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We present a study of energy transfer in collisions of Ar with methane and perfluoromethane at hyperthermal
energies o = 4—10 eV). Quasiclassical trajectory calculations ofACX, (X = H, F) collisions indicate

that energy transfer from reagents’ translation to internal modes of the alkane molecule is greatly enhanced
by fluorination. The reasons for the enhancement of energy transfer upon fluorination are shown to emerge
from a decrease in the hydrocarbon vibrational frequencies of then@@¥ecule with increasing the mass of

the X atom, and to an increase of the steepness of theCXy intermolecular potential. At high collision
energies, we find that the cross section of -ArCF, collisions in which the amount of energy transfer is
larger than needed to break a-€ bond is at least 1 order of magnitude larger than the cross sections of Ar

+ CH;, collisions producing CkHwith energy above the dissociation limit. In addition, collision-induced
dissociation is detected in short time scales in the case of the fluorinated speEiggsat10 eV. These

results suggest that the cross section for degradation of fluorinated hydrocarbon polymers under the action of
nonreactive hyperthermal gas-phase species might be significantly larger than that of hydrogenated hydrocarbon
polymers. We also illustrate a practical way to derive intramolecular potential energy surfaces for bond-
breaking collisions by improving semiempirical Hamiltonians based on grids of high-quality ab initio
calculations.

Introduction species on spacecraft polymers had been ignored. However, Ar
) . and N are roughly twice heavier than atomic oxygen, which
Understanding how energy flows between modes during the giyes rise to relative collision energies with spacecraft polymers
course of a molecular collision has long been a driving force roughly twice larger than in the case of atomic oxygeE(
for collisional energy transfer studies. In early efforts, collisional ., gay (11 eV) for N (Ar) collisions with the polymer surfaces
energy transfer was studied as a key step in the determinationyerpendicular to the direction of travel of the spacecraft.) The
of unimolecular reaction rates, and significant activity was gjjision energies associated with these hyperthermal encounters
directed at characterizing the mechanisms whereby highly are well in excess of the dissociation energies of many chemical
internally excited molecules lose energy to a bath of nonreactive y5ds in the polymers. Therefore, large collisional energy
species through collisional energy transfetNew interestin  yranser from initial translation to molecular motions could result
the field of collisional energy transfer is emerging due to the j, polymer degradation by collision-induced dissociation.
presence of collisions of hyperthermal species with gas-phase Recent experimental work by the Minton group has shown

molecules and surfaces in a variety of environments. that hyperthermal collisions of Ar and,Nvith hydrocarbon

A paradigmatic example of an environment in which hyper- nolymers result in the degradation of the polym@ér&in those
thermal collisions are important is low-Earth orbit (LEO). experiments, hyperthermal beams of Ar and pWére directed
Spacecraft operating in LEO collide with the natural gaseous at oxidized polymer surfaces. The detection of volatile CO and
species of the LEO atmosphere-e8 km/s. Such hyperthermal  co, species upon collision of fast Ar and;Mn the oxidized
collisions result in degradation of the polymers used to coat polymer clearly indicates that the energy transfer from the
spacecraft:® The most abundant species of the LEO region hyperthermal Ar and Nspecies to the polymers is large enough
(100-700 km altitude) is atomic oxygen in the ground state g produce breakage of chemical bonds in the polymer surface.
(OCP)). Thus, vigorous activity from both experimeritaand More recently, the same group measured the extent of collisional
theoretical1° perspectives has been aimed at characterizing the energy transfer in collisions of hyperthermal Ar withHG (Ecol
reactions of OP) with hydrocarbons at hyperthermal energies < 5 eV/)13 The results indicated that some collisions can produce
as a model to derive fundamental understanding of the mech-higmy vibrationally excited ethane.
anisms whereby hydrocarbon polymers degrade in LEO. In this paper, we present a theoretical study of collisional

Although atomic oxygen is the most abundant species in LEO, energy transfer and collision-induced dissociation in hyperther-
the number densities of other gaseous neutral species are alsgnal collisions between Ar and GXX = H, F). Our goal is to
significant, particularly at low altitudes. For instance, at 150 give an initial step toward the characterization at the theoretical
km altitude, the number density of,N6 comparable to that of  |evel of the role of hyperthermal collisions between closed-
O(P), and the number density of Ar atoms is only about 2 orders shell species and polymeric hydrocarbons in polymer degrada-
of magnitude smaller. Both Nand Ar are closed-shell species,  tion. Comparison between A+ CH,; and CR collisions is
and until recently, the possible deleterious effects of these motivated by experimental measurements of the erosion rates
of hydrogenated and fluorinated hydrocarbon polymers in the
* E-mail: troya@vt.edu. LEO environment. On-orbit measurements indicate that fluori-
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nated polymers, such as TEFLON, erode somewhat more slowly
than analogous hydrogenated polymers (such as polyethylene’
in LEO .24 Recent theoretical studies indicate that the reactivity

of atomic oxygen with fluorinated hydrocarbons is marginal
under LEO condition$® According to these calculations, if
O(P) was the only species accountable for damage, fluorinated
polymers should erode at a much smaller rate than they actually%
do in the LEO environment. It is therefore plausible that sources —
of erosion other than atomic oxygen play a major role in the = ,
degradation of fluorinated polymers. UV radiation has been
identified as one source of damal§é’ However, the contribu-

o CCSD(T)/ce-pVTZ
— Fit

(a)

tion of hyperthermal collisions with Nor Ar is currently 2t .
unknown. The work presented here is aimed at clarifying the
potential importance of collision-induced dissociation in hy- .
drogenated and fluorinated hydrocarbons produced by hyper- 0 T 4 3
thermal impacts of nonreactive species, such as Ar. r(Ar-C) / Angstrom

Another goal of this work is to advance our knowledge ofa 4, ; .

practical and relatively unexplored way to derive potential
energy surfaces for reaction dynamics calculations. The strategy
for constructing such potential energy surfaces is based on the
development of accurate quantum-mechanical semiempirical
Hamiltonians that permit direct-dynamics calculations. The
method is general and can be applied to a variety of chemical > 6r

o MP4/ce-pVTZ

— Fit
O (b)

reactions, including collision-induced dissociation. &
, = O
Potential Energy Surface o
Predictive characterization of collisional energy transfer in
collisions of Ar with hydrocarbon species requires use of an 2t b

accurate potential energy surface describing the interactions
between Ar and the hydrocarbons (intermolecular potential), and
within the hydrocarbons (intramolecular potential). In this
section, we separately describe the derivation of the intermo-
lecular and intramolecular potential energy surfaces employed
in our dynamics studies of collisions of Ar with Gldnd Ch.

A. Intermolecular Potential. The shape of the intermolecular
potential between Ar and CHs characterized by a shallow
well at long Ar—CH;, distances, and a repulsive wall at short
distances. The relatively simple profile of this potential energy
surface allows for derivation of analytical functions that

3
r(Ar-C) / Angstrom

Figure 1. Comparison of analytical and ab initio intermolecular
potential energy in three approaches of Ar to.CXa) Ar—CH, and
(b) Ar—CF..

