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The rate constant of the gas-phase addition reaction of the light hydrogen isotope muonium to molecular
oxygen, Mu+ O2 f MuO2, was measured over a range of temperatures from 115 to 463 K at a pressure of
2 bar and from 16 to 301 bar at room temperature, using N2 as the moderator gas. The reaction remains in
the termolecular regime over the entire pressure range. At room temperature, the average low-pressure limiting
rate constant iskch

0(Mu) ) (8.0 ( 2.1) × 10-33 cm6 s-1, a factor of almost 7 below the corresponding rate
constant for the H+ O2 addition reaction,kch

0(H). In contrast tokch
0(H), which exhibits a clear negative

temperature dependence,kch
0(Mu) is essentially temperature independent. At room temperature, the kinetic

isotope effect (KIE) is strongly pressure (density) dependent and is reversed at pressures near 300 bar. The
kinetics are analyzed based on the statistical adiabatic channel model of Troe using a Morse potential, which
works well in reproducing the overall KIE. The major factors governing the isotope effect are differences in
the moment of inertia and density of vibrational states of the addition complex.

I. Introduction

The largest available mass ratio between conventional
isotopes is a factor of 2 between deuterium (D) and protium
(H), or a factor of 3 when tritium (T) is included. Over the past
two decades, a new isotopic analogue of atomic hydrogen has
become important for the investigation of reaction dynamics
and kinetic isotope effects (KIEs). It is muonium (Mu≡ µ+e-),
a bound state of a positive muon (µ+), which takes the role of
the nucleus, and an electron. Muonium has a mass only one-
ninth that of H but is otherwise chemically identical to H. This
remarkable mass ratio leads to unprecedented KIEs in chemical
reactions where a bond to the isotope is broken or formed.1-3

These primary isotope effects can be 2 orders of magnitude or
more, in both directions, depending on the type of reaction. Mu
is slower than H when the effect is dominated by the zero-
point energy in the transition state, typified by endothermic
reactions such as H-abstraction from H2

4 or CH4,5 but it can be
considerably faster than H when energy barriers are small and
narrow on early-barrier surfaces so that tunneling plays a major
role,6 typified by exothermic abstraction reactions such as Mu
+ X2,7,8 or Mu + HX,9-11 or Mu + N2O12 or addition reactions
such as Mu+ C2H4

13,14 or Mu + benzene.2 It is perhaps not
surprising that Mu probably holds the world record, with a KIE
larger than 75000 at room temperature, in the reaction in which
Mu is transferred from the cyclohexadienyl radical to a
dimethylbutadiene molecule in solution.15

It is generally well-known that measurements of chemical
reactivity serve as sensitive tests of reaction rate theories and
potential energy surfaces (PES). In most studies of this nature,
muonium exhibits a primary KIE, but the Mu atom has also

been used as a passive spectator in kinetic studies of radical
reactions where the bond to Mu remained intact and where any
secondary KIE was undetectable, within error. Such work
includes the determination of accurate and absolute rate
constants of radical clock reactions such as cyclization and ring
fission in the liquid phase16 and of Mu-ethyl radical addition
reactions to O2 and NO.17,18

Examples of Mu reactivity either concern reactions in liquids
or pressure-independent addition reactions to polyatomics in the
gas phase, which are in the high-pressure limit at pressures only
of order 1 bar,13,17,18 due to the large number of degrees of
freedom involved. The present study is part of a broad program
to investigate Mu reactivity with small molecules, with few
degrees of freedom, the H-atom analogues of which have been
studied for a number of years19 and are all of considerable
interest in combustion kinetics and atmospheric chemistry.20-22

Both Mu and H-atom addition reactions to such small molecule
species involve strongly pressure-dependent rates, in contrast
to the cases cited above. The addition of Mu to NO has been
found to obey low-pressure termolecular kinetics up to 61 bar,
where it has been established23 that Mu is slower than H by a
factor of 5 (recently confirmed up to 500 bar), a much more
dramatic KIE than had been seen in an earlier D(H)+ NO
study.24 Current studies of the Mu+ CO addition reaction up
to 300 bar also reveal pronounced moderator effects.25 The
present work investigates Mu addition to oxygen, the chemical
analogue of H addition to O2, which is of special interest in
combustion and flame processes and in atmospheric chemis-
try21,22,26,27as well as being of considerable current theoretical
interest.28-37
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In all addition (or “recombination”) studies of this nature,
the reaction exothermicity brought to the adduct by the newly
formed bond, in this case to the HO2* complex, has to be
transferred in collisions with a third body, usually with an inert
moderator gas (M):

The apparent bimolecular rate constant for this reaction,kch,
depends on the moderator concentration [M] and thus on the
total pressure. One distinguishes three pressure ranges: (i) the
low-pressure regime, wherekch is proportional to [M],kch )
kch

0[M]; (ii) the high-pressure regime, wherekch approaches a
constant value, the high-pressure limitkch

∞, which in essence
is the bimolecular rate constant for the addition step; (iii) the
intermediate falloff regime. At quite high temperatures (>1000
K), a second reaction channel becomes important, the bimo-
lecular abstraction reaction,

but this channel is highly endothermic38-40 and can be neglected
over the temperature range of the present experiment.

The H + O2 addition reaction, (R1), has been investigated
in detail by several groups, over a range of different moderators,
pressures, and temperatures,19,41-50 and a survey of the results
up to 1997 has been reported by Atkinson et al.51 The most
detailed study carried out over a range of high pressures is the
work of Cobos et al. In that study, for both Ar and N2

moderators, the rate constantkch(H) approaches about 50% of
its high-pressure limit near 200 bar, at room temperature.
Investigations of the reaction of D with O2 in an Ar moderator,
in the low-pressure regime, did not reveal any significant isotope
effect,k0(D)/k0(H) ≈ 1.52 For Mu + O2, one can expect a much
stronger KIE, which should prove valuable in refining our
understanding of this important combustion reaction. We have
therefore investigated the Mu analogue of reaction R1:

as a function of pressure (2e p e 301 bar) and temperature
(115e T e 463 K). The temperature dependence studies may
also be useful in helping to distinguish between two different
functional behaviors which were proposed for H+ O2; Atkinson
et al.51 recommends aT-n dependency, in contrast to the results
of Carleton et al.50 and Hsu et al.48,49 who found that an
Arrhenius-like exponential dependency fits their experimental
results better. This latter dependence seems to agree well with
the earlier data of Kurylo, albeit in a He moderator.41

