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Gas-phase reaction between calcium monocation and fluoromethane:
Analysis of the potential energy hypersurface and kinetics calculations
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(Received 17 July 2009; accepted 23 September 2009; published online 13 October 2009)

The gas-phase reaction between calcium monocation and fluoromethane: Ca*+CH,;F — CaF*
+CH; was theoretically analyzed. The potential energy hypersurface was explored by using density
functional theory methodology with different functionals and Pople’s, Dunning’s, Ahlrichs’, and
Stuttgart-Dresden basis sets. Kinetics calculations (energy and total angular momentum resolved
microcanonical variational/conventional theory) were accomplished. The theoretically predicted
range for the global kinetic rate constant values at 295 K (7.2X107''-59
X 1071 cm?® molecule™! s7!) agrees reasonably well with the experimental value at the same
temperature [(2.6+0.8) X 1071 cm? molecule™' s7!]. Explicit consideration of a two transition
state model, where the formation of a weakly bounded prereactive complex is preceded by an outer
transition state (entrance channel) and followed by an inner transition state connecting with a second
intermediate that finally leads to products, is mandatory. Experimental observations on the
correlation, or lack of correlation, between reaction rate constants and second ionization energies of
the metal might well be rationalized in terms of this two transition state model. © 2009 American

Institute of Physics. [do0i:10.1063/1.3247287]

I. INTRODUCTION

Selective metal-mediated activation of carbon-halide
bonds is an active research field in organometallic
chemistlry.l Particularly carbon-fluorine bond activation at-
tracts a great deal of interest as a consequence of the adverse
influence of fluorocarbons and mixed fluorohalocarbons in
the mechanisms of stratospheric ozone depletion2 or as
green-house gase:s.3

From a systematic research on lanthanide cations C-F
activation, Heinemann et al* and Cornehl et al.’ postulated
the single-electron transfer (SET) as the mechanism through
which such reactions proceed

M™*+R-F—M"*---FR—M?*---F ---R’
— MF*+R". (1)

The main evidence supporting such a “harpoon”-like activa-
tion mechanism is the correlation found between the second
ionization energy (IE) and the overall observed ability of the
“bare” lanthanide cations to activate the C—F bond.’

Alternatively, formation of MF*+R" products might well
proceed through an oxidative addition mechanism*

M™* +R-F — R*-M*-F — MF* + R". (2)

However, the electronic structures of cations like Ca™ are not
expected to be suitable because reaction (2) formally requires
the presence of at least two valence electrons in the metal.
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For the case of less reactive cations, such as, for ex-
ample, Cr* cation with a d° electronic configuration, Cornehl
et al® proposed that bond activation proceeds by single co-
ordination of the chromium cation. Thus Cr* activates up to
four C-F bonds [the first one is schematized in Eq. (3)] in
hexafluoroacetane, making them susceptible to hydrolysis6

CrC3F6O+ + Hzo — CrC3HF50; + HF. (3)

Mazurek and Schwarz’ recently emphasized that a system-
atic investigation of the “harpoon”-like mechanism versus
coordination is indicated.

With the aim of checking the suitability of the SET
harpoon-like mechanism, Harvey et al® reported the results
of a joint theoretical and experimental study on the Ca*
+CH;F — CaF*+ CHj; reaction. The main conclusions in that
study can be summarized as follows: (a) density functional
theory (DFT),’ through rather popular functionals, such as
Slater—Vosko—Wilk—Nusair local spin density approximation
functional,'” Becke-Lee—Yang—Parr (BLYP) generalized gra-
dient approximation (GGA) functional,''* or even the
widely employed Becke-3-parameter Lee—Yang—Parr
(B3LYP) hybrid GGA functional,'"'? are unable to properly
model the studied reaction. This conclusion warned us about
the reliability of some theoretical results on the M*+CH5F
reactions employing these types of functionals.""*" Indeed,
the tendency of the DFT(B3LYP) methodology to underesti-
mate reaction barriers is well documented,'® and (b) although
the theoretical exploration of the potential energy surface
(PES) and the analysis in terms of the valence bond theory
strongly suggest that an harpoon-like mechanism operates,
there is no a single correlation between IE(M*) and reactiv-

© 2009 American Institute of Physics
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ity, which indicates that the mechanism through which
metal-mediated activation of carbon-halide bonds is not fully
understood yet.

Bearing in mind that Zhao et al."’ recently reported rate
coefficients from inductively coupled plasma/selected-ion
flow tube experiments for the reactions of methyl fluoride
with a number of atomic cations involving fourth-, fifth-, and
sixth-period atomic cations (including Ca*), we planned a
systematic theoretical research combining the characteriza-
tion of the PESs for the M*+CH;X (X=H,F,Cl) reactions,
followed by kinetics calculations allowing us to compute rate
constants to be compared with the experimental data avail-
able. We do believe that such a systematic study should pro-
vide valuable mechanistic information on the studied
processes.

As a preliminary step in the above described project, we
need: (a) to show that the PESs for the M*+CH;X reactions
can be quantitatively described through practical theoretical
methodologies, i.e., levels of theory requesting affordable
computational costs, and (b) to confirm that the chosen level
of theory is able to provide suitable kinetics information, i.e.,
rate constants consistent with the experimental values.

It should be noted that Harvey et al.® showed that the
CCSD(T) method represents an appropriate level of theory
for the Ca*+CH;F reaction. However, systematic CCSD(T)
calculations on reactions involving fourth-, fifth-, and sixth-
period atomic cations in order to explore the PESs and sub-
sequent minimum energy path calculations within the con-
text of the variational transition state theory (see below), do
not represent a practical theoretical level at all.

In this article we present a DFT theoretical study on the
Ca*+CHj5F reaction, using different functionals as well as
basis sets from several laboratories. Kinetics calculations
within the framework of the statistical theories have also
been carried out employing several PESs chosen from
among those generated at different theoretical levels. We will
show that an appropriate choice of the theoretical model
leads to kinetics predictions in good agreement with the ex-
perimental data available for the studied reaction.

