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Reactions of CH3F have been surveyed systematically at room temperature with 46 different atomic cations
using an inductively coupled plasma/selected-ion flow tube tandem mass spectrometer. Rate coefficients and
product distributions were measured for the reactions of fourth-period atomic ions from K+ to Se+, of fifth-
period atomic ions from Rb+ to Te+ (excluding Tc+), and of sixth-period atomic ions from Cs+ to Bi+.
Primary reaction channels were observed corresponding to F atom transfer, CH3F addition, HF elimination,
and H2 elimination. The early-transition-metal cations exhibit a much more active chemistry than the late-
transition-metal cations, and there are periodic features in the chemical activity and reaction efficiency that
maximize with Ti+, As+, Y+, Hf+, and Pt+. F atom transfer appears to be thermodynamically controlled,
although a periodic variation in efficiency is observed within the early-transition-metal cations which maximizes
with Ti+, Y+, and Hf+. Addition of CH3F was observed exclusively (>99%) with the late-fourth-period cations
from Mn+ to Ga+, the fifth-period cations from Ru+ to Te+, and the sixth-period cations from Hg+ to Bi+ as
well as Re+. Periodic trends are observed in the effective bimolecular rate coefficient for CH3F addition, and
these are consistent with expected trends in the electrostatic binding energies of the adduct ions and measured
trends in the standard free energy of addition. HF elimination is the major reaction channel with As+, while
dehydrogenation dominates the reactions of W+, Os+, Ir+, and Pt+. Sequential F atom transfer is observed
with the early-transition-metal cations, with the number of F atoms transferred increasing across the periodic
table from two to four, maximizing at four for the group 5 cations Nb+(d4) and Ta+(d3s1), and stopping at
two with V+(d4). Sequential CH3F addition was observed with many atomic cations and all of the metal
mono- and multifluoride cations that were formed.

Introduction

Methyl fluoride is a simple model molecule well suited for
studies of C-F bond activation and the competition between
C-F and C-H activation. Although selective activation of C-F
bonds has been the subject of a recent feature article by Mazurek
and Schwarz with a particular view to surface and gas-phase
reactions,1 experimental studies of C-F bond activation by
atomic cations have not been extensive, particularly with CH3F.
FT-ICR mass spectrometry, in which laser ablation/ionization
serves as the source of atomic cations, has been used previously
to study F atom transfer from CH3F to Ti+,2 from CH3F to Ca+,
Sc+, Ti+, V+, and Y+,3 and from CF4, CHF3, CH3F, C2F6, 1,1-
C2H4F2, and C6F6 to six lanthanide monocations, Ce+, Pr+, Sm+,
Ho+, Tm+, and Yb+.4 Only one theoretical investigation appears
to have been published so far, that of Harvey et al.,3 which
points toward a “harpoon mechanism” for the F atom transfer
from CH3F to Ca+.

The recent configuration of an inductively coupled plasma/
selected-ion flow tube (ICP/SIFT) tandem mass spectrometer
in our laboratory has provided the means to survey trends in
chemical kinetics for room-temperature reactions of atomic
cations with gaseous molecules across and down the periodic
table. Already we have surveyed reactions of atomic cations in
the fourth, fifth, and sixth periods with molecular oxygen, both

in the absence5 and in the presence6 of benzene, with hexafluo-
robenzene,7,8 with benzene,9 with nitrous oxide,10 with carbon
dioxide,11 and with carbon disulfide.12 These surveys are driven
in part by their fundamental importance, but also by the use of
molecules for the chemical resolution of isobaric interferences
in ICP mass spectrometry.13,14 Here we report results obtained
for reactions of 46 different atomic cations with methyl fluoride.
Methyl fluoride has been used recently as a selective reagent
in the resolution of the87Rb+/87Sr+ isobaric interference in the
dynamic reaction cell of an ICP-MS instrument used for the
Rb/Sr age determination of magnetic rocks.15 We have system-
atically surveyed reactions of CH3F with fourth-period atomic
cations from K+ to Se+, of fifth-period atomic cations from
Rb+ to Te+ (excluding Tc+), and of sixth-period atomic cations
from Cs+ to Bi+. The results of our recent ICP/SIFT measure-
ments of room-temperature reactions of 14 atomic lanthanide
cations with methyl fluoride already have appeared in the
literature.16

Experimental Method

The experimental results reported here were obtained using
the SIFT tandem mass spectrometer described in detail else-
where.13,14This instrument was recently modified to accept ions
generated in an inductively coupled plasma (ICP) torch (ELAN
series, Perkin-Elmer SCIEX) through an atmosphere/vacuum
interface. The ICP ion source and interface also have been
described previously,17,18as has the preparation of the solutions
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containing the metal salt of interest which were peristaltically
pumped via a nebulizer into the plasma.11

Atomic ions emerge from the ICP at a nominal ion temper-
ature of 5500 K with corresponding Boltzmann state distribu-
tions. These distributions have been derived from available
optical spectra19,20 and reported by us previously for the two
electronic spin states with the highest population at 5500 K.10

Energy levels as high as 3.7 eV (3× 104 cm-1) were included
in the calculations. The calculations show that excited states of
the main-group elemental cations except Ba+ are high in energy
and contribute little (never more than 10%) to the total ion
population at 5500 K. The ground2S state of Ba+ contributes
44% and the excited2D state 55% at 5500 K. The state
distributions are more variable for the transition-metal cations.

TABLE 1: Rate Coefficients (cm3 molecule-1 s-1), Reaction Efficiencies (k/kc), and Product Distributions (PDs) for Reactions of
Atomic Ions M+ with Methyl Fluoride in Helium at 0.35 ( 0.01 Torr and 295 ( 2 K Ordered According to the Period in the
Periodic Tablea

M+ kb kcap
c/10-9 k/kc

primary
product PDd higher order product ions

K+ <1 × 10-12 2.27 <4 × 10-4 none
Ca+ 2.6× 10-10 2.26 0.12 CaF+ 100 CaF+(CH3F)1-2

Sc+ 1.1× 10-9 2.21 0.50 ScF+ 100 ScF2+(CH3F)0-4

Ti+ 1.3× 10-9 2.19 0.59 TiF+ 100 TiF2,3
+, TiF2

+(CH3F)1-4, TiF3
+(CH3F)1-3, CH2F+, CH3

+, CH3
+(CH3F),

CH2F+(CH3F)
V+ 1.7× 10-10 2.15 0.079 VF+ 100 VF+(CH3F)1-5, VF2

+(CH3F)0-4

Cr+ 1.1× 10-11 2.13 5.3× 10-3 Cr+CH3F 98 Cr+(CH3F)2-4

CH2F+ 2
Mn+ 6.0× 10-12 2.12 2.8× 10-3 Mn+CH3F 100 Mn+(CH3F)2
Fe+ 1.5× 10-11 2.10 7.1× 10-3 Fe+CH3F 100 Fe+(CH3F)4
Co+ 1.8× 10-11 2.10 8.6× 10-3 Co+CH3F 100 Co+(CH3F)2-4

