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Ozone was photolyzed at 248 nm in 40 Torr nitrogen with small amounts of water or hydrogen added in a
cooled or heated flow cell, to measure the O+ OH rate constant at 136-377 K. Rate constant values were
determined by kinetic modeling of the OH decays in excess O as monitored by laser-induced fluorescence
and are in reasonable agreement with current recommendations. Results may be summarized by the expression
k ) 11.2× 10-11 T-.32 e177/T cm3/molecule/s.

1. Introduction

Ozone photochemistry in the upper stratosphere and meso-
sphere is controlled largely by simple reactions of odd hydrogen
species, HOx. Recent observations by satellite and balloon
provide atmospheric OH concentration measurements; however,
model results based on this chemistry substantially overpredict
these values.1-3 A related model result is low ozone prediction.
Among the most sensitive and uncertain reactions4 are the
difficult-to-measure radical-radical processes OH+ HO2 f
H2O + O2, O + HO2 f OH + O2, and O+ OH f H + O2.
Proposed rate constant changes1-3 to remove model discrep-
ancies include decreasing O+ HO2 and increasing O+ OH.
High-power laser photolysis sources and diagnostics provide
opportunities to remeasure these rate constants to greater
accuracy and to endorse or restrict such proposed changes. We
previously reported a new determination of the rate constant
for O + OH at room temperature, using complete photolysis of
ozone as the source of excess O atoms and the O(1D) + H2O
reaction to form OH monitored by laser-induced fluorescence
(LIF).5 These measurements are extended here to explore the
range of atmospheric temperatures, by cooling a new photolysis
flow cell to 136 or 230 K or by heating it to 377 K. Hydrogen
is used as an alternate OH source to perform the lowest
temperature experiments, as validated by rate constant measure-
ments at the other temperatures.

This reaction has also received theoretical interest, since it
is the equilibrium reverse of the endothermic chain branching
H + O2 step that is central to combustion chemistry. The
reaction proceeds through the bound intermediate HO2 species.
Some recent theoretical work by Troe and colleagues6 inves-
tigates the low-temperature regime, as well as summarizing
previous work on the system. Several authors offer trajectory
calculation predictions for rate constants down to low temper-
atures.7-11

Experimental rate constant results from the literature12-19 are
shown in Figure 1. Three temperature-dependent studies of the
O + OH rate constant12-14 were used to derive the NASA panel
recommendation.15 Another room temperature study16 gives
consistent results. Recommended error bars are 20-30%.
However, recent low-pressure discharge/photolysis LIF mea-
surements of OH time decays in excess O report a 30% higher

rate constant value at 298 K and a slightly greater increase at
lower temperature.17 Although the NASA panel recommendation
and our recent measurement favor a 298 K rate constant of 3.3
× 10-11 cm3/molecule/s, a second cluster of measurements18,19

suggests higher values of 4.2× 10-11. The limited set of
experiments all deal with discharge flow measurements. Here,
we report photolytic determinations to help clarify the temper-
ature dependence of this rate constant and extend measurements
to a lower temperature.

2. Experiments

Our experimental approach uses the photochemistry employed
by Marschall et al.20 to measure O+ OH(V ) 2-4) reaction
and relaxation rate constants. A typical experiment5 is conducted
in 40 Torr nitrogen (99.99%), with metered portions of the flow
picking up 50 mTorr ozone from a chilled silica trap and 100
mTorr water from a bubbler (or a similar amount of hydrogen
gas flow (99.9%) is added). The O3 concentration is determined
in a separate 30 cm long cell between the calibrated mass flow
meters and the photolysis apparatus by absorption of Hg
penlamp radiation at 254 nm. An assumption that the water flow
is at the saturated vapor pressure was confirmed by 185 nm
absorption in a separate long-pass cell. A 0.20× 0.40 cm cross-
section of the cell gas is irradiated by the focused (70 cm f.l.)
output of a 248 nm KrF excimer laser beam (Lambda Physik
LPX-100). A measurement of laser power while a knife edge
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Figure 1. O + OH experimental rate constants. Error bars are one
standard deviation precision.
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is translated across the laser beam in the cell demonstrates a
uniform, top-hat intensity distribution and was also used to
determine the dimensions and positions of the laser beams. The
irradiated dimension is larger than the previous study5 to
eliminate minor effects of diffusion on the loss rate. The excimer
laser beam photolyzes almost all the O3 in its path, and while
most of the O(1D) produced in 90% yield is quenched by N2, a
small amount reacts with water or hydrogen to form the OH
reactant.