Il. METHODS
A. Electronic structure calculations

The PES of the Ca*+CH;F — CaF*+CHj reaction was
fully explored at the DFT level using several functionals and
different basis sets. A preliminary exploration at the Moller—
Plesset second order perturbation theory (MP2) level con-
firmed that, as Harvey et al.® remarked, it is not an appropri-
ate methodology to be employed as some of the chemically
significant structures could not be located on the correspond-
ing PES.

The B3LYP,'"'? modified Perdew—Wang- 1 -parameter-
method for kinetics (MPW1K),"® modified Perdew—Wang—
Becke-1-parameter-method for kinetics (MPWBI1K)," and
Boese-Martin for kinetics (BMK)?° functionals were em-
ployed. B3LYP, probably the most widely used functional, is
a hybrid GGA functional that has been chosen as a reference.
We wanted to assess how its reported bad performance for
the process under study8 affects kinetics predictions.

J. Chem. Phys. 131, 144309 (2009)

MPWI1K and MPWBIK are hybrid and hybrid meta-GGA
functional, respectively, that have been optimized against a
representative benchmark kinetics database and were found
to provide a very good performance for kinetics.”! Finally,
BMK is a hybrid meta-GGA functional specially developed
for the exploration of reaction mechanisms. Boese and
Martin?® claimed that, unlike other functionals, the improved
accuracy in the calculation of transition state barriers with
BMK does not come at the expense of equilibrium proper-
ties. Further theoretical details on the characteristics of the
above mentioned DFT functionals can be found in a recent
review article.*

Regarding basis sets, following recommendations on the
role of basis sets in DFT calculations,” we employed Pople’s
6-311+G(2df,2p),** Dunning’s aug-cc-pVTZ,> and Ahl-
richs” TZVPP (Ref. 26) triple-zeta quality bases. We also
decided to carry out calculations with Dunning’s aug-cc-
pVDZ double-zeta quality basis set” in order to assess the
ratio quality/cost when passing from double-zeta to triple-
zeta basis sets. This can be a determinant factor to be taken
into account in future research when studying reactions in-
volving much more computationally demanding lanthanide
cations.'” Also, bearing in mind such future studies, we have
carried out in a parallel way all-electron calculations [using
6-311+G(2df,2p) and TZVPP basis sets] together with cal-
culations employing an effective core potential (ECP) for
representing the cationic metal [using 6-311+G(2df,2p) and
aug-cc-pVXZ (X=D,T) basis sets]. The Stuttgart-Dresden
(SDD) ECP (Ref. 27) was chosen.

The thermodynamic functions (AH, AS, and AG) were
estimated within the ideal gas, rigid rotor, and harmonic os-
cillator approximations.28 A temperature of 298 K and a pres-
sure of 1 atm were assumed.

All the electronic structure and statistical thermodynam-
ics calculations were performed with the GAUSSIAN 03 pack-
age of plrograms.29 Geometry optimizations were carry out
using a tight convergence criteria and an ultrafine grid for
numerical integrations.

B. Kinetics calculations

As we will show, the energy profile for the reaction
considered in this work 1is the one depicted in

o+ /H /H i
Ca + F—Cqy Ca-----F----Cyq,
S »

ks

C2——=P

K ky
cl
K Kz

Scheme 1 (energy profile for the Ca*+CH;F— CaF*+CH,4
reaction; energies can be found in Tables [IV-VI). Some time
ago, Mozurkewich and Benson™ developed a kinetic theoret-
ical background to deal with this type of processes within the
context of the Rice-Ramsperger—Kassel-Marcus (RRKM)

R
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theory.n’34 The main assumption in Benson—-Mozurkewich
model is that the pressure is sufficiently low that the inter-
mediates do not undergo any collisions (collisionless regime
with the total energy E and total angular momentum J con-
served). This constrain is fully compatible with the experi-
mental conditions employed by Zhao et al. ' to measure the
rate constant for the Ca*+CH;F— CaF*+CHj; reaction (P
=0.35 Torr) Concentrations of C1 and C2 structures are de-
termined by steady state rather than equilibrium
conditions.***

The systems considered in this work exhibit rotational
constants fulfilling A;>B;~ C; and therefore the usual ap-

< 27Tl.LkBT)_3/2

J. Chem. Phys. 131, 144309 (2009)

proximation that the molecules be treated as a prolate sym-
metry top rotor should work well. The rotational energy lev-
els depend on two quantum numbers, J and K, as follows,

E(J,K)=J(J+1)B;+ (A, — B,)K>. (4)

While J is conserved during the course of the reaction, K
needs not be. As a matter of fact, the K-rotor is usually
treated as active;32_3 * that is, as forming part of the vibra-
tional degrees of freedom when computing the sum of states,
W,(E,J), functions.

Under steady-state conditions, one obtains for the global
(observed) rate constant the expression

W, (E,J)W5(E,J) o EIRT

n? —
> dEW,(E,J)

k =
global
hQR J=0 < Vinax

where the W,(E,J) functions are the sum of states at energy
lower than E and angular momentum J corresponding to the
different transition structures TS1-TS3 (i=1,3).

We approached the convolution of the K-rotor into vi-
brational sums of states as follows,

7 7
W(E,J)= 2 W(E,J.K) = 2, 2ixWi(E;,0,0), (6)
K=0 K=0

with E;=E—-E,(J,K). g,k is the degeneracy associated to the
rotational level (JK) [i.e., 2J+1 if K=0 and 2(2J+1) if K
>0] and W,(E;,0,0) represents the sum of active states with
J=K=0 and energy between the transition state barrier TS;
and E!. V., is the largest value from among the energy
barriers associated to TS1, TS2, or TS3 in Scheme 1, and
Qg represents the product of the partition functions of reac-
tants, where the center of mass motion partition function,
(27 ukgT/h*)*?V, has been factored out [T and V are tem-
perature and volume; R, kg, and h are gas, Boltzmann and
Planck constants, and u is the reduced mass:
MegmMemse! (Mo +mMepse) |- Factor 1/3 affecting Wo(E,J) in
the denominator of Eq. (5) corresponds to the reaction sym-
metry factor associated to the k_,(E,J) rate constant (see
Scheme 1).

