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A rotationally resolved infrared spectrum of the pure OD overtone band of the CH4-OD reactant complex
has been observed at 5165.68(1) cm-1, shifted-9.03(1) cm-1 from the infrared overtone transition of OD.
The spectrum exhibits homogeneous line broadening, which is estimated to have a zero power line width of
0.10(1) cm-1, corresponding to a lifetime for CH4-OD (2νOD) of 53(5) ps. The OD (V ) 1) product distribution
from vibrational predissociation of the complex favors high rotor levels, indicating that the correlated CH4

fragment is produced with one quantum of bending excitation. The CH4-OD results are compared with
previous studies in this laboratory of the CH4-OH complex, and reveal significant changes in lifetime and
vibrational predissociation mechanism upon deuteration.

I. Introduction

The work presented here on the CH4-OD reactant complex
is an extension of previous investigations in this laboratory of
the CH4-OH complex. These studies were based on infrared
and Raman spectroscopic methods in the OH stretch and the
CH4 symmetric and antisymmetric stretching regions as well
as electronic excitation in the OHA 2Σ+-X 2Π (1,0) region.1-3

The earlier studies determined the structure, stability, and
vibrational decay dynamics of CH4-OH complexes that have
been trapped in the entrance channel to the fundamental CH4

+ OH f CH3 + H2O hydrogen abstraction reaction, as
illustrated in Figure 1. The goal of the present study is to
examine the changes in the spectroscopic properties and decay
dynamics of the complex upon deuteration of the hydroxyl
moiety.

Infrared spectra of the CH4-OH complex have previously
been obtained in the OH fundamental and overtone regions.2

Structural parameters derived from the rotationally resolved
spectra indicated that the centers of mass of the CH4 and OH
partners are separated byR ) 3.66(1) Å.4 In addition, the
projection quantum number showed that the OH bond axis lies
along the intermolecular axis in the ground state of CH4-OH.
Previous electronic spectroscopy measurements also indicated
a ground-state binding energy ofD0 ∼ 0.6 kcal/mol.1 These
experimental observations were consistent with complementary
ab initio calculations performed at the MP2-aug-cc-pVTZ level
that predict aC3V minimum energy configuration for CH4-OH
with the hydrogen of OH pointing toward one of four equivalent
faces of the CH4 tetrahedron at an equilibrium separation
distance ofRe ) 3.47 Å and a well depth ofDe ∼ 1 kcal/mol,2

as depicted in Figure 1. This is also the structure adopted by
many CH4-HX closed shell analogues, where X) F, Cl, Br,
and CN.5-10 Very recently, Hashimoto and Iwata reported a
different minimum energy structure for the CH4-OH reactant
complex, optimized at the UMP2 level, in which the oxygen of
OH points toward methane in a more conventional H3C-H-
O-H hydrogen bonded structure.11 However, these ab initio

calculations predict a shallower entrance channel well (De ∼
0.5 kcal/mol) and longer separation distance (Re ) 3.84 Å)
between the centers of mass of the CH4 and OH reactants than
observed experimentally.

The infrared spectra in the OH stretching regions also
exhibited homogeneous line broadening arising from the rapid
decay of vibrationally activated CH4-OH complexes due to
vibrational predissociation and/or reaction. Homogeneous line
widths of 0.14(2) and 0.21(2) cm-1 have been observed for the
pure OH stretching bands in the fundamental and overtone
regions, corresponding to 38(5) and 25(3) ps lifetimes for
vibrationally activated complexes with one and two quanta of
OH stretching excitation, respectively. These lifetimes are
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Figure 1. Schematic reaction pathway for CH4 + OH f CH3 + H2O.
The properties of the transition state are obtained from ab initio
theory,36,37 while those of the reactant complex are determined from
this and previous studies.2 In this work, the CH4-OD isotopomer is
characterized spectroscopically using infrared radiation at 1.9µm, which
promotes the complex from its zero-point level to a vibrational level
with two quanta of OD stretch (2νOD). The infrared excitation also
provides enough energy to surmount the barrier to reaction (Rxn) or
break the weak intermolecular bond via vibrational predissociation (VP).
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surprisingly short and suggest that both inelastic and reactive
channels contribute to the rapid decay of CH4-OH (νOH) and
(2νOH) as found in a recent collision study of OH (V ) 1, 2) +
CH4.12 In this study, Yamasaki et al. reported that the rate
coefficients for reaction and vibrational deactivation are of
comparable magnitude for OH (V ) 1, 2) + CH4,12 with total
rates of removal at 298 K that are 90- or 300-fold greater than
found for OH (V ) 0) + CH4 (kOH ) 6.3× 10-15 cm3 molecule
s-1).12-15 The nascent distribution of the OH products from
vibrational predissociation of CH4-OH (2νOH) also showed that
the dominant inelastic decay channel involves the transfer of
one quantum of OH stretch to the pentad of CH4 vibrational
states with energies near 3000 cm-1.

