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Reactions of methane have been measured with 59 atomic metal cations at room temperature in helium bath
gas at 0.35 Torr using an inductively-coupled plasma/selected-ion flow tube (ICP/SIFT) tandem mass
spectrometer. The atomic cations were produced at ∼5500 K in an ICP source and allowed to decay radiatively
and to thermalize by collisions with argon and helium atoms prior to reaction. Rate coefficients and product
distributions are reported for the reactions of fourth-row atomic cations from K+ to Se+, of fifth-row atomic
cations from Rb+ to Te+ (excluding Tc+), of sixth-row atomic cations from Cs+ to Bi+, and of the lanthanide
cations from La+ to Lu+ (excluding Pm+). Two primary reaction channels were observed: C-H bond insertion
with elimination of H2, and CH4 addition. The bimolecular H2 elimination was observed in the reactions of
CH4 with As+, Nb+, and some sixth-row metal cations, i.e., Ta+, W+, Os+, Ir+, Pt+; secondary and higher-
order H2 elimination was observed exclusively for Ta+, W+, and Ir+ ions. All other transition-metal cations
except Mn+ and Re+ were observed to react with CH4 exclusively by addition, and up to two methane molecules
were observed to add sequentially to most transition-metal ions. CH4 addition was also observed for Ge+,
Se+, La+, Ce+, and Gd+ ions, while the other main-group and lanthanide cations did not react measurably
with methane.

1. Introduction

The importance of transition-metal centers as catalysts for
selective transformations of organic molecules, especially
methane, into useful chemical reagents is well-known.1 The first
report on activation of alkanes by transition-metal ions in the
gas phase was published about 3 decades ago.2 Since then, gas-
phase reactions of methane have been studied with many
transition-metal monocations, M+, under various experimental
conditions using Fourier transform ion cyclotron resonance (FT-
ICR)3 and guided ion beam (GIB)4 instruments coupled with a
mass spectrometer. Irikura and Beauchamp found that some
sixth-row transition-metal ions (Ta+, W+, Os+, Ir+, and Pt+)
react efficiently with CH4 to yield MCH2

+ and H2 products.5,6

However, this reaction does not proceed efficiently for ther-
malized ground-state monocations of the 3d and 4d transition
metalsbecauseofunfavorablethermodynamics; themetal-carbene
bond dissociation energy, D0(M+-CH2), has to exceed 111 kcal
mol-1, i.e., the energy of dissociation of CH4 into CH2 and H2,
for the above reaction to be exothermic.7 Several 3d and 4d
transition-metal ions have been reported to react efficiently with
methane when they are electronically excited or have high
kinetic energies.8

A wealth of thermochemical data have been obtained for M+

+ CH4 reactions using FT-ICR and GIB techniques.8-64 For
example, M+-CH2 bond dissociation energies have been
measured for almost all transition-metal ions,8,63,64 and bimo-
lecular reaction rate coefficients were reported for several sixth-
row metal ions.5,6 Parallel to experimental studies, numerous
theoretical calculations also have been performed on methane

reactions with M+ and its product ions.65-100 The M+-CH2 and
M+-CH4 dissociation energies, reaction mechanisms, structures
of primary and higher-order products, and potential energy
surfaces have been computed using various theoretical methods.

Most experimental data for M+ + CH4 reactions have been
obtained under the single or near-single collision conditions of
ion cyclotron traps and guided ion beam machines. Thermalized
ground-state 3d- and 4d-transition-metal ions and the lanthanide
ionsdonot reactwithmethane insingle-collisionenvironments.1,101

Tonkyn et al.102 measured rate coefficients for the reactions of
fourth-row transition metal ions (Sc+ to Zn+) with methane in
the multicollision environment of a fast flow reactor at 0.75
Torr of helium buffer gas and found that all these ions except
Mn+ react with methane by slow addition. Sequential additions
of methane to Ti+, Fe+, Co+, and Ni+ ions under equilibrium
conditions have been studied by Bowers and co-workers103-107

using a high-pressure drift reaction cell with a hybrid double-
focusing mass spectrometer,108 and the sequential M+-CH4

binding energies, i.e., D0[(CH4)n-1M+-CH4], have been
determined.105-107 Despite the significant amount of experimental
and theoretical work on M+ + CH4 reactions in the gas phase,
the multicollision chemistry of methane with fifth- and sixth-
row transition-metal ions, lanthanide ions, and the main-group
atomic cations has not been studied.

