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Abstract

Ab initio, multi-reference, configuration interaction calculations are reported for the reactions,

CHs4 <o CH3+H : @
CHsF & CHoF + H (5)
CH,F, <> CHF, + H M A - (6)
CHF; & CF3 + H N )

Two equivalent, barrier-less paths are found for the CH3+H recombination, two inequivalent,
barrier-less paths are found for the CH;F+H and CHF,+H recombinations (depending on which
side of the radical the hydrogen atom approaches) and only one barrier-less path is found for the
CF3+H recombination. The minimum energy path for H atom approaching CF3 from the concave
side is predicted to have a barrier of 27 kcal/mole. Both the minimum energy path energies and the
transitional frequencies as a function of Rcy for all four reactions are predicted to be quite similar.
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I. Introduction

Potential surfaces for molecules at energies close to a dissociation limit are of interest because it is
these regions that are of most importance in determining the rates of dissociation and recombination
reactions. One of the simplest classes of dissociation/recombination reactions are the CH bond
cleavage reactions. We have previously reported characterizations of potential surfaces for several
simple CH bond cleavage/recombination reactions, including!-3; ' ’

CH, &> CH+H (1)

CHj3 <> CHp + H | )
HCCH « HCC + H 3)

These studies have shown that the rates of these reactions are sensitive both to features of the
potential surface in the vicinity of the minimum energy paths (MEP) and to features of the potential
surface sampled by large amplitude motion away from the MEP. In this paper we report
characterization of potential surfaces for the following reactions:

CH4 < CH3 +H “)
CH3F «> CHF + H (5)
CHyF; & CHF,; + H (6)
CHF; & CF3 + H D

There have already been fairly extensive theoretical studies reported on the potential surfaced-12
and the kinetics13-16 for reaction (4). To our knowledge there has been only one theoretical study1?
of reaction (7) and no theoretical studies have yet been reported for reactions (5) and (6). It is the
goal of the work reported here to provide reasonably accurate potential surfaces for all four
reactions at the same level of theory so that meaningful comparisons can be made between the
members of this series.

One aspect of these reactions, that will be a focus of this study, has to do with the coupling
between the inversion mode of the methyl radicals and the reaction coordinate. The barriers to
inversion and equilibrium inversion angles for the series of methyl radicals, CH3, CH2F, CHF;
and CF3, are summarized in Table 1. The barriers to inversion in this series range from 0 to ~30
kcal/mole!8 and the equilibrium geometries range from planar to nearly tetrahedral. Consider a
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recombination reaction involving one of these radicals. For CH3, it is clear that at some point along
the reaction coordinate there must be significant coupling between the reaction coordinate and the
inversion mode of the radical (the inversion angle must change by ~20° and the inversion force
constant becomes much stiffer). At the other extreme, for CF3, there is no reason to expect strong
coupling between the reaction coordinate and the inversion mode because the geometry of the CF3
radical and the geometry of the CF3 fragment in the CF3H molecule are quite similar. This
reasoning suggests then that the coupling between the reaction coordinate and the inversion mode
will decrease in the order CH3+H > CHoF+H > CHF,+H > CF3+H. However, there is another
aspect to this question having to do with which side of the radical the hydrogen atom approaches.
For CH3, since the radical is planar the two sides are equivalent and we expect two equivalent
reaction paths. The other radicals though are all nonplanar and thus the two sides of these radicals
are not equivalent. Each of these radicals has a convex side (which we will refer to here as the
front-side) and a concave side (which we will refer to as the back-side). The argument outlined
above concerning coupling between the reaction coordinate and the inversion mode clearly applies
only to attack from the front-side of the radical. If recombination occurs from the back-side of any
of these radicals an inversion will have to take place at some point along the reaction path. Thus an
additional question to be addressed in this study is whether or not recombination can occur from
the back-side of the three fluoro-methy! radicals.

All four of the above reactions have been studied experimentally in the recombination direction.
The largést amount of work!9-25 has been done on reaction (4). Two low pressure
measurements26-27 of the rate of reaction (-7) have been reported. To our knowledge no
measurements on reaction (5) and (6) have been published but at least one set of low pressure
measurements28 have been made.

