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New Analytical Potential Energy Surface for the FéP) + CH,4 Hydrogen Abstraction
Reaction: Kinetics and Dynamics

I. Introduction

The polyatomic FP) + CH, — FH(') + CHj reaction has
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Departamento de Qmica Fsica, Uniersidad de Extremadura, 06071 Badajoz, Spain

Receied: December 22, 2006; In Final Form: February 8, 2007

A new potential energy surface for the gas-phagB)F¢ CH, reaction and its deuterated analogues is reported,

and its kinetics and dynamics are studied exhaustively. This semiempirical surface is completely symmetric
with respect to the permutation of the four methane hydrogen atoms, and it is calibrated to reproduce the
topology of the reaction and the experimental thermal rate constants. For the kinetics, the thermal rate constants
were calculated using variational transition-state theory with semiclassical transmission coefficients over a
wide temperature range, 186800 K. The theoretical results reproduce the experimental variation with
temperature. The influence of the tunneling factor is negligible, due to the flattening of the surface in the
entrance valley, and we found a direct dependence on temperature, and therefore positive and small activation
energies, in agreement with experiment. Two sets of kinetic isotope effects were calculated, and they show
good agreement with the sparse experimental data. The coupling between the reaction coordinate and the
vibrational modes shows qualitatively that the FH stretching and the (hkbrella bending modes in the
products appear vibrationally excited. The dynamics study was performed using quasi-classical trajectory
calculations, including corrections to avoid zero-point energy leakage along the trajectories. First, we found
that the FH¢',j") rovibrational distributions agree with experiment. Second, the excitation function presents
an oscillatory pattern, reminiscent of a reactive resonance. Third, the state specific scattering distributions
present reasonable agreement with experiment, and as thé) Kffifational state increases the scattering
angle becomes more forward. These kinetics and dynamics results seem to indicate that a single, adiabatic
potential energy surface is adequate to describe this reaction, and the reasonable agreement with experiment
(always qualitative and sometimes quantitative) lends confidence to the new surface.

neglects the FH-CHs; van der Waals minimum in this product
valley. Third, the PES-2005 shows much less #)ibrational
excitation than seen in experiments. Fourth, thesBH¢tational

special theoretical and experimental interest because of theyigtribution is considerably hotter than experiment

FH(") vibrational population inversion produced in this reaction,
which constitutes a chemical laser system.

Our group has given much attention to this reaction in recent
years. In 1996, we reportédor the first time an analytical
potential energy surface (PES) for the title reaction (PES-1996)
which was modified and updated in 2G0%o correct its
deficiencies. This last surface was symmetric with respect to
any permutation of the four methane hydrogen atoms, and was
calibrated to reproduce the experimental rate constants. To
analyze the effect of the spirorbit electronic states of the
fluorine atom,?Ps;; and 2Py, two versions were constructed,
called PES-SO and PES-NOSO; it was found that the latter

In the present work, to correct the deficiencies of PES-2005,
we report the construction of a new analytical potential energy
surface for the title reaction, named PES-2006, and kinetics and
dynamics calculations on it. Given that similar dynamics studies

have been performed on different surfagéshis is an interest-

ing opportunity to analyze the role of the PES in the kinetic
and dynamic description of this system. The article is structured
as follows: In section Il, previous high-level electronic structure
calculations are reviewed to study energy and geometry aspects
of this reaction, which are sensitive parameters in the calibration
process. In section I, first, the development and calibration of
the new PES-2006 is described and, second, a brief description

reproduces better the experimental kinetics measurement. Thisy¢ the other surfaces is given for comparigénSection IV
PES-NOSO surface is called PES-2005 in the present paper. '”&resents the computational details, and the new PES-2006 is

both surfaces, PES-1996 and PES-2005, the studies focused o
kinetics aspects, such as forward rate constants and kinetic

sted against experimental and theoretical values used in the
calibration in section V. The kinetics results using variational

isotope effects (KIEs). Shortly after we had constructed the PES- 5 hgjtion-state theory (VTST) are presented in section VI, while

2005 surface, two dynamics studies using quasi-classical trajec
tory (QCT) calculations* questioned the suitability of this

“section VIl presents a dynamics study using the QCT method.
Finally, section VIII presents the conclusions.

analytical surface to describe the dynamics of this reaction, and

reported four major drawbacks in this PES-2005 surface. First

" |I. Electronic Structure Calculations: A Review

the energy drop along the reaction path in the product valley
does not reproduce ab initio calculations. Second, the surface Ab initio calculations have been reported by several

laboratorie& 7 for the title reaction using very different levels

* Corresponding author. E-mail: joaquin@unex.es. (correlation energyt basis set). The main results are sum-
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TABLE 1: Theoretical Electronic Structure Calculations for the Saddle Point and Complexes (Energies in kcal molt and
Distances in A)

method AE AV R(C—H") R(F—H") ref
saddle point
PMP4//UMP2/6-31%G(2d,p) 3.67 1.47 1.278 1.445 5
PMP4//UMP2/6-31%G(2df,2pd) 1.59 -0.13 1.120 1.458 5
QCISD(T)/IQCISD/6-31+G(2d,p) 1.44 —0.36 1.124 1515 5
QCISD(T)//QCISD/6-31+G(2df,2pd) 0.46 —0.65 1.113 1.551 5
QCISD(T)/IQCISD/cc-pvDzZ 4.40 1.70 1.160 1.376 3
QCISD(T)/IQCISD/aug-cc-pVDZ 0.17 —1.08 1.127 1.586 3
MP-SAC2F=0.78) 1.18 —0.10 1.124 1.564 3
CCSD(T)/aug-cc-pVTZ/IMP2/aug-cc-pVDZ —0.31 —2.29 1.137 1.466 4
CCSD(T)/aug-cc-pVTZ//ICCSD(T)/aug-cc-pVDZ 0.40 —0.35 1.124 1.643 4
SRP-PM3/ROHF 0.82 —2.66 1.143 1.323 4
reactant valley minimum
QCISD/aug-cc-pvVDZ —0.33 —0.10 3
MP2/aug-cc-pvVDZ —0.23 —0.01 3
product valley minimurh

UMP2/6-311-G(2df,2pd) —-3.14 —1.37 2.137 0.984 5
QCISD/aug-cc-pVDZ —2.28 —0.75 2.286 0.928 3
MP-SAC2 2.387 0.942 3
CCSD(T)/aug-cc-pVTZ —2.62 2.2 4
SRP-PM3/ROHF —3.79 1.8 4

aEnthalpy @0 K (i.e., including the zero-point energy)Energy values with respect to the products.