Additional studies have focused on the infrared spectroscopy
and subsequent decay dynamics of CH4-OH reactant complexes
in the CH4 antisymmetric stretching region (ν3) at 3.3 µm.3

Infrared excitation of the CH4 ν3 mode resulted in an intense,
yet enormously broad spectrum extending over 40 cm-1. The
appearance of the spectrum has been explained in terms of a
model in which the CH4 unit is freely rotating within the CH4-
OH complex, as found for other CH4 complexes.16 In the ν3

region, the CH4-OH complex can undergo a multitude of
possible transitions, each associated with a rovibrational transi-
tion of free methane, which give rise to the enormous span of
the CH4-OH spectrum. The spectrum also exhibited extensive
homogeneous broadening (g1 cm-1) arising from the rapid
decay of vibrationally activated CH4-OH complexes due to
vibrational predissociation and/or reaction. This broadening is
consistent with quantum reactive scattering calculations that
predict a large enhancement in the CH4 + OH reaction rate in
full collisions upon vibrational activation of the C-H stretching
mode.17 The OH fragments from CH4-OH (ν3) were produced
with minimal rotational excitation, indicating that vibrational
predissociation proceeds via near-resonant vibrational energy
transfer within the CH4 unit from the initially prepared asym-
metric stretch (ν3) to an overtone bend (2ν4) state.

The present study explores the infrared spectrum and
vibrational decay dynamics of the partially deuterated CH4-
OD reactant complex. Deuteration of OH is expected to change
the dominant inelastic scattering channel resulting from vibra-
tional excitation of the CH4-OH complex in the OH/D
stretching region. The significantly lower vibrational frequency
of OD will cause the near-resonant vibrational energy pathway
from OH to the pentad of CH4 states near 3000 cm-1 to become
energetically closed for CH4-OD (2νOD). This should dramati-
cally slow the rate of vibrational predissociation in the deuterated
complex based on energy gap arguments. It is also likely to
impact on the branching between inelastic and reactive scattering
channels, assuming that the rate of reaction is only slightly
changed upon deuteration of OD, as found in full collision
studies of the OH/D+ CH4 reaction. Indeed, previous kinetic
studies have shown that the rate of reaction for ground-state
OD radicals with CH4 is relatively slow at 298 K (kOD ) 6.8×
10-15 cm3 molecule-1 s-1) and is nearly unchanged from that
for OH radicals.13

II. Experimental Method

An IR pump-UV probe technique has been implemented to
obtain the infrared overtone spectrum of CH4-OD as well as
the OD product state distribution resulting from vibrational
predissociation of the complex. The IR pump laser prepares
CH4-OD with two quanta of OD vibrational excitation (2νOD).
The UV probe laser then detects the OD (V ) 1) fragments
from vibrational predissociation on theA 2Σ+-X 2Π (0,1)
transition, resulting in a laser-induced fluorescence (LIF) signal.

The CH4-OD reactant complexes were produced using a
procedure similar to that described previously for CH4-OH
complexes.1-3 The OD radicals were generated by the 193 nm
photolysis of commercially available DNO3 (65 wt %, Aldrich)
entrained in a 10% CH4, balance He carrier gas (150 psi).
Photolysis was achieved using an ArF excimer laser (Lambda
Physik EMG 101 MSC) at the early stages of a pulsed
supersonic expansion. Note that in previous CH4-OH experi-
ments, the OH radicals were generated using 90 wt % HNO3

(Aldrich). The lower concentration DNO3 has a significantly
reduced vapor pressure (30 times smaller at 25°C)18 and results
in lower number densities of photolytically generated OD
radicals and CH4-OD complexes.