After a variable delay time, a frequency-doubled Continuum
Sunlite OPO laser system (pumped by the frequency tripled
output of a seeded Continuum Powerlite 9010 Nd:YAG laser)
measures the OH by LIF excitation of the A-X (1,0) Q13 or
Q11 line near 282.24 nm. The OH (A-X, ∆V ) 0) fluorescence
signal is collected by a 5 cmfocal length lens and 310 nm
interference filter and detected by a 1P28 photomultiplier tube
(Hamamatsu) and prompt boxcar integrator (50 ns wide prompt
gate, Stanford Research Systems SR250) interfaced to Labview
computer software. The coaxial concentric OPO laser beam
probes the center 0.03 cm diameter portion of the photolysis
zone, with attenuated pulse energies of 0.2µJ. The time delay
between excimer and OPO laser pulses is determined by
computer-controlled digital delay pulse generators for the
excimer trigger and the OPO Nd:YAG pump’s Q-switch. The
time decay of the OH in excess O is largely determined by the
targeted O+ OH(V ) 0) rate constant, although some secondary
processes will need to be accounted for quantitatively through
kinetic modeling. Under the above experimental conditions, [O]
> 20 [OH]. Runs averaged 30-100 laser shots per delay time
point.

The excimer laser power is sufficient to photodissociate nearly
all of the ozone. By monitoring the OH LIF signal level at a
minimal delay after the excimer laser as a function of the
excimer power, we generated a curve of ozone dissociation vs
laser power which showed an asymptotic limit in OH signal
that signifies saturation behavior. An exponential fit then
suggests we obtained>98% ozone dissociation in the beam
under typical operating fluences of about 40 mJ/pulse in the
irradiated area, as was also seen in ref 5. The initial OH and O
concentrations are then determined from the relative rates of
the O(1D) reaction with the water or hydrogen in the mixture
versus quenching by the nitrogen, using the NASA rate constant
recommendations.15 A 90% yield of O(1D) is assumed from
the 248 nm O3 photolysis. At the typical gas flow and operating
rate of 10 Hz, the entire photolysis cell gas sample is replaced
every laser shot. Ozone concentrations are measured directly
in the flow before the photolysis cell. Then the initial O
concentrations are determined, assuming 98% photodissociation.

A simple pseudo-first-order analysis of the OH decay rates
vs O atom concentration at room temperature typically yields
rate constant values 15% lower than the NASA recommenda-
tion15 (with water), largely because secondary processes must
also be accounted for at all concentrations investigated. These
complications are not readily apparent in the pseudo-first-order
decay plot, from a nonzero intercept or any curvature or baseline.
The additional processes to consider include: the formation of
OH(V ) 1 or 2) in the O(1D) + H2O reaction, which is then
collisionally relaxed to OH(V ) 0) by O, H2O, or N2 (or reacts
with O), the formation of OH(V ) 1-4) in the O(1D) + H2

reaction, the diffusion of O and OH from the probed region
and diffusion of O3 back in, the regeneration of OH by the
reaction of the H atom product with O3, and the removal of a
small fraction of the initial O concentration by the reaction
during the decay. We will account for such effects by including

these kinetic processes in a model of each experimental OH(V
) 0) decay, and we minimize the size of the interferences by
photodissociating as large a fraction of the O3 as possible,
choosing favorable experimental gas conditions, probing the
center area of the photodissociation zone, and selecting the most
sensitive and uncontaminated portion of the OH decay for the
determination (typically an exponential from 80% to 20% of
the OH peak). In addition, pressure, O atom (O3), and OH
concentrations and source gas (water or hydrogen) were varied.
The ranges of conditions are listed in Table 1. No trends of
different rate constant values were observed for these variables;
differences were under 20% and not systematic.