The paper is organized as follows. The details of the ab initio methods used are described in the
next section. The characteristics of the MEP’s resulting from these calculations are presented in
Section III. In Section IV and V two types of large amplitude motion off the MEP’s are considered;
Section IV deals with motion of the departing hydrogen atom perpendicular to the reaction
coordinate while Section V is concerned with coupling between the inversion mode of the radical

and the reaction coordinate.




II. Ab Initio Methods

The basis set used in most calculations was the correlation-consistent, polarized valence double
zeta basis set of Dunning29-31, For CH3-H some additional calculations were done with the aug-
cc-pvdz and cc-pvtz basis sets. The former has added diffuse functions, the latter has higher
angular momentum functions. With these basis sets, multi-configuration, self-consistent field
calculations were carried out in which all four bond pairs were correlated. In this wavefunction,
two orbitals were used to describe each bond pair (a bonding orbital and a correlating orbital). A
restricted variant of an eight-orbital eight-electron complete active space calculation was then done
in which excitations between bond pairs were excluded. This results in a total of 150
configurations. These orbitals were then used to perform multireference configuration interaction
(MR-CI) calculations. In the MR-CI calculations only those three configurations associated with
the correlation of the breaking CH bond were retained as reference configurations. We denote these
calculations RCI+1+2. For the dissociation of CH4 these RCI+1+2 calculations were compared to
CI calculations employing a full eight-orbital, eight-electron CAS (CAS+1+2) and were found to
be in very good agreement. All calculations were carried out using the COLUMBUS package of
codes32.

For each of the four reactions, MEP’s were characterized in which the cleaving CH bond distance
was taken to be the assumed reaction coordinate. This was accomplished by evaluating the energy
for a grid of points, in which one of the CH bond distances is kept fixed while all other geometrical
parameters are allowed to vary. This grid of energies was then fit to a five dimensional polynomial
expansion which was then used both to locate the minimum in this five dimensional subspace and
to define a five dimensional force field at the predicted minimum. Frequencies were then calculated
using the standard mass-weighted atomic cartesian formalism (An atomic cartesian force constant
matrix is evaluated numerically from the five dimensional polynomial fit. This matrix is then mass-
weighted and diagonalized to obtain the bend and stretch frequencies). It is important to note that in
this procedure the energy dependence along the assumed reaction coordinate (the active CH bond)
is neglected. An alternative procedure is to include the energy dependence along the reaction
coordinate (using a full six dimensional polynomial expansion rather than a five dimensional
expansion) and then project the reaction coordinate out of the resulting atomic cartesian force
constant matrix before diagonalizing the matrix. In general these two procedures do not yield the
same final frequencies. The later method has been found to often yield physically unreasonable
frequencies33-35. '




In addition to the MEP calculations described above, large amplitude motions away from the MEP
were also examined. Two types of large amplitude motion were considered. First, motion of the
departing hydrogen atom perpendicular to the MEP, i.e. orbiting around the methyl radical
fragment. In these calculations the geometry of the methyl radical fragment was fixed at the
equilibrium geometry of the radical.

The second type of large amplitude motion considered is the inversion or umbrella mode of the
methyl radicals. The coordinate system used in this set of calculations can be described as follows.
For the two symmetrical radicals, CH3 and CF3, the calculations described above led to the
conclusion that the MEP lies along the C3y axis of the radical fragment. For geometries with C3y
symmetry the inversion coordinate, 6, can be defined simply as the angle, shifted by minus 90°,
between the C3y axis and any one of the three bonds of the methyl radical (by symmetry all three
must make the same angle with the C3y axis) . With this definition 0=0 corresponds to a planar
radical, 0>0 corresponds to the radical being pyramidalized away from the approaching H and 6<0
has the radical pyramidalized towards the approaching H. To extend this definition of the inversion
coordinate to both non-C3y geometries of CH3-H and CF3-H and to the non-C3y molecules,
CHj3F-H and CHF;-H, we first define a pseudo-C3y axis such that the axis makes equal angles
with each of the three methyl radical bonds. Then the definition of the inversion coordinate is as
above only now the angle is defined relative to this pseudo-C3y axis rather than a true Czy axis.