A single-mode KTP-based optical parametric oscillator (OPO)
(Continuum Mirage 3000) pumped by the output of an injection
seeded Nd:YAG laser (Continuum 8000, 10 Hz repetition rate,
7 ns pulse width) provided the tunable infrared radiation. The
OPO laser system produces up to∼15 mJ/pulse of 1.9µm
radiation (0.02 cm-1 bandwidth), which is used to excite CH4-
OD in the OD overtone region. Additional information regarding
single-mode operation of this OPO has been published previ-
ously.2,3,19,20An absolute calibration for the IR pump laser was
obtained by recording an NH3 photoacoustic spectrum simul-
taneously with each CH4-OD infrared scan and comparing it
with the well-documented transitions associated with theν3 +
ν4 band of NH3.21,22

The UV probe beam at∼335 nm was generated by the
frequency doubled output (KDP) of a Nd:YAG pumped dye
laser (Continuum 7020 and ND6000, 20 Hz repetition rate, 7
ns pulse width) operating with a LDS 698/DCM dye mix.
Typically, around 1-2 mJ/pulse of UV radiation was utilized.
The UV laser was calibrated using the well-known frequencies
of the OD monomer in theA-X (0,1) region.23

The IR pump and UV probe beams were counterpropagated
into the vacuum apparatus, where they were separately focused
and then spatially overlapped 1.5 cm downstream of the nozzle
exit. The resultant LIF signal was detected with a photomulti-
plier tube (EMI 9813Q) positioned perpendicular to both the
laser and supersonic expansion axes. A number of filters were
used to block scattered light arising from the ArF and UV lasers,
while still passing ODA-X (0,0) fluorescence at 307 nm. The
LIF signal was preamplified, integrated, and transferred to a
laboratory computer for analysis. The IR and UV lasers were
synchronized such that the IR laser pulse (10 Hz) was present
for every other UV pulse (20 Hz), with the UV laser typically
arriving in the interaction region 50 ns after the IR pulse. An
active background subtraction procedure was implemented, in
which any background LIF signal arising from the UV laser
alone was subtracted from the combined IR+ UV signal on
alternating laser pulses. Typically, the LIF signals arising from
150 laser shots (75 IR+ UV, 75 UV only) were collected and
averaged for each data point.

III. Results

A. Infrared Spectroscopy.Infrared action spectroscopy was
utilized to record the infrared spectrum of CH4-OD in the OD
overtone region (∆V ) 2). This technique relies on vibrational
predissociation of CH4-OD (2νOD) and the subsequent forma-
tion of OD X 2Π (V ) 1) fragments that are detected by LIF.
The IR action spectrum displayed in the bottom panel of Figure
2 was obtained with the UV probe laser fixed on the ODA-X
(0,1) Q1(17/2) transition.23 The optimum UV probe transition
was chosen empirically based on the magnitude of the IR
induced signal. The IR spectrum of CH4-OD is located at
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5165.68(1) cm-1 (band origin), shifted 9.03(1) cm-1 to lower
energy of the OD Q(3/2) transition.24 This spectrum is attributed
to the pure OD overtone band of CH4-OD based on its
proximity to the OD overtone transition and its similarity to
the pure OH overtone band of CH4-OH.2 The previously
reported infrared spectrum of CH4-OH in the OH overtone
region is also shown in Figure 2 (top) for comparison.

The spectral shift of the pure OD overtone transition of CH4-
OD, -9.03(1) cm-1, is nearly equivalent to that of the pure
OH overtone transition of CH4-OH, which was observed
9.37(1) cm-1 to lower energy of the OH Q(3/2) transition. This
indicates similar decreases in the OH/D vibrational frequencies
upon complexation with CH4 (0.13% for OH and 0.17% for
OD). The spectral shifts are also a measure of the decrease in
binding energies for CH4-OH and CH4-OD upon OH/D
vibrational overtone excitation.

