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Quasiclassical Trajectory Study of the CH*™ + HD — CH.D™ + H, Reaction
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A full dimensionalab initio potential energy surface for the GHsystem based on coupled cluster electronic
structure calculations and capable of describing the dissociation of methonium ion into methyl cation and
molecular hydrogenJ( Phys. Chem. 2006 110 1569) is used in quasiclassical trajectory calculations of

the reaction Chi" + HD — CH,D™ + H, for low collision energies of relevance to astrochemistry. Cross
sections for the exchange are obtained at several relative translational energies and a fit to the energy dependence
of the cross sections is used to obtain the rate constant at temperatures between 10 and 50 K. The calculated
rate constant at 10 K agrees well with the previously reported experimental value. Internal energy distributions

of the products are presented and discussed in the context of zero-point energy “noncompliance”.

1. Introduction The development and refinement of a full dimensional

¢ potential energy surface (PES) in this lab has facilitated detailed

dynamical studies of the G system'>~18 The earlier versions

of this surfac& 17 were limited to energies well below the GH

+ H, dissociation threshold and were based on functional fitting

of MP2 level electronic structure calculations. These surfaces

were adequate for our earlier studies of boundsC#lynamics

and for diffusion Monte Carlo characterization of the quantum

“ground state. The latest version of our £hpotential is based

ﬁn higher quality CCSD(T)/aug-cc-pVTab initio energies, has
een extended to energies above thesCH H, threshold and

Deuterated molecular hydrogen, HD, is the primary reservoi
of deuterium in the dark, dense clouds of the interstellar medium
(ISM). At the temperature of the ISM (approximately 10 K)
the reactions of significance are exothermic and without any
substantial activation barrier, primarily istmolecule reactions.
Three molecular ions in dark, dense interstellar clouds;, H
CHg* and GH_*, are known to exchange deuterium with HD.
The exothermicity of these exchange reactions arises from zero
point energy differences between reactants and products. Sinc
the reverse reactions are endothermic (and hence very slow), . : . .

ncorporates established potentials to describe long-range in-

these exchange processes can produce deuterated ion (e.d" iond® W hi ¢ h a4 th iclassical
CH,D*) : normal ion (e.g., Chi') ratios that are orders of teractions'® We use this surface here and the quasiclassica

magnitude greater than the cosmic D:H rdtiRate constants ~ taJectory (QCT) method to study the dynamics of the astro-

(at approximately 10 K) for all three of these primary jon  chemically significant Ch" + HD exchange reaction.

molecule deuterium exchange reactions have been recently 1€ remainder of this paper is organized as follows. In section
determined in a 22-pole ion trap apparatts. 2, we provide a description of the potential energy surface, the

In recent years within the chemical community there has been IMPlementation of the QCT method for determining reaction
renewed interest in the methonium ion, HAImost since its cross sections and the method used to determine the rate constant

T .
discover§ in 1952, the issue of whether or not §Ha species [0 the CH™ + HD exchange in the temperature range-50
exhibiting an unusual 3-cente@-electron bond, has a “struc- K. Our results are presented and discussed in section 3. In

ture” has been a topic of speculation and (until recently largely section 4, we summarize the important results and conclusions

theoretical) researchThis challenge motivated the pioneering ©f OUr work.
density functional theory direct-dynamics studies ofsCHy
Marx and Parrinellg 10 that supported a fluxional nature for
CHs". In 1999 the high-resolution infrared spectrum of £H 2.1. Potential Energy Surfacelnitial work in our lab toward
in the G-H stretching region (27763150 cnT?) was first development of a full-dimensional global potential energy
reported by Oka and co-workétsaind even now largely defies  surface for the Cklr system began late in 2002. The first
assignment and interpretation due to the large-amplitude motionsreported version of the surface was based on Mgller-Plesset
and hydrogen scrambling. Both a low-resolution laser-induced perturbation theory (MP2§ level electronic structure calcula-
reaction (LIR) spectrum of C¥t at 110 K (over the spectral  tions using the correlation consistent polarization tripleec-
range of 546-3250 cnt!)!213 and a high-resolution direct  pVTZ) basis set of Dunning These MP2/cc-pVTZb initio
absorption spectrum of jet-cooled @Hover the spectral range  energies at 4096 unique geometries generated by direct dynamics
of 2825-3050 cn!)14 have been very recently reported and trajectories at energies up to 8000 ¢rabove the Ch'" global
analyzed. minimum were fit to a functional form that ensures the full