TABLE 1: Parameters of the Pair-Wise Generalized
Exponential Function (see Eq 1) Describing the Ar-CX,
(X = H, F) Intermolecular Potential2

reproduce ab initio calculations. The most accurate intermo- 8j bj Ci dj
lecular potential for Ar-CHj, collisions available to date was  Ar—CH,

derived by Hase and co-workers by fitting pairwise generalized i=Ar,j=H  6908.0024 3.19515 -105.2819 5.228089
exponential functions to QCISD(T)/6-3+H-G** ab initio ArI—ZFAr'J =C 1655572031 3.54001-13103.1045 7.452095
calculaﬂons_l.8 Th_e analytical intermolecular potentlal energy i=A‘:r,j —F 991404531 3.63198 —2396.7034 6.214203
surface derived in that work accurately describes the electronic  j=ar, j=C  4163.6846 2.27087 —921.3834 7.809786

structure calculations up to energies of about 5 eV. In this work,

2 Units are such that ifj is in A, Vj is in kcal/mol.

we are interested in collision energies in thel®d eV range.
Therefore, using a similar approach, we have developed a new
analytical function that reproduces ab initio calculations covering ;
the regions of the potential energy surface explored in the
hyperthermal collisions studied here.

Our pairwise analytical function for the AICH, intermo-

lecular potential energy term has the form:

good coverage of the intermolecular potential energy surface.
gure la shows the ab initio data points compared with the
best fit provided by the analytical function of eq 1. Both sets
of energies are in excellent agreement throughout the energy
regime relevant to our dynamics calculations. The parameters
of the analytical function are reported in Table 1.

We have adopted an analogous strategy to derive an analytical
intermolecular potential energy function for collisions of Ar with
CF4. However, calculation of over 100 points at the CCSD(T)
where i= Arand j= C or H, andrj is the internuclear distance  level with the cc-pVTZ basis set becomes computationally
between Arand C or H. The b, ¢, andd adjustable parameters  expensive for this system due to the abrupt increase in CPU
have been derived based on CCSD(T)/cc-pVTZ calculations of time of CCSD(T) methods with an increasing number of
the energy of three approaches of Ar to the sQHbolecule: electrons. To alleviate the computational expense without
collinear to a C-H bond Cs, symmetry), perpendicular to one  drastically compromising the accuracy of the calculations, we
of the faces of the CH tetrahedron @3, symmetry), and have restricted the level of electronic correlation to fourth-order
bisecting a H-C—H angle C,, symmetry). Overall, we have  Mgller—Plesset perturbation theory (MP4, including single,
calculated 178 points at the CCSD(T)/cc-pVTZ level to obtain double, triple, and quadruple excitations). Thus, MP4/cc-pVTZ

V; = aexp(-br;) + C/ri]-d (1)
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calculations are used to describe the potential energy of the three ([ ' T PSSR SHRPRPN AP SRS

approaches of Ar to the GRetrahedral molecule mentioned
above for CH (i.e., collinear to a €F bond, perpendicular to
a tetrahedral face, and bisecting-a€—F angle). Overall, 130 4
ab initio points were included in the fit of the analytical function
shown in eq 1 for the ArCF,; intermolecular potential.

Comparisons between the ab initio data points and the analytical% 3
function are shown in Figure 1b, and excellent agreement — |
between the ab initio and the fitted values can be noted. The™
adjustable parameters of the analytical function are reported in

Table 1. -

We have verified the legitimacy of MP4 calculations by 1+
performing CCSD(T) calculations on selected points of the Ar
CF, intermolecular potential energy surface. MP4 calculations ;
provide good estimates of CCSD(T) energies in all cases. For 0 1 by 3
instance, for the approach of Ar to ¢&ong one of the FC—F r(C-H) / Angstrom
bisectors, the MP4/cc-pVTZ energy at an-C distance of 4,16 5 Calculated G-H bond dissociation energy curves in CH

2.153 Ais 9.693 eV (referred to.separated reagents). The €nergyrhe geometry of the Ckmoiety is held fixed in the calculations {&4
at the CCSD(T)/cc-pVTZ level is 9.737 eV. These calculations distance= 1.089 A, tetrahedral angles). The first-principles data

differ by about 1 kcal/mol, which is well below 1% of the total ~correspond to calculations with the 6-31G* basis set. The FULL-CI
potential energy. For the approach collinear to one of théC ~ data are taken from ref 26.

bonds, the MP4/cc-pVTZ energy is 9.499 eV at an—&r . )

distance of 2.845 A. The CCSD(T)/cc-pVTZ value is 9.539 ey, the potential energy and energy gradients of the, @htl Ch
~0.9 kcal/mol larger than the MP4 value. Finally, for the molecqles dl_rectly from qu_antum-_mechan_mal c_alculatlons while
approach of Ar perpendicular to one of the QBtrahedron thg trajectories are evolvmg. This technique is best known_ as
faces, the MP4/cc-pVTZ energy at an-AE distance of 1.885 “direct-dynamics™* The main advantage of this procedure is

A is 9.302 eV. The corresponding CCSD(T)/cc-pVTZ energy that the process of deriving an analytical potential energy surface
is 9.336 eV,~0.8 kcal/mol larger than the less accurate result. 'S @voided altogether. The disadvantage of calculating the

These sample calculations demonstrate that our choice of theintramolecular potential energy directly with quantum-mechan-

MP4 method to explore the repulsive wall of the ATk, !

ical calculations is in the large computational overhead that this
potential energy surface introduces only a marginal error in the 2PProach poses. For trajectory studies such as the one presented
intermolecular potential energy surface.

here, the total number of required gradient calculations is in
. the 16—10° range. Such a large number of gradient evaluations
It shouI(_j be noted that although the analyt_lcal mtermoleculgr prohibits use of first-principles methods.
terms derived here are a good representation of the repulsive
wall, they are not so accurate for the shallow van der Waals

To make direct-dynamics calculations viable, we resort to
; . i . using semiempirical methods. Quantum-mechanical semiem-
well region occurring at longer ArCX, distances. For instance, 9 P Q
the well of the analytical function is 2.5 times deeper than

pirical Hamiltonians reduce the computational effort associated
. . N~ . ; with first-principles electronic-structure calculations by includin

estimated with ab initio calculations in both Ar CH, and Ar P P y 9

+ CF4;. Notwithstanding, the errors in this region of the

empirical parameters in (mainly) two-center integfal$hese
. - . . parameters are typically derived based on high-accuracy ab initio
intermolecular potential energy surface are not important in our
study because the collision energies of the trajectories are at

calculations or experiments on a limited database of chemical
. reactions. Therefore, although semiempirical Hamiltonians

least 2 orders of magnitude larger than the van der Waals well 9 P

depth.

exhibit an excellent accuracy/computing-time ratio for the
reactions included in the database, the accuracy of these methods