II. Experimental Section

a. Muon Spin Relaxation (µSR) Technique in Longitudinal
Magnetic Fields.The muon is a spin-1/2 particle, like the proton,
and is available in beams with a spin polarization close to 100%
at the ports of suitable accelerators. Experiments can be carried
out in either transverse magnetic field (TF) or longitudinal field
(LF) geometries relative to the initial muon polarization in the
beam. In a LF experiment, muons are stopped in the target of
interest, which is placed in a magnetic field, either parallel or
antiparallel to the beam polarization. As a result of its slowing-
down processes in the target, theµ+ finds itself in one of several
possible environments at observation times (diamagnetic muons,
free muonium, or in a Mu-substituted free radical), with its
polarization shared accordingly.1 Regardless of its environment,

the positive muon decays with a lifetime of 2.2µs, according
to

The decay is parity violating, and the decay positron (detected
in the experiments) is consequently emitted preferentially along
the instantaneous muon spin direction, at the moment of decay.
This effect forms the basis of the time-differentialµSR, which
monitors the time evolution and relaxation of the muon spin
polarization. Details of typical muonium chemistry experiments
of this nature have been described elsewhere,1,6,53-56 with
particular emphasis in the gas phase as well,17,23,53but in short
are as follows. Single muons are stopped in the experimental
target, and their individual decay times are measured by
triggering a clock when a muon enters the target, then stopping
the clock when the corresponding decay positron is detected in
a scintillation counter, positioned in a fixed direction with
respect to the incident muon spin. The present experiments have
been carried out in LF, utilizing counters placed in the forward
(F) and backward (B) directions. For each counter, positron
events are accumulated in a time histogram of the form

which represents a modified radioactive decay curve character-
ized by the muon lifetimeτµ, a normalization constantN0, and
a time-independent backgroundNB. Superimposed is the signal
of the relaxing muon polarization,P(t), with its initial amplitude
A, which depends on the decay anisotropy, the initial beam
polarization, and the solid angle of the detector. (In a TF,P(t)
has oscillatory components due to different Larmor precession
frequencies, but in a LF, it is in most cases just a relaxing
signal). Experiments were carried out at the TRIUMF accelerator
in Vancouver, Canada, and at the Paul Scherrer Institute (PSI),
near Zürich, in Switzerland. Time histograms were accumulated
with a time resolution of about 2.5 ns bin width and a total
length of 10µs.

Three different pressure cells were used at three different
accelerator beam ports. (i) Experiments at a pressure of 2 bar
were conducted using “surface muons” with a momentum of
29 MeV/c at theπE3 beam line at PSI. The reaction vessel, a
stainless steel cylinder of 50 cm length and 8 cm diameter, was
placed in the warm bore of a superconducting magnet which
reaches fields up to 5 T. The vessel has a 25µm titanium
window, through which the incident muon enters the gas, and
is surrounded with a copper tube, which allows the temperature
to be regulated by a recirculating liquid (silicone oil for heating
and liquid nitrogen for cooling). This vessel was isolated by
placing it in a vacuum jacket with a Mylar entrance window.
(ii) The intermediate pressure range, up to 61 bar, was also
studied with surface muons, in an aluminum gas cell ap-
proximately 15.6 cm long with a 9.5 cm inside diameter. The
muon beam entered the target cell through a 1.1 cm diameter,
100 µm thick window bored in a 1.1 cm thick titanium end
flange. The muon counter was a small disk of plastic scintillator
positioned as close to the Ti entrance window as possible, with
the whole arrangement attached to the beam line vacuum.57 The
cell was positioned in the center of a superconducting solenoid
operated at magnetic fields from 0.5 to 2 T. These experiments
were performed at the TRIUMF M15 surface muon beam port.
(iii) For high-pressure experiments, up to 301 bar, we used a
stainless steel target vessel, which has a 10 cm length, 5 cm
internal diameter and 1.25 cm walls. At one end of the cell, a
titanium flange is bolted on and sealed with an O-ring. The

H + O2 + M f HO2* + M f HO2 + M* (R1)

H + O2 f HO + O (R2)

Mu + O2 + N2 98
kch

MuO2 + N2 (R3)

µ+ f e+ + νjµ + νe (R4)

N(t) ) NB + N0e
-t/τµ[1 ( AP(t)] (1)
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muon entry “window” is a 2.5 cm diameter section of that flange
machined to 0.3 cm thickness and a domed shape. Due to the
thicker window, we had to use “backward” decay muons, with
a momentum around 70 MeV/c at the TRIUMF M9B beam port.
The cell was placed in a conventional Helmholtz magnet which
reaches fields up to 0.3 T.

At PSI, commercially available oxygen (99.95% stated purity)
and nitrogen (99.999%,<2 ppm oxygen) were used without
further purification. Both gases were obtained from the Sauer-
stoffwerk Lenzburg AG. At TRIUMF, all gases were obtained
commercially from Canadian Liquid Air. Research grade oxygen
(99.997%) and nitrogen (99.9995%,<0.5 ppm oxygen) were
used without further purification for pressures up to 61 bar. For
higher pressures, research grade nitrogen (99.995%) was further
purified by passing through an OxiClear gas purifier (LabClear).
The manufacture’s stated oxygen concentration is below 5 ppb.
The density (concentration) was calculated from the measured
pressure using the van der Waals equation with constants taken
from ref 58.

b. Data Analysis.Each histogram was fitted to the general
expression (eq 1) using the nonlinear least-squares fitting
program MINUIT.59 The main quantity of interest is the
polarization,P(t), which relaxes with a characteristic rate (or
sum of rates). In addition to the chemical reactions of interest,
(R1) and (R3), both (intermolecular) spin exchange (SE) of Mu
with paramagnetic O2 and (intramolecular) spin relaxation (SR)
of the MuO2 radical due to collisions with other molecules can
occur, as well as, in principle, SE of MuO2 with O2 in addition
to SR of the intermediate radical MuO2*, making for a generally
complex kinetics profile.60 For the current Mu+ O2 study, there
are simplifying assumptions that can be made, discussed below.

We treat the chemical transformation Muf R as occurring
at a chemical rateλch. The radical MuO2 so formed undergoes
an intrinsic relaxation upon collisions with other molecules,
mostly due to spin-rotation and dipolar interactions, and is
therefore dependent on the pressure and the applied magnetic
field,61,62whereas Mu is isotropic and does not relax in collisions
with an inert moderator. In the presence of oxygen, Mu reacts
chemically with the rateλch, but it also undergoes spin exchange
with the paramagnetic oxygen molecule at a rateλse. In a LF
then, Mu relaxes at a total rate17,23

where x ) B/B0 is the magnetic field in units of the Mu
hyperfine field (B0 ) 0.1585 T),kse is the bimolecular rate
constant for Mu+ O2 SE, andkch is the chemical rate constant
of Mu addition to O2. In low fields (x2 , 1), the SE rate is
transmitted to the muon by the hyperfine coupling, but in high
fields (x2 . 1), the muon is locked to the external field so that
the observed relaxation decreases with the decoupling factor
1/(1 + x2).17,23,63,64It is assumed that the spin relaxation of the
MuO2 radical,λR, does not depend on the oxygen concentration
since moderator collisons dominate. It can be shown then that
the signal of interest,P(t), is given by a double exponential
decay:17

Thus, the various contributions to muon spin relaxation have
to be separated. The strategy is to determineλMu from the
dependence on oxygen concentration and to separate the effect

of chemical reaction from that due to spin exchange based on
the magnetic field dependence of the latter.