2marized in Table 1 for the saddle point and the complexes in Ill. Potential Energy Surface
the entry and exit channels.

We shall begin by analyzing the saddle point properties.
Depending on the ab initio level used (correlation energy and
basis set), the barrier heighiE) ranges from—0.31 to+3.67
kcal mol! and the adiabatic barrieAY,, i.e., when the zero-

p0||r1t1e(r31§rgy E’ malude.d) ragges from2..66 to -||-1.70 kcal it consists of a LondorEyring—Polanyi (LEP-type) function
mol". Given that there Is no direct experimental measurement ., o qripe the stretching modes, augmented by bending terms.
for comparison (some_ au_thors compare t.he t_>arr|er height with |, ¢ important to note that this PES, as in the case of PES-
the experimental activation energy, which is only a coarse 2005, is symmetric with respect to the permutation of the four

approxmaﬂon), It Is not at present.pos.smle to take any valug hydrogen atoms in methane, a feature especially interesting for
as reference in the subsequent calibration process (see SeCt'OHynamics calculations

). At th's point we can only say that_when a better correlatlon_ The main differences with respect to the earlier PES-2005
energy is considered and larger basis sets are used, the bamqr

. . . 2 . . Tie in the calibration process. The criterion chosen in the present
height (and the adiabatic barrier) is lower. Given that the reaction ; .
is very exothermic AHr = —32.0 kcal motY), the transition study was broader than in previous work of our grés usual,

state is early; i.e., it appears soon in the reaction path. As awe tried to repropluce the experimental variapion of the forward
consequence, the transition state is “reactant-like”, and the.lengthrate constants with temperature in the experimentally measured
s - L ’ . ¥ range (186-410 K). However, the main innovation with respect
of the C=H .bond tha't is broken 'S similar to the Cas€ N 4 earlier surfaces is that we tried also to reproduce the topology
methane, W_hllethe_FH bond _fo_r_med is long. These distances of the reaction, from reactants to products, with special care
also vary widely with the ab initio level used (Table 1). taken in the reproduction of ab initio information along the
With respect to the possible complexes, there is very little reaction path and the investigation of complexes in the entry
information about the possible complex in the entry chafinel. and exit channels. Therefore, in this paper we did not limit the
The sparse theoretical information that is available indicates thatcalibration to the zone close to the saddle point.
thi; complex gither will have a negligiblg inflqence or will not Obviously, the complete construction of an analytical PES
exist. There is somewhat more theoretical information about ¢4 nolyatomic systems is not trivial and represents considerable
the pOSSI_bIe complex_mthe exit channel. Depending on the level computational and personal effort. In the present case 32
used, this complex is stabilized between 2.28 and 3.79 kcal ygjystable parameters were calibrated. Moreover, in this reaction
mol~* with respect to the products, and is about 1 kcal Thol  there arise three further difficulties. First, given the very large
more stable tha.n the products vyhen the zero-point energy ISexothermicity AHr = —32.0 kcal mot), the reaction path is
considered. As in the saddle point case, theHCand F-H' very difficult to calculate because of a very flat PES in the entry
distances vary with the level used. channel. Second, in the experimental forward rate constants it
In spite of this wide range of values that is dependent on the is necessary to take into account the importance of the error
level used, we conclude that the barrier height is very low, and bars. Persk§reported the expression (1.28 0.15) x 10710
that an FH--CHz complex exists in the exit channel, that is exp(—215 4+ 60/T), cn® molecule’® s1, over the temperature
very little stabilized with respect to the products and is associatedrange 184-406 K, and Atkinson et &.reviewed the existing
with the electric dipole momentelectric quadrupole moment information and reported the expression 13 10710
interaction. These will be two theoretical criteria used in the exp(—215 + 200/T) over the temperature range 18410 K,
calibration of our PES (see section llI). with a larger error bar. For instance, at 300 K the rate constants

The title reaction consists of a hydrogen abstraction reaction
from methane to yield the methyl radical, with a slow change
in the geometry of the methyl group from pyramidal to planar
along the reaction path. The functional form is the same as that
of PES-200%,and therefore will not be repeated here. Basically,
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Figure 1. Three-dimensional representation of the potential energy surface for the gas-ptiyse¢ EH, — FH + CH; reaction.

TABLE 2: Reactant and Product Properties* Calculated Using the Analytical Surface

CHs CH; FH
PES-2006 expt PES-2006 expt PES-2006 expt
geometry
R(C—H) 1.094 1.091 1.094 1.079
R(F—H) 0.917 0.917
frequency
3145 3018 3182 3184 4115 4139
3145 3018 3182 3184
3145 3018 3072 3002
2984 2916 1380 1383
1538 1534 1380 1383
1538 1534 580 580
1344 1306
1344 1306
1344 1306
energy
AH® —32.00 —32.00
ZPE 27.92 27.10 18.27 18.18 5.88 5.92

aDistances in A, frequencies in cf energies in kcal mot. ® Experimental data from ref 20 Enthalpy of reaction at 0 K.