Instrumental developments in our laboratory have provided
the means to survey trends in chemical kinetics for reactions
of thermalized ground-state atomic monocations with neutral
molecules in multicollision environments with helium buffer
gas. We have surveyed reactions of bare atomic ions with O2,
NO, N2O, CO2, CS2, D2O, C6H6, C6F6, and CH3F molecules,109-117

and here we report reactions of 59 atomic monocations with
CH4. The metal monocations (M+) were all generated in an
inductively-coupled plasma (ICP) source and reacted with CH4
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at room temperature in 0.35 Torr of helium using a selected-
ion flow tube (SIFT) tandem mass spectrometer.

2. Experimental Procedures

The experimental results reported here were obtained using
the selected-ion flow tube (SIFT) tandem mass spectrometer
described in detail elsewhere.118,119 This instrument was recently
modified to accept ions generated in an inductively coupled
plasma (ICP) torch through an atmosphere/vacuum interface.
The ICP ion source and interface have also been described
previously.120,121 Solutions containing the metal salt of interest
with concentration of ∼5 µg L-1 were peristaltically pumped
via a nebulizer into the plasma. The nebulizer flow was adjusted
to maximize the ion signal detected downstream of the flow
tube. The sample solutions were prepared using atomic spec-
troscopy standard solutions commercially available, and the final
concentrations were varied between 5 and 20 ppm to achieve
suitable intensity of the resultant ion beam. A stabilizing agent
was usually added to each solution in order to prevent
precipitation: KOH for base-stabilized salts, HNO3 or HCl for
acid-stabilized salts.

Atomic ions emerge from the ICP at a nominal ion temper-
ature of 5500 K with the corresponding Boltzmann distributions.
The electronic state populations at this temperature have been
calculated previously111 from available optical spectra.122,123

After extraction from the ICP, the plasma ions may experience
electronic-state relaxations via both radiative decay and colli-
sional energy transfer. The latter may occur by collisions with
argon, as the extracted plasma cools upon sampling, and with
helium in the flow tube (∼4 × 105 collisions with helium) prior
to 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 in the shape of the
semilogarithmic decay of the reacting atomic ion upon addition
of neutral reactants. 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. There were no indications of excited-state
effects in our previous measurements of reactions of atomic
cations derived from the same ICP source with N2O except for
Pt+.111 The many collisions experienced by the atomic cations
with the quite polarizable argon atoms as they emerge from
the ICP and the ∼4 × 105 collisions with helium atoms in the
flow tube (the helium buffer gas pressure was 0.35 ( 0.01 Torr)
appear to be sufficient to thermalize the excited states and to
ensure that the atomic ions reach a translational temperature
equal to the tube temperature of 295 ( 2 K prior to entering
the reaction region.

Reactions of CH4 with 59 atomic ions, fourth-row cations
from K+ to Se+, fifth-row cations from Rb+ to Te+ (excluding
Tc+), sixth-row cations from Cs+ to Bi+, and lanthanide cations
from La+ to Lu+ (excluding Pm+) were investigated at a helium
buffer gas pressure of 0.35 ( 0.01 Torr and temperature of 295
( 2 K. The methane gas was obtained commercially and
introduced into the reaction region of the SIFT either as pure
CH4 or as a dilute (15%) mixture in helium. Reaction rate
coefficients were determined in the usual manner using pseudo-
first-order kinetics.118,119 The rate coefficients for the primary
and consecutive reactions reported herein have an estimated
absolute accuracy of (30%.124 Both the primary and higher-

order reactions were monitored. The helium buffer gas pressure
was not variable over enough of a range to provide definitive
measures of the pressure dependence of the rate coefficient for
methane addition.

3. Results and Discussion

The primary reactions exhibit a wide range in reactivity with
measured rate coefficients in the range from <10-13 to 9.8 ×
10-10 cm3 molecule-1 s-1 but with only the two channels
indicated in reaction 1.

