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bstract

The potential energy surface for activation of methane by the third-row transition metal cation, Ir+, is studied experimentally by examining the
inetic energy dependence of reactions of Ir+ with methane, IrCH2

+ with H2 and D2, and collision-induced dissociation of IrCH2
+ with Xe using

uided ion beam tandem mass spectrometry. A flow tube ion source produces Ir+ in its electronic ground state term and primarily in the ground
pin–orbit level. We find that dehydrogenation to form IrCH2

+ + H2 is exothermic, efficient, and the only process observed at low energies for
eaction of Ir+ with methane, whereas IrH+ dominates the product spectrum at higher energies. We also observe the IrH2

+ product, which provides
vidence that methane activation proceeds via a dihydride (H)2IrCH2

+ intermediate. The kinetic energy dependences of the cross sections for
everal endothermic reactions are analyzed to give 0 K bond dissociation energies (in eV) of D0(Ir+–2H) > 5.09 ± 0.07, D0(Ir+–C) = 6.59 ± 0.05,
0(Ir+–CH) = 6.91 ± 0.23, and D0(Ir+–CH3) = 3.25 ± 0.18. D0(Ir+–CH2) = 4.92 ± 0.03 eV is determined by measuring the forward and reverse

eaction rates for Ir+ + CH4 � IrCH2
+ + H2 at thermal energy. Ab initio calculations at the B3LYP/HW+/6-311++G(3df,3p) level performed
ere show reasonable agreement with the experimental bond energies and with the few previous experimental and theoretical values available.
heory also provides the electronic structures of the product species as well as intermediates and transition states along the reactive potential energy
urfaces. We also compare this third-row transition metal system with the first-row and second-row congeners, Co+ and Rh+. Differences in reactivity
nd mechanisms can be explained by the lanthanide contraction and relativistic effects that alter the relative size of the valence s and d orbitals.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Iridium complexes are good homogeneous C–H bond activa-
ion catalysts in solution [1], and react by an oxidative addition

echanism at an unsaturated Ir center. This special reactivity of
r is reflected in the gas phase where, using a Fourier-transform
on cyclotron resonance (FTICR) spectrometer, Irikura and
eauchamp found that Ir+ dehydrogenates CH4 with 70% effi-
iency, the highest among all the transition metal cations [2]. In
rder to develop more efficient and economical homogeneous
atalysts, we need to understand the various factors that con-
ribute to such specialized reactivity. For this purpose, gas-phase

tudies are a good starting point for providing information on
he intrinsic properties of metals in the absence of solvent and
tabilizing ligands. Such studies also form an ideal interface for

∗ Corresponding author. Tel.: +1 801 581 7885; fax: +1 801 581 8433.
E-mail address: armentrout@chem.utah.edu (P.B. Armentrout).
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heoretical calculations on such complicated elements, provid-
ng benchmark information to guide theory of more complex
ystems.

Considerable research has been done to study the reactions
f the first-row and second-row transition metal ions (M+)
ith hydrogen and small hydrocarbons in the gas phase, i.e.,

n the absence of solvent, stabilizing ligands, and metal sup-
orts [3,4]. Among the experimental techniques available for
easuring thermodynamics of gas-phase species, the guided

on beam methods used in our laboratory can examine reac-
ions at hyperthermal energies, and thereby have the ability to
tudy endothermic reactions. This permits the determination of
he bond dissociation energies (BDEs) for M+–CxHy (x = 0–3,
= 0–2x + 2) [4]. The thermochemistry obtained from these stud-

es is of obvious fundamental interest and is relevant to a variety

f catalytic reactions involving transition metal systems [5,6].
uch ion beam studies also provide insight into the electronic
equirements for the activation of methane by transition metal
ons and periodic trends in this reactivity. We have applied

mailto:armentrout@chem.utah.edu
dx.doi.org/10.1016/j.ijms.2006.02.021
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his methodology to all the first-row and second-row transition
etals except Tc [3,7–18] and more recently to several of the

hird-row metals as well [18–21]. A significant advantage of
hese comprehensive studies is the comparison of bond energies
nd reactivities of all transition-metal complexes, thereby estab-
ishing periodic trends. A particularly interesting feature of the
hird-row transition metals is the study of the influence of strong
pin–orbit coupling on the reactivity.

In this study, we report results for the reactions of Ir+

ith CH4 and CD4, IrCH2
+ with H2 and D2, and collision-

nduced dissociation (CID) of IrCH2
+ with Xe over a wide

ange of kinetic energies. These reactions allow us to examine
oth exothermic and endothermic processes, probe the potential
nergy surface, and provide mechanistic information comple-
entary to previous experimental and theoretical work. The-

retical calculations are also performed to assign electronic
tructures and explore potential energy surfaces and possible
echanisms. These are compared to previous results [2,22–24],

n particular, the theoretical studies of Perry et al. [25] and those
f Musaev and Morokuma [26], who examined the complete
otential energy surface for the [Ir, C, 4H]+ system.

. Experimental and theoretical

.1. Instrumentation

The guided ion beam tandem mass spectrometer on which
hese experiments were performed has been described in detail
reviously [27]. Briefly, reactant ions are generated in a direct
urrent discharge flow tube source described below [28]. The
ons are extracted from the source, accelerated, and focused
nto a magnetic sector momentum analyzer for mass selection
f the primary reactant ions. Mass-selected ions are deceler-
ted to a desired kinetic energy and focused into an octopole
on beam guide, which uses radio-frequency electric fields to
rap the ions in the radial direction and ensure complete collec-
ion of reactant and product ions [29,30]. The octopole passes
hrough a static gas cell that contains the reaction partner at a
ow pressure (usually ≤0.3 mTorr) so that multiple ion–molecule
ollisions are improbable. All products reported here result from
ingle bimolecular encounters, as verified by pressure depen-
ence studies. Product and unreacted primary ions drift to the
nd of the octopole where they are extracted, focused, passed
hrough a quadrupole mass filter for mass analysis, and sub-
equently detected with a secondary electron scintillation ion
etector using standard pulse counting techniques. Ion intensi-
ies are converted to absolute cross sections after correcting for
ackground signals [31]. Absolute uncertainties in cross section
agnitudes are estimated to be ±20%.
The kinetic energy dependence of the ions is varied in

he laboratory frame by scanning the dc bias on the octopole
ith respect to the potential of the ion source region. Ion
inetic energies in the laboratory frame, Elab, are converted to

nergies in the center-of-mass frame, ECM, using the formula
CM = Elabm/(m + M), where m and M are the neutral and ionic

eactant masses, respectively. All energies reported below are in
he CM frame unless otherwise noted. Two effects broaden the
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u
n
a
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ross section data: the thermal motion of the neutral reactant gas
Doppler broadening) and the kinetic energy distribution of the
eactant ion [32,33]. The absolute zero and distribution of the ion
inetic energies are determined using the octopole beam guide
s a retarding potential analyzer as described previously [31].
he distribution of ion kinetic energies is nearly Gaussian and
as a typical FWHM between 1.0 and 1.4 eV (lab) in these stud-
es. The uncertainties in the absolute energy scale are ±0.05 eV
lab).

.2. Ion source

Atomic iridium metal cations are formed in a direct current
ischarge flow tube (DC/FT) source [28]. This source consists
f a cathode held at high negative voltage (0.7–1.5 kV) over
hich a flow of approximately 90% He and 10% Ar passes at
total pressure of 0.3–0.5 Torr and ambient temperature. The

athode in this work is iridium foil attached to an iron holder.
r+ ions created in the discharge are accelerated toward the
etal cathode, thereby sputtering Ir+ ions. These ions are then

wept down a 1 m long flow tube. The flow conditions used in this
on source provide about 105 thermalizing collisions between an
on and He (∼104 collisions with Ar) before the ions enter the
uided ion beam apparatus. Generally, these conditions have
een found to thermalize the ions, thereby producing atomic
ons in their ground electronic state. For example, on the basis
f comparisons to a surface ionization source, the DC/FT source
as found to generate Sc+ [34], Fe+ [35], Co+ [36], Ni+ [37],
u+ [38], Rh+ [38], and Pd+ [38] ions with an average electronic

emperature of 700 ± 400 K, and Y+, Zr+, Nb+, and Mo+ ions
ith an average electronic temperature of 300 ± 100 K [39]. The
opulations of Ir+ ions created under such conditions have been
iscussed in a previous paper [57], and rely on energies taken
rom spectroscopic work of Van Kleef and Metsch [40]. Most
r+ ions are in the ground electronic state, a5F5 (6s15d7), even
t the highest likely temperature. From the populations of ions
t 700 ± 400 K, the average electronic energy is calculated to be
nly 0.002 + 0.013/−0.002 eV for Ir+.

IrCH2
+ is produced by the introduction of CH4 into the flow

ube about 15 cm downstream of the discharge zone at a pres-
ure of ∼2 mTorr. Three-body collisions with the He/Ar flow
as stabilize and thermalize the ions both rotationally and vibra-
ionally. These ions are presumed to be in the ground electronic
tate and the internal energy of these complexes should be well
escribed by a Maxwell–Boltzman distribution of rotational and
ibrational states corresponding to 300 ± 100 K. Previous stud-
es from this laboratory have shown that these assumptions are
sually valid for molecular species [4].

.3. Data analysis

The kinetic-energy dependence of product cross sections is
nalyzed to determine E0, the energy threshold for product for-

ation at 0 K. E0 differs from the apparent threshold observed

nder laboratory conditions because of the kinetic and inter-
al energy distributions of the reactants. These contributions
llow reactions to occur at energies below E0. To determine E0,
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Table 1
Parameters of Eq. (1) used in modeling the reaction cross-sections

Reactants Products σ0 n E0 (eV) D0(Ir+–L) (eV)

Ir+ + CD4 IrD+ + CD3 4.67 ± 0.53 1.64 ± 0.24 1.69 ± 0.07 2.87 ± 0.07
IrD2

+ + CD2 0.22 ± 0.09 1.34 ± 0.16 4.20 ± 0.04 0.62 ± 0.04
IrC+ + 2D2 0.97 ± 0.01 1.09 ± 0.09 1.60 ± 0.03 6.60 ± 0.03
IrCD+ + D2 + D 0.35 ± 0.13 1.20 ± 0.01 2.36 ± 0.14 6.89 ± 0.14
IrCD3

+ + D 0.11 ± 0.02 1.38 ± 0.29 1.53 ± 0.11 3.05 ± 0.11

Ir+ + CH4 IrH+ + CH3 5.19 ± 0.78 1.67 ± 0.11 1.61 ± 0.06 2.87 ± 0.06
IrH2

+ + CH2 0.48 ± 0.04 1.50 ± 0.22 4.05 ± 0.09 0.66 ± 0.09
IrC+ + 2H2 0.83 ± 0.05 1.09 ± 0.09 1.48 ± 0.05 6.58 ± 0.05
IrCH+ + H2 + H 0.37 ± 0.02 1.07 ± 0.28 2.09 ± 0.20 6.98 ± 0.20
IrCH3

+ + H 0.14 ± 0.02 1.10 ± 0.14 1.50 ± 0.07 2.98 ± 0.07

IrCH2
+ + Xe Ir+ + CH2 0.16 ± 0.03 1.64 ± 0.21 6.71 ± 0.20 6.71 ± 0.20

IrCH2
+ + D2 IrCHD2

+ + H 0.02 ± 0.01 1.82 ± 0.02 1.45 ± 0.10 3.18 ± 0.10a

IrC+ + H2 + D2 4.14 ± 0.13 0.88 ± 0.02 2.42 ± 0.15 5.86 ± 0.15
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+ + H2 IrCH3

+ + H 0.13 ± 0.04
IrC+ + 2H2 2.61 ± 0.05

a Bond energy for Ir+–CHD2 or Ir+–CH3.

ndothermic reaction cross sections are modeled using Eq. (1)
4,41–43],

(E) = σ0

∑
gi(E + Ei + Eel − E0)n/E, (1)

here σ0 is an energy-independent scaling factor, E the relative
inetic energy of the reactants, and n is an adjustable parame-
er. There is an explicit sum of contributions from rovibrational
tates of reactants at 300 K, denoted by i, having energies Ei

nd populations gi, where
∑

gi = 1. The various sets of vibra-
ional frequencies and rotational constants used to determine
i in this work are taken from the literature for H2 [44], D2

44], CH4 [45], and CD4 [45] and from our ab initio calcula-
ions for IrCH2

+. As noted above, Eel at 700 ± 400 K is believed
o be 0.002 + 0.013/−0.002 eV for Ir+ and thus is negligible.
efore comparison with the experimental data, Eq. (1) is convo-

uted with the kinetic energy distributions of the ions and neutral
eactants at 300 K [31]. The σ0, n, and E0 parameters are then
ptimized using a nonlinear least-squares analysis to give the
est reproduction of the data [31]. Error limits for E0 are calcu-
ated from the range of threshold values for different data sets
ver a range of acceptable n values combined with the absolute
ncertainty in the kinetic energy scale and electronic energy.