T Part of the special issue “M. C. Lin Festechrit p_e_rmutational symmetry of the systéﬁl.Subsequer_]tIy ad-
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*Permanent address: Department of Chemistry,” Augustana College, COOrdinates and a new functional fit were used to obtain a
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minimum and so do not describe dissociation of methonium TABLE 1: Reaction Cross Sections for CH* + HD —
ion into methyl cation and molecular hydrogen. Motivated by (E3H2D+ + H; as a Function of Initial Relative Translational
an interest in the astrochemically important processes of isotopeE"€r9Y*

exchange Eirans Brmax 01 02 02-NozP
(kcal/mol)  Nimax (A) A2y Ay (A9
CHy"+ HD — CH,D" + H, @ 0.05 450000  13.65 286.1
0.1 300 000 11.40 194.1
and associative recombination, 0.2 500 000 9.05 126.8 133.5
0.5 400 000 8.30 89.5 101.6 99.5
CH3+ + H,— CH5++ hy (2) 0.75 400 000 8.05 52.0 62.5
1.0 300 000 6.55 34.7 43.4
efforts were initiated to develop a potential energy surface 2.0 300000 5.25 18.5 22.8
. . . - .0 300 000 4.50 14.0 16.5
suitable for dynamical studies of these processes. For this e
purpose higher quality CCSD(BD initio calculations using a * See text for definitions 061, o> and o 2-noze.

larger aug-cc-pVTZ basis set were performed at 36 173
geometries (including geometries from the previous surfaces
and thousands of additional configurations along the dissociation
pathway). A “reaction coordinateR can be defined as the
distance between the carbon atom and thentbiety. The
CCSD(T)/aug-cc-pVTZ energy data-set was extendedRto
values as large as &5 TheseR <15a, ab initio data were fit by
a weighted least-squares method to a multinomial functiona
form containing 2302 terms in the 15 internuclear distances that
ensures satisfaction of the permutational symmetry of the five
hydrogens. The reader is referred to our earlier work, particularly
refs 17 and 18, for details of the functional form, the fitting
procedure, and properties of the PES.

A surface to be used in dynamical studies of reaction 1 at Brnanct0.05 A
the very low relative translational energies of relevance in the g (Evand = 27 Pg (b; Eyangd b db (5)
ISM must also properly describe the long-range ;CHH;
interaction!® Rather than extending thab initio calculations For Eyans = 1.0 kcal/mol the calculations were extended to
into theR > 15, region, we followed the procedure adopted include 1000 trajectories at each impact parameter to estimate
previously! for the Hs* potential energy surface which was to  that the cross sections reported here are converged witt8fr@2
extend the fit using a simple switching function and the known A modified version of the VENUS96 general chemical
long-range interaction of this singly charged iopgyfstem. The dynamics prografit was used to sample reactant initial quasi-

2.2. Quasiclassical Trajectory CalculationsOur initial QCT
calculations were done at relative translational enerdies.d
greater than or equal to 0.2 kcal/mol; these are conventional
QCT calculations, which are reviewed briefly below. To obtain
the reaction cross section at ed€funs value, batches of 500
trajectories were integrated per impact parameigranging
| from O tobmax , wherebmax (given in Table 1) is the maximum
impact parameter for which exchange occurs. Typically reaction
probabilities for fixed impact parametePr(b; Eirand, Were
calculated every 0.25 A except nebgax where they were
calculated with a spacing of 0.05 A. Cross sections were then
obtained by numerically evaluating the integral

switching is performed in the region 4d< R < 15a, in which classical states, to integrate the classical equations of motion,
the potential is written as and to analyze product state distributions. The initial HD internal

coordinates and momenta associated with the “quasiclassical

V=Vl =SR] + VirSR) @) state” corresponding to the quantum ground rovibrational state

