
REGULAR ARTICLE

Theoretical study of the C–F bond activation in methyl fluoride
by alkaline-earth metal monocations
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Abstract Reactions of methyl fluoride with bare alkaline-

earth metal monocations (Mg?, Ca?, Sr?, and Ba?) were

studied using theoretical methods. Thermochemical data

were calculated using density functional theory in con-

junction with polarized 3-f and 4-f basis sets. Variational/

conventional microcanonical transition state theory was

used for the calculation of the reaction rate constants over a

large range of temperatures. According to our calculations,

the Ca?, Sr?, and Ba? reactions with CH3F proceed to

yield CaF?, SrF?, and BaF?, in agreement with the

experimental observation. The theoretically predicted glo-

bal rate constants are in reasonable agreement with the

experimental data. In the case of Mg?, the large value of

the computed energy barrier associated with the ‘‘inner’’

transition structure is fully consistent with the limited

progress experimentally observed for this reaction. The

importance of bottlenecks other than the ‘‘inner’’ transition

state is highlighted and its mechanistic implications dis-

cussed. Particularly, our calculations suggest that the

studied processes proceed through a ‘‘harpoon-like’’

mechanism.

Keywords C–F bond activation � Mechanism � Kinetics �
Microcanonical transition state theory

Abbreviations

BDE Bond dissociation energy

DFT Density functional theory

ICP/SIFT Inductively coupled plasma/selected-ion flow

tube

SET Single-electron transfer

DCP Distinguished coordinate path

lVTST Microcanonical variational transition state

theory

MPA Mulliken Population Analysis

SIE Second ionization energy

1 Introduction

Activation of carbon–fluorine bonds constitutes a very

important field in contemporary chemistry (see [1] and

references therein). Due to its strong bond dissociation

energy (BDE), the largest among the carbon single

bonds, selective functionalization of C–F bonds is any-

thing but an easy task. Although of larger practical rel-

evance in synthetic chemistry, C–F activation reactions

have also been the subject of many systematic gas-phase

experiments aiming to investigate intrinsic properties of

these processes [1]. Very recently, Zhao et al. investi-

gated the reaction of fluoromethane with 46 different

atomic cations in the gas phase using an inductively

coupled plasma/selected-ion flow tube (ICP/SIFT) tan-

dem mass spectrometer [2]. Taking into account the wide

variety of atomic cations that have been studied (from
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the fourth-, fifth-, and sixth-periods, from K? to Po?),

the rich chemistry observed in these reactions cannot be

a surprise. More than half of the reactions (26 out of 46)

proceeded by addition to yield the [MCH3F]? adduct

whereas 13 exhibited fluorine atom transfer to produce

MF? and CH3. Among the remaining 7 reactions, 2 did

not show products in the flow regime investigated and 5

proceeded by either HF elimination (As?) or dehydro-

genation (W?, Os?, Ir?, and Pt?). Besides, Zhao et al.

[2] have observed many interesting periodic trends in the

global rate coefficients for these reactions which cer-

tainly deserve further analysis. The gas-phase reactivity

of fluoromethane with lanthanide monocations (Ce?, Pr?,

Sm?, Ho?, Tm?, and Yb?) has also been examined by

Fourier-transform ion cyclotron resonance mass spec-

trometry [3]. From that study, Cornehl et al. suggested a

single-electron transfer (SET) or ‘harpoon’ mechanism

for the F atom abstraction process that would then pro-

ceed by the transfer of one electron from the lanthanide

monocation to the fluorine atom in the encounter adduct

Ln?FCH3, followed by fluorine anion transfer from the

CH3 radical to yield the final LnF? product. Cornehl

et al. have argued that this mechanism is supported by

the correlation they have found between the reactivity of

the lanthanide monocations and their second ionization

energy (SIE). The reaction of fluoromethane and Ca? to

yield CaF? has also been the subject of a joint experi-

mental and theoretical study by Harvey et al. [4]. For

this reaction, the authors reported that calcium is about 4

times more reactive than lanthanide monocations with a

similar SIE. This clearly suggests that the F atom

transfer mechanism is not fully understood yet and that

some other factors involved in these reactions have to be

taken into account.

In a very recent paper [5], we have theoretically

investigated the reaction between calcium monocation and

CH3F. On the one hand, we carried out high-level elec-

tronic structure calculations in order to characterize the

potential energy surface (PES) of this reaction as well as

to provide reliable thermochemical information. Our

electronic structure calculations basically support the

theoretical study of Harvey et al. carried out several years

ago except for one important point: in contrast with their

conclusion that DFT is unable to model this reaction, we

have shown that the use of appropriate recent density

functionals, particularly those developed specifically for

kinetics, correctly describes the energetics of these

processes.

We additionally carried out kinetics calculations in the

framework of statistical theories (energy and total angular

momentum resolved microcanonical transition state the-

ory). The theoretically predicted thermal rate constant for

this reaction at 295 K (7.8 9 10-11–2.5 9 10-9 cm3

molecule-1 s-1)1 agrees reasonably well with the experi-

mental value obtained by Zhao et al. [(2.6 ± 0.8) 9 10-10

cm3 molecule-1 s-1]. This range of rate constants covers

the whole set of density functionals and basis sets used in

our previous study on the Ca? reaction. The lower and

upper values of the range were obtained at the B3LYP/

TZVPP and MPW1K/TZVPP levels of theory, respec-

tively. Besides, we have also shown that a two transition

state model (with explicit consideration of an ‘outer’

transition state in the entrance channel) is mandatory to

correctly model the kinetics of this reaction.