The rotational structure of the pure overtone band of CH4-
OD is characterized by an unresolved Q-branch and partially
resolved P- and R-branches, which has the same appearance as
the pure overtone spectrum of CH4-OH. The ∼5B gaps on
either side of the central Q-branch as well as the∼2B regular
spacing between adjacent P-branch and R-branch lines are
indicative of a parallel (P′ ) 3/2)-(P′′ ) 3/2) transition. Here,
P refers to the projection of the total angular momentumJ along
the intermolecular axis. The nonzero value ofP arises from the
unquenched angular momentum of OD, which has a projection
ω ) 3/2 on the OD bond axis and will give rise to a projection
P ) 3/2 when the OD bond axis is oriented on average along
the intermolecular axis. As discussed previously in detail for
CH4-OH, the magnitude ofP is determined solely from the
internal angular momentum of the OH/D partner with no

contribution from CH4, which undergoes nearly free internal
rotation within the complex.2,3

A least-squares fitting procedure has been performed in which
the ground and excited-state rotational constants,B′′ and B′,
respectively, and band origin,ν0, were varied in order to
minimize the sums of the squares of the residuals between the
observed and calculated line positions. This fitting procedure
yields a rotational constant ofB′′ ) 0.144(1) cm-1 for the
ground state of CH4-OD, corresponding to a separation between
the centers of mass of CH4 and OD of R′′ ) 3.69(1) Å. A
rotational constant ofB′ ) 0.142(1) cm-1, which corresponds
to R′ ) 3.72(1) Å, was determined for CH4-OD (2νOD)
indicating no significant change in either the rotational constant
or the separation between the centers of mass of the CH4 and
OD partners upon OD overtone excitation. In addition, spectral
simulations of the band contour based on a parallel (P′ ) 3/2)-
(P′′ ) 3/2) transition for a pseudo-diatomic molecule were
carried out to determine the Lorentzian line width of the band.25

The best fit is shown in Figure 2 directly below the experimental
spectrum. The spectroscopic parameters determined for CH4-
OD along with those derived from an equivalent analysis of
the pure overtone band of CH4-OH are presented in Table 1.

The separation between the centers of mass of CH4 and OH/D
in the ground state complex is found to be nearly unchanged
upon deuteration, changing fromR ) 3.66(1) to 3.69(1) Å. On
the basis of the minimum energy structure predicted from ab
initio calculations2 with the H/D atom of the hydroxyl radical
pointing toward CH4, we anticipated observing a 0.054 Å
decrease in distance between the centers of mass upon deutera-
tion. This follows from the 0.054 Å decrease in the distance
between the H/D atom and the center of mass of hydroxyl
radical for OD as compared to OH.23,26 Since this decrease is
not observed, it suggests that OH/D is undergoing wide
amplitude motion, consistent with its small binding energy to
CH4, and is not locked into position along the intermolecular
axis. Alternatively, if the O atom of the hydroxyl radical points
toward CH4, as suggested by the ab initio calculations of
Hashimoto and Iwata,11 then the separation between the centers
of mass of CH4 and OH/D should increase slightly upon
deuteration as observed. However, these calculations also predict
a larger separation distance than observed experimentally for
either isotopomer. In both of the calculated structures, the OH
radical will have a well-defined projection ofP ) 3/2 along
the intermolecular axis, as observed experimentally.

B. Spectral Line Widths. Both the CH4-OH and CH4-
OD pure overtone spectra (Figure 2) exhibit line widths that
are much greater than the 0.02 cm-1 bandwidth of the infrared
laser source. As can be seen in Figure 2, CH4-OH shows even

Figure 2. Rotationally resolved infrared spectrum of the pure OD
overtone band of CH4-OD (bottom) and the analogous spectrum of
CH4-OH obtained in the OH overtone region (top).2 Below each
experimental spectrum is a simulation generated by the fitting procedure
described in the text. The CH4-OH spectrum exhibits more extensive
homogeneous linebroadening (0.24(2) cm-1) than seen in the CH4-
OD spectrum (0.13(2) cm-1) at comparable IR pump energies of∼5
mJ/pulse. The IR pump energy was systematically decreased to obtain
the lifetime broadening contribution to the line width.