(the only internal state significantly populated at the tempera-
tures of interest here) were obtained by treating the diatomic as
—-v ) + a rotating oscillator and determining the quantized energy of
Vir = Vion-incucea apost Von,” ¥ Vi, + De ) the “quasiclassical state” by EinsteiBrillouin—Keller (EBK)?’
semiclassical quantization of action. Values of the internuclear
ab initio data,Vion-induced dipoleiS @ known analytical expression ~ Separation were randomly sampled according to the usual
for the long-range interaction between €Hand H, Ve, and classical distribution. The initial mom_entum was determlned
Vi, are the potentials of these fragments abd is the from energy conservation gnd its sign randomly_ aSS|gn(_ad.
dissociation energy (of C#f into CHs™ + Hy). SR) is a Sepa_ranoq of rotation anql ylbratlon was assume_d in sampling
polynomial switching function that over the finite intervalayl ~ duasiclassical initial conditions for the polyatomic ion £H
< R =< 153, varies smoothly between 0 and@Vey,+ and Vi, Rotational energy (and h_en_ce amgular momentum) was chosen
were obtained from the GH fit at large separation where from a 10 K thermal distribution assuming GHto be a
the fragments are weakly interacting. The long-range term symmet+r|c top. A normal mode description was assumed for
Vion-induced dipoidS given by the sum dfl, charge-induced dipole the CH™ ground vibrational state. Normal mode amplitudes
(H.) and Us charge-(H) quadrupole terms available in the Wwere assigned a8 = \/filw; where w; is the normal mode
literature?® Values of the polarizability and the quadrupole frequency. Normal mode phases were assigned randomly and
moment as needed were obtained by cubic Sp"ne interpo|a[ionthe normal mode coordinates and velocities were determined
of published dat&*25 This potential henceforth referred to as from well-known results. The corresponding Cartesian coordi-
the JBB (Jin-Braams-Bowman}8 CHs" potential is used in nates and velocities were obtained by the standard linear
the dynamical studies of reaction 1 reported here. The most transformatiorf® Quasiclassical vibrational and rotational quan-
significant features of the JBB surface for the exchange reactiontum numbers were determined for the diatomic product. The
1 are the absence of any barrier in the exit/entrance channel, gotational quantum numbgwas determined from the diatomic
potential well depth for Ckt of approximately 16 320 cmt classical rotational angular momentuinby J = +/j(j+21)A.
(46.7 kcal/mol) relative to Ckt + Hy, and a zero-point energy  The vibrational quantum number was found by EBK quantization
exothermicity for reaction 1 of 309 crm (0.884 kcal/mol, 445 of vibrational action (assuming separability of rotation and
K). vibration). The continuous quantitigand were “binned” in

where the long-range potential is

Here Vj; is the potential energy obtained from the fit to the
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the standard manner to obtain quasiclassical product statevalues (shown in Table 1) between 0.2 and 3.0 kcal/mol. These
distributions?® calculations required over 2000 processor days on a Microway
The equations of motion were integrated with a sixibrder cluster equipped with Xeon 2.4 GHz processors. The calcula-
Adams-Moulton method using a time step of 0.05 fs. This step tions atEyans= 0.2 kcal/mol alone required about 700 processor
size was sufficient to ensure conservation of energy to six days. The convergence testBtans = 1.0 kcal/mol required
significant figures for the vast majority of trajectories (in excess approximately an additional 300 processor days. This time was

of 98%) despite the occurrence of appreciable numbers of long- pagjcally caused by the large number of time steps required for
lived trajectories at all the energies considered here. Trajectoriesthe collision complex to dissociate