There are two principal approximations that go into the
expression in eq 3: the MuO2 (and/or MuO2*) radical could
undergo SE with molecular O2 and this is neglected; and the
SR of the intermediate MuO2* radical is neglected. In the SE
case, the necessary decoupling factor 1/(1+ x2) would depend
on the much smaller radical hyperfine field,B0 ≈ 0.0035 T,
estimated from the measured value for the HO2 radical.65 This
is so much smaller than that of Mu (B0 ≈ 0.1585 T) that, for
the fields applied here, any contribution to muon relaxation in
the radical due to direct SE is negligible. The second point is
in the SR of the intermediate MuO2* radical, which, as for stable
MuO2 represented byλR in eq 3, can be expected to depend
critically on both applied field and moderator pressure.61,66This
dependence can be described by a phenomenological model.61

Here, the interpretation ofλR does not impact directly on the
chemical rate constants of interest and so this aspect will not
be discussed further in the present paper.

Figure 1 shows two different experimental histograms, one
from TRIUMF at a pressure of 16 bar and a field of 0.7 T and
the other from PSI at a field of 3 T and a pressure of 2 bar.
Only AP(t) is displayed, and one clearly observes the double
exponential nature of the decay. Experimental conditions are
chosen such that the fast decay representsλMu, the slow one
λR. The principal interest in the present study isλMu since this

λMu ) λch + λse) (kch +
kse

2(1 + x2))[O2] (2)

P(t) )
λse- λR

λMu - λR
e-λMut +

λch

λMu - λR
e-λRt (3)

Figure 1. Muon asymmetry measured in forward histograms for Mu
+ O2 (+N2), obtained with the time differentialµSR technique in a
longitudinal field at (a) TRIUMF and (b) PSI. The solid lines are double
exponential relaxation fits to the data, from which the prime quantity
of interest here,λMu, is obtained.
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is related to the chemical rate constant,kch (eq 2). Fitting a single
histogram works well as long asλMu and λR are sufficiently
different and that the background contributions are sufficiently
small. In cases where the separate relaxation rates are not
reliably determined from a single histogram, we adopted a
procedure in which a set of histograms were fit simultaneously,
by choosing a data set which represents different oxygen
concentrations but the same magnetic field and total pressure.
This allows us to take advantage of the linear dependence of
λMu on [O2] (eq 2) and the fact thatλR is constant in such a set.

III. Results

a. Pressure Dependence.These data were obtained at
TRIUMF, at room temperature. One series of experiments was
conducted on the M9 beam line with “backward” muons, at
121 and 301 bar N2 moderator pressures, using the high-pressure
cell described above, with several fields in the range between
0.04 and 0.3 T. At these fields and pressuresλR is not that
distinct from λMu. Moreover, due to scattering of muons into
the cell walls as well as scattering of positron contamination in
the beam, theµSR signals suffer from a somewhat increased
background. We therefore adopted the aforementioned procedure
of simultaneously fitting sets of histograms for these data.
Another series of runs utilized “surface muons” on the M15
beam line to study the intermediate pressure range (16, 36, and

61 bar) at fields between 0.5 and 2 T. The conditions here were
also such that the most reliable results were obtained by
simultaneous fitting of a set of histograms. Figure 2 (parts a
and b) displays the results of the global fits in plots ofkMu )
λMu/[O2] against 1/(1+ x2), for different moderator pressures.
They clearly demonstrate the linear behavior expected from eq
2. The slopes, which are independent of pressure, correspond
to 0.5kse, giving an average valuekse ) (5.6 ( 0.3) × 10-10

cm3 s-1, which is in acceptable agreement with the literature
value by Senba et al.,kse ) (5.1 ( 0.2) × 10-10 cm3 s-1, that
was determinded by the TFµSR technique at∼1 bar moderator
pressures67 (see also Figure 6). Both the linear dependence on
1/(1 + x2), with x specific to the hyperfine field for Mu (B0 )
0.1585 T), and the pressure independence of the slopes are
consistent with the earlier statement that contributions from SR
of MuO2* can be neglected.

Thekch values are determined from the intercepts of the plots
parts a and b of Figure 2 and are plotted in Figure 3 as a function
of the density of nitrogen. There is good linear behavior over
the whole pressure range, given the error bars. This indicates
that the recombination reaction of Mu with O2 is in the low-
pressure, termolecular regime, wherekch ) kch

0[M], with kch
0

determined from the slope. The straight line fit giveskch
0 (Mu)

) (5.9 ( 0.4) × 10-33 cm6 s-1.
b. Temperature Dependence.The temperature dependence

was measured in the range 115-463 K, using surface muons
at PSI, in magnetic fields between 1.4 and 4 T at atotal fixed
pressure of 2 bar using N2 moderators. Since the total pressure
was much lower than in the TRIUMF data, there was always a
clear separation betweenλMu and λR (e.g., Figure 1b) so that
histograms could be fit individually to eq 3. Figure 4 shows
the dependence ofλMu on oxygen concentration at 383 K. The
linearity is again expected from eq 2. The slopes increase with
decreasing field (decreasingx), because of the increasing effect
of spin exchange, which can also be seen from eq 2. The slopes,
kMu ) λMu/[O2] are plotted in Figure 5 as a function of 1/(1+
x2), and good linearity is again obtained, allowing clear
separation ofkch andkse. At 383 K, kse ) (6.2 ( 0.2) × 10-10

cm3 s-1.

Figure 2. Rate constant of Mu (kMu ) λMu/[O2]) at ambient temperature
in (a) medium-pressure range and (b) higher pressure range plotted
against the “quenching” field variable, wherex ) B/(1585 G) for
muonium. The linear dependence is expected from eq 2, giving the
spin-exchange rate constant, 0.5kse, from the slope and the overall
chemical rate constant,kch, from the intercept. (Data from TRIUMF.)