B. Intramolecular Potential. The main challenge in per- s not general for every chemical reaction in all of the regions
forming theoretical studies of noble-gas/molecule encounters gf the potential energy surface. An example of the limitations
that lead to collision-induced dissociation in the molecule is of Semiempirica| methods is given by the dissociation energy
tied to the development of an accurate intramolecular potential. cyrves of a &H bond in methane displayed in Figure 2. The
The intramolecular potential energy surface describes the gyp-Cl calculations of ref 26 are compared with UCCSD(T)
interactions within the molecule and must accurately describe gata, and with the estimates of the MSINBE8 AM1,2° and
bond-breakage processes if collision-induced dissociation is p)j330 semiempirical Hamiltonians. The ab initio calculations
possible. In the case of methane, several analytical potentialhave been performed with the Gaussian03 cda@md the AM1
energy surfaces have been published in studies of- €K Hs and PM3 calculations have been carried out with the GAMESS
+ H'"2L and Ar + CH,.?223 Although such intramolecular  gyite of program&? Figure 2 shows that whereas AM1 and PM3
potential energy surfaces could have been readily employed inynderestimate the -€H bond dissociation energy in methane,
our study of hyperthermal At- CHj, collisions, we would still - the MSINDO semiempirical Hamiltonian overestimates it.
have been faced with the necessity of deriving an intramolecular  pynamics calculations of hyperthermal ArCH, collisions
surface for Ck. Thereby, we have preferred to derive new ith the MSINDO, AM1, or PM3 semiempirical Hamiltonians
potential energy surfaces for both ¢eind Ch. The surfaces  would likely result in inaccurate estimates of the extent of
are developed by using analogous strategies so that legitimatesollisional energy transfer, and particularly collision-induced
comparisons between the dynamics of ArCH; and Ch dissociation. However, as mentioned above, use of accurate first-
collisions can be established. principle methods in extensive direct-dynamics calculations

Instead of deriving an analytical potential energy surface including thousands of trajectories is impossible at this time.
based on quantum-mechanical calculations and using it in An emerging approach to deal with the accuracy issues of
subsequent trajectory calculations, our approach is to evaluatesemiempirical Hamiltonians is to optimize the set of empirical

o—a UCCSD(T)
o--0 UHF/MSINDO
4--a UHF/AM1
v-v UHF/PM3
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parameters so that the Hamiltonian reproduces highly accurate 8 . T T
ab initio calculations only for the reaction under consider-
ation3334 The semiempirical Hamiltonian derived in this way
is termed the specific-reaction-parameters (SRP) Hamiltaian.
In this work, we explore the viability of developing SRP
Hamiltonians to treat energy transfer and collision-induced
dissociation in Ar+ CH,, CF collisions. It should be noted
that this approach to construct potential energy surfaces is
general and can be straightforwardly extended to collisions
involving species with, in principle, an arbitrary number of
degrees of freedom. .

We have derived SRP-MSINDO Hamiltonians for the .CH I b - gggz%ﬁ:g&\];% |

=)

LS}

Potential energy / eV
o

and CR molecules by optimizing the parameters of the | o UHF/MSINDO
MSINDO Hamiltonian for both of these molecules so that 05 : 0!5 . 1
semiempirical calculations reproduce high-quality ab initio data. time / ps

We use a home-designed nonlinear least-squares procedur(]-‘-:igure 3. Comparison of UCCSD(T)/cc-pVTZ data points with SRP-

based on the minpack librarsto optimize the set of  \i5INDO and MSINDO estimates for highly excited configurations
semiempirical parameters so that the differences betweenof CH,. The points correspond to single-point calculations of instan-

semiempirical and ab initio energies are minimum. In the case taneous geometries of a methane root trajectory initiated with 2.5 quanta
of CHjy, we initially calculated 99 points of the methane-8 of vibrational excitation in each normal mode and integrated for 1 ps.
dissociation energy curve at the UCCSD(T)/cc-pVTZ level as i , .

a database for optimization of the MSINDO parameters. During 7+ ' o UCCSD(T)/cc-pVTZ
the parameter optimization, we discovered that one can get '= . UUﬁf;EfP%ST?DO
semiempirical calculations to perfectly match the ab initiohC 6 b ---- UHF/MSINDO ]
dissociation energy curve at the expense of introducing flaws [ ¢ 77 UHF/AM1

in other regions of the Clsurface. To avoid spurious behavior ST x
in regions of the potential energy surface removed from the >
C—H dissociation pathway, but accessible in hyperthermal 2
collisions, we have included a total of 399 UCCSD(T)/cc-pVTZ 54|
data points in the optimization of the MSINDO semiempirical
Hamiltonian. As mentioned above, 99 of these high-accuracy 2t
points correspond to the -€H dissociation energy curve.
Additional points were calculated to describe the-€+H 1
bending energy curve (56 points) up-et eV, the symmetric
stretching mode of methane (102 points) up® eV, and the 0 1 2 3
CH, + H, asymptote (42 points). These points describe the 1(C-H) / Angstrom
regions of the potential energy surface explored in the extreme Figure 4. Calculated G-H bond dissociation energy curves in £H
case that the energy transferred from the striking Ar atom is The geometry of the CHmoiety is optimized in the calculations.
channeled predominantly to one vibration mode. However, in UCCSD(T)/cc-pVTZ calculations are performed with geometries
real collisions, many vibration modes can be excited. optimized at the UMP2/cc-pVTZ level.

To take into account simultaneous excitation of all of the TABLE 2: C —X Bond Dissociation Energies in the CX%
vibration modes in our grid of high-accuracy ab initio calcula- (X = H, F) Molecules?

4 5

tions, we have calculated 100 points corresponding to highly CH, CF,
e>iC|ted co_nflgura”tlons of meth_ane. '_rhe points are obtained from MSINDO 1667 5116
a “root trajectory” of methane in which all of the normal modes AM1 3.939 4.345
are vibrationally excited. The root trajectory is initiated giving B3LYP/cc-pVTZ 4.828 5.508
2.5 quanta of excitation to each normal modée(eV of total SRP-MSINDO 4.802 5.736
excitation) and is integrated with GAMESS at the UMP2/aug- UCCSD(T)/cc-pVTZ 4.825 5.653

exptl 4.862 5.698+ 0.043

cc-pVDZ level during 1 ps. The instantaneous geometry of the
methane molecule in such a root trajectory is extracted every 2Energies are in eV. Values are not corrected with zero-point
10 fs, and the energy is refined at the UCCSD(T)/cc-pVTZ level. energies’ Obtained from the experimental heats of formation atg K,
The potntal energes sxplored curng e oo rsecory ange 0, La1g, Sl S RonL S o e S
from 1 to 5 eV. Figure 3 shows the energies of the 100 points ) X ) ’

. ; experimental zero-point energies for nd Ck.%6
at the UCCSD(T)/cc-pVTZ level, compared with the estimates xpert zero-pot 9 £ra &

of the original MSINDO Hamiltonian and the SRP-MSINDO  gptimized geometries), with the estimates of the original and
Hamiltonian derived here. The figure shows that the SRP- SRp-MSINDO Hamiltonians. The dissociation energy curve of
MSINDO Hamiltonian is remarkably more accurate than the the standard AM1 Hamiltonian is included for the sake of
original Hamiltonian. Likely, the inclusion of these 100 points  performance comparison. The corresponding dissociation ener-
in the derivation of SRP parameters not only helps improve gies are reported in Table 2 in comparison with experiments.
the global accuracy of the SRP MSINDO semiempirical Hamil- The SRP-MSINDO Hamiltonian provides a good description
tonian, but also reduces the possibility of spurious behavior of of the UCCSD(T) data, particularly with regard to the repulsive
the Hamiltonian in regions not included in the optimization.  wall, the minimum-energy region, and the asymptote. The
Figure 4 shows a comparison of the-8 dissociation energy ~ agreement is not so excellent in the region of the curve where
curve at the UCCSD(T)/cc-pVTZ level (using UMP2/cc-pVTZ- the energy bends over toward the asymptote. This region of
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TABLE 3: Original MSINDO Parameters for the H, C, and F Atoms and SRP-MSINDO Parameters for the Ar + CH, —
Ar + CHz + H and Ar + CF;, — Ar + CF3 + F Processes