were initiated at an energy-dependent ££HHD separation o
distance that ranged up to 16 A at the lowest valuEghs Because the CHD™ collision complex corresponds to a deep
considered here, 0.05 kcal/mol. The trajectories were then Potential well, many trajectories become trapped near this region
integrated until products had again separated to this distance otof the potential for prolonged periods of time. This is true of
until an energy-dependent maximum number of integration stepsan increasing fraction of all trajectories Bgansis reduced. We
had been exceeded (corresponding to +29.0 ps). have chosen energy-dependent valueblgf, , the maximum
For the current choice of internal states of the reactants, i.e.,number of integration steps before a trajectory is terminated,
ground vibrational states of HD and @H ground rotational  that represent a compromise between minimizing computational
state of HD and a 10 K thermal distribution of rotational states cost and maximizing statistical validity. Values . for the
of CHg", the thermal rate constant was obtained from the six collision energies at which cross sections were calculated
reaction cross section using the standard expression: from conventional QCT data are given in Table 1. These values
[ 8\ 1 ) EdkeT resulted in more than 2/3 of all trajectories at each energy being
k(M) = (ﬂ) (kBT)3’2f° O BrandEvan€ =" dByans (6) followed to completion; for the four highest values&f;,sthe
fraction of trajectories that were followed to completion
wherekg is the Boltzmann constant andis the reduced mass  gxceeded 3/4. In fact only two batches of trajectorBs =
of the HD-CH;s" system. , 1.0 kcal/mol,b = 2.75 and 3.0 A) resulted in completion rates
__For this ion-molecule reaction and the low temperatures of o4 than 609% (59.0% and 57.2%, respectively). Given the large
mtereist_ herle the (_:ros_srhs_ectmn must be ILnow? to qune_low Inumber of trajectories calculated (over 90 000) a detailed
transiational energies. This presents a number o Compmat'onadynamical examination of each is infeasible. However, the

challenges, not the least of which is the very long integration . I “ N
time needed to obtain complete trajectories. Our basic strategy.c’bservpfCI trend n the probgb|l|ty of "long-time cqll|§|on events
is consistent with increasing prevalence of collision complex

is to fit or(Eyand t0 @ general power law expressiéi ans @ i ith ) | le. th
and to use this analytical expression in eq 6 to obkgi. formation with decreasing values &ans For example, the

As our work progressed, it became apparent that the standardraction qf trajectories with durations exceeding 5 ps increases
QCT approach was becoming computationally prohibitive as Mmonotonically from 34.8% &fyans= 3.0 kcal/mol to 69.0% at
Evans decreased. The major source of this increase in effort is Erans = 0.2 kcal/mol. For comparison, at these two energies
the number of trajectories that remain incomplete after a large the typical durations of the shortest “direct” trajectories are about
number of integration steps. This is a consequence of the0.3 and 1.0 ps, respectively. By “direct” we mean trajectories
increasing lifetime of the collision complexesBgsdecreases.  that either do not enter the region of the complex, or if they do,
Another source is the large increase in reaction cross sectionthey do not remain in the complex region for more than several
with decreasingdeyans (s discussed in more detail in section 3 periods of oscillation.
below), which means that calculations have to be performed
for a greater number of impact parameters. In additioBass
decreases and the reaction energy approaches the threshol

region the concern about violation of “zero-point enef§yh L . . -
the products increases. and the quantities that are ultimately determined from it, namely