The gas-phase kinetics study of Zhao et al. [2] also

provides results for the reaction of Sr? and Ba? with flu-

oromethane which also proceed via F atom transfer to yield

SrF? and BaF? as a main primary product. This reaction is

clearly slower with Sr? [(k = (1.4 ± 0.4) 9 10-11 cm3

molecule-1 s-1] and Ba? [(6.4 ± 1.9) 9 10-11] than with

Ca? [(2.6 ± 0.8) 9 10-10]. On the other hand, no exper-

imental kinetics studies have been carried out, to the best of

our knowledge, for the reaction of CH3F with magnesium

monocation. However, the fact that reactions of Mg? with

saturated hydrocarbons [6] and small inorganic ligands like

NH3, CO, and O2. [7, 8] either do not show products

or proceed by molecular addition suggests that methyl

fluoride reaction with Mg? might involve a different

mechanism than with Ca? and Sr?. We also point out that

Mg?–CH3F 1:1 clusters have been indeed isolated in

preparation for photodissociation experiments [9–11], thus

suggesting that this complex should be relatively stable

toward dissociation back to reactants.

In this article, we have carried out theoretical studies on

the thermochemistry and kinetics of the reactions between

Mg?, Ca?, Sr? and Ba? with CH3F. To our knowledge, no

previous theoretical calculations have been performed for

these systems before (except for the characterization of the

encounter complex Mg?CH3F in Refs. [9–11] and the

already mentioned results for the Ca? reaction by Harvey

et al. [4] and our own previously published calculations

[5]).

2 Methods

2.1 Electronic structure calculations

Density functional theory (DFT) has been used to fully

explore the four potential energy surfaces (PES). Based

on our previous experience on the Ca? reaction [5], we

1 The rate constants reported in Ref. [5] are slightly different from

those presented here as a consequence of a correction in the number

of rotational levels considered in the calculations. The modification

does not affect our previous conclusions at all.
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have selected for this study the modified Perdew–Wang-

1-parameter functional (MPW1K) [12] that has been

developed specifically for kinetics. In conjunction with

this functional, we have used 3-f and 4-f basis sets from

three different laboratories, namely Ahlrichs’ (TZVPP

and QZVPP) [13], Dunning’s (cc-pVTZ and cc-pVQZ)2

[14–16] and Jensen’s (pc-2 and pc-3) [17, 18]. Most of

these basis sets have been obtained from the basis set

exchange [19, 20]. Ahlrichs’ basis sets for Sr and Ba

include a small-core effective core potential (ECP); thus,

9 electrons are treated explicitly. For the rest of ele-

ments, all bases employed are all-electron basis sets.

Stationary points on the PES have been characterized by

checking the negative eigenvalues of the analytical

Hessian (zero for local minima and one for first-order

saddle points corresponding to transition structures).

Reaction paths have been checked by performing

intrinsic reaction coordinate (IRC) calculations [21, 22].

Both the zero-point energy and thermal contributions to

enthalpy (DH), entropy (DS), and Gibbs free energy

(DG) have been estimated within the ideal gas, rigid

rotor, and harmonic oscillator approximations [23]. A

temperature of 298.15 K and a pressure of 1 atm have

been considered. All the electronic structure and statis-

tical thermodynamics calculations were performed with

the GAUSSIAN 03 package of programs [24].

2.2 Kinetics calculations

We refer the reader to our previous study on the reaction

between Ca? and CH3F [5] for a detailed description of the

kinetics model we have used. Here, we summarize the most

important features of that model that is based on previous

ideas by Mozurkewich and Benson [25] who developed

some time ago a kinetics formulation within the context of

the Rice-Ramsperger-Kassel-Marcus (RRMK) theory for

processes with an energy profile similar to that schemati-

cally represented in Scheme 1. The most important feature

of this profile is the appearance of two wells, the first of

which is reached steadily from reactants without sur-

mounting an electronic potential barrier. For the kinetics

calculations concerning the formation of both the initial

intermediate and the exit channel (where no saddle point

was located on the PES), we have thus adopted the E,

J-resolved microcanonical variational transition state the-

ory (lVTST) in its vibrator formulation [26, 27]. More

specifically, a distinguished-coordinate path (DCP) [28, 29]

was constructed for each channel, and subsequently, pro-

jected frequencies were obtained for each point on the path.

