of (i) increasing collision energy,
carbon polymers in LEO hyperthermal conditions. A second iy yinrational energy content, and (iii) specific vibrational-
goal of this trajectory study is the assessment of vibrational- e excitation. The rotational energy attributed to each axis
mode specificity and deuteration effects in CID and ET. The of inertia was alway&RT2 (Ris the gas constant), wififixed
plan of the paper is as follows: In section 2 we describe the 4 300 k. Concerning i, we have run trajectories Bar= 5, 6
trajectory calculation, while the main results are presented andg 51410 eV, while 4.757 eV of vibrational energy was a’ssi,gned
discussed in section 3. Some conclusions are gathered in sectioR, he normal modes according to a microcanonical distribu-
4. tion,%0 so that the internal energy content always coincides with
the classical threshold for dissociation of methane (i.e., 110.6
kcal moll &~ 4.796 eV). To study the influence of ii and iii on

In the present dynamics study, we have applied an improvedthe CID process, five additional batches were run for a fixed
versiort® of the CH, potential energy surface of Duchovic et collision energy of 8 eV. In one of these, we have reduced by
al. 23 which proved®to be more reliable than the original ofte, 1/, (i.e., to 2.3785 eV) the energy distributed microcanonically
to reproduce the vibrational excitation of methane. In addition, among the vibrational modes. In the other four batches, a total
the intermolecular Ar CH, interactions have been modeled by of 4.757 eV was distributed among the vibrational degrees of
a pairwise generalized exponential function whose parametersfreedom in order to excite one of the sets of modes labeled as
have been obtained by a fit to CCSD(T)/cc-pVTZ ab initio v (i = 1—4) in Table 1 (degenerate modes for £&hd CDy)
points26 This intermolecular potential accurately describes the at each time, while the remaining have only their zero-point
ab initio datd® up to energies of~10 eV, while the range of  energy. Of course, in the case of &b} the vibrational modes
applicability of the on#* used in our previous wofR extends become nondegenerate for symmetry reasons, but it is still

2. Trajectory Calculations
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TABLE 2: Results of the Trajectory Calculations for the Ar + CH,4 Reaction
type of vibrational

Etr (eV) Evib (eV) excitation bmax (A) N(;H3a NCH}b ocip + A()'C|DC (AZ)
5 4.757 microcanonical 5.5 31 1560 0.0#£€.013 (3.780t 0.093)
6 4.757 microcanonical 55 61 2074 0.14%.018 (5.072+ 0.107)
8 2.3785 microcanonical 5.0 4 29 0.0€80.004 (0.065£ 0.011)
4.757 microcanonical 55 178 3185 0.423.032 (7.990+ 0.132)
2 5.5 175 3049 0.416: 0.031 (7.660Q+ 0.129)
V2 5.6 168 2994 0.414 0.032 (7.788t 0.133)
V3 5.5 137 3458 0.325: 0.028 (8.54H- 0.136)
V4 5.5 145 3535 0.344- 0.028 (8.743+ 0.137)
10 4.757 microcanonical 5.4 345 4049 0.720.042 (10.063t 0.143)

a2 Number of trajectories leading to direct dissociatibilumber of trajectories leading to formation of Ceomplexes that may dissociate to
form products with the corresponding ZPEDirect-mechanism CID cross sections and the corresponding Monte Carlo standard deviations: values
in parentheses are the total CID cross sections, including the contributions froriggtand Nci; (see the text).

TABLE 3: Results of the Trajectory Calculations for the Ar + CD,4 Reaction
type of vibrational

Ey (eV) Evib (eV) excitation bmax (A) N(;|33a NCD:b Ocp AO’C|DC (AZ)
5 4.757 microcanonical 55 77 3575 0.183.021 (8.676+ 0.137)
6 4.757 microcanonical 55 145 4155 0.344.028 (10.216+ 0.147)
8 2.3785 microcanonical 5.0 34 279 0.0670.011 (0.614+ 0.035)
4.757 microcanonical 5.5 369 4914 0.8#0.045 (12.552+ 0.161)
2 5.5 374 4773 0.888- 0.046 (12.228+ 0.159)
V2 5.8 308 4141 0.814 0.046 (11.755+ 0.166)
V3 5.5 601 4978 1.428 0.058 (13.255t 0.165)
V4 5.5 430 5278 1.022 0.049 (13.561 0.166)
10 4.757 microcanonical 5.4 682 5407 1.562.059 (13.946+ 0.164)

aNumber of trajectories leading to direct dissociatibilumber of trajectories leading to formation of CBomplexes that may dissociate to
form products with the corresponding ZPEirect-mechanism CID cross sections and the corresponding Monte Carlo standard deviations; values
in parentheses are the total CID cross sections, including the contributions froriiggtand Ncp; (see the text).

