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We isolate an [O‚CH4]•- intermediate in the reactive O•- + CH4 encounter using an argon cluster-mediated
trapping technique and characterize it using vibrational predissociation spectroscopy. The spectra of the argon-
solvated complexes establish that only the OH-‚CH3

• ion-radical adduct is prepared. Its formation is firmly
established by the appearance of the signature OH- stretching band close to that of the free hydroxide ion.
The band origin locations and partially resolved rotational spacings indicate that hydroxide binds onto one of
the methyl hydrogen atoms, much like the motif observed previously in the I-‚HCH2

• ion-radical complex.
This OH-‚CH3

• species is best regarded as an entrance-channel complex in the secondary (endothermic)
OH- + CH3

• f H2O + CH2
- proton transfer reaction. These observations indicate that the initial H-atom

abstraction step (O•- + CH4 f OH- + CH3
•) occurs too quickly to enable capture of the intermediates

directly associated with this process.

I. Introduction

The chemistry of the O•- radical anion (2P) with alkanes and
alkenes (RH2) has been extensively studied over the past 30
years,1-9 largely because it presents several unique features
nicely summarized in the review article by Lee and Grabowski.10

Its pattern of reactivity derives from the fact that the proton
transfer channel (leading to OH• + RH•- ) is endothermic, while
H-atom abstraction

occurs with a low barrier and is typically exothermic. Interest-
ingly, when the very basic hydroxide ion product of reaction 1
remains in the vicinity of the nascent hydrocarbon radical, the
proton transfer process then becomes operative in a second step

leading to the production of carbene anions.5,10This propensity
was, in fact, exploited11,12 to great effect as a preparative route
to the vinylidene anion, CH2dC-, by the reaction of O•- with
ethylene.

In this paper, we focus on the simplest of these reactions7

where, in the case of methane, the second, proton transfer step
(leading to H2O + CH2

-) is endothermic and, therefore, is not
available at the low collision energies explored in this work.
Viggiano and co-workers3,5 have recently reported the kinetics
of reaction 3 and discussed their results in the context of the

potential surface illustrated in Figure 1. This is a standard
double-minimum construction13 that supports two local minima.
These correspond to the entrance- and exit-channel complexes
of reaction 3, which are separated by the transition-state barrier.
Like the case of the classic SN2 reaction (e.g., Cl- + CH3Br),
the barrier is calculated to lie below the asymptotic energy of
the reactants,3 presenting the possibility of trapping reaction
intermediates in these minima and characterizing them using
photoelectron and vibrational spectroscopies.14,15 Here, we
exploit the argon-mediated synthetic methodology developed
at Yale16,17 to capture [O‚CH4]•- intermediates in reaction 3

This approach has significant advantages in that the intermedi-
ates are vibrationally cooled by the evaporation of weakly bound
argon atoms, and when argon atoms are retained upon conden-
sation of methane, the trapped species can be characterized using
argon predissociation vibrational spectroscopy18

One expects that the structures of the entrance- and exit-
channel intermediates (O•-‚CH4 and OH-‚CH3

•, respectively)
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O•- + RH2 f OH- + RH• (1)

OH- + RH• f H2O + R- (2)

O•- + CH4 f OH- + CH3
• + 0.26 eV (3)

Figure 1. Potential energy curve (schematic drawing) depicting the
reaction coordinate (O•-‚‚‚H‚‚‚CH3) for the O•- + CH4 f OH- + CH3

•

hydrogen atom abstraction reaction. The minima correspond to the
O•-‚CH4 and OH-‚CH3

• entrance- and exit-channel reaction intermedi-
ates, respectively.

O•-‚Arn + CH4 f [O‚CH4]
•-‚Arm + (n - m)Ar. (4)

[O‚CH4]
•-‚Arm + hν f [O‚CH4]

•- + mAr. (5)
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can be readily distinguished by their differing mid-infrared
spectra. Specifically, the O•-‚CH4 ion-molecule complex
should, in an analogy with the halide-methane complexes
studied extensively by Bieske and co-workers,19,20 yield a
characteristic pattern of bands in the C-H stretching region
associated with the methyl group (2500-3000 cm-1), while the
OH-‚CH3

• exit-channel species can be expected to display a
band at much higher energy arising from the OH- moiety. We
will show that the argon evaporation method yields only the
species derived from the exit channel, suggesting that either
the barrier to reaction is small or the lifetime of the collision
complex in the entrance channel is short as compared to the
time scale for argon evaporation.