The sum of states, W(E, J), at energy lower than E and

angular momentum J has been computed by means of the

Forst algorithm [30]. Under steady-state conditions, the

global rate constant can be expressed:

kglobal¼
2plkBT

h2

� ��3=2

hQR

X1

J¼0

Z1

Vmax

dE�W1ðE;JÞ

� W2ðE;JÞ�W3ðE;JÞ
W2ðE;JÞ�W3ðE;JÞþW1ðE;JÞ W2ðE;JÞþW3ðE;JÞ½ �e

�E=RT

ð1Þ

where Vmax is the largest value from among the energy

barriers associated with the energy profile (see Scheme 1),

QR represents the product of the partition functions of

reactants, where the center of mass motion partition func-

tion has been factored out, and W1, W2, and W3 represent

the sum of the states at the entrance channel, the TS2

transition state, and the exit channel, respectively. Besides,

T is the temperature; R, kB, and h are gas, Boltzmann and

Planck constants, and l is the reduced mass. Reaction

symmetry factors have been included in the sums of states,

Wi(E, J). Our own routines were employed to carry out the

kinetics calculations [5].
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H
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Scheme 1 Schematic

representation of the potential

energy surface for the reaction

between M?(2S) with CH3F

(M=Mg, Ca, Sr, Ba)

2 The correlation consistent basis set for Mg has been obtained from

the Basis Set Exchange (BSE) (see Refs. [19, 20]). This basis set has

not been published until recently (Ref [16]) and has been slightly

modified with respect to the preliminary version stored in the BSE.
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3 Results

3.1 Thermochemical results

Figure 1 shows the structures located on the PES for the four

studied reactions. Values for the most important geometrical

parameters are collected in Table 1, whereas Table 2 shows

the adiabatic potential energies (DU0 = DU ? zero-point

energy) and Gibbs free energies (DG) as obtained with three

different 3-f and 4-f basis sets. The MPW1K/TZVPP values

for Ca? have been already presented in our previous work [5]

and are shown here for comparison purposes. As commented

above, activation of C–F bonds by alkaline-earth monoca-

tions begins with the formation of an encounter complex C1

in which the metal interacts with fluorine. For the four

monocations, this complex has C3v symmetry and an

expected 2A1 electronic ground state. The M?���FCH3 bond

distance ranges from 1.975 Å to 2.576 Å and increases, as

expected, from Mg? to Ba?. Upon interaction, the C–F

distance enlarges 0.080 Å (Mg?), 0.065 Å (Ca?), 0.058 Å

(Sr?), and 0.052 Å (Ba?) with respect to that found in

isolated CH3F. This trend correlates with the bond dissoci-

ation energies for C1 which decrease again downwards in the

group (see Table 2; MPW1K/QZVPP values): ?25.7 kcal/

mol (Mg?), ?22.8 kcal/mol (Ca?), ?19.1 kcal/mol (Sr?),

and ?18.5 kcal/mol (Ba?). As expected, the interaction

potential between the metal monocation and CH3F (whose

leading term is the charge–dipole interaction) is attractive for

the whole range of M?���F distances. Thus, no transition

structure has been located on the PES for the formation of

C1. However, as commented in the introduction and dis-

cussed in our previous article [5], it is expected that an

entropic bottleneck (‘‘outer’’ transition state TS1) appears in

this region of the PES.

From C1, reaction proceeds through transition struc-

ture TS2 whose structure is depicted in Fig. 1. For Ca?

and Sr?, this transition structure has again C3v symmetry

(and 2A1 electronic state). In the case of Ba?, the

geometry is slightly distorted with a M?–F–C angle of

176 degrees. For Mg?, on the contrary, the M?–F–C

angle notably reduces to 91.4 degrees (see Table 2).

Notice, however, that Mg?–C bond distance is quite

large (2.763 Å), which suggests that Mg? interacts solely

with F in TS2, as it was also the case for Ca?, Sr?, and

Ba?. As a matter of fact, we have analyzed the topology

of the MPW1K/TZVPP electronic charge density for

Mg? TS2 and found the expected bond critical points for

the interactions Mg?���F and F���C but no critical point

between Mg? and C. The M?–F distance in TS2 is just

0.062 Å (Mg?), 0.141 Å (Ca?), 0.162 Å (Sr?), and

0.212 Å (Ba?) longer that this distance in isolated MF?,

suggesting a late transition state for this process. For

CH3F C1

TS2 (Ca, Sr, Ba)

C2 (Ca, Sr, Ba)

CH3 MF+

TS2 (Mg)

C2 (Mg)

Fig. 1 Structures located on the PES for the reaction between

M?(2S) with CH3F (M=Mg, Ca, Sr, Ba). Geometrical parameters are

collected in Table 1

Table 1 Geometrical parameters (angstroms and degree) for the

different species involved in the reaction M?(2S) ? CH3F (M=Mg,

Ca, Sr, Ba) at the MPW1K/TZVPP level of theory

CH3F C1 TS2 C2 MF?