Ni+ 2.3× 10-11 2.09 0.011 Ni+CH3F 100 Ni+(CH3F)2-4

Cu+ 8.7× 10-12 2.08 4.2× 10-3 Cu+CH3F 100 Cu+(CH3F)2
Zn+ 4.6× 10-12 2.08 2.2× 10-3 Zn+CH3F 100 Zn+(CH3F)2
Ga+ e5.0× 10-13 2.05 e2.4× 10-4 Ga+CH3F 100 Ga+(CH3F)2
Ge+ 5.8× 10-10 2.03 0.29 GeF+ 100 GeF+(CH3F)1,2

As+ 9.1× 10-10 2.01 0.45 AsCH2+ 97 AsCH2
+(CH3F)

As+CH3F 3
Se+ <1 × 10-13 2.00 <5 × 10-4 none
Rb+ 1.3× 10-12 1.97 6.7× 10-4 Rb+CH3F 100 none
Sr+ 1.4× 10-11 1.97 7.1× 10-3 SrF+ 96 SrF+(CH3F)1,2

Sr+CH3F 4 Sr+(CH3F)2
Y+ 1.7× 10-9 1.96 0.86 YF+ 100 YF2

+(CH3F)0-4

Zr+ 1.2× 10-9 1.95 0.60 ZrF+ 100 ZrF2,3
+, ZrF3

+(CH3F)1-3, CH3
+, CH3

+(CH3F)
Nb+ 7.4× 10-10 1.95 0.38 NbF+ 100 NbF2-4

+, NbF4
+(CH3F)1,2

Mo+ 2.8× 10-12 1.94 1.4× 10-3 Mo+CH3F 100 Mo+(CH3F)2-4

Ru+ 3.2× 10-12 1.94 1.6× 10-3 Ru+CH3F 100 Ru+(CH3F)2,3

Rh+ 2.7× 10-12 1.91 1.4× 10-3 Rh+CH3F 100 Rh+(CH3F)2,3

Pd+ 5.1× 10-12 1.91 2.7× 10-3 Pd+CH3F 100 Pd+(CH3F)2,3

Ag+ 3.1× 10-12 1.90 1.6× 10-3 Ag+CH3F 100 Ag+(CH3F)2,3

Cd+ 1.4× 10-12 1.89 7.4× 10-4 Cd+CH3F 100 Cd+(CH3F)2
In+ 1.2× 10-12 1.88 6.4× 10-4 In+CH3F 100 none
Sn+ 1.9× 10-12 1.88 1.0× 10-3 Sn+CH3F 100 Sn+(CH3F)2
Sb+ 4.7× 10-12 1.88 2.5× 10-3 Sb+CH3F 100 Sb+(CH3F)2
Te+ 5.6× 10-13 1.87 3.0× 10-4 Te+CH3F 100 none
Cs+ e5.0× 10-13 1.87 e2.8× 10-4 Cs+CH3F 100 none
Ba+ 6.4× 10-11 1.86 0.034 BaF+ 100 BaF+(CH3F)1-3

La+ 4.5× 10-10 1.86 0.24 LaF+ 100 LaF2
+, LaF2

+(CH3F)1-3

Hf+ 1.1× 10-9 1.82 0.62 HfF+ 100 HfF2-3
+, HfF3

+(CH3F)1,2, CH3
+, CH3

+(CH3F), CH2F+, CH2F+(CH3F)
Ta+ 7.0× 10-10 1.82 0.38 TaF+ 100 TaF2-4

+, TaF3,4+(CH3F)1,2

W+ 1.9× 10-10 1.82 0.10 WCHF+ 95 W(CHF)2+(CH3F)0-2

W+CH3F 5 W+(CH3F)2
Re+ 1.7× 10-12 1.82 9.3× 10-4 Re+CH3F 100 Re+(CH3F)2,3

Os+ 1.8× 10-10 1.82 0.099 OsCHF+ 98 OsCHF+(CH3F)1,2

OsCH2
+ 2 Os+(CH2)(CHF)0,1(CH3F)1,2

Ir+ 6.6× 10-10 1.82 0.36 IrCHF+ 97 IrCHF+(CH3F)1-3, Ir(CHF)2+(CH3F)0-2, Ir(CH2)(CHF)1,2
+(CH3F)1,2,

Ir(CH2)2(CHF)+(CH3F)1,2

IrCH2
+ 3

Pt+ 1.4× 10-9 1.81 0.80 PtCHF+ 95 PtCHF+(CH3F)2,3

PtCH2
+ 5 PtCH2

+(CH3F)1,2

Au+ 8.9× 10-12 1.80 4.9× 10-3 Au+CH3F 88 Au+(CH3F)2
AuCH2

+ 12 AuCH2
+(CH3F)1,2

Hg 2.5× 10-12 1.80 1.4× 10-3 Hg+CH3F 100 Hg+(CH3F)2
Tl+ 5.2× 10-13 1.80 2.9× 10-4 Tl+CH3F 100 none
Pb+ e5.0× 10-13 1.80 e2.8× 10-4 Pb+CH3F 100 none
Bi+ 1.0× 10-12 1.80 5.8× 10-4 Bi+CH3F 100 none

a Higher order product ions are also indicated.b Measured reaction rate coefficient with an estimated accuracy of(30%. The rate coefficient for
an addition reaction is an effective bimolecular rate coefficient,k ) k3[He], wherek3 is the rate coefficient for the corresponding termolecular
reaction. This rate coefficient will depend on the helium pressure (and the nature of the stabilizing third body).c Calculated collision rate coefficient
(see the text).d PD ) product distribution expressed as a percentage with an estimated uncertainty of less than 5%. The minor products (e5%) are
not due to impurities given the nature of the known impurities (SiF4 and (CH3)2O) and their amounts (e1%).
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Excited states contribute 20% or less toward the populations of
Cr+, Mn+, Ni+, Cu+, Zn+, Rh+, Pd+, Ag+, Cd+ Re+, Au+, and
Hg+ and 50% or more toward the populations of Ti+, Y+, Zr+,
Nb+, La+, and Ir+, with Sc+, V+, Fe+, Co+, Mo+, Ru+, Hf+,
Ta+, W+, and Pt+ having intermediate distributions with Os+

not known.
The ions emerging from the ICP are injected through a

differentially pumped sampling interface into a quadrupole mass
spectrometer and, after mass analysis, introduced through an
aspirator-like interface into flowing helium carrier gas at 0.35
Torr and 295( 2 K. The ions are allowed to react with added
CH3F a few milliseconds downstream of the flow tube.