range from 3.25< 101°to0 12.3x 10~1%, with a recommended Before finishing this section, and given that comparison with
value of 6.35x 107! cm® molecule® s, close to the another two recent full surfaces will be carried out in this paper,
recommended value of Persky. Third, the F atom presents twowe shall briefly describe these surfaces, referring readers to the
spin—orbit electronic stategPs, and?Py,, which are split by original papers for more details. Castillo eBalonstructed their
only 404 cn® (1.15 kcal mot?). A priori, there is the possibility ~ PES based on 1100 points calculated at the MP2-aug-cc-pVDZ
of reaction from these two states. Unfortunately, there are no level (energy, gradient, and Hessian) and subsequent scaling
relativistic theoretical studies of this reaction, and a study of using the SAC method of Truhlar et’&Then these points were
this type is beyond the scope of the present work. Therefore, interpolated using Collins’s methdé Thus, this surface is an
we shall take the similar and very well studied(, and?Py/,) interpolated ab initio PES. The barrier height is low, 1.18 kcal
+ H, atom—diatom reaction for comparison purposes. Alex- mol~! (—0.10 when the ZPE is included), but the reaction
ander et al? found, first, that reactivity of the excited spin exothermicity, —40.91 kcal mot?l, is very far from the
orbit state of F is small, 2625% of the reactivity of the ground  experimental value;-32.0 kcal mot!. As was noted by the
spin—orbit state and, second, that the overall dynamics of the authors, better agreement with experiment is only possible when
F + H reaction will be well described by calculations on a high-level ab initio calculations are used, but then the compu-
single, electronically adiabatic PES. We assume this sametational cost is very high. To avoid this problem, Tréya
behavior for the similar F- CH, reaction. constructed a surface for the title reaction using the specific-
The final functional form and the adjustable parameters for reaction parameter (SRP) Hamiltonian method based on pa-
the new PES-2006 surface are given on our Web phagad a rameter-model-3 (PM3) semiempirical calculations. The barrier
three-dimensional (3D) representation is shown in Figure 1. height is lower than that above, but above all the vibrationally
Note that this surface is semiempirical, in the sense that adiabatic barrier;-2.66 kcal mot?, is especially low compared
both experimental and theoretical information are used to with other ab initio calculations (Table 1). In these two surfaces,
calibrate it. no kinetics studies were carried out, only dynamics studies using
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TABLE 3: Saddle Point Properties? Using Different PES and ab Initio Calculations

PES-2006 PES-2005 QcCre cc MP-SACZ
geometry

R(C—H) 1.094 1.094 1.085 1.101 1.099

R(C—H") 1.100 1.107 1.114 1.124 1.124

R(F—H") 1.777 1.550 1.551 1.643 1.564

frequency
3133 3127 3201 3168 3220
3133 3127 3201 3161 3220
3058 3032 3094 3057 3084
2880 2711 2389 2606 2486
1485 1416 1513 1486 1458
1485 1416 1513 1472 1458
1283 1221 1298 1298 1231
1265 1201 1298 1276 1231
1265 1201 1297 1231 1231
122 119 116 109 85
122 119 116 86 85
122i 106i 283i 270i 327i
energy

AEF 0.35 0.25 0.46 0.40 1.18

AH*(0 K) —0.07 —0.45 —0.65 —0.35 —0.10

ZPE 27.50 26.72 27.21

aDistances in A, frequencies in c energies in kcal moF. Cz, symmetry.? Surface from our previous wofk. ¢ QCISD(T)//QCI/6-
311+G(2df,2dp) from ref 54 CCSD(T)/aug-cc-pvTZ/CCSD(T)/aug-cc-pVDZ from ref 4viP2/aug-cc-pVDZ with SAC correctiorF(= 0.78)
from ref 3.

TABLE 4: Forward Thermal Rate Constants for the F + obtaining the minimum energy path, MEPin the ranges =
CH,4 Reactior? +3.0 bohr;s is the reaction coordinate. Along the MEP, we
T(K) PES-2006 PES-2005 expe calculated vibrational frequencies after projecting out the motion
180 455 3.59 3.9 alqng the r'eaction path using redundant internal coordiﬁéﬁés.
200 4.83 3.97 4.4 With this information, we calculated the ground-state vibra-
225 5.14 4.41 5.0 tionally adiabatic potential curve
250 5.48 4.82 55
508 505 : o3 Va'(9) = Vuesl®) + €in(9) (1)
300 6.07 5.51 6.4 ) , o
325 6.36 5.88 6.7 whereVuep(s) is the classical energy along the MEP with its
350 6.65 6.21 7.0 zero of energy at the reactants angl®(s) is the zero-point
400 7.22 6.82 7.6 energy afs. Rate constants were estimated by using improved
500 8.36 8.00 canonical variational transition-state theory (ICVV¥}8Quan-
a|CVT rate constants, in 10! cm?® molecule? s~ P ICVT rate tum effects in motions transversal to the reaction path were
constants from ref 2 Experimental values from ref 8. included by using quantum-mechanical vibrational partition

functions in the harmonic approach, while we found those

-23.10 quantum effects in the motion along the reaction path to be
) negligible due to the very flatness of the topology. All kinetics
x 2360 1 calculations were performed using the general polyatomic rate
o

constants code POLYRATE.In the present work we included
the 2Py, excited state of F (with an excitation enetgjpf 404
cmY) in the reactant electronic partition function, while the

-24.10 -

-24.60 ' ‘ rotational partition functions were calculated classically.
2 3 4 S 6 In the dynamics study we performed quasi-classical trajectory
1000/T (K) (QCT) calculationd—23 using the VENUS96 cod®,customized
Figure 2. Arrhenius plots of Irk (cm® molecule™ s) for the forward to incorporate our analytical PESs. It was also modified to
thermal rate constants against the reciprocal of temperatyria the compute the vibrational energy in each normal mode to obtain

range 186-500 K. Solid and dashed lines: our VTST values for the
PES-2006 and PES-2005 surfaces, respectively. Experimental value
(from ref 8): dasheetdotted line, including the error bars.