[MgCH3F]? C–F 1.365 1.445 2.095

C–Mg 2.763 2.240

Mg–F 1.975 1.750 1.697 1.688

Mg–F–C 180.0 91.4 0.0

H–C–Mg–F –

[CaCH3F]? C–F 1.430 1.950

C–Ca 2.737

Ca–F 2.235 2.010 1.885 1.869

Ca–F–C 180.0 180.0 101.8

H–C–Ca–F 0.0

[SrCH3F]? C–F 1.423 1.920

C–Sr 2.919

Sr–F 2.410 2.148 2.001 1.986

Sr–F–C 180.0 180.0 91.4

H–C–Sr–F 0.0

[BaCH3F]? C–F 1.417 1.840

C–Ba 3.140

Ba–F 2.576 2.309 2.111 2.097

Ba–F–C 180.0 176.0 84.8

H–C–Ba–F 0.0
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Mg?, in particular, the C–F bond in TS2 seems to be

almost completely cleaved (C–F = 2.095 Å). Since the

carbon–fluorine bond is very strong (113 ± 1 kcal/mol

[31]; the MPW1K/QZVPP value is 109.8 kcal/mol), this

observation could explain the higher energetic position of

Mg? TS2 with respect to reactants (?9.1 kcal/mol)

compared to Ca? (-3.0 kcal/mol), Sr? (?1.3 kcal/mol),

and Ba? (?0.4 kcal/mol, see Table 2).

Transition structure TS2 yields a second intermediate,

C2 (see Scheme 1), in which the reaction products, MF?

and methyl radical, form an addition complex. For Ca?,

Sr?, and Ba?, this complex has Cs symmetry (see Fig. 1;

Table 1). This means that a branching point should exist

along the Ca? and Sr? reaction path from TS2 to C2

that displaces MF? out from the C3 axis. Notice that

intermediate C2 is clearly lower in energy than C1 (by

almost 20 kcal/mol) due to the high fluorine affinity of

Ca?, Sr?, and Ba? which yields very strong M?–F

bonds. On the other hand, intermediate C2 is also

located on the [MgCH3F]? PES, but in this case, this

structure has C3v symmetry. For Mg?, C2 is higher in

energy than C1 due to the low fluorine affinity of Mg?

(91.9 kcal/mol at the MPW1K/QZVPP level of theory).

Finally, the products of the reaction (MF? and CH3) are

formed from C2 without passing through any electronic

potential barrier. Nevertheless, it is again expected that an

entropic bottleneck appears in this region of the PES.

Table 2 shows that production of CaF?, SrF?, and BaF?

is clearly exothermic, whereas formation of MgF? is

endothermic by ca. 10 kcal/mol. This fact again is to be

related to the smaller fluorine affinity of Mg? (91.9 kcal/

mol) with respect to Ca? (130.8), Sr? (128.0), and Ba?

(139.7). We point out in passing that our predicted fluorine

atom affinities for Ca? and Sr? are in good agreement with

previous experimental [32] (Ca?: 133.2 ± 2 kcal/mol) and

theoretical [33] values (Ca?: 131.0; Sr?: 131.7).

We comment now on the performance of different basis

sets (Ahlrichs’, Dunning’s, and Jensen’s) in the computa-

tion of relative energies (see Table 2). For [MgCH3F]?,

where the three basis sets are available, it is readily seen

that the three 4-f basis set agree within less than 1 kcal/

mol. The corresponding 3-f values deviate up to 4.4 kcal/

mol from the 4-f results. The smaller deviations are found

for the cc-pVXZ basis and the largest for pc-n with Ahl-

richs’ showing intermediate differences. Similar conclu-

sions can be obtained for the Ca monocation for which only

Ahlrichs’ and Dunning’s sets are available: 4-f values

differ in less than 0.5 kcal/mol and a smaller deviation

is found for Dunning’s set when comparing 3-f and 4-f
values. Thus, we can conclude that all 4-f basis perform

Table 2 MPW1K relative energies (kcal/mol) including the zero-

point energy (DU0) and relative Gibbs free energies (DG; in brackets)

as computed at 298 K and 1 atm for the different species involved in

the reaction M?(2S) ? CH3F (M=Mg, Ca, Sr, Ba) in conjunction with

Ahlrichs’, Dunning’s, and Jensen’s 3-f and 4-f basis sets

TZVPP QZVPP cc-pVTZ cc-pVQZ pc-2 pc-3

Mg? ? CH3F 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 -25.3 [-19.6] -25.7 [-20.0] -26.6 [-20.8] -26.3 [-20.5] -24.8 [-19.0] -25.7 [-20.0]

TS2 11.1 [15.9] 9.0 [13.6] 9.6 [14.4] 9.1 [13.5] 12.4 [17.3] 9.2 [14.0]

C2 -15.4 [-10.2] -18.1 [-13.1] -16.6 [-11.7] -17.7 [-12.7] -13.6 [-9.0] -17.9 [-12.9]

MgF? ? CH3 13.2 [11.7] 9.9 [8.4] 12.1 [10.6] 10.8 [9.3] 14.5 [13.0] 10.1 [8.6]

Ca? ? CH3F 0.0 [0.0] 0.0 [0.0] 0.0 [0.0] 0.0 [0.0]

C1 -21.9 [-16.0] -22.8 [-17.0] -23.7 [17.8] -23.2 [-17.3]

TS2 -1.1 [4.6] -3.0 [2.5] -3.3 [2.3] -3.4 [2.1]

C2 -36.9 [-33.0] -41.9 [-37.4] -40.6 [-36.0] -42.3 [-37.7]

CaF? ? CH3 -24.3 [-25.9] -29.1 [-30.7] -27.7 [-29.3] -29.3 [-30.9]

Sr? ? CH3F 0.0 [0.0] 0.0 [0.0]