II. Experimental Section

The [O‚CH4]•-‚Arm clusters were generated by the entrain-
ment of trace CH4 and N2O vapors through independently
controlled pulsed valves into a supersonic expansion of pure
argon (∼4-atm backing pressure).17 The pulsed expansion (10
Hz) was ionized by a counter-propagating 1 keV electron beam,
primarily yielding clusters of the type O•-‚Arn (n < 20) by
dissociative electron attachment onto N2O‚Arn clusters.21,22The
CH4 molecules were then condensed onto the argon-solvated
O•- clusters so that the collision complexes could be stabilized
into local minima of the reactive potential energy surface by
the rapid evaporation of argon atoms. The [O‚CH4]•-‚Arm cluster
ions were injected into the Yale tandem time-of-flight photo-
fragmentation spectrometer described previously.23 Mid-infrared
spectra of the [O‚CH4]•-‚Arm species were obtained using argon
predissociation spectroscopy [eq 5],18 where the tunable mid-
IR radiation was generated using a 10 Hz Nd:YAG pumped,
KTP/KTA-based optical parametric oscillator (LaserVision).
This source delivers approximately 5 mJ/pulse in the 3000 cm-1

range in a bandwidth of about 3 cm-1. The reported spectra are
normalized for variations in the laser output energy over the
entire scan range and result from an accumulation of 15-40
individual scans. The absolute wavenumber calibration of this
instrument is(5 cm-1.

III. Computational Details

Preliminary calculations (Gaussian 9824 andTURBOMOLE25)
were performed at both the B3LYP and MP2 levels of theory,
with various basis sets as indicated to explore the possible
structures and harmonic vibrational frequencies of the [O‚CH4]•-

and OH-‚CH4 complexes. We also examined the potential
surface for intracluster proton transfer by optimizing the
molecular geometries for fixed values of the (scanned) C-H
stretching coordinates (Figure 6). This was carried out using
the triple-ú valence basis sets including diffuse polarizable
functions (TZVP and TZVPP).26 In the DFT calculations, the
exchange correlation energy was calculated using a grid of
medium density (m3).

IV. Results and Discussion

IV. A. Spectral Signature of an Embedded Hydroxide
Anion. The vibrational predissociation spectrum of the
[O‚CH4]•-‚Ar4 cluster (detected via the loss of four argon atoms)
is presented in Figure 2a. Most importantly, there is a sharp
band at 3586 cm-1, close to the origin for the isolated hydroxide
stretch (arrow in Figure 2a) measured by Saykally and co-
workers using velocity-modulated absorption spectroscopy.27

This immediately signals the presence of a more or less intact
hydroxide moiety and suggests that we have trapped the
OH-‚CH3

• exit-channel complex in reaction 3.

To explore the position and character of the hydroxide
stretching transition in an ion-molecule (as opposed to an ion-
radical) complex, we include in Figure 2b the spectrum of the
nonreactive OH-‚N2O cluster (detected via the loss of N2O).
This species displays a band (3579 cm-1) only 7 cm-1 below
that found in OH-‚CH3

•, along with a second, less intense
feature at 3487 cm-1. The latter transition (denotedυN2O in
Figure 2b) appears 21 cm-1 lower in energy than theν1 + ν3

band origin in isolated N2O (3508 cm-1),28 confirming that the
N2O component is indeed essentially neutral. Consequently, the
associated OH- constituent can be regarded as a predominantly
charge-localized hydroxide anion in the binary complex.

As a second example more relevant to the hydrocarbon case
of primary interest, we also obtained the spectrum of the
OH-‚CH4‚Ar complex (detected via loss of the argon atom),
with the result shown in Figure 2c. Once again, a single isolated
feature appears at high energy (3566 cm-1) and is readily
assigned to the OH- ion, while much more structure is evident
toward lower energy as will be discussed further. The important
conclusion drawn from these related systems is that, when
present, the hydroxide ion yields a simple, isolated spectral
signature even when strongly bound as either an ion-molecule
or ion-radical complex.