Jnformation on the Chiproduct vibrational distribution in the
exit channel. Since VENUS freely rotates the molecules along
the trajectories, the normal mode energy calculation is preceded
quasi-classical trajectory (QCT) calculations, although with PY @ rotation of the molecule in order to maintain the orientation
different code programs, VENUSO96 in the first case and the of the optimized geometry of the methane molecule for which

direct reaction coordinate (DRC) facility of the GAMESS code the normal-mode analysis was performed. Once this is done, a
in the second. projection of the displacement and momentum matrices on the

normal-mode space allows one to compute the potential and
kinetic energy for each normal mode. The energy in each
harmonic normal mode was computed for the last geometry

In the kinetics study, we used the variational transition-state (coordinates and momenta) on the reactive trajectories. This
theory (VTST)! Starting from the saddle point geometry, we approach had been used in an earlier paper by our &tretith
followed the reaction path toward both reactants and product, excellent results.

IV. Computational Details
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Figure 3. Saddle point bending energy curves<{8'—F) for the F+ s(bohr)

CH, reaction. The remaining internal coordinates have been kept fixed Figure 4. Minimum energy paths (MEPs) for the PES-2006 (solid
for the respective methods. Solid and dashed lines: our values for thelin€) and PES-2005 (dashed line) surfaces.

PES-2006 and PES-2005 surfaces, respectively. Dagtatted line:
MP2/6-311G(d,p) ab initio calculations. Note that the 18@&lue
corresponds to the saddle point.

The accuracy of the trajectory was checked by the conserva-
tion of total energy and total angular momentum. The integration
step was 0.01 fs, with an initial separation between the F atom
and the methane center of mass of 6.0 A, and a maximum value
of the impact parameter of 3.5 A. To simulate the experimental

Energy (kcal/mol)

s (bohr)
conditions, we considered a relative translational energy of 1.8 Figure 5. Classical potential energy curvéee, zero-point energy,

AZPE, and vibrationally adiabatic potential energy cu¥,%, as a
function of the reaction coordinats, All quantities are with respect
to the reactants.

kcal mol! and a methane rotational energy of 20 K. Batches
of 100 000 trajectories were calculated, where the impact
parameterp, was sampled by

— 1/2
b= bR 2 With respect to the saddle point geometry, in general the ab
] ) ] initio informatior?~” was reasonably well reproduced, with the
whereR is a random number in the interval [0,1]. most significant differences being a longeti# bond (H being

A serious drawback of the QCT calculations is related to the {ne apstracted hydrogen). In general, the ab initio data show
question of how to handle the quantum-mechanical zero-point tnat the F-H' bond is longer than the-6H’" bond. This tendency
energy (ZPE) problem in the classical mechanics simuldfich. s reproduced in this new PES-2006. At the saddle point the
Many s_trategies have been proposed to correct for this quantum4ength of the bond that is broken {@&1') increases by only 1%,
dynamics effect (see, for instance, refs-® and 33, and  gnd the length of the bond that is formed-i') is 94% larger
references therein), but no completely satisfactory alternativestnan at the products. This indicates that the reaction of the F
have emerged. Here, we employed a pragmatic solution, theatom with methane proceeds via a “very early” transition state;
so-called passive methd®,consisting of discarding all the e it is a reactant-like transition state. This is the expected
reactive trajectories that lead to either an FH or a@tbduct behavior that would follow from the large exothermicity of the

with a vibrational energy below their respective ZPEs. This wWe yeaction. This saddle point is well characterized by one
call histogram binning with double ZPE correction (HB-DZPE). imaginary frequency.

More interesting is the barrier height comparison (Table 3).
In section Il, we analyzed different theoretical levels, concluding
that the classical barrier height is very sensitive to the extension

Before beginning the analysis of the kinetics and dynamics of the one-electron basis set, a general problem in computational
results obtained using the PES-2006 now constructed, achemistry. Although the range of values of the barrier height
consistency test of the calibration was performed. Because both(Table 1) is wide, one observes that the value decreases as the
theoretical and experimental information were used in this level of calculation increases. The barrier height obtained with
process, this analysis simply informs one of the consistency of our PES-2006, 0.35 kcal md}, agrees with this tendency, and
the parametrization. one can consider this value as reasonable.

(i) The results of the final fit are listed in Table 2 for reactants It should be borne in mind that the agreement in geometry,
and products, and in Table 3 for the saddle point. In general, vibrational frequencies, and energy, for reactants, products,
the reactant and product properties agree very well with the intermediate complexes, and saddle point, is a consequence of
experimental dat& with the most significant difference being the fitting procedure used, and simply represents a check of
0.02 A for the C-H bond length in the methyl radical. With  the consistency of the parametrization.
respect to the vibrational frequencies, the small differences found The above discussion about the barrier height, a single point
balance out between reactants and products, yielding an enthalpyn the whole surface, reflects the need for very high level ab
of reaction & 0 K of —32.0 kcal mot?, in close agreement initio calculations to correctly describe a reactive system. Given
with the experimental valu®. that thousands of calculations are necessary to perform the

While no complex was found in the entry channel, in the kinetics and dynamics calculations, this is even today a
exit channel we found one van der Waals complex, stabilized prohibitive task in polyatomic systems, and the problem
by 1.0 kcal mof? with respect to the products and a-@&' increases with molecular size. In view of this very demanding
bond length of 2.000 A (FH' = 0.918 A). Undoubtedly this  process, which usually requires a final ad hoc refit, the
very flat complex obtained with our PES will have little or no  alternative of obtaining a global PES such as the one developed
influence on the kinetics, but it may affect the rotational in the present work becomes essential for accurate kinetics and
excitation of the FH product. dynamics studies.