TABLE 1: Spectroscopic Parameters (cm-1) Derived from
the Pure OH/D Overtone Bands of CH4-OH and CH4-OD
(The distancesR (Å) between the centers of mass of OH/D
and CH4 are also listed. Values in parentheses are 1σ
uncertainties.)

parameter CH4-OHa CH4-OD

origin, ν0 6961.97(1) 5165.68(1)
shift from OH/D Q(3/2)b -9.37(1) -9.03(1)
B′′ 0.151(1) 0.144(1)
B′ 0.147(1) 0.142(1)
R 3.66(1)c 3.69(1)
homogeneous line width, fwhmd 0.21(2) 0.10(1)
D0 210(20) e 293

a Spectroscopic data for CH4-OH is reproduced from ref 2.b Value
averaged over twoλ doublet components (refs 23, 26).c See ref 4.
d Based on extrapolation of the observed homogeneous line width to
the limit of zero power.
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more extensive line broadening than CH4-OD, with homoge-
neous line widths of 0.24(2) and 0.13(2) cm-1, respectively, at
an IR pump energy of∼5 mJ/pulse. To determine if this spectral
broadening arises from saturation broadening due to the high
infrared pump power or lifetime broadening, the pure overtone
spectrum of the CH4-OD complex was recorded several times
while systematically decreasing the IR pump energy. As the
IR pulse energy was lowered, the line width observed for CH4-
OD decreased from 0.15(2) cm-1 at ∼15 mJ to 0.10(1) cm-1

at∼2.5 mJ. At energies lower than 2.5 mJ, the line width could
not be determined due to the significantly reduced signal-to-
noise ratio of the spectral data. Therefore, to estimate the lifetime
broadening contribution to the line width, the data was linearly
extrapolated to zero power. This extrapolation yields an upper
limit of 0.10(1) cm-1 for the lifetime broadening component of
the spectral line width, which corresponds to a lower limit for
the lifetime of approximately 53(5) ps for CH4-OD (2νOD). A
similar extrapolation carried out previously for CH4-OH (2νOH)
yielded an upper limit of 0.21(2) cm-1 for the lifetime
broadening component of the spectral line width, corresponding
to a lower limit for the lifetime of 25(3) ps.2 Thus, the work
presented here indicates an approximate 2-fold increase in the
lifetime of vibrationally activated CH4-OH upon deuteration.
This lifetime is inversely related to the sum of the unimolecular
decay rates for vibrational predissociation and chemical reaction.

The lifetimes determined for both CH4-OH and CH4-OD
upon OH/D overtone excitation are surprisingly short in
comparison to other diatom-polyatom complexes such as
C2H2-HCl27 and CO2-HF,28 which have vibrationally excited
lifetimes in excess of 100 ps. Furthermore, the lifetimes for
CH4-OH/D are significantly shorter than seen for other OH
complexes including OH/D-N2 and OH/D-CO,20,29where the
lifetimes are on a nanosecond time scale and increase by a factor
of 5 or more upon deuteration. These two issues, rapid decay
rates for CH4-OH (2νOH) and CH4-OD (2νOD) as well as the
2-fold change in decay rate upon deuteration, will be discussed
after we consider the quantum state distribution of the products.

C. OD Product State Distribution. The inelastic recoil
dynamics of the OD+ CH4 fragments were also examined by
measuring the OD product state distribution following vibra-
tional predissociation of CH4-OD (2νOD). For these measure-
ments, the IR laser was fixed on the Q-branch of the pure
overtone band of CH4-OD at 5965.7 cm-1 and the UV probe
laser was scanned over various ODA-X (0,1) transitions (Q1,
Q2, R1, and R2 branches).23 These particular transitions were
chosen in order to examine the relative population of the OD
(V ) 1) fragments as a function of rotational (jOD), spin-orbit
(ω), and lambda (λ)-doublet state. The intensities observed for
each of the OD probe transitions were scaled relative to the
OD Q1(17/2) line, which was scanned immediately before and
after every other line. The measurements of OD transition
intensities were performed in the fully saturated LIF regime
and appropriately converted into relative populations of OD (V
) 1) rotational levels.30-32 Populations derived from Q- or
R-branch lines originating from the samejOD were nearly
identical (within the experimental uncertainty) indicating no
λ-doublet propensity. In addition, no spin-orbit propensity was
observed since the populations derived from the satellite
branches (Q2, R2) were the same as those extracted from the
main branches (Q1, R1) for eachjOD state.