IV. B. Rotational Fine Structure in the C-H Stretching
Bands.The occurrence of the characteristic OH- stretching band
in the [O‚CH4]•- ion ensemble conclusively establishes the
formation of the OH-‚CH3

• ion-radical complex. However, to
examine the structure of this (nominally) exit-channel species

Figure 2. Mid-infrared spectra for the (a) OH-‚CH3
•‚Ar4, (b)

OH-‚N2O, and (c) OH-‚CH4‚Ar1 complexes. The hydrocarbon species
a and c were detected by argon predissociation, whereas the OH-‚N2O
binary complex was detected via loss of the weakly bound N2O
molecule. In the C-H stretching region (hυ < 3200 cm-1), the labels
νIHB, νs, andνa correspond to the fundamental vibrations for the ionic
H-bonded C-H stretch and the nonbonded symmetric and asymmetric
-CH2 (-CH3) stretches, respectively. The asterisk (*) in the upper
trace indicates the predicted position for the asymmetric C-H stretching
band origin for the O•-‚CH4 entrance-channel complex. In the region
above 3200 cm-1, νOH- denotes the hydroxide stretch, whileνN2O refers
to theν1 + ν3 combination band involving the N-N and N-O stretches
in isolated N2O. The arrow in the upper trace indicates the position of
the OH stretch in isolated OH- (ref 27).
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as well as the possibility that the O•-‚CH4 entrance-channel
complex is also prepared, we turn our attention to the C-H
stretching region. In previous studies of the X-‚CH4 (X ) F,
Cl, and Br) ion-molecule complexes reported by Bieske and
co-workers,19,20 the halide ions hydrogen bond to only one of
the hydrogen atoms (as opposed to the methyl pocket29 or
bifurcated motifs), resulting inC3V symmetry adducts. This
arrangement breaks the degeneracy of the vibrations in the
highly symmetric CH4 molecule and activates the nominally
IR forbidden symmetric stretching vibration. The C-H stretch
normal modes thus evolve into a unique, partially decoupled
stretch for the hydrogen bound to the ion, with the remaining
three vibrations arising largely from the motion of the three
nonbonded hydrogen atoms. These modes occur as nondegen-
erate (νs) symmetric and degenerate (νa) asymmetric stretching
vibrations. In the O•- case, we introduce the further complication
that, should an O•-‚CH4 isomer be present, there may be low-
lying electronic states arising from the splitting of the degenera-
cies inherent to the open-shell (2P) nature of this species.

In the C3V complexes, the degenerateνa band is the highest
in energy of the C-H stretching fundamentals, and this
transition has been reported19,20,30to systematically red-shift with
increasing proton affinity of the halide ion in the X-‚CH4

complexes, as illustrated in Figure 3. Our spectrum of OH-‚CH4

(Figure 2c) thus allows us to further explore this propensity
beyond the halide anions. In addition to its location, the
asymmetric stretch assignment [labeled (νa)] is supported by
the broadened, but symmetrical rotational envelope (see en-
hanced signal-to-noise inset scan in Figure 2c). In the X-‚CH4

halide complexes, this perpendicular band appears with the well-

resolved K-stack structure arising from rotation of the hydrogen
atoms about the symmetry axis. With this assignment, we
conclude that the hydroxide ion yields the largest red-shift
observed to date, but does so in keeping with the overall trend
set by the halides (see Figure 3).

The remaining, very red-shifted C-H stretching bands in the
OH-‚CH4 spectrum can be assigned to the parallel symmetric
stretching vibration (νs) associated with the three free hydrogen
atoms and to excitation of the hydrogen atom bound to the OH-

ion (labeledνIHB to indicate the ionic H-bond in Figure 2c).
Note that the IHB vibration is accompanied by two other bands
just above it, as is typical with the complexity introduced by
excitation of the shared proton in strongly H-bonded systems
[e.g., X-‚HOR].31 In this case, the band appearing∼180 cm-1

above the IHB fundamental matches the calculated energy
(B3LYP/TZVP level) of the ion-molecule stretching mode,
while assignment of the other band closer to the IHB origin is
ambiguous. Likely candidates include the C-H bending over-
tone and another soft-mode excitation in combination with the
IHB fundamental, possibly involving the out-of-plane wag.