To address the above issue of computational effort at our te cross section and the rate constant. Thus, we calcitated
lowest relative translational energies (0.1 and 0.05 kcal/mol), (P: Erand in two ways. In method 1, the contribution of “trapped”
and also to address the zero-point issue we adopted the followingirajectories is ignored, ank(b; Eand is taken as the ratio of
strategy. For these energies a different set of initial conditions all reactive trajectories to all complete trajectories (those that
was selected. The reactants were each set at their equilibriumhave achieved asymptotic separationNgax or fewer steps).
geometries with zero vibrational energy, the rotational energy At each collision energy, the outcomes of all trajectories at least
of CHz* was sampled from a 10 K Boltzmann distribution and 1 ps longer than the shortest “direct” trajectory at that energy
HD was given zero angular momentum as before and the relativewere examined. This set of over 36 000 trajectories showed a
orientations of the two reactants were randomly sampled. This 59.8% probability of isotope exchange. A survey of the
approach designated as NOZP was used in a 1990 study of theyutcomes of all completed trajectories with a duration of 2.5
O + H system at collision energies up to 2 kcal/fblWe ps or longer (over 32 000 trajectories) shows that 62.9% of these
also consider a simple hybrid approach where conventional QCT trajectories result in isotope exchange. Both these results (over
mma] conditions a“re used.buf very Io.ng-llved t.raj.ectorles are 4| energies considered) are reasonably close to the 60%
termmate_d before “completion” and a simple stapstlcal treatment exchange yield that would be exhibited by a £LH complex
of thes_e is used. Convergence of the results is th(_en tested b hat “forgets” the details of its formation and behaves statistically
ext_endlng the range dfyans to lower values and_ using these with regard to the H/D composition of the diatomic product. It
various approaches to calculate the cross section. S

therefore seems a reasonable approximation to assume that all
3. Results and Discussion “trapped” trajectories will behave statistically. Thus, in our

3.1. Conventional QCT Calculations.Conventional QCT method 2, for a givet and Eyans if the number of completed

calculations (as described above) were performed aEgix reactive trajectories idg and the number of “trapped” (not

The existence of “trapped” long-lived trajectories that cannot
Be integrated to completion with reasonable computational effort
Introduces some ambiguity into the calculationRa{b; Etrang
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having achieved the asymptotic separation threshold Kfter
steps) trajectories St

NR(b; Etrans) + 0.6N-|-(b; Etrans)
Ntotal(b; Etrang

PR(b; Etrang = (7)

where Npia(b; Erand is the total number of trajectories run at
an impact parametdy and collision energyEans
Itis also worth noting that the reaction probabilRg(b; Eqyang
for completed trajectories is found to be a nearly constant
function of b for b < bpax and then decreases quickly to zero
over a range of roughly 1 bohr at the lowest valué&gf,s 0.2
kcal/mol. At the highesEyans we considered, 3 kcal/mol, the
decrease occurs more gradually over a range of roughly 2 bohr.
Table 1 gives the reaction cross sections, denoté8an9
and o»(Eyang, calculated using methods 1 and 2, respectively,
for the determination oPg (b; Eyangd. In both cases the cross
sections fall off monotonically with increasing valuesEfins
as would be expected for an iemolecule reaction such as
this one. Noteos(Eyand > 01(Errang for all values ofEgans in
Table 1. This is easily understood. By excluding the “trapped”
trajectories, method 1 gives increased weight to “direct”
trajectories, only a small fraction (substantially less than 0.6)
of which lead to isotope exchange, compared to incomplete
“complex” trajectories which are included in method 2 and
which are assumed to lead to reaction products with probability

0.6. As we have seen the latter appear to achieve a statistical®

(or perhaps slightly higher) level of exchange. In contrast the
exchange probability for “direct” trajectories varies from a few
percent to several percent for the valueg&gf,sexamined here.

We examined the internal state distributions of the products
obtained by the conventional QCT method. Of course the
internal energies are continuous and standard histogram binnin
was done to assign quantum states. Consider thpréduct
first. As one might anticipate for the low collision energies
considered here, essentially all of the products emerge in
the v = 0 vibrational state. A small fraction (less than 0.4% at
all Eqansvalues shown in Table 1) of products are “binned” into
v =1, though their classical vibrational actions are closér to
than to 3v2.

A great many H products that are “binned” into the= 0
state have classical actions less th&) that is, their asymptotic
vibrational energy is less than the quantum zero-point energy

g9
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Figure 1. Cross sections to form productth indicated rotational
state,j, vs | at selected collision energies from conventional QCT
calculations.

rotational states must come at the expense of the vibrational
zero-point energies of thetand CHD™ products.