.4. Theoretical calculations

In general, quantum chemistry calculations reported here are
omputed using the B3LYP hybrid density functional method
46,47] and performed with the GAUSSIAN 98 and 03 suites of
rograms [48,49]. The B3LYP functional was used for all the
alculations done here because it provides reasonable results
or the analogous Pt+, W+, and Re+ with CH4 systems [19–21].
n all cases, the thermochemistry reported here is corrected for

ero-point energy effects using unscaled frequencies. Because
everal of the transition states of interest here involve bridging
ydrogens, the rather large 6-311++G(3df,3p) basis set is used
or carbon and hydrogen. This basis set gives good results for the

m
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t
t

1.53 ± 0.11 1.71 ± 0.12 2.98 ± 0.12a

1.00 ± 0.00 2.32 ± 0.06 5.96 ± 0.15

hermochemistry of methane and dihydrogen, with deviations
rom experiment of less than 0.08 eV for the bond energy of
–CH3 (4.406 eV versus 4.478 eV), H2–CH2 (4.666 eV versus
.713 eV), H–CH (4.332 eV versus 4.360 eV), C–H (3.532 eV
ersus 3.465 eV), and H–H (4.505 eV versus 4.478 eV). (See
able 1 of [19] for experimental thermochemistry used for all
, D, CHx, and CDx species.) The 60 core electrons of iridium

re described by the relativistic effective core potential (ECP) of
ay-Wadt (HW) [50], with the valence electrons described by

he Los Alamos double zeta (LANL2DZ) basis set. This basis
et is optimized for neutral atoms, whereas the positive charge
ifferentially contracts the s orbitals compared to the d orbitals.
ence, calculations were performed with an altered HW-ECP
asis set for Ir+ as described by Ohanessian et al. (HW+) [51].
xplicit spin–orbit calculations are beyond the scope of the
resent study and are not included here.

The most appropriate choice for a level of theory has been
horoughly investigated for the first and third row transition

etal methyl cations by Holthausen et al. [23] and for first-
ow transition row metal methylene cations by Holthausen et al.
52]. In the first study, these authors used B3LYP, Beck-Half-
nd-Half-LYP (BHLYP), and QCISD(T) methods with a basis
et consisting of a polarized double-zeta basis on C and H and
he Hay-Wadt relativistic ECP with valence electrons added.
he symmetries of the metal methyl species were constrained to
3v. For the first row MCH3

+ species (M = Sc–Cu), where exper-
mental results are available for all metals [4], these authors con-
lude that the B3LYP functional overbinds, with a mean absolute
eviation (MAD) from experiment of 0.41 eV. The BHLYP func-
ional and the QCISD(T) methods perform more accurately, with

ADs of 0.18 and 0.20 eV, respectively. For the third row ele-
ents, the bond energies calculated using B3LYP were again

igher than those for BHLYP and QCISD(T). In contrast, for the

etal methylene complexes [52], the BHLYP functional predicts

ond energies consistently below experimental values, whereas
he performance of the B3LYP functional is quite good. In addi-
ion, these authors found that the results depended on the basis
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Fig. 1. Cross sections for reaction of Ir+ (5F ) with CD as a function of kinetic
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et used for the metal ion with an all electron basis providing
etter results than effective core potential (ECP) methods. On
he basis of these results, the present study includes calculations
or the various product ions using the B3LYP and BHLYP func-
ionals with both the HW+ and Stuttgart/Dresden (SD) ECP [53]
or Ir+, along with QCISD(T)/HW+ calculations. Such calcula-
ions will be explicitly noted, but unless otherwise designated,
ur results will refer to a B3LYP/HW+/6-311++G(3df,3p) level
f theory.

Using the HW+ basis set and the B3LYP level of theory, we
alculate a 5F ground state for Ir+, with a 3F state at 0.30 eV.
he excitation to the lowest lying triplet state was found to be
.36 eV at the BHLYP/HW+ level of theory and 0.20 eV for
CISD(T)/HW+. These calculated triplet excitation energies

an be favorably compared to the experimental value of 0.40 eV
40], where the experimental splitting is taken from the statis-
ical mean of the various spin–orbit states for 5F and 3F. For
he present studies, it is also important to locate the singlet state,
owever, the experimental singlet state energy is not particularly
ell defined because the strong spin–orbit interactions mix the

inglet states with the lower-lying high spin states. For example,
he lowest experimental energy level having primarily singlet
haracter (65%) lies at 4.06 eV, but even the first excited state at
.28 eV (primarily 3F4) has 4% singlet character and the second
xcited state (primarily 3P2) at 0.38 eV has 17% singlet charac-
er. Likewise the B3LYP theoretical calculations find two singlet
tates (both 5d8 configurations and assigned to 1D/G), one show-
ng substantial spin contamination, s(s + 1) = 1.60, at 0.65 eV and
nother with no spin contamination at 1.95 eV. When using the
D basis set, a triplet ground state is found for Ir+ at both the
3LYP and BHLYP levels of theory, with the quintet state higher
y 0.14 and 0.19 eV, respectively. The singlet state lies at 1.68
nd 1.83 eV, respectively. However, QCISD(T)/SD calculations
gain give a quintet ground state for Ir+, with a triplet state at
.42 eV, and a singlet state at 1.18 eV.

Experimental BDEs refer to the ground spin–orbit state at
.0 eV, a5F5 for Ir+ [40]. In contrast, calculations are referenced
o the statistically weighted mean of all spin–orbit levels in the
round state term, 0.642 eV for Ir+ (a5F) [40]. Because our cal-
ulations do not explicitly include spin–orbit interactions, it is
ossible that calculated bond energies should be corrected by this
ifferent asymptotic energy before comparison with experimen-
al values. Because spin–orbit effects influence the energetics
f all reactants, intermediates, and products, we do not apply
orrections in the present work as the magnitude of the effects
re unknown for the products. This implicitly assumes that the
pin–orbit corrections largely cancel. This assumption has been
ested for the W+ + CH4 system where Maitre and coworkers
ad explicitly calculated spin–orbit interactions ranging from
.06 to 0.29 eV for several tungsten-containing molecular ions
ompared to the 0.51 eV value for atomic W+ [54]. These results
ndicate that spin–orbit effects are likely to reduce the theoretical
ond energies in the present work but by less than the 0.64 eV

alue associated with the atomic ion. Likewise Balasubramanian
nd Dai [55] find that spin–orbit coupling stabilizes the ground
tate of IrH2

+ by 0.38 eV, such that the spin–orbit correction for
his species would only be 0.26 (=0.64–0.38) eV.

t
t
t
n

5 4

nergy in the center-of-mass frame (lower axis) and laboratory frame (upper
xis). The full line shows the total cross section and the dashed line shows the
GS collision cross section.

. Experimental results

.1. Reactions of Ir+ with methane

Fig. 1 shows cross sections for the reaction of Ir+ with CD4,
hich yields product ions as shown in reactions (2)–(7).

r+ + CD4 → IrD+ + CD3 (2)

→ IrD2
+ + CD2 (3)

→ IrCD3
+ + D (4)

→ IrCD2
+ + D2 (5)

→ IrCD+ + D + D2 (6)

→ IrC+ + 2D2 (7)

tudies of the reaction of Ir+ with CH4 were also performed
nd yielded results consistent with those shown in Fig. 1. Only
esults from the perdeuterated species are presented here because
D4 reduces mass overlap and allows intensities of the various
roduct ions to be measured more accurately over a great energy
ange.

As can be seen from Fig. 1, dehydrogenation to form
rCH2

+ + H2 is the only process observed at low energies, con-
istent with previous ICR studies [2] at thermal energies. The
ross section for dehydrogenation of CD4 to produce IrCD2

+

ecreases with increasing energy, indicating an exothermic reac-
ion having no barrier in excess of the energy of the reac-
ants. This reaction cross section declines approximately as
−0.5±0.1 below 0.2 eV, comparable to the prediction of the
angevin–Gioumousis–Stevenson (LGS) collision cross sec-
ion [56] which has an E−0.5 energy dependence. The magni-
udes of the experimental and LGS collision cross sections are
he same within the ±20% uncertainty in the absolute mag-
itudes. In order to compare the reaction efficiency measured
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either IrCD3
+ or IrCD+ require much higher energies than the

dehydrogenation of IrCD2
+. The second feature in this cross

section beginning near 7.0 eV arises from the second feature in
the IrCD2

+ cross-section, i.e., the neutral products are D2 + 2D.

Fig. 2. Cross sections for collision-induced dissociation of IrCH2
+ with Xe as a

function of kinetic energy in the center-of-mass frame (lower axis) and laboratory
frame (upper axis). The best fit to the data using Eq. (1) incorporating RRKM
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odeling for the reactants with an internal temperature of 0 K is shown as a
ashed line. The solid line shows this model convoluted over the kinetic and
nternal energy distributions of the reactant neutral and ion.

Formation of IrD2
+ has the highest threshold of all processes

bserved, which is consistent with formation of the high-energy
D2 neutral. The formation of MD2

+ product ions is unusual
nd has not been detected for reaction of methane with first-row
8–10,12–15,18], second-row [7,11,16–18], and several third-
ow (La+, W+, Re+, Lu+) transition metal ions [18,20,21]. How-
ver, this product has been observed in reactions of methane
ith Pt+ [19].

.2. IrCH2
+ + Xe

The exothermic dehydrogenation reaction analogous to reac-
ion 5 provides only a lower limit to the BDE of IrCH2

+ of
.71 eV = D0(H2–CH2). To measure an upper limit to this BDE,
e performed a collision-induced dissociation (CID) experi-
ent. Fig. 2 shows cross sections for the interaction of Xe with

rCH2
+. Reactions (8) and (9) were the only processes observed.

rCH2
+ + Xe → Ir+ + CH2 + Xe (8)

→ IrH+ + CH + Xe (9)

he dominant process is the simple CID process that cleaves
he Ir+–CH2 bond and has an apparent threshold between 6 and
eV. At higher energies, a small amount of reaction (9) is also
bserved. As noted above, the lowest energy decomposition pro-
ess of IrCH2

+ is dehydrogenation, requiring 1.67 ± 0.06 eV
ccording to the thermochemistry determined below. Unfor-
unately, under the conditions needed for efficient ion trans-

ission, the mass resolution in our quadrupole mass filter is
F.-X. Li et al. / International Journal of M

here with previous results, our cross section is converted to
a rate constant by the following expression, k(〈E〉) = vσ(E),
where v = (2E/µ)1/2 and µ = mM/(m + M), the reduced mass
of the reactants. The rate constants depend on the mean energy
of the reactants, which includes the average thermal motion of
the neutral, such that 〈E〉 = E + (3/2)γkBT, where γ = M/(m + M).
As discussed in a previous paper [31], the rate k(〈E〉) has
the property that it approaches the thermal rate constant for
the effective temperature T′ = γT, which equals 277 K for the
present results, as v → 0. Because the guided ion beam tech-
nique allows very low ion energies, the kinetic and internal
energy distributions of the reactants are dominated by the ther-
mal distributions of the neutral reactant such that a true thermal
rate constant at this temperature can be obtained directly from
the cross section data at the lowest energy. Using this equa-
tion, we obtain k = 9.7 ± 2.0 × 10−10 cm3/s for reaction with
CH4 and k = 9.8 ± 2.0 × 10−10 cm3/s for reaction with CD4.
These values are higher than literature rate constants obtained
by ICR mass spectrometry of 7.0 ± 1.8 × 10−10 cm3/s for CH4,
and 7.0 ± 1.8 × 10−10 cm3/s for CD4 [2] but within the exper-
imental errors. Compared to the LGS collision rate, we find
the reactions with CH4 and CD4 occur with efficiencies of
99 ± 20% and 111 ± 23%, respectively, again within exper-
imental error of the ICR results, 71 ± 18% and 80 ± 20%,
respectively [2].

Between energies of 0.2 and 1.5 eV, the IrCD2
+ cross sec-

tions decline as E−1.3±0.1. At still higher energies (>1.5 eV),
the IrCD2

+ cross section begins to decline more rapidly.
There are four possible decomposition pathways to account
for this decline, which include decomposition into IrC+ + D2,
IrCD+ + D, IrD+ + CD, and Ir+ + CD2. The magnitudes of the
cross sections for IrC+ and IrCD+ account for some of this
decline, but not quantitatively. Decomposition of IrCD2

+ to
Ir+ + CD2 and IrD+ + CD cannot begin until 4.82 and 6.09 eV,
respectively [19], too high to account for the decline. We there-
fore infer that the decrease in the IrCD2

+ cross section must
be attributed to competition with formation of IrD+, which is
most easily explained if these two products share a common
intermediate, as discussed below.

Formation of IrD+ and IrCD3
+ arise from similar appar-

ent thresholds near 1 eV, which indicates that the Ir+–D and
Ir+–CD3 single bonds have similar bond energies. However, for-
mation of IrD+ dominates the product spectrum at high energies
because of angular momentum effects [9–11,18], as discussed
below, and also because IrCD3

+ dissociates to IrCD+ + D2. This
dehydrogenation requires 1.02 ± 0.29 eV according to the ther-
mochemistry determined below. At higher energies, IrCD3

+ can
also dissociate to IrCD2

+ + D, which accounts for the second
feature in the IrCD2

+ cross-section beginning near 5.5 eV.
IrC+ product ions have the lowest energy threshold among

all the endothermic products observed, indicating that they are
formed by elimination of molecular deuterium from IrCD2

+.
Other possible pathways for IrC+ formation that stem from
articularly poor on the low mass side of all peaks. Therefore,
ecause of the proximity of the very intense IrCH2

+ reactant
on, measurement of IrCH+ and IrC+ intensities was very diffi-
ult and no reliable cross sections could be obtained.
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Fig. 3. Cross sections for the bimolecular reaction of IrCH2
+ with D2 as a func-

tion of kinetic energy in the center-of-mass frame (lower axis) and laboratory
frame (upper axis). The full line shows the total product cross section. As dis-
cussed in the text, one product channel (closed circles) can be attributed to the
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rCD2
+ product at low energies and partially to IrCH2D+ at higher energies.

he cross sections for the IrCH2
+ + H2 (D2) → Ir+ + CH4 (CH2D2) reactions

re shown by open (closed) triangles.