III. Minimum Energy Paths

Dissociation potentials for CH4 have been previously reported by several workers4-6. In the
present work, the dissociation path of CHy4 has been determined with two basis sets, cc-pvdz and
aug-pvdz. Plots of the energy along these paths are shown in Figure 1 along with a third set of
calculations in which the energy along the aug-pvdz path was reevaluated with the cc-pvtz basis
set. All three levels of theory are in good agreement, with the aug-pvdz basis set leading to slightly
lower energies in the long range region than either of the other basis sets. Also shown in Figure 1
are two Morse fits to the cc-pvdz interaction energies of the form,

VRcr) =De {1 - exp[-B (RcH - Re)]} : ®)

which differ only in the exponential parameter, . In one case this parameter is chosen to match the
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equilibrium harmonic frequency and in the other case a non-linear, least-squares fit is performed to
the calculated points for Rcy > 2.5 A. The values of B from these fits are 1.9 A-1 and 2.2 A-1
respectively. These two exponential parameters differ by ~15%, with the latter giving very good
agreement with the calculated, long-range points. As has been noted beforeS, the equilibrium
Morse potential gives a poor fit to the long-range interaction energy. '

MEP interaction energies for all four reactions are shown in Figure 2 along with Morse fits to the

long-range points. The parameters of the Morse fits are summarized in Table 2. Very little variation
is found between the Morse parameters for these three reactions indicating that neither the presence
of the fluorine substituents nor the changes in the hybridization of the carbon radical orbital have

much effect on the long range MEP energies.

The frequencies along the MEP’s for all four reactions are displayed in Figure 3. For CH3-H, the
calculations predict that the pathway coincides with the C3y axis of the methyl radical, for CH
distances < 5A, i.e. the hydrogen atom approaches perpendicular to the plane of the methyl
radical. In this region the transitional bend frequency corresponds to a doubly degenerate e mode.
For CH distances >5A, not shown in Figure 2, the MEP moves off the C3y axis, down into the
plane of the methyl radical, first bisecting two of the methyl radical CH bonds and at larger
distances becoming collinear with one of the methyl radical CH bonds. This breaks the degeneracy
of the transitional bend mode into an in-pane and out-of-plane bend. The calculated transitional
bend frequencies are found to be in excellent agreement with previous calculations by Hase et al6.
For CH3-H, the only other frequency that changes significantly along the MEP is the second
lowest frequency which corresponds to the inversion mode of the methyl radical. The frequency of
the inversion mode starts increasing significantly as the CH distances less than ~3.2 A.

The MEP frequencies for the other three reactions, also shown in Figure 3, are qualitatively similar
to those for CH 3-H. The two most significant differences are that the transitional bends of CH5F-
H and CHF,-H are non-degenerate due to the lack of a C3 symmetry axis and, for CHF>-H and
CF3-H, the inversion mode is not the lowest mode of the radical. For both the CHF; radical and
the CF3 radical, an FCF bend mode lies below the inversion mode. The couplirig between this
lowest frequency bend mode and the reaction coordinate is much smaller then that between the
reaction coordinate and the inversion mode (the next higher frequency mode for both of these
radicals) except that at ~2 A we find a crossing between the transitional bends and the FCF bend
for both CHF,-H and CF3-H. |




Logarithmic plots of the transitional bend frequencies are displayed in Figure 4 along with least-
squares exponential fits of the form,

@(Rcy) = 0o exp(-a Rep) ©)

to the long-range variation of the frequencies. The values of g and o derived from these fits are
listed in Table 2. The variations in the rates of exponential decay between the four reactions, as
characterized by the o‘s, are not very large; the smallest and largest o‘s are 1.4 and 1.7 A-1,
respectively. While small, these variations are larger than the variations in the Morse exponential
parameters.