The vibrational energy distribution of the GBI™ product is
hown in Figure 2 for two initial translational energies. As seen
the distributions are nearly Gaussian with an average (and most
probable) value of roughly 18 kcal/mol, which is actually quite
close to the zero-point energy of GbI". We made no attempt
to bin the vibrational energies; however, as seen, most trajec-
tories lead to CKD™ that would be assigned to the ground
vibrational state; however, as with,Hhere are substantial
numbers of trajectories that emerge with less than zero-point
energy in the CkD™ product.

Since the focus of this paper is not the vibration/rotation
distributions of the reaction products we are not overly
concerned about the effects of “ZPE noncompliance” on these
distributions. However, we are concerned about this at the level
of the thermal rate constant and for that reason we also
performed calculations without ZPE. The results of these
calculations are described next.

3.2. NOZP Trajectory Calculations. On the basis of the

(ZPE). These trajectories we refer to as “ZPE noncompliant” above discussion of “ZPE noncompliance” we performed
and they can have important consequences since the “excesstrajectory calculations without giving the reactants zero-point
energy can appear in other degrees of freedom, e.g., the H energy. This also has the benefit of reducing the computational
rotational state distribution. To illustrate this we plot this €ffort, which is considerable, as already noted. Eghsbelow
distribution in Figure 1 as rotational state specific cross sections 0.2 kcal/mol we estimated O(30processor days per collision
for four selected values @;.ns As seen there, a modest amount €nergy using conventional QCT. Therefore, we used the NOZP
of rotational excitation of the Hproduct occurs with all four  trajectory approach described in section 2 above to obtain cross
rotational distributions peaking avalues of 2 or 3. However,  Sections belovEyans = 0.2 kcal/mol.

the tails of the distributions extend out as faj as10. Quantum To test the reliability of this approach we first performed
mechanically the maximum amount of energy available for calculations atEyans = 0.5 kcal/mol, an energy at whichy-
product excitation should b&gyans + AH where AH is the (Eyan9 had already been determined from conventional QCT
reaction exothermicity (309 cm on the JBB surface). Thus, calculations. Initially 250 trajectories that randomly sampled
even at the largest value &fans (3.0 kcal/mol, approximately  the orientation between the reactant fragments were performed
1050 cnt?) for H, with a rotational constant of approximately at each impact parameter. Examination of these trajectories
61 cntl, the maximum allowed rotational quantum number showed them (and all of our other NOZP trajectories) to fall
should bej = 4. However, at this energy the fraction of the into two distinct classes: “direct” trajectories that can be
exchange cross section associated with quantum mechanicallyintegrated to completion and do not produce any isotope
inaccessiblej(> 4) rotational states is nearly 25%. For the exchange, and “trapped” trajectories that cannot be integrated
lowest two Eyans Values (0.5 and 0.2 kcal/mol), this fraction to completion in 400 000 integration steps. Thus, the reaction
exceeds 50%. Since the total energy is a constant, the rotationaprobability at each impact parameter was determined from eq
energy associated with these quantum mechanically inaccessibl& with Nk = 0 and a cross section denoteg-nozp given in
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- Figure 3. Energy dependence ob—exiendedVS Erans See text for the
250 |- E,un, = 3.0 kcalimol h definition of o2—extended
] TABLE 2: Fitting Parameters for the Energy (Joules)
300 F 2 - Dependence of the Cross Sections @&n
data set A q R
. RREE i 0,_extended 5429% 10 0.68944  0.98708
2 B _ o2 9.4367x 1076 0.82684 0.94687
g 200 o1 8.4342x 107%7 0.87528 0.95934
=
150 | - 3.3. Rate Constant Calculations.We cannot compute
reaction cross sections down to the lower linfifans = O of
100 N the integral expression for the thermal rate constant given by
eq 6 and so an extrapolation to that limit is necessary. The NOZP
50 - approach has allowed the present calculations to go as low as
] Eyrans = 0.05 kcal/mol. Substantial computational effort would
0 e b be required to add even a single additional data point in the
1.3 5 7 9

1 13 15 17 19 21 23 25 27 29 range Eyans = 0.01-0.02 kcal/mol (even using the NOZP
approach) and so we have extrapolated our results dogj, to
using the cross sections down Egans = 0.05 kcal/mol. We

did this by fitting the energy dependence of the cross sections
to the formAEgans 9. Figure 3 shows our most extensive data
set, denote@;—extendedCONsisting of the union of the, (Eirans

CH,D" Vibrational Energy (kcal/mol)

Figure 2. Internal energy distributions of product @bi" for the initial
translational energies indicated.