A new temperature-controlled apparatus was constructed for
the present experiments, replacing the octagonal large-volume
cell used previously.5,20 The inner cell consists of 2 crossed 1
cm inside diameter, 20 cm length thick-walled aluminum tubes.
One functions to conduct the flowing gases at the cell temper-
ature, and the other serves as the axis of the photolysis and
detection laser beams and is equipped with Brewster angle
windows. This cross-tube is suspended inside an evacuated
chamber and connected to a temperature bath reservoir contain-
ing a dry ice-propanol slush or liquid nitrogen. The exterior
chamber also contains concentric widows to admit counter-
propagating photolysis and LIF laser beams. The interior cell
also has an electrical resistance cartridge heater to conduct rate
measurements at higher temperatures.

The temperatures were measured by a thermocouple sus-
pended in the gas flow within the photolysis cell. Values of
377, 228, and 136 K were obtained for the three heating
cartridge and reservoir conditions. The temperature determina-
tions of 298, 377, and 228 K were confirmed by LIF temperature
scans on OH in the cell using the various rotational lines, within
10 K precision. A series of measurements was also taken at
values between the two stable low-temperature baths, while the
cell was cooling or warming up. The deposition of excess energy
in the ozone photolysis can also cause some heating of the region
of the kinetics observations. This is derived from the extra
photon energy above that required for photolysis to specific
products, the relaxation of vibrationally excited O2 formed in
10% yield from ozone, and the quenching of O(1D) formed in
90% yield. Maximum amounts can be computed for the
temperature jumps, and these average 8 K for the water
experiments and 9 K for hydrogen. Potential rate constant
increases would be 3% due to resulting density decreases.
Without evidence from the LIF scans of any significant
temperature increases, we made no temperature corrections for
this small possible effect in the modeling and the current report.

3. Results and Analysis

A typical experimental data set and model fitting result is
shown in Figure 2, for a run using hydrogen as the OH source,
at room temperature. Modeling calculations with various values
of the O+ OH rate constant were performed with the Sandia
Chemkin code Senkin,21 using the HOx kinetics given by the
NASA panel evaluation.15 The OH vibrational states and
collisional relaxation are explicitly included up toV ) 8. We

TABLE 1: Range of Experimental Conditions

variable range typical

pressure (Torr) 20-60 40
ozone (O) (mTorr) 10-80 40
H2O (mTorr) 10-120 33
H2 (mTorr) 100-800 200
OHo (ppm) 3-160 20
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have assumed that the O+ OH f H + O2 reaction rate constant
is independent of vibrational level. We assign any increase
observed for OH(V) + O to vibrational relaxation. Literature
values were taken for the OH product level branching for the
O(1D) + H2O,23 O(1D) + H2,23 and H+ O3 reactions.20,24 OH
vibrational relaxation is mainly accomplished by collisions with
O atoms and water when present. For OH(V) + O f OH(V -
1) + O vibrational relaxation, we use the difference between
the total loss rate constant of 4.9× 10-11 cm3/molecule/s
measured for 298 K at SRI20 for OH(V ) 2) (and 11.5, 7.3, and
∼4 × 10-11 for V ) 4, 3, and 1) and the NASAV ) 0 reaction
rate constant (i.e., 1.6× 10-11 for theV ) 2 relaxation). TheV
) 1 value is an interpolation, and those forV ) 3 and 4 are
from preliminary measurements. A more recent value forV )
4 is 13% faster. The same temperature dependence (E/R) -238
K) was assigned to all these O atom reaction and relaxation
rate constants. Rate constants measured forV ) 1 and 2
relaxation in water25 have been scaled byV for higher OH levels,
and the upper limits determined for nitrogen26,27were used for
relaxation by N2 (generally insignificant). Finally, an ap-
proximate model for diffusion of O, OH, and O3 was included
by adding an exponential term for loss or gain, with time
constants computed using the diffusion constants in N2 from
the Sandia transport code28 and an approximate distance of 0.135
cm, given by the difference between the photolysis and probe
laser radii. This process is negligible for the larger distances
and short time decays recorded in most of the present experi-
ments, compared to some of the runs of ref 5. Table 2 lists the
rate parameters in the model to which the OH decay is sensitive,
according to the sensitivity analysis also provided by the Senkin
code and discussed later. The full model is listed in the
Supporting Information.