possible to group the modes in four sets (still designated,as  methane is a direct result of the interaction with the hyperthermal
vy, v3, andvys) according to the similarity of their vibrational  argon, which leads to immediate dissociation. Conversely, the
motiorP! and then excite each of them. The amount of second mechanism implies the formation of an excited methane
vibrational energy assigned to each mode was proportional tocomplex, owing to the energy transferred from relative transla-
its ZPE. tion to the internal degrees of freedom, and which may last for
In the final analysis, we have considered as reactive thosemany periods of rotation before dissociation can occur. In fact,
trajectories in which the internal energy of the product species trajectories lasting for more than 9000 ps have been observed
is above the ZPE calculated by using the normal-mode harmonicin our previous work on Ar- CH,.25 Rigorously, trajectories
frequencies of Chl whose values are given in Table 1. following mechanism ii should be continued in order to verify
Similarly, the formation of excited species GHCD}, and whether they dissociate or not. However, since such a procedure
CH,D; follow the same criterion, that is, only trajectories is very time-consuming and hence impractical, we have adopted
where the internal energy content of the excited complex is the alternative approach of considering as reactive trajectories
sufficient to form products with the corresponding ZPE are all of those resulting in complexes with internal energy above
considered in the statistical analysis. Although the gquantum the ZPE of products. Of course, this constitutes an upper-bound
mechanical requirement for ZPE is in general associated with to the value of the indirect-type dissociation. For ArCH,
the vibrational energy content rather than with the internal one, and Ar+ CD,, the total CID cross sections, which include the
the reason for applying the latter here as ZPE criterium relies contributions from both direct and indirect dissociation, are

on our previous observation that this leads to-AICH, rate given in parentheses in Tables 2 and 3, respectively; the
constants in better agreement with experinfégecause Chl corresponding values for At CH,D, are shown in the last

D; may lead to either CHPor CH,D, we used Rice column of Table 4.

Ramsperg-Kasset-Marcus (RRKM) theory to estimate the Moreover, we have displayed in Figure 1a the CID cross
branching ratio of both products. sections obtained from indirect dissociation for the three

systems; in the case of A+ CH,D,, we have represented
separately the CID cross sections for formation of GHiDd
The numerical results of the present trajectory calculations CH2D. Itis clear from this figure and Table 4 that the formation
are shown in Tables 2, 3, and 4 for ArCH,, Ar + CD,, and of CHD; is favored over CkD, which may be attributed to the
Ar + CH,D;, respectively. The analysis of these results focus difference in the corresponding zero-point energiesdg(CH.D)
on two main topics: collision-induced dissociation (CID) and > Ezre(CHD)]. In this comparison, the contributions from both
energy transfer. A discussion about the importance of isotope CH.D and CHD must be added to get the total cross section
substitution and reactants vibrational energization is also given.for CH,D3. In addition, the CID via indirect dissociation
3.1. CID. The collision-induced dissociation (CID) of vibra-  increases as the deuteration of methane increases. This is an
tionally excited methane may follow essentially one of two expected result since the internal energy of the arising complexes
mechanisms: (i) direct or (ii) indirect dissociation. In the first has to fulfill the ZPE requirements of the corresponding product
case, the abstraction of one hydrogen (or deuterium) atom frommolecules, andzpg(CHz) > Ezpg(CH,D) > Ezpg(CHD,) >

3. Results and Discussion
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TABLE 4: Results of the Trajectory Calculations for the Ar + CH,D, Reaction