Ar + CH, Ar + CRy
H C F C
original SRP original SRP original SRP original SRP
orbital exponents

Y 1.0060 0.6663 1.6266 0.9590 2.3408 2.1107 1.6266 1.0697
&Y 1.5572 1.3320 2.2465 2.0046 1.5572 1.1821
&s 1.1576 0.9862 1.7874 3.3876 2.4974 2.7320 1.7874 7.0992
&p 1.6770 1.3789 2.3510 2.2119 1.6770 1.0891

valence-state ionization potentials
I 0.5000 0.3244 0.8195 0.4648 2.0238 3.4591 0.8195 0.7383
Ip 0.6868 0.9208 0.3824 0.7242
resonance integral parameters

Ko 0.1449 0.1226 0.0867 0.0516 0.1769 0.0783 0.0867 0.0767
Ky 0.0127 0.0154 0.0478 0.0065
ky 0.3856 0.6389 0.4936 0.4129
ka 0.5038 0.2166 0.1059 0.1212 0.6776 2.3954

aFor of a detailed explanation of the parameters see ref 27.

the potential energy surface seems particularly difficult to of points for improvement of the MSINDO semiempirical
describe, as shown by the UMP2/cc-pVTZ points included in Hamiltonian. To improve the accuracy of the energies calculated
the figure. Interestingly, UMP2/cc-pVTZ calculations compare at the UB3LYP/cc-pVTZ level, we linearly scale these energies
well with the SRP-MSINDO data throughout the range eftC so that the scaled UB3LYP/cc-pVTZ~F dissociation energy
distances explored in our calculations, but SRP-MSINDO shows matches the UCCSD(T)/cc-pVTZ value. The scaling factor is
better performance in the region of slight disagreement with Ecaed)saLyr= EgaLyp(5.654/5.508), wherBgs yp andEscaied)saLyp
UCCSD(T) values. The original and improved SRP-MSINDO are the energies of the ¢Rolecule referred to the energy of
parameters for the C and H atoms are shown in Table 3. the equilibrium geometry.

It should be noted that in the fitting, the semiempirical The grid of scaled UB3LYP energies consists of 292 points.
energies are calculated by using the same geometries as in th&eventy eight of these points are for the Edissociation energy
ab initio points for the symmetric stretch, the €H H, curve, 47 points belong to the-fc—F bending energy curve,
asymptote, and the root trajectory. The geometries of the 51 points are for the symmetric stretch, and 16 are for the CF
symmetric stretch are obtained by scanning théHoordinate + F, asymptote (which is closed at the energies of our dynamics
while keeping the tetrahedral symmetry of the molecule. The calculations). The remaining 100 points have been calculated
geometries of the points of the GH H, asymptote and root  at the UB3LYP/cc-pVTZ level from a “root trajectory” and
trajectory are calculated at the UMP2/AUG-cc-pVDZ level. In  started giving 5.5 quanta of vibrational excitation to each normal
the case of the €H dissociation energy curve, we fix one of mode of Ck (~5 eV of total excitation). The grid of 292 points
the G-H distances and optimize the rest of coordinates in both is used to optimize the parameters of the MSINDO Hamiltonian
the ab initio (at the UMP2/cc-pVTZ level) and semiempirical with use of the same nonlinear least-squares procedure men-
calculations. For the bending data points, we fix the bending tioned before. The parameters of the C and F atoms that
angle in the ab initio calculations and optimize the rest of minimize the deviation between the scaled UB3LYP/cc-pVTZ
coordinates at the UMP2/cc-pVTZ level. In the semiempirical data and the semiempirical values are shown in Table 3.
calculations, we fix the three atoms that define the bending angle Regarding the geometries used in the parameter fitting for
at the ab initio-optimized values, and optimize the rest of the CF;, we have used an approach similar to that for,CFhe
coordinates. geometries of the points of the symmetric stretch are identical

A similar approach has been adopted to derive a SRP-in the ab initio and semiempirical calculations and are obtained
MSINDO Hamiltonian for the CEFmolecule. Unfortunately, we by scanning the €F coordinate in the case of the symmetric
cannot afford calculation of hundreds of points at the UCCSD- stretch, fixing the &F distance to 1.33 A, and scanning the
(T)/cc-pVTZ level for this system, and therefore we need to F—C—F angle inCs, symmetry for the umbrella motion. The
use other methods. Table 2 shows that UB3LYP/cc-pVTZ semiempirical calculations of the @R F, asymptote and root
calculations are in excellent agreement with the UCCSD(T) and trajectory are carried out with geometries obtained from
experimental €H dissociation energies in methane. Additional UB3LYP/6-3+G* and UB3LYP/3-21G* calculations, respec-
calculations (not shown) reveal that the agreement with UCCSD- tively. Note that although in obtaining the geometries of these
(T) data occurs throughout the calculated interval ofHC data points we have used relatively small basis sets, the energies
distances. Table 2 also shows that the agreement betweerare refined at the UB3LYP/cc-pVTZ level before the fitting.
UB3LYP/cc-pVTZ calculations and UCCSD(T)/cc-pVTZ cal- As with CH,, the geometries for the -€F dissociation energy
culations for the &F dissociation energy in GRs also good, curves are obtained by fixing the-& distance that is being
but not as excellent as in the case of L£HBoth sets of varied, and letting the rest of the coordinates in the first-
calculations compare well with experiments. Although the principles (at the UB3LYP/cc-pVTZ level) and semiempirical
UCCSD(T) value is within the experimental uncertainty, as calculations be optimized. For the UB3LYP calculation of
mentioned before, it is prohibitive for us to use this method for bending points, we fix one of the molecular angles and relax
many points. The computational demand of the UB3LYP the rest of the coordinates with the cc-pVTZ basis set. In the
method is much more relaxed, but the-E bond dissociation semiempirical calculations of the bending points, we fix the three
energy value is very close to UCCSD(T) estimates. Thus, we atoms that define the bending angle at the UB3LYP-optimized
have used UB3LYP/cc-pVTZ calculations to generate a grid values and optimize the rest of the coordinates.
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b o (scaled)UB3LYP/cc-pVTZ
7L i — UHF/SRP-MSINDO

collision energy of this study (4 eV) corresponds to a collision
velocity of 8.2 km/s in the A+ CH,4 center of mass and 5.3
km/s in the Ar+ CF4 center of mass. The largest collision
energy of this study (10 eV) corresponds to 13.0 km/s in the
Ar + CH, center of mass and 8.4 km/s in the ArCF, center
of mass. The trajectories are started at an initial separation
between the Ar atom and the center of mass of the CX=
H, F) molecule of 8 A. We stop the trajectories when one of
the Ar—X or Ar—C distances reaches 10 A. This separation is
large enough that the interaction between the noble gas and the
molecule is negligible. For Af- CH, collisions, the equations
of motion are solved every 10 au with use of our home-designed
_ trajectory propagation code, which employs a fifth-order predic-
0 . . . tor, sixth-order corrector integrator. The integration step is small
2 3 4 5 enough that the total energy of the inelastic collisions is
1(C-F) / Angstrom conserved to better than 10hartree. In Ar+ CF; collisions,
Figure 5. Calculated G-F bond dissociation energy curves in CF  the absence of fast motions associated with hydrogen atoms