.3. IrCH2
+ + D2

Fig. 3 shows cross sections for reaction of IrCH2
+ with D2,

hich yields six product ions, as shown in reactions (10)–(13).

rCH2
+ + D2 → IrCH2D+ + D (10a)

→ IrCHD2
+ + H (10b)

→ IrCD2
+ + H2 (11a)

→ IrCHD+ + HD (11b)

→ IrC+ + H2 + D2 (12)

→ Ir+ + CH2D2 (13)

he reaction of IrCH2
+ with H2 was also studied, yielding

rCH3
+, IrC+, and Ir+ product ions. Results for IrCH2

+ + D2
re shown here because use of D2 permits the hydrogen scram-
ling reactions to be observed, although Fig. 3 shows the cross
ections for formation of Ir+, process (13), in both the H2 (open
riangles) and D2 (closed triangles) systems.

Because the IrCH2D+ and IrCD2
+ products have the same

ass, their cross sections cannot be independently measured.
owever, their cross sections should have similar kinetic energy
ependences to those of IrCHD2

+ and IrCHD+, respectively.
urther, the magnitude of the cross section of IrCH3

+ from reac-
ion of IrCH2

+ with H2 has approximately the same magnitude
0.12 Å2) at about 3 eV compared to that of IrCH2D+ (0.18 Å2)
n the reaction of IrCH2

+ + D2. Therefore, the exothermic part
f this cross section below 1 eV is unambiguously attributed to

rCD2

+, whereas contributions from both ions are anticipated
bove about 1.5 eV.

Reactions (11a) and (11b) are exothermic because of
ero-point energy differences, specifically by 0.072 and

t
i

D
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.038 eV, respectively. We find that these reaction cross sec-
ions decline approximately as E−1.4 and E−1.0, respectively,
elow 0.8 eV. The rate constants for these two reactions at
hermal energy (0.04 eV) are k = 1.6 ± 0.3 × 10−10 cm3/s and
= 3.8 ± 0.8 × 10−10 cm3/s, respectively, compared to a col-

ision (LGS) rate constant of 10.6 × 10−10 cm3/s. Thus, the
verall efficiency of the observed reactions is 51 ± 10%, which
eans that the return to reactants accounts for the other 50%

f the reactivity. If dehydrogenation of a transiently formed
rCH2D2

+ intermediate were statistically controlled, then the
xpected ratio of IrCH2

+:IrCHD+:IrCD2
+ products would be

:4:1, whereas the observed ratio is approximately 3:2:1 at ther-
al energies. As the collision energy is increased, the ratio

ncreases in favor of reforming IrCH2
+ and IrCD2

+ formation
eclines compared to IrCHD+ formation.

We find that reaction (13) and its perprotio analogue
xhibit no apparent energy barriers. The magnitude of this
ross section is only about 0.005 ± 0.001 Å2 near thermal
nergies (0.008 ± 0.002 Å2 for reaction with H2), falling to
bout 0.002 (0.004) Å2 by 0.4 eV. This converts to a thermal
ate constant for reaction (13) of k = 0.9 ± 0.2 × 10−13 cm3/s
1.5 ± 0.3 × 10−13 cm3/s for reaction with H2), which is only
.009 ± 0.002 (0.010 ± 0.002)% of the LGS collision rate. At
nergies above 0.5 eV, the cross sections for Ir+ product forma-
ion in the reactions of IrCH2

+ with H2 and D2 differ, Fig. 3. In
he reaction with H2, the Ir+ cross section decreases monoton-
cally as the energy increases, whereas the D2 system exhibits
cross section that rises near 0.5 eV and reaches a peak around
.0 eV. Similar behavior was observed in the reactions of PtCH2

+

ith H2 and D2, where again formation of Pt+ in the D2 reac-
ion exhibits both exothermic and endothermic features, while
n the H2 system, the Pt+ cross section declines monotonically
19]. In contrast, production of W+ in the reactions of WCH2

+

ith H2 and D2 exhibits only exothermic cross sections [21].
ecause of the complexity of the isotope exchange process, dis-
ussed further below, the origins of the endothermic feature are
nclear.

We also observe the IrC+ product with an apparent thresh-
ld of about 1.5 eV. This appears to be formed by decompo-
ition of the IrCHD+ (primarily) and IrCD2

+ products. IrCD+

ight also be formed in this reaction; however, it cannot be
etected because it has the same mass as the IrCH2

+ reac-
ant. Likewise IrCH+ might be formed, but its proximity to the
ntense IrCH2

+ reactant makes this product difficult to detect as
ell.

. Thermochemical and theoretical results

The endothermic cross sections for each product ion are ana-
yzed using Eq. (1), as described above, and the optimum values
f the parameters are listed in Table 1. Because this model explic-
tly includes rotational, translational, and vibrational energy
istributions, all E thresholds determined by Eq. (1) correspond
0
o 0 K values. From the measured thresholds, the BDEs of the
ridium–ligand cations can be calculated using Eq. (14),

0(Ir+–L) = D0(R–L) − E0 (14)
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Table 2
Comparison of experimental and theoretical 0 K thermochemistry for IrH+ and IrCHx

+ (x = 0–4) species

Species This work Previous work

Exp Theorya Exp Theory

B3LYP BHLYP QCISD(T)

HW+ SD HW+ SD HW+

Ir+–H (4�−) 3.12 ± 0.06b 3.25 3.30 2.92 3.00 3.05 2.85,c 3.10 d, 2.71, 3.14 e

Ir+–CH3 (4A2) 3.25 ± 0.18 3.26 3.47 2.75 3.02 3.19 3.01d, 3.13 ± 0.22f, (3.10 ± 0.22)f

Ir+–CH2 (3A2) 4.92 ± 0.03 5.21 4.83 4.36 3.95 5.03 >4.71g 5.33 ± 0.22h, 5.16 ± 0.13i, 4.90j

Ir+–CH (2�) 6.91 ± 0.23 6.50 6.68 5.15 5.46 6.67 7.11h

Ir+–C (1�+) 6.59 ± 0.05 6.38 6.88 4.97 5.56 6.58
Ir+–H2 (3A2) >0.61 ± 0.07 1.89 2.12 1.32 1.63 1.67 >0.95,g 1.72d, 0.74 (1.30)k

a Calculations use the 6-311++G(3df,3p) basis set on C and H and the indicated ECP on Ir+. HW+ = Hay-Wadt [50] as adjusted for the cation by Ohanessian et al.
[51]. SD = Stuttgart-Dresden [53].

b [57].
c [51].
d [58].
e [59].
f [23] BHLYP (QCISD(T)).
g [2].
h [22].
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here the D0(R–L) values can be calculated using the heats of
ormation summarized previously [19]. This equation assumes
hat there are no activation barriers in excess of the endother-

icity of a given reaction, an assumption that is often true
or ion–molecule reactions because of the long-range attrac-
ive forces [31,43]. Table 2 provides a summary of the BDEs
erived and a comparison with literature values, as discussed
elow. Tables 3 and 4 provide summaries of the B3LYP theoret-
cal results (energies and structures) for each of the product ions
nd their excited states. These results are discussed in detail in
he following sections for each species.

.1. Ir+–H

We have recently measured the bond energy of 3.12 ± 0.06
or IrH+ from the reactions of Ir+ with H2 and D2 [57]. From Eq.
14), D0(D–CD3) = 4.58 eV, and a calculated zero-point energy
ifference between IrD+ and IrH+ of 0.041 ± 0.004 eV, this pre-
icts a threshold of 1.42 ± 0.06 eV for formation of IrD+ in
eaction (2). Our analysis of this cross section (Table 1) mea-
ures a somewhat higher threshold of 1.69 ± 0.07 eV. Similarly,
he predicted E0 value for the IrH+ product ion obtained in the

ethane system is 1.36 ± 0.06 eV, whereas the measured thresh-
ld is 1.61 ± 0.06 eV. Thus, the CH4 and CD4 systems behave
imilarly to each other but do not agree with the thermody-
amic results obtained from the H2 and D2 systems. On average,
he thresholds in the methane systems are higher in energy by
.26 ± 0.13 eV, a discrepancy that can be attributed to a com-
etitive shift. Reaction (5) strongly competes with reaction (2)

t its threshold, whereas there are no competing channels in the
eactions of Ir+ with H2 and D2. This competition can delay
he apparent onset for formation of IrD+ (IrH+) in the methane
ystems. Indeed, simplified phase space calculations of the cou-

g
s
[
0

led reactions confirm that such a competitive shift occurs in the
ethane reactions with a magnitude comparable to that deduced

ere. Because this reaction system involves several intermedi-
tes and coupling between surfaces of different spin (see below),
quantitative reproduction of these data using phase space the-
ry is not feasible.

GVB calculations indicate that IrH+ has a 4�− ground state
ith a covalent bond formed between a sd hybridized (37% 6s

nd 63% 5d) orbital on Ir+ (a 5F) and the 1s orbital on H [51].
hese calculations find a 0 K BDE for IrH+ of 2.85 eV [51],
hich Perry later updated to 3.10 eV [58]. Dai et al. (DHB) [59]

lso calculated a 4�− ground state with De(Ir+–H) of 2.85 eV
FOCI) and 3.28 eV (MRSDCI). After correcting for the zero-
oint energy of 0.14 eV for IrH+ (from our calculation for the
�− ground state), this gives 0 K BDEs of 2.71 eV (FOCI) and
.14 eV (MRSDCI).

Overall, these values are in reasonable agreement with our
xperimental value of 3.12 ± 0.06 eV [57]. Our calculations find
BDE of 3.25 (3.30) eV when using the B3LYP functional,

.92 (3.00) eV for BHLYP, and 3.05 eV for QCISD(T) using
he HW+ (SD) basis sets on Ir [57]. As found by Holthausen
t al. for the third-row transition metal ion methyl cations [23],
he B3LYP functional overbinds compared to the BHLYP and
CISD(T) methods. The bond lengths determined here are
.570 Å (B3LYP) and 1.565 Å (BHLYP), which are in excellent
greement with values from Ohanessian et al. [51], 1.560 Å, and
rom DHB [59], 1.567 Å (FOCI) and 1.548 Å (MRSDCI).

GVB [51] calculations indicate that there is a low-lying 4�

tate lying only 0.16 eV above the 4�− ground state. They sug-

est that spin–orbit coupling could alter the order of these states
uch that the 4� state probably becomes the ground state. DHB
59] calculated that the 4� state lies only 0.19 eV (FOCI) and
.20 eV (MRSDCI) above the 4�− ground state. In our cal-
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Table 3
Theoretical energies of reactants and products calculated at the B3LYP/HW+/6-311++G(3df,3p) level of theory

Compound State s(s + 1)a Energy (Eh) Zero-point energy (Eh) Erel (eV)b

H 2S 0.75 −0.502257

H2
1�g

+ 0.00 −1.180030 0.010064

C 3P 2.00 −37.857442

CH 2� 0.75 −38.495898 0.006450 0.000
4�− 3.75 −38.462172 0.006943 0.931

CH2
3B1 2.01 −39.167949 0.017169

CH3
2A′′ 0.75 −39.857664 0.029685

CH4
1A1 0.00 −40.536527 0.044525

Ir+ 5F 6.00 −104.254004 0.000
3F 2.39 −104.2429757 0.300
1D/G 1.60* −104.2301746 0.648
1D/G 0.00 −104.1825016 1.946

IrH+ 4�− 3.76 −104.881018 0.005177 0.0

IrH2
+ 3A2 2.01 −105.505763 0.012457 0.0

IrC+ 1�+ 0.00 −142.348722 0.002670 0.0
3� 2.01 −142.344009 0.002403 0.121
3�− 2.03 −142.285954 0.002133 1.693
3�/3� 2.15 −142.251381 0.001991 2.630
3� 3.03* −142.225236 0.001600 3.331

IrCH+ 2� 0.77 −142.993581 0.013175 0.0
2�+ 0.75 −142.9913906 0.013158 0.059
4A′′ 3.76 −142.949147 0.010536 1.137
4A′ 3.76 −142.948603 0.010534 1.152
2�/2� 1.78* −142.9348001 0.011050 (−689) 1.542
2�/2� 1.70* −142.9304309 0.011109 (−698) 1.662

IrCH2
+ 3A2 2.03 −143.619524 0.02316 0.0

3A1 2.03 −143.617865 0.023153 0.045
3B2 2.05 −143.598592 0.022545 0.553
3B1 2.05 −143.597735 0.021981 0.561
1A1 0.00 −143.589334 0.022644 0.807
5A′ 6.01 −143.555111 0.020066 1.669
5A1 6.01 −143.554619 0.018960 (−394) 1.652
5A′′ 6.01 −143.554055 0.021141 1.727
5B1 6.04 −143.501844 0.021883 3.167
5A2 6.04 −143.384022 0.022223 6.383
5B2 6.39 −143.290935 0.019156 (−267) 8.832

IrCH3
+ 4A2 3.76 −144.236071 0.034137 0.0

2A′′ 1.69* −144.217796 0.033901 0.491
2A′ 1.65* −144.209742 0.034366 0.723

a

-poin
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t
g
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t
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g
b
t

Values indicating spin contamination are marked by an asterisk.
b Energy relative to the ground state species for each molecule including zero

ulations, the 4� state is 0.27 (B3LYP), 0.20 (BHLYP), and
.28 eV (QCISD(T)//BHLYP) above the 4�− ground state using
he HW+ basis sets on Ir. We also determined excitation ener-
ies for a number of other excited states, as described in detail
lsewhere [57].