CH,D formatior? CHD, formatiorf
Ey Evib type of vibrational  bpax 04+ Aoy o4 £ Aoy ocip £ Aocip®
(eV) (eV) excitation (A) NCH D*a Ng NRrRrkM (AZ) Ny NRRKM (AZ) 2

5 4,757 microcanonical 5.8 2516 26 639 0.069.013 22 1877  0.058 0.012 6.774+0.129

6 4,757 microcanonical 55 3422 43 958 0.192.016 48 2464 0.114 0.016  8.346+0.134

8 2.3785 microcanonical 5.0 152 11 42  0.02D.006 7 110 0.014-0.005 0.334+0.026
4,757 microcanonical 55 4247 162 1270 0.386.030 124 2977 0.29% 0.026 12.830:t 0.172

V1 5.8 3853 146 1158  0.386 0.032 82 2695 0.21£0.024 10.782-0.160
V2 5.6 3756 103 1112 0.25#40.025 104 2644 0.27%0.027 9.761 0.147

V3 55 4473 614 1340 1.4580.058 27 3133 0.0640.012 12.150k 0.159
N 5.5 4652 54 1391 0.1280.017 238 3261 0.56%0.036 11.746t 0.156

10 4.757 microcanonical .5.8 4413 247 1389 0.858.041 196 3024 0.51& 0.037 12.830k0.172

a Number of trajectories leading to formation of eIt complexes that may dissociate to form either,Dtér CHD, products with the corresponding
ZPE.P Nqg is the number of trajectories leading to direct formation of ,OHNgrkm is the number of CkD, complexes predicted (by RRKM
theory) to end to CkD with ZPE; oy is the direct-mechanism dissociative cross section for the formation eDCwhile Aoy stems for the
corresponding Monte Carlo standard deviatibNg is the number of trajectories leading to direct formation of GHEkrkm IS the number of
CH.D, complexes predicted (by RRKM theory) to end to CHEth ZPE; o4 is the direct-mechanism dissociative cross section for the formation
of CHD,, while Ay stems for the corresponding Monte Carlo standard deviatidotal CID cross section (and the corresponding Monte Carlo
standard deviation), including the contributions from bbith(for the formation of CHD and CHD) and NCHZDE (see the text).
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Figure 1. Collision-induced dissociation cross sections as a function Figure 2. Collision-induced dissociation cross sections as a function
of translational energy: (a) indirect dissociation; (b) direct dissociation. of vibrational energy of the reactant molecule: (a) indirect dissociation;
The error bars indicate the Monte Carlo standard deviation. See the(b) direct dissociation. See the text.
text.
Ezpe(CDs3) as displayed in Table 1. Also the difference in the hyperthermal argon collisions with vibrationally cold ¢H
energy transfer because of the collision with argon may have molecules. Clearly, vibrational excitation has a strong impact
an influence on that result (this will be further detailed in the in the enhancement of dissociation in methane and its isoto-
next subsection). pomers. Concerning the specific vibrational-mode excitation,
The effect of vibrational excitation on the indirect-type CID one observes in Figure 3a that the indirect-type CID cross
cross sections is addressed in Figures 2a and 3a. Note that theection slightly increases when most of the iniig}, is placed
main trends of the curves in these figures are directly related toin the high-frequency modes (symmetric and antisymmetric
the numbers of complexes formed during the collision process, stretches).
which are shown in Tables 2, 3, and 4 under the symbols Although the major contribution to the CID cross section
Ner Nep;, andNc,, p;, respectively. It is interesting to observe  arises from the indirect mechanism, direct-type trajectories may
in Figure 2a that, for the three systemsEgt= 8 eV, there is play an important role, especially as the energy (either collisional
a great increase in the indirect CID process as the vibrational or internal) increases. We show in Figure 1b the CID cross
energy Eyip) increases from 2.3785 eV to 4.757 eV; the factors sections arising from direct dissociation for fixeg, = 4.757
are 126, 21, and 34 for AF CHy, Ar + CD4, and Ar+ CH,D,, eV as a function of the collision energy. The contribution from
respectively. Furthermore, we note that Tréyhas obtained direct mechanism to CID is not negligible even &y =5 eV,
almost negligible indirect-type CID cross sections by considering and increases with collision energy, as expected. Indeed, it is
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Figure 4. Energy transferred in all collisions as a function of
translational energy for Ar- CH, (open circles), Ar+ CD, (full
circles), and Ar+ CH,D; (full squares).