The geometry of the GFmoiety is optimized in the calculations.  enaples us to use a larger time integration step (15 au), without
(scaled)B3LYP/cc-pVTZ corresponds to B3LYP/cc-pVTZ-optimized jeopardizing total energy conservation.

data points which energies have been scaled so that thé C - )
dissociation energy matches UCCSD(T)/cc-pVTZ results. Potential energy and energy gradients are calculated at each
integration step by using the potential energy method described

Figure 5 shows the comparison between theFQlissociation before. The self-consistent-field (SCF) cutoff in the UHF/SRP-
energy curves obtained with the MSINDO, AM1, and SRP- MSINDO calculations of the CHand CRk intramolecular
MSINDO semiempirical Hamiltonians and the (scaled)UB3LYP/ potential energy is set to 10 au. The major computational
cc-pVTZ data. SRP-MSINDO correctly describes the dissocia- bottleneck of this study is associated with the fact that we cannot
tion energy, which is an improvement over the original Use the optimized molecular orbitals of a previous integration
MSINDO Hamiltonian and the AM1 Hamiltonian. The param- Step as an initial guess for the SCF calculation of a given step.
eter optimization also improves the agreement with more The correct calculation of the energy of a diSSOCiating Singlet
accurate calculations in regions other than the asymptote, butsPecies requires unrestricted wave functions in whictuthad
much as we have indicated in the case ofyOHere is a slight [ orbital spaces are inequivalent. Therefore fresh, broken-
disagreement in the region where the curve bends over towardsymmetry wave functions need to be used at each integration
the asymptote. Likely, the functional form of the MSINDO Step to ensure convergence to the correct limit while the
semiempirical Hamiltonian is not flexible enough to obtain trajectory is evolving.
quantitative descriptions in this region of the dissociation energy ~ We use the VENUS code of Hase efato prepare the initial
curve for both CH and CR without introducing spurious  conditions of the CX molecules. Fixed normal-mode energies
behavior in other regions of the potential energy surface. The are assigned to the molecules according to a thermal sampling
calculated dissociation energies are compared with experimentsof vibrational quantum numbers at 300 RT/2 (T = 300 K)
in Table 2. rotational energy is given about each axis of the tetrahedral

To verify the adequacy of our scaling factor for the B3LYP molecules.
energies in regions other than the-€EF; dissociation energy The focus of this work is on collisions that give rise to large
curve, we have carried out CCSD(T)/cc-pVTZ calculations of amounts of translationat internal (T— INT’) energy transfer.
the three points of highest energy of the GBot trajectory.  These collisions occur at small impact parameters. To obtain
The CCSD(T) energies of these points are 5.955, 5.021, andgood statistics of these collisions, we choose a maximum impact
4.943 eV. The B3LYP/cc-pVTZ results are 5.566, 4.731, and parameter obmax = 7.56 au (4.0 A) in our sampling for both
4.629 eV, respectively. These energies become closer to thear + CH, and Ar + CF, collisions. The range of impact
CCSD(T) estimates when we apply tB@caled)saLyr= EpaLvp- parameters sampled emphasizes trajectories in which substantial
(5.654/5.508) scaling factor (5.712, 4.856, and 4.751 eV). Thus energy transfer is produced, although it does not cover all of
we see that although the agreement between the scaled (B3LYP}he inelastically scattered trajectories. Our tests indicate that the
and CCSD(T) energies is not quantitative in regions of the chosenbmax is large enough to cover trajectories that have
potential energy surface other than the dissociation energy curvegdeflection angles of at leasf 5and therefore, the results we
the scaling factor helps decrease the overall difference betweerpresent correspond to trajectories with scattering angles in the
B3LYP and CCSD(T) data. 5—18C° range for both Ar+ CH,; and Ar+ CF.

Using the inter- and intramolecular potential energy surfaces Although we report product rotational and vibrational ener-
described above, we have performed quasiclassical trajectorygies, it should be noted that substantial Coriolis coupling is
calculations of Ar+ CHa and Ch collisions at hyperthermal — gypected in the product molecule. This coupling between
energies with the goal of examining the extent of energy transfer rstational and vibrational modes will make the product rotational

and collision-induced dissociation in these systems. and vibrational energy fluctuate in time. Thus, although the
. internal energy of the CXfragment will be constant after the

Dynamics Study collision, the rotational and vibrational energies will change.
A. Computational Details. We use the quasiclassical trajec- B. Collisional Energy Transfer. Figure 6 shows the product

tory method to study the dynamics of Ar CH; and CR relative translational energy distributions in Ar CX4 (X =
collisions at hyperthermal energies. Batches of 10 000 and 5 000H, F) trajectories at collision energies in the 4 eV range. It
trajectories are integrated at 4, 5, 6, 7, 8, 9, and 10 eV collision can clearly be seen that Ar recoils more slowly from collisions
energies for A CH, and Ar+ CF,, respectively. The lowest  with CF4 than from collisions with Cil The peak of the
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Figure 6. Calculated product translational energy distributions in
hyperthermal Ar+ CX,4 (X = H, F) collisions: (a)Ecoi = 4 eV; (b)

Econ =5 €V, (C)Econ = 6 €V, (d)Econ = 7 €V, (e)Ecar = 8 eV; (f) Ecan
=9eV.

distributions occurs at 9598% of the initial collision energy,
indicating that most of the trajectories transfer very little energy
from initial collision to molecular modes during the course of
the collision in the range of selected impact parameters.
Interestingly, the product translational distributions ofHACF,
collisions are much broader than those of4ACH, collisions,
indicating enhanced energy transfer upon fluorination of the
alkane. We note that in a small fraction of the collisions, the
final Ar translational energy is larger than the initial collision
energy. In these collisions, the GXolecule transfers energy
from its internal modes to products’ relative translation, ending
up with internal energy below its zero-point in most cases. This
is a well-known deficiency of classical-dynamics methods, and
has been identified before in studies of ArC,Hg collisions!?
Figure 7 shows the evolution with collision energy of the
average fractions of energy in products’ translation, vibration,
and rotation in Ar+ CX4 (X = H, F) collisions. Most of the
collisions in which Ar scatters in the-5L8C° angular interval
do not transfer a significant fraction of the collision energy.
Thus, the largest fraction of energy in products is in relative
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Figure 7. Average fractions of energy in products in ArCX, (X =
H, F) collisions as a function of collision energy. Empty symbols are
for calculations with the SRP-MSINDO Hamiltonians to describe the
CX4 intramolecular potential and filled circles are for calculations with
the AM1 Hamiltonian to describe the Gktramolecular potential.
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Figure 8. Average energy differences between reagents and products
in Ar + CX4 (X = H, F) collisions as a function of collision energy.

so that aE. = 10.0 eV, the average fractions in Gkbtation

and vibration are roughly identical. On the other hand, most of
the energy channeled into g§oes into vibration at all energies,
and the difference between the average fraction going to
vibration and that into rotation increases with collision energy.