For each experiment, a rate constant for O+ OH was
determined by first fitting the OH time decay to a single
exponential over a limited decay range. For the run illustrated
in Figure 2, this is from 80% to 20% of the maximum OH signal
and produces a line identical to the dashed one shown with a
decay time of 39µs. Model runs, as described above, are then
computed to match this decay over its fitting range by varying
the O+ OH rate constantsin this case givingk ) 3.1× 10-11

cm3/molecule/s and the dashed line. The model O+ OH(V)
reactive rate constants are also assigned this value. The plot
shows the result from using the similar NASA-recommended
value15 of 3.3 × 10-11, the longer solid line. It is nearly

indistinguishable from the decay trace and also describes the
continuing OH decline out to much longer times. The data are
inconsistent with a significantly faster or slower rate constant.
The new 298 K results, with either water or hydrogen as the
OH source, are identical to the previous results in the old cell.5

Figure 3 shows an experimental result at 136 K, along with
a best fit model decay that uses a rate constant of 8.4× 10-11

cm3/molecule/s. The rapid decay is clearly distinguishable from
the model result using an Arrhenius extrapolation of the NASA
recommendation15 outside its intended temperature range, which
is shown by the later solid line.

A complete analysis of the experiments shows no variation
of the rate constant with experimental variables of pressure,
ozone (thus O atom), or water/hydrogen (thus OH) concentra-
tionsup to high levels. The complete experimental set using
water at 298 K yields a final rate constant value of (3.41(
0.27) × 10-11 cm3/s (1-σ). This agrees with the NASA
recommendation15 of 3.3 × 10-11 and our previous measure-
ment5 in the other cell of 3.17× 10-11. The measurement using
hydrogen as the OH source gave a consistent value of 3.27×
10-11 , which validates this alternative source. Hydrogen is
required to reach the lower temperatures where water has no
significant vapor pressure. The considerably higher production
of vibrationally excited OH for this source23 is not leading to
different rate constant values. We would appear not to be greatly
sensitive to this complication of increased excitation, but this
issue will be explored in later modeling discussions. Our rate
constant value does depend some on the modeling of the
observed decay and is somewhat influenced by other chosen
rates including OH(V) relaxation and reaction, as discussed in
the previous paper5 and a later section.

The results of the several sets of measurement runs are
summarized in Table 3 and displayed on the Arrhenius plot of
Figure 1. Table 4 shows the individual low-temperature
determinations. A full list of other experiments using water at
temperatures of 238-377 K and hydrogen at room temperature
is offered in the Supporting Information. The variations (average
and standard deviations) and ranges (full) shown for the data
sets are similar for hydrogen or water as the OH source gas,
and similar values apply at the higher or lower temperatures.
The differences between the rate constants computed directly
from the observed decays (using computed initial O concentra-
tions) and those derived more accurately from the full modeling
are a relatively constant and small fraction (15%) for water but
larger for hydrogen experiments. The results show a slightly
greater temperature dependence than the NASA evaluation,15

but lie within the scatter of previous measurements, and have
error bars (1-σ precision in Figure 1) touching the recommenda-
tion line. Our value at 228 K is only 15% higher than the
recommendation. Measurements below this temperature show
a larger rate of increase, confirming and slightly exceeding the
only other determination, by Smith and Stewart.17 The rate
constant at 136 K is 2.6 times the room-temperature value.