M++CH4fMCH2
++H2 (1a)

f M+(CH4) (1b)

The ionization energy of methane125 is relatively high, IE(CH4)
) 12.61 ( 0.01 eV, and the electron transfer reaction is
significantly endothermic for all the atomic ions studied here.
Of the 59 atomic ions investigated, 7 ions reacted with methane
through the bimolecular channel 1a. Molecular H2 elimination,
channel 1a, was observed with As+, Nb+, Ta+, W+, Os+, Ir+,
and Pt+ ions. Most transition-metal cations (all except Mn+ and
Re+), two main-group cations, Ge+ and Se+, and three lan-
thanide cations, La+, Ce+, and Gd+, reacted with CH4 by slow
addition, channel 1b, with effective bimolecular rate coefficients
k e 3 × 10-11 cm3 molecule-1 s-1. The addition reaction is
assumed to occur in a termolecular fashion with helium atoms
acting as the stabilizing third body. No attempt was made to
measure the pressure dependence of channel 1b, since a large
range in pressure was not experimentally accessible. Most main-
group cations (all except Ge+, As+, and Se+) and most
lanthanide cations (all except La+, Ce+, and Gd+) did not react
with methane at all. No products were observed and the effective
bimolecular rate coefficients was estimated to have a value k
< 10-13 cm3 molecule-1 s-1.

For many transition metal ions, the addition of a second CH4

molecule, reaction 2, was also observed.

M+(CH4)+CH4fM+(CH4)2 (2)

Rate coefficients for the secondary CH4 addition were always
higher than those for the corresponding primary additions.
Reactions of a few metal ions with methane involved sequential
H2 elimination; reactions 3 and 4 were observed exclusively
for M ) Ta, W, and Ir, and reaction 5 occurred exclusively for
TaC3H6

+ and WC3H6
+ ions.

MCH2
++CH4fMC2H4

++H2 (3)

MC2H4
++CH4fMC3H6

++H2 (4)

MC3H6
++CH4fMC4H8

++H2 (5)

With the exception of AsCH2
+, all product ions of reactions

1a, 3, 4, and 5 reacted further with CH4 by addition; up to two
methane molecules were observed to add sequentially.

MCmH2m
++ nCH4fMCmH2m

+(CH4)n n) 1 or 2 (6)

Table 1 summarizes the primary reaction rate coefficients,
reaction efficiencies, and higher-order product ions for the
atomic ions studied in this work. The reaction efficiency is taken
to be equal to the ratio k/kc where k is the experimentally
measured rate coefficient and kc is the capture or collision rate
coefficient. The kc values for primary reactions were computed
using the algorithm of the modified variational transition-state/
classical trajectory theory developed by Su and Chesnavich126

with a polarizability R(CH4) ) 2.593 Å3 127 and zero dipole
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TABLE 1: Rate Coefficients (k in Units of cm3 molecule-1 s-1),a Reaction Efficiencies (k/kc), Primary Products, and
Higher-Order Product Ions Measured for Reactions of Atomic Ions M+ with Methane in Helium at 0.35 ( 0.01 Torr and 295 (
2 Kb