In the case of processes where no transition structure
(first-order saddle point) was found, such as the entrance
(TS1) and exit (TS3) channels (see Scheme 1), the micro-
canonical variational transition state theory (uVTST) in its
vibrator formulation®®?’ was employed. For this purpose, a
distinguished-coordinate path (DCP)*** was constructed for
each channel. The DCP of the entrance channel was defined
as the minimum energy structures found at 95 values of the
F—Ca distance in the range 160-3.5 A. The huge amplitude
of this interval was dictated by the fact that the radical-cation
interaction has very long range effects according to our cal-

: (5)

Wo(E,J)W5(E,J) + W((E,J) %WZ(E,J) + Wi(E,J)

culations. The DCP of the exit channel was defined as the
minimum energy structures found at 26 values of the Ca—C
distance in the range 15-4.0 A. Appropriate distributions for
the selected points at different regions of the DCP were
produced.

We detected that for a few points along the DCP, one (or
even two, in some special cases) from among the lower vi-
brational frequencies became imaginary. An efficient and
straightforward way to dealing with that pitfall was to correct
frequencies by means of linear interpolations.40 The problem
was observed to occur more often in the case of the BMK
functional. As a matter of fact, we do believe that some dis-
crepancies with the rest of functionals, detected when com-
puting the BMK entrance channel (see next section) should
be ascribed to the unreliable frequencies predicted along the
BMK DCP. W,(E,J) functions were computed by means of
Forst algorithm,32 using the appropriate frequencies and mo-
ments of inertia for the transition states.

The kinetics calculations were carried out by using soft-
ware implemented by us, which represents a modified ver-
sion of computer codes we recently employed in a systematic
mechanistic study on the N(*D,*S)+CH,X(X=H,F,Cl,Br)
reactions.*! Such codes were originally developed by M. As-
chi at the Universitd di L’ Aquila.

lll. RESULTS AND DISCUSSION
A. Analysis of the PES

Figure 1 depicts the geometries corresponding to the
chemically meaningful structures located on the PES and
Tables I-III collect the most significant geometrical param-
eters. Tables IV-VI contain the adiabatic potential energies
(AUy=AU+zero-point energy correction) and the Gibbs free
energies (AG) for all the structures as computed with the
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<«
/
(*
post TS post_b_TS
9
CH3 CaF

FIG. 1. Structures located on the PES for the Ca*+CH3F— CaF*+CHj;
reaction. Values for the most representative geometrical parameters (r1-r9
and «), as estimated at the different levels of theory employed, are collected
in Tables I-III.

different methodologies we employed, and Scheme 1 shows
the qualitative energy profile arising from our calculations.
Reaction starts with the barrierless approximation of cal-
cium cation to the fluorine atom in CH;3F, giving rise to a
rather stable structure C1 that, passing through TS2 transi-
tion structure, gives rise to a second intermediate C2 in
which fluorine and calcium atoms are bonded and the latter
keeps interacting with the carbon atom of the CHj; species.
Such an interaction becomes weaker and weaker and one
then obtains the final products of the reaction, namely,
FCa*+CHj;, through a barrrierless endergonic process. A

J. Chem. Phys. 131, 144309 (2009)

TABLE II. Most representative geometrical parameters for the Ca*+CH;F
— CaF*+CHj reaction as estimated with different functionals and Dun-
ning’s aug-cc-pVTZ (aug-cc-pVDZ) basis sets. (SDD basis set was em-
ployed for Ca in all cases.) Distances are given in angstroms and angle in
degrees.

B3LYP BMK MPWBI1K MPWIK

rl 1.392 (1.401)
2 2.199 (2.207)
3 1.467 (1.478)
r4 2.016 (2.017)
s 1.948 (1.955)
16 1.889 (1.888)
7 2784 (2.817)
a 108.4 (122.0)
8 1.872 (1.871)
) 1.078 (1.088)

1.375 (1.387)
2.218 (2.230)
1.442 (1.456)
2.005 (2.005)
2.057 (2.062)
1.897 (1.896)
2.732 (2.742)
99.2 (99.8)
1.883 (1.881)
1.079 (1.090)

1.366 (1.377)
2.202 (2.213)
1.431 (1.443)
1.990 (1.994)
1.962 (1.969)
1.877 (1.878)
2.738 (2.809)
100.1 (125.2)
1.860 (1.861)
1.072 (1.081)

1.367 (1.378)
2.205 (2.213)
1.432 (1.445)
1.996 (1.999)
1.941 (1.948)
1.876 (1.877)
2.754 (2.802)
107.4 (124.5)
1.860 (1.860)
1.074 (1.082)

transition structure connecting two equivalent rotamers C2,
through a rotation around the Ca—C axis, was also located. In
any case, this process does not play any role in the global
kinetics. Accordingly, data corresponding to this transition
structure were not included in Tables I-VI.

Tables I-III plainly show that the different levels of
theory employed do predict quite similar geometrical param-
eters. The only exception corresponds to the « angle in struc-
ture C2 for which noticeable discrepancies sometimes ap-
pear (see Table I). However, they must be ascribed to the
extreme flatness of the PES, regarding the F~Ca-C (a)
angle.

Regarding energetics, Tables IV-VI show that B3LYP
tends, in general, to predict greater exergonicities and lower
barriers than the rest of functionals. Particularly, the B3LYP
barrier associated to TS2 (see Table VI) is severely underes-
timated (—6.1 kcal/mol, using TZVPP basis set) when com-
pared with the rest of functionals (from +4.0 to
+4.6 kcal/mol, using TZVPP basis set). Another general
trend suggested by data in these tables is that MPW1K pre-
dicts higher exergonicities than the other functionals for C2
and products.

Nevertheless, with the above exceptions in mind, the
general conclusion is that all levels of theory employed in
the present study do provide energy predictions reasonably

TABLE 1. Most representative geometrical parameters (r1-r9 and «; see Fig. 1 for notation) for the Ca*+CH;F — CaF*+CHj; reaction as estimated with
different functionals and Pople’s 6-311+G(2df,2p) basis set. (SDD basis set was also was employed for Ca, as indicated in the corresponding table columns.)

Distances are given in angstroms and angle in degrees.