Modeling Dependence.Because the rate constants deter-
mined from the measured OH decay rates depend on kinetic
modeling, the model assumptions and their effects must be
evaluated to determine uncertainties in our rate constant values.
This can readily be examined using sensitivity analysis. Later,
we will also examine the effects of making an alternate partition
for OH(V) + O product channels, reaction or vibrational
relaxation, which is one of the sensitive interferences.

The sensitivity coefficients computed by the Senkin code are
Sij(t) ) dCi/Ci/dkj/kj ) d ln Ci/d ln kj and give the relative change
in concentration (OH) for a relative variation in a rate constant.

Figure 2. OH decay in an H2 experiment (45 mTorr O3, 0.21 Torr H2

in N2 at 41 Torr 298 K). TheY axis scale is from the model.
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Since these are logarithmic quantities, the sensitivity of a decay
rate, which comes from a concentration ratio, can simply be
determined from a difference in sensitivity vs time. Since the
reaction ratekr[O] ) 1/τ is given by d(lnCOH)/dt, if we pick
the timest2 andt1 at the end and start of the fit decay, the rate
sensitivity is given by{Sj(t1) - Sj(t2)}τ/{t2 - t1}. This decay
sensitivity (for a decay rate determined from the 80% to 20%
points) as well as sensitivity coefficients for OH concentration
at 40µs are given in Table 2 for the run of Figure 2. Reference
5 showed the analogous water experiment sensitivities. The
sensitivity to O+ OH is near unity, with only a 4% forecast
shortfall in how much a model rate constant change will alter
the computed OH decay rate.

While the concentration of OH is very sensitive to the ratio
of rates for O(1D) reaction vs quenching, its decay is not. This
is mostly because the O concentration is only slightly diminished
by increasing the minority reactive branch that produces OH.
Since this rate ratio is well determined, only a few percent
uncertainty in our rate constant could be produced from this
source. The rate constant determination is also insensitive to
the transport rates, given the conditions selected for the decay
rate measurements. We also see very small negative OH decay
sensitivities to vibrational relaxation from higher levels of OH-
(V > 4) and the H+ O3 reaction, due to the almost complete
photodissociation of the ozone. Even large uncertainties in these
rates would not matter. A more significant model uncertainty
contribution to the rate constant determination comes from the
fraction of O3 dissociation, which directly influences the O
concentration as well as the amount of OH regeneration (via H
+ O3). Modeling the same experiment with 95% dissociation
increases the derived rate constant by 4%. Altering the model
hydrogen or water concentration by 10% only produces a 0.2%
change.

The only other significant OH decay sensitivity comes from
the contribution of the O+ OH(V ) 1-4) reaction rate, which
we assumed equal to that forV ) 0 and the OH(V ) 1-4) + O
vibrational relaxation rate (assumed to form theV - 1 level).

We found only small sensitivities to vibrational relaxation by
N2 or H2, although faster relaxation by water does have a small
impact on runs using this source gas as shown in ref 5. To the
extent that the highly populated OH(V ) 1-4) from O(1D) +
H2 cascades into the OH(V ) 0) population via vibrational
relaxation by O atoms, the OH(V ) 0) decay is slower because
of the later population additions and the real O+ OH(V ) 0)
rate constant is faster than the decay rate shows. In the earlier
water experiments where O(1D) + H2O makes mostly OH(V )
0), assumptions about effects of cascading from higher vibra-
tional levels could only affect the rate constant a few percent.5

The H2 source reaction makes mostly OH(V ) 1-4), and the
sensitivity shown in Table 2 implies up to a 23% effect from
these relaxation reactions on the decay. While the fact that our
O + OH rate constants using hydrogen and water at 298 and
228 K agree is reassuring with respect to this complication, the
effects of the model assumptions for these reactions must still
be explored. The basic argument, simply put, is that the O+
OH rate constant from the H2 experiments agrees with previous
work and the less complicated water data if and only if the
surplus decay rates for OH(V > 0) are modeled as a one-
quantum vibrational relaxation. Otherwise, slower reactive rate
constants are derived from model fits.