M+ k k/kc primary products branching ratio (%) higher-order product ions

K+ <10-13 <10-4

Ca+ <10-13 <10-4

Sc+ 1 × 10-13 0.0001 Sc+(CH4) 100 Sc+(CH4)2

Ti+ 4 × 10-13 0.0004 Ti+(CH4) 100 Ti+(CH4)2

V+ 8 × 10-13 0.0008 V+(CH4) 100 V+(CH4)2

Cr+ 2 × 10-13 0.0002 Cr+(CH4) 100 Cr+(CH4)2

Mn+ <10-13 <10-4

Fe+ 4 × 10-13 0.0004 Fe+(CH4) 100 Fe+(CH4)2

Co+ 3.2 × 10-12 0.0030 Co+(CH4) 100 Co+(CH4)2

Ni+ 3.4 × 10-12 0.0032 Ni+(CH4) 100 Ni+(CH4)2

Cu+ 2.8 × 10-12 0.0026 Cu+(CH4) 100 Cu+(CH4)2

Zn+ 1 × 10-13 0.0001 Zn+(CH4) 100
Ga+ <10-13 <10-4

Ge+ 2 × 10-13 0.0002 Ge+(CH4) 100
As+ 4.8 × 10-10 0.46 AsCH2

+ 100
Se+ 1.5 × 10-11 0.015 Se+(CH4) 100
Rb+ <10-13 <10-4

Sr+ <10-13 <10-4

Y+ 4 × 10-13 0.0004 Y+(CH4) 100 Y+(CH4)2

Zr+ 3.0 × 10-11 0.030 Zr+(CH4) 100 Zr+(CH4)2

Nb+ 4.0 × 10-12 0.0040 Nb+(CH4) 25 Nb+(CH4)2

NbCH2
+ 75 NbCH2

+(CH4)0-2

Mo+ 4 × 10-13 0.0004 Mo+(CH4) 100 Mo+(CH4)2

Ru+ 4 × 10-13 0.0004 Ru+(CH4) 100 Ru+(CH4)2

Rh+ 7 × 10-13 0.0007 Rh+(CH4) 100 Rh+(CH4)2

Pd+ 7 × 10-13 0.0007 Pd+(CH4) 100 Pd+(CH4)2

Ag+ 2 × 10-13 0.0002 Ag+(CH4) 100 Ag+(CH4)2

Cd+ <10-13 <10-4 Cd+(CH4) 100
In+ <10-13 <10-4

Sn+ <10-13 <10-4

Sb+ <10-13 <10-4

Te+ <10-13 <10-4

Cs+ <10-13 <10-4

Ba+ <10-13 <10-4

La+ 1 × 10-13 0.0001 La+(CH4) 100 La+(CH4)2

Hf+ 2 × 10-13 0.0002 Hf+(CH4) 100 Hf+(CH4)2

Ta+ 3.8 × 10-10 0.39 TaCH2
+ 100 TaCH2

+(CH4)0-2

TaC2H4
+(CH4)0-2

TaC3H6
+(CH4)0-2

TaC4H8
+(CH4)0-1

W+ 2.6 × 10-10 0.27 W+(CH4) 25 W+(CH4)2

WCH2
+ 75 WCH2

+(CH4)0-2

WC2H4
+(CH4)0-2

WC3H6
+(CH4)0-2

WC4H8
+(CH4)0-1

Re+ <10-13 <10-4

Os+ 9.2 × 10-10 0.94 OsCH2
+ 100 OsCH2

+(CH4)
Ir+ 9.8 × 10-10 1.0 IrCH2

+ 100 IrCH2
+(CH4)0-1

IrC2H4
+(CH4)0-1

IrC3H6
+(CH4)0-1

Pt+ 4.9 × 10-10 0.50 PtCH2
+ 100 PtCH2

+(CH4)
Au+ 1.2 × 10-11 0.012 Au+(CH4) 100 Au+(CH4)2

Hg+ 2 × 10-13 0.0002 Hg+(CH4) 100
Tl+ <10-13 <10-4

Pb+ <10-13 <10-4

Bi+ <10-13 <10-4

Ce+ 1 × 10-13 0.0001 Ce+(CH4) 100 Ce+(CH4)2

Pr+ <10-13 <10-4

Nd+ <10-13 <10-4

Sm+ <10-13 <10-4

Eu+ <10-13 <10-4

Gd+ 1 × 10-13 0.0001 Gd+(CH4) 100 Gd+(CH4)
Tb+ <10-13 <10-4

Dy+ <10-13 <10-4

Ho+ <10-13 <10-4

Er+ <10-13 <10-4

Tm+ <10-13 <10-4

Yb+ <10-13 <10-4

Lu+ <10-13 <10-4

a Measured effective bimolecular rate coefficient for the loss of the metal ion, with an estimated accuracy of (30%. b Branching ratios are
included as percentages, with an estimated accuracy of (5%.
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moment. The resulting kc values for the reactions of atomic ions
with CH4 varied from 1.1 × 10-9 (K+) to 9.8 × 10-10 cm3

molecule-1 s-1 (Bi+).
Figure 1 displays the results of Table 1 on a periodic table,

and Figures 2, 3, and 4 display the kinetics data obtained for
selected ions of the fourth, fifth, and sixth rows of the periodic
table, respectively. We found no experimental evidence for the
presence of excited-state atomic ions in the primary atomic-
ion decays (Figures 2-4); most M+ decays are linear across
the range of ion intensities spanning at least 1 order of
magnitude.

3.1. Fourth-Row Atomic Ions. Both primary reaction chan-
nels were observed for the fourth-row atomic ions. Efficient H2

elimination, channel 1a, was observed only for the main group
ion As+ with a k/kc value of 0.46. All transition-metal ions in
this row except Mn+ react slowly by CH4 addition, channel 1b.
Methane addition was also observed for the Ge+ and Se+ ions;
the reaction efficiencies (k/kc) of CH4 additions varied from 1
× 10-4 (Sc+) to 1.5 × 10-2 (Se+). The main group ions K+,
Ca+, and Ga+ did not react with methane. Secondary CH4

addition, reaction 2, was observed only for Sc+, Ti+, V+, Cr+,
Fe+, Co+, Ni+, and Cu+ ions. Figure 2 provides data that
exemplify the occurrence of reactions 1 and 2.