.2. Ir+–CH3
The BDE of Ir+–CD3 determined from the CD4 system is
.05 ± 0.11 eV and the BDE of Ir+–CH3 from the CH4 system
s 2.98 ± 0.07 eV. After correcting for the zero-point energy dif-

s
c
o
T

t energies (unscaled).

erences in these two values (0.027 eV), we obtain a weighted
verage of 2.99 ± 0.12 eV for the BDE of Ir+–CH3. Because
his value is similar to the BDE Ir+–H obtained from a routine
nalysis of the IrH+ and IrD+ channels, this confirms that a sin-
le bond to Ir+ is formed in each molecule. As noted above,
ecause there is competition with the dehydrogenation reac-
ion, the BDE of IrH+ determined from methane systems is too

mall and a similar result seems likely for IrCH3

+. However, we
an use the shift determined for IrH+ (0.26 ± 0.13 eV) to give
ur best estimate of the IrCH3

+ bond energy as 3.25 ± 0.18 eV.
his is equivalent to measuring that the thresholds for IrCH3

+
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Table 4
Theoretical structures of reactants and products calculated at the B3LYP/HW+/6-311++G(3df,3p) level of theorya

Compound State r(Ir–H) r(Ir–C) r(C–H) ∠HIrH ∠IrCH ∠HCH ∠Dihedral

H2
1�g

+

CH 2� 1.122
4�− 1.093

CH2
3B1 1.078 135.1

CH3
2A′′ 1.078(3) 120.0(3)

CH4
1A1 1.088(4) 109.5(6)

IrH+ 4�− 1.570

IrH2
+ 3A2 1.555 71.3

IrC+ 1�+ 1.630
3� 1.680
3�− 1.755
3�/3� 1.734
3� 1.845

IrCH+ 2� 1.675 1.094 180.0
2�+ 1.660 1.092 180.0
4A′′ 1.776 1.099 136.9
4A′ 1.776 1.100 136.6
2�/2� 1.786 1.085 180.0
2�/2� 1.768 1.085 180.0

IrCH2
+ 3A2 1.836 1.092(2) 121.6(2) 116.9 180.0

3A1 1.837 1.093(2) 121.6(2) 116.9 180.0
3B2 1.840 1.093(2) 121.6(2) 116.8 180.0
3B1 1.837 1.093(2) 121.6(2) 116.7 180.0
1A1 1.806 1.095(2) 120.8(2) 118.4 180.0
5A’ 1.937 1.092(2) 115.7(2) 121.3 149.0
5A1 1.931 1.088(2) 117.6(2) 124.9 180.0
5A′′ 1.942 1.092(2) 114.8(2) 120.5 143.9
5B1 2.059 1.096(2) 124.1(2) 111.7 180.0
5A2 1.847 1.100(2) 121.1(2) 117.8 180.0
5B2 1.957 1.092(2) 113.3(2) 133.4 180.0

IrCH3
+ 4A2 2.022 1.093(3) 106.7(3) 112.1(3) ±116.5

2A′′ 2.014 1.092 106.4(2) 111.3 ±116.8
1.094(2) 107.5 112.4(2)

2 ′ 0(2)
0
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a Bond lengths are in Å. Bond angles are in degrees. Degeneracies are listed

IrCD3
+) lie 0.13 eV below those for IrH+ (IrD+), indicating

hat the Ir+–CH3 bond strength exceeds that for Ir+–H by this
mount. This higher bond energy agrees nicely with a BDE for
r+–CHD2 of 3.18 ± 0.10 determined in the reaction of IrCH2

+

ith D2. A slightly lower value of 2.96 ± 0.12 eV is determined
or Ir+–CH3 in the IrCH2

+ + H2 reaction. If all four values are
veraged together (the first two after adjusting by the competi-
ive shift), then an average BDE for Ir+–CH3 of 3.17 ± 0.15 eV
s obtained, consistent with the adjusted value of 3.25 ± 0.18 eV,
hich we take as our most reliable determination.
Using a GVB approach, Perry calculated that D0(Ir+–CH3) =

.01 eV [58]. As mentioned above, Holthausen et al. [23] care-
ully considered the most appropriate choice for a level of the-
ry for the first and third-row transition metal methyl cations.

3LYP, BHLYP, and QCISD(T) levels of theory gave pre-
icted Ir+–CH3 bond energies (De) of 3.86, 3.35, and 2.94 eV,
espectively. On the basis of results for the first-row metal
ethyl cations compared with experimental values, empirical

0
c
d
o

102.0 111.0(2) ±116.3
109.2(2) 113.7

entheses.

orrections of −0.22 and +0.16 eV were applied to the BHLYP
nd QCISD(T) results leading to final estimated bond ener-
ies of 3.13 and 3.10 eV with estimated errors of ±0.22 eV.
hese values are somewhat below our adjusted experimen-

al value of 3.25 ± 0.18 eV, and above the uncorrected value
2.99 ± 0.12 eV), but within the uncertainties of both.

Our B3LYP and QCISD(T) calculations obtain a D0 of
.26 and 3.19 eV for Ir+–CH3, in good agreement with our
djusted experimental value. However, the BHLYP functional
rops the calculated BDE to 2.75 eV (Table 2). Use of the
D ECP increases our predicted BDEs to 3.47 (B3LYP)
nd 3.02 (BHLYP) eV. Note that the bond energies for IrH+

nd IrCH3
+ in both the experimental and theoretical results

re similar (depending on the level of theory, differences of

.0–0.17 eV), consistent with both having comparable single
ovalent metal–ligand bonds. Thus, whatever the origin of any
iscrepancy between experiment and any particular level of the-
ry, the same discrepancy is occurring for both IrH+ and IrCH3

+,
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s assumed in deriving our adjusted values for the BDE of the
atter.

We find the ground state of IrCH3
+ to be 4A2 with C3v

ymmetry, consistent with previous work [58]. (This state is
isidentified in the Gaussian code and in [23] as 4A1. The three

npaired electrons in this molecule have a (e)2(a1)1 configura-
ion. As discussed elsewhere [60], the properly antisymmetrized
avefunctions for an (e)2 configuration lead to 1A1, 1E, and 3A2

tates. Upon addition of a high-spin coupled a1 electron, the only
uartet spin state is 4A2, along with the doublet states, 2A1, 2E,
nd 2A2.) The Ir–C and C–H bond lengths (2.022 and 1.093 Å)
nd IrCH bond angles (106.7◦) calculated here (B3LYP, Table 4)
iffer slightly from those calculated by Perry (2.052 and 1.084 Å
nd 107.7◦) but are comparable to those from Holthausen et al.
2.010 and 1.099 Å and 106.8◦, B3LYP; 2.017 and 1.089 Å, and
07.0◦, BHLYP; 2.020 and 1.095 Å and 107.7◦, QCISD(T)). We
lso find two excited doublet states lying 0.49 and 0.72 eV above
he ground state, which both have Cs symmetry, Table 3.

.3. Ir+–CH2

Reaction (5) and its perprotio analogue are exother-
ic. This indicates that D0(Ir+–CH2) > 4.71 eV and
0(Ir+–CD2) > 4.82 eV, as previously concluded by Irikura

nd Beauchamp [2]. The threshold of 6.71 ± 0.20 eV for the
issociation of the Ir+–CH2 bond (Table 1) from the CID
xperiment of IrCH2

+ with Xe should be viewed as an upper
imit to the true BDE. Previous work in our group often finds
hat CID of strongly bound small molecules provide thresholds
hat are higher than the thermodynamic bond energies probably
ecause of the inefficiency in the transfer of kinetic to internal
nergy in the collision process [61].

We confirm that the IrCH2
+ BDE cannot be as strong

s 6.71 ± 0.20 eV from reactions of IrCH2
+ with H2 and

2. Formation of Ir+ exhibits no obvious threshold in
oth systems (Fig. 3). Because the reaction IrCH2

+ + H2 →
r+ + CH4 is the reverse of the dehydrogenation reaction
r+ + CH4 → IrCH2

+ + H2, this observation indicates that the
ehydrogenation of methane by Ir+ must be close to thermoneu-
ral. From the rate constants for the forward (perprotio analogue
f reaction (5)) and reverse reactions at the lowest kinetic energy
n our experiments, we determine an equilibrium constant K of
500 + 3200/−2200. From �G = −RT ln K, the free energy of
he reaction is calculated to be −0.226 ± 0.010 eV at 298 K.
he free energy can be converted to an enthalpy of reaction at
98 K of −0.18 ± 0.01 eV by using an entropic correction of
.046 eV as determined using molecular parameters calculated
ere. These parameters are also used to determine the H0–H298
alues for reactants and products (−0.028 eV overall), leading
o an enthalpy of reaction at 0 K of −0.21 ± 0.01 eV. Combining
his value with D0(CH2–H2) = 4.71 ± 0.026 eV [19], we obtain
BDE of 4.92 ± 0.03 eV for Ir+–CH2, consistent with the lower

imit of 4.71 eV.

Irikura and Goddard previously calculated that IrCH2

+

as a 3A2 ground state with a calculated De of 4.81 eV
22]. These authors also included an empirical correction of
.52 ± 0.22 eV, leading to their final recommended 0 K bond

e
d
w
(
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nergy of 5.33 ± 0.22 eV, which is higher than our experimen-
al result. Excited states, 3A1, 3B2, 1A1, 3B1, and 5A2, were
ound lying 0.07, 0.79, 0.80, 0.82, and 1.45 eV higher in energy,
espectively. Using CASSCF and MRSDCI–CASSCF meth-
ds, Musaev and Morokuma (MM) [26,62] also calculated a
A2 ground state for IrCH2

+ with bond energies of 3.65 eV
CASSCF) and 4.90 (MRSDCI) eV, respectively, where the lat-
er value agrees nicely with our experimental result. Excited
tates, 3A1, 3B2, 1A1, and 3B1, were found to lie 0.09 (0.07),
.82 (0.72), 0.47 (0.42), and 0.88 (0.29) eV higher in energy,
espectively, using the CASSCF (MRSDCI) approaches. Perry
t al. (POG) [25] calculated a De of 4.81 eV using the MCPF
ethod, but their best estimated value is D0 = 5.16 ± 0.13 eV,

lightly above our experimental result. Their excitation energy
or the 1A1 state was 0.39 eV.

The present calculations, B3LYP/HW+ (SD) and QCISD(T),
lso find a 3A2 ground state with a bond energy of 5.21 (4.83)
nd 5.03 eV, respectively, in reasonable agreement with the
revious theoretical values and with experiment. The BHLYP
alues, 4.36 (3.95) eV, are much too low. We also find four
xcited states, 3A1, 3B2, 1A1, and 3B1 lying 0.05, 0.55, 0.81, and
.56 eV higher in energy, respectively. Our ground-state geome-
ry of r(Ir–C) = 1.836 Å, r(C–H) = 1.092 Å and ∠IrCH = 121.6◦
Table 4) is comparable to that calculated by Irikura and God-
ard, r(Ir–C) = 1.868 Å, r(C–H) = 1.083 Å and ∠IrCH = 121.9◦;
usaev and Morokuma, r(Ir–C) = 1.960 Å, r(C–H) = 1.076 Å

nd ∠IrCH = 120.1◦; and Perry [58], r(Ir–C) = 1.838 Å and
IrCH = 123.8◦. Our calculations also located 5A1, 5A′, 5A′′,

B1, 5A2, and 5B2 excited states lying 1.65, 1.67, 1.73, 3.17,
.38 and 8.83 eV higher in energy than the ground state.
he 5A1 state is found to have an imaginary frequency (an
mbrella motion) that distorts the molecule to form the 5A′
tate. Thus, before any zero-point energy corrections, 5A′ is
ore stable than 5A1, however, the zero-point energy exceeds

he height of the barrier such that this state dynamically has C2v
ymmetry.

The 3A2 ground state of IrCH2
+ has a valence electronic

onfiguration of (1a1)2(1b1)2(1b2)2(1a2)1(2a1)2(3a1)1, where
he 1a1 and 1b1 orbitals are bonding, the 1b2, 1a2 and 2a1
rbitals are 5d nonbonding orbitals on Ir, and the 3a1 orbital
s a nonbonding 6s–5d� hybrid orbital on Ir. Thus, there is a
ovalent double bond between Ir+ and CH2. The 3A1, 3B2,
B1, and 1A1 excited states have valence electronic configu-
ations of (1a1)2(1b1)2(1b2)2(1a2)2(2a1)1(3a1)1, (1a1)2(1b1)2

1b2)1(1a2)2(2a1)2(3a1)1, and (1a1)2(1b1)2(1b2)1(1a2)1(2a1)2

3a1)2, and (1a1)2(1b1)2(1b2)2(1a2)2(2a1)2(3a1)0, respec-
ively. The 5A1 (5A′), 5B1, 5A2, and 5B2 excited states have
alence electronic configurations of (1a1)2(1b1)2(1b2)1(1a2)1

2a1)2(3a1)1(2b1)1, (1a1)2(1b1)2(1b2)1(1a2)1(2a1)2(3a1)1(4a1)1

1a1)2(1b1)2(1b2)1(1a2)1(2a1)2(3a1)1(2b2)1 and (1a1)2(1b1)2

1b2)1(1a2)1(2a1)2(2b1)1(2b2)1, respectively, where 4a1 is an
ntibonding � orbital, 2b1 is an antibonding � orbital, and 2b2
s a nonbonding 6p orbital. The 5A′′ excited state has a valence

lectronic configuration (using the analogous C2v symmetry
esignations) of (1a1)2(1b1)2(1b2)1(1a2)2(2a1)1(3a1)1(2b1)1,
here the only difference with the 5A1 state is whether the 2a1

5dx2−y2) or 1a2 (5dxy) orbital is doubly occupied.
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.4. Ir+–CH

This ion is formed by dehydrogenation of the primary
rCH3

+ product. The BDE of the Ir+–CH bond is deter-
ined to be 6.98 ± 0.20 eV from the CH4 system and
0(Ir+–CD) = 6.89 ± 0.14 eV from the CD4 system. The
eighted average of these two values is 6.91 ± 0.23 eV after a

ero-point energy correction of 0.02 eV for the deuterated value,
here the uncertainty is 2 standard deviations of the mean. We
o not believe that competition with other channels is an impor-
ant factor for this process because it is a subsequent step, i.e.,
ecomposition of one of the primary ions (see below). However,
he bond energy is most conservatively viewed as a lower limit
o the true thermodynamic value.