B3LYP (SDD) B3LYP BMK (SDD) BMK MPWBIK (SDD) MPWBI1K MPWIK (SDD) MPWI1K
rl 1.390 1.390 1.374 1.374 1.365 1.365 1.365 1.365
2 2.219 2.226 2.240 2.249 2.226 2.225 2.229
r3 1.465 1.465 1.440 1.441 1.431 1.432 1.431
r4 2.024 2.030 2.014 2.016 2.000 2.005 2.007
5 1.965 1.940 2.078 2.045 1.981 e 1.959 1.939
6 1.895 1.888 1.903 1.898 1.887 1.877 1.886 1.874
r7 2.810 2.793 2.743 2.742 2.816 2.748 2.820 2.762
a 121.6 104.1 99.8 95.0 148.6 96.8 150.0 102.7
r8 1.878 1.871 1.888 1.883 1.827 1.860 1.866 1.858
9 1.078 1.078 1.080 1.080 1.072 1.072 1.073 1.073
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144309-5  CHzF—Ca* reaction

TABLE III. Most representative geometrical parameters for the Ca*
+CH;F — CaF*+CHj; reaction as estimated with different functionals and
Ahlrichs” TZVPP basis set. Distances are given in angstroms and angle in
degrees.

B3LYP BMK MPWBI1K MPWI1K
rl 1.388 1.373 1.364 1.365
2 2.230 2.248 2.236 2.235
3 1.464 1.441 1.430 1.430
r4 2.032 2.019 2.004 2.010
r5 1.953 2.062 1.973 1.950
6 1.898 1.908 1.888 1.885
r7 27717 2.725 2.731 2.737
a 102.8 95.2 97.6 101.8
r8 1.882 1.893 1.871 1.869
9 1.078 1.079 1.072 1.074

consistent. Thus, the exergonicity (and adiabatic potential en-
ergy AU,) predicted for C1 ranges from —15.4 (AU,
=-21.5) to —18.0 (AU,=-24.0) kcal/mol and the TS2 bar-
rier height oscillates between 2.0 (AU,=-3.6) and 4.6
(AUy=-1.1) kcal/mol (leaving apart the B3LYP prediction
that, as mentioned above, is notably lower). These latter val-
ues agree rather well with the CCSD(T) prediction (AU,
=-2.2 kcal/mol) and the experimental estimate (AU,
=+3 kcal/mol).®

Consequently, the rather pessimistic conclusion by Har-
vey et al® that DFT is unable to model the Ca*+CH5F
— CaF*+CHj reaction should be tempered. Indeed, our cal-
culations demonstrate that the use of appropriate functionals,
specially developed to properly describe thermodynamics
and kinetics of chemical processes, like the ones chosen by
us (MPWI1K, MPWBIK, and BMK), opens the possibility
for the use of the less computationally expensive DFT meth-
odology to be systematically extended to reactions involving
heavier elements for which experimental data are available
and where the use of more computationally demanding
methods, such as CCSD(T), becomes prohibitive.17

On the other hand, as far as basis sets concerns, there is
a reasonable agreement between all-electron and ECP energy
predictions as can be confirmed by inspection of entries in
Table IV. In fact, the maximum discrepancy observed corre-
sponds to the MPW 1K functional (3.5 kcal/mol). This is a

J. Chem. Phys. 131, 144309 (2009)

rather satisfactory result that supports the use of ECPs in the
study of heavier cations for which existence of reliable all-
electron basis sets are somewhat limited.

The 6-311+G(2df,2p) and TZVPP triple-zeta valence
quality energy predictions are very similar with a maximum
deviation of 1.7 kcal/mol (corresponding to P) in the case of
MPW 1K and BMK functionals. Furthermore, Table V shows
that the double-zeta predictions, using Dunning’s augmented
basis sets, represent an excellent approach to the triple-zeta
values with discrepancies lower than about 1 kcal/mol.

From the above analysis one can reach the encouraging
conclusion that the use of double-zeta basis sets together
with ECPs for the metal cation and modern functional like
MPWI1K, MPWBIK, or BMK, specially designed to provide
a balanced description of thermodynamics and kinetics in
chemical reactions, will allow for future systematic re-
searches on the kind of processes considered in this work,
covering metal cations from the whole Periodic Table.

B. Analysis of the kinetics results

The energy profile of the process under study (see
Scheme 1) is the typical one for gas-phase reactions involv-
ing negative activation energies and curved Arrhenius plots
as a consequence of the formation of an intermediate com-
plex (C1) along the entrance channel®® connected to a saddle
point (TS2) with a negative energy with respect to reactants
(“inner” transition state).42 There is also a second intermedi-
ate on the PES (C2) but it is kinetically much less important
(see below).

The presence of an intermediate at the entrance channel
implies the existence of an “outer” transition state* (TS1) at
large separations, connecting reactants and C1. According to
Greenwald et al.,42 consideration of both transition states are
required to provide reliable kinetics predictions on these re-
actions. On the other hand, these authors™ also emphasized
the fact that a canonical implementation of transition state
theory, where the intermediates C1 and C2 are assumed to
have a thermal distribution, is essentially incorrect. The
variational minimizations at the E, J-resolved level (microca-
nonical implementation) is required to provide an appropri-
ate theoretical background.

TABLE IV. 6-311+G(2df,2p) energy predictions in kcal/mol [AU, =AU+ zero-point energy correction and Gibbs AG values calculated considering 1 atm
and 298.15 K] using different DFT functionals, for the structures located on the PES of the Ca*+CH;F — CaF*+CHj; reaction. All-electron and ECP (SDD)

basis sets were employed.

B3LYP (SDD) B3LYP BMK (SDD) BMK MPWBIK (SDD) MPWBI1K* MPWI1K (SDD) MPWIK

AU, AG AU, AG AU, AG AU, AG AU, AG AU, AG AU, AG AU, AG
R 00 00 00 00 00 00 00 00 0.0 0.0 00 00 00 00 00 00
Cl  —240 —180 —-237 —17.7 —221 —159 —215 —154 —230 —17.0 227 —167 -225 —165
TS2 -123 —65 —126 —68 —14 43 -22 35 —18 40 -19 39 -25 33
€2 —37.1 —349 -390 -353 —3l.1 -274 -334 -290 —329 —27.5 —343 —30.1 -361 —31.6 —383 —346
P -233 -249 -264 -280 —182 —198 —214 -230 —197 —213 —21.6 —-233 —225 —241 —259 —276

C1 and TS2 structures (see Fig. 1) were not located on the PES at this level of theory.
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TABLE V. aug-cc-pVTZ (aug-cc-pVDZ) energy predictions in kcal/mol [AU,=AU+zero-point energy correc-
tion and AG values calculated considering 1 atm and 298.15 K] using different DFT functionals for the
structures located on the PES of the Ca*+CH;F — CaF*+CHj reaction.