Figure 3. The chemical rate constant at room temperature for Mu+
O2 (+N2) as found from the intercepts of Figure 2, plotted against the
total density, [M], calculated from the van der Waals equation. The
solid line is a linear fit assuming the reaction to be in the low-pressure
(termolecular) regime. The departure from the line for the highest
density point (301 bar) is not regarded significant (see discussion in
the text). The slope of the line yields the termolecular rate constant,
kch

0(Mu) ) (5.9 ( 0.4) × 10-33 cm6 s-1.
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The temperature dependence of the spin exchange rate is
given by67

whereµ is the reduced mass for the relative motion of Mu and
O2, kB is Boltzmann’s constant, andσD(T) is the energy-averaged
total SE cross section, the temperature dependence of which
becomes apparent only at temperatures less than 100 K.67 Thus,
if the temperature dependence ofσD(T) is weak enough (often
approximated as a temperature-independent hard-sphere value),
kse(T) should follow T1/2 over the temperature range of the
present study. Figure 6 compares the values ofkse(T) from the
present experiments with those of the TF measurements of ref
67. Though there is some scatter, the individual values generally
agree within errors. A good fit to the data (open squares in
Figure 6) is found for an assumedT1/2 dependence, givingkse(T)
) ((3.16 ( 0.05) × 10-11)T1/2 cm3 s-1. Recent theoretical
calculations of the SE cross section for H+ O2 suggest a weak
temperature dependence ofσD(T) ∼ (295/T)1/3.68 Although this
same dependence does not have to apply to the analogue Mu

reaction (the SE cross sections for Mu+ O2 are considerably
smaller than for H+ O2),64,67 Figure 6 reveals a clear trend of
increasingσD with T.

Since the low-pressure regime extends up to 301 bar (Figure
3), at 2 bar one can plot directlykch

0 ) kch/[M], instead ofkch,
as a function of temperature, as shown in Figure 7. The data
are clearly consistent with little or no dependence on temper-
ature, in contrast to the much stronger decrease with increasing
temperature seen in the corresponding H+ O2 data48-50 in N2

moderator, which can be fit with a negative activation energy
of about-6 kJ/mol. Assuming no temperature dependence, a
fit of the Mu data gives,kch

0(Mu) ) (10.1( 0.4)× 10-33 cm6

s-1. This value is significantly higher than that reported above,
obtained from the range of pressure measurements done at
TRIUMF, kch

0(Mu) ) (5.9 ( 0.4) × 10-33 cm6 s-1. This
systematic error which is discussed further in section IV is
accounted for by a weighted average:kch

0(Mu) ) (8.0 ( 2.1)
× 10-33 cm6 s-1. Interestingly, this result is almost the same as
that reported in N2 moderator for the Mu+ NO addition reaction
up to 61 bar pressure,23 kch

0(Mu + NO) ) (8.8( 0.5)× 10-33

cm6 s-1.

Figure 4. The linear dependence on [O2] expected from eq 2 for the
relaxation rate,λMu, for a fixed moderator pressure (2 bar) is
demonstrated for four different fields at 383 K. The increasing slope
with decreasing field is due to the reduced “quenching” of Mu+ O2

spin exchange at lower fields. (Data from PSI.)

Figure 5. Mu relaxation rate constant found from the slopes of Figure
4 (kMu ) λMu/[O2]) at 2 bar, 383 K, vs the field variable 1/(1+ x2).
See caption to Figure 2.

kse(T) ) x8kBT

πµ
σD(T) (4)

Figure 6. Temperature dependence of the spin exchange rate constant
kse, compared with the earlier data of Senba et al. obtained with a
transverse field ?SR technique;67 open squares, this work; closed circles,
ref 67. Note the generally good level of reproducibility. The line is a
fit of a T1/2 dependence to the data of this work.

Figure 7. Temperature dependence of the termolecular rate constant
for Mu + O2, kch

0(Mu), measured at a moderator pressure of 2 bar.
With the possible exception of the point at 115 K, the rate constants
are independent of temperature (see Figure 9). (Data from PSI.)
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IV. Discussion and Theory

The current results for the measured pressure dependence in
the rate constant for the Mu+ O2 reaction are summarized and
compared with a corresponding study by Cobos et al.46 for the
H + O2 reaction in Figure 8. While Mu is obviously slower
and in the low-pressure linear range up to the highest densities
measured, the clear curvature in the H+ O2 data demonstrates
that the latter reaction is already in the falloff regime at densities
of 0.5 × 1021 cm-3, or at pressures of only about 25 bar. As a
result, the KIE is clearly pressure dependent, approaching unity
near 300 bar. The limiting slope of the H+ O2 data iskch

0(H)
) (65 ( 10) × 10-33 cm6 s-1, as reported in ref 46, which is
in good agreement with other room-temperature H-atom data,
as summarized in Table 1. The average of these cited values
agrees with the 1997 recommended value of Atkinson et al.,
kch

0(H) ) (55 ( 11) × 10-33 cm6 s-1,51 which shall be taken
for comparison with the present Mu+ O2 data. The KIE at
room temperature in N2 moderator is thenkch

0(Mu)/kch
0(H) )

(8.0( 2.1)/(55( 11) ) (0.15( 0.05). This result is similar to
the KIE reported in a comparison of H+ NO and Mu+ NO
addition rate constants, (0.23( 0.12).23

Several of the H+ O2 measurements have also been carried
out in Ar moderator.46,48-50 The corresponding termolecular rate
constant recommended by Baulch et al.69 is (18 ( 9) × 10-33

cm6 s-1 at room temperature. This can be compared with the
measurements of the D+ O2 reaction in Ar moderator,52 kch

0(D)
) (17 ( 1) × 10-33 cm6 s-1, for a KIE ) kch

0(H)/kch
0(D) of

essentially unity, reinforcing our earlier statement of the
importance of Mu reactivity to understanding kinetic isotope
effects in unimolecular kinetics.

In the following, we shall discuss our results, in comparison
with those for H+ O2, based on the theoretical framework of
unimolecular kinetics developed by Troe,70-78 which facilitates
a transparent breakdown of the total kinetic isotope effect into
its different contributions. Comparison is also made with the
transition state theory (TST) calculations of Duchovic and co-
workers.36 Troe’s treatment is first developed for the reverse
process, the unimolecular decay, which in this context is the
reverse of (R3 or R1), rewritten here as

with the rate constant for the recombination process (R3) related
to the unimolecular dissociation process (R5) by79,80

whereKeq is the equilibrium constant for overall recombination/
addition (R1, R3) that is calculated from statistical thermody-
namics. For the Mu reaction, it has the usual form

where∆H0
0 is the reaction enthalpy for recombination at 0 K

(-3.35× 10-19 J for H + O2 and-2.47× 10-19 J for Mu +
O2), and theQi

x are the partition functions for thei-th degree
of freedom of species x. Following Troe, we now treat the low-
pressure and high-pressure regimes separately.

a. Low-Pressure Regime.In the low-pressure range, the
unimolecular rate constant is70-72

wherekuni
0,SC is the rate constant in the strong collision limit and

deviations from it are described by the “weak collision”
efficiency factor 0e âc e 1. The latter depends on the average
collisional energy transfer,〈∆E〉, which is difficult to calculate
and so is normally treated empirically. It was found in early
studies thatâc depends more on the properties of the moderator
than on those of the reaction partners,72 though it clearly depends
as well on the number of degrees of freedom with its interpreta-
tion depending on the method of analysis.81 To our knowledge,
no explicit isotopic dependence has been reported to date, but
sinceâc depends directly on〈∆E〉 and since the level density
in MuO2* is considerably less than in HO2*, with a concomitant
increase in〈∆E〉, âc depends at least implicitly on isotopic mass.
Nevertheless, as a first approximation, we shall assume