After extraction from the ICP, the plasma ions may experience
both radiative electronic-state relaxation and collisional electronic-
state relaxation. The latter may occur already with argon as the
extracted plasma cools upon sampling and then by collisions
with He atoms in the flow tube (ca. 4× 105 collisions with
He) prior to the reaction region, but the actual extent of
electronic relaxation (either radiative or collisional) is not known
and is difficult to assess. Almost all of the electronic states of
the transition-metal ions have positive parity; electric dipole
transitions between states of the same parity are forbidden
(Laporte rule).21 This means that radiative transitions between
different states in metal cations can be achieved only by either
magnetic dipole or electric quadrupole radiation. The prob-
abilities for these transitions are very low, and the resulting
radiative lifetimes are on the order of seconds or larger. The
time interval in the ICP/SIFT experiments between the exit of
the ICP source and the entrance in the reaction region is ca. 20
ms, and therefore, no major modification of state distributions
can occur in this time interval by forbidden radiative decay.
That having been said, there were no indications of excited-
state effects in our previous measurements of reactions of N2O
with atomic cations derived from the same ICP source operated
in the same manner, except with Pt+.10 The many collisions
experienced by the atomic cations with the quite polarizable
Ar atoms as they emerge from the ICP and the ca. 4× 105

collisions with He atoms in the flow tube (the helium buffer
gas pressure was 0.35( 0.01 Torr) appear to be sufficient to
provide for the thermalization of the excited states and ensure
that the atomic ions reach a translational temperature equal to
the tube temperature of 295( 2 K prior to entering the reaction
region. However, the exact extent of electronic relaxation is
uncertain. Clues to the presence of excited electronic states of
the atomic ions in the reaction region can be found in the product
ions observed and the shape of the semilogarithmic decay of
the reacting atomic ion upon addition of neutral reactant.
Curvature will appear in the measured atomic ion decay when
the ground state and excited state react at different rates even
when they give the same product ions. An excited-state effect
cannot be seen when the products and reaction rates are the
same for both the ground and excited states, but in this case
the measured atomic ion decay defines the ground-state kinetics.
Our growing experience has shown that excited states can reveal
themselves when the ground state of the atomic ion reacts only
slowly by termolecular addition and excited states react rapidly
in a bimolecular fashion. Our previous studies indicate that the
collisions with Ar and He ensure that most atomic ions reach a
translational and internal temperature equal to the tube temper-
ature of 295( 2 K prior to entering the reaction region.5-12

Reactant and product ions were sampled still further down-
stream with a second quadrupole mass spectrometer and were
measured as a function of added reactant. The resulting profiles
provide information about product ion distributions, reaction

rate coefficients, and reaction molecularity. Rate coefficients
for the primary bimolecular ion-molecule reactions are deter-
mined from the rate of decay of the reactant ion intensity with
an uncertainty estimated to be less than(30%.13,14Often slow
adduct formation is observed exclusively, and this can introduce
curvature into the primary ion decay due to the occurrence of
the reverse reaction (the extent of curvature will depend on the
strength of the adduct bond being formed). Weak adduct
bonding can lead to early curvature in the ion decay and so
prevent the proper definition of the forward rate coefficient;
only the determination of a lower limit to the rate coefficient is
possible under such conditions. The approach to equilibrium
can be monitored with a plot of the ratio of the concentration
of the adduct ion over that of the bare ion against the flow of
the added reactant. This ratio will curve upward as equilibrium
is approached and increase linearly with flow when equilibrium
is achieved. Linearity in the ratio plot provides a measure of
the equilibrium constant,K, and so the standard free energy
change,∆G°T, for the addition reaction since∆G°T ) -RT ln
K.

Methyl fluoride was introduced into the reaction region of
the SIFT as a dilute mixture in helium (∼15%). The methyl
fluoride was obtained commercially and was of high purity
(Matheson Gas Products,>99%), with SiF4 and (CH3)2O being
the quoted impurities.

Results and Discussion

The reactions of CH3F were measured with 46 atomic cations,
including 29 transition-metal and 17 main-group cations. Both
the primary and higher order chemistries were monitored. Table
1 summarizes the measured rate coefficients, reaction efficien-
cies, observed primary products and product distributions, and
observed higher order product ions. The reaction efficiency is
taken to be equal to the ratiok/kc, wherek is the experimentally
measured rate coefficient andkc is the capture or collision rate
coefficient.kc was computed using the algorithm of the modified
variational transition-state/classical trajectory theory developed
by Su and Chesnavich22 with a polarizabilityR(CH3F) ) 2.97
Å3,23 and a permanent dipole momentµD(CH3F) ) 1.85 D.24

The primary reactions exhibit a wide range in reactivity with
measured rate coefficients in the range from<10-13 to 1.5×
10-9 cm3 molecule-1 s-1. The five different channels indicated
in reaction 1

were observed in varying amounts with different atomic ions.
Channel 1a corresponds to molecular addition. The CH3F
addition is assumed to occur in a termolecular fashion under
our experimental conditions, with He acting as the third body;
no attempt was made to measure the pressure dependence of
this channel since a large range in pressure was not experimen-
tally accessible. The bimolecular channels correspond to F atom
transfer, channel 1b, HF elimination, channel 1c, dehydroge-
nation, channel 1d, and hydride transfer to form the neutral metal
hydride, channel 1e. No other bimolecular channels were
observed. Electron transfer is endothermic for all the atomic

M+ + CH3F f M+CH3F (1a)

f MF+ + CH3 (1b)

f MCH2
+ + HF (1c)

f MCHF+ + H2 (1d)

f CH2F
+ + MH (1e)

Reactions of Methyl Fluoride with Atomic Cations J. Phys. Chem. A, Vol. 110, No. 36, 200610609



ions investigated since the ionization energy of CH3F is quite
high, IE(CH3F) ) 12.47( 0.02 eV.25 Hydrogen atom transfer
to produce MH+ + CH2F is also endothermic because of the
relatively low hydrogen atom affinities of M+, HA(M+). Known
values for HA(M+) are<66 kcal mol-1 for the atomic cations
investigated here,26-28 while D(CH2F-H) ) 103 ( 3 kcal
mol-1.25

A total of 19 of the 46 reactions investigated exhibit one or
two bimolecularchannels. The remaining 27 reactions were
relatively slow. A total of 25 of these (Mn+, Fe+, Co+, Ni+,
Cu+, Zn+, Ga+, Rb+, Mo+, Ru+, Rh+, Pd+, Ag+, Cd+, In+,
Sn+, Sb+, Te+, Cs+, W+, Re+, Hg+, Tl+, Pb+, Bi+) were
observed to proceed by addition, channel 1a, which is expected
to proceed in atermolecularfashion, while the remaining 2
(K+ and Se+) showed no products at all in the flow regime
investigated. The predominant addition reactions with Cr+ and
Au+ were seen to compete with minor bimolecular reactions,
and these could be attributed to excited states. Minor addition
was observed to compete with major bimolecular channels in
the reactions of As+, Sr+, and W+. Finally, minor HF elimina-
tion, channel 1c, was observed to compete with H2 elimination,
channel 1d, in the reactions of Os+, Ir+, and Pt+. Again, the
minor channels could be attributed to excited states.