The bottom panel of Figure 3 shows the relative population
of OD (V ) 1) fragments as a function of the OD (V ) 1) internal
energy (rotational and spin-orbit) for both theω ) 3/2 (filled
circles) andω ) 1/2 (open circles) spin-orbit manifolds after

summing overλ-doublet components. The ticks identify thejOD

states probed in each spin-orbit manifold. The OD (V ) 1)
population is observed to grow with increasing internal excita-
tion of OD, reaching a maximum atjOD ) 17/2,ω ) 3/2, and
jOD ) 15/2,ω ) 1/2. For these most populated product states,
the OD (V ) 1) fragments are released with approximately 700
or 765 cm-1 of internal energy. At higher OD (V ) 1) fragment
internal energies, the distribution falls off sharply and no
population is observed forjOD > 17/2, ω ) 1/2. The lowest
rotational level of the lower spin-orbit manifold,jOD ) 3/2,ω
) 3/2, could not be probed due to its large background
population in the supersonic expansion. Additionally, the lowest
rotational levels of the upper spin-orbit component,jOD < 9/2,
ω ) 1/2, could not be investigated, owing to interference from
overlapping OD lines.

A remarkably different product state distribution was observed
previously for CH4-OH (2νOH) as shown in the top panel of
Figure 3. In this case, the OH (V ) 1) fragments are produced
with minimal rotational excitation. The OH (V ) 1) product
state distribution peaks at the lowest observed levelsjOD ) 5/2,
ω ) 3/2, andjOD ) 1/2, ω ) 1/2 and steadily decreases with
increasing OH fragment internal energy. As discussed in ref 2,
the minimal internal excitation of the OH (V ) 1) fragments
reveals that most of the available energy is used to populate
excited CH4 vibrational states, namely the pentad of vibrational
states near 3000 cm-1. The dramatic change in the OH/D
product state distribution indicates a significant change in the
vibrational predissociation dynamics upon deuteration.

The OD (V ) 1) fragment distribution also provides limited
information about the vibrational state distribution of the

Figure 3. The OD (V ) 1) product state distribution resulting from
vibrational predissociation of CH4-OD (2νOD) (bottom). The OD
fragment distribution peaks atjOD ) 17/2 in the lower (ω ) 3/2) spin-
orbit manifold (filled circles) andjOD ) 15/2 in the upper (ω ) 1/2)
spin-orbit manifold (open circles) with no population observed in OD
internal energy states withjOD > 17/2,ω ) 1/2. By contrast, vibrational
predissociation of CH4-OH (2νOH) results in a distinctly different OH
fragment distribution (top). The OH (V ) 1) population peaks in the
lowest observedjOD ) 5/2,ω ) 3/2 andjOD ) 1/2,ω ) 1/2 levels and
decreases steadily with increasing OH fragment internal (rotational and
spin-orbit) energy.
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correlated CH4 fragment as well as the ground-state binding
energy of the complex (D0). An energy balance equation can
be used to show the relationship between the IR excitation and
binding energies of the CH4-OD complex (LHS), and the
energy released to OD and CH4 fragments as vibrational, internal
(rotation or spin-orbit), and translational energy (RHS):

In applying this relationship, we will make the assumptions that
energy accommodation in CH4 rotation is small (jCH4 ∼ 0) and
Etransis minimized.33,34Thus, for each OD (V ) 1) product state
observed, we can deduce some constraints onD0 and the
vibrational states of the CH4 partner that can be populated.