3.2. Fifth-Row Atomic Ions. All transition metal ions of
the fifth row (excluding Tc+) reacted with methane slowly and
formed the M+(CH4) adducts. The reaction efficiencies of
methane addition varied from <10-4 (Cd+) to 0.030 (Zr+).
Secondary CH4 addition, reaction 2, was observed only for Y+,
Zr+, Nb+, Mo+, Ru+, Rh+, Pd+, and Ag+ ions. The only metal
cation in the fifth row that reacted with methane through both
primary channels 1a and 1b was Nb+, and the branching ratios
for NbCH2

+ and Nb+(CH4) products were 75% and 25%,
respectively. However, the overall efficiency for the reaction
of Nb+ with CH4 is very small (k/kc ) 0.0040), because the
bimolecular H2 elimination reaction to form NbCH2

+ is endo-
thermic8 by 9 ( 2 kcal mol-1. Two methane molecules were

observed to add sequentially to the NbCH2
+ primary product,

reaction 6, to form NbCH2
+(CH4)2 as the major final product.

No reaction was observed between methane and the main-group
cations of the fifth row. Figure 3 displays the kinetics data
obtained for selected ions of the fifth row.

3.3. Sixth-Row Atomic Ions. Both primary reaction channels
were observed for the sixth-row atomic ions. Efficient H2

elimination, channel 1a, was observed only for Ta+, W+, Os+,
Ir+, and Pt+ ions, with k/kc values of 0.39, 0.27, 0.94, 1.0, and
0.50, respectively. The transition-metal ions Hf+, Au+, and Hg+

and the lanthanide ions La+, Ce+, and Gd+ reacted slowly by
CH4 addition, channel 1b; the reaction efficiencies (k/kc) of
methane additions varied from 1 × 10-4 (La+, Ce+, and Gd+)
to 1.2 × 10-2 (Au+). Secondary CH4 addition, reaction 2, was
observed only for the Hf+, Au+, La+, Ce+, and Gd+ ions. The
only metal cation in the sixth row that reacted with methane
through both primary channels 1a and 1b was the W+ ion; the
branching ratios for WCH2

+ and W+(CH4) products were 75%
and 25%, respectively. The middle transition-metal ion Re+,
all main-group ions of the sixth row, and most lanthanide ions
(all except La+, Ce+ and Gd+) did not react with methane.

The primary products OsCH2
+ and PtCH2

+ reacted further
with methane exclusively by addition, reaction 6, to form
OsCH2

+(CH4) and PtCH2
+(CH4) secondary products. Secondary

and higher-order H2 elimination occurred only for the TaCH2
+,

WCH2
+, and IrCH2

+ products according to reactions 3, 4, and
5. The products of H2 elimination reactions, TaCmH2m

+ (m )
1-4), WCmH2m

+ (m ) 1-4), and IrCmH2m
+ (m ) 1-3), also

reacted to some extent by CH4 clustering, reaction 6, to produce
various [MCmH2m

+(CH4)n] ions with m ) 1-4 and n ) 1-2.
3.4. Hydrogen Elimination Reactions. Numerous quantum

calculations and collision-induced-dissociation (CID) experi-
ments provide strong evidence that reaction 1a follows the
insertion-elimination mechanism involving four stages: (1)
formation of an electrostatically bound complex M+(CH4); (2)
insertion of M+ into a C-H bond to form H-M-CH3

+; (3)

Figure 1. Periodic variations observed in the reaction efficiency (k/kc), represented by solid circles, for the reactions of ground state atomic cations
with CH4. The numbers in parentheses indicate the number of sequential color-coded reactions observed. Reactions of Tc+, Pm+, and Po+ were not
investigated.
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formation of a four centered intermediate (H-M—CH2-H)+

or R-H migration to form a (H2-MdCH2)+ intermediate; (4)
H2 elimination.