Figure 1 displays the data in Table 1 on a periodic table
(excluding the minor competing channels attributed to excited
states) and shows the trends in overall reaction efficiencies and
product distributions across this table for the reactions of all
46 cations with CH3F. It is immediately obvious from a quick
glance at this table that the early-transition-metal cations exhibit
a much more active chemistry than the late-transition-metal
cations and that there are also periodic features in the chemical
activity and reaction efficiency that maximize with Ti+, As+,
Y+, Hf+, and Pt+.

Fourth-Period Atomic Cations. With some important
exceptions, the majorprimary reaction channel observed with
fourth-period cations was either F atom transfer (with the early-
transition-metal cations and Ge+) or addition (with the late-

transition-metal cations). The reaction of As+(p2) proceeds
primarily (97%) by HF elimination to establish AsCH2

+ and
only in minor amounts (3%) by addition (see Figure 2). The
observation of an early rapid rise in the production of small
amounts of CH2F+ (by hydride transfer, channel 1e) in the
experiments with Cr+ provided an indication of trace amounts
(ca. 2%) of excited Cr+ in the initial Cr+ cation population (our
previous calculations indicate that only 80% of the Cr+ ions
produced within the ICP are in the electronic ground state).10

K+(s0) and Se+(p3) were observed to be nonreactive,k < 1 ×
10-13 cm3 molecule-1 s-1. The FT-ICR reaction efficiencies
previously reported by Harvey et al.3 for F atom transfer from
CH3F to Ca+ (0.08), Sc+ (0.47), Ti+ (0.40), and V+ (0.11)
generally are in agreement, within experimental error, with our
values of 0.12, 0.50, 0.59, and 0.079, respectively.

Secondaryand tertiary fluoride formation according to
reactions 2 and 3, respectively, were observed with the early-
transition-metal ions.

A hydride transfer reaction between MF2
+ and CH3F to give

CH2F+ and presumably MF2H according to reaction 4 was
observed with M) Sc and Ti.

Secondary and higher order CH3F addition was observed with
M+ ) Mn+, Fe+, Co+, Cu+, Zn+, and Ga+ (n ) 1) and Ni+

and Cr+ (n ) 1-3), MF+ ) CaF+ and GeF+ (n ) 0-1) and

Figure 1. Periodic variations observed in the efficiencies,k/kc (represented as solid circles), for reactions of atomic cations with methyl fluoride.
k represents the measured reaction rate coefficient, andkc is the calculated collision rate coefficient (see Table 1). Also indicated are the observed
reaction channels and the electronic configurations of the atomic cations. The reactions of Tc+ and Po+ were not investigated. The numbers in
parentheses indicate the number of sequential reactions of the same type. Trace amounts (e12%) of MCH2

+ observed to be formed in the reactions
of Os+, Ir+, Pt+, and Au+ have not been included since these may be formed from excited M+.

MF+ + CH3F f MF2
+ + CH3 (M ) Sc, Ti, and V)

(2a)

f MF2 + CH3
+ (M ) Ti) (2b)

MF2
+ + CH3F f MF3

+ + CH3 (M ) Sc and Ti) (3a)

f MF3 + CH3
+ (M ) Ti) (3b)

MF2
+ + CH3F f CH2F

+ + MF2H (4)
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VF+ (n ) 0-4), MF2
+ ) ScF2

+, TiF2
+, and VF2

+ (n ) 0-3),
and MF3

+ ) ScF3+ and TiF3
+ (n ) 0-2) cations according to

reactions 5-8.

All of these addition reactions are expected to be termolecular,
with He buffer gas atoms acting as the stabilizing third body.
Figure 2 provides data for the chemistry of Ti+, Fe+, Cu+, and
As+ that exhibit the occurrence of each of the reactions 2-8
above.

Fifth-Period Atomic Cations. Without exception, either F
atom transfer or CH3F addition was the observedprimary
product channel with atomic cations in the fifth period. F atom
transfer was observed for four atomic cations, Sr+, Y+, Zr+,
and Nb+. The FT-ICR reaction efficiency previously reported

by Harvey et al.3 for F atom transfer from CH3F to Y+ (0.86)
is in exact agreement with our result of 0.86. CH3F addition
was observed for the remaining 11 atomic ions in this period
(excluding Tc+).

Secondary and higher order fluoride formation according to
reaction 9 was observed for the early-transition-metal ions of
M+ ) Y+, Zr+, and Nb+ with n up to 1, 2, and 4, respectively.

Secondary and higher order CH3F addition was observed for
M+ ) Cd+, Sn+, and Sb+ (n ) 1), Ru+, Rh+, Pd+, and Ag+ (n
) 1-2), and Mo+ (n ) 1-3) and YF2

+ (n ) 0-2) cations
according to reactions 5-7 and NbF4+ (n ) 0-1) according to
reaction 10.

Again, all of these addition reactions are expected to be
termolecular, with He buffer gas atoms acting as the stabilizing
third body and are seen to operate with Y+, Rh+, Pd+, and Sb+

Figure 2. Composite of ICP/SIFT results for the reactions of the fourth-period atomic cations Ti+, Fe+, Cu+, and As+ with CH3F in helium buffer
gas at 0.35( 0.01 Torr and 295( 2 K.

M+(CH3F)n + CH3F f M+(CH3F)n+1 (5)

MF+(CH3F)n + CH3F f MF+(CH3F)n+1 (6)

MF2
+(CH3F)n + CH3F f MF2

+(CH3F)n+1 (7)

MF3
+(CH3F)n + CH3F f MF3

+(CH3F)n+1 (8)

MFn
+ + CH3F f MFn+1

+ + CH3 (9)

MF4
+(CH3F)n + CH3F f MF4

+(CH3F)n+1 (10)

Reactions of Methyl Fluoride with Atomic Cations J. Phys. Chem. A, Vol. 110, No. 36, 200610611



in Figure 3, which provides experimental data obtained for the
chemistry of these cations.