At room temperature, Cobos et al.46 find âc(H) ≈ 0.29. Thus,
in the estimation of KIEs, the main factor to be considered is
kuni

0,SC, which can be broken down in the following way:71,72

whereZLJ is the Lennard-Jones collisional rate andE0 is the
threshold energy for dissociation, including zero-point-energy
(ZPE) in the dissociating (H-O2) bond. As a first approxima-
tion, one assumes nonrotating molecules consisting of harmonic

Figure 8. Dependence of the chemical rate constant on moderator (N2)
density: Open squares, Mu+ O2 (+N2), this work; the dashed line is
a fit to the assumed linear dependence; closed circles, H+ O2 (+ N2),
errors 30%.46 The solid line is calculated from eq 17, using the
parameters given in ref 46.

TABLE 1: Literature Values for the Low-Pressure Rate
Constant at Room Temperature for the Reaction H+ O2
(+N2)

study kch
0(H) [10-33cm6 s-1]

Kurylo, 197241 53 ( 8
Cobos et al., 198546 65 ( 10
Wong and Davis, 197442 55 ( 7
Hsu et al., 198749 60 ( 9
Carleton et al., 199350 46 ( 3
Baulch et al., 199269 40 ( 20
Atkinson et al., 199751 54 ( 11

MuO2 + N298
kuni

Mu + O2 + N2 (R5)

kch()krec) ) kuniKeq (5)

Keq )
Qel

MuO2Qvibrot
MuO2

Qel
MuQel

O2Qvibrot
O2 Qtrans

Mu+O2
e-∆H0

0/kBT (6)

kuni
0 ) kuni

0,SCâc (7)

âc(Mu) ≈ âc(H) (8)

kuni
0,SC) ZLJ ∫0

∞
dJ∫E0(J)

∞
f (E, J) dE )

ZLJ

Fvib,h(E0)kBT

Qvib
H/MuO2

e-E0/kBTFanhFEFrot (9)
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oscillators with an energy-independent density of H/MuO2 states
Fvib,h. The F factors, as given in Table 2, are corrections for
anharmonicity (Fanh), energy dependence of density of states
(FE), and rotational effects (Frot). Since the only barrier for the
addition reaction is the zero-point energy barrier,∆EZ

0, as a
result of disappearing oscillators in the reaction channel, one
has

In defining

one ends up in

Following the procedure outlined in refs 71 and 72, all these
factors have been calculated separately for the Mu+ O2 and
the H+ O2 reactions. The potential surface is approximated by
a Morse potential in the direction of the reaction coordinate
(Morse parameterâ) and by a “loosening parameter”R
describing the decrease of the ZPEs of the two oscillators
perpendicular to the reaction coordinate, as the reaction
proceeds. Neither of the parametersR or â are expected to be
influenced by isotope effects, so the values for MuO2 were taken
to be the same as those of HO2, from the results of Cobos et
al.,46 â ) 2.94 × 1010 m-1 and R ) 0.94 × 1010 m-1. The
geometry as well as the normal-mode frequencies and ZPEs of
HO2 and MuO2 were obtained from literature46 or calculated
using the “Turbomole” program82 with the density functional
method BLYP.83,84The results, given as separate contributions
to the overall KIE, are collated in Table 2.

The first entry in this table is the collisional rate of MuO2/
HO2 with N2 moderator and gives little or no contribution since
the collision partners have essentially equal masses. The second
entry is the (energy-independent) harmonic density of states
which is markedly less for the Mu analogue due to the increased
νi(Mu). The third entry is forK̃eq, which enhances the reaction
of Mu over that of H by a factor of 8.2. The large ratio of
isotopic masses affects both the translational and the rotational
partition functions. The effect on the former gives a factor of
25, which is partially compensated by the effect on the latter.
All the other factors favor the H reaction. The most important
effects are from the lower density of states for the MuO2

molecule and the enhancedK̃eq for the Mu reaction. The overall
contributions then yield a room-temperature KIE in the low-
pressure regime

Comparing this value with the experimental KIE, 0.15( 0.05,

the trend is qualitatively reproduced. The quantitative discrep-
ancy can be traced, in part, to the simplifying assumptions
adopted here about the potential energy surfaces, but the basis
of the theoretical model of Troe employed here, despite its well
recognized success, also needs to be critically assessed in terms
of the unusual sensitivity to KIEs brought to light by studies of
the Mu atom. Several areas for further reflection suggest
themselves.

(i) The theory implicitly assumes the validity of the Born-
Oppenheimer (BO) approximation. Although much lighter than
the proton, the muon is nevertheless 200 times heavier than the
electron. A quantitative treatment is difficult, but earlier
estimates indicate that deviations from BO should be relatively
constant (although in absolute terms not negligible) as long as
the electron population on the muon (proton) does not change
appreciably over the reaction path and as long as there is no
avoided crossing of electronic states that influences the energy
along the reaction coordinate.4,85

(ii) The question as to the nature of the PES itself is a critical
one. As is standard in most applications of the Troe theory, the
present calculation has assumed a Morse potential in concert
with the “loosening parameter”R, and it has previously been
established that phenomenological choices of this nature can
give quite different results.46 (A smaller value ofR actually
describes the experimental KIE effect better.) There have been
several recent ab initio surfaces reported for the H+ O2

reaction,68,86-90 all of which would be considerably more
accurate than the Morse potential used here. There is a small
barrier in the Walch et al. surface (∼0.5 kJ/mol)87-89 but no
barrier in the surface of Pastrana et al.89 which seems to be the
consensus result of most experiments, in contrast to the earlier
surface of Melius and Blint,91 now recognized as having too
high a barrier (∼10 kJ/mol).37,86-88 The Walch surface has been
used in the TST/RRKM calculations of reaction (R1) by
Duchovic et al.,37 which are discussed briefly below. The
“DMBE IV” surface of ref 89 has been used in a number of
recent rigorous quantum calculations for reaction (R1)28-34 as
well for the endothermic abstraction reaction, (R2).92-95 In the
present context, this analytic surface89 could be fit to a Morse-
type potential, while maintaining the Troe theoretical framework,
and this modification is now underway96 and is expected to
discriminate between the effects of the basic assumptions and
those of a not sufficiently accurate PES.

(iii) The question of the suitability of the assumption of
chemical equilibrium for MuO2 for which quantum effects are
much more important than in the absence of Mu needs to be
critically assesed. Resonant states could well play a crucial role
in the case of the MuO2*, since the density of states will be
much lower than for HO2* (recall Table 2). The dissociation of
HO2* is already non-RRKM,31,32,97 and while the average
lifetime of these states does follow an RRKM model, there are
large quantum fluctuations, which can be expected to be
exacerbated in the case of MuO2*. This could have a greater
impact at higher pressures, toward the high-pressure limit, where
energy randomization plays a more important role than colli-
sional energy transfer in statistical theories such as RRKM or
the Troe theory.