We represent in Figure 2b the direct-mechanism CID cross
section forEy, = 8 eV as a function oE,,. It is apparent from
this figure that vibrational excitation is important for direct
dissociation to occur. This conclusion is particularly evident
by the comparison of the present results with those of T#éya,
who observed no direct-dissociative trajectories for the collision
of Ar with CH; molecules prepared according to a thermal
sampling of vibrational quantum numbersTat 300 K (which
essentially corresponds to the vibrational ground state), even
for E;x = 10 eV. In addition, Tables 24 show that direct-
mechanism CID cross sections are enhanced by a factob8f
(~13) for Ar + CH4 (Ar + CDy) as the vibrational energy of
reactants increases from 2.3785 eV to 4.757 eV, while the
corresponding factor is 17.5 (21) for the formation of £LH

of the same order of magnitude as the total CID cross section (CHD,) after the Ar+ CH,D; collision. We should emphasize

(essentially due to the contribution from indirect mechanism)
calculated by Troy® for the collision of argon with a
vibrationally cold CH molecule atE;, = 10 eV. Despite the
differences between the intramolecular Obbtential used in

that these enhancement factors are much larger than the
corresponding ones reported above for the variation of collision
energy. It is worth noting that the direct-mechanism CID cross
sections for the deuterated species are always higher than the

both works, this discrepancy in the CID cross sections may be Ar + CHs ones, though the magnitude of the corresponding

attributed to the vibrational excitation of methane, as it is
discussed below. Figure 1b and Tables42also show that the

direct-mechanism CID cross sections are always greater for Ar

+ CD, than for Ar+ CH,; and Ar 4+ CH.Do; the CID cross
sections increase by-11 and ~9 as the collision energy
increases from 5 eV to 10 eV, for Ar CH4 and the deuterated

enhancement factors follows the reverse order. Combining the
present result (including the above-mentioned for indirect
dissociation) with the fact that methane-like species may be
found in vibrational excited states at an orbital altitd¢ieve
anticipate that degradation of polymeric hydrocarbons coating
spacecrafts may be more significant than expected for vibra-
tionally cold molecules.

species, respectively. This result is in agreement with previous  \yhether specific vibrational-mode excitation plays a signifi-
evidencé that the increase of the reduced mass leads to a better.gnt role in direct-type dissociation is per se a very interesting
COUpling between translational and vibrational degrees of question_ To investigate thiS, we have performed trajectory
freedom because of a decrease in the corresponding fundamentajalculations for specific excitations of each of the four types of
frequencies. Note also that, even for CID processes evolving vibrations (designated by;, wherei = 1—4), and plotted the

on distinct potential energy surfaces (e.g.,/ACH, and Ar+ results for the CID cross sections in Figure 3b. Because there
CFy), the change in the mass of the system may account foris a partial redistribution of the vibrational energy localized in
most of the differences arising in the corresponding dynaffiics. the excited mode during the time the colliding species are
Another interesting observation in Figure 1b is the fact that the approaching each other, these results should be considered from
ratio of the cross sections for production of £Hand CHD a qualitative point of view. This well-known deficiency of j[he
deviates from unity as the collision energy increases, favoring QCT method may contribute to attenuate the differences in the
the formation of the latter species. This is in contrast with the cross sections arising from each wbranon_al-mode excitation [as
above finding for indirect dissociation and can be rationalized ShOVV.p I'T Flgurg 3bt]l,"a;!though tr;e ezsent!?l tr?pds Ig)f tzebmoc:je
by noting that the formation of Cid implies the cleavage of specificity can be sl figured out and eastly rafionalized base