When OD (V ) 1) fragments are produced in their highest
observed internal energy state,jOD ) 17/2, ω ) 1/2, ap-
proximately 1600 cm-1 of energy is available for breaking the
CH4-OD intermolecular bond (D0) and vibrational excitation
of the CH4 partner. This is not sufficient energy to produce CH4

fragments in the pentad of vibrational states near 3000 cm-1,
as was observed following vibrational predissociation of CH4-
OH (2νOH).2 Nor is it sufficient energy to produce CH4 with ν2

bend (1526 cm-1), since this would imply an unrealistically
small binding energy for CH4-OD (D0 ) 74 cm-1). However,
there is enough energy to produce CH4 fragments withν4

bending excitation (1306 cm-1) and still obtain a realistic
estimate for the CH4-OD binding energy ofD0 ) 294 cm-1.
This limit is consistent with the binding energy for CH4-OH,
previously determined to be 210( 20 cm-1 from electronic
spectroscopy experiments,1 which is expected to increase upon
deuteration of the hydroxyl partner. It is also in accord with
the decrease in zero-point energy of∼60 cm-1 estimated for
the intermolecular modes of CH4-OH (see Table 3 of ref 2),
in particular, the OH bend, upon deuteration.

At the peak of the OD (V ) 1) product state distribution,jOD

) 17/2,ω ) 3/2, and for all lower internal energy states, there
is enough energy available to produce CH4 fragments with either
ν2 or ν4 bending excitation. The next most populated fragment
state,jOD ) 15/2, ω ) 1/2, would not leave sufficient energy
to populate the CH4 ν2 bending state unless the CH4-OD
binding energy was reduced to a somewhat lower but still
reasonable value ofD0 e 243 cm-1. (Nevertheless, we report
only an upper limit for the binding energy of CH4-OD of D0

e 294 cm-1.) The sudden drop in the OD (V ) 1) product
distribution beyond these most populated states suggests the
closing of a near-resonant product channel, namely, vibrational
energy transfer from OD to the CH4 ν2 bending state. The overall
cutoff of the OD (V ) 1) product rotational distribution suggests
that the ν2 and ν4 bending states are the most favorable
vibrational states of the CH4 products.

IV. Discussion

The quantum state distributions observed for the OH and OD
fragments reveal a dramatic change in the vibrational predis-
sociation dynamics upon deuteration. An energy level diagram
depicting the vibrational predissociation mechanisms for CH4-
OH/D is shown in Figure 4. Vibrational activation of the OH
overtone in CH4-OH yields CH4 (2ν2) and OH (V ) 1) products
with very little excess energy available for rotational and/or
translational excitation of the fragments. The latter quantity,
often termed the energy gap,33,34 is only 120 cm-1 for CH4-
OH (2νOH), since vibrational predissociation takes place through
a near-resonant vibrational energy transfer process from OH to

CH4. The significantly lower OD vibrational frequency and
slightly increased binding energy in CH4-OD closes this near-
resonant process. Instead, vibrational predissociation of CH4-
OD (2νOD) produces OD (V ) 1) + CH4 (ν2 or ν4) fragments,
leaving much more energy available for rotational and/or
translational excitation of the fragments, specifically an energy
gap of at least 715 cm-1. The OD product state distribution
shows that much of this excess energy can be accommodated
as OD rotational excitation. The larger energy gap for CH4-
OD (2νOD) immediately suggests that the rate of vibrational
predissociation, which is only one component of the total decay
rate, will be slower for the deuterated complex.

A 5-fold decrease in the decay rate was observed previously
upon deuteration of OH-N2,20 a system composed of unreactive
partners that can decay only by vibrational predissociation.
Predissociation of OD-N2 (2νOD) leaves more than 2000 cm-1

for rotational and/or translational excitation of the OD (V ) 1)
+ N2 (V ) 0) fragments,20 whereas for OH-N2 (2νOD) only
∼800 cm-1 of excess energy remains after vibrational energy
transfer from OH to N2.35 In this system, the decrease in decay
rate upon deuteration can be attributed solely to the change in
energy gap.