We can report here that our results for the reactions of Sr+

and Rb+ parallel those obtained in a dynamic reaction cell study
of the 87Rb+/87Sr+ isobaric interference.15 These two cations
react quite differently and with different rates: Sr+ reacts only
by F atom transfer (k ) 1.4× 10-11 cm3 molecule-1 s-1), and
Rb+ reacts only by CH3F addition (k ) 1.3 × 10-12 cm3

molecule-1 s-1 in He at 0.35 Torr). It is precisely these attributes
that make CH3F so attractive for the chemical resolution of this
isobaric interference.

Sixth-Period Atomic Cations.Dehydrogenation is a striking
feature of theprimarychemistry exhibited by some of the sixth-
period atomic cations. In addition to F atom transfer (observed
with Ba+, La+, Hf+, and Ta+) and CH3F addition (observed
with Cs+, W+, Re+, Au+, Hg+, Tl+, Pb+, and Bi+), dehydro-
genation, channel 1d, was observed with Os+ (>99%), Ir+

(97%), and Pt+ (95%). Some HF elimination to form MCH2+

cations was observed to compete in the reactions with M+ )
Os+ (2%), Ir+ (3%), Pt+ (5%), and Au+ (12%). The source of
these minor product ions is not unambiguous; they may arise
from either ground-state or excited M+ cations given the
amounts of excited M+ that have been estimated to be formed

in the ICP for Ir+, Pt+, and Au+ (Os+ could not be estimated).10

We do have previous evidence for the presence of excited Pt+

in the reaction region.10

Secondary and higher order fluoride formation was observed
with the transition-metal ions M+ ) Hf+ and Ta+. Higher order
fluoridation according to reaction 9 was observed with M+ )
Hf+ (n up to 2) and Ta+ (n up to 4). Secondary and higher
order CH3F addition was observed for M+ ) Au+ and Hg+ (n
) 1), Re+ and Os+ (n ) 1-2), and W+ (n ) 1-3), MF+ )
BaF+ (n ) 1-2), MF3

+ ) HfF3
+ (n ) 0-1), and MF4+ )

TaF4
+ (n ) 0-1) according to reactions 5, 6, 8, and 10. All of

these addition reactions are expected to be termolecular, with
He buffer gas atoms acting as the stabilizing third body. The
secondary and higher order chemistry with Hf+, Ta+, Ir+, and
Au+ is evident in Figure 4.

Efficiency and Mechanism of Fluorine Atom Transfer. F
atom transfer was observed with group 2 atomic ions (Ca+, Sr+,
Ba+), with group 3 (Sc+, Y+, La+), group 4 (Ti+, Zr+, Hf+),
and group 5 (V+, Nb+, Ta+) transition-metal cations, and with
Ge+. The rate coefficients measured for F atom transfer are in
the range from 1.4× 10-11 cm3 molecule-1 s-1 (for Sr+) to
1.5 × 10-9 cm3 molecule-1 s-1 (for Y+).

There is good agreement between our ICP/SIFT results and

Figure 3. Composite of ICP/SIFT results for the reactions of the fifth-period atomic cations Y+, Rh+, Pd+, and Sb+ with CH3F in helium buffer
gas at 0.35( 0.01 Torr and 295( 2 K.
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those reported in a previous, albeit more limited, FT-ICR study
of reactions of M+ ions with CH3F.4 Fluorine atom transfer from
CH3F was observed using FT-ICR for Ca+, Sc+, Ti+, V+, and
Y+ with efficiencies of 0.08, 0.47, 0.40, 0.11, and 0.86,
respectively, which agree, within experimental uncertainty, with
our values of 0.12, 0.49, 0.59, 0.079, and 0.77, respectively.
The earlier ICR value for Ti+ of 0.055 (k ) 1.2 × 10-10 cm3

molecule-1 s-1)2 is about 10 times smaller than our value of
0.59 (k ) 1.3 × 10-9 cm3 molecule-1 s-1). The precise origin
of this discrepancy is not clear, but these early ICR results may
have been influenced by a poor pressure calibration.

The F atom transfer channel 1b is exothermic ifD(M+-F)
> D(CH3-F) ) 113 ( 1 kcal mol-1.25 F atom affinities
available for M+ cations from either experiment or theory are
listed in Table 2. These values indicate that F atom transfer is
exothermic with Ca+, Sc+, Ti+, Sr+, and La+ and endothermic
with Cr+, Fe+, Ni+, Cu+, and Au+. Secondary F atom transfer
to ScF+ is also exothermic. Our kinetic results indicate the
occurrence of exclusive F atom transfer for all the exothermic
reactions and CH3F adduct formation with all the endothermic
reactions. Therefore, the occurrence of F atom transfer appears
to be thermodynamically controlled (see Figure 5), although

Figure 1 shows a periodic variation in efficiency for F atom
transfer observed with the early-transition-metal cations. On this
basis we can predict the F atom affinities of V+, Ge+, Y+, Zr+,

Figure 4. Composite of ICP/SIFT results for the reactions of the sixth-period atomic cations Hf+, Ta+, Ir+, and Au+ with CH3F in helium buffer
gas at 0.35( 0.01 Torr and 295( 2 K.

TABLE 2: F atom Affinities (kcal mol -1), FA(M +) )
DT(M+-F), for Some Atomic Cations

M+ FA(M+) T/K ref

Ca+ 131.0 0 29
133.2( 2 298 30, 31

Sc+ 150.2 298 32
ScF+ 123.2 298 32
Ti+ g109 298 33

118( 9 298 2
Cr+ 73 0 34

71.5( 7.3 298 35
Fe+ 100.9 0 36

92.5( 7.5 298 36
Co+ 91.9 0 37
Ni+ e109 298 38
Cu+ 76.2 0 39
Sr+ 131.7 0 29
La+ 174.9 0 40
Au+ 18 0 41
Tl+ 3.7 298 42

0.5 0 43
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Nb+, Ba+, Hf+, and Ta+, all of which were observed to react
with CH3F exclusively by F atom transfer, also to be>113 (
1 kcal mol-1, and those of Mn+, Co+, Zn+, Ga+, Rb+, Mo+,
Ru+, Rh+, Pd+, Ag+, Cd+, In+, Sn+, Sb+, Te+, Cs+, W+, Re+,
Hg+, Tl+, Pb+, and Bi+, all of which were observed to react
exclusively by CH3F adduct formation, to be<113 ( 1 kcal
mol-1.