C1 -18.8 [-12.9] -19.1 [-13.3]

TS2 2.6 [8.2] 1.3 [6.9]

C2 -33.6 [-29.7] -36.9 [-33.1]

SrF? ? CH3 -23.6 [-25.3] -26.5 [-28.2]

Ba? ? CH3F 0.0 [0.0] 0.0 [0.0]

C1 -18.1 [-12.3] -18.5 [-12.8]

TS2 1.8 [6.8] 0.4 [4.3]

C2 -42.1 [-38.5] -46.1 [-42.5]

BaF? ? CH3 -33.9 [-36.4] -38.3 [-40.0]
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equally well and that Dunning’s correlation consistent

basis set is an appropriate basis for the study of this kind of

reactions. This seems to contrast with conclusions from

Boese et al. [34] who have suggested that Dunning’s basis

were not the most appropriate set to be used in conjunction

with density functionals. Let us finally point out that for

Ahlrichs’ and Jensen’s basis set, the relative energy of TS2

with a 3-f basis set still differs in ca. 2 kcal/mol with

respect to the 4-f values (the range is 1.3–3.2 kcal/mol

depending on the metal monocation and the basis set).

Notice that if this transition state exercised the full control

of the kinetics of these reactions (a point that will be

addressed below), such a relative large energy difference

should lead to errors of ca. 2 orders of magnitude for

the rate constant. Similar differences between the 3-f and

4-f values are also found for the products of these reac-

tions, MF? and CH3, whose relative stability with respect

to reactants seems still not well converged with a 3-f
basis set.

We have additionally collected in Table 2 the relative

Gibbs free energies for the different structures located on

the PES. As expected, both transition structures and

intermediates are destabilized with respect to reactants

because of entropic effects. On the other hand, the products

of the reaction, MF? and CH3, are slightly stabilized for the

same reason.

3.2 Analysis of the kinetics results

Table 3 collects the global thermal rate constants for the

four reactions computed over a wide range of temperatures

(135–1,095 K). Taking into account the results commented

in the previous section, we have decided to perform the

kinetics analysis on the MPW1K/TZVPP PES but

Table 3 Kinetic rate constants (see the text for definitions), in cm3 molecule-1 s-1 for the reactions M? ? CH3F (M=Mg, Ca, Sr, Ba)

T (K) Mg? Ca?

kouter kinner kexit kglobal kouter kinner kglobal

135 3.14 9 10-09 3.74 9 10-26 6.81 9 10-30 4.26 9 10-30 3.56 9 10-09 4.04 9 10-09 7.11 9 10-10

215 2.52 9 10-09 1.60 9 10-20 6.32 9 10-22 2.64 9 10-22 3.07 9 10-09 2.11 9 10-09 5.59 9 10-10

295 2.28 9 10-09 7.48 9 10-18 3.39 9 10-18 1.02 9 10-18 2.84 9 10-09 1.52 9 10-09 4.99 9 10-10

375 2.17 9 10-09 2.95 9 10-16 5.17 9 10-16 1.20 9 10-16 2.72 9 10-09 1.29 9 10-09 4.80 9 10-10

455 2.10 9 10-09 3.54 9 10-15 1.43 9 10-14 2.69 9 10-15 2.66 9 10-09 1.20 9 10-09 4.80 9 10-10

535 2.06 9 10-09 2.18 9 10-14 1.51 9 10-13 2.40 9 10-14 2.62 9 10-09 1.18 9 10-09 4.91 9 10-10

615 2.03 9 10-09 8.80 9 10-14 8.84 9 10-13 1.22 9 10-13 2.59 9 10-09 1.21 9 10-09 5.09 9 10-10

695 2.00 9 10-09 2.68 9 10-13 3.47 9 10-12 4.27 9 10-13 2.56 9 10-09 1.26 9 10-09 5.33 9 10-10

775 1.97 9 10-09 6.67 9 10-13 1.03 9 10-11 1.58 9 10-12 2.54 9 10-09 1.33 9 10-09 5.60 9 10-10

855 1.95 9 10-09 1.43 9 10-12 2.50 9 10-11 2.60 9 10-12 2.53 9 10-09 1.42 9 10-09 5.90 9 10-10

935 1.93 9 10-09 2.73 9 10-12 5.18 9 10-11 5.09 9 10-12 2.51 9 10-09 1.52 9 10-09 6.23 9 10-10

1,015 1.92 9 10-09 4.75 9 10-12 9.53 9 10-11 8.92 9 10-12 2.50 9 10-09 1.63 9 10-09 6.57 9 10-10

1,095 1.91 9 10-09 7.63 9 10-12 1.59 9 10-10 1.43 9 10-11 2.50 9 10-09 1.74 9 10-09 6.92 9 10-10

T (K) Sr? Ba?

kouter kinner kglobal kouter kinner kglobal

135 1.60 9 10-08 4.66 9 10-14 4.64 9 10-14 8.77 9 10-09 6.14 9 10-12 5.55 9 10-12

215 9.18 9 10-09 5.22 9 10-13 5.17 9 10-13 5.27 9 10-09 2.42 9 10-11 1.99 9 10-11