C-D bond. which i likel h h | on the atomic motion associated with the mode being excited
a C=D bond, which Is more likely to happen than a cleavage (see below). As can be seen, for the deuterated species (both

of a C—H bond, as we have seen above in the comparison cp, and CHD,), the symmetric stretch/§) excitation is more
between Art+ CD4 and Ar+ CH, CID cross sections. Inturn, jikely to lead to direct CID than the excitation of other modes.
the sum of both CkD and CHD contributions to the direct-  Thjs is not a surprising result because the symmetric stretch is
mechanism CID cross sections in the case of semideuterationexpected to be the most coupled to the reaction path. In
stands between the corresponding values foi Ghe lowest) particular for Ar+ CH,D,, the symmetric-stretch excitation
and CD (the highest). clearly favors the formation of the GB species (at the expense
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Figure 5. Average values of the energy transferred in nondissociative

trajectories for vibration to rdiafiog(J, translation to rotationEr—g [,

and translation to vibration®r—-[J as a function of translational energy: (a) ArCHjs; (b) Ar + CDy; (c) Ar + CHzDa.
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Figure 6. Energy transferred in all collisions as a function of vibrational
energy for Ar+ CH, (open circles), Ar- CD;4 (full circles), and Ar+
CHD; (full squares).

of CHD,) and the corresponding CID cross section coincides
(within the error bars) with that for At CD4, which may be
explained by the close values of the frequencies fowthaode

in both CHD, and CD, (see Table 1). We should also stress
that, in the case of CiD,, thevs mode corresponds essentially

with frequencies 3185 and 3263 chare mainly characterized
by the motion of the hydrogen atoms, while in the 2409 &m
mode the out-of-phase motion of deuterium atoms are promi-
nent. In contrast, all the modes in theset involve the motion
of the deuterium atoms, but only two (1182 and 1343 8m
are characterized by a significant motion of the hydrogens.

We recall here that vibrational-mode specificity has also been
observed experimentally in the € CH,D, gas-phase reactidh
as well as in the dissociation of GH, on a nickel (100)
surface®* The results of the present work for hyperthermal
collisions of argon with CkD; constitute further evidence of
such vibrational-mode specificity. This finding can be used to
control the reaction outcome and provides clear evidence about
the nonstatistical behavior of the GB} dissociation. Hence, it
may explain the opposite trends arising in the dissociation of
CHzD- via direct (where formation of CHD is generally
favored) and indirect (where formation of CHI» favored)
mechanisms (see Figures-2 and Table 4).

Recently, both gas-pha&8&nd gas-surfacé®57 experimental
studies have shown that excitation of £3tretch modes strongly
enhances reactivity. Our results show that CID cross sections

to the motion (in phase) of the deuterium atoms, which is better for Ar + CH, increase only slightly when the Gidtretch modes

coupled with translation. In addition, unlike the bending-
modes excitation, for which the formation of @bland CHD

is similar, the lowest-frequency modesg) excitation tends to
favor CHD against CHD, while the reverse arises for the

are excited. Although this quantitative discrepancy may be
attributed to the fact that we are comparing different reactions,
the apparent statistical behavior of methane in hyperthermal
collisions with argon may be a consequence, to a certain extent,

highest-frequency one (antisymmetric stretch). This can be of partial deexcitation of the initially excited vibrational mode
explained based on the motions of the atoms associated to eachefore the collision takes place, as pointed out above.

mode in CHD,. Thus, for the set of; modes, those associated

3.2. Energy Transfer.We plot in Figure 4 the average energy
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Figure 7. Average values of the energy transferred in nondissociative

and translation to vibration®r—-[J as a function of vibrational energy:

trajectories for vibration to rdi&fiog(J, translation to rotationEr—r ),
(a) Ar CHg; (b) Ar + CDs; (c) Ar + CH.D».
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Figure 8. Energy transferred in all collisions as a function of mode-
specific excitation for Ar+- CH,4 (open circles), A+ CDy4 (full circles),
and Ar + CH;D, (full squares). The dashed lines indicate the
corresponding microcanonical values.
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transferred in all collisions as a function of collision energy

(Ew). Itis clear from this figure that the energy transfer increases

with Ey, and it is always larger for A#- CD,, followed by Ar
+ CHyD, and Ar+ CHy, respectively. This result follows the

same trend that we have met in the previous subsection for the

J. Phys. Chem. A, Vol. 110, No. 22, 2006119

hyperthermal conditions where the high values of the collision
energy produces hard collisions with large amounts of energy
transferred to methane.