Elimination of molecular H2 from CH4 is endothermic7 by
111 kcal mol-1. The primary reaction 1a is thus endothermic
for most of the atomic ions for which D0[M+-CH2] values are
known (see Table 2). Molecular H2 elimination was observed
with As+, Nb+, Ta+, W+, Os+, Ir+, and Pt+ ions. With the
exception of Nb+, the rate coefficients measured for H2

elimination reactions were relatively large (k/kc > 0.2). As
indicated in Table 2, reaction 1a is slightly exothermic or

thermoneutral for the sixth-row metal ions Ta+, W+, Os+, Ir+,
and Pt+. The very low reaction efficiency of Nb+ (k/kc < 0.005)
is due to its endothermicity; reaction 1a is endothermic by 9 (
2 kcal mol-1 for the Nb+ ion. The reaction of As+ with CH4 to
produce AsCH2

+ has been reported previously,128 but no
thermodynamic or kinetic data are available. The observed
reaction efficiency of k/kc ) 0.46 indicates that reaction 1a is
exothermic or thermoneutral for the As+ ion. Figure 5 shows
the variation of reaction efficiency with carbene affinity,
D[M+-CH2], of the metal ions. Most ions for which
D0[M+-CH2] < 111 kcal mol-1 react with methane by slow

Figure 2. Reactant and product-ion intensities observed for the reaction of the fourth-row ions V+, Co+, Ni+, and As+ with CH4 as a function of
CH4 flow in helium buffer gas at 0.35 Torr and 295 K. The inflection in the decay of V+ above ∼3 × 1019 molecules s-1 is attributed to a change
in the diffusion of this ion as methane becomes a significant fraction of the total He buffer gas flow.
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addition; the only metal ions that react through both channels
1a and 1b are Nb+ and W+.

For electron spin to be conserved in H2 elimination reactions
with methane where ground-state products are formed, the spin
multiplicities of M+ and MCH2

+ must be the same according
to the Wigner-Witmer spin conservation rules because the
ground states of CH4(1A1) and H2(1Σg) are both singlets.129 The
formation of ground-state products NbCH2

+(3B2), TaCH2
+(3A2),

WCH2
+(4A′′), OsCH2

+(4A2), and IrCH2
+(3A2) from the ground-

state metal ions Nb+(5D), Ta+(5F), W+(6D), Os+(6D), and Ir+(5F)
are all spin-forbidden, whereas the reaction of ground-state
Pt+(2D) ions to produce the ground-state PtCH2

+(2A1) product

is spin-allowed. Hydrogen elimination reactions for the sixth-
row ions Ta+, W+, Os+, Ir+, and Pt+ are very efficient, and
it appears that the effect of spin in the overall reaction rate
is insignificant. The spin conservation rules do not apply
strictly to the sixth-row atomic ions because of large
spin-orbit coupling that results in mixing of electronic states
with different spin multiplicities. The effect of spin conserva-
tion on the reaction of As+(3P) with methane cannot be
ascertained because the spin multiplicity of ground-state
AsCH2

+ (singlet or triplet) is not known.
The bimolecular reaction rate coefficients (in cm3 mol-

ecule-1 s-1) previously reported for Ta+ (3.4 ( 0.9) × 10-10

Figure 3. Reactant and product-ion intensities observed for the reaction of the fifth-row ions Y+, Zr+, Nb+, and Pd+ with CH4 as a function of CH4

flow in helium buffer gas at 0.35 Torr and 295 K. The inflections in the decays of Y+ and Pd+ above ∼3 × 1019 molecules s-1 is attributed to a
change in the diffusion of this ion as methane becomes a significant fraction of the total He buffer gas flow.
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(FT-ICR), W+ (1.2 ( 0.3) × 10-10 (FT-ICR) and (2.0 ( 0.4)
× 10-10 (GIB), Os+ (3.4 ( 0.9) × 10-10 (FT-ICR), Ir+ (7.0
( 1.8) × 10-10 (FT-ICR), and Pt+ (3.9 ( 1.0) × 10-10 (FT-
ICR), 8.2 × 10-10 (FT-ICR), and (7.6 ( 1.7) × 10-10 (GIB)
are in reasonable agreement with the corresponding values
of (3.8 ( 1.1) × 10-10, (2.6 ( 0.8) × 10-10, (9.2 ( 2.8) ×
10-10, (9.8 ( 2.9) × 10-10, and (4.9 ( 1.5) × 10-10 cm3

molecule-1 s-1 reported here for Ta+, W+, Os+, Ir+, and Pt+,
respectively. The reason for discrepancies in the rate constants
for Os+ and Ir+ ions might be associated with the reaction
environment and instrument; in our ICP-SIFT experiment,
reactions occur in helium buffer gas at 0.35 ( 0.01 Torr,

whereas the corresponding reactions in the FT-ICR experi-
ment occurred in a reaction cell with CH4 pressure at
10-6-10-8 Torr.5,6