B3LYP BMK MPWBIK MPWIK
(SDD) (SDD) (SDD) (SDD)
AU, AG AU, AG AU, AG AU, AG
R 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
(0.0) (0.0) (0.0) (0.0) (0.0) (0.0) (0.0) (0.0)
c1 —24.6 —17.9 —233 —17.1 —23.5 —17.4 —23.1 —17.1
(—24.0) (—18.1) (=22.2) (—16.0) (=23.0) (=17.1) (—22.8) (—16.9)
SO —133 —6.8 -3.6 2.0 —2.8 2.9 —2.8 2.8
(—13.3) (=7.6) (=2.7) (2.6) (=3.5) (2.0) (=3.7) (1.8)
@ —40.4 —36.2 —353 —31.1 —36.3 —32.7 —39.9 —36.4
(—40.0) (—36.7) (—345) (—30.8) (—36.6) (—32.2) (—40.3) (=37.0)
P —-26.9 —-27.8 -222 —-239 -22.8 —24.4 —26.6 282
(—26.1) (=27.7) (=21.3) (=22.9) (=22.7) (—24.3) (—26.7) (—28.3)
Table VII collects the values, at different temperatures, Canonical  K1k2
for the global kinetic rate constant (kgjop,) and its limiting Kglobal,1Ts = k_—l,
behavior when the tighter inner transition state provides the
dominant bottleneck for the reaction (k) or when the 4 ok
looser outer transition state controls the rate constant (koyer) ks = ﬁ, (7)
(further values for a wider range of temperatures are pro- -1tk
vided as supplementary material).*!
Calculations were carried out for some selected jCanonical _ kikoks
theoretical  levels  (B3LYP/TZVPP,  BMK/TZVPP, €lobal3TS ™ ke + kg (ks + k)
MPWBIK/TZVPP, MPWIK/6-311+G(2df,2p)+SDD,

MPW1K/aug-cc-pVTZ+SDD, and MPWIK/TZVPP) to
learn how kinetics predictions do depend on the PES shape.
Figure 2 shows the corresponding plots. In order to assess
the limitations of the canonical approximation in the present
case, as well as the drawbacks associated to one transition
state (1TS) kinetics models (which do not consider the outer
transition state), recently stressed by Greenwald er al.** and
Georgievskii and Klippestein,43 we also included in Fig. 2
Arrhenius plots for canonical estimates of the global rate
constant using 1TS and 3TS models, the latter considering
inner, outer, and dissociation transition states.

The different canonical global rate constants were com-
puted according to

where the k; rate constants were estimated using canonical
transition state theory (the corresponding values are provided
as supplementary material).**

It should be stressed that k5 (dissociation) is not included
in tables and figures because it is so big that its consideration
does not affect the computation of kgjepy in Eq. (2) (it is easy
to show that high values of W5(E,J) make kgjoby in Eq. (2)
independent of the dissociation process). In this context, it
should be mentioned that the k;i%‘;?‘;i}ls values, reported in
Table VII and plotted in Fig. 2, are practically identical to the
corresponding kgf(‘ft‘,‘;‘l"izc%ls values (see supplementary material)
obtained by neglecting the dissociation channel.

From a qualitative viewpoint, most of the Arrhenius
plots for the outer and inner components of kyqp, are rather

TABLE VI. TZVPP energy predictions in kcal/mol [AUy=AU+zero-point energy correction and Gibbs AG
values calculated considering 1 atm and 298.15 K] using different DFT functionals for the structures located on

the PES of the Ca*+CH;3F — CaF*+CHj reaction.

B3LYP BMK MPWBI1K MPWI1K
AU, AG AU, AG AU, AG AU, AG
R 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
c1 -235 176  -215 ~154  -223 ~164  -219  —160
TS2 ~11.9 —6.1 ~16 40 ~11 46 ~1.1 4.6
c2 ~38.0 ~342 -320 -278 332 -292 369  —33.0
P ~253 ~26.9 ~19.7 -213 ~203 -21.9 —243 ~25.9
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B3LYP/TZVPP BMK/TZVPP MPWBIK /TZVPP

T

K ke Ko Kgow KGs kae Kme Ko Ko ke ke Ko Kot
135 7.77X10'0  126X10° 7.76X10'0 777X 10" 1.26X10° 4.35x10° 4.00%X10'° 2.09%x10° 5.75%X10'° 1.40x10" 8.03x10'" 2.07x10"
215 6.56X 100 543X107 654X 10" 656X 100 4.17X10° 2.65X10"0 241X 100 442x10"° 539x10"° 997x10'" 7.10x10" 1.03x10"
205 5.94x100 3.13X107 59110 594Xx10'0 275X10° 222X10"° 197x10'0 258X10'" 5.11x10"° 9.53x10'" 7.24x10" 8.64x 10"
375 557X10'0 2.06X107 554x10" 557x100 2.08x10° 2.17X10"° 1.86X10'0 2.16x10" 4.92x10' 1.03x10"° 7.85x10" 8.77x 10"
455  531X10'0 146X107 527X100 531x10° 1.70x10° 227x10° 1.87Xx10'0 2.09x10° 4.78x10" 1.17x10° 8.72x10'" 9.53x 10"
535 5.10x 100 1.08X107 5.05X10' 510X10"0 1.45X10° 246X10" 194Xx10'0 2.15X10" 4.66Xx10"° 1.35%x10 970X 10" 1.06x 10"
615 4.91X10" 506x10° 4.86X10'0 491x10'0 127X10° 270X10"0 2.04X10" 225X10" 4.54x10'" 1.57x10'° 1.07x10" 1.17x10'"
695 4.75X10"0 506X 10% 4.68X10"0 475x10'0 1.13X10° 2.98X10"0 214X 100 237x10"0 442x10"° 1.80%10" 1.17X10'0 1.28x10"
775 4.60X10"0 506X 10% 453X 100 459X 100 1.02X10° 3.28X100 224X 100 249X 10" 4.30x10"° 2.05%X10° 127X10' 1.39x10"
855 4.47X10'0 4.07X10% 4.39%X10"0 445X10' 931x10'0 3.60x10° 233x10" 260X10' 420x10'° 231x10"° 1.37x10° 1.49x10°
935  435X10" 3.33x10% 4.26X10'0 4.33x10'0 8.59x10"0 3.93x10"° 241X10"° 270X10"° 4.09x10'0 257x10' 1.45x10" 1.58x10'"
1015 4.35X10'0 2.76X10° 4.14X 100 4.21x10" 798X 100 427Xx10'" 249x10'0 2.78x10" 4.00x10' 285X 10" 1.53x10'0 1.66% 10"
1095 4.15X 100 232X10° 4.04X100 4.11X10"° 7.46X10"° 4.61x10° 255x10° 2.85%x10" 391x10° 3.12X10° 1.60x10' 1.74%10'
T MPWI1K/6-311+G(2df,2p)+SDD MPW1K/aug-cc-pVTZ+SDD MPWI1K/TZVPP