295 6.91 9 10-09 2.05 9 10-12 2.02 9 10-12 4.04 9 10-09 5.86 9 10-11 4.35 9 10-11

375 5.86 9 10-09 5.36 9 10-12 5.22 9 10-12 3.44 9 10-09 1.15 9 10-10 7.65 9 10-11

455 5.28 9 10-09 1.12 9 10-11 1.08 9 10-11 3.09 9 10-09 1.98 9 10-10 1.18 9 10-10

535 4.89 9 10-09 2.03 9 10-11 1.94 9 10-11 2.85 9 10-09 3.14 9 10-10 1.67 9 10-10

615 4.61 9 10-09 3.34 9 10-11 3.14 9 10-11 2.67 9 10-09 4.65 9 10-10 2.23 9 10-10

695 4.38 9 10-09 5.09 9 10-11 4.71 9 10-11 2.53 9 10-09 6.54 9 10-10 2.82 9 10-10

775 4.19 9 10-09 7.32 9 10-11 6.67 9 10-11 2.41 9 10-09 8.83 9 10-10 3.45 9 10-10

855 4.02 9 10-09 1.01 9 10-10 9.00 9 10-11 2.32 9 10-09 1.15 9 10-09 4.10 9 10-10

935 3.87 9 10-09 1.33 9 10-10 1.17 9 10-10 2.24 9 10-09 1.46 9 10-09 4.75 9 10-10

1,015 3.73 9 10-09 1.70 9 10-10 1.46 9 10-10 2.18 9 10-09 1.81 9 10-09 5.41 9 10-10

1,095 3.59 9 10-09 2.11 9 10-10 1.78 9 10-10 2.12 9 10-09 2.19 9 10-09 6.06 9 10-10
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correcting the TS2 relative energies with their QZVPP

values. Since the C1 intermediate is already correctly

described with a 3-f basis set, we are confident that the

entrance channel is also well described at this level of

theory. This is very convenient because QZVPP frequency

calculations are quite expensive and many of them must be

performed along the DCP. On the other hand, and as shown

in our previous study [5], the exit channel plays a minor

role when the reaction products are well below the reac-

tants. This is due to the fact that the rate constant for TS3

[strictly speaking, the sum of states for TS3, see Eq. 1] is

very large compared to those for TS1 and TS2, thus

making the global rate coefficient independent of the dis-

sociation process. For Mg?, however, products are clearly

above both reactants and TS2, and the exit channel is then

expected to play a more important role in this reaction. In

this case, consideration of QZVPP values for products’

relative energies seems more appropriate taking into

account the differences mentioned above between the 3-f
and 4-f basis sets. However, let us point out that in the case

that both TS2 and products are clearly endothermic with

respect to reactants, the reaction is not expected to proceed

beyond the C1 intermediate, at least under the experi-

mental conditions of Zhao et al. [2]. The most important

process in this case is the entrance channel. For this reason,

we have decided to compute the exit channel using again

the TZVPP basis set.

Experimental rate coefficients for Ca?, Sr?, and Ba?

reactions have been obtained at 295 K by Zhao et al. [2]:

k = (2.6 ± 0.8) 9 10-10 cm3 molecule-1 s-1, k = (1.4 ±

0.4) 9 10-11 cm3 molecule-1 s-1, and k = (6.4 ± 1.9) 9

10-11 cm3 molecule-1 s-1, respectively. Our theoretical

predictions (4.99 9 10-10 cm3 molecule-1 s-1, 2.02 9

10-12 cm3 molecule-1 s-1, and 4.35 9 10-11 cm3 mole-

cule-1 s-1 (see Table 3) are in reasonable agreement with the

experimental values. Let us point out that the predicted global

rate constant for the Ca reaction shown in Table 3 differs with

respect to that discussed in our previous work [5] in that we

have used here a TS2 relative energy (with respect to reac-

tants) of -3.0 kcal/mol as obtained with the QZVPP basis

set, somewhat larger than the relative energy used in [5],

obtained with the TZVPP basis (-1.1 kcal/mol)1. In the case

of Mg?, for which no experimental results are available, we

predict a very low rate coefficient (1.02 9 10-18 cm3 mole-

cule-1 s-1). This is mainly due to the endothermicity of this

reaction, as commented above. For the three reactions whose

experimental rate constants have been measured, the errors

on the computed ones are equivalent to kinetic barrier height

misestimates of 0.9 kcal/mol (Ca?), 1.1 kcal/mol (Sr?), and

0.8 kcal/mol (Ba?). It is important to stress at this point that

bearing in mind the accuracy achieved by the levels of theory

computationally affordable at present days to deal with the

systems involved in the studied processes [35–37], the degree

of agreement between the theoretically predicted rate con-

stants and the corresponding experimental values can be

considered acceptable (see for a detailed discussion on this

subject Refs. [5, 38]).

As mentioned in the introduction and discussed in our

previous article [5], an important goal of these studies is to

assess the role played by the ‘‘outer’’ transition states

(entrance channel) in controlling the kinetics of these

reactions. Figure 2 shows the Arrhenius plots for the global

rate constant, kglobal, as well as its main components, kouter

and kinner. In the case of Mg?, we also collect the values of

the rate constant for the exit channel (kexit). These com-

ponents describe the limiting behavior of the global rate

constant when the dominant bottleneck for the reaction is

provided by either the ‘‘outer’’ transition state, the ‘‘inner’’

transition state, or, in the case of Mg?, the exit channel.