(iv) The degree of collisional energy transfer depends on the
density of states, and the first-order assumption made of a mass-
independent collision efficiencyâc (eq 8) is probably not
justified for mass ratios as large as the factor of 9 prevailing
between H and Mu. This question of isotopic effects on
collisional energy transfer raised by the present paper is an
important one, since there are no other comparisons that are

TABLE 2: Contributions to the Kinetic Isotope Effect in the
Low-Pressure Limit

term H Mu ratio Mu/H

ZLJ [10-16 m3 s-1] 3.74 3.76 1.01
Fvib,h (E0) [1020 J-1] 19.8 2.29 0.12
K̃eq [10-30 m3] 6.12 50.2 8.20
Fanh 1.78 1.78 1.00
FE 1.02 1.02 1.00
Frot 6.12 4.93 0.81
exp(-∆EZ

0/kBT) 0.89 0.49 0.54
kch

0 [10-33 cm6 s-1] 53.4 22.4 0.42

E0 ) -∆H0
0 + ∆EZ

0 (10)

K̃eq ) Keq exp(∆H0
0/kBT) (11)

krec
0 ) âcK̃eqZLJ

Fvib,h(E0)kBT

Qvib
H/MuO2

FanhFEFrote
-∆EZ

0/kBT (12)

kch
0 (Mu)/kch

0 (H) ) 0.42 (13)
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sensitve enough to make a critical test. Earlier work on
comparing D/H isotope effects in vibrational deactivation of
large molecules98 has emphasized the relative importance of
quantum effects in the H-atom species (which would of course
be much greater for Mu). Recent work on the kinetics of CH(D)
in collisions with light molecules has also emphasized the
importance of density of state effects,99 but to our knowledge,
there are no specifically relevant experiments of isotope effects
on energy transfer for the small molecule system of interest
here. A number of currrent models include as well the effects
of anharmonicity,71,72,77and the different effects of these models
are currently being evaluated.96 It may also be that nonadiabatic
effects100 play an important role in collisional energy transfer,
in addition to possible electronic nonadiabatic effects arising
from the PES.68,86-88

(v) Only two of the three vibrational modes (ν̃O-O ) 1098
cm-1 andν̃bending) 1392 cm-1) of excited HO2 can be deexcited
efficiently by colllisional energy transfer.101 The highest H-O
streching mode can hardly contribute as a consequence of its
high frequency (ν̃H-O ) 3436 cm-1). For MuO2, the frequencies
are ν̃Mu-O ) 9775 cm-1, ν̃O-O ) 1082 cm-1, and ν̃bending )
3819 cm-1. This means that only the O-O stretching mode
might remain to contribute to the collision efficiency. So, when
the effective vibrational modes are reduced from two (HO2) to
one (MuO2), one might estimateâc(MuO2) ) 1/2âc(HO2).102

(vi) Though quantum effects are included in both the threshold
energies and in the vibrational partition functions, the Troe
theory remains a semiclassical one. Tunneling is neglected but
could also contribute tokch(Mu). Since current PESs indicate
little or no electronic barrier, it is likely that the (broad)
centrifugal barrier determines tunneling. Simplistically, one
would expect this to raise the contribution fromFrot for the Mu
reaction, thereby raising the theoretical KIE and hence worsen-
ing the agreement with experiment.

A first principles calculation, utilizing the accurate ab initio
PES of Walch et al.86-88 and conventional TST/RRKM theory,
has recently been reported by Duchovic et al., in calculations
of (R1) and its deuterium analogue,36,37over the whole pressure
range leading up to the high pressure limit. Since the mass ratio
between H and D is only a factor of 2, the neglect of tunneling
is not a serious ommision. Though the calculated high-pressure
limit is about a factor of 4 below the experimental results of
Cobos et al.,46 which may be partly explained by the fact that
the Walch surface does have a small electronic barrier, the
overall level of agreement between experiment and theory is
quite good. Not commented upon by the authors is the fact that
their calculated KIE,kch

0(H)/kch
0(D), is of order unity, in accord

with the experimental result.52 It would be of considerable
interest to have this calculation repeated for the present Mu+
O2 data, to assess the importance of tunneling.

It is also of interest here to compare the present result for
Mu + O2 (+ N2), with that of the similar reaction Mu+ NO
(+N2).23 It is curious that these rate constants are virtually the
same, as is the KIE,kch

0(Mu + NO)/kch
0(H + NO) ) 0.2. This

level of agreement, while perhaps fortuitous, seems to suggest
similar chemical reaction mechanisms in both reactions. Both
the H + NO103,104and H+ O2

86-89 PESs have essentially no
electronic barrier, and the bond dissociation energies are similar
as well. More recent studies of the Mu+ NO recombination
kinetics, for different moderators, up to pressures of 500 bar,105

have confirmed the KIE of 0.2. Both these NO studies and the
present Mu+ O2 work provide unique data sets which call for
calculations, along the lines of those reported in refs 30-32,
35-37, to provide stringent tests for current theoretical models.

b. High-Pressure Limit and Falloff Regime. The high-
pressure limit in statistical approaches to recombination kinetics
gives the rate constant for the addition step and can be written
in the general form

whereQ# is a pseudopartition function of the activated complex.
From the form of eq 14 and the equilibrium constant of eq 6,
the limiting high-pressure rate constant for the recombination
reaction (R3) can be written in the simplified version of the
SACM of Troe and co-workers:72,73,106

The Qi* are the partition functions of the oscillators in the
activated complex. Several of the factors in eq 15 depend on
the parametersR andâ which have been determined by Cobos
et al. in fitting eq 15 to the experimental data to give the value
kch

∞(H) ) 7.5× 10-11 cm3 s-1.46,106For the Mu reaction using
the same parameters forR andâ we obtainkch

∞(Mu) ) 1.4 ×
10-10 cm3 s-1 and a calculated KIE,kch

∞(Mu)/kch
∞(H) ≈1.9, in

the high-pressure limit.
Unfortunately, the value ofkch

∞(H), obtained by extrapolation
of the falloff curves of refs 46 and 106 has to be directly verified
by experiment, since the pressures required to actually reach
the high-pressure limit are>2000 bar for H+ O2.46 This
pressure is expected to be even higher for the Mu+ O2 reaction,
putting it out of the range of theµSR technique. Determinations
of kch

∞(Mu) have been reported for organic polyatomics, where
the high-pressure limits are achieved at much lower pressures,
of order 1 bar, due to the large numbers of rovibrational degrees
of freedom accessed.2,13 Interestingly, these rate constants are
much smaller than the estimate forkch

∞(Mu) above; for example,
in the Mu + C2H4 reaction,kch

∞(Mu) ) 6.6 × 10-12 cm3 s-1,
almost a factor of 100 smaller.