Secondary and higher-order H2 elimination occurred only for
the Ta+, W+, and Ir+ ions. The rate coefficients of reactions 3,
4, and 5 for Ta+ and W+ ions were comparable to those of
reaction 1a for the corresponding parent ions. The rate constant
of reaction 4 for IrC2H4

+ was smaller than those of reactions
1a and 3 for Ir+ and IrCH2

+ ions, respectively, by an order of
magnitude. The structures of MCmH2m

+ ions (M ) Ta, W, Ir)
have been studied previously both by collision-induced-dis-
sociation experiments and by theoretical calculations.6,27,43,63,64,73

Figure 4. Reactant and product-ion intensities observed for the reaction of the sixth-row ions Ta+, Ir+, Pt+, and Au+ with CH4 as a function of CH4

flow in helium buffer gas at 0.35 Torr and 295 K.
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3.5. CH4 Addition Reactions. The addition of methane,
channel 1b, was observed exclusively with the main-group ions
Ge+ and Se+, the fourth-row transition-metal ions Sc+, Ti+, V+,
Cr+, Fe+, Co+, Ni+, Cu+, and Zn+, the fifth-row ions Y+, Zr+,
Nb+, Mo+, Ru+, Rh+, Pd+, Ag+, Cd+, the sixth-row transition-
metal ions Hf+, W+, Au+, and Hg+, and the lanthanide ions
La+, Ce+, and Gd+. All these addition reactions are presumed
to be termolecular, reaction 7, with helium atoms (0.35 ( 0.01
Torr) acting as the stabilizing third body rather than by radiative
association.

M++CH4 +HefM+(CH4)+He (7)

The addition reactions were observed to proceed relatively
slowly, but the effective bimolecular rate coefficients varied by
more than 2 orders of magnitude. The metal ions that react with
CH4 by addition, reaction 7, can be grouped according to their
effective bimolecular rate coefficients: the first group consists
of Se+ (p3), Zr+ (d2s1), Au+ (d10), and W+ (d4s1) ions for which
k g 10-11 cm3 molecule-1 s-1. The second one includes Co+,
Ni+, Cu+, and Nb+ for which k g 10-12, and the third group
includes the ions for which k g 10-13, i.e., Sc+, Ti+, V+, Cr+,
Fe+, Zn+, Ge+, Y+, Mo+, Ru+, Rh+, Pd+, Ag+, Cd+, La+, Ce+,
Gd+, Hf+, and Hg+. Some atomic ions showed no addition of
methane. Presumably the range in magnitude of the effective
bimolecular rate coefficient for these addition reactions reflects
a dependence on the nature of the bonding in the product cluster

ion, since the degrees of freedom are the same for all systems
and the lifetime of the intermediate depends only on its stability
as a consequence. At least three geometrical isomers can be
envisaged for the methane adduct: the weak electrostatically
bound M+ · · ·CH4 and the inserted covalently bound
H-M+-CH3 and H2M+dCH2.

The alkali s0 cations K+, Rb+, and Cs+, the alkali earth s1

cations Ca+, Sr+, and Ba+, the group 7 cations Mn+ (d5s1) and
Re+ (d5s1), and the vast majority of main-group and lanthanide
cations, i.e., all except Ge+, Se+, La+, Ce+, and Gd+, did not
react with methane even by termolecular addition. Failure to
observe CH4 adducts of those ions can be attributed to weak
CH4-M+ bonding that decreases the rate of addition and may
result in dissociation of M+(CH4) clusters upon sampling,
because only adducts whose solvation energies are above ∼5
kcal mol-1 are expected to resist decomposition upon sampling
in our SIFT/MS instrument.

Because these additions are assumed to occur in a termo-
lecular fashion, reaction 7, their effective bimolecular rate
constants should have a linear dependence on helium pressure
(0.35 ( 0.01 Torr in our experiments). The effective bimolecular
rate constants for CH4 addition to the fourth-row transition-
metal ions (Sc+ to Zn+) have been reported by Tonkyn et al.102

at 0.75 Torr of helium. Those rate constants are in excellent
agreement, i.e., within the uncertainty limits, with the ones
reported in Table 1 when the helium pressure ratio (0.35/0.75)
is taken into account.