With the behavior of the OH-‚CH4 complex in mind, we can
address the possibility that the entrance-channel complex,
O•-‚CH4, contributes to the observed spectrum in Figure 2a.
Note that, like the OH-‚CH4 spectrum, the highest-energy
[O‚CH4]•-‚Ar4 band in the C-H stretching region (band origin
∼3078 cm-1) appears with a resolved rotational envelope
signaling a perpendicular transition (labeledνa). The next feature
toward lower energy (2873 cm-1) is sharp, as expected for a
parallel band (labeledνs). Recall that the neutral methyl radical
C-H stretches fall about 100 cm-1 higher in energy than those
in isolated CH4.28

To search for features attributable to O•-‚CH4, we can
estimate where the asymmetric stretch would occur for a putative
O•-‚CH4 C3V structure using the proton affinity trend displayed
in Figure 3. The extrapolated value for O•-‚CH4 is included as
an open diamond (]) in Figure 3 and is also marked on the
spectrum in Figure 2a by an asterisk (*). Because no absorption
is recovered near this expected value and the nearby transitions
are expected for the OH-‚CH3

• complex, we conclude that the
entrance-channel intermediate is not, in fact, isolated in the
present experimental arrangement.

The fine structure associated with theνa band in the
OH-‚CH3

• complex (Figure 2a) provides crucial clues for the
elucidation of its structure. It is especially useful to compare
its spectrum with that obtained previously21 for the I-‚HCH2

•

complex, and the two spectra are displayed in Figure 4. In the
I-‚HCH2

• case, this planarC2V complex occurs with the ion
bound to one of the hydrogen atoms (see the structure above
the top trace in Figure 4). This geometry yields three IR-active
C-H stretching fundamentals, two parallel transitions, and one
perpendicular transition, with the latter lying highest in energy.
The dominant feature in the I-‚HCH2

• spectrum (upper trace in
Figure 4) occurs lowest in energy and arises from excitation of
the hydrogen bound to the ion, while the free hydrogen atoms
contribute the two almost-overlapping transitions at higher
energy. The sharper parallel band arising from the symmetric
-CH2 stretch is embedded in the more open rotational envelope
corresponding to the perpendicular asymmetric-CH2 stretch,
with a splitting of only 13 cm-1 between the band origins.

Turning to the OH-‚CH3
• spectrum in the C-H stretching

region (lower trace in Figure 4), the higher energy, perpendicular
band displays a remarkably similar rotational profile to that
found in I-‚HCH2

•, strongly suggesting that they share a
common structural motif. In fact, the pattern is simpler in the

Figure 3. Band origins (cm-1) for the nonbonded, asymmetric-CH3

stretching vibration for various complexes X-‚CH4 (X ) Br, Cl, F,
O•, and OH), plotted as a function of the ion’s proton affinity (kJ/
mol). The open diamond (]) designates the extrapolated asymmetric
stretching band origin predicted for the O•-‚CH4 entrance-channel
(methane intact) based on this trend. The origin of the observed-CH3

perpendicular band from the [O‚CH4]•- complex (2) lies far above
this expected value. The values for the halide-methane binary
complexes are taken from refs 19 and 20.
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OH-‚CH3
• spectrum, because the sharper parallel band, which

is also present but blended with thePQ(1) band in the I-‚HCH2
•

spectrum, now appears about 205 cm-1 below it. In this scenario,
the dominant bands in the OH-‚HCH2

• spectrum, which can
be traced to excitation of the hydrogen bound to the ion, are
the most red-shifted (relative to the bands of the isolated CH3

•

radical) and appear with the most broadening. The proposed
structure is sketched above the lower trace in Figure 4.