Another perspective on the high-pressure KIEs is provided
by the aforementioned TST/RRKM calculations of Duchovic
et al.36,37 These authors have also calculatedkch

∞ for the H(D)
+ O2 reactions and, while their absolute value forkch

∞(H) ) 2
× 10-11 cm3 s-1 falls below the experimental value reported
by Cobos et al.,46 the ratiokch

∞(H)/kch
∞(D) equals 1.4 over a

range of temperatures, almost exactly what one would expect
from a classical mean velocity dependence. In comparisons of
H + C2H4 and Mu+ C2H4, cited in ref 13, the KIEkch

∞(Mu)/
kch

∞(H) ≈ 3 at the highest temperatures, about 500 K, was also
consistent with this kind of dependence. In the present study at
room temperature,kch

∞(Mu)/kch
∞(H) ) 1.9 is less than this ratio,

but not all that different. The main isotopie effect inkch
∞ for H

+ O2 and Mu+ O2 from eq 15 comes from the translational
partition functions, the factor of 25 that favors the Mu reaction
and theQi* and the factor e-∆EZ

0/kBT which disfavors the H
reaction by 0.54 (Table 2).

The pressure dependence in the falloff regime for the H
reaction plotted in Figure 8 is also of interest and can be
described by the reduced falloff curves developed by Troe.73,74

These have their basis in the “Lindemann-Hinshelwood” form

kch
∞ )

kBT

h
Q#

Q
e-E0/kBTKeq (14)

kch
∞ )

kBT

h ( h2

2πµkBT)3/2

Qel
MuO2

Qel
MuQel

O2

Qcent*FAM*

Qvibrot
O2 σ*

∏
r

Qj*∏
b

Qm*e-∆EZ
0/kBT (15)
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Troe has adopted this ratio along with guidance from reduced
Kassel integrals, which can be written in a similar form,74 in
terms of two parameters,Fcent andN,73,74

The parameterFcent is a “broadening factor”, to account for the
difference from the simpler Kassel integral, and is actually a
product of distributions for weak and strong collison effects of
similar (Gaussian) form, andN corresponds to the width of this
distribution.74 As written, eq 17 is for higher temperatures; at
lower temperatures, the distribution is more sharply peaked.
Although the approach is somewhat simplified, the beauty of
eq 17 is that it allows a good estimate of the pressure
dependence of the rate constants without recourse to more
rigorous calculations, which are difficult to carry out between
the limits of low and high pressures. By fitting the form of eq
17 to experimental data, ifkch

0 is known, the experimental value
of kch

∞ can be found, provided that there is a sufficient range
of pressures measured over which clear curvature is established.
This is the case for the H+ O2 reaction and is the procedure
that has been used to findkch

∞(H) from experimental data,46 as
given by the solid line in Figure 8. However, this is not possible
for the Mu + O2 reaction, which shows no credible curvature
up to the highest pressures measured (see also Figure 3). In
this context it can be commented that an alternate approach to
the use of reduced falloff curves, based strictly on RRKM
behavior, has been given recently by Prezhdo,107 and his curves
and those of Troe are reasonably similar at moderately high
temperatures, at least for the recombination of CH3 radicals
considered.

Following the procedure outlined in ref 75 bothFcent andN
have been calculated for reactions (R1) and (R3), which as it
turns out, are about the same. Hence, a similar pressure
dependence is expected for both reactions; in particular, they
should both show deviation from the low-pressure limit in the
pressure range under investigation. The experimental observa-
tions (Figure 8) clearly contradict this expectation. There are a
number of possible reasons that could explain this contradiction.
One is certainly that the approach of utilzing reduced falloff
curves, despite the inherent appeal in its approach, is just too
simplified, and specific non-RRKM mass and/or angular
momentum effects are playing more important roles than the
Troe formalism accounts for. We have commented on this aspect
above as well, in connection with calculations ofkch

0. It would
be interesting in this respect to have a comparison of Mu+ O2

and H+ O2 from the recent RRKM calculations of Prezhdo.107

Another aspect is the role played by tunneling, which is not
included in the inherently classical formalism of Troe (or
Prezhdo). It may be that tunneling effects, much more facile
for Mu than H, are strongly pressure dependent, which could
also have an impact on fitted temperature dependences over
different pressure ranges. If tunneling is significant, both the
addition and the dissociation processes could be greately
enhanced with the effect that the range of the low pressure
regime could be significantly expanded, which is not inconsistent
with the experimental findings.

c. Temperature Dependence.Gas-phase recombination
reactions of the radical-radical type typically have little or no
electronic barrier, with rate constants that tend to follow aT-n

dependence, rather than the traditional Arrhenius law.51,109 It
can be argued that such aT-n relation is more compatible with
theory,109 but it is still empirical in form, like the Arrhenius
law itself. In fact, often combinations ofT-n and Arrhenius
dependences are employed in order to fit experimental
data.81,108,109

There have been two experimental measurements of the
temperature dependence of the H+ O2 reaction, in nitrogen
moderator over a temperature range comparable to the present
study, both of which reported negative “activation” energies,
-(6.9 ( 1.1) kJ/mol50 and-(5.6 ( 0.8) kJ/mol,48,49 resulting
from fitting the data to the standard Arrhenius expression. An
earlier measurement by Kurylo in He moderator gave a less
negative value for the activation energy,-(2.0( 0.4) kJ/mol.41

Although seemingly difficult to justify theoretically, negative
activation energies are usually explained as arising from
exothermic preequilibria,108 as in reactions R1 and R3 here. The
room-temperature values forkch

0(H) from refs 50 and 48 and
49 just agree (Table 1); their values also agree, within errors,
with a single measurement by Pratt and Wood at 425 K.45 The
temperature dependences ofkch

0 for the reactions of Mu (Figure
7) and H with O2 are compared in Figure 9. The recommended
T-1.8 dependence of Atkinson et al., shown as the solid line, is
recommended only for the range of 200-600 K. Unfor-
tunately, the recent H-atom data does not extend much below
room temperature, and the earlier data of Kurylo at lower
temperatures seems to have quite a different temperature
dependence.41 Since the Mu data has been obtained down to
115 K, we may be in a more suitable position to distinguish
between the two models. The lowest dotted line is a fit to the
Mu data, assuming a temperature-independent rate; the longer
dashed line is a theoretical prediction, discussed below. Ac-
cording to Cobos et al., the temperature dependence of the low-
pressure limiting rate constant for the H+ O2 reaction is mainly
dependent on the weak collision factorâc