Figure 6 shows the average energy transferred in all collisions
(CAED) for B, = 8 eV as a function of vibrational energy. Once
again,[AEis larger for Ar+ CD,, followed by Ar+ CH,D,
and, finally, by Ar+ CH,. The increase of the vibrational energy
of reactants leads to a decreaseAtL] which must be due to
a less efficient +V and T—R coupling. This observation
implies that it is more difficult to vibrationally excite methane
and its deuterated isotopomers by collision with argon when
they are already excited; hence, this kind of collision may
contribute to the excitation of methane-like molecules in LEO,
with obvious consequences to their reactivity (see previous
subsection). Furthermore, it is interesting to note in Figure 7
that, for all the reactant systems, the fluxes of energy for
nondissociative trajectories as a function of the vibrational
energy show the opposite trend of that discussed above for the
corresponding variation with increasing collision energy (Figure
5): [Er—vOand [Er—rdecrease with increasing vibrational
energy, while (Ey—r0Oslightly increases. Thus, the energy

corresponding CID cross sections (especially for the indirect- transfer between translation and internal degrees of freedom is

type ones). The differences arising in the three systems may
justified by noting that the vibrational frequencies of Cére
lower than those for CHD, and CH, (see Table 1), which favors
the T— V' energy transfer in the former. This is confirmed in

pefavored with increasing collision energy rather than with

vibrational excitation, while the reverse is true f@/ g

Figure 8 displays the average energy transferred in all
collisions forE; = 8 eV as a function of specific vibrational-

Figure 5 where we have plotted the average translational to mode excitation. It is shown in this figure that the average

vibrational (Er—[), translational to rotationallEr—.r[), and
vibrational to rotational [Ev—r[) energy transfer for nondis-

energy transfer is promoted by exciting the high-frequency
modes (i.e., symmetric and antisymmetric stretches), while the

sociative trajectories as a function of collision energy. Indeed, excitation of the low-frequency ones (i.e., bending-type) does

it is apparent from this figure thafer—.increases with

not favor it in relation to the corresponding microcanonical

collision energy and it is larger for the deuterated species (panelsvibration distribution (dashed lines in the figure). Moreover, it

b and c) than for CH(panel a). In addition, it is interesting to
observe in Figure 5 thdlEr.ralso increases with collision
energy, but at a smaller rate th&y—.-[] while [Ey—r Cslightly

is shown in Figure 9 that, for all the three systems;>V' and
T — R’ energy transfer occurs preferentially in the case of
exciting the symmetric- and antisymmetric-stretching modes,

decreases within the same range. This general trend does nowhile the excitation of lower-frequency modes andv») leads
change with the reactant system and, in particular, the valuesto values offr—.CandEr—r Cslightly below the corresponding

of [Er—rOare approximately independent of the isotopomer ones for the microcanonical vibrational distribution (see also
considered. Thus, it is clear that-R coupling, and mainly the  Figure 5). This may be attributed to the fact that large-amplitude
V—R one, plays a minor role for the energy transfer mechanism vibrational stretches should couple better with translation than
in hyperthermal collisions of methane with argon when com- excited low-frequency (bending-type) vibrations. Indeed, excit-
pared with 7=V coupling. This is in contrast with our previous ing high-frequency modes brings the system to a situation where
findings® for the same system at temperatures ranging from the corresponding vibrational states are more closely spaced (i.e.,
2500 to 4500 K, wheréEr—Oand [(Er—rCwere found to be the system becomes more anharmonic than in the ground
much smaller tharfE,—r(and the directions of the transfer vibrational state), which allows a more efficientV coupling;

of the average energies were reversed in relation to those insuch a statement has been already applied in a previous energy
the present work). These differences may come from the transfer studif of thermal collisions (506< T/K < 5000) of
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Figure 9. Average values of the energy transferred in nondissociative trajectories for vibration to rdi&{ioa(J, translation to rotationEr—r ),
and translation to vibration®r—[J as a function of mode-specific excitation: (a) ArCHy; (b) Ar + CDy; (c) Ar + CHzD..
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Figure 10. Final translational energy distribution for nondissociative Figure 11. Final translational energy distribution for dissociative
trajectories aE, = 5, 6, 8, and 10 eVHy, = 4.757 eV): (a) Ar+ trajectories aEy = 5, 6, 8, and 10 eV: (a) At CHg; (b) Ar + CDy;