Figure 5 shows the variation of reaction efficiency with
available fluorine atom affinities, FA(M+). The M+ cations for
which F atom transfer is endothermic react by CH3F addition.
The reaction efficiency is seen to be high for the transition-
metal ions Ti+(4F) and Sc+(3D), but the exothermic F atom
transfer reactions with the alkaline-earth (2S) cation Ca+, and
especially Sr+, proceed with low efficiency (as do those with
Ba+(2S) for which the fluorine atom affinity is not known). Our
previous results with O atom transfer reactions of M+ with N2O
suggest that low efficiencies for exothermic atom transfer can
arise from intrinsic kinetic barriers or curve crossings that are
required for the change in spin multiplicity that may be
necessary for the overall spin to be conserved.1 The low
reactivity of Ca+ has been previously addressed with ab initio
computational studies of the potential energy surface for the
reaction of Ca+ with CH3F for which the experimental reaction
efficiency suggests a small kinetic barrier lying in the vicinity
of the energy of the entrance channel.3 Density-functional
calculations led to an underestimate of the reaction barrier,
whereas ACPF and CCSD(T) calculations with large basis sets
provided good agreement with experiment.3 Further analysis of
the curve-crossing behavior of the potential energy surface in
the vicinity of the transition state using valence bond theory
indicated a tightly bonded transition state in which an electron
is transferred from calcium to CH3F before the ensuing bonding
of Ca2+ with a fluoride anion (a so-called “structured harpoon”
mechanism)3 similar to the harpoon-like mechanism suggested
previously for reactions of lanthanide atomic cations with CH3F.4

The correlation of reaction efficiencies with IE(M+) expected
from such a mechanistic scheme is not supported by our

measurements (see Figure 6) as was also the case in our previous
systematic study of F atom transfer reactions of lanthanide
cations with CH3F.16 Thus, our measurements of F atom transfer
reactions of atomic cations with CH3F indicate a preference for
the insertion/elimination mechanism commonly accepted for
bond-activation reactions with other related molecules such as
CH4.44

HF and H2 Elimination. HF elimination was observed as
the major reaction channel with As+ (97%) and a minor
competing channel in the reaction with Os+ (2%), Ir+ (3%),
Pt+ (5%), and Au+ (12%). As far as we are aware, there has
been no previous report of such a reaction channel for reactions
of atomic cations with CH3F at 300 K. However, hydrogen
halide elimination has been observed previously for the reactions
of Au+ with CH3X (X ) Cl, Br, and I)45,46and for the reactions
of Cu+(1S, 3D) and Au+(1S, 3D) with CH3Br.47

The high reactivity of As+ is remarkable, especially in
comparison with the much lower (g100 times) and different
reactivity of Sb+ and Bi+, even though all three cations have a
d10s2p2 electronic configuration with two p electrons available
for bonding. We do not have thermodynamic information on
the :CH2 affinities of these three cations, although we do know
that the O atom affinity decreases down this column on the
periodic table. Therefore, As+ is the cation with perhaps the
highest :CH2 affinity of these three atomic cations (it has the
highest O atom affinity)10 and so may well be the only atomic
cation of these three for which M+dCH2 formation is exother-
mic (just as appears to be the case for As+dO formation in O
atom transfer with N2O).10 Assuming that the observed HF
elimination reaction with As+ is exothermic, we can recommend
that D(As+-CH2) g D(HF-CH2) ) 87 kcal mol-1.25

The dominant reaction channel for the reactions of the triad
Os+ (98%), Ir+ (97%), and Pt+ (95%) with CH3F is dehydro-
genation to produce MCHF+. This suggests thatD(M+-CHF)
g D(H2-CHF) ) 85 ( 3 kcal mol-1 for these three transition
metals.25 The dehydrogenation channel has not been observed
previously in studies of metal ions with alkyl halides,46,47 but
has been reported for reactions of transition-metal ions with
various alkanes.49-51

CH3F Addition. Addition of CH3F was observed exclusively
(>99%) with the late-fourth-period cations from Mn+ to Ga+,

Figure 5. Dependence of the reaction efficiency,k/kc, on the F atom
affinity, FA, of the cation.k represents the measured reaction rate
coefficient, andkc is the calculated collision rate coefficient (see Table
1). Reactions on the right of the dashed line are exothermic for F atom
transfer, while those on the left are endothermic. Solid circles indicate
the observation of F atom transfer, while open circles indicate the
observation of CH3F addition.

Figure 6. Variation in the efficiency,k/kc, of F atom transfer from
CH3F to atomic cations with the second ionization energy of M, IE-
(M+). An uncertainty of 30% is assigned to the experimental value of
k/kc. Ionization energies are taken from ref 45.
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the fifth-period cations from Ru+ to Te+, and the sixth-period
cations from Hg+ to Bi+ as well as Re+. All these addition
reactions were observed to proceed with relatively small
effective bimolecular rate coefficients,e7.8 × 10-11 cm3

molecule-1 s-1, and are presumed to occur by collisional
stabilization at 0.35 Torr of He, reaction 11,

rather than by radiative association (however, pressure-depend-
ent studies were not performed). Figure 7 shows the variation
in the magnitude of the effective bimolecular rate coefficients
across the three periods of the periodic table for the CH3F
addition reactions that were investigated. No reactions or
products were observed with K+ (group 1), which has a rare-
gas electron configuration, or with Se+, which has a p3 half-
filled electron configuration. Failure to observe CH3F addition
with these two ions can be attributed to the weaker bonding
with CH3F expected from these electronic configurations. Weak
bonding will decrease the rate of addition by decreasing the
lifetime of the intermediate adduct ion and also may lead to
adduct dissociation upon sampling. Indeed, the periodic trends
in effective bimolecular rate coefficients apparent in Figure 7
are consistent with expected trends in the binding energies of
the adduct ions. Since the degrees of freedom of the intermediate
adduct ions are the same for this family of reactions, the relative
lifetimes of the intermediates and therefore the effective
bimolecular rate coefficients for addition will be sensitiveonly
to the binding energies. We saw this recently for addition
reactions of these same atomic ions with CO2 and CS2.11,12The
bonding with these two molecules, as well as with CH3F, is
expected to be primarily electrostatic so that variations in
binding energy should follow the trend in ion size and the trend

in repulsion between the metal d orbitals and the occupied
orbitals of CH3F. Therefore, minima in the binding energy in
the fourth period should appear for Mn+(3d54s1) and Ga+(3d10-
4s24p0) with which the repulsion is largest. The increase in M+-
CH3F attraction due to decreasing size determines the trend in
increasing bond energy observed just beyond Mn+ and Ga+.
These minima give rise to the minima in the periodic variation
in the effective bimolecular rate coefficient for CH3F addition
seen in Figure 7 and also the minima seen with In+ in the fifth
period and Tl+ in the sixth period.