Irikura and Goddard estimate a value of 7.11 eV for the
r+–CH bond after estimating an intrinsic bond strength and
orrecting for promotion and exchange energies [22], in reason-
ble agreement with our measured value. Our calculated value
Table 2) of 6.50 eV (B3LYP/HW+) is lower than the exper-
mental value, whereas the B3LYP/SD and QCISD(T) values
f 6.68 and 6.67 eV, respectively, are within experimental error.
he values calculated using the BHLYP/HW+(SD) functional
re well below experiment, 5.15 (5.46) eV (Table 2).

Our calculations find a 2� ground state with a geome-
ry having r(Ir–C) = 1.675 Å and r(C–H) = 1.094 Å. Thus, a
riple bond is clearly formed. The valence orbital occupation
s (1�21�41�32�2), where the C(2s) orbital is excluded for sim-
licity, the 1� orbital is a bonding combination of the 2pz(C)
nd 5dz2(Ir) orbitals, the 2� orbital is a nonbonding 6s–5dz2
ybrid (largely a torus surrounding the bonding axis), the 1�
rbitals are the expected 2px,y(C)–5dxz,yz(Ir) bonding molecu-
ar orbitals, and the 1� are pure metal 5dxy,x2−y2(Ir) orbitals. The
owest lying excited state is 2�+ lying 0.06 eV higher in energy
nd has a (1�21�41�42�1) configuration. Other excited dou-
let states are 2� and 2� (1�21�41�32�12�*1) lying 1.54 and
.66 eV higher in energy, respectively. 4A′′ and 4A′ excited states
re also identified lying 1.14 and 1.15 eV higher than the dou-
let ground state. Both states have valence orbital occupations
given in terms of the equivalent C∞v symmetry designations)
f (1�21�41�32�12�*1), but here, the �–�* excitation needed
o give the high-spin forces the geometry to bend, ∠IrCH = 137◦
Table 4).

.5. Ir+–C

Formation of IrC+ in reaction (7) has a measured thresh-
ld of 1.60 ± 0.03 eV (Table 1) in the CD4 system. From Eq.
14) and D0(CD2–D2) + D0(C–D2) = 8.20 ± 0.01 eV, this gives
BDE of 6.60 ± 0.03 eV for Ir+–C. The value of E0 for Ir+–C
btained in the CH4 system is 1.48 ± 0.05 eV. Using Eq. (14) and
0(CH2–H2) + D0(C–H2) = 8.06 ± 0.01 eV, this yields a BDE

or Ir+–C of 6.58 ± 0.05 eV, in good agreement with the value
rom the CD4 system. Our best experimental value for D0(Ir+–C)

s the weighted average of these two values, 6.59 ± 0.05 eV,
here the uncertainty is 2 standard deviations of the mean.
ecause formation of IrC+ is a high-energy process in this reac-

ion system, its threshold could be shifted to higher energies

c
3

0
o
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ecause of competition with lower energy reactions, thus the
ond energy is most conservatively viewed as a lower limit to the
rue thermodynamic value. From reaction of IrCH2

+ with D2 and
2 forming IrC+, we also derive BDEs for Ir+–C of 5.86 ± 0.15

nd 5.96 ± 0.15 eV, respectively. As this is the highest energy
hannel in this reaction system in which the H2 and D2 products
an carry away some energy, these values are most conserva-
ively viewed as lower limits to the true thermodynamic value.
hus, the values obtained from CH4 and CD4 reaction system
re our most reliable.

The experimental value obtained is in reasonable agreement
ith the result of the present calculations, 6.38 (B3LYP/HW+),
.88 (B3LYP/SD), and 6.58 (QCISD(T)) eV, Table 2. The
HLYP functional yields BDEs well below experiment, 4.97

HW+) and 5.56 (SD) eV. Clearly, the BHLYP functional pro-
ides less accurate predictions for all multiply bound species,
rCH2

+, IrCH+, IrC+, compared to the B3LYP functional with
ADs of about 1.31 (1.15) versus 0.29 (0.20) eV, respectively

sing the HW+ (SD) ECP for Ir, whereas the QCISD(T) per-
orms better than the DFT methods with a MAD of 0.12 eV
sing the HW+ ECP for Ir.

Our theoretical calculations find the ground state of IrC+ to
e 1�+ with an Ir–C bond length of 1.630 Å (Table 4). The
�+ ground state of IrC+ has a valence electronic configura-
ion of 1�21�41�4, where the orbitals are comparable to those
escribed above for IrCH+. The lowest lying excited state is
� lying 0.12 eV higher in energy and has a 1�21�41�32�1

onfiguration. Other excited states are 3�− (1�21�41�22�2),
�/3� (1�21�41�32�*1), and 3� (1�21�41�22�11�*1) lying
.69, 2.63, and 3.33 eV higher in energy, respectively.

.6. H–Ir+–H

The BDE for Ir+–D2 in the CD4 system is determined
o be 0.62 ± 0.04 eV. Similarly, we determined a BDE of
.66 ± 0.09 eV for Ir+–H2 from the CH4 system. The calcu-
ated zero-point energy difference between these two species is
.018 eV such that our best experimental value for D0(Ir+–H2) is
he weighted average of these two values, 0.61 ± 0.07 eV, where
he uncertainty is 2 standard deviations of the mean. However,
hese two reaction channels have the highest threshold of all
eactions observed, and therefore compete with all other reac-
ion channels, especially with the much more facile formation
f IrCH2

+ + H2 (IrCD2
+ + D2) and IrH+ + CH3 (IrD+ + CD3).

herefore, the BDEs determined from these reactions are best
iewed as lower limits.

Our B3LYP/HW+/6-311+G(3p) calculations find an inserted
A2 ground state for IrH2

+ with a BDE of 1.89 eV relative to
he Ir+ (a5F) + H2 asymptote. We also determine bond ener-
ies (zero-point energy corrected) of 1.32 and 1.67 eV using the
HLYP functional and QCISD(T) method for the 3A2 ground

tate [23]. Use of the SD basis set leads to bond energies of 2.12
B3LYP) and 1.63 (BHLYP) eV, respectively. Using MRCI cal-

ulations, Perry [58] determined a De(Ir+–H2) of 1.79 eV for the
A2 ground state. After correcting for the zero-point energies of
.34 eV for IrH2

+ (3A2) and 0.27 eV for H2, this gives a 0 K BDE
f 1.72 eV for the 3A2 ground state, which is comparable to our
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CISD(T) and B3LYP results. Balasubramanian and Dai (BD)
55] also identified a 3A2 ground state with a BDE of 0.74 and
.30 eV relative to the Ir+ (5D) + H2 asymptote at the CASSCF
nd MRSDCI levels of theory, respectively, in the absence of
pin–orbit effects. Including spin–orbit coupling effects stabi-
izes this state by 0.38 eV and the ground state asymptote by

0.3 eV, such that the adiabatic bond energy increases to about
.4 eV (MRSDCI). As discussed in our previous paper [57],
he calculations of BD and those conducted here appear to dif-
er primarily in values for the asymptotic limit, Ir+ + H2. The
eometries (bond lengths and angles) in the present calculations
nd that Ir–H bonds have lengths of 1.555 Å with a ∠HIrH bond
ngle of 71.3◦, which are in excellent agreement with Perry’s cal-
ulation having Ir–H bond lengths of 1.55 Å and a ∠HIrH bond
ngle of 71.4◦, and with those of BD having Ir–H bond lengths
f 1.551 (MRSDCI) and 1.573 Å (CASSCF) and a ∠HIrH bond
ngle of 70.2◦ (MRSDCI) and 69.8◦ (CASSCF).

.7. Bond-energy bond-order correlation for Ir+–CHx

onds

One interesting way of investigating the bond order of sim-
le metal–ligand species is to compare with organic analogues,
.e., D0(Ir+–L) versus D0(L–L). Such a plot is shown in Fig. 4.
t can be seen that the correlation is remarkably good, which
ndicates that Ir+–H and Ir+–CH3 are single bonds, Ir+ CH2 is

double bond, and Ir+ CH is a triple bond, as confirmed by
heory. (The linear regression line in Fig. 4 is constrained to
nclude the origin to emphasize the bond-order correlation of
rL+ versus L2 species.) The point that lies furthest from the

ine is for Ir+–C, correlated with the BDE of C2. In this case,
he Ir+–C BDE is stronger than predicted by this simple cor-
elation because the covalent double bond in this molecule is
ugmented by back-donation of an occupied 5d orbital on Ir+

ig. 4. Correlation of Ir+–L bond energies with those for the organic analogues,
–L. Ir+–L values are from Table 2 and included both experiment (closed circles)
nd theory (open circles, QCISD(T)). Data for Co+ and Rh+ (taken from Refs.
4,11,14]) are shown by squares and triangles, respectively. The lines are linear
egression fits to the experiment data, excluding M+–C, constrained to pass
hrough the origin to emphasize the bond-order correlations.
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nto the empty 2p orbital on C. Such an interaction cannot occur
n the C2 molecule. Also illustrated in Fig. 4 is the relatively rea-
onable agreement between experiment and theory: QCISD(T)
or all species.

It is also interesting to compare these results to those for
he first row and second row congeners, Co+ and Rh+. Bond
nergies for CoH+, CoC+, CoCH+, CoCH2

+, and CoCH3
+

re 1.98 ± 0.06, 3.60 ± 0.30, 4.35 ± 0.38, 3.29 ± 0.05, and
.10 ± 0.04 eV, respectively [4,14]. The analogous species for
h have bond energies of 1.67 ± 0.04, 4.25 ± 0.18, 4.60 ± 0.12,
.69 ± 0.08, and 1.47 ± 0.06 eV, respectively [11]. From this
omparison, we find that the first and second row transition-
etal bonded species of Co+ and Rh+ are much weaker than

orresponding third row congeners of Ir+. On average, the lin-
ar regression lines indicate that the bonds to Ir+ are 56% greater
han those to Co+, and 53% greater than those to Rh+, an effect
f the lanthanide contraction.

. Potential energy surfaces of [Ir,C,4H]+

We construct the potential energy surfaces (Fig. 5) for interac-
ion of Ir+ with methane at the B3LYP/HW+/6-311+G(3df,3p)
evel of theory and include zero-point energy corrections
unscaled). In most cases, we locate transition states using
elaxed potential energy surface scans along reasonable reaction
athways, followed by geometry optimization and frequency
alculations to confirm the transition states. In some cases, we
lso use the synchronous transit-guided quasi-Newton method
QST3) [63,64]. As discussed above, the B3LYP level of theory
eproduces the bond energies of Ir+–CHx species adequately.
hus, the relative characteristics of these surfaces are likely
o be qualitatively correct, and are of the most interest here.
ables 5 and 6 provide summaries of the theoretical results (ener-
ies and structures) for each of the intermediates and transition
tates. Figs. 6–8 provide the structures of these intermediates and

ig. 5. [Ir, C, 4H]+ potential energy surface derived from theoretical results.
he relative energies of all species are based on ab initio calculations

B3LYP/HW+/6-311++G(3df,3p), see Table 5). Energies on the left are rela-
ive to the Ir+(5F) + CH4 ground state asymptote, whereas those on the right are
eferenced to the (H)2IrCH2

+ (1A′) intermediate.
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Table 5
Theoretical energies of intermediates and transition states calculated at the B3LYP/HW+/6-311++G(3df,3p) level of theory

Compound State s(s + 1)a Energy (Eh) Zero-point energy (Eh)b Erel (eV)c

Ir+ + CH4
5F + 1A1 −144.790531 0.044525 0.000

Ir+(CH4) 3A′′ 2.00 −144.834902 0.042154 −1.272
3A′ 2.00 −144.833502 0.043272 −1.203
3B2 2.02 −144.822468 0.042322 −0.929
3A2 2.00 −144.824055 0.044578 −0.911
5A′′ 6.00 −144.809333 0.043702 −0.534
1A′ 0.00 −144.782291 0.042711 0.175

TS1 3A′′ 2.00 −144.834890 0.041230 (−269) −1.297
1A 0.00 −144.781849 0.040542 (−535) 0.128
5A′′ 6.01 −144.747141 0.036149 (−340) 0.953

HIrCH3
+ 3A′′ 2.01 −144.859425 0.041603 −1.954

3A′′ 2.01 −144.858002 0.041532 −1.917
3A′ 2.01 −144.845057 0.041935 −1.554
1A′ 0.00 −144.819344 0.040975 −0.881
5A′′ 6.00 −144.786463 0.039221 −0.034

TS2 5A′′ 6.01 −144.728885 0.032642 (−735) 1.354

TS3 1A 0.00 −144.818597 0.039857 (−474) −0.891
3A 2.01 −144.808640 0.035297 (−727) −0.744
5A 6.01 −144.727742 0.034139 (−289) 1.426

(H)2IrCH2
+ 1A′ 0.00 −144.880725 0.040199 −2.572

3A′′ 2.01 −144.819472 0.036875 −0.996
5A′′ 6.00 −144.738948 0.035571 1.160

TS4 3A 2.01 −144.812230 0.035451 (−526) −0.837
5A′′ 6.00 −144.737557 0.033986 (−424) 1.155

(H2)IrCH2
+ 3A2 2.02 −144.824379 0.038588 −1.083

1A1 0.95* −144.814981 0.038609 −0.826
3B2 2.04 −144.797710 0.035742 −0.434
3B1 2.04 −144.796816 0.036343 −0.394
1A1 0.00 −144.794079 0.037598 (−72)d −0.285
5A′ 6.00 −144.755054 0.034870 0.703

IrCH2
+ + H2

3A2 2.03 −144.799554 0.033224 −0.553
1A1 0.00 −144.769364 0.032708 0.254
5A′ 6.01 −144.735141 0.030126 1.115

a Values indicating spin contamination are marked by an asterisk.
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c Energy relative to Ir+ (5F) + CH4 reactants including zero-point energies (un
d This imaginary frequency corresponds to a C–Ir–(H2) bend out of the plane

ransition states on the quintet, triplet, and singlet spin surfaces,
espectively.