To further analyze the structural information in the rotational
profiles, Figure 5 presents an expanded comparison of theνa

bands observed for the I-‚HCH2
• and OH-‚HCH2

• complexes,
where they are shifted to a common origin. In theC2V symmetry
I-‚HCH2

• complex, the Q-branches arising from the K-stacks
are spaced by2B ≈ 20 cm-1 and appear somewhat staggered
in their intensity profile. The latter is expected from nuclear
spin statistics, which result in a 3:1 alternating intensity profile
favoring even K. Note that the peak spacing and intensity
behavior unambiguously identify the carrier asC2V as opposed
to a C3V symmetry species, where the latter should display a
2:1:1:2 intensity alternation with K, as well as a more compact
(by a factor of 2) Q-branch spacing. The more open rotational
spacing in OH-‚HCH2

• is almost exactly the same as that found
in the I-‚HCH2

• complex (19.9 vs 19.6 cm-1 for the iodide and
hydroxide complexes, respectively). We therefore, conclude that,
in the OH-‚CH3

• complex, only two nonbonded hydrogen atoms
contribute to the∆K ) (1 rotational envelopes associated with
the perpendicular transition. We will next consider the structural
implications of this observation.

IV. C. Comments on Internal Rotation and Band Profiles
in the Context of Theoretical Structures.The characterization
of the observed OH-‚CH3

• species as a single H-bonded,
pseudo-C2V (OH-‚HCH2

•) species is strongly supported by the
empirical analysis of the spectra. This behavior is surprising,
because, although this single H-bonded motif is indeed calcu-
lated to be a local minimum structure at all explored levels of
theory, the hydrogen atom associated with the OH- moiety

always lies away from the O-CH2 symmetry axis in the
equilibrium geometry. That is, theC2V structure, with the
hydroxide H-atom lying on the symmetry axis, is calculated to
be a transition state. Two aspects of this are perplexing: First,
the off-axis OH- stretch would be expected to support a
perpendicular transition, as observed previously for the free OH
stretch transition in the I-‚HDO complex.32 The OH- stretch
in OH-‚HCH2

• (and the other complexes studied here) is,
however, always observed to be sharp, as would be expected
for a parallel transition. Second, one might expect that the off-
axis H-atom of the OH- species would contribute to the moment
of inertia for rotation of the complex about the O‚‚‚C axis, while
the observedνa pattern is almost identical to that found for
I-‚HCH2

•. One clue to this apparent paradox is the observation
that the location of the hydroxide hydrogen varies dramatically
with the level of theory and basis sets used. Not surprisingly,
these structures occur with very small force constants for internal
rotation of the oxygen-bound hydrogen atom. Thus, an important
feature of this complex that warrants further theoretical work
is to define the potential surface governing the (frustrated)
internal rotation of the hydroxide motion. A very low barrier,
for example, might yield large amplitude zero-point motion that
would result in a (zero-point) vibrationally averaged structure
that preservesC2V symmetry.

As a final comment on the observed rotational patterns, we
note that the spectrum shown in Figure 2a was obtained with
four argon atoms, indicating that the-CH2 rotation occurs as
an internal motion within the argon-solvated complex. To

Figure 4. Mid-infrared spectra of the (a) I-‚CH3
•‚Ar and (b)

OH-‚CH3
•‚Ar4 hydrogen-bonded ion-radical complexes. The labeled

brackets (grey) indicate the rotational Q-branch assignments in the
perpendicular asymmetric stretching vibration. See Figure 2 caption
for definitions of band labels.

Figure 5. Comparison of the C-H asymmetric stretching (νa) bands,
shifted to a common origin, for the (a) I-‚CH3

•‚Ar and the OH-‚CH3
•‚Arn

ion-radical complexes with (b)n ) 4 and (c)n ) 5. The low-resolution
(∼3 cm-1 bandwidth) argon predissociation spectra display partially
resolved rotational structure and nuclear spin statistics consistent with
C2V symmetry complexes.

Spectroscopic Characterization of OH-‚HCH2
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explore whether this can be suppressed with the further addi-
tion of argon atoms, we also obtained the spectrum of the
OH-‚HCH2

•‚Ar5 complex with the result shown in Figure 5c.
While this spectrum clearly suffers from a lower signal-to-noise
ratio, the outline of the rotational envelope is clear and displays
the same spacing as that found in the smaller cluster. Thus, the
internal rotational motion appears to be very robust with respect
to perturbation by weakly bound argon atoms. The phenomenon
was also encountered in the I-‚HCH2

• case.21 Interestingly, this
persistence of internal rotation was not observed in theC3V
pocket-bound intermediates in the SN2 reaction, Cl-‚CH3Br.29