The numerical rate constants for these limiting cases are

also collected in Table 3.

For Mg? ? CH3F, a reaction that proceeds with a net

activation barrier, we observe the expected Arrhenius plot

(see Fig. 2). At low temperatures, kexit clearly makes the

largest contribution to kglobal for this reaction. As temper-

ature grows up, kexit increases faster than kinner, which

becomes the dominant bottleneck for the reaction at high

temperatures. As expected, kouter does not appreciably

contribute to the rate constant.

Zhao et al. [5] do not provide results for the reaction of

Mg? with methyl fluoride, but similar experimental studies

[6–8] with hydrocarbons and small inorganic ligands show

that Mg? reactions proceed, if at all, by molecular addition.

On the other hand, detection of Mg?–CH3F 1:1 clusters in

helium buffer gas [9–11] by mass spectrometry suggests

that this complex is stable enough toward dissociation. It is

also interesting that in the experiments of Furuya et al. [9,

10] and Yang et al. [11], a small proportion of MgF? is

also detected showing that, at least under their experi-

mental conditions, Mg? is also able to activate C–F in

methyl fluoride. In the experiments of Zhao et al. [2],

addition is expected to occur in a termolecular fashion with

helium atoms acting as the third body. In order to get more

insights into the product distribution for this reaction, a

pressure-dependent study should be done. This is beyond

the scope of the present study, although work is in progress

to address this point. On the other hand, experimental

pressure-dependent studies are not available to the best of

our knowledge either.

Arrhenius plots for the Ca? reaction are depicted in

Fig. 2 and show that the global rate constant is mainly

controlled by the inner bottleneck although with non-neg-

ligible contributions from kouter particularly at very low

temperatures. For a more detailed analysis of this reaction,

we refer the reader to our previous study [5]. As expected,

the reaction for Sr? and Ba? shows a qualitatively similar

Theor Chem Acc (2011) 128:609–618 615
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behavior, but in these cases, the dominant contribution to

kglobal is definitely kinner, except at very high temperatures.

This is reasonable since the energy of TS2 is higher for Sr?

and Ba? than for Ca? (1.3, 0.4, and -3.0 kcal/mol,

respectively).

Let us now briefly comment on the possible mechanisms

for these reactions. Two plausible pathways have been

proposed to interpret the experimental results available for

these processes, namely single-electron transfer (SET,

‘harpoon-like’ mechanism) and oxidative addition (addi-

tion/elimination mechanism) [2, 4]. As suggested by

Harvey et al. [4], the later mechanism is unlikely for

alkaline-earth metal monocations because with only one

unpair electron, they will not easily undergo insertion. The

‘harpoon-like’ mechanism, on the other hand, is supposed

to take place through transfer of one electron from the

metal monocation to methyl fluoride in the encounter

adduct [3, 4]. We have collected in Table 4 the partial

charges and spin densities for the three chemical fragments

involved in these reactions (M?, F, CH3) as obtained with

the Mulliken population analysis (MPA).

Data collected in Table 4 show that for the four mon-

ocations, the positive charge on the metal notably increases

when passing from C1 to C2 through TS2, with a parallel

increase in the negative net charge on the fluorine atom.

The methyl group progresses toward the formation of a

radical species (CH3) at the same time. The spin density,

initially (C1) mainly concentrated on the metal
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Fig. 2 Arrhenius plots (k given in cm3 molecule-1 s-1 and T in K) for the global rate constant, kglobal (green), and its main limiting components

(see the text for definitions): kinner (blue), and kouter (red) and kexit (gray; only for Mg?)

Table 4 MPW1K/TZVPP alkaline-earth metal, fluorine (parentheses), and CH3 [brackets] partial charges (au) and spin densities according to

Mulliken population analysis (MPA). MPA values for CH3F are -0.312 (F) and 0.112 (C)

Mg? Ca? Sr? Ba?

Partial charge

C1 0.885(-0.290)[0.405] 0.936(-0.352)[0.416] 0.954(-0.367)[0.413] 0.957(-0.370)[0.412]

TS2 1.095(-0.484)[0.388] 1.216(-0.591)[0.374] 1.272(-0.621)[0.349] 1.233(-0.580)[0.347]

C2 1.239(-0.534)[0.295] 1.502(-0.604)[0.102] 1.567(-0.651)[0.084] 1.599(-0.637)[0.038]

Spin density

C1 0.993(-0.012)[0.020] 1.002(-0.008)[0.006] 1.002(-0.006)[0.004] 1.002(-0.002)[0.000]

TS2 0.528(0.004)[0.471] 0.579(-0.045)[0.468] 0.561(-0.039)[0.478] 0.615(-0.036)[0.420]

C2 0.187(0.012)[0.801] 0.076(-0.001)[0.925] 0.071(-0.001)[0.930] 0.039(0.000)[0.960]
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monocation, is finally mostly located on the methyl group.