.1. Quintet surface

Interaction of Ir+ (5F, 6s15d7) with methane leads initially
o the formation of a Ir+(CH4) adduct in which the methane
olecule remains intact and largely unperturbed. The methane

inds in an �2 conformation in a 5A′′ state (Cs symmetry) (Fig. 6)
ying 0.53 eV below the reactant asymptote. Previous calcula-
ions identified this intermediate as a 5B1 state, although C2v
ymmetry was imposed in these studies, lying 0.39 (POG) [25]
nd 0.16 (MM) eV [26] below the Ir+ (5F) + CH4 reactants. Upon

urther reduction of the Ir–H bond distance, the system passes
ver a transition state, 5TS1, leading to the insertion interme-
iate H–Ir+–CH3. This transition state has Cs symmetry and an
IrC bond angle of 63.1◦ (Fig. 6). On the quintet surface, the

b
a
C
i

d).
e molecule.

IrCH3
+ intermediate retains the 5A′′ state (Cs symmetry) and

as a H–Ir–C bond angle of 144.2◦ (Fig. 6). In this molecule, both
he Ir–H and Ir–C bond distances, 1.647 and 2.103 Å, respec-
ively, are about 0.08 Å longer than those of IrH+ (4�−), 1.570 Å,
nd IrCH3

+ (4A1), 2.022 Å. This observation along with the
r–C–H bond angles of ∼105◦ indicate that the methyl group is
ovalently bound to Ir in this state. The HIr+–CH3 bond energy
s calculated to be 1.18 eV.

Continuing along the quintet surface, the (H)2IrCH2
+ inter-

ediate is reached via 5TS3, (Fig. 6), lying 1.43 eV above
round state reactants and 1.46 eV above the HIrCH3

+ inter-
ediate. The dihydride methylene intermediate lies 1.16 eV

bove the reactants and has Ir–H (1.604 Å) and Ir–C (2.009 Å)

ond distances indicating covalent bonding interactions as they
re similar to those of IrH+ (1.570 Å) and IrCH3

+ (2.022 Å).
learly Ir cannot form a double bond with CH2 in this species

n order to maintain the high spin state. The dihydride methylene
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Table 6
Theoretical structures of intermediates and transition states calculated at the B3LYP/HW+/6-311++G(3df,3p) level of theorya

Compound State r(Ir–H) r(Ir–C) r(C–H) r(H–H) ∠IrCH ∠HCH ∠HIrC ∠HIrH ∠HIrCH

IrCH4
+ 3A′′ 1.656 2.189 1.088(2), 1.097 97.5(2), 130.5 108.2(2), 115.0 36.6 0.0, ±121.7

3A′ 1.683 2.242 1.086(2), 1.097 96.9(2), 131.3 108.2(2), 115.2 33.8 0.0, ±121.7
3B2 1.928(2) 2.190 1.086(2), 1.154(2) 2.029 61.5(2), 122.6(2) 104.9(2), 114.8, 123.0 31.7(2) 63.5 ±90.0, ±90.0
3A2 2.062(2) 2.358 1.086(2), 1.122(2) 1.963 61.0(2), 122.2(2) 105.0(2), 115.6, 122.0 28.4(2) 56.8 ±90.0, ±90.0
5A′′ 2.304, 2.460 2.782 1.088(2), 1.103, 1.112 53.6, 61.7, 123.3(2) 106.5(2), 107.8(2), 113.0, 115.4 ±86.4, ±93.6, 180.0
1A′ 1.671 2.223 1.088(2), 1.097 96.6(2), 130.9 109.0(2), 114.0 34.3 0.0, ±122.4

TS1 3A′′ 1.638 2.169 1.089(2), 1.096, 1.350 98.0(2), 129.3 108.3(2), 114.9 38.5 0.0, ±121.7
1A 1.612 2.149 1.087, 1.093, 1.098 91.2, 105.5, 125.7 107.7, 112.2, 112.6 40.5 −103.0, 30.6, 143.5
5A′′ 1.568 3.229 1.080(2), 1.084 79.8, 102.6(2) 119.1(2), 119.4 63.1 ±62.2, 180.00

HIrCH3
+ 3A′′ 1.556 2.003 1.093, 1.095(2) 106.1(2), 107.8 111.2, 112.5(2) 100.8 ±59.2, 180.0

3A′′ 1.554 2.007 1.085, 1.099(2) 102.5(2), 115.3 111.0, 112.3(2) 87.4 0.0, ±122.4
3A′ 1.577 2.027 1.085, 1.096(2) 103.5(2), 113.0 110.6, 112.8(2) 94.0 0.0, ±122.3
1A′ 1.555 1.991 1.096(2), 1.097 106.2(2), 109.2 109.8(2), 115.4 106.4 ±61.7, 180.0
5A′′ 1.647 2.103 1.090, 1.095(2) 104.7(2), 107.5 111.9, 113.5(2) 144.2 0.0, ±121.1

TS2 5A′′ 1.579, 1.662 2.050 1.090(2) 1.327 117.7(2), 119.9 92.6, 140.9 48.2 ±102.2(2)

TS3 1A 1.553 1.960 1.087, 1.095, 1.127 90.4, 112.3, 116.8 108.0, 112.6, 114.6 103.9 −56.2, 61.8, 171.6
3A 1.580, 1.621 1.871 1.084, 1.097 2.701 111.8, 128.1 120.0 61.4, 92.4 115.1 −122.8, −66.9, 50.6, 119.7
5A 1.591, 1.673 1.982 1.088, 1.093 2.827 113.1, 124.5 118.7 83.2, 137.9 120.0 −168.9, −95.0, 33.2, 62.9

(H)2IrCH2
+ 1A′ 1.544(2) 1.818 1.089, 1.098 1.986 119.2, 123.8 117.0 90.5(2) 80.1 ±40.0, ±140.0

3A′′ 1.580(2) 1.849 1.089, 1.093 2.660 116.3, 121.9 121.8 102.5(2) 114.6 ±59.5, ±120.5
5A′′ 1.604(2) 2.009 1.092(2) 2.435 120.9(2) 118.3 130.6(2) 98.8 ±90.0, ±90.0

TS4 3A 1.563, 1.564 1.873 1.092, 1.097 2.171 115.2, 120.6 118.7 98.7, 103.4 88.0 −167.5, −77.5, −14.0, 76.0
5A′′ 1.614(2) 1.993 1.091, 1.092 2.194 117.9, 123.2 118.9 132.6(2) 85.6 ±67.3, ±112.7

(H2)IrCH2
+ 3A2 1.924(2) 1.879 1.092(2) 0.800 123.3(2) 113.5 168.0(2) 24.0 ±0.0, ±180.0

1A1 1.915(2) 1.873 1.093(2) 0.804 123.1(2) 113.7 167.9(2) 24.2 ±0.0, ±180.0
3B2 2.124(2) 1.873 1.093(2) 0.770 123.3(2) 113.4 169.6(2) 20.9 ±90.0, ±90.0
3B1 2.124(2) 1.869 1.093(2) 0.770 123.3(2) 113.4 169.6(2) 20.9 ±90.0, ±90.0
1A1 1.944(2) 1.835 1.095(2) 0.803 121.9(2) 116.1 168.1(2) 23.8 ±0.0, ±180.0
5A′ 1.944(2) 1.951 1.085, 1.094 0.803 114.4, 124.9 120.8 155.7(2) 23.9 ±30.1, ±149.9

a Bond lengths are in Å. Bond angles are in degrees. Degeneracies are listed in parentheses.
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ig. 6. Structures of several intermediates and transition states along the quintet
evel of theory.

ntermediate converts to the (H2)IrCH2
+ intermediate via 5TS4

Fig. 6), which lies 0.005 eV below the dihydride after zero-
oint energies are included. The (H2)IrCH2

+ intermediate has
s symmetry with a H2 bond distance of 0.803 Å, comparable

o that of H2, 0.742 Å. The geometry of the IrCH2
+ part of the

olecule is similar to that for IrCH2
+ (5A′) (Fig. 6). Overall, this

s consistent with the weak H2–IrCH2
+ bond energy, calculated

o be only 0.41 eV relative to the IrCH2
+ (5A′) + H2 asymptote.

An alternative pathway for transition between the HIrCH3
+

nd (H2)IrCH2
+ intermediates was also located and involves

he four-centered transition state 5TS2. This transition state lies
.38 eV above HIrCH3

+ and 1.35 eV above the ground-state
eactants. The transition state for the sequential �-H migration
athway (5TS3) is slightly higher in energy (by 0.07 eV) than
he four-centered pathway of 5TS2 (Fig. 5).
.2. Triplet surface

The interaction of methane with the triplet state of Ir+ (3F,
d8) leads initially to the formation of an Ir+(CH4) adduct (3A′′)

t
r

s

ce of the [Ir, C, 4H]+ system calculated at the B3LYP/HW+/6-311++G(3df,3p)

n which the methane molecule distorts severely as the C–H bond
egins to break (Fig. 7). Previous work constrained their calcu-
ations to C2v symmetry, finding either a 3B2 [25] or 3A2 [26]
tate. These intermediates were calculated to lie 0.87 and 0.26 eV
elow the Ir+ (5F) + CH4 reactants, whereas our intermediate is
ore stable, 1.27 eV below the ground-state reactants. Upon fur-

her reduction of the Ir–H bond distance, the system passes over
transition state, 3TS1 (3A′′) with an HIrC bond angle of 38.5◦,

eading to the insertion intermediate H–Ir+–CH3. Once zero-
oint energies are included, the energy of 3TS1 is lower than the
r+(CH4) (3A′′) intermediate, Fig. 7, indicating that oxidative
ddition of the C–H bond of methane to Ir+ (3F) is spontaneous.
hese closely spaced relative energies were also found in the
ork of POG [25], where the 3A′ transition state has an energy
.87 eV below the Ir+ (5F) + CH4 reactants, the same energy as
heir triplet Ir+(CH4) intermediate. In contrast, MM identify a

riplet transition state lying 0.17 eV below the Ir+ (5F) + CH4
eactants, 0.09 eV above their Ir+(CH4) intermediate.

The triplet HIrCH3
+ intermediate lies below the comparable

pecies having quintet and singlet spin, as would be expected
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evel of theory.

ccording to Hund’s rules for a species forming two covalent
onds, thus leaving six electrons in four nonbonding orbitals.
his 3A′′ intermediate has Cs symmetry and a HIrCH dihedral
ngle of 180◦. Upon rotation to a HIrCH dihedral angle of 0◦,
here is another stable 3A′′ state lying 0.04 eV higher in energy.
A 3A′ state was also found with an excitation energy of 0.40 eV.)
oth POG and MM identify this same HIrCH3

+ (3A′′) state,
nd calculate relative energies of 1.74 and 0.64 eV, respectively,
elow the reactants, compared with our value of 1.95 eV.

From HIrCH3
+ (3A′′), a (H)2IrCH2

+ (3A′′) dihydride inter-
ediate is reached via 3TS3 (Fig. 7). This transition state lies

.21 eV above HIrCH3
+ (3A′′) and 0.25 eV higher in energy than

H)2IrCH2
+ (3A′′). Note that the two Ir–H (both 1.580 Å) and

r–C (1.849 Å) bonds length of (H)2IrCH2
+ are only slightly
onger than those of IrH+ (4�−) (1.570 Å) and IrCH2
+ (3A2)

1.836 Å), indicating the formation of strong covalent bonds.
he triplet dihydride is calculated to lie 1.00 eV below the
round state reactants, somewhat more stable than the results

d
t
a
d

e of the [Ir, C, 4H]+ system calculated at the B3LYP/HW+/6-311++G(3df,3p)

f POG, which place this species at 0.48 eV below reactants. In
ontrast, the work of MM found a (H)2IrCH2

+ (3A) state lying
.33 eV above Ir+ (5F) + CH4. Several attempts to locate a four-
entered 3TS2 transition state always collapsed directly to 3TS3.
t might also be noted that neither POG nor MM identified such
four-centered transition state on the triplet surface either.