46 which follows the
approximate form70

FLH )
kch

kch
∞ )

kch
0[M]

kch
∞ + kch

0[M]
(16)

log(kch/kch
∞) = log( kch

0[M]

kch
∞ + kch

0[M] ) +

log Fcent

1 + [log(kch
0[M]/ kch

∞)/N]2
(17)

Figure 9. Comparison of the temperature dependence of the chemical
rate constants for H+ O2 and Mu+ O2 from the present study at 2
bar (open squares). The solid line is the recommendedT-1.8 dependence
for several H+ O2 experiments by Atkinson et al.51 The dotted line
assumes no temperature dependence and is a fit to the data points. The
dashed line is calculated from the Troe theory for Mu+ O2 by
multiplying the recommended value of ref 51 with the calculated KIE
assumingâc(Mu) ) âc(H). Same for the dash-dotted line, but assuming
âc(Mu) ) 1/2âc(H). (See discussion in the text.)
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where〈∆E〉 is the average amount of total (up+ down) energy
transferred in a collision. As long as〈∆E〉 is not strongly
temperature dependent,109 which is seen in the fitted values for
H + O2

46 as well as in the case of some polyatomics,81,109âc(T)
is indeed found to be roughly proportional to 1/T, for a variety
of small molecules as well.109Atkinson et al. recommendkch

0(H)
linear withT-1.8.51 From Figures 7 and 9 (note the scale change),
it is clear that there is essentially no temperature dependence
in the Mu + O2 reaction over the (115-463 K) range of the
experimental points, in marked contrast to the dependence seen
for the H + O2 reaction. This can be explained by the larger
zero-point energy barrier for the Mu+ O2 reaction, which
counteracts the expected negative temperature dependence of
T-n, as verified by calculatingkch

0,SC(eq 9) for the two isotopes.
This yields a theoretical isotope effect in the absence of
temperature-dependent weak-collison factors. On the assumption
still that eq 8 is valid, after multiplication by the recommended
value forkch

0(H) of Atkinson et al.51 (the solid line in Figure 9
for H + O2), the dependence for the Mu+ O2 reaction is
obtained (long dashes in Figure 9). Such a calculation reproduces
qualitatively the temperature depedence in the Mu+ O2

experimental data, even though the magnitude of the predicted
KIE at room temperature is too small. This discrepancy is getting
smaller whenâc(Mu) ) 1/2âc(H) is assumed (dash-dotted line
in Figure 9). The trend would in fact be better reproduced if
the lowestT point at 115 K were ignored, which may be justified
by the fact that theT -1.8 dependence of ref 51 is not warranted
at low temperatures. Regardless, it is clear that the temperature
dependence inkch

0(Mu) is far different from that of H+ O2

data, another manifestation of the sensitivity of the light-atom
Mu mass to the dynamics.

Finally, it is appropriate here to revisit the earlier-commented
discrepancy in the values ofkch

0(Mu) between the high-pressure
data at room temperature (Figure 3), taken at the TRIUMF
accelerator, and the low-pressure (2 bar) data at varying
temperatures, taken at the PSI accelerator (Figures 7 and 9).
These values differ by almost a factor of 2. We have assumed
this to represent some level of systematic error of unknown
origin, giving rise to the aforementioned average (8.0( 2.1)×
10-33 cm6 s-1, leading to the KIE already discussed of 0.15(
0.05. On the other hand, it is also well-known from basic ideas
of RRKM theory that, at least for activation processes, the rate
constant can increase with decreasing pressure, since there is a
preponderance of lower-excitation molecules which have not
been deactivated by collisions. This could mean a relatively
smaller value forkch

0 at high pressures, consistent with the
values seen here, but this can only be confirmed by further
experiments of the temperature dependence of the Mu+ O2

reaction at high pressures (and/or rigorous theoretical calcula-
tions).

V. Concluding Remarks

We have investigated the recombination reaction of the
remarkably light hydrogen isotope muonium with oxygen in
N2 moderator by applying the longitudinal field time differential
µSR technique. The accuracy of the rate constant obtained with
this method is similar to that obtained with conventional
methods. At the lowest pressure, 2 bar, no temperature
dependence was observed in the range from 115 to 463 K. The
moderator (N2) pressure dependence was investigated at room
temperature, up to 301 bar. The overall bimolecular chemical

rate constant (kch) depends linearly on the moderator concentra-
tion over the entire pressure range, within the error limits of
the experiments. The average termolecular low-pressure limiting
rate constant is found to bekch

0(Mu) ) (8.0 ( 2.1) × 10-33

cm6 s-1 and corresponds to a strong “inverse” kinetic isotope
effect,kch

0(Mu)/kch
0(H) ≈ 0.15, in comparison with the analo-

gous H+ O2 reaction.51 This experimental result provides the
basis for an important test of the theories of H(Mu)+ O2

recombination kinetics, exploiting the unusual mass sensitivity
afforded by studies of Mu reactivity. The principal theoretical
formalism we have utilized in interpreting the experimental
results is that of Troe,70-80 with a Morse-type potential for the
Mu(H) + O2 interaction. The calculated KIE with this formalism
is 0.42 at room temperature, assuming no isotope effect in the
weak collision factor,âc(Mu) ) âc(H), in qualitative agreement
with the experimental results. With the same assumption and
adopting theT-1.8 dependence that accounts for the H-atom
data,51 the lack of any strong temperature dependence in the
Mu reaction, which is in marked contrast to that observed for
H + O2 (Figure 9), can also be accounted for qualitatively.

Despite the relative success of Troe’s theory in accounting
for the experimental Mu(H)+ O2 rate constants, the discrep-
ancies revealed by the present study also raise questions about
the validity of some of the approximations, in particular for the
present system. There are mainly three points which are of
concern. (i) The theory used here is based primarily on concepts
of thermal distribution functions and, while nonequilibrium
effects are in principle accounted for, it is not clear that this
can be justified with the same degree of confidence for the
markedly reduced density of states expected for the Mu atom
analogue. (ii) The usual formulations and formulas are either
based on approximations or are used in an approximate form,
and it is not clear what the cumulative effect of these
approximations is. To assess this question, it is first of all
necessary to replace the presently used Morse potential and
repeat the calculations based on the most reliable potential
energy surface. Such work using the surface of Pastrana89 is
currently underway.96 (iii) Perhaps most importantly, the SACM
formalism is a semiclassical one which includes quantum effects
in zero-point energies and in partition functions over discrete
states, but it does not account for further nonclassical effects.
The quantum fluctuations seen in the dissociation of HO2* 31,32,35

can be expected to be much more dramatic for MuO2*, with an
average lifetime likely different from the RRKM average.
Moreover, even though H+ O2 is believed to be a zero
electronic barrier reaction, tunneling through the centrifugal
barrier could effect the individual rate constants and discriminate
further between Mu and H. It is hoped that the present study
will motivate rigorous quantum calculations of the Mu+ O2

and H+ O2 reaction rates.
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