IV. D. Remarks on the Sequential Reaction Pathway and
Nature of the Potential Surface.The analysis of the rotation-
vibration spectrum establishes that the OH-‚CH3

• complex con-
sists of a hydroxide ion bound to one of the hydrogen atoms in
the methyl radical. This structure is interesting in light of the
general discussion presented in the Introduction regarding the
characteristic two stages of O•- + RH2 chemistry, in which the
first step involves H-atom abstraction (eq 1) and the second
step corresponds to proton transfer (eq 2). It is clear that the
intermediate leading to the first step, O•-‚CH4, could not be
isolated using argon-mediated trapping, suggesting that H-atom
abstraction is too fast to be quenched into a local minimum
prior to reaction. The second, exit-channel minimum sketched
in Figure 1 would correspond to the OH-‚CH3

• (carbon-bound)
complex with an O-H-CH3 bonding motif. This is also not
the complex isolated in our experiment. Instead, after hydrogen
atom abstraction, the nascent OH- ion migrates to a second
hydrogen atom and, in effect, begins the second, proton transfer
process. This secondary reaction is endoergic10 and cannot
proceed to the asymptotic separation of the products. Therefore,
the OH-‚CH3

• intermediate isolated in these experiments is best
regarded as an entrance-channel complex for the proton transfer
reaction

The identification of the OH-‚HCH2
• complex as an inter-

mediate in the proton transfer reaction provides a useful context
in which to understand the origin of the strong red-shift
associated with excitation of the shared proton. First, as is typical
for the excitation of strongly H-bonded shared protons,33-35 the
bands associated with the motion are very broad, and both the
dominant band at 2556 cm-1 and the companion feature about
200 cm-1 above it are much broader than the other bands
appearing in the spectrum. To explore the nature of the potential
surface that governs the O-H-C motion, we have performed
preliminary calculations to extract the energy as a function of
the hydrogen position. The resulting curve at the MP2/TZVPP
level of theory is presented in Figure 6, indicating that the barrier
for proton transfer is lower than the (harmonic) C-H stretching
quantum (2620 cm-1). This is similar to the scenario we
encountered earlier in the X-‚H2O (X ) halide) complexes,
where very basic anions lead to low barriers and even shelf
potential functions resulting from intracluster proton transfer.35,36

In those cases, the bands associated with the shared proton are
often quite broad and are usually accompanied by combination
bands associated with the ion-molecule stretch. In the
OH-‚HCH2

• case, we expect such a combination band to occur
with a spacing of about 200 cm-1 on the basis of the calculations
(B3LYP/TZVP level), very close to the separation of the two
broad bands assigned in Figure 2a to the excitation of the shared
proton. Thus, we tentatively assign the weaker of the two broad
features to the combination band arising from excitation of the
OH-‚HCH2

• ion-radical stretching vibration along with the

1 r 0 transition of the shared proton. Natural directions for
future work are to explore whether the reaction can be
photoinitiated starting from the bare (i.e., non-argon-solvated)
complexes and to extend the method to larger alkanes. The latter
is particularly attractive since temperature-controlled ion-flow
tube experiments5 have indicated that the proton transfer
pathway becomes more important with the larger systems. Such
studies are presently underway in our laboratory.

V. Summary

One of the two expected intermediates in the O•- + CH4 f
OH- + CH3

• reaction has been isolated using argon cluster-
mediated trapping of the collision complex. Vibrational pre-
dissociation spectroscopy indicates that this [O‚CH4]•-‚Arm

species is an ion-radical adduct featuring a largely charge-
localized hydroxide ion. Analysis of the rotational fine structure,
however, establishes that the hydroxide ion is bound to one of
the hydrogen atoms of the methyl radical in an OH-‚HCH2

•

arrangement, rather than the OH-‚CH3
• (carbon-bound) exit-

channel complex directly associated with the H-atom abstraction
reaction. The rotational structure survives even upon addition
of five argon atoms and only occurs upon excitation of the
asymmetric-CH2 stretching motion involving the nonbonded
hydrogen atoms. Very red-shifted C-H stretching transitions
are observed for excitation of the hydrogen atom bound to the
ion, and the calculated potential surface for this motion indicates
that the intracluster proton transfer reaction OH- + CH3

• f
H2O + CH2

- is accessible in the mid-IR region.
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