If vibrational predissociation were the only decay channel
for CH4-OH (2νOH), then the 2-fold increase in lifetime
observed upon deuteration would necessarily result from the
increase in the energy gap associated with the inelastic decay
channel. Since reaction may also contribute to the decay of
CH4-OH (2νOH) and CH4-OD (2νOD), the observed increase
in lifetime upon deuteration must correspond to the change in
the total decay ratekT or (kVP + kRXN) as follows

Figure 4. Energy level diagram illustrating the product vibrational
levels that are energetically accessible following vibrational predisso-
ciation of CH4-OH (2νOH) and CH4-OD (2νOD). Vibrational predis-
sociation of CH4-OH (2νOH) proceeds via a near-resonant vibrational
energy transfer process to produce OH (V ) 1) + CH4 (2ν2), and leaves
very little excess energy for rotational and/or translational excitation
of the fragments. This channel is closed for CH4-OD (2νOD) due to
the significantly lower vibrational frequency of OD and increased
binding energy (D0) of CH4-OD. In this case, vibrational energy is
transferred from OD to theν2 or ν4 bending vibrations of CH4, with
much more energy available for rotational and/or translational excitation
of the fragments.

CH4-OD (2νOD) - D0 )
OD (V ) 1, jOD, ω) + CH4 (νi, jCH4

) + Etrans
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Because the measured lifetime reflects the total decay rate,
we can only speculate as to how the individual rate coefficients
kVP

OH and kRXN
OH change upon deuteration of OH. We start by

assumingthat the rate coefficient for reaction within the CH4-
OH (2νOH) complex is comparable to that for vibrational
predissociation,kVP

OH ≈ kRXN
OH , as found for reaction and vibra-

tional deactivation in full collision studies of OH (V ) 2) +
CH4.12 The rapid decay of CH4-OH (2νOH) may be a result of
such a substantial contribution (∼50%) from reaction. If we
also assumethat the rate coefficient for reaction within the
complex remains essentially unchanged upon deuteration,
kRXN

OD ≈ kRXN
OH , as shown in kinetic studies of ground-state OH/D

+ CH4 at room temperature13 but not yet measured for
vibrationally excited OD, then the above equation will reduce
to {(2kRXN

OH )}/{(kVP
OD + kRXN

OH )} ≈ 2. This suggests that rate
coefficient for vibrational predissociation of CH4-OD (2νOD),
kVP

OD, is much smaller than the rate coefficient for reaction and
indicates a significant increase in the branching fraction for
reaction. Thus, the total decay rate for CH4-OD (2νOD) will
have an even larger contribution from reaction than that for
CH4-OH (2νOH). It also implies that the rate coefficient for
vibrational predissociation of CH4-OD (2νOD), kVP

OD, is much
smaller than that for CH4-OH (2νOH), kVP

OH, in accord with
energy gap arguments. The change in vibrational predissociation
rate is likely to be greater than the observed (2-fold) change in
the total decay rate upon deuteration, as seen in other OH/D
systems.20,29 The only way to determine the branching ratio
definitively is to measure the inelastic and reactive scattering
yields. Such experiments are planned for the future.

V. Conclusions

The pure OH/D overtone spectra of CH4-OH/D are found
to be remarkably similar to one another, with similar spectral
shifts and rotational band structures. The CH4-OH spectrum
exhibits more extensive homogeneous line broadening than seen
for CH4-OD, indicating that CH4-OH (2νOH) decays about a
factor of 2 more rapidly due to inelastic recoil and/or chemical
reaction than CH4-OD (2νOD). The OH (V ) 1) fragments from
vibrational predissociation of CH4-OH (2νOH) have minimal
rotational excitation, while the OD (V ) 1) fragments from
CH4-OD (2νOD) are highly rotationally excited. These changes
in the OH/D product state distributions demonstrate that the
dominant inelastic decay channel involves near-resonant vibra-
tional energy transfer to the pentad of CH4 vibrational states
near 3000 cm-1 for CH4-OH, and a less energetically favorable
transfer to low-frequency bending modes of CH4 for CH4-OD.
The larger energy gap associated with inelastic decay of CH4-
OD (2νOD) implies a slower rate of vibrational predissociation,
suggesting that more time will be available for reaction within
the vibrationally activated complex.
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