The triplet dihydride intermediate begins to eliminate dihy-
rogen by passing over 3TS4, which lies only 0.16 eV higher in
nergy than the dihydride intermediate. The ground (H2)IrCH2

+

3A2) intermediate is planar and has an H2 bond distance
f 0.800 Å compared to free H2 at 0.742 Å. It lies 1.08 eV
elow the ground state reactants, whereas two excited states of
H2)IrCH2

+, 3B2 and 3B1, lie 0.65 and 0.69 eV higher in energy,
espectively. POG identify the same (H2)IrCH2

+ (3A2) interme-

iate, and calculate it has an energy of 0.91 eV below the reac-
ants. MM find a (H2)IrCH2

+ (3A2) state with an energy 0.12 eV
bove Ir+ (5F) + CH4. The (H2)IrCH2

+ (3A2) intermediate then
issociates to H2 and IrCH2

+ (3A2), which lies 0.55 eV below
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ig. 8. Structures of several intermediates and transition states along the singlet
evel of theory.

he ground state reactants. POG finds an exothermicity for this
eaction of 0.13 eV, whereas MM find the reaction is endother-
ic by 0.50 eV, although higher level calculations performed

nly for the IrCH2
+ species reduce this to an exothermicity of

.09 eV. These various values can be favorably compared with
he experimental exothermicity of 0.21 ± 0.03 eV.

.3. Singlet surface

The interaction of methane with the singlet state of Ir+ (1D/G,
d8) leads initially to the formation of a Ir+(CH4) (1A′) adduct
n which the methane molecule is strongly distorted as the C–H
ond is activated (Fig. 8). (This intermediate was found only
hen using Int = ultrafine and opt = tight options in the Gaus-

ian geometry optimization.) MM identified this species as a 1A1
tate lying 0.68 eV above Ir+ (5F) + CH4, compared to our rela-
ive energy of 0.18 eV. Upon further reduction of the Ir–H bond
istance, the system passes over a transition state, 1TS1, having
HIrC bond angle of 40.5◦ and leading to the insertion inter-
ediate H–Ir+–CH3 (1A′). As for the analogous triplet species,

nce zero-point energies are included, the energy of 1TS1 is
ower than Ir+(CH4), Fig. 5, indicating that C–H bond activation

s spontaneous. We calculate that 1TS1 and HIrCH3

+ (1A′) lie
.13 eV above and 0.88 eV below, respectively, the ground state
eactants, whereas MM find these species lie 1.10 and 0.40 eV,
espectively, above the Ir+ (5F) + CH4 reactants.

o
s
b

ce of the [Ir, C, 4H]+ system calculated at the B3LYP/HW+/6-311++G(3df,3p)

Continuing along the singlet surface, the system passes over
TS3 to form the global minimum of all potential energy
urfaces, the (H)2IrCH2

+ dihydride methylene iridium cation
Fig. 8). 1TS3 lies 1.68 eV higher in energy than the (H)2IrCH2

+

1A′) intermediate, but lies 0.010 eV below the HIrCH3
+ (1A′)

ntermediate once zero-point energies are included. Thus, inter-
ction of Ir+ (1D/G) with methane spontaneously forms the
ihydride methylene, which lies 2.57 eV below the ground state
eactants. A singlet spin state is anticipated for a molecule with
our covalent bonds to Ir+ (Fig. 8). Indeed, Ir–H (1.544 Å) and
r–C (1.818 Å) bond distances in this intermediate indicate cova-
ent bonding interactions as they are similar to those of IrH+

4�−) (1.57 Å ) and IrCH2
+ (3A2) (1.84 Å). In POG’s work, they

lso identified the (H)2IrCH2
+ (1A′) species as the global min-

mum on the potential energy surfaces with an energy 2.73 eV
elow Ir+ (5F) + CH4, similar to our results, and well below the
nergy of 0.96 eV found in the work of MM. The 1TS3 transi-
ion state was also identified by MM with an energy of 0.490 eV
bove Ir+ (5F) + CH4. Several attempts to locate a four-centered
TS2 transition state always collapsed directly to 1TS3. Again,
t can be noted that neither POG nor MM identified such a four-
entered transition state on the singlet surface.
From the dihydride intermediate, the reaction can proceed
n the singlet surface to eliminate dihydrogen. No transition
tate between (H)2IrCH2

+ (1A′) and (H2)IrCH2
+ (1A1) could

e found even though extensive searches were conducted. We
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id identify two (H2)IrCH2
+ (1A1) intermediates, both having

planar structure and H2 bond distances of 0.80 Å compared to
ree H2 at 0.74 Å. They are distinguished by different Ir–H and
r–C bond lengths, Table 6. It is believed that the lower-lying
tate is largely an artifact as it is heavily spin contaminated,
(s + 1) = 0.95, with a structure and energy very similar to that
f the 3A2 ground state of this species. In contrast, the higher
ying 1A1 has an imaginary frequency (72 cm−1) largely corre-
ponding to the movement of the H2 to a nonplanar geometry,
.e., bending of the C–Ir–(H2) angle. Once this bending occurs,
he H2 bond is rapidly activated, forming the dihydride interme-
iate. This characteristic is consistent with our inability to locate
transition state between the dihydride and (H2)IrCH2

+ (1A1)
nd demonstrates that activation of H2 by IrCH2

+ (1A1) is barri-
rless and spontaneous. A further indication that the lower 1A1
tate is anomalous compares the bond energies for loss of H2
rom the various (H2)IrCH2

+ species. On the quintet and triplet
urfaces, these bond energies are 0.41 and 0.53 eV, respectively,
omparable to the 0.54 eV calculated for the upper 1A1 state, but
ell below the 1.08 eV found for the lower, spin-contaminated

A1 state. In the studies of POG and MM, the (H2)IrCH2
+ (1A1)

ntermediate was calculated to have energies of 0.52 eV below
nd 0.78 eV above, respectively, Ir+ (5F) + CH4. The former is
learly consistent with the present results.

Viewed more globally, we find our potential energy surface
Fig. 5) is qualitatively consistent in many respects with the
reviously reported PESs of POG and MM [25,26], as they all
ontain the same intermediates and transition states. A more
etailed comparison shows that the results of POG [25] are
uantitatively similar to the present results, with energetic dif-
erences of only 0.3 ± 0.2 eV for 10 different intermediates,
ransition states, and products along the singlet, triplet, and quin-
et surfaces. The present calculations appear to have been more
uccessful in characterizing the triplet (H)2IrCH2

+ intermediate
nd adjoining 3TS3 and 3TS4 transition states than the approach
f POG. In contrast, the results of MM [26] lie well above the
resent results by an average of 1.1 ± 0.2 eV for 11 different
ntermediates, transition states, and products along the singlet,
riplet, and quintet surfaces. This average excludes results for the
inglet and triplet dihydride intermediates, (H)2IrCH2

+, which
iffer from the present calculations by 1.6 eV for the singlet and
.3 eV for the triplet. Part of these discrepancies appear to be the
esult of not using polarization functions on the Ir atom, because
he Ir+–CH2 BDE calculated by MM increases by 0.6 eV when
hese are included. Overall, the quantitative character of the sur-
aces calculated by MM is not in good agreement with the present
esults, those of POG, or the experimental results.

. Discussion

�-Bond activation by atomic metal ions can be explained
sing a simple donor–acceptor model. Such reactions require
lectronic configurations in which there is an empty acceptor

rbital on the metal ion into which the electrons of a bond to be
roken are donated. Concomitantly, metal electrons in orbitals
aving �-symmetry back donate into the antibonding orbital
f the bond to be broken. If the acceptor orbital is occupied,

d
q

i
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repulsive interaction can result leading to inefficient reaction
ither by more direct abstraction pathways or by introduction
f a barrier to the reaction. In our previous studies [9–16], the
ctivation of methane by atomic metal ions was explained by
his simple donor–acceptor model, which leads to an oxidative
ddition mechanism [4]. In such a mechanism, oxidative addi-
ion of a C–H bond to M+ forms a H–M+–CH3 intermediate.
roducts can be formed by the reductive elimination of H2 at

ow energies and by further dehydrogenation of primary prod-
cts at still higher energies. For first-row transition metal ions
4], the reductive elimination process proceeds through a four-
entered transition state from the H–M+–CH3 intermediate to
(H2)MCH2

+ intermediate in which a hydrogen molecule is
lectrostatically bound to the MCH2

+ species. This latter inter-
ediate then decomposes by expulsion of H2. However, for the

eaction of Ir+ with methane, the calculated potential energy
urfaces of POG and MM [25,26], as confirmed by the calcu-
ations performed here (Fig. 5), illustrate a different reaction
echanism involving a dihydride methylene intermediate.

.1. Mechanism for dehydrogenation of Ir+ with methane

On the quintet surface, 5TS1, 5TS2, 5TS3, and 5TS4 are
uch higher in energy than the IrCH2

+ product formed
n an exothermic process. Because Ir+ (5F, 6s15d7) has no
mpty valence orbitals, the simple donor–acceptor process is
estricted, leading to the high barrier for 5TS1. The energies of
TS2, 5TS3, and 5TS4 are even higher because the high spin
oes not allow formation of the several covalent bonds needed
o stabilize these three transition states. Thus, at low energies,
eaction of Ir+ (5F) with methane must occur by coupling
o the triplet surface where oxidative addition of CH4 to Ir+

roduces a triplet hydrido methyl iridium cation intermediate,
–Ir+–CH3 (3A′′). On the triplet surface, the empty s orbital of

r+(3F, 5d8) acts as an efficient acceptor orbital, and a doubly
ccupied 5d� orbital can provide an efficient donor orbital.
his leads naturally to an intermediate in which Ir+ forms two
ovalent bonds using 6s5d hybrids.

From H–Ir+–CH3 (3A′′), the activation of a second C–H bond
�-H transfer) can lead to formation of a dihydride methylene
ridium cation intermediate, (H)2IrCH2

+ (3A′′). Reductive elim-
nation of dihydrogen then forms the (H2)IrCH2

+ (3A2) inter-
ediate that easily loses dihydrogen to form the ground state

rCH2
+ (3A2) + H2 products. Note that 3TS1, 3TS3, and 3TS4

ll lie below the energy of the IrCH2
+ (3A2) + H2 products, such

hat the dehydrogenation reaction is barrierless along the triplet
urface. This is similar to the mechanism found for the dehydro-
enation reactions of methane with Pt+ (2D), although here the
eaction remains on a doublet surface throughout [19,65–67],
nd with W+ (6D), which must couple to the quartet and doublet
pin surfaces to form a dihydride intermediate. This pathway is
ifferent from those of the first-row transition metal ions, which
nvolve a four-centered transition state, TS2, that bypasses the

ihydride intermediate and is found here along the high spin
uintet surface.

However, the global minimum on the potential energy surface
s (H)2IrCH2

+ (1A′). This suggests that there could be another
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athway available for dehydrogenation that involves coupling
etween the triplet and singlet surfaces. Once the H–Ir+–CH3
3A′′) intermediate is formed, it can cross over to the singlet
urface forming the (H)2IrCH2

+ (1A′) intermediate. Reductive
,1-elimination of dihydrogen on the singlet surface could again
ouple back to the triplet surface to form (H2)IrCH2

+(3A2), fol-
owed by reductive elimination of dihydrogen to yield IrCH2

+

3A2) + H2. This type of mechanism is also available for both
+ (6D) and Re+ (7S) reacting with methane, where multiple

pin changes are also required [20,21].

.2. Mechanism for higher energy products

As the energy available increases above about 1.6 eV, IrH+

nd IrCH3
+ products are formed by simple bond cleavages of the

–Ir+–CH3 intermediate. These processes, in particular forma-
ion of IrH+ + CH3, deplete the population of this intermediate
uch that the cross section for the dehydrogenation process
eclines commensurately. Because formation of IrCH2

+ + H2
s thermodynamically preferred by about 1.8 eV (Table 2), this
ompetition indicates that formation of IrH+ + CH3 must be pre-
erred kinetically. This is consistent with a simple bond cleavage
f HIr+–CH3 at elevated kinetic energies, whereas the elimina-
ion of H2 occurs via the more restricted pathway discussed
bove.

In the reaction of Ir+ with CH4 (CD4), the IrH+ (IrD+)
ross section is dominant at energies above 3 eV (Fig. 1). This
s typical behavior for the reaction of bare metal ions with
ydrogen-containing polyatomic molecules [4,9,16,18–21]. The
bservation that the IrH+ + CH3 (IrD+ + CD3) channel domi-
ates the nearly isoenergetic IrCH3

+ + H (IrCD3
+ + D) channel

Table 1) is largely a result of angular momentum constraints
9–11,18]. Briefly, because the IrCH3

+ + H (IrCD3
+ + D) chan-

el has a reduced mass of 1.0 (2.0) amu, much smaller than
hat of the reacants, 14.8 (18.1) amu, it can only be formed
y the reactants that come together with smaller orbital angu-
ar momenta, i.e., at small impact parameters. In contrast, the
rH+ + CH3 (IrD+ + CD3) channel has a reduced mass of 13.9
16.5) amu, close to that of the reactants, such that most impact
arameters leading to strong interactions between the Ir+ and
ethane can form these products and still conserve angular
omentum. Although the branching ratio of �(IrD+)/�(IrCD3

+)
anges from about 20 to 100 from threshold to 6 eV, the magni-
ude of the IrCD3

+ product is also limited by decomposition to
orm IrCD+. Thus, the �(IrD+)/[�(IrCD3

+) + �(IrCD+)] branch-
ng ratio changes from about 20 to 4 over the energy range of
–5 eV, which is consistent with the range of 4–20 suggested as
ppropriate for a statistical mechanism associated with a long-
ived intermediate [18,42].