IV. Hindered Rotations of the Methyl Fragments

Previous studies have shown that rates of bond-dissocation/recombination reactions are sensitive
not only to features of the potential surface in the vicinity of the MEP but also to features of the
potential surface sampled by large amplitude motion away from the MEP. In this section and the
next we report characterizations of the potential surfaces relevant to these large amplitude motions.
In this section we focus on motions of the active hydrogen atom perpendicular to the reaction
coordinate. This can be viewed either as an orbiting motion of the hydrogen around a stationary
radical or a rotation of the radical relative to a stationary hydrogen atom.

In Figures 5-8 we show plots of the interaction energy for a hydrogen atom moving around fixed
CH3, CH,F, CHF,, and CFj3 radicals. Consider first the plot for CH3+H, Figure S. Since the
CHj3 radical is planar, we find two equivalent attractive pathways one for attack on each side of the
methyl radical. The interaction energy becomes repulsive only when the hydrogen approaches
within ~ 30° of the plane of the CH3 radical. In other words the angular width of each attractive
path is ~120° or approximately two third’s of the possible approach angles are attractive.

A plot comparing the energies for approach along the C3y axis to those for approaches along the
planar Cyy axes is shown in Figure 9. The difference between the C3y energy and the lower of the
two Cay energies for a fixed value of Rcy is the barrier for migrating from one MEP to the other at
a fixed CH distance (we neglect here possible changes in the geometry of the methyl radical which
are expected to be small in the dynamically most significant region). The most important point to




note is that for CH distances less than 3.5 A, the barriers to migration are higher than the
asymptotic energy of CH3+H. For CH distances greater than 3.5 A one or both of the Cpy
geometries lie slightly (< 0.1 kcal/mole) below the CH3+H asymptote.

Figure 6 shows two plots of the CH,F+H interaction potential, one in a plane containing a CH
bond and the other in a plane containing the CF bond. Since the CH,F radical is not planar, the
two sides of the radical are not equivalent. However, from the plots it is clear that barrier-less
attacks are possible from either side of the radical. The pathway resulting from attack on the front-
side of the radical is approximately twice as wide as the path resulting from attack on the back-side
of the radical. One can also see from these plots that the orientation of the MEP is shifted
significantly away from the fluorine atom.

Figure 7 shows two plots of the CF,H+H interaction potential, one in a plane containing the CH
bond and the other in a plane containing a CF bond. Again it is clear that barrier-less attacks are
possible from either side of the radical, although now the pathway coming into the back-side of the
radical is quite narrow and is in fact only visible in one of these two plots.

Finally, in Figure 8 a plot of the interaction potential for the CF3 + H reaction is shown. The
calculations indicate that both the front-side and back-side C3y paths are minima with respect to
angular motion of the hydrogen atom. However the back-side approach exhibits only a very
shallow long-range attraction (due to dispersion type forces) before becoming repulsive. In other
words, we find no evidence for a barrier-less path when the hydrogen approaches the back-side of
the radical. Line plots of the energy as a function of Rcy for the front-side and back-side C3y
- approaches are shown in Figure 10. Also shown on this plot are the barriers (for fixed Rcp) to
migrating the hydrogen between the two C3y minima. These migration barriers are determined by a
one dimensional search in which the geometry of the CF3 fragment is kept fixed, the CH distance
is kept fixed and the H atom is constrained to lie in a symmetry plane of the CF3 radical. As for
CH3+H, we find these migration barriers to lie at most 0.1 kcal/mole below the CF3+H asymptote.