We also have explored the variation in the binding energy
of the observed adduct ions by attempting to determine the
standard free energies of addition from measurements of
equilibrium constants. The variations in standard free energy
should be similar to variations in the binding energy or enthalpy
since large variations in the entropy change are not expected.
A typical standard entropy change52 for addition of a ligand to
atomic ions of-20((5) cal mol-1 K-1 would lead to∆H° )
∆G° - 6((1.5) kcal mol-1.

Equilibrium analyses performed on the kinetic results indicate
that equilibrium is attained in some of the CH3F addition
reactions. These analyses are based on plots of product-to-
reactant ion signal ratios as a function of CH3F flow. Equilib-
rium is achieved when this plot achieves linearity, viz., when
[M+(CH3F)n+1]/[M +(CH3F)n] ) K[CH3F]. Some ion signal ratio
plots were nicely linear, whereas others only approached
linearity. The latter provide only lower limits toK (see Figure
8).

Higher Order F Atom Transfer. Two or more sequential
F atom transfer reactions were observed with the early-transition-
metal cations (groups 3-5). The number of sequential F atom
transfer reactions increases across the periodic table from two
to four, maximizing at four for the group 5 cations Nb+(d4)
and Ta+(d3s1). These results can be understood simply in terms
of electron pairing, although V+(d4), which was observed to
add only two F atoms in succession, appears to be anomalous.

Table 4 lists the rate coefficients for primary and higher order
F atom transfer that could be measured, and Figure 9 shows
graphically how they vary with the number of F atoms
transferred for reactions of CH3F with group 3-5 atomic metal
cations. With the exception of the reaction of VF+, the rate
coefficients for the second F atom transfer are all somewhat

Figure 7. Variations observed in the effective bimolecular rate
coefficient (open circles),k, and the standard free energy change (solid
circles) for CH3F addition with the electron configuration of the bare
atomic cations.

M+ + CH3F + He f M+(CH3F) + He (11)

Figure 8. Ion signal ratio plots showing the observed variation in the
ion signal ratios for Mn+(CH3F)/Mn+ and Mn+(CH3F)4/Mn+(CH3F)3
with the flow of CH3F. The first CH3F addition exhibits equilibrium,
while the fourth CH3F addition does not but exhibits an approach to
equilibrium (the straight line drawn through the last data point provides
a lower limit to the equilibrium constant).
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higher, but not more than 2.6 times, than that for the first F
atom transfer.

MF3
+ formation by reaction 2a was observed exclusively with

NbF2
+ and TaF2+ and competed with CH2F+, CH3

+, and MF2
+-

(CH3F) formation in the reactions with TiF2+, ZrF2
+, and HfF2

+.
MF4

+ formation was restricted to Nb and Ta; NbF4
+ and TaF4+

reacted further with CH3F by addition with effective bimolecular
rate coefficients ofk ) 6.4 × 10-10 and 7.4× 10-10 cm3

molecule-1 s-1, respectively (see Figure 4).
The internal energy distributions of the reacting MFn

+ (n >
0) ions are not known since they are formed in exothermic
reactions within the reaction region and may not be totally
relaxed by collisions with the helium buffer gas atoms prior to
their further reaction.

Higher Order CH 3F Addition. At least two CH3F molecules
were observed to add sequentially to the fourth-period cations
Cr+ (1.0), Mn+ (1.1), Fe+ (8.9), Co+, Ni+ (5.9), Cu+ (3.3), Zn+

(0.34), and Ga+, the fifth-period cations Mo+ (0.87), Ru+ (0.89),
Rh+ (0.97), Pd+ (0.90), Ag+, Cd+ (0.18), Sn+ (0.19), and Sb+,
and the sixth-period cations W+ (0.19), Re+, and Hg+, where
the number in parentheses is the measured effective bimolecular
rate coefficient for the second addition in units of 10-11 cm3

molecule-1 s-1. Most of these rate coefficients are up to 4 times
higher,k g 1.8 × 10-12 cm3 molecule-1 s-1, than the primary
ones, and this can be attributed to the increased number of
degrees of freedom in the secondary reaction intermediate, which
leads to longer intermediate lifetimes and so higher rates of
collisional stabilization. Similar behavior also has been observed
in our laboratory for other related systems.7,53,54Exceptions are
seen for Cr+ (1.1> 1.0), Zn+ (0.46> 0.34), Sn+ (0.19) 0.19),
and W+ (0.95> 0.19), and these may point to the influence of
the relative binding energy of the adducts on the intermediate
lifetime. It is not possible to be more definitive.

A large number of the higher order CH3F addition reactions
were also observed to approach and attain equilibrium under
the flow tube conditions that were employed. Table 3 lists the
absolute and limiting values for equilibrium constants that were
measured for the addition of up to four molecules of CH3F to
various M+ ions. Also included are the standard free energies
of association derived from∆G° ) -RT ln K at 295( 2 K.
The standard free energies for CH3F addition that are reported

in Table 3 are generally unknown from previous measurements
or calculations, as far as we are aware. There is not much to be
discussed about trends in these data since many of the measured
equilibrium constants simply are lower limits and the standard
free energies derived from them are upper limits. In one case
(Mn+) there is a definite increase in-∆G° for the addition of
a second ligand and in another (Pd+) a definite decrease in
-∆G° for the addition of a third ligand.

CH3F addition was also observed with all of the metal mono-
and multifluoride ions that were formed (see Table 1). For these
ions, higher order chemistry was observed under our operating
conditions involving multistep (up to four) sequential addition
of CH3F to their mono- or multifluoride cations.

Higher Order Hydride and Fluoride Transfer. Unexpected
and unusual higher order reactions were observed with the group
4 transition-metal cations Ti+(d2s1), Zr+(d2s1), and Hf+(d1s2)
upon a careful inspection of the product ratio plots. The third F
atom transfer was observed to compete with hydride transfer,
reaction 12a, and fluoride transfer, reaction 12b,

to form neutral, almost fully oxidized metal halides. This
chemistry initiated by Ti+ is summarized in Scheme 1 for
illustration, along with the extensive clustering with methyl
fluoride that ensues. The early ICR study of Uppal and Staley
indicated the occurrence of the reaction sequence leading to
the formation of CH2F+ from Ti+ via the formation of TiF+

and TiF2
+.2

Table 1 includes the tertiary products and their CH3F adducts
observed with Zr+ and Hf+. ZrF2

+ did not seem to undergo
reaction 12a.