K Koer ke Ko KIS ko K kgon KSETEL K Kimee Ko KSHomSL
135 8.67X10" 558%10° 259X10'0 7.65x100 8.10Xx10"° 237x10° 4.83X10'0 8.07x10° 8.17x10° 141x10° 934x10" 2.39x10"
215 7.02x10"0 3.19%x10" 1.85X10"0 3.68X10"0 6.79x10"° 122X10° 3.67X10" 626x10"° 6.83x10" 9.94x 10" 7.62x10" 1.08x10"
295 6.21X10" 251X10" 1.60Xx10'" 230x10'° 6.09x10" 8.66X10"0 3.15X10" 473x10"0 6.12x10'0 941X 10" 7.49x10" 8.83x 10"
375 5.74%10'0 230x10° 1.51x10" 1.86x10" 568x10'0 7.17x10" 2.89x10'0 3.78x 10 570x10' 1.01x10" 7.98x10" 8.86x10"
455 542X10" 2290%10'0 1.51X10'° 1.71X10"° 539X10"° 646X10'0 2.74X10"0 3.26X10"° 541x10"° 1.14Xx10'0 8.76x10" 9.55% 10"
535 5.18x 100 237x10" 1.53Xx10" 1.67X10"0 5.17x10"° 6.13X10"0 266X 100 298X 10" 5.18x10" 1.31x10° 969X 10" 1.05x10"
615 4.97X10" 250%10"0 1.57X10'0 1.69x10' 4.97x10" 6.00x10"° 2.60X10" 281X10"° 499x10'"" 1.51x10'° 1.07x10"° 1.16x10'"
695 4.78X10'0 2.67x10"° 1.62x10" 1.73x10"° 4.80x10'0 598x 100 256%x10'0 2.72x10"° 4.81x10'° 1.72x10"° 1.17X10'° 1.27x 10"
775 4.61x10"0 2.86X10"0 1.67X10" 1.77X10"0 4.64x10"° 6.05X10"0 254X 100 2.66X10"° 4.66X10" 1.95%X10° 127x10'° 1.38x10"
855 4.46x10'0 3.06x10'0 1.72x10" 1.82X10" 450X 10" 6.16X10"0 2.52x10'0 2.62x10'0 4.52x10" 2.19%x10" 1.36%X10" 1.48x10"
035  4.33X10" 327X10" 1.76Xx10'0 1.87x10' 437x10" 6.31x10"° 251X10" 259%10"° 439x10'0 244x10' 1.44x10" 1.57x10'"
1015 420%10' 3.49x 10 1.80X10'" 1.91x10° 4.25%X10'" 6.48x10° 250%x10'0 257x10"° 4.28x10'"0 2.69x10"° 1.52Xx10'0 1.65x10"
1095 4.09X 10 371X10"0 1.84X10'0 1.95x10"0 4.15X10" 6.66X10'0 249X 100 256x10"0 4.17Xx10" 295X10' 1.60X10' 1.73x10"

similar (see Fig. 3). In all cases ko, varies with temperature
in a similar way than that recently reported by Zheng et al®
for methyl radical association, a prototypical barrierless pro-
cess; this rate constant becomes lower as the temperature
increases. In the case of the BMK functional, the k., rate
constant is sensibly greater (specially at the lower tempera-
tures) than when estimated from the rest of functionals, prob-
ably as a consequence of the anomalies observed in the
BMK estimate of some of the low frequencies, as was al-
ready mentioned in the previous section devoted to describe
the kinetics calculations.

On the other hand, k;,,., exhibits, in most cases, a similar
behavior than that recently reported by Georgievskii and
Klippenstein46 for C,Hg+CN reaction, a radical-molecule re-
action with similar energy profile than that shown in Scheme
1 for the Ca*+CHj5F reaction, namely, a barrierless process
with a negative activation energy. At lower temperatures,
kinner decreases with increasing temperature as a direct con-
sequence of the presence of a barrier with an adiabatic po-
tential energy lower than reactants. At a given temperature,
the entropy contribution becomes controlling and the usual
temperature dependence is recovered. Such a critical tem-
perature varies with the theoretical level employed from
about 670 K (MPWIK/aug-cc-pVTZ+SDD) to about

250 K (MPWI1K/TZVPP). For the B3LYP functional, the
inner barrier becomes so low (see Tables IV-VI) that kinetics
is fully controlled by the outer bottleneck (see inset 1 in Fig.
2). The B3LYP ki, values increase with the decreasing
temperature.

It is striking, however, that despite the apparent bad per-
formance in the calculation of ki, (With B3LYP) and kqyer
(with BMK) shown in Fig. 3, the calculated global rate con-
stant, which is the one to be compared with the experimental
measurement (see below), does not differ too much from the
corresponding values predicted by the rest of functionals, as
can be seen in Fig. 2 or by direct inspection of Table VII.
This important observation allows us to conclude that special
care should be exercised when a good agreement between
theoretically estimated and experimentally measured reaction
rate constants leads us to conclude that the level of calcula-
tion employed is appropriate to provide reliable PESs. As the
above mentioned results suggest, consistent kinetics predic-
tions on global rate constants for a given process might well
rest sometimes on inaccurate PESs descriptions.