Summarizing, data collected in Table 4 are fully compat-

ible with the ‘‘harpoon-like’’ mechanism:

M�þ þ F� CH3 Rð Þ ! M�þ � � � F� CH3 C1ð Þ ! TS2

! M2þ � � � F� � � �CH�3 C2ð Þ
! MFþ þ CH�3 Pð Þ ð2Þ

It has been suggested [3, 4] that if such a mechanism

was in fact operating, an inverse correlation between the

efficiency of the reaction and the SIE of the metal atom

should be observed. The larger the SIE the higher the

energy barrier associated with transition structure TS2.

Thus, one would expect that the values of the SIEs should

determine the relative magnitudes of the rate constants

for the different cation metals. In the present case where

SIE (Mg; 349 kcal/mol; MPW1K/QZVPP) � SIE (Ca;

272 kcal/mol) [ SIE (Sr; 253 kcal/mol) [ SIE (Ba;

227 kcal/mol)3 [39], the following condition k(Mg?) �
k(Ca?) B k(Sr?)B k(Ba?) should be expected. However,

our kinetics calculations (see Table 3) predict k(Mg?) �
k(Sr?) \ k(Ba?) \ k(Ca?), in full agreement with the

experimental observations that the reaction does not

progress (or do it rather slowly) in the case of Mg?

[6–11], and k(Sr?) = (1.4 ± 0.4) 9 10-11 cm3 molecule-1

s-1, k(Ba?) = (6.4 ± 1.9) 9 10-11 cm3 molecule-1 s-1

and k(Ca?) = (2.6 ± 0.8) 9 10-10 cm3 molecule-1 s-1

[2].

Strictly speaking, the SIE values should correlate with

the energy difference between C1 and TS2 (C1 ? TS2 is

basically a charge transfer process), provided charge

transfer was the only force acting between the virtual

fragments CH3 and MF when reactants approach each

other. However, while the (QZVPP) C1 ? TS2 computed

energy barriers are (see Table 2) 34.7, 19.8, 20.4, and

18.9 kcal/mol for Mg?, Ca?, Sr?, and Ba? reactions,

respectively, the corresponding SIE values are 347, 274,

255, and 230 kcal/mol. This plainly demonstrates that

although charge transfer should be dominant, other con-

tributions (electrostatic, dispersion, and/or induction con-

tributions other than charge transfer) must play a role

(responsible for the 0.6 kcal/mol energy difference

between Ca? and Sr? reactions). Characterization of the

different contributions is by no means a trivial task. Work

in progress in that direction is under way in our laboratory.

On the other hand, we have pointed out in our previous

work [5] that no correlation between the reaction global

rate constants and the SIE should be expected if the

kinetics of the reaction has non-negligible contributions

from the outer transition state (see also [40, 41]). Such a

correlation should only operate, if at all, for the rate con-

stant associated with the C1 ? TS2 process, not for the

global rate constant. As commented above, we have shown

in this study that for these reactions, even this correlation

is, indeed, not as straightforward as expected.

4 Conclusions

A theoretical kinetics study by means of energy and total

angular momentum resolved microcanonical variational/

conventional theory has been carried out for the reactions

between alkaline-earth metal monocations (Mg?, Ca?,

Sr?, and Ba?) and methyl fluoride. The computed rate

coefficients for the reactions of Ca?, Sr?, and Ba?:

4.99 9 10-10 cm3 molecule-1 s-1, 2.02 9 10-12 cm3

molecule-1 s-1, and 4.35 9 10-11 cm3 molecule-1 s-1 are

in reasonable good agreement with the experimental values

at 295 K: k = (2.6 ± 0.8) 9 10-10 cm3 molecule-1 s-1,

k = (1.4 ± 0.4) 9 10-11 cm3 molecule-1 s-1, and

k = (6.4 ± 1.9) 9 10-11 cm3 molecule-1 s-1, respec-

tively. The theoretically predicted rate constant for the

reaction of Mg? is very small (1.02 9 10-18 cm3 mole-

cule-1 s-1), which is consistent with the experimental data

available. The larger rate constant found for the calcium

reaction is related to the low potential energy barrier at

TS2 (-3.0 kcal/mol) compared to Mg (?9.0), Sr (?1.3),

and Ba (?0.4).

As a general conclusion, the studied reactions seem to

proceed through a ‘‘harpoon-like’’ mechanism. We also

notice the relative importance of other channels, apart from

the ‘‘inner’’ bottleneck, to control the kinetics of these

reactions. In the case of the Ca? reaction, where the for-

mation of CaF? ? CH3 is an exothermic process, the

‘‘outer’’ bottleneck appreciably contributes to the global

rate constant. For the Mg? reaction, contribution from the

exit channel is not negligible as a consequence of the

endothermicity of the formation of MgF? ? CH3. The

reactions of Sr? and Ba? represent an intermediate situa-

tion: a low barrier at the ‘‘inner’’ bottleneck and the for-

mation of products (SrF?, BaF?) being rather exothermic

processes. Consequently, the reaction is fully controlled by

the ‘‘inner’’ transition state.

Further work involving other metal cations, in progress

in our laboratories, is required in order to confirm the

general validity of the mechanistic findings reported in the

present work.
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