CHyg; (b) Ar + CDq; (c) Ar + CHzD.. (c) Ar + CHyD». In panels b and c, the distributions fB = 8 eV at

both E\ix = 2.3785 eV (dashed line) arteli, = 4.757 eV (solid line)

are shown; the former is not represented in panel a, because only four
trajectories lead to direct dissociation.

argon with highly excited tetrahedral molecules (i.e. 4OED;,
SiH4, and CR). In contrast, excitation of modeg andv, causes
[Eyv—rOto diminish in relation to the excitation of modes

andv», which may be associated to the fact that bending-type type dissociative trajectories transfer more than 1.4 eV to the
vibrations are expected to be more coupled with rotational internal degrees of freedom of the reactant molecule; these shifts

motion. are even enhanced t03.9 eV in the case dfj, = 2.3785 eV

We represent in Figure 10 the translational energy distribution (for Ar + CDs and Ar+ CHzDo), which confirms the above
for nondissociative trajectories Bt = 5, 6, 8, and 10 eV, observation that energy transfer decreases with vibrational

= 4.757 eV). The distributions for the remaining calculations excitation. Note also that the distributions broaden for the
atEy; = 8 eV (not shown in the figure) present a very similar deuterated species which appears to reflect the increase in the

pattern. It is clear from this figure that, for the three systems, Number of intemnal states available.
the peak of each distribution is placed around the corresponding
initial collision energy, which indicates that most of the
trajectories transfer very little energy. A similar result has been
obtained by Troy# for hyperthermal collisions between argon the effect of vibrational energy excitation of methane in the
and vibrationally cold Chl molecules. In fact, the average collision-induced dissociation by argon at hyperthermal energies
energy transferred from translation to the internal degrees of (5 < Ey/eV < 10). Trajectory calculations have been also carried
freedom appears to be controlled by the great amount of energyout for Ar + CD4 and Ar + CH,D, in order to assess the
transferred with small probability (left-hand tail of the curves importance of isotope substitution on the title reaction. In all
in Figure 10). However, the distributions in this figure exclude cases, we have used a recently modified veSiofithe CH,

all trajectories leading to direct dissociation, in which a great potential energy surface of Duchovic et & .while the Ar—
amount of collision energy must be transferred into the internal CH, interactions have been modeled by the pairwise generalized
degrees of freedom of the reactant molecule. Then, we presenexponential function of Troy#t

in Figure 11 the translational energy distributions for direct-  Although the major contribution to CID may arise from long-
type dissociative trajectories Bt = 5, 6, 8, and 10 eVH,i, = lived complexes (indirect mechanism), the importance of direct-
4.757 eV). For Ar+ CD4 and Ar+ CH,D; at E; = 8 eV, the type trajectories is not negligible, especially as either collision
distributions forE,i, = 2.3785 eV are also represented by dashed energy or vibrational energy increases. The direct-mechanism
lines. Itis clear from this figure that the maxima of distributions CID cross sections follow the ordei;p(Ar + CD4) > ocip-

are always shifted to lower collision energies (in relation to the (Ar + CH;D;) > ocip(Ar + CHjy), which has been attributed
corresponding value oEy): they vary from~1.5 (~1.4) to to a better FV coupling as deuteration increases owing to a
~2.1 eV (~2.6 eV) in the case of Af- CHs (Ar + CD4 and decrease of the corresponding fundamental vibrational frequen-
Ar + CH;D>). This expected result shows that most of the direct- cies. On the other hand, the differences arising in the indirect-

4. Conclusions
We have applied the quasi-classical trajectory method to study
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mechanism CID cross sections for the three systems have been (13) Troya, D.; Schatz, G. GQ:heory of Chemical Reaction Dynamics

explained on the basis of the ZPEs of the forming products.
From the calculations with mode-specific excitation condi-
tions, we found that direct dissociation of ¢l$ essentially

independent of the mode where the energy is pooled, while CD

and CHD, present mode specificity (CID is enhanced for

symmetric- and antisymmetric-stretches excitation). This mode

Lagana A., Lendvay, G., Eds.; Kluwer Academic Publishers: Dordrecht,
The Netherlands, 2004; p 329.