V. Test of Consistency of the New PES. Calibration and
Comparison with ab Initio Calculations
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14 sponding distribution of the diatomic product in analogous
15 hydrogen abstraction reactions, such as-HCH,, Cl + CHy,
and OfP) + CH,. These two features were also found in the
results of Castillo et al.and Troy4 using their interpolated ab
initio and SRP-PM3 surfaces, respectively. This all would seem
to lend confidence to the surface constructed in the present
b 0 1 2 3 paper.
s(bohr) With respect to the potential energy curve, Kuntz éfaloted

that for exothermic triatomic systems the release of energy into
vibration depends on the location of the region of the PES
responsible for the product repulsion. Figure 4 shows the
potential energy curve using the new PES-2006, and for

(ii) Another important test of consistency is the comparison comparison the previous PES-2005. Troyated that one of
with the experimental rate constants which were used in the the_def|C|enC|es of our previous PES-2005 surface was that the
calibration process. Table 4 lists the variational ICVT thermal "€9ion of product repulsion occurs more toward the products
forward rate constants obtained with this PES-2006, together than predicted by ab initio calculations. Clearly, the new PES-
with the experimental and our previous PES-2005 rate constants2006 corrects this deficiency, which will represent a larger
for the temperature range 18600 K. Figure 2 shows the release of energy into vibration, another goal of the present
corresponding Arrhenius plot. The new parametrization of the WO'K. This can be seen in more detail if we compare our Figure
surface, PES-2006, reproduces the experimental data in the? With Figure 3 in Troya’s paper. Finally, it again needs to be
common temperature range, taking into account the experimentafP®Me in mind that, as the bending curve and the potential energy
error bar. Since the experimental thermal forward rate constantsCUTVe Were used in the calibration process, this represents simply
were used in the calibration process, again this represents simply2n0ther check of the consistency of the parametrization.
another check on the consistency of the parametrization. In sum, therefore, the present work involved the calibration

. : : . : of the surface, taking into account close and far zones relative
To provide the m ropri mparison with experimen P U
0 provide the most appropriate comparison with experiment, to the saddle point, i.e., considering the topology of the complete

the phenomenological activation energy was computed as the . . . -
local slope of the Arrhenius plot. Over the common temperature reactive system fro.m reactants to products, with special attention
paid to the possible reactant or product complexes. This

range, 186-410 K, our theoretical result, 0.32 kcal mylagrees . . ; .
closely with that from experimesit0.43+ 0.12 kcal mot™, represents an innovation with respect to previous work of our
(i) To confirm the accuracy and behavior of our analytical group.
PES, we compare_d it against ab initio _caIcuIat|or_1$ in sensitive |/, inetics Results and Discussion
zones of the reaction such as the bending of the linear approach
and the potential energy curve. It is well-known that there isa  VI.1. Reaction Path and Coupling Terms.For the PES-
correlation between the bending frequency of the collinear 2006 surface, Figure 5 shows the classical potential energy,
saddle point (EH'—F) and the product +H' rotational Vvep, the ground-state vibrationally adiabatic potential energy
distribution. Schatz et &%:37found that surfaces having the same curve, AV,°, and the change in the local zero-point energy,
saddle point but differing dependence of energy on the bending AZPE, as a function o over the range-1.0 to +3.0 bohr.
angle showed very different rotational excitation in the products, Note thatAV.® andAZPE are defined as the difference between
concluding that looser saddle points imply hotter rotations. To V.C ats or ZPE ats and their values for reactants.
test this energy dependence of thel€—F bending angle, The AZPE curve drops at abost= +2.0 bohr and shows a
we compared the values from our analytical PES and broad well. This behavior is typical of hydrogen abstraction
our previous PES-2005 with ab initio calculations at the reactions, and the change wistis mainly due to the drop in
MP2=FULL/6-311G(d,p) level (Figure 3). Although the energy the CH, stretching corresponding to the normal mode breaking
variation was practically isotropic in the wide range 1408, during the reaction, which evolves to the FH stretching mode
with variations of only 0.5 kcal mot, the new PES-2006 is  forming in the product (reactive mode). As a consequence, the
slightly more repulsive than PES-2005, and closer to the ab AV,® curve presents a well, stabilized 3.03 kcal molith
initio values. A priori, this represents a rotationally colder respect to the products. It is locatedsat +2.55 bohr in the
product, one of the goals of the present work. product channel, and represents the following geometryH'F
Moreover, this isotropic behavior would explain two interest- = 1.173 A and G-H' = 1.382 A,
ing features of this reaction. First, there is the strong dependency Two important features are necessary to note. First, this well
of the level of calculation on the-6H'—F angle at the saddle  does not correspond to the van der Waals complex found in
point. Thus, we performed MRZFULL ab initio calculations the product channel, which appears at a largeHCdistance:
using three different and modest basis sets: 6-31G, 6-31G(d,p),2.000 A (F-H = 0.918 A). Second, this mechanism that
and 6-311G(d,p). While in the first and third cases we found a assumes the presence of a quasi-bound complex does not
collinear saddle point) = 18C°, the 6-31G(d,p) basis set yielded exclude the possibility of a direct mechanism: due to the very
a bent geometng = 158.6. In these three cases, we confirmed large exothermicity of the reaction, the system has enough
that the stationary point is a true saddle point, characterized byenergy to go through the well without falling into it. Thus, the
one and only one imaginary frequency. Castillo eBdlrpya? two mechanisms take place simultaneously, and the overall
and Roberto-Neto et dlfound similar behavior using the same dynamics of the system is the sum of the two mechanisms.
basis set, aug-cc-pVDZ, but different correlation energy meth- Obviously, this simultaneity will be a problem in the experi-
ods: MP2, QCISD, and CCSD(T). While the first two levels mental detection of this quasi-bound complex.
yield a collinear geometry, the third yields a bent geomery, Along the MEP the coupling term$r(s), measure the
= 153.£4. Second, there is the experimental finding that the coupling between the reaction coordingf&g &nd the orthogonal
FH product rotational distribution is hotter than the corre- bound modesk). These coupling terms are the components of

Kappa (au)
OoON MO OO

Figure 6. Reaction path curvatures, as a function of reaction
coordinates.