V. Methyl Inversion
We now consider coupling between the reaction coordinate and the inversion mode. In Figure 11

we show plots of the energy as a function of the CH distance and the inversion angle, 0, for the
CH3+H and CF3+H reactions. For the CH3+H reaction, at large CH distances the optimum value




of 0 is zero (planar). As Rcy decreases, the optimum 6 gradually becomes increasingly positive
(indicating that the CH3 hydrogens are bending away from the approaching hydrogen atom)
reaching a value of ~15° at Rcyg=3 au. For the CF3+H reaction, at large distances the inversion
coordinate consists of a symmetrical double minimum. In one of these minima the fluorines are
pyramidalized away from the hydrogen atom (0=+17°) while in the other minimum the fluorines
are pyramidalized towards the hydrogen atom (6=-17°). These then correspond to the front-side
and back-side paths, respectively. As Rcy decreases the front-side minimum in the inversion
coordinate becomes deeper and the optimum 0 increases slightly. At the same time the energy for
the back-side minimum increases. At RcH=3.9 au A and 6 =-4.1° we find a transition state
connecting these two paths. The energy at this transition state is 27.1 kcal/mole above the CF3+H
asymptote, high enough to be unimportant under most conditions.

One can carry out similar analyses,for the CH,F+H and CF,H+H reactions with one important
difference, to locate the inversion barriers separating the front-side and back-side paths one must
consider a minimum of three coordinates, Rcy, the inversion angle 6, and the polar angle relative
to the pseudo-C3 axis (this is because the MEP’s for these two reactions lie in a symmetry plane
rather than along a symmetry axis as for CF3+H). These analyses predict that for both CH;F+H
and CFoH+H there are no true transition states connecting the front-side and back-side paths. For a
fixed Rcy one can locate a saddle point in the two angular coordinates which connects the two
paths but none of these 2D saddle points are true transition states because they all have non-zero
gradients in the Rcy coordinate. For both CHyF+H and CF,H+H the energies of these two
dimensional inversion barriers drop more rapidly as a function of decreasing Rcy than do the
energies of the back-side MEP’s. As a result, for sufficiently small values of Rcpy, the back-side
path disappears (merges with the front-side path). For the CF;H+H reaction this happens at a CH
distance of 2.2A while for the CHF+H reaction the paths merge at Rcg=2.9A. Plots of the
energy as a function of Rcy for the front-side and back-side paths together with the inversion
barrier separating them are shown in Figures 12 and 13 for the CHyF+H and CF,H+H reactions,
respectively. Also shown in these plots are the hindered rotor barriers separating the two paths
analogous to those described above for CH3+H and CF3+H. Another difference between the
CHF+H and CF,H+H reactions and the CH3+H and CF3+H reactions is that the CHpF+H and
CF;H+H reactions have two different barriers connecting the front-side and back-side pathways
via hindered rotation. For CH;F+H, as the hydrogen atom rotates from one side to the other it can
pass either the two CH bonds or between the CF bond and one of the CH bonds. At long CH
distances the latter is lower in energy due to favorable dispersion forces, while at shorter distances




the former is lower in energy. Similarly for CF,H+H, the migrating hydrogen atom can pass either
between the two CF bonds or between the CH bond and one of the CF bonds.

V1. Conclusions

The characteristics of the potential surfaces for reactions (4)-(7) show a number of strong
similarities and a number of significant differences. The most important attributes of the MEP’s,
the dependence of both the energy and the transitional bend frequencies on the CH distance, for all
four reactions are quite similar. The most significant differences have to do with the coupling
between the inversion mode and the reaction coordinate. First, the distances at which this coupling
becomes important varies quite markedly for these four reactions. The CHz+H reaction has the
longest range coupling. At a CH distance of 3.2 A, the CH3+H MEP inversion mode frequency is
50 cm-1 above its asymptotic value. The MEP inversion mode frequencies for the CHoF+H and
CHF,+H reactions also increase with decreasing CH distances but more slowly than for CH3+H.
To obtain a 50 cm-! increase in the MEP inversion mode for CHyF+H (CHF7+H) one has to
decrease the CH distance to 2.9A (2.3A). For the CF3+H reaction the MEP inversion frequency is
almost independent of the CH distance except for a small 80 cm-! dip around 2.4 A.

One consequence of the coupling between the inversion mode and the reaction path is that for both
CH,F+H and CHF2+H barrier-less recombination paths are found for attack from the back-side of
the radical. In contrast, for CF3+H the calculations ﬁredict a 27 kcal/mole barrier to attack from the
back-side of the radical.
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Figure Captions:

Figure 1. MEP energies for the CH3+H reaction. The circles are results using the cc-pvdz basis,
squares using the aug-cc-pvdz basis and triangles using the cc-pvtz basis set. The solid line is a
least squares fit of the long range cc-pvdz results to a Morse potential while the dashed line is an
equilibrium Morse potential, as described in the text.