Figure 8 shows average changes in translational, rotational,
and vibrational energy from reagents to products. Clearly, the
amount of translational energy lost by the Ar atom increases
with increasing collision energy in both Ar CH, and Ar +
CF;4 collisions. However, energy transfer to molecular modes
is more efficient in Ar+ CF4, as noted before. The amount of
vibrational energy gained by the alkane molecules during the
collisions increases with collision energy, but the increase is

translational energy. The average fraction of product translation larger in the case of GFAt Ecoi = 10 eV, the average gain in

does not change with collision energy in Ar CH,, and it
decreases very mildly with increasing collision energy irHAr
CF4. Figure 7 shows that collisional energy transfer to, &~
more efficient than that to CHThe average fraction of internal
energy of the CXproduct is 3.7 times larger in A+ CF4 than

in Ar + CH, at Ecoy = 4.0 eV, and 3.9 times larger Bto =
10.0 eV. At the lower collision energies of this study, most of
the energy transferred to the @Hnolecule in Ar+ CH,
collisions goes into CH rotation. The average fraction of
rotational energy in Clldecreases slightly with collision energy

vibrational energy by CFis 5.6 times larger than that in GH
Regarding rotational gain, Figure 8 shows that the average
increase in rotational energy is essentially independent of
collision energy in Ch, and it increases very moderately in
CF4. At Econ = 10 eV the amount of rotational energy gained
by CF, is 2.2 larger than that by CHAIthough the moments

of inertia around the principal axes of the £folecule are
~27 times larger than those in GHve see that the amount of
energy transferred to rotation is only slightly larger in Ar

CF4 collisions. This suggests that the values of the moments of
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TABLE 4: Average Product Energies in Ar + CX4 (X = H,
F) Collisions for Different Combinations of Masses and
Potential Energy Surfaces (PES) aE¢, = 10 eV

intramolecular intermolecular

PES PES mass of X [E'r eV E'nrleV
Ar + CH,

CH, Ar—CHy H 9.28 0.72

CH, Ar—CH, F 8.73 1.27

CH, Ar—CFK4 F 7.95 2.05
Ar + CF4

CK Ar—CF F 7.61 2.39

CF Ar—CF4 H 8.63 1.37

CH Ar—CH, H 9.03 0.97

a@Mass of the X atom in the CXmolecules used to generate the
initial conditions and propagate the trajectories.
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Although the change in the mass explains the trends of energy
transfer in hyperthermal At CH,4 and Ar+ CF; collisions, it
does not account quantitatively for all of the differences. Other
factors, such as the different shape of the potential energy
surface, seem to be involved. To gain insight into potential
energy surface effects on energy transfer, we have carried out
additional calculations for Ar- CH, collisions in which we
both change the mass of the H atoms by that of F atoms and
use the Ar-CF, intermolecular potential energy surface instead
of the Ar—CH; one (the intramolecular potential remains
unchanged). Table 4 shows that changing the intermolecular
potential in addition to changing the mass brings the amount
of energy transfer in A+ CHj, collisions closer to what we
get in the regular A CF; collisions. Similarly, when we carry
out Ar + CF4 calculations replacing the mass of the F atoms
by that of H atoms, and using the ACH, intermolecular

inertia (and therefore the mass) are not Closely connected Wlthpotent|a| energy Surface, we see that the amount of energy

T — ROT energy transfer at hyperthermal energies. This result
has been reported before in trajectory calculations of energy
transfer from hot hydrogenated and perfluorinated benzene
molecules to thermal noble gas®s.

What we learn from these studies of collisional energy transfer
is that T— VIB', ROT energy transfer is much more efficient
in hyperthermal Ar+ CF; collisions than in Ar+ CHy
collisions. The differences between the results of the hydroge-
nated and fluorinated alkanes increase with collision energy.
The enhancement of collisional energy transfer with fluorination
has been observed before in studies of VBI" energy transfer.
Both experimenf®4! and calculation®¥ have shown that
deactivation of highly excited perfluorobenzene molecules
through collisions with thermal noble gases is much more
effective than deactivation of benzene molecules. The calcula-
tions showed that the larger energy transfer in fluoroalkanes is

mainly due to the change in mass, which decreases the
vibrational frequencies. Geometry and potential energy surface

effects appeared to be minor in comparison with the effect of
the mass change.

To shed light on the factors controlling the differences in
energy transfer in hyperthermal ArCX4 (X = H, F) collisions,
we have carried out additional calculations in which we vary
both the mass of the X atom and the intermolecular potential
energy surface. First, we have simulated-AiCH, collisions
at Econ = 10 eV in which each H atom has the mass of a F
atom. The trajectories are integrated by using the Ar@ldbal
potential energy surface. Analogously, we have performed a
calculation of Ar+ CF; collisions atEcy = 10 eV in which

the mass of the F atoms is reduced to that of H atoms, but using

the ArCF; potential energy surface. Table 4 shows the average
energies in products’ translation and vibration for these sets of

transfer becomes quite close to that in the regulartACH,
collisions. These results show that the topology of the inter-
molecular potential energy surface is also involved in energy
transfer at hyperthermal energies. The repulsive wall of the
intermolecular potential is steeper in-ACF, than in Ar—CHa.

For instance, the slope of the curves in Figure la,b for the
collinear approach at energies of about 8 eV is 29.4 eV/A in
Ar—CF,; and 26.4 eV/A in ArCH,. Steeper repulsive walls
have been seen to induce larger energy transfer b&faned
this is what we see in A#- CH, and Ar+ CF4 collisions at
hyperthermal energies.

C. Comparison with Ar + CsHe. In a recent paper,
Brunsvold et alreported experimental and calculated product
translational energy distributions in inelastic scattering of
hyperthermal Ar from gHg.*® The availability of these data
provides an opportunity to examine the effect of the hydrocarbon
length on energy transfer. Direct comparison between the
previously calculated data on Ar C,Hg and the present work
on Ar + CH,4 cannot be made for a variety of reasons. The
intermolecular and intramolecular potentials in both studies are
different. In the Ar+ C,Hg work, Brunsvold et alused the
Ar—CHg—lIl intermolecular potential of Hase and co-workers
and the original MSINDO Hamiltonian to describe theHg
potential. In this work, we use a newly developed intermolecular
potential and a SRP-MSINDO Hamiltonian. In addition, the
present calculations consider the flux scattered in the-880
angular interval, whereas the previous analysis was restricted
to Ar atoms scattered in the backward hemisphere {B80
angular interval).