PES for F{P) + CH, Hydrogen Abstraction Reaction J. Phys. Chem. A, Vol. 111, No. 14, 2002767

TABLE 5: Kinetic Isotope Effects for F + CH4/F + CD,4 as a Function of Temperature

T (K) PES-2006 PES-2005 expt expt
180 1.85 2.07 1.72 0.05
200 1.79 2.01 1.63 0.05
225 1.72 1.94 1.54 0.05
250 1.68 1.87 1.48 0.05
283 1.61 1.79 1.909°1.74+ 0.3 1.41+0.05
298 1.59 1.77 1401915+ 05 1.38+0.05
300 1.59 1.76
325 1.55 1.73
350 1.53 1.70
400 1.48 1.63
500 1.40 1.54

a Reference 47k(F+CHj)/k(F+CD4) = (0.99 + 0.02) exp(100+ 5/T). ® Reference 44 Reference 45¢ Reference 42f¢ Reference 46.

TABLE 6: Kinetic Isotope Effects for F + HCHD,/F +

surface agree reasonably well with the corresponding common
DCDH, as a Function of Temperature

experimental data at 283 and 298 K, taking into account the

T (K) PES-2006 expt large uncertainties of the experimental values. Recently, Pérsky
180 134 172 has reported the KIEs as a function of temperature over the
200 1.32 1.61 temperature range 18298 K. Our PES-2006 reproduces the
225 1.30 1.50 tendency found experimentally, and although they are slightly
250 1.28 141 greater, they improve the results from our previous PES-2005.
ggg 132 1.30 We also calculated the # HCHD,/F + DCDH; KIEs (Table
325 124 6) and compared them with the only (and now rather old)
350 1.23 experimental measureméht
388 ﬁs F + HCHD,— FH + CHD,

aReference 48;k(F+HCHD,)/k(F+DCDH,) = (0.81 + 0.03)

exp(138-+ 7/T), for 159-298 K. F+ DCH,D —~FD + CH,D

In the common temperature range, the PES-2006 reproduces
the variation with temperature. Although our values are
somewhat smaller than experiment, the agreement at 298 K is
excellent.

Before finishing this kinetics section, it is interesting to note
that this analysis, although of macroscopic properties, is very
¢ interesting for defining the accuracy of the new PES. Itis usually
absent from other studies, for example in the two surfaces
recently developed by other groups.

the reaction path curvature(s), defined as

K(8) = { Y [Bee(913 (3)

and control the nonadiabatic flow of energy between these
modes and the reaction coordiné&te! They will allow us to
give a qualitative explanation of the possible excitation o
reactants and/or products, i.e., dynamic features, which are
another sensitive test of the new surface. Figure 6 shows the
curvature of the reaction path as a functionsofThis figure
shows the same behavior as reported with PES-2005, and it
discussion will not be repeated here. We would only note that
the lowest peakg= +1.85 bohr) is due to the strong coupling
of the reaction path to the GHimbrella bending mode, while
the highest peaks(= +2.70 bohr) is due to the coupling of the
reaction path to the +H stretch mode. Therefore, for thermal fv(FH), 0.61; fr(FH), 0.03; fv(CH), 0.03; fr(CH), 0.02; and
reactions these two modes will appear vibrationally excited. ft, 0.31; i.e., the energy is released mainly as vibration in the
Moreover, while the latter mode needs too much energy to be FH product and relative translation of products, with negligible
excited by translational to vibrational energy transfer, the former internal energy in the Cicoproduct.
mode is a good candidate to receive this energy during the time The QCT results on our PES-2006 are listed in Table 7
that the quasi-bound complex exists. These qualitative resultstogether with the experimental estinftand other QCT results
agree with our previous PES-2005 and with experiméins, on different PESS:5%0 First, the PES-2006 results have
and will be analyzed in more detail below in the dynamics study. remarkably improved the partition energy distribution obtained
VI.2. Kinetic Isotope Effects. It is well-known that the KIEs with our previous PES-2005, one of the main goals in the present
provide a very sensitive test of several features of the shape ofwork. Second, in general, all QCT calculations on different
the new surface (barrier height and width, and zero-point energy surfaces agree poorly with experiment, with overestimates of
near the dynamic bottleneck). This magnitude is defined the CH;internal energy (except the Kornweitz et al. calculation)
following the convention that the rate for the lighter isotope is and underestimates of the relative translational energy. Given
always in the numerator. Hence, a value greater than 1 isthat very different potential energy surfaces are used, these
considered a “normal” KIE, while a value less than 1 is an differences may be due to limitations of the QCT method in
“inverse” KIE. Two sets of KIEs (one more than in our previous describing this system, and/or to different treatments of the zero-
PES-2005 study) were calculated on this surface (Tables 5 andpoint energy problem. Obviously, intrinsic deficiencies of the

SVII. Dynamics Results and Discussion

VII.1. Product Energy Partition. Although there is no direct
experimental measurement of this dynamics property, Zhou et
al.*° reviewed the earlier experimental information and found
that the energy partitioning can be summarized as follows:

6) for the temperature range 18800 K, and compared with
the available experimental values. The-FCH4/F + CD,4 KIES

different surfaces cannot be discarded.
To test the influence of the zero-point energy correction on

are listed in Table 5 together with the sparse experimental valuesthis property, we also performed calculations considering all

for comparisorf2'44-47 The KIEs obtained with the PES-2006

trajectories, i.e., without removing the trajectories with energies
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TABLE 7: Product Energy Partition at 1.8 kcal mol =1 Collision Energy

PES-2006 expt PES-2005 KPL® CABMFV¢ Troye®
fv(FH) 0.66 0.61 0.40 0.75 0.53 0.67
fr(FH) 0.10 0.03 0.16 0.15 0.07 0.04
fv(CHs) 0.11 0.03 0.27 ~0 0.27 0.14
fr(CHs) 0.04 0.02 0.02 ~0 0.03
ft 0.09 0.31 0.14 0.10 0.10 0.15

aReference 4% LEPS-type PES from ref Z.LEPS-type PES from ref 50.Interpolated ab initio PES at the MP-SAC2 level from ref 3.
¢ Semiempirical SRP-PM3 PES from ref 4T his value corresponds to the internal energy of the.CH