One extreme was assumed in the above model, that all of
the measured OH(V > 0) + O decay rate above the OH(V ) 0)
value is vibrational relaxation rather than additional reaction,
with the relaxation occurring in single quantum steps. The
expectation from unimolecular rate theory for an exothermic
barrierless reaction proceeding through a bound complex (here
HO2) is a reaction rate constant independent of reactant energy,
which would justify our preferred choice. The second possible
modeling limit occurs if no vibrational cascading ever affects
the OH(V ) 0) decay, which happens if all OH(V ) 1) + O is
reaction and no OH(V > 1) + O produces OH(V ) 0). Therefore,
some model fits were performed assuming OH(V < 3) + O is
entirely reaction and assigning the enhanced removal rates
measured20 for OH(V ) 3, 4) to one-quantum vibrational
relaxation. One expects values very close to the rate constants
derived from straight fits to the decay times and initial O
concentrations that are shown in column 4 of Table 3. This is
confirmed by the computations with the alternate model, which
are only about 5% slower than the straight decay values. (The
parenthetical values of column 4 in Table 3 are these alternative
no-relaxation model results.) The effect of this alternate as-
sumption would be a 15% smaller rate constant for all the water
experiment sets and temperatures. Within measurement error
limits, the results would still agree with the NASA recom-
mendations15 (perhaps with a slight low bias). The effect for
the hydrogen data set, which includes the lowest temperature,
is a more substantial 35% reduction in the OH+ O rate constant
from the modeling fits (2.11 vs 3.27 at 298 K). The larger effect
is a consequence of the lesser initial fraction of OH(V ) 0).
(The correction in our first, preferred fit is thus bigger.)
However, with this option the rate constants measured with
hydrogen now do not agree with the measurements using water

TABLE 2: Sensitive Rate Parameters for OH Decay (298 K, H2, run of Figure 2)

reaction k (10-12 cm3/s) source, reference S(OH, 40µs) S(OH, decayt)

O(1D) + H2 f OH(V) + H 93. 15, 23 0.53 0.31
O(1D) + H2 f OH(V ) 0) + H 17. 15, 23 0.45 -0.31
O(1D) + N2 f O + N2 26.05 15 -1.01 -0.05
O + OH(V ) 0) f O2 + H 32. fit -1.27 -0.96
O + OH(V > 0) f O2 + H 32. )k (V ) 0) -0.52 -0.72
OH(V) + O f OH(V - 1) + O 13. 20 0.51 0.23
H + O3 f OH(V) + O2 28.92 15 0 0

Figure 3. OH decay and model fits at 136 K. The NASA value uses
an extrapolation of the expression from ref 15.
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and also fall below the NASA evaluation values15 significantly.
Column 4 in Table 3 illustrates this outcome clearly. Therefore,
this second modeling scenario can be rejected, largely based
upon the agreement seen between the two measurements and
their common interpretation.

More experiments would of course be useful to resolve the
O + OH(V) product yield issue, which also has some bearing
on OH IR emission yields in the mesosphere. Our experiments
with the chosen gas concentrations would not resolve any early
rise times in OH(V ) 0) or (V ) 1) associated with O-induced
vibrational relaxation. A∼1 µs rise associated with the rotational
relaxation of higher levels formed in the production reaction
was observed. A short time increase in the OH(V ) 2) signal
has been seen20 that may be attributed to OH(V ) 3) + O f
OH(V ) 2) + O relaxation. When better rate constants and
branching ratios become available for O+ OH(V), a refinement
of our values can be undertaken if necessary.