The addition of a second CH4 molecule, reaction 2, was
observed for many transition-metal ions. Except for the adducts
of group 12 ions, Zn+(CH4), Cd+(CH4), and Hg+(CH4), and
those of the main-group ions Ge+(CH4) and Se+(CH4), all other
M+(CH4) adducts react further with methane to produce
M+(CH4)2 cluster ions. We found the rate coefficients for the
secondary CH4 additions, reaction 2, to be higher than those
for the corresponding primary additions, reaction 1b. This is
consistent with the previous report by Tonkyn et al.102 on
methane addition to the fourth-row transition-metal ions. The
larger rate coefficients of reaction 2 versus 1b can be attributed
to the increased number of vibrational degrees of freedom in
the secondary reaction intermediate, which leads to longer
lifetimes and thus higher rates of collisional stabilization.
Methane addition also was observed with most [MCmH2m

+] ions
that were produced by hydrogen elimination, reactions 1a, 3,
4, and 5. For these ions, higher-order addition often competed
with higher-order H2 elimination. Up to two CH4 molecules were
observed to add to the [MCmH2m

+] ions (see Table 1).

4. Conclusions

Reactions of methane with 59 atomic metal cations at room
temperature in helium bath gas at 0.35 Torr were studied using
an inductively-coupled plasma/selected-ion flow tube (ICP/SIFT)
tandem mass spectrometer, and rate coefficients and product
branching ratios were measured. A primary H2 elimination
channel was observed in the reactions of CH4 with As+, Nb+,
Ta+, W+, Os+, Ir+, and Pt+ ions, while secondary and higher-
order H2 elimination was observed exclusively for Ta+, W+,
and Ir+. All other transition-metal cations except Mn+ and Re+

were observed to react with CH4 exclusively by termolecular
addition, and up to two methane molecules were observed to
add sequentially to most transition-metal ions. CH4 addition was
also observed for Ge+, Se+, La+, Ce+, and Gd+ ions, while the
other main-group and lanthanide cations did not react with
methane. The rates of CH4 addition reactions did not reveal any
obvious periodic trend in reactivities of transition-metal cations.

TABLE 2: Methylene Affinities, MeA(M+),a in kcal mol-1

for the Fourth-, Fifth-, and Sixth-Row Atomic Cations

fourth row fifth row sixth row

M+ MeA(M+)a M+ MeA(M+)a M+ MeA(M+)a

Sc+ 96.1 ( 5.5 Y+ 92.7 ( 3.1 La+ 95.8 ( 1.7
Ti+ 90.8 ( 2.2 Zr+ 106.8 ( 1.0 Hf+ 104 ( 5b

V+ 77.7 ( 1.4 Nb+ 102.3 ( 2.2 Ta+ 115 ( 5b

Cr+ 51.9 ( 1.0 Mo+ 78.6 ( 2.9 W+ 109.5 ( 1.4
Mn+ 68.4 ( 2.2 Tc+ 83 ( 5c Re+ 95.5 ( 1.4d

Fe+ 81.5 ( 1.0 Ru+ 82.2 ( 1.2 Os+ 112.4e

Co+ 75.8 ( 1.2 Rh+ 85.1 ( 1.9 Ir+ 113.5 ( 0.7f

Ni+ 73.1 ( 1.0 Pd+ 68.1 ( 1.2 Pt+ 110.7 ( 0.7
Cu+ 61.2 ( 1.2 Ag+ >25.6 ( 1.0 Au+ 88.9 ( 0.7g

a MeA(M+) ) D0(M+-CH2) from ref 8. b Reference 66.
c Reference 65. d Reference 60. e Reference 98. f Reference 64.
g Reference 40.

Figure 5. Dependence of the reaction efficiency, k/kc, on methylene
affinities, MeA(M+), of atomic cations. k represents the measured
reaction rate coefficient for loss of M+, and kc is the calculated collision
rate coefficient (see Table 1). Reactions on the right of the dashed line
are exothermic for hydrogen elimination, while those on the left are
endothermic and proceed by the addition of methane.
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However, groups of atomic ions were identified with distinct
reactivities spanning more than 2 orders of magnitude.
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(31) Koszinowski, K.; Schröder, D.; Schwarz, H. J. Am. Chem. Soc.

2003, 125, 3676.
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