TABLE 8: FH(v') Vibrational Populations at 1.8 kcal mol~* Collision Energy

reference =0 v=1 V= V=3
this work 0.01 0.15 0.82 0.02
expe 0.04+0.04 0.194+0.03 0.67+ 0.02 0.11+0.01
KPLP 0.03 0.10 0.54 0.33
TMBC¢ 0.0 0.10 0.72 0.18
CABMFV¢ 0.20 0.23 0.29 0.22
Te 0.0 0.21 0.67 0.13
PES-2005 0.08 0.63 0.28 0.01

aReference 422 LEPS-type PES from ref 50.Ab initio triatomic analytical representation from ref Sinterpolated ab initio PES at the
MP-SAC?2 level from ref 3¢ Semiempirical SRP-PM3 PES from ref 4. EPS-type PES from ref 2.
below the ZPE of the products. The energy partition is as 281
follows: fv(FH), 0.53; fr(FH), 0.08; fv(CH), 0.30; fr(CH),
0.03; and ft, 0.06. Thus, the agreement with experiment is
poorer: the FH vibrational energy diminishes, while thesCH
vibrational energy increases. Therefore, the results are very
sensitive to the ZPE criterion chosen.

VII.2. Excitation Function. The excitation function (reaction
cross section versus collision energy) was measured experi-
mentally by Shiu et at! for the energy range 0.4&.3 kcal
mol~1 for the formation of the ground state G = 0). This
function shows a steep increase from the threshold up to a
collision energy of~2 kcal moll, and then decays as the
collision energy increases. This behavior differs notably from

—a&—ch3 v=0 FHv'=all
—-0—- ch3v=0fhv'=3
---4---ch3v=0fhv'=

Cross section (A)

0.5

E coll (kcal/mol)

Figure 7. Excitation function for the F+ CH; — FH(') +
CHs(v'=0) reaction using the PES-2006 surface. The solid line includes
all FH vibrational states. Dashed line and cross symbolsyFE)

those for the analogous F H, reactiom?>%2%%and also for level; dasheedotted line and circle symbols, FHE3) level.
the isotopic F+ CD, reaction?®
Previous QCT calculations on interpolated ab inft&&miem-  of the complete function is mainly due to the BH£2) state,

pirical SRP-PM3! and analytical LEPS-type (PES-2085) while the FH¢'=3) state shows a smoother behavior, although
surfaces found a rapid increase from the threshold up to a peakit also presents a step character.
in accordance with experiment, but then a gradual decrease as Two final considerations need to be made. First, an oscillatory
the energy increases, in contrast with experiment. Therefore, pattern is not always related to resonance behavior, and second,
those previous surfaces do not reproduce the whole experimentah|though the quasi-bound state is observed in the QCT calcula-
behavior. It is interesting to note the very strange behavior tions, these QCT results need to be taken with extreme caution
obtained by Troy&using our previous PES-2005 surface (see because of their classical nature, and obviously a firmer
Figure 6b in the original paper), which strongly contrasts with conclusion about this resonance would only be possible using
that obtained by Castillo et &land the present work using the  quantum-mechanical (QM) calculations, which is beyond the
same surface. Itis not yet clear what the reason is for this major scope of this study.
discrepancy, but we would note that different programs were  VI|1.3. FH(v'j') Product Rovibrational Distribution. The
used for the QCT calculations: the DRC facility of GAMESS  FH(v") vibrational distributions calculated with the QCT method
in Troya’s study and the VENUS96 code in the other two.  using different surfaces are listed in Table 8, together with the
Neither do QCT calculations on the present PES-2006 available experimental data for compariséh.
reproduce the experimental behavior, and the excitation function =~ Except on the PES-2005 surface and the interpolated ab initio
presents an oscillatory pattern in the region around 2 kcafmol PES? all the QCT calculations reproduce the experimental
(Figure 7). In analyzing this behavior in more detail, we first behavior, where vibrational population inversion is found, with
observed that the falls at 2.5 and 3.5 kcal Malre because in  a peak inv' = 2. In agreement with the goals set out in the
many trajectories the FH product is moving away and approach- Introduction, the PES-2006 improves the results of the earlier
ing the Ch coproduct for a very long period of time, producing PES-2005, since it reproduces the ab initio reaction path better
a quasi-trapped resonance state. This means that many trajecdFigure 4), making a deeper fall in energy in the product valley,
tories are not reactive at these energies, and is a signature similain agreement with ab initio calculations.
to that of a reactive resonance. Indeed, these reactive resonances The QCT vibrationally state resolved FHY rotational
have recently been reported experimentllgnd theoreti- distributions using the PES-2006 are plotted in Figure 8, together
cally>556for the title reaction. with the QCT results on our previous PES-2005 and experi-
Second, in considering the vibrational-state contribution to mental value$?9 The PES-2006 reproduces the experimental
this function (Figure 7), we found that the oscillatory pattern tendency, i.e., when the vibrational state is higher, the rotational
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Figure 9. Product angular distribution for the # CH, — FH(»') +

FHE) CHj reaction, for different vibrational FH states.
FH(v'=3) mol~%. The ground-state vibrational methane gives mainly

Rel. Population
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FH(')

ground-state Cklproducts. The percentage diminishes with the
modes: 60% with excited umbrella bending'], 30% with
excited deformation bending{), and between 10 and 4% in
stretching excited modes. These results agree with the experi-
mental evidencé’ and confirm the purely qualitative description
obtained previously with the analysis of the kappa factors

Figure 8. Rotational populations for B CH; — FH(',j') + CHs (section VI.1).

reaction. The distributions are normalized so that the area under the VII.5. Differential Cross Section. The differential scattering
common levels is the same. The solid line corresponds to the resultsdynamics of the title reaction was determined experimentally
with the PES-2006 surface, and the dashed line corresponds to the-oy Harper et af? via high-resolution IR laser dopplerimetry.
experimental values from ref 42g. Although there are experimental difficulties and the results are
limited in angular resolution, the authors find for the FH¢1)

and FH¢'=2) states a clear propensity for forward/backward,
|cosP)| ~ 1, versus sideways scatteringps@)| ~ 0, although
unfortunately the forward versus backward scattering cannot

TABLE 9: Percentage Population of CH; Coproduct
Vibrational States?