Theory. Considering the atmospheric and combustion im-
portance of the O+ OH and H+ O2 reactions, and of HO2
formation, this small, barrierless kinetic system has received
much rate and quantum theory attention. There are issues of
computational accuracy to deal with involving open shell

fragments, treatments of angular momentum and zero-point
energy, and recrossing of transition state boundaries that imply
nonstatistical results. The most recent potential surface, statistical
rate theory, and classical trajectory calculation results6,7,11

provide reasonable explanations and predictions for rate con-
stants above 200 K. Troe and co-workers6 assign most of the
observed temperature dependence to the variation in thermal
population of the lowest spin-orbit state pair of reactants, O(3P2)
+ OH(2Π3/2), with little change in collision capture rate or loss
by back reaction. Most theoretical calculations6-9,11underpredict
the faster low-temperature rate constants, since the aforemen-
tioned reactant state population ratio does not increase enough
(30% from 230 to 140 K). However, a limited (four channel)
quantum SACM calculation performed only for temperatures
below 70 K predicts faster rate constant values6 and, if
extrapolated, would account well for our 138 K results. This
prediction extrapolated to 100 K and the most recent classical
trajectory calculations on the Harding et al. ab initio surface,6

the Varandas DMBE IV7 surface, and the Xu et al.11 ab initio
surface are compared to our data and the NASA experimental
evaluation line15 in Figure 4. Other theory results are very
similar. The Xu et al. theory11 in particular predicts too little
temperature dependence.

Theory can also give guidance to the issue of whether any
enhanced O+ OH(V) rate is due to reaction or relaxation. The
most recent Troe group calculations6 also show the O+ OH
collision capture cross section producing hot HO2 equals the
reaction cross section, which would seem to rule out any
additional vibrational relaxation channel through the complex
and also suggests no significant change in rate constant with
vibrational level. A separate role in vibrational relaxation for
the OH-O configuration, bound by 2 kcal/mol, is not supported
by the trajectory calculations which indicate a smooth path into
the HO2 well. Nyman and Davidson9 also find 20% or less

TABLE 3: Summary of Experimental Resultsa

T (K) gas no. runs decaykb modelk std dev avg dev range NASA15

293 (ref 5) H2O 62 2.73 3.17 .28 1.3 3.31
298 H2O 40 2.90 3.41 .27 .21 1.4 3.29
228 H2O 28 3.56 4.24 .35 .26 1.4 3.72
377 H2O 22 2.27 2.69 .30 .20 1.5 3.02
298 H2 22 1.92 (2.11) 3.27 .34 .27 1.3 3.29
228 H2 8 2.79 (2.95) 4.36 .47 .38 1.4 3.72
136 H2 10 5.97 (6.42) 8.53 .56 .45 1.6 (5.3)
140-220 H2 11 6.0 N/A N/A (4.2)

a k in 10-11 cm3/molecule/s.b Computed from the decay rate and initial O concentration; parenthesis values are model results without vibrational
cascading.

TABLE 4: Low-Temperature O + OH Results Using
Hydrogen

T (K) P (Torr) H2 (mTorr) O3 (mTorr) decayta decayk modelkb

228 37.90 220 54 17.10 2.66 4.15
35.30 234 31 27.60 2.87 4.53
40.30 201 74 10.80 3.08 4.56
37.80 131 54 18.00 2.53 4.01
37.60 539 57 18.30 2.36 3.96
37.40 236 58 18.10 2.34 3.79
39.8 247 31 22.77 3.44 5.22
42.2 262 49 16.59 3.04 4.64

136 41.50 201 60 3.98 6.14 8.6
41.30 200 60 4.34 5.63 7.76
40.90 196 37 6.70 5.91 8.17
40.60 198 17 15.10 5.71 8.4
39.30 192 8.6 28.20 6.05 9.3
41.60 402 23 10.20 6.25 8.72
39.60 398 12 20.60 5.93 8.99
39.10 378 39 6.43 5.85 8.23
41.4 234 36 7.33 5.56 7.84
38.8 219 18 12.18 6.69 9.32

142 39 243 19 14.25 5.65 8.16
153 41 256 33 8.72 5.73 7.96
164 38.5 239 17 24.34 4.27 6.59
174 40.5 251 34 12.97 4.25 6.22
181 37.5 233 15 32.39 4.02 6.26
189 39.6 246 30.4 18.43 3.64 5.35
197 37.5 233 16 36.72 3.61 5.71
203 39.8 247 32 21.29 3.21 4.97
209 37.4 232 15 43.68 3.44 5.50
215 39.7 246 31 22.86 3.27 5.06
220 37.4 232 14.4 51.93 3.17 5.25

a Experimental OH decay time inµs. b Model fit k in 10-11 cm3/
molecule/s.