Table 1 was calculated using these probabilities. Clearly at this > =
energy there is excellent agreement betwegand o2-nozp, = 0.2-3.0 keal/mol) andrnozp (Erans= 0.05-0.10 kcal/mol)
with the two results differing by only about 2%. Convergence data, as well as the least-squares optimized power law fit to

with respect to the number of NOZP trajectories was examined this data set. Obviously the fit is less than perfect but it is very
by repeating this calculation using only 100 trajectories per good in the low-energy regime that contributes most to the rate

impact parameter. This resulted in a valuerefyoze = 100.3 constant at 10 K. We performed similar fits for the and o>

A2 which differs from the result given in Table 1 (based on data sets obtained from conventional QCT calculations; how-

250 trajectories per impact parameter) by less than 1%. Thus,€Ver. these fits were restricted to data at translational energies
to limit the computational cost of our calculations at collision 9greater than or equal to 0.2 kcal/mol. The parameters for the
energies of 0.05 and 0.1 kcal/mol, we have used 100 trajectoriesthree fits (using energy in joules and cross section in square

per impact parameter for computinBg(b; Eyand and the meters) are given in Table 2. As seen the fitting parameters for
resultant cross sections. Thesg nozp Cross sections at these 01 ando, are close to each other, but differ significantly from
two lowest collision energies are given in Table 1. the fitting parameters faw,—exiended This shows the sensitivity

It is interesting and obvious that fewer trajectories are needed Of the fit to the inclusion of low-energy data and indicates that
in NOZP calculations since the phase space associated with théhe fit 10 02-extendedis the preferred one. To determine whether
vibrational degrees of freedom is not sampled. However, the the data used to fitoz—exiended is sufficient to obtain a
trajectories are extremely long-lived and as a result we had to “converged” set of parameters we redid the fitd® extended
resort to a statistical approximation to obtain the reaction excluding the lowest energy cross section at 0.05 kcal/mol. The
probability. This approximation was tested and justified using resulting parameterg, = 5.5188x 1033 andq = 0.73836 (in
conventional and much more CPU intensive QCT calculations. the units used in Table 2), differ by 5 and 7% from the respective
In the absence of these tests, the validity of the statistical parameters determined using all the data. This level of difference
approximation would be unknown, of course. gives us some confidence that the parameters for the fit to
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TABLE 3: Thermal Rate Constants (107 cm?/s) for CH3* ' '

+ HD — CH,D" + H, at 10 K 1.910° + i
ko— 1.67+04
ki extended 314 18 10_9
ko 3.01
Kexpt (ref 12) 1.65+0.10 17107 - i
k. 0.80 _
0 .
aThe Langevin rate constant to form the complex multiplied by a & 1 10° - .
statistical factor of 0.6. e
L 1510° i
K4

O2—extendedin Table 2 are fairly well converged. Below we will
examine the differences in the rate constant obtained from these 1.4 10° | :
fits.
The various fits were each used in eq 6 to generate three 1310° |- 8
different approximations to the thermal rate constant at 10 K,
denoted—extended K1 andky, respectively. For the chosen power 1.210° -
law expression for the energy dependence of the cross section, : : : ' '
AE. ] the integral in eq 6 can be done analytically to obtain 0 10 20 30 40 50

the following expression for the thermal rate constant: T (K)
Figure 4. Temperature dependence of the thermal rate constant

1/2
K(T) = (ﬁ) (KDY 9 A2 - q) (8) Ko_extendedfor CHst + HD — CH,D* + H, between 5 and 50 K.