CH; vibrational state

population be well characterized.
v 0 40 The QCT vibrationally state resolved FH) scattering
% gg angular distributions on PES-2006 at collision energy of 1.8
v 0 70 kcal mol* are plotted in Figure 9. While for the FHEQ) state
1 24 the sideways distribution dominates the forward/backward, for
2 6 the all other FH¢'=1,2,3) states the forward/backward scattering
v 0 89 dominates the sideways, in agreement with experiment. More-
% Sl) over, as the vibrational state increases, F&(@ — v'=3), the
vy 0 96 scattering becames increasingly forward shaped. This result for
1 4 the FH@'=3) state agrees with the experimental data for the
2 0 analogous F+ H, — FH (¥'=3) + H reaction3® and with the

behavior of the title reaction at high impact parameters, called
peripheral reactions by Kornweitz etl.

Comparing these results with previous QCT calculations on
different surfaces, ones observes that the earlier PES-2005
distribution is colder, although our theoretical values are hotter surface presented a similar behavior, the forward scattering
by 1-2 values ofj’ and broader. It is interesting to note the increasing with the vibrational state, while the interpolated ab
marked improvement with respect to the previous PES-2005 initio surface by Castillo et &.obtained scattering that was
results for all FH{") states, especially for the FHE3) state, predominantly backward at any F#i) state. Troyd,using the
where the]' maximum passes fromi = 10 toj' = 2, at only semiempiral SRP-PM3 surface, only reported results for all the
one value from experiment. Obviously, this behavior is related FH(»') vibrational states, without differentiating vibrational
to the more repulsive bending curve of the PES-2006 surface levels.

(Figure 3), and the lower average rotational fractidn(FH)[ To shed more light on this problem, we analyzed the evolution
= 0.10 versus 0.16 for the PES-2005 surface (Table 7). The of the angular distribution as a function of the collision energy.
other surfaces, interpolated ab inftiand semiempirical SRP-  Because of the statistics, Figure 10 shows the 3D plot of the
PM3* also present differences with respect to experiment, differential cross section (DCSollision energy (Ecoly-6 for
indicating that this property is strongly dependent on the the most populated Fhi(=2) state. One observes a notable
construction of the surface, and/or the different treatment of change of DCS with collision energy. At low energies, the DCS
the ZPE problem. is practically sideways, but as the energy increases forward

VII.4. CH 3(v") Coproduct Vibrational Distribution. Table scattering predominates, with sudden changes at energies of 2.5
9 lists the percentage vibrational excitation of thesCblproduct and 3.5 kcal motl. This pattern is reminiscent of the resonance
for the ground-state methane and a collision energy of 1.8 kcal signatures observed for the atemiatom F+ HD — FH + D

a Ground-state methane reactant, at 1.8 kcal#délv,', umbrella
bending, 580 cmt; v4/, deformation bending, 1380 crh v, symmetric
stretch, 3072 cmt; v3', asymmetric stretch, 3182 cr
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Figure 10. Three-dimensional representation of the evolution of the

differential cross section as a function of the collision energy in the
range 0.5-6.0 kcal mof?.

reaction?® and the polyatomic CH- CH; — CIH + CHg
reaction’® and could explain the experimental resonance
reported by Shiu et al. for this reacti®&hThese authors suggest

Espinosa-Gafai et al.

This qualitative prediction agrees with the experimental evi-
dence, and with the quantitative dynamics results in this paper.

Second, an exhaustive dynamics study employing quasi-
classical trajectory (QCT) calculations was also performed on
this PES. The product energy partition obtained reproduced the
experimental behavior, although it overestimated the; CH
coproduct internal energy and underestimated the relative
traslational energy. The present PES remarkably improves the
FH(»',j") product rovibrational distributions with respect to the
previous PES-2005 surface, and showed better agreement with
experiment.

Finally, the oscillatory pattern in the excitation function, the
forward/backward predominance in the differential cross section
analysis at 1.8 kcal mol, and the dramatic changes in the
DCS—Ecoll—6 3D plot, are signatures of the resonance reported
experimentally by Shiu et a}, and assigned to wells in the
vibrationally adiabatic curve as found in our surface. Obviously,
the classical nature of the QCT calculations means that this
conclusion is only tentative, and quantum-mechanical (QM)
calculations will be required for a firmer conclusion to be drawn.

A comparison with very different surfaces recently con-
structed for the title reaction (interpolated ab initio and semiem-
pirical SRP-PM3) showed that the accuracy of the polyatomic
surfaces is today still far from the accuracy attained for triatomic
systems. In particular, the dynamics results were strongly
dependent on the PES construction.

In sum, our theoretical results showed good agreement with
the experimental kinetics measurements (forward rate constants,

that the mechanism for this possible resonance is a Feshbaschctivation energy, KIEs, and reaction path curvature), and
resonance due to dynamic trapping in wells on the vibrationally moderately good agreement with the broad spectrum of experi-
adiabatic PES. As noted in section VI.1, in the present study mental dynamics measurements (rovibrational excitation, avail-
using the PES-2006 surface we found a deep well on the able internal energy in products, and scattering distributions).
vibrationally adiabatic curve, and we suggest that this resonanceThis qualitative agreement lends support to the newly con-

is assigned to the GHbending umbrella mode.

VIII. Conclusions

In this work we have recalibrated a previous analytical
potential energy surface for the gas-phas®}¢ CH, — FH-
(v',j") + CHs(v') reaction. The new surface, named PES-2006,

structed polyatomic PES, although there are some differences
which may be due to the potential energy surface, of course,
but also to the known limitations of the QCT method and/or
problems with the very sparse experimental data available for
comparison.
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calibration criteria to reproduce the topology of the reaction
from reactants to products; i.e., the calibration was not limited
to the saddle point zone.

First, a kinetics study using variational transition-state theory
(VTST) was performed. The thermal forward rate constants
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