To establish fair comparisons between energy transfer in Ar
+ CyHg and Ar + CH, collisions, we have performed new

calculations compared with the original results. The results of calculations for both systems. We use the pairwise intermo-
the table indicate that the change in mass accounts for a largdecular potential developed in this work to describe thetAr

fraction of the reported differences in the dynamics of-Ar
CX4 collisions. Ar+ CHy trajectories integrated with the ArGH
potential energy surface in which the mass of H is replaced by
that of F remarkably enhance the amount of*TINT' energy
transfer. Conversely, if we integrate Ar CF, trajectories with
the ArCk, potential energy surface, but replacing the mass of
F by that of H, we find that the T INT' energy transfer

hydrocarbon interactions, and the original MSINDO Hamilto-
nian to describe the hydrocarbon intramolecular potential. Using
this potential energy surface, we have calculated 5000 trajec-
tories for both systems &, = 5 eV, and our analysis is
restricted to the 180690° angular interval to emphasize colli-
sions in which there is a hard hit between the noble gas and the
hydrocarbon, leading to enhanced energy transfer.

decreases. The increase in the alkane mass upon fluorination The average product energies in Ar CH, under such

leads to a decrease in the fundamental vibrational frequencies
Therefore, as has been shown befSreie can conclude that
the coupling between translational and vibrational motions

conditions aré&E'r =4.49 eV,E'vig = 0.15 eV, andE'ror= 0.36

eV. The corresponding average product energies in-AlHg
collisions areE't =3.84 eV,E'vig = 0.42 eV, anE'ror= 0.74

leading to collisional energy transfer is more effective with eV. These data reveal that increasing the length of the
smaller vibrational frequencies in the molecule receiving the hydrocarbon leads to an increase in the efficiency of energy
energy. transfer. We attribute the reason for this behavior to the presence
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of a larger number of low-frequency vibrational modes in ethane, 78fs

30fs 58 fs
which facilitates energy transfer from relative translation to
molecular modes. O @] O

Comparison of the Art+ CH, results calculated with the

original MSINDO Hamiltonian with the results calculated with 87 fs 97 fs 127 fs
the SRP-MSINDO data provides information about the effect .d? .{ '{

of the intramolecular potential on energy transfer. We find that o

the average product energies with the SRP-MSINDO Hamil- ° o O ° @)

tonian €'t = 4.46 eV,E'vis = 0.24 eV, ancE'ror = 0.30 V) ) ) S
overlap with those produced with the original MSINDO Figure 9. Selected snapshots of an ArCF, trajectory giving rise to
Hamiltonian E'r = 4.49 eV,E'vis = 0.15 eV, andE'ror = prompt collision-induced dissociatioBe, = 10 eV.

0.36 eV). (Both sets of average energies have been generated 30 . ; . : . ;
considering the trajectories scattered in the -180° angular AT+ CH

interval.) Thus, we can conclude that the differences between = | OWOAHCF“ i
the SRP-MSINDO and MSINDO Hamiltonians that describe g voa Ar+CH x40 ;

the CH, intramolecular potential do not produce appreciable ~ ¢ e
differences in Art+ CH,4 energy transfer aqo = 5 eV. S 2 _

To delve further into the effect of the intramolecular potential ©
on energy transfer, we have interfaced our trajectory propagator
with the GAMESS suite of programs and performediACK,
calculations using the AM1 Hamiltonian to describe the; CF
potential. In these calculations, we use the same intermolecular
potential of the previous calculations with the SRP-MSINDO
Hamiltonian. We have calculated 5000 trajectorieEgi = 5

15F

cross section
S

W
T

" D ,’/

and 10 eV, using the initial-conditions generation scheme 0 , e 'l
described above for the SRP-MSINDO calculations. The results 4 5 6 7 8 9 10
are shown in Figure 7, where one can see that the average Ecou/eV

fractions of product energies calculated with the AM1 Hamil- Figure 10. Cross sections of A CX4 (X = H, F) collisions
tonian overlap with those calculated with the SRP-MSINDO generating CX molecules with internal energy above the-K
Hamiltonian atE.,; = 5 and 10 eV. This result suggests that dissociation energy limit as a function of collision energy. The
the intramolecular potential energy surface is not as important dissociation energy for the€H bond is 4.802 eV, and that for the
as the intermolecular potential energy surface in the calculation C_F bond is 5.736 eV (see Table 2). The dashed line connecting

. - triangles represents the cross sections for ArCH, trajectories
of average energy transfer in Ar CF4 collisions at hyperther- multiplied by a factor of 40.
mal energies.

D. Collision-Induced Dissociation.The substantial ¥ INT’ a small impact parameter (0.60 A) roughly along one of the
energy transfer seen in Ar CX4 collisions, particularly for X F—C—F bisectors. The FC—F angle opens as the Ar atom
= F, together with the large collision energies considered in reaches the inner turning point, resulting in dissociation of the
this study suggest that there might be collisions in which the ¢—F pond closest to the Ar atom impact. No £hiolecules
amount of energy transferred to the @xolecule is largerthan  gre seen to decay to GH H in a 200 fs time scale even at
needed to break a-€X bond. In this section, we investigate Eco = 10 eV.
collision-induced dissociation in Cxnolecules upon collisions Unfortunately, the computational expense of our direct-

with hyperthermal Ar atoms. dynamics approach does not allow us to integrate the trajectories
Collision-induced dissociation in A= CX4 collisions can  for long enough to distinguish whether giolecules receiving
occur via two mechanisms. First, a bond in the alkane can breakenergy in excess of the-€X bond dissociation energy undergo
while the hyperthermal projectile is interacting with the alkane. a unimolecular dissociation process or not. Under experimental
We term this mechanism “prompt” collision-induced dissocia- conditions, highly excited molecules can live for as long as a
tion. A second possibility is that the energy transferred from few microseconds before they decay due to collisional processes
relative translation to the internal modes of the molecule is above with ambient species or arrive at the detector. Delayed collision-
the dissociation energy of a-@4 or C—F bond, but no  induced dissociation can occur anywhere in that time scale.
dissociation occurs before Ar is completely removed from the Although our theoretical approach prohibits us from following
molecule. The fate of these highly excited alkanes is 2-fold. trajectories for such a long time, a rough estimate of the different
The molecules can dissociate unimolecularly after some time, extent of collision-induced dissociation between hydrogenated
or can enter periodic internal motion that prevents dissociation. and fluorinated alkanes can be given by comparing the cross
Our calculations reveal that prompt collision-induced dis- sections of trajectories in which the GXnolecules receive
sociation is rare, and most of the trajectories that receive energyexcitation above the dissociation limit. We note that this cross
above the dissociation asymptote do not dissociate in a timesection does not correspond to a collision-induced dissociation
scale of a few hundred femtoseconds after the inner turning cross section, and only represents an upper limit to it.
point of the trajectories. Specifically, we have detected only  Figure 10 shows the cross sections of trajectories in which
three trajectories producing @R F while Ar is still within the amount of 7= INT" energy transfer exceeds the-& (X
interaction distance d.o = 10 eV (~200 fs after the inner = H, F) dissociation limit (according to SRP-MSINDO calcula-
turning point of the trajectory). Figure 9 shows representative tions) in the corresponding GXnolecules. The figure demon-
snapshots of one of these trajectories to illustrate the microscopicstrates that the amount of trajectories in which the,@%lecule
reaction mechanisms whereby prompt collision-induced dis- receives excitation above the dissociation limit is larger for
sociation occurs. In the collision, the Ar atom approaches with fluorinated alkanes than for hydrogenated collisions. On the
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basis of these results, we tentatively suggest that the absolutedue to the possibility of bond-breakage during the collision. We