Figure 2. MEP energies for the CH3+H, CHyF + H, CHF; + Hand CF3 + H reactions. The solid
circles are results using the cc-pvdz basis and the solid line is a least squares fit of the points with
Rc>2.5 A to a Morse potential.

Figure 3. MEP frequencies for the CH3+H, CH,F + H, CHF; + H and CF3 + H reactions. The
mode correlating with the inversion mode of the radical is drawn with a dashed line.

Figure 4. Logarithmic plot of MEP transifional bend frequencies for the CH3+H, CHyF + H,
CHF; + H and CF3 + H reactions. The solid lines are the exponential fits as described in the text
and Table 1.

Figure 5. Contour plot of the interaction energy for the CH3+H reaction. The CH3 fragment is
fixed in its equilibrium geometry. Solid contours are positive, dash contours are negative, and the
zero energy contour (defined to be the asymptotic energy of CH3+H) is shown with a heavy solid
line. The contour increment is 2.0 kcal/mole. V

Figure 6. Contour plots of the interaction energy for the CH,F + H reaction. The CH2F fragment
is fixed in its equilibrium geometry. The upper plot is in a plane containing a CH bond while the
lower plot is in a plane containing the CF bond. Other plotting conventions are the same as in
Figure 5.

Figure 7. Contour plots of the interaction energy for the CHF 5 + H reaction. The CHF; fragment
is fixed in its equilibrium geometry. The upper plot is in a plane containing the CH bond while the
lower plot is in a plane containing a CF bond. Other plotting conventions are the same as in Figure
5.




Figure 8. Contour plot of the interaction energy for the CF3+H reaction. The CF3 fragment is fixed
in its equilibrium geometry. Plotting conventions are the same as in Figure 5.

Figure 9. CH3+H energies as a function of Rcy for the C3y and two Cyy approaches. The CH3
fragment is fixed in its equilibrium geometry.

Figure 10. CF3+H energies as a function of Rcy for the two C3y approaches and the barrier
between them. The CF3 fragment is kept fixed in its equilibrium geometry.

Figure 11. Contour plots of the interaction energy as a function of Rcy and the inversion
coordinate, 6, for the CH3+H and CF3+H reactions. The approaching hydrogen is constrained to
lie on the C3y axis. All other geometrical parameters are kept fixed. The contour increment is 5
kcal/mole. Other plotting conventions are the same as in Figure 5.

Figure 12. CHyF+H energies as a function of Rcy for the frbnt—side and back-side MEP’s and the
barriers between them. The CH;F fragment is kept fixed in its equilibrium geometry.

Figure 13. CHF,+H energies as a function of Rcy for the front-side and back-side MEP’s and the
barriers between them. The CHF; fragment is kept fixed in its equilibrium geometry.
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Table 1. Calculated RCI+1+2/cc-pvdz equilibrium geometries and barriers to inversion for CH3,
CH;,F, CHF; and CF3.

CFH CF3

Rcy A) , | 1.09
Rcr (A) 1.32

HCH £ 111.4°
HCF £ 114.0°
FCF £

62 0.0° - 9.9°
V (kcal/mole) 0.0 0.7

aEquilibrium inversion angle as defined in text.




Table 2. Parameters chafacterizing long-range Morse fits to the MEP energies and long range
exponential fits to the MEP transitional frequencies for the four reactions, CH4 <> CH3+H, CH3F
<> CHzF+H, CH,F; <> CHF2+H and CHF3 <> CF3+H.

Reaction B (Al ap(cml) oA
CH4 & CHs+H 22 22000 1.5
. 16000 1.4
CHsF <& CHyF+H 2.2
14000 -1.5
17000 1.5
CH;F,; < CHF,;+H 2.2
15000 1.6

CHF3 < CF3+H 2.3 20000 1.7
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