u

d in the 5-50 K temperature range. The rate constant can be seen
to decline only by about 35% within this temperature range.
This weak, inversd dependence is certainly consistent with
the usual behavior of the rate constants of-iomlecule
reactions at the temperature of the ISM.

wherel'(x) is the standard gamma function which was evaluate
numerically3? Table 3 gives our values of the thermal rate
constant for the exchange reaction at 10 K along with the
experimental valudeyp: of Asvany et ak? Also included there
is the Langevin approximation to the rate constant for ar-ion
molecule reaction which here we base on the well-known 4. Summary and Conclusions
expression for the rate constant to form the complex ’ ry
A new full-dimensional ab initio PES with the correct
k = 2.7156((1/#)1/2 9) asymptotic electrostatic interactions for the £Hsystem has
been used with quasiclassical trajectory methods to determine
whereu anda are the reduced mass in grams and the electric cross sections for reaction 1 at low relative translational energies,
dipole polarizability in crd, respectively of the nonpolar reagent, Eyans in order to obtain the low-temperature thermal rate
HD,%% ande is the electron charge in electrostatic units. In the constant, which is of interest in astrochemistry. The conventional
present case we have modifikdof eq 9 by multiplying it by quasiclassical trajectory approach becomes prohibitive at the
the statistical factor, 0.6, which describes the statistical breakuplow energies necessary to obtain the cross section for the
of the complex to form the products, as discussed above. Ascalculation of the rate constant. Thus, trajectory calculations
can be seen in Table Bz—extendedS in €xcellent (though perhaps  with no zero-point energy of the reactants were done at very
fortuitous) agreement with the experimental value. Khand low energies. These “no zero-point energy” calculations were
k> values are both substantially larger (by almost a factor of 2) validated by comparing the cross section obtained with them
than the experimental value which clearly indicates that to that obtained using the conventional approach at one
extrapolation of the energy dependence of the cross sectionsranslational energy. A combination of the conventional method
below the lower limit of those data seyans= 0.2 kcal/mol, along with some calculations employing no zero-point energy
causes significant error in the rate constant calculation at 10 K of the reactants was done in order to obtain the cross section to
and underscores the importance of having as much low-energyrelative translational energies as low as 0.05 kcal/mol. A power
data as possible to minimize the extent of the extrapolation. To law fit to the energy dependence of this data has been used to
test the sensitivity oko—extendedtO the extrapolation i2—extended extrapolate tEyqans= 0 so that the thermal rate constant at 10

we used the fit to th@r—extendeadata set excluding thByans = K for the exchange process could be obtained. Our best
0.05 kcal/mol data point described above and redid the rate calculated rate constant is 1.67 10~° cmd/s, with estimated
constant calculation and obtained a value of 2020°° cm/ uncertainty of 25%, which is in very good agreement with the

s. This result suggests that a conservative uncertainty estimatesxperimental value of Asvany et ¥.The calculated rate
for our ko—extendeqvalue is about 4x 10719 cm¥/s. The simple constant has a slight negative temperature dependence which
Langevin approach underestimates the experimental value bywas explicitly shown foiT between 5 and 50 K.

approximately_a factor of 2. _ o Finally we note that it would be of interest to apply
The Langevin rate constant given by eq 9 (which is based sophisticated statistical approaches to this reaction, such as the
on a model in which the cross section varies I&gns ¥ is “Statistical Adiabatic Channel Mode?* and we hope to do that

temperature independent as is well-known and as can be seefin the future.

from eq 8. The rate constant obtained using the fit corresponding

to the 02-exendefErrand data has a predicted weak inverse Acknowledgment. K.M.C. thanks Augustana College for
temperature dependende;18%44 If we assume that an increase sabbatical leave support for the period during which this work
in the rotational temperature from 5 to 50 K has only negligible was performed, and Prof. Aaron Dinner and his research group
effect on the reaction cross section, then we can use our resultdor their hospitality at the University of Chicago where the first
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