At higher energies, IrC+ and IrCH+ products are formed by
ehydrogenation of the primary products, IrCH2

+ and IrCH3
+,

espectively. The thermochemistry determined above (Table 2)
hows that these dehydrogenations require 1.68 ± 0.06 and

.93 ± 0.29 eV, respectively. In addition, H atom loss from
rCH3

+, which requires 3.04 ± 0.18 eV, leads to the second fea-
ure in the IrCH2

+ cross-section (Fig. 1). This process is observed
ecause the simple bond cleavage is kinetically more favorable

i
a
l
e
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t high energies than the more complex dehydrogenation pro-
ess. Comparable observations have been made for second-row
11,16,17,68,69] and third-row (W+, Re+ and Pt+) metal systems
19–21].

The highest energy process observed experimentally is for-
ation of IrH2

+ + CH2. It seems unlikely that this species is
ormed from the (H2)IrCH2

+ intermediate, because H2 is bound
o Ir+ much less strongly than methylene (BDEs of >0.61 ± 0.07
ersus 4.92 ± 0.03 eV, respectively). Further, cleavage of the
lectrostatic (H2)–IrCH2

+ bond is a dynamically much more
avorable process than breaking the covalent (H2)Ir+–CH2 bond.
owever, CH2 could be lost from the (H)2IrCH2

+ intermediate
o produce the H–Ir+–H dihydride. CH2 loss is more favor-
ble dynamically because of the angular momentum considera-
ions discussed above and because it is a simple bond cleavage
hereas H2 loss involves the recombination of two H atoms over
tight transition state. Thus, the product IrH2

+ in this system pro-
ides evidence for a reaction pathway involving the (H)2IrCH2

+

ntermediate. A similar result was also found for Pt+ reacting
ith methane, where PtH2

+ is detected [19], whereas the anal-
gous product was not observed for W+ and Re+ reacting with
ethane [20,21].

.3. Mechanism for the reverse reaction, IrCH2
+ + H2

We can also understand the reverse reaction of IrCH2
+ + H2

D2) through the potential energy surface of Fig. 5. Scram-
ling of the isotopes to form IrCHD+ and IrCD2

+ cannot
ccur from the intermediates analogous to (H2)IrCH2

+ and
H)2IrCH2

+, but can only proceed if the H–Ir+–CH3 interme-
iate is involved. Addition of D2 to IrCH2

+ (3A2) would form a
riplet D–Ir+–CH2D intermediate, which can reductively elimi-
ate either D2 to return to reactants or HD to form the dominant
rCHD+ product, Fig. 3, via a (H)(D)IrCHD+ intermediate which
ould be either the singlet or triplet species. Competing with
his is the more energetic loss of CH2D2 to yield Ir+. At higher
nergies, the D–Ir+–CH2D intermediate can decompose to form
rCH2D+ + H and IrD+ + CHD2. (Note that the iridium methyl
ation product is much more abundant relative to the iridium
ydride. This is because the angular momentum constraints dis-
ussed above are no longer applicable because the IrCH2

+ + D2
eactants have a much smaller reduced mass.) Alternatively, the
H)(D)IrCHD+ intermediate can form H–Ir+–CHD2 from which

2 or HD can be eliminated to yield IrCHD+ or IrCD2
+ at low

nergies, and IrCHD2
+ + H and IrH+ + CHD2 at higher energies.

owever, because (H)(D)IrCHD+ intermediate must be formed
rior to the rearrangement that yields the H–Ir+–CHD2 interme-
iate, these latter three ionic products are less abundant than
he analogous species, IrCHD+, IrCH2D+, and IrD+, formed
rom the D–Ir+–CH2D intermediate. As the available energy
ncreases, the need for multiple access to the hydrido methyl
ntermediate can limit the extent of exchange such that H2 loss
ecomes less favored. Indeed, this can explain why the branch-

ng ratio between HD and H2 loss increasingly favors HD loss
s the kinetic energy is increased (the IrCHD+ cross section is
arger than that of IrCD2

+ by a factor of about 4 at the lowest
nergies, and the ratio increases to about 12 by 1 eV). This also
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eflects the shorter lifetime of the intermediate at these higher
nergies.

The acceptor–donor concept can also be used to understand
he activation of dihydrogen by IrCH2

+ and this provides more
nsight into the dehydrogenation reaction (5) as well. On the
riplet surface, the 3A2 ground state of IrCH2

+ has an elec-
ron configuration of (1a1)2(1b1)2(1b2)2(1a2)1(2a1)2(3a1)1. The

ost likely acceptor orbital is the partialy occupied 3a1 orbital,
argely a 6s orbital on Ir with some 6s5d hybridization. The
ccupation of the 3a1 acceptor orbital means that the Ir–C �
ond becomes partially disrupted as the (H)2IrCH2

+ interme-
iate is formed, such that the triplet dihydride is a relatively
igh-energy species compared to the H–Ir+–CH3 intermediate.
he donor orbital on IrCH2

+ that interacts with the antibonding
rbital of H2 is the doubly occupied 2a1 nonbonding orbital,
ssentially 5d(x2 − y2). These donor–acceptor interactions lead
o the oxidative addition of H2 to the Ir+ center of IrCH2

+ via
three-centered transition state (3TS3). On the singlet surface,

he 1A1 excited state of IrCH2
+ has an electron configuration of

1a1)2(1b1)2(1b2)2(1a2)2(2a1)2. Now, the 3a1 acceptor orbital
s empty and again the donor orbital is the doubly occupied
a1 nonbonding orbital. These favorable donor–acceptor inter-
ctions lead to the oxidative addition of H2 to the Ir+ center of
rCH2

+ (1A1) via a pathway with no transition state and lead
irectly to the (H)2IrCH2

+ (1A′) intermediate, the global min-
mum on the potential energy surface. This contrasts with the
ransition state for the comparable reactions involving first-row
nd second-row transition metal systems, where H2 adds across
he M+–CH2 bond via a four-centered transition state (like 5TS2,
ig. 6), largely because only high spin surfaces are energetically
ccessible.

.4. Reactivity difference between Co+, Rh+, and Ir+

ystems

Ir+ exhibits greater reactivity toward methane than any ions
f the first-row and second-row metals [4,9,17,18]. To character-
ze these differences, we explicitly compare the present results
ith comparable studies of the kinetic energy dependence of

he reaction of CH4 with corresponding first-row and second-
ow ions, Co+ and Rh+ [11,14]. The differences in reaction
ehavior between these three metal systems can be summarized
uccinctly. First, the bonding of Ir+ with H and CHx (x = 0–3) is
tronger than that of Co+ and Rh+, as shown in Fig. 4. Second,
n contrast to the behavior observed here, the dehydrogenation
eactions are endothermic for the Co+ and Rh+ systems. In addi-
ion, there is a barrier in excess of the endothermicity for the Co+

ystem. Third, the iridium dihydride cation is observed here but
o MH2

+ is observed in the Co+ or Rh+ systems.
All of these differences can be understood on the basis of

romotion energy and sd hybridization. (1) For single bond prod-
cts, MH+ and MCH3

+, the ground state of Ir+ is 5d76s1, such
hat it can form a covalent bond without any promotion energy.

or Co+ and Rh+, the ground states are 3d8 and 4d8, respec-

ively, such that they need promotion to form a single covalent
ond. For Co+, this promotion is to a 3d74s1 state (mixtures of
0% 5F and 50% 3F), which costs only 0.82 eV [70]. For Rh+,

t
t
s
c
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romotion to the 4d75s1 (mixtures of 50% 5F and 50% 3F) is
igh (2.63 eV) [70], such that RhH+ and RhCH3

+ are formed
y a covalent bond between the 4d� orbital of ground state Rh+

nd H(2S) or CH3(2A1), where the promotion energy is much
maller, 0.29 eV [4,38,70], but the bond is weaker. (2) For mul-
iple bond products, MCH2

+, MCH+ and MC+, sd hybridization
s required to form the multiple bonds. The ground state of Ir+

s 5d76s1, such that it can form multiple bonds without any pro-
otion energy, and also the similar size of the s and d orbitals

6s/5d ratio is 1.65) makes sd hybridization efficient [58]. For
o+ and Rh+, the ground states are 3d8 and 4d8, respectively,

uch that they need promotion to 3d74s1 and 4d75s1 configura-
ion to form multiple bonds. The sd hybridization is less efficient
or Co+ than Ir+ and Rh+ because the 4s orbital of Co+ is 2.58
imes the size of the 3d orbitals, where Rh+ is intermediate with

ratio of 1.97:1 for 5s/4d [58]. These factors determine that
or single bond MH+ and MCH3

+, Ir+ has the strongest BDEs,
hereas Rh+ has the weakest BDEs. For multiple bonds, Ir+ still
as the strongest BDEs, whereas Co+ has the weakest BDEs.
uch thermodynamic differences stabilize the various transition
tates and intermediates along the dehydrogenation pathway for
r+, enabling this reaction to occur efficiently at room temper-
ture. In the cobalt and rhodium systems, the inability to form
ultiple bonds means that the (H)2MCH2

+ intermediate is not
table, thus a relatively high energy four-centered transition state
s needed for the dehydrogenation process [11,14,26]. Similarly,
fficient dehydrogenation of primary products to form IrC+ and
rCH+ are consequences of the enhanced thermodynamic sta-
ility afforded by the accessibility of the s1d7 configuration and
fficient sd hybridization.

. Conclusions

Ground-state Ir+ ions are found to be highly reactive with
ethane over a wide range of kinetic energies. At low ener-

ies, dehydrogenation is efficient, exothermic, and a dominant
rocess. At high energies, the dominant process is formation of
rH+ + CH3. This channel is favored over the nearly isoenergetic
rCH3

+ + H channel because of angular momentum constraints.
t higher energies, the IrCH2

+ and IrCH3
+ products decom-

ose by dehydrogenation to form IrC+ and IrCH+, respectively,
nd at still higher energies by H atom loss to yield IrCH+ and
rCH2

+. The observation of IrH2
+, which finds no analogy in

he product spectrum for first-row and second-row transition
etal systems, suggests involvement of a dihydride intermedi-

te, providing evidence for the reaction pathway involving the
H)2IrCH2

+ intermediate.
Analyses of the kinetic energy dependences of the reaction

ross sections provide the BDEs of Ir+–CH3, Ir+–CH, and Ir+–C.
he BDE for Ir+–CH2 is determined from a measurement of the
quilibrium constant for the forward and reverse dehydrogena-
ion reactions. These experimental bond energies are stronger

han the corresponding ones of the first-row and second-row
ransition metals, which is attributed to the accessibility of the
1d7 electronic configuration and effective sd hybridization, a
onsequence of relativistic effects. Our experimental BDEs are
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ound to be in reasonable agreement with ab initio calculations
erformed here and in the literature (Table 2 and Fig. 4).

Calculations are also used to provide a detailed poten-
ial energy surface for the IrCH4

+ system. As found previ-
usly [25,26], this potential energy surface shows that the
eaction of Ir+(5F) with methane proceeds via the oxidative
ddition of one C–H bond to yield a hydrido-methyl irid-
um intermediate, H–Ir+–CH3 (3A′′). IrH+ and IrCH3

+ can
e formed by simple bond cleavages from this intermediate.
he activation of a second C–H bond proceeds through a

hree-centered transition state involving migration of an H-
tom from C to Ir+ to form a (H)2IrCH2

+ (1A′ or 3A′′)
ntermediate, where (H)2IrCH2

+ (1A′) is the global mini-
um. Reductive elimination of H2 forms the electrostatic

omplex, (H2)IrCH2
+ (3A2), from which H2 is eliminated to

orm the metal carbene complex, IrCH2
+(3A2) + H2. IrH2

+ is
roduced by expulsion of CH2 from (H)2IrCH2

+. IrC+ and
rCH+ are formed by the dehydrogenation of the Ir+–CH2
nd Ir+–CH3 primary product, respectively. Overall, dehydro-
enation of methane by Ir+ appears to have two available
athways. One pathway requires only a single spin change:
r+ (5F) + CH4 (1A1) → H–Ir+–CH3 (3A′′) → (H)2IrCH2

+

3A′′) → (H2)IrCH2
+ (3A2) → IrCH2

+ (3A2) + H2 (1�+). The
ther pathway requires three spin changes along the lowest adia-
atic energy path available: Ir+ (5F) + CH4 (1A1) → H–Ir+–CH3
3A′′) → (H)2IrCH2

+ (1A′) → (H2)IrCH2
+ (3A2) → IrCH2

+

3A2) + H2 (1�+). Despite the need to change spin, the dehy-
rogenation reaction is found to occur with high efficiency
70–100%), suggesting that spin conservation is not an impedi-
ent for reaction of this heavy metal system. This conclusion is

imilar to that drawn in the Re+ + CH4 system, where the reac-
ion efficiency is 86 ± 10% even though three spin changes are
equired for dehydrogenation [20].
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