(14) Minton, T. K.; Zhang, J.; Garton, D. J.; Seale, J.Migh Perform.
Polym.200Q 12, 27.

(15) Zhang, J.; Minton, T. KHigh Perform. Polym200Q 13, 467.

(16) Brunsvold, A. L.; Garton, D. J.; Minton, T. K.; Troya, D.; Schatz,
G. C.J. Chem. Phys2004 121, 11702.

(17) Lee, Y. T.; McDonald, J. D.; LeBreton, P. R.; Herschbach, D. R.

specificity has implications for the control of the reactions and Rev. Sci. Instrum.1969 40, 1402.

prevents the application of statistical theories to these systems,

However, the energy transfer in Ar CH, (as well as in Ar+
CD4 and Ar + CHD») is enhanced by exciting the stretch
vibrational modes of the colliding molecule.

For energy transfer, we have observed that most of the
nondissociative events led to little energy transfer from trans-
lational to internal degrees of freedom, being the values of

(Er—vOand (Er—.rCessentially controlled by the great amount

(18) O’Laughlin, M. J.; Reid, B. P.; Sparks, R. K.Chem. Physl985
83, 5643.

(19) Zhang, J.; Garton, D. J.; Minton, T. K. Chem. Phys2002 117,
2746.

(20) Grinchak, M. B.; Levitsky, A. A.; Polak, L. S.; Umanskii, S. Y.
Chem. Phys1984 88, 365.

(21) Hase, W. L.; Date, N.; Bhuiyan, L. B.; Buckowski, D. &.Phys.
Chem.1985 89, 2502.
(22) Hu, X.; Hase, W. LJ. Phys. Chem1988 92, 4040.
(23) Cobos, C. J.; Troe, Z. Phys. Chem. Neue Fold®9Q 167, 129.
(24) Miller, J. A,; Klippenstein, S. J.; Raffy, Q. Phys. Chem. 2002

of energy transferred with small probability. In contrast, most 146 4904.

of direct-type dissociative trajectories involve a great amount

(25) Marques, J. M. C.; Mdrez-Nuiez, E.; Ferhadez-Ramos, A;

of energy transfer into internal degrees of freedom (more than Vazquez, S. AJ. Phys. Chem. 2005 109 5415.

1.4 eV) for all the three systems studied in this work.

Finally, the present results clearly point out the strong impact

of vibrational excitation on the collision-induced dissociation

of methane-like molecules at LEO hyperthermal conditions.
Since such molecules (that can be seen as building blocks for

(26) Troya, D.J. Phys. Chem. R005 109, 5814.

(27) Roth, P.; Just, TBer. Bunsen-Ges. Phys. Cheb9.75 79, 682.

(28) Tabayashi, K.; Bauer, S. liombust. Flamd 979 34, 63.

(29) Klemm, R. B.; Sutherland, J. W.; Rabinowitz, M. J.; Patterson, P.
M.; Quartemont, J. M.; Tao, WI. Phys. Chem1992 96, 1786.

(30) Kiefer, J. H.; Kumaran, S. S. Phys. Chem1993 97, 414.

(31) Davidson, D. F.; Hanson, R. K.; Bowman, Clit. J. Chem. Kinet.

hydrocarbon polymers, e.g., polyethylene) may appear vibra- 1995 27, 305.

tionally excited at orbital altitud& one anticipates this factor

to constitute an additional contribution to the faster degradation

of the spacecraft's polymeric coat under LEO conditions.
Moreover, energy transfer is significant for low vibrational

(32) Koike, T.; Kudo, M.; Maeda, |.; Yamada, tht. J. Chem. Kinet.
200Q 32, 1.

(33) Warnatz, J.Combustion ChemistryGardiner, W. C. J., Ed.;
Springer-Verlag: New York, 1984; p 197.

(34) Zhou, D. K.; Pendleton, W. R., Jr.; Bingham, G. E.; Thompson,

energies, which may be a pumping source of collision energy P- C.; Raitt, W. J.; Nadile, R. MJ. Geophys. Red.994 99, 19585.

into internal energy, and hence excite the Ghblecules that

can more easily dissociate after colliding again with argon or

other species.
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