Examination of the different insets in Fig. 2 leads us to
the conclusion that, in general, the inner bottleneck controls
kinetics although with an appreciable (never negligible) con-
tribution from the outer bottleneck. Of course, B3LYP pre-
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FIG. 2. Arrhenius plots (k is given in cm?® molecule™ s™! and T in K) for the global rate constant, Kgigpat (deep blue line), and its main limiting components

(see the text for definitions): ki, (green line) and Aqyer (pink line). Two canonical estimates of the global rate constant (see the text for details): kgopi its
(pale blue line) are also depicted. B3LYP/TZVPP (inset 1), BMK/TZVPP (inset 2), MPWBI1K/TZVPP (inset 3), MPW1K/6-311

kCanonical

line) and global 3TS

Canonical

(red

+G(2df,2p)+SDD (inset 4), MPW1K/aug-cc-pVTZ+SDD (inset 5), and MPW1K/TZVPP (inset 6).

diction is the exception as a consequence of the already men-
tioned remarkably low barrier predicted by this functional
for the inner (TS2) transition state.

In the case of the MPW1K/aug-cc-pVTZ+SDD predic-
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FIG. 3. Comparative Arrhenius plots for ki, (upper inset) and k., (lower
inset) as computed at different theoretical levels.

tions, the outer rate constant (TS1) becomes smaller at all
the temperatures considered. The MPWI1K/aug-cc-pVTZ
+SDD predicted barrier for TS2 (AU,=-2.8 kcal/mol) and
global rate constant (3.15X 107!% ¢cm® molecule™! s~! at 295
K) are fully consistent with their respective experimental es-
timates, namely, *3 kcal/ mol,?  and [(2.6*0.8)
X 1071 ¢m® molecule™ s7'] at 295 K., respectively. There-
fore, from the mechanistic viewpoint, a situation in which
both the outer and the inner bottlenecks make appreciable
contributions to the global rate constant is totally acceptable.
This is a very important point because, as we will show
below, the different nature of the inner (TS2) and outer
(TS1) transition states can help rationalize the experimental
observations about the type of mechanism (harpoon-like ver-
sus oxidative addition)'’ through which reactions of methyl
fluoride with metal cations occur. Table VIII collects some
virtual data showing limiting behaviors depending on the
relative weight of the inner and outer components contribut-
ing t0 kyjopa- Three different values of the TS2 inner barrier
height, relative to reactants, (—5.0, 0.0, and +5.0 kcal/mol)
are considered. The outer TS1 barrier was kept fixed and
equal to the MPWI1K/TZVPP predicted value (the MPW 1K/
TZVPP adiabatic inner barrier was — 1.1 kcal/mol; see Table
VI). When the inner barrier is lower than reactants (—5.0
kcal/mol), kgjgpa becomes mostly controlled by the outer
bottleneck. If this barrier becomes higher than reactants
(+5.0 kcal/mol), the inner transition state becomes the con-
trolling bottleneck. In intermediate situations (close to barri-
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TABLE VIII. Dependence of the MPW1K/TZVPP global kinetic rate constant values (cm® molecule™ s7!) on
the relative importance of the outer and inner bottlenecks (adiabatic potential energies of —5.0, 0.0, and
+5.0 kcal/mol were assumed for the inner TS2.

T hower K0 kgt R k™ R

135 8.17x10"  199x10% 745x10' 573x10"2 556%X102 4.60x10*°  4.60%10%
215  6.83x10""  931x10° 6.02x10"0 992x10? 946x10? 8.20x10"7  8.18x 10"
205  6.12x10%  591x10° 526x100 1.60x10'" 14910  3.15x10%  3.14X 10V
375 5.70X10'0  436x10°  4.81x10"° 242x10"  2.18x 10" 294x 10" 2.91x10™
455  541x10'  350x10° 4.50x10'0 346x10"  3.02x10" 1.37x10%  1.35x101
535  5.18X10"Y  296X10°  4.26x10"  472x10"  397x10'"  427x108  4.17x10"
615  499%10'0 259x10° 4.06x10° 6.18X10"  499x10"  1.03x10'2 9.96%10"3
695  4.81x10'0  232x10° 3.90x10"° 7.82x10"  6.06x 10" 2.09x102 1.99x10'2
775 4.66Xx10"0  2.13x10°  3.75x10'  9.61x10"  7.15x10"  3.74X102  3.50x 10"
855  4.52x10'0  199x10° 3.62x10'0 1.15x10'0 822x10'" 6.08x102 5.60x10"?
935  4.39x100  1.88x10° 3.51x10"  136Xx10° 927x10" 9.19x10'2  8.31x10"?
1015 428100  1.79x10° 342x10'° 1.57x10"° 1.03x10° 1.31x10" 1.16x10"
1095  4.17x10'  1.73x10° 333x10'"° 1.78x10" 1.12x10" 1.79x10'""  1.55x 10"

erless), like that predicted by the MPWI1K/TZVPP level
(—1.1 kcal/mol), a combined kinetic control of the process
should be expected. In these latter cases, consideration of a
two transition state model is mandatory, in full agreement
with recent conclusions by Greenwald et al.** and Geor-
gievskii and Klippenstein46 when studying radical-molecule
reactions.

Table VII shows that the theoretically predicted range
for kgopa (7.2X1071-5.9X 107" cm® molecule™ s~ at
295 K) agrees reasonably well with the experimental value
measured at the same temperature [(2.6*0.8)
X 1071% ¢m? molecule™ s‘l].l7 Indeed, it should be men-
tioned at this point that the theoretical estimation of reaction
rate constants is by no means a trivial task. As stressed very
recently,47 relatively small errors in the theoretical estimate
of AG* values do produce considerable deviations in the pre-
dicted rate constants. A trivial calculation suggests that an
error in about 1 kcal/mol in AG* (the goal is not always
achieved at all in today’s theoretical thermodynamic predic-
tions for small-sized systems),48_53 gives rise to discrepan-
cies close to one order of magnitude in the rate constant.
Therefore, despite impressive advances in the accuracy of
DFT methodologies accomplished during the last few
years,22 discrepancies between experimentally measured and
theoretically predicted rate constants are unavoidable. This
important point that have been recently stressed by several
authors in different contexts,‘w’ﬂf56 should be kept in mind
when assessing the output of kinetics theoretical predictions.