Figure 4. O + OH rate constants and theory values. Error bars are
final 2-σ estimates.
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difference between complex formation and reaction rates, which
allows for few nonreactive complex collisions, and they note
the dependence of this value on how zero-point energy is treated
as well.

Other calculations disagree and would allow for an OH(V)
+ O relaxation path equal to the reaction rate. Miller and
Garrett10 found trajectories leading to reaction on only half of
the RRKM complex-forming collisions. Recently, Varandas7

calculated reaction and vibrational relaxation rate constants for
specific OH(V) levels at 255 and 210 K. He found little variation
in reaction rate with vibrational level and predicted roughly
equal rate constants for vibrational relaxation and reaction. This
latter finding is consistent with the modest model relaxation
rates for OH(V ) 1 and 2) but not with the faster values
measured forV ) 3 and 420 unless a different mechanism
becomes operable. A lack of vibrational level dependence of
rate constants, used in our model and found by Varandas,7 might
be expected from other experimental observations such as the
finding that the high-pressure limit value for OH(V ) 0) + CO
f HOCO equals the OH(V ) 1) + CO total removal rate
constant.29

Conclusions

We can estimate an uncertainty in a fashion similar to the
earlier room-temperature water experiment.5 Adding in quadra-
ture the uncertainty contributions of 9% from statistics, 8% from
kinetics, 2% from ozone dissociation, and 10% from ozone
concentration, we estimate a rate constant error bar (1-σ) of
16% or 22% for 2-σ statistics on each data set. An added
uncertainty of up to-30% must be considered that depends on
the extent of OH vibrational relaxation by O. The consistency
of results obtained using water as the OH source and those with
hydrogen using the vibration-independent reaction rate model
suggests much less uncertainty from this issue. The 136 K rate
determination is subject to greater modeling uncertainty since
it could only be measured with the hydrogen system. It would
thus seem prudent to include additional O+ OH(V) uncertainty
in the estimate. Although the statistical decay standard deviation
is only 6%, we estimate from the model sensitivities of Table
2 and an added 20% remaining uncertainty for OH(V) kinetics
that the model-induced uncertainty is 22%. This propagates to
a 27% estimated uncertainty (2-σ) in the 136 K rate constant,
(8.5( 2.3)× 10-11 cm3/molecule/s. New OH(V) state-specific
kinetics information could reduce this error limit.

The O + OH rate constant at 298 K from three sets of
measurements is confirmed to be (3.26( 0.60)× 10-11 cm3/s
(2-σ), in agreement with the NASA evaluation of previous
experimental results.15 This value is lower than the recent low-
pressure discharge/photolysis/fluorescence determination17 and
does not support any proposed large rate constant increases in
models in order to better predict upper atmospheric HOx

determinations. Our complete results can be described by the
expressionk ) 11.2× 10-11 T-.32 e177/T cm3/s over 135-380
K. This is a slightly greater temperature dependence than the
evaluation recommends, but there are no statistically significant
differences.

The consistent results obtained using water or hydrogen as
the OH source reactant suggest that the rapid rate constant
measured using hydrogen at the lowest temperature is not highly
contaminated by effects of vibrational relaxation from higher
levels of OH being improperly accounted for by the model. This
low-temperature value and the temperature dependence exceeds
predictions of theory6-11 and is slightly faster than expected

from the prior lowest temperature measurement.17 Additional
theoretical investigations of low-temperature behavior are
needed. In principle, with better thermal contacts of the cell
and flow lines to the reactor, it may be possible to extend this
measurement method to∼80 K. Reports of a planned CRESU
experiment to 38 K have also appeared.30
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