cross sections of collision-induced dissociation in fluorinated
alkanes are much larger than those in hydrogenated alkanes.
Noticeably, although the €X bond is roughly 1 eV stronger
in CF4 than in CH,, Figure 10 shows that the threshold for
excitation of the CX molecule above the dissociation limit is
1 eV smaller for Ar+ CF4 than for Ar+ CH, (threshold~6
eV for Ar + CF,and 7 eV for Ar+ CH,). At collision energies
above the threshold, the cross section for; @lith energy above
the C-X dissociation limit is approximately 40 times larger
for CF4 than for CH. The large sizes of the cross sections in
Figure 10 are a consequence of the high probability for
transferring large amounts of energy in Ar CX4 collisions,

describe a practical approach to develop intramolecular potential
energy surfaces for dissociating molecules based on improving
semiempirical Hamiltonians with grids of ab initio data. The
semiempirical Hamiltonians improved in this way can provide
accurate estimates of the intramolecular potential energy
throughout a wide range of energies and molecular configura-
tions. The specific-reaction-parameters semiempirical Hamil-
tonians have very competitive computation times and can be
used directly to propagate thousands of trajectories for systems
such as the ones studied here.

Direct-dynamics studies of A+ CH, and Ar+ CF4 collisions
enable us to learn that fluorination dramatically increases the

and the large impact parameter at which this can happen. Foramount of collisional energy transfer from initial translation to

instance, aEcq = 10 eV, Ck results with internal excitation
above the CE—F limit in 598 trajectories out of 5000 trajectories
started with a quadratic distribution of impact parameters
between 0 ath 4 A (7.56 au).

The cross sections in Figure 10 refer to trajectories in which
CX4 possessesternal (i.e., vibrational+ rotational) energy

molecular modes. While the efficiency of fluorination had been
previously reported in studies of VIB- T' energy transfer from
highly vibrationally excited molecules to noble-gas baths, the
large enhancement in 7 VIB' energy transfer due to
fluorination is a novel result in hyperthermal collisions of noble
gases with thermal molecules. We show that the different extent

above the asymptote. It might be argued that a more accurateof energy transfer in hydrogenated and fluorinated alkanes stems

procedure to estimate the upper limit of collision-induced
dissociation cross sections would be to consider trajectories in
which CX; arises withvibrational energy above the GXt+ X
asymptote. With use of this procedure, the cross section for Ar
+ CHqy trajectories generating Ghivith vibrational energy larger
than 4.802 eV (€ H dissociation energy in SRP-MSINDO) is
0.09+ 0.04 au, while that for Ar+- CF4 trajectories producing
CF4 with vibrational energy above the @R F limit (5.736

eV according to SRP-MSINDO) is 6.98 0.49 au. Although
this procedure has limited use due to the expected coupling of

from mainly the difference in mass and the shape of the
intermolecular potential energy surface. Fluorination decreases
the value of the vibrational frequencies of the £iolecule

and increases the steepness of the intermolecular potential energy
surface. Both of these effects result in enhanced energy transfer.

The enhanced energy transfer upon fluorination leads to large
cross sections for excitation of ¢Rolecules above the GFF
dissociation energy limit. In addition, while we observe prompt
collision-induced dissociation for At CF,4 collisions atEcg
= 10 eV, we do not detect that channel in ArCH,.

rotational and vibrational modes, we see that regardless of the Analysis of the effect of the intramolecular potential energy

algorithm used to define the amount of excitation in the,;CX
product, hyperthermal At CF;4 collisions are more than 1 order
of magnitude more likely to produce excitation above theXC
dissociation asymptote than Ar CH, collisions.

Calculations of Ar+ CF; collisions with the AM1 Hamil-
tonian at 10 eV point out the deficiencies of this potential-energy
method for collision-induced dissociation. In effect, we have
observed 12 trajectories that lead to prompt collision-induced
dissociation, a 4-fold increase over the predictions of the SRP-
MSINDO Hamiltonian using analogous initial conditions. The
reason for this sharp increase of collision-induced dissociation
is that the AM1 Hamiltonian underestimates the FEdissocia-
tion energy by more than 1 eV (see Table 2). As we have seen
before, AM1 quantitatively reproduces tlagerage fractions
of product energy predicted by the SRP-MSINDO potential.
However, the extent of collision-induced dissociation is not well
reproduced by AM1. Thus, what we learn from this study is
that although one can use intramolecular potentials with an
incorrect dissociation limit to describe average energy transfer,
calculations of events in which a large amount of energy transfer
leads to collision-induced dissociation require accurate poten-
tials.

Concluding Remarks

We have investigated energy transfer and collision-induced
dissociation in collisions between hyperthermal Ar and the CH
and CkR molecules using the quasiclassical trajectory method.
The inter- and intramolecular potential energy terms are built
based on high-quality ab initio calculations for both systems.
While the Ar—CX4 (X = H, F) intermolecular potential energy

surface reveals that the average fractions of product energies
are not very sensitive to the intramolecular surface under the
initial conditions explored in our calculations. However, strong
underestimations of the GFF dissociation energy lead to
strong overestimations of collision-induced dissociation.

The findings reported in this paper open new lines of thought
in our understanding of how materials degrade in low-Earth
orbit. While many studies show that regular (hydrogenated)
polymeric hydrocarbons erode under the action of hyperthermal
atomic oxygen at 5 eV recent studies show that the reactivity
of fluorinated hydrocarbons with hyperthermal atomic oxygen
is marginalt® Although fluorinated polymers (such as TEFLON)
show better resistance to LEO environment than hydrogenated
polymers, they still degrade in low-Earth orbitSince the
reactivity of atomic oxygen alone does not explain the reduced
but appreciable degradation of fluorinated polymers, other
erosion causes need to be characterized. Our work suggests that
fluorination enhances the collision-induced dissociation pathway
for erosion arising from impacts with hyperthermal-energy heavy
closed-shell species such ag &hd Ar.

Future work will address the effect of fluorination in collision-
induced dissociation of longer-chain gas-phase alkanes and
condensed surfaces, using the technology described here to
generate multidimensional potential energy surfaces. The dy-
namics of gas/surface and gas-phase collisions are rather
different, inhibiting an accurate estimation of the gas/surface
behavior from gas-phase data. A surface provides a pool of low-
frequency, large-amplitude modes that are not present in small
gas-phase molecules. These modes will, in principle, help
dissipate the energy from the impact point toward the surface,

surface is represented by generalized exponential functions, theaverting collision-induced dissociation. However, if the energy
CX4 intramolecular potential energy surface presents a challengedissipation toward the surface is not fast, and energy is initially
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transferred to local molecular modes in the surface, collision-
induced dissociation will likely take place.
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