C. Some mechanistic considerations

Before ending, we would like to make some remarks on
the mechanism of the Ca*+CH;F— CaF*+CHj; reaction

which should be taken into account when confronting the
harpoon-like and the oxidative addition (addition/
climination) mechanisms™'’ proposed to interpret the experi-
mental data available on this process.

Table IX collects the predicted charges and spin densi-
ties on calcium, fluorine, and CH; species in C1 and C2
intermediates, as well as their corresponding values for TS2
transition structure. They have been computed at the
MPW I1K/TZVPP level of theory, using Mulliken population
analysis (MPA)? and Bader’s atoms in molecules (AIM)
(Ref. 58) methods.

The detailed analysis of data in Table IX plainly suggests
a SET harpoon-like mechanism

Ca™ +F - CH;(R) — Ca™ - -+ F— CH;3(C1) — TS2
— Ca?*---F---CH;(C2)

— CaF* + CH;(P), (8)

and therefore TS2 corresponds to a transition structure
where a one electron transfer is carried out from calcium to
fluorine. As, according to the kinetics calculations presented
in the previous section, TS2 represents an important contri-
bution to the kg, rate constant, it should be expected that in
this particular case, the barrier height of TS2, and conse-
quently Kgjgpq, is governed by the value of the second IE of
calcium atom.” However, for other cases where kyjop, might
be controlled by the capture channel (kgy.,.), no correlation
with the second IE of the metal should be expected.17

We are in the process of applying all the experience
gained in the present work to extend our studies to different
cations throughout the Periodic Table for which kinetic ex-
perimental information is available."”

TABLE IX. MPW1K/TZVPP calcium, fluorine (parentheses), and CH; [brackets] partial charges (au) and spin
densities according to Mulliken Population Analysis (MPA) and Bader’s Atoms in Molecules (AIM) models.

Partial charge:

Spin density:

MPA AIM MPA AIM
C1 0.936(—0.352)[0.416]  0.999(—0.758)[0.756]  1.002(—0.008)[0.006]  0.950(0.044)[0.006]
TS2 1.216(—0.591)[0.374]  1.345(—0.792)[0.443]  0.579(—0.045)[0.468]  0.523(0.063)[0.416]
2 1.502(—0.604)[0.102]  1.702(=0.767)[0.063]  0.076(—0.00D)[0.925]  0.066(0.001)[0.891]
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Regarding the question about the suitability of the ca-
nonical kinetic model to study the present reaction, Fig. 2
shows that kgﬁj{,‘;?};%ls represents, in general an acceptable ap-
proximation to the (E,J)-resolved rate coefficients Kgyjopy at
higher temperatures. As temperature becomes lower and
lower, discrepancies appear (for example, at 135 K, the
BMK/TZVPP kgiiol'Sis becomes five times greater than
kgiobat). As expected, much more severe deviations from
kgiobar are predicted by the simple kgf’(‘)’{;;']"‘f%ls one transition
state approximation in the cases where the outer bottleneck
becomes the main kinetic controlling factor (see specially

insets 1 and 5 in Fig. 2).

IV. CONCLUSIONS

The gas-phase reaction between calcium monocation and
fluoromethane: Ca*+CH;F — CaF*+CH;, was theoretically
analyzed by using ab initio methodologies and kinetics cal-
culations. Density functional theory with B3LYP, modified
MPWI1K method for kinetics, modified MPWBI1K method,
and Boese-Martin for kinetics functionals together with
Pople’s 6-311+G(2df,2p), Dunning’s aug-cc-pVXZ (X
=D, T) and Ahlrichs’ TZVPP basis sets, and SDD ECPs were
employed.

A kinetics microcanonical formulation based on the ex-
tension of the RRKM theory was implemented. The dynam-
ics in the region of the prereactive weakly bounded interme-
diate formed in the entrance channel is supposed to occur in
a collision-free environment with total energy and total an-
gular momentum conserved. A two transition state model is
adopted: An outer (looser) transition state controlling the en-
trance channel and an inner transition state located in the
neighborhood of the saddle point were considered. A third
transition state controlling the exit channel, leading to the
final products, does not affect the global rate constant at all.

The theoretically predicted range for the global rate
constant  values at 295 K  (7.2x1071-59
X 10719 c¢m?® molecule™ s7!) agrees reasonably well with the
experimental value at the same temperature [(2.6+0.8)
X 1071 ¢m?® molecule™ s7'], bearing in mind the accuracy
achieved by the levels of theory computationally affordable
at present days to deal with the systems involved in the stud-
ied process.

We show that the global rate constant is controlled by
the relative values of the outer and inner transition states
located on the potential energy hypersurface. The inner tran-
sition state represents a one-electron transfer process
(harpoon-like mechanism) from the metal cation to the fluo-
rine atom. Thus, when the inner transition state barrier is
high as compared with that associated to the outer transition
state, the global rate constant will be expected to be gov-
erned by the value of the second IE of the metal; the greater
the latter the lower the former. In the case that the outer
transition state controls the global rate constant, no such cor-
relation should be observed. This considerations might help
rationalize the apparently lack of correlation experimentally
observed in many cases.

Further studies covering a number of metal cations
throughout the Periodic Table are required to confirm this

J. Chem. Phys. 131, 144309 (2009)

fundamental mechanistic aspect. As shown in the present
work, the use of double-zeta valence quality basis sets to-
gether with ECPs for the metal cation and DFT functionals
specially developed to provide a balanced description of
thermodynamics and kinetics in chemical reactions repre-
sents an appropriate theoretical level to study this type of
processes. Such a methodology results computationally af-
fordable to extend the present study to late-transition metal
cations for which abundant kinetic data is presently avail-
able. Work in that direction is in progress at our laboratory.
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