Higher Order HF and H 2 Elimination. The observed higher
order chemical reactions initiated by the sixth-period cation Ir+,
and to a lesser extent W+ and Os+, and expressed in reactions
13-17,

are a repetition of the primary hydrogen and hydrogen fluoride
elimination reactions seen with these cations. The internal energy
distributions of the reacting secondary and tertiary ions are not
known since they are formed in exothermic reactions within
the reaction region and may not be totally relaxed by collisions
with the helium buffer gas atoms prior to their further reaction.
None of this chemistry appears to have been reported previously.

Conclusions

The room-temperature reactions of atomic transition-metal
and main-group cations with CH3F exhibit a range of channels
and efficiencies that show a periodic variation across the periodic

Figure 9. Observed variation of the rate coefficient with the number
of F atoms transferred for reactions of CH3F with group 3-5 atomic
metal cations. The rate coefficients for the reactions with TiF2

+, ZrF2
+,

and HfF2
+ are the total rate coefficients for MF3

+, CH2F+, and CH3
+

formation. The rate coefficient for the reaction with VF+ is the total
rate coefficient for formation of VF2+ and VF+(CH3F).

MF2
+ + CH3F f CH2F

+ + HMF2 (12a)

f CH3
+ + MF3 (12b)

WCHF+ + CH3F f W(CHF)2
+ + H2 (13)

OsCHF+/OsCH2
+ + CH3F f Os(CH2)(CHF)+ + HF/H2

(14)

IrCHF+ + CH3F f Ir(CHF)2
+ + H2 (15)

IrCHF+/IrCH2
+ + CH3F f Ir(CH2)(CHF)+ + HF/H2

(16)

Ir(CH2)(CHF)+ + CH3F f Ir(CH2)2(CHF)+ + HF
(17)
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table that maximizes with Ti+, As+, Y+, Hf+, and Pt+. Primary
reaction channels include F atom transfer, CH3F addition, HF
elimination, and H2 elimination. The early-transition-metal
cations exhibit a much more active chemistry than the late-
transition-metal cations. F atom transfer appears to be thermo-
dynamically controlled but exhibits a periodic variation in
efficiency with the early-transition-metal cations that maximizes
with Ti+, Y+, and Hf+. Addition of CH3F occurs exclusively
(>99%) with the late-fourth-period cations from Mn+ to Ga+,
the fifth-period cations from Ru+ to Te+, and the sixth-period
cations from Hg+ to Bi+ as well as Re+. Periodic trends in the
effective bimolecular rate coefficient for CH3F addition are
consistent with expected trends in the electrostatic binding
energies of the adduct ions and measured trends in the standard
free energy of addition. HF elimination is the major reaction
channel with As+, while dehydrogenation dominates the reac-
tions of W+, Os+, Ir+, and Pt+. Sequential F atom transfer occurs
with the early-transition-metal cations, with the number of F
atoms transferred increasing across the periodic table from two
to four, maximizing at four for the group 5 cations Nb+(d4)
and Ta+(d3s1), and stopping at two with V+(d4). Sequential

CH3F addition occurs with many atomic cations and all of the
metal mono- and multifluoride cations that were formed.
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TABLE 3: Equilibrium Constants, K (Standard State) 1 atm), Measured for Formation of M+(CH3F)n Ions from Sequential
CH3F Addition to Atomic Cations at 295 ( 2 Ka

K (∆G°)
M+ M+(CH3F) M+(CH3F)2 M+(CH3F)3 M+(CH3F)4

Cr+ g1.3× 106 (e-8.4) 1.3× 107 (-9.7)
Mn+ 1.3× 105 (-8.3) 2.8× 106 (-8.8)
Fe+ g1.3× 106 (e-8.4) g1.3× 107 (e-9.7) g6.0× 107 (e-10.6) 1.5× 106 (-8.4)
Co+ g2.7× 106 (e-8.8) 4.0× 107 (-10.4)
Ni+ g3.7× 106 (e-8.9) g3.0× 107 (e-10.2) g1.2× 107 (e-9.6) 1.4× 105 (-7.0)
Cu+ g1.2× 106 (e-8.3) 3.8× 107 (-10.3)
Zn+ g4.8× 105 (e-7.7) g3.2× 106 (e-8.9)
Ga+ 1.0× 105 (-6.8)
Rb+ 4.3× 104 (-6.3)
Mo+ g4.0× 105 (e-7.6) 1.0× 107 (-9.5)
Ru+ g4.0× 105 (e-7.6) 1.0× 107 (-9.5)
Rh+ g7.5× 105 (e-8.0) 4.2× 106 (-9.0)
Pd+ g6.0× 105 (e-7.9) 7.0× 106 (-9.3) 1.4× 105 (-7.0)
Ag+ g4.0× 105 (e-7.6)
Cd+ g2.0× 105 (e-7.2) 7.1× 105 (-8.0)
In+ 8.4× 104 (-6.7)
Sn+ g2.9× 105 (e-7.5) 6.0× 105 (-7.9)
Sb+ 7.3× 105 (-8.0)
Te+ 4.2× 104 (-6.3)
Cs+ 2.8× 104 (-6.1)
Re+ g1.2× 105 (e-6.9)
Au+ g1.3× 106 (e-8.3) 1.0× 107 (-9.6)
Hg+ g2.8× 105 (e-7.4)
Tl+ 3.2× 104 (-6.1)
Pb+ 4.9× 104 (-6.4)
Bi+ 6.5× 104 (-6.6)

a The standard free energy changes,∆G°(kcal mol-1) ) -RT ln K, are given in parentheses and have an uncertainty estimated to be no more
than 0.3 kcal mol-1.

TABLE 4: Rate Coefficients (cm3 molecule-1 s-1) Measured
for Sequential F Atom Transfer

first second third fourth

Sc+ 1.1× 10-9 1.7× 10-9

Ti+ 1.3× 10-9 1.8× 10-9 1.3× 10-9 a

V+ 1.7× 10-10 1.3× 10-10b

Y+ 1.7× 10-9 2.7× 10-9

Zr+ 1.2× 10-9 2.4× 10-9 2.0× 10-9 a

Nb+ 7.4× 10-10 1.9× 10-9 2.0× 10-9 2.1× 10-9

La+ 7.1× 10-10 1.0× 10-9

Hf+ 1.1× 10-9 1.8× 10-9 1.8× 10-9 a

Ta+ 7.0× 10-10 1.7× 10-9 1.3× 10-9 9.9× 10-10

a Total reaction rate coefficients for MF3
+, CH2F+, CH3

+, and
M+(CH3F) formation.b The branching ratio for VF2+/VF+(CH3F)
formation was determined to be 3/7.

SCHEME 1
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