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The rate constant for the reaction OH(X2Π) + OH(X2Π) f O(3P) + H2O has been measured over the
temperature range 293-373 K and pressure range 2.6-7.8 Torr in both Ne and Ar bath gases. The OH
radical was created by 193 nm laser photolysis of N2O to produce O(1D) atoms that reacted rapidly with H2O
to produce the OH radical. The OH radical was detected by quantitative time-resolved near-infrared absorption
spectroscopy usingΛ-doublet resolved rotational transitions of the first overtone of OH(2,0) near 1.47µm.
The temporal concentration profiles of OH were simulated using a kinetic model, and rate constants were
determined by minimizing the sum of the squares of residuals between the experimental profiles and the
model calculations. At 293 K the rate constant for the title reaction was found to be (2.7( 0.9)× 10-12 cm3

molecule-1 s-1, where the uncertainty includes an estimate of both random and systematic errors at the 95%
confidence level. The rate constant was measured at 347 and 373 K and found to decrease with increasing
temperature.

I. Introduction

The OH(X2Π) radical is a primary oxidant in both combustion
and atmospheric chemistry, and as such, its gas-phase chemistry
has been widely studied. One of the most interesting reactions
involving the OH radical is its self-reaction

Both reactions 1a and 1b play important roles in combustion
chemistry.1 Both reactions are chain-terminating steps, whereas
the reverse reaction of (1a) is chain propagating. Together,
reaction 1a and its reverse are responsible for the establishment
of pseudo-equilibrium conditions in post-flame conditions.2 On
the other hand, reaction 1b and subsequence oxidation of H2O2

can lead to the formation of the HO2 radical at lower combustion
temperatures.3

Reaction 1 is also prototypical of radical-radical reactions.
These types of reactions are characterized by several unique
features.4 There are always multiple potential energy surfaces
(PESs) belonging to different spin manifolds because of the
pairing or antipairing of electron spin. Generally, the PES arising
from the antiparallel electron spins leads to a bound species
without the formation of an activation barrier, such as channel
1b. If one of the species possesses electronic angular momentum,
there are also multiple electronic as well as spin manifolds.
Reaction 1a is an example of this latter type of radical-radical
interaction, and in planar symmetry the reactants correlate to
2(1,3A′′ + 1,3A′) PESs.

Radical-radical reactions are difficult to study experimentally
because, in general, the temporal dependence of the concentra-
tion of two transient species must be followed to determine the
reaction rate constant. The study of a radical self-reaction

reduces this to the necessity of only knowing the concentration
of a single transient species.

Reaction 1 has been one of the most widely studied radical-
radical reactions. Many of the experimental measurements have
been directed at the determination of the rate constant for
reaction 1a,k1a, near room temperature. There have been at least
13 measurements5-17 of k1a near 300 K; however, only three of
these studies15,16,17explored the temperature dependence of the
rate constant. Even though there are a large number of
measurements fork1a, there is considerable uncertainty in its
value at 300 K. The measurements span the range from 0.85×
10-13 to 2.57 × 10-12 cm3 molecule-1 s.-1 A number of
techniques have been used to determinek1a. Most workers have
used the discharge flow (DF) method to generate the OH radical
with various methods used to determine the OH concentration:
mass spectrometry (MS), electron spin resonance (ESR) spec-
trometry, and resonance absorption (RA) or resonance emission
(RE) spectroscopy. Several workers have used flash photolysis
at modest pressures, 20-400 Torr, to generate OH and RA
spectroscopy to determine its concentration. A recent IUPAC
evaluation18 selected a few of these measurements to provide a
recommended value fork1a of (1.5 ( 0.6) × 10-12 cm3

molecule-1 s-1, at 298 K, where the uncertainty is at the 95%
confidence limit. The two most recent measurements16,17of k1a

and its temperature dependence near 300 K would appear to
confirm the IUPAC evaluation.

The reverse of reaction 1a has been studied at temperatures
between 750 and 1045 K using a DF/MS detection scheme.19

The equilibrium constant for reaction 1a can be used to relate
the forward and reverse rate constants. Also, reaction 1a and
its reverse have been studied at higher temperatures between
1050 and 2380 K using the shock tube technique. In these
studies, the OH radical was monitored by UV laser absorption20

or the O(3P) atom was monitored by atomic resonance absorp-
tion.21,22

The dynamics of reaction 1a in the vicinity of the transition
state has been probed experimentally by dissociative photode-
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OH + OH f O(3P) + H2O (1a)

OH + OH + M f H2O2 + M (1b)

3850 J. Phys. Chem. A2007,111,3850-3861

10.1021/jp066359c CCC: $37.00 © 2007 American Chemical Society
Published on Web 01/25/2007



tachment spectroscopy of H2O2
-. Deyerl et al.23 observed

vibrationally resolvable reactant and product vibrational levels
in the photoelectron spectrum. These results indicate that the
H2O product of reaction 1a is vibrationally excited, and there
is strong vibrational adiabaticity in the system. These workers
also calculated optimum geometries and energies of some
stationary points on the3A′′ PES at the UQCISD(T)/6-311++G-
(3df,2p) level of theory.

Reaction 1a has also received considerable theoretical scru-
tiny. The theoretical challenges are equally difficult for this
reaction as the experimental ones. Not only are there multiple
PESs belonging to both electronic and spin manifolds, but the
long-range nature of the intermolecular forces between two OH
radicals is complicated by the presence of both strong hydrogen-
bonding and electrostatic forces.24 Harding and Wagner25

showed that two electronic PESs of3A′′ and 3A′ symmetry
contributed to the observed reaction rate constant. These workers
used variational transition state theory and ab initio electronic
structure calculations at the MCSCF/GVB+1+2 level of theory
to calculate the temperature dependence ofk1a from 300 to 2000
K. They found that the temperature dependence ofk1a ex-
hibited a strong non-Arrhenius behavior. Recently, Karkach and
Oscherov26 calculated the stationary points on the multiple PESs
associated with the triplet state asymptotes of H2O2 using elec-
tronic structure calculations at the QCISD(T)/6-311(d,p) level
of theory. Braunstein et al.27 provided a theoretical description
of the reverse of reaction 1a based on classical trajectory
calculations and PESs constructed from thousands of fixed
geometries calculated at the CASSCF+MP2 level of theory.
Like Harding and Wagner,25 these workers also found that
multiple electronic PESs contributed to the thermal rate constant.

In the present work, the rate constant for reaction 1a,k1a,
was measured at three temperatures, 293, 347 and 373 K. Unlike
previous experiments, the reaction was initiated by pulsed-laser
photolysis at pressures from 2.6 to 7.8 Torr. The OH radical
was created by 193 nm laser photolysis of N2O to produce O(1D)
atoms, which rapidly reacted with H2O to produce the OH
radical. The temporal dependence of the OH radical was
monitored using quantitative near-infrared absorption spectros-
copy based onΛ-doublet resolved rotational transitions of the
first overtone of OH(2,0). This method produces a clean source
of OH radicals and provides a quantitative and sensitive
detection scheme. Over the range of OH radical concentrations
in the experiments, 8× 1011 to 4.5× 1013 molecules cm-3, the
signal-to-noise of the temporal concentration profiles varied
from 30 to over 800, respectively, and placed tight restrictions
on the values of the rate constants that could reproduce the
experimental data. A detailed-kinetic model was used to analyze
the experimental results. Rate constants were determined by
minimizing the sum of the squares of the residuals between
simulated and experimental temporal concentration profiles. The
general accuracy of the method was verified by measurement
of the rate constant for the OH+ H2 f H + H2O reaction at
293 K. Reaction 1a is a second-order reaction, and various
sources of error that could influence its accurate determination
will be discussed. These include pulse-to-pulse fluctuations in
the initial radical concentration and the radical concentration
gradient along the photolysis axis.

II. Experimental Section

The experimental apparatus used in this study has been
described in detail previously28,29so that only a brief description
is given here. The transverse flow reactor (TFR) consists of a
stainless steel reaction chamber, an inner Teflon box (100×

100 × 5 cm3), and two sidearm chambers housing White cell
optics. The TFR can be heated to 390 K using a heated
recirculating silicon oil bath (Nestlab EX-250HT). Heating tapes
are used to heat the sidearm chambers to the temperature of
the reaction region. Reported here are the results recorded at
three different temperature, 293( 2, 347( 4, and 373( 3 K.

The sample gases are introduced into the TFR reaction vessel
from separate vacuum systems using calibrated mass-flow
meters (MKS model 0258). The gases used are N2O (AGA gas,
99.998% purity), Ne (AGA gas, 99.999% purity), Ar (AGA gas,
99.995% purity) and H2 (Linde gas, 99.9995% purity). A known
flow rate of water vapor is admitted to the TFR reaction vessel
through a saturated bubbler system. The partial pressure of H2O
in the bubbler is adjusted by the temperature of the water
reservoir using a water bath recirculator (Neslab RTE-111). The
total flow rates vary from 300 to 600 sccm depending on the
total pressure, which varies from 2.6 to 7.8 Torr. The partial
pressure of each component is calculated from the individual
gas flow rates and the total pressure. The range in pressure for
each component is 1.0-5.0 Torr for the inert gas, 0.4-1.2 Torr
for N2O, and 0.4-1.2 for H2O.

The photolysis laser is an ArF excimer laser (Lambda-Physik
Compex 205) operating at 193 nm and a repetition rate of 3
Hz. A fresh gas sample is photolyzed on each laser pulse. The
photolysis laser fluence at the entrance window of the reaction
chamber is varied from 1 to 28 mJ/cm2 using the laser power
setting and/or fine stainless steel screens. The attenuation of
the photolysis laser power through the chamber was generally
about 15%.

The probe laser is a continuous-wave external cavity diode
laser (EOS Model 2010-ECU, nominal bandwidthe5 MHz),
which is tunable from 1.46 to 1.49µm. The wavelength of the
diode laser radiation is monitored by a wave meter (Burleigh
Model WA-20) with an accuracy of 300 MHz. A Fabry-Perot
spectral analyzer (Burleigh SA Plus, FSR) 2 GHz and finesse
) 300) is used to ensure the single mode operation of the diode
laser and monitor the frequency stability of the probe laser
radiation during data collection. The probe laser is carefully
tuned to the peak of an OH spectroscopic transition by
monitoring the change in the transmitted laser intensity with
the aid of a box-car signal averager. The laser frequency is not
locked to the molecular transition but its frequency is noted on
an oscilloscope displaying a free spectral range of the spectral
analyzer on the time axis. If the box-car signal decreases or the
laser frequency drifts more than 20 MHz, the data collection is
stopped and the laser frequency retuned to the maximum
absorption signal. In the present experiments, the OH radical
concentration is 8× 1011 to 4.5× 1013 molecules cm-3. The
low OH concentrations are achieved by attenuating the pho-
tolysis laser, but the probe laser frequency is tuned to the OH
line center with the photolysis laser at high power.

The photolysis laser and the probe laser beams are overlapped
using an ultraviolet UV/IR dichroic mirror, placed at Brewster’s
angle on the optical axis of the White cell. The other White
cell mirror is protected by a ZnS plate also mounted at
Brewster’s angle on the optical axis. This optic directs part of
the UV beam to a power meter (Molectron Model J-50). The
base optical path length is defined by the distance between the
two optical elements, 139 cm. Usually, the probe laser radia-
tion is passed 12 times through the volume of gas irradiated
by the photolysis laser, giving the total optical path length of
16.68 m.

The hydroxyl radical is monitored by the OH(V′ ) 2, V′′ )
0) P1f (4.5) rotationalΛ-doublet transition.30,31 The signal-to-
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noise of the absorbance measurement is increased using a
differential detection scheme. The probe laser beam is split into
two beams; each is monitored by identical InGaAs detectors
(New Focus Model 2053). The signals from both detectors are
equalized using linear polarizers and are sent to a differential
amplifier (Oregon Analog Tools Model 7A13). Unnecessary
electronic bandwidth can be reduced using a multichannel
electronic filter (Krohn-Hite Model 3944). The difference signals
are recorded and signal-averaged using a digital oscilloscope
(LeCroy Model 9410). The initial probe laser intensity (I0) is
recorded using a boxcar (Stanford Research Model 250) that is
triggered 0.3 ms prior to the photolysis laser. Thermal lensing
and refractive index changes in the optical elements exposed
to the excimer laser result in oscillations superimposed on the
absorption signal. These unwanted features are removed by
recording a background profile with the probe laser tuned to a
zero-absorption region and subtracting the two traces. Data
collection is controlled by a PC computer.

III. Results and Discussion

A. Reaction Mechanism.The reaction sequence is initiated
by the 193 nm photolysis of N2O to create O(1D) atoms, and
the rapid reaction of O(1D) with H2O to generate the OH radical.
The complete reaction model32-42 is given in Table 1; however,
the following reactions account for over 95% of the chemistry
involving the OH radical:

Recently, the yield of O(3P) atoms from the 193 nm photolysis
of N2O has been shown43 to be 0.5% and was neglected in the
model calculations. Electronic quenching of O(1D) is an
additional source of the O(3P) production, besides reaction 1a.
Although this contribution is minor, recent experiments44-46

have indicated slightly different values than given in Table 1
for reactions 3c and 4c, and will be discussed in section III.H.
Under the low-pressure conditions of the experiment, 2.6-7.6
Torr, the contribution of reaction 1b to the removal of OH is
small; at the highest pressures, the effective second-order rate
constant is about 1× 10-13 cm3 molecule-1 s-1.

We note that the reaction enthalpies at 298 K shown above
were calculated on the basis of the most recent thermodynamic
values given by Ruscic et al.47,48 Table 2 summarizes the
enthalpies36,49,50of the species in the OH+ OH reaction model.

As will be discussed in section III.E, the removal of OH by
diffusion can account for over 50% of the removal of OH, and
the treatment of diffusion deserves special comment. The binary
diffusion constant,D12

X , for each species in the reaction model
was calculated by the method of Fuller et al.,51,52 as discussed
recently,53 and the binary diffusion constant for the mixture was
calculated using mole fraction weighted binary diffusion
constants. For the H atom, the diffusion volume was adjusted
to match the experimental measurements forD12

H by Lynch and
Michael.54 The determination of the diffusional rate constant,
kdiff

X , is complicated by the experimental geometry. As in other
measurements made in the TFR apparatus,28,29,53 kdiff

X is de-

TABLE 1: Complete Chemical Model Describing the OH + OH Reaction System at 293 K

no. reactants products k (cm3 molecule-1 s-1)a,b ref

1a, R1a OH+ OH f H2O + O optimized this work
1b, R1b OH+ OH + Ne/Ar f H2O2 + Ne/Ar 3.7× 10-31 [M] 32
1c OH+ OH + H2 f H2O2 + H2 3.7× 10-31 [H2] 32, 33
1d OH+ OH + N2O f H2O2 + N2O 7.0× 10-31 [N2O] 33
1e OH+ OH + H2O f H2O2 + H2O 7.0× 10-31 [H2O] 33
2, R2 OH+ O(3P) f H + O2 3.49× 10-11 34
3a, R3a O(1D) + H2O f OH + OH 2.2× 10-10 34
3b, R3b f H2 + O2 2.2× 10-12 34
3c,R3c f O(3P) + H2O 4.0× 10-12 35
4a O(1D) + N2O f NO + NO 7.2× 10-11 36
4b f O2 + N2 4.4× 10-11 36
4c f O(3P) + N2O 1.0× 10-12 36
5 O(1D) + Ne f O(3P) + Ne 1.0× 10-15 37

O(1D) + Ar f O(3P) + Ar 8.0 × 10-13 38
6a O(1D) + H2 f OH + H 1.1× 10-10 34
6b f O(3P) + H2 5.4× 10-12 35
7 OH + H2 f H2O + H 6.09× 10-15 34
8 OH + H2O2 f H2O + HO2 1.80× 10-12 34
9 OH + HO2 f H2O + O2 9.9× 10-11 39
10 HO2 + NO f OH + NO2 8.0× 10-12 40
11a OH+H + Ne/Ar f H2O + Ne/Ar 2.7× 10-31 [M] 41
11b OH+ H + H2 f H2O + H2 2.7× 10-31 [H2] 41
11c OH+ H + N2O f H2O + N2O 7.1× 10-31 [N2O] 41
11d OH+ H + H2O f H2O + H2O 4.5× 10-30 [H2O] 41
12a OH+ NO + Ne/Ar f HONO + Ne/Ar 7.8× 10-31 [M] 18, 42
12b OH+ NO + H2 f HONO + H2 7.8× 10-31 [H2] 18
12c OH+ NO + N2O f HONO + N2O 7.8× 10-31 [N2O] 18
12d OH+ NO + H2O f HONO + H2O 3.9× 10-30 [H2O] 18c

13 X f X (diffusion) optimized see text

a Second-order rate constants units in cm3 molecule-1 s.-1 b Third-order rate constants units in cm6 molecule-2 s.-1 For recombination reactions,
the falloff region was accounted for using simplified parameters,k0, k∞, andFc. c H2O taken as 5 times more efficient than N2.

N2O98
193 nm

N2 + O(1D)

O(1D) + H2O f OH + OH ∆H° ) -118.5 kJ/mol
(R3a)

OH + OH f O(3P) + H2O ∆H° ) -67.2 kJ/mol
(R1a)

OH + OH + M f H2O2 + M ∆H° ) -210.9 kJ/mol
(R1b)

OH + O f H + O2 ∆H° ) -68.5 kJ/mol (R2)

OH f diffusion (13)
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scribed by a double exponential decay, with the two exponential
rates differing by about an order of magnitude. However, in
the model calculations diffusion is treated as a simple first-
order loss process. Thus, uncertainty is introduced into the
description of diffusion by fitting a biexponential decay profile
to a single-exponential decay term.

B. Measurement of the Absolute Concentration of the OH
Radical. In the present experiments, the bandwidth of the probe
laser (fwhm< 5 MHz) is much narrower than the line width
of a Doppler-broadened spectral feature. The absorbance at
frequencyν, A(ν), is given by the Beer-Lambert law:55

where I0(ν) and I(ν) are the incident and transmitted light
intensity, respectively,l is the path length,σ(ν) is the absorption
cross section atν, and [OH] is the concentration of OH. The
absorption cross section is related to the line strength of the
transition jr i, Sij , by the line shape functiong(ν), σ(ν) ) Sij

g(ν). At the maximum of a Doppler-broadened absorption
feature, the peak absorption cross section,σ(ν)pk is given by
the product of the peak of the normalized line shape function
for a Doppler profile times the line strength.

In the current experiment, the OH radical was probed on
several P branchΛ-doublet transitions of the first OH(2,0)
overtone transition. Almost all the data were collected using
the OH(2,0) Pf(4.5) transition with aσpk ) (2.73 ( 0.19) ×
10-19 cm3 molecule-1 s-1 at 293 K, where the uncertainty is at
the 95% confidence limit.56-58

The initial vibrational state distribution of OH, created in
reaction 3, has been investigated by several workers59,60 to be
0.67:0.18:0.15 forV ) 0, 1, and 2, respectively. Nonetheless,
the excited vibrational states of OH are rapidly quenched by
collisions with H2O and do not influence the determination of
k1a. Figure 1a shows the temporal concentration profile for
OH(V ) 1), monitoring the OH(3,1) Re(3.5)Λ-doublet rotational
transition, and Figure 1b shows that for OH(V ) 0) under the
same experimental conditions. The solid line in Figure 1b is
the simulated OH profile using the optimized fit fork1a, as
discussed in the following section. Vibrational relaxation of
OH(V ) 1) occurs very rapidly, and the OH has essentially
equilibrated in a few microseconds. Note that the ratio of the
peak concentrations of OH(V ) 1) and OH(V ) 0) in Figure 1
is consistent with the initial vibrational state distribution. The
measured vibrational relaxation rate constants for OH(V ) 1)
were in reasonable agreement with previous measurements.61,62

C. Determination of k1a. As in previous work,29,53 the
chemical equations described by the model in Table 1 were

integrated to generate OH temporal concentration profiles. The
optimum value fork1a was found by minimizing the sum of the
squares of the residuals between the simulated profile and the
experimental one. As discussed in section III.A, the diffusional
loss process was treated as a first-order process using calculated
D12

X values. A geometric factor, Geom, relatesD12
X values to

rate constants bykdiff
X ) D12

X Geom. This factor was determined
by measuringkdiff

OH from OH temporal concentration profiles
obtained at attenuated photolysis laser powers, but under
identical experimental conditions used to evaluatek1a. The value
of kdiff

OH was determined from the average of several measure-
ments at low OH concentrations for each experimental run. At
OH concentrations less than 2× 1012 molecules cm3, diffusion
accounts for over 90% of the removal of OH (see section III.E),
and the simulated OH profiles are insensitive to the value of
k1a used to calculate them. For example,k1a was varied from 1
× 10-13 to 4 × 10-12 cm-3 molecule-1 s-1, but the change in
kdiff

OH was always less than(5%, about a factor of 2 smaller
than the uncertainty in the final value ofkdiff

OH determined from
the fitting procedure at the 68% goodness-of-fit confidence level.
For each experimental run, the final value ofkdiff

OH was evalu-
ated withk1a equal to the values measured in this work.

TABLE 2: Summary of the ∆H°f(X) of the Species in the
OH + OH Reaction Model in Table 1

species ∆H°f,298(X) (kJ mol-1) ∆H°f,0(X) (kJ mol-1) ref

OH 37.30 ((0.30) 37.00 ((0.30) 47
O (1D) 438.9 436.6 49
O (3P) 249.229 ((0.002) 246.844 ((0.002) 48
H 217.9978 ((0.0001) 216.034 ((0.0001) 48
H2 0 0
N2 0 0
O2 0 0
N2O 82.05 85.500 36
NO 91.04 ((0.08) 90.54 ((0.08) 50
Ne 0 0
H2O -241.818 ((0.033) -238.916 ((0.033) 47
H2O2 -135.8 ((0.2) -129.7 ((0.2) 50
HO2 12.3 ((0.08) 15.2 ((0.08) 50
NO2 33.97 ((0.08) 36.78 ((0.08) 50
HONO -79.5 -74 36

A(ν) ) ln(I0(ν)/I(ν)) ) lσ(ν)[OH] (E1)

Figure 1. (a) Experimental temporal concentration profile for OH(V
) 1) shown by the circles (O). The conditions of the experiment were
PNe ) 3.10, PN2O ) 0.617, andPH2O ) 0.741 Torr at 294 K. The
measured vibrational relaxation rate constant for H2O was 2.0× 10-11

cm3 molecule-1 s.-1 (b) Same experimental conditions as in (a) but for
OH(V ) 0). The experimental data are the circles (O) and the solid
line is the optimum fit fork1a, as will be discussed in section III.C.
The value found fork1a was (2.7( 0.6) × 10-12 cm3 molecule-1 s-1.
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Parts a and b of Figure 2 are a pair of typical experimental
temporal OH concentration profiles obtained at a high and low,
OH concentration, respectively. These figures illustrate the
determination ofk1a and kdiff

OH. In each panel, the open circles
(O) are the experimental data, and the solid lines are the
optimum values fork1a and kdiff

OH. An advantage of a pulsed-
laser initiated experiment is the ability to increase the signal-
to-noise level by signal avaeraging. Using the root-mean-square
noise of the baseline as a measure of the noise on the absorbance
traces and the initial absorbance the signal, the signal-to-noise
of the temporal OH profiles in Figure 2a,b are 800 and 40,
respectively. This high signal-to-noise ratio, especially, at high
OH concentrations is a stringent restriction on the values ofk1a

that are compatible with the observed OH profiles. The dashed
lines in Figure 2a,b show the extent of the model OH profiles
calculated using rate constants at the 95% confidence limits in
the goodness-of-fit, i.e.,k1a ( 2σ, andkdiff

OH ( 2σ, respectively,
whereσ is the uncertainty in the fit at the 68% goodness-of-fit
level. Note, in Figure 2a, the experimental profile has a
characteristic second-order profile, with a long approach to the
baseline, whereas in Figure 2b the experimental OH profile is
described by a biexponential decay. However, in the model
calculations the OH decay is dominated by single-exponential
behavior. Hence, a compromise is necessary to fit to the data
over the time scale of the experiment. If the data were fit over
a short time span, 5 ms, the trend was forkdiff

OH to be larger and
k1a to be smaller, respectively and vice versa if the time span
was long, 50 ms. However, the effect was small, less than 10%
and within the uncertainty inkdiff

OH. The 20 ms time span was
taken as a compromise.

The determination ofk1a was made in two different carrier
gases, Ar and Ne, to vary the conditions of the experiment. With
Ar as the bath gas, diffusion is slower than with Ne; hence,
diffusion makes a smaller contribution to the removal of OH
in Ar. However, the use of Ar increases the O(3P) concentration
by electronic quenching of O(1D), and hence, increases the
removal of OH by reaction 2 (see Table 1). Tables 3 and 4
summarize the 293 K experimental conditions and the values
of k1a determined with Ar and Ne as carrier gas, respectively.
The values ofk1a shown in Tables 3 and 4 are the average of
2-5 determinations with different initial OH concentrations at
each total pressure. The averagek1a values for each carrier gas
are shown at the bottom of Tables 3 and 4. With Ar as the
carrier gas,k1a was (2.61( 0.23)× 10-12 cm3 molecule-1 s-1,
and with Ne,k1a was (2.80( 0.29) × 10-12 cm3 molecule-1

s-1, both at 293( 2 K. The quoted uncertainty is the scatter in
the data of one standard deviation ((1σ). There is no statistically
significant difference between the Ar and Ne measurements.
About an equal number of measurements were made in each
bath gas so thatk1a was determined to be (2.70( 0.26)× 10-12

cm3 molecule-1 s-1 at 293( 2 K.
The high-temperature experimental conditions are similar to

those in Tables 3 and 4 and are not listed. The values fork1a

decreased with increasing temperature. At 347( 4 K, k1a in
Ar was measured to be (2.00( 0.32)× 10-12 cm3 molecule-1

s-1 and in Nek1a was (2.02( 0.30)× 10-12 cm3 molecule-1

s.-1 At 373 ( 3 K, Ar was the only carrier gas used, andk1a

was measured to be (2.24( 0.23) × 10-12 cm3 molecule-1

s-1, slightly higher than the value at 347 K.
Figures 3 and 4 summarize the results of the measurements

of k1a in this work. Figure 3 showsk1a as a function of the initial
OH concentration, [OH]0. The solid diamonds represent the
values ofk1a with Ar as a carrier gas and the solid circlesk1a

with Ne. The error bars are one standard deviation ((1σ) in

the scatter of thek1a values measured under similar conditions,
i.e., [OH]0 within ( 10%. The dotted line shows the average
value ofk1a. We note that only the measurements for [OH]0 >
1.0× 1013 molecules cm-3 were included in the determination
of k1a because reaction 1a makes a larger contribution to the
removal of OH at higher OH concentrations, as addressed in

Figure 2. (a) Typical experimental OH temporal concentration profile
(O) showing the model OH profile (solid line) calculated using the
optimum k1a. The experimental data is shown every 10th point. The
optimum value ofk1a was (2.9( 0.6) × 10-12 cm3 molecule-1 s-1 at
the 95% confidence limit. The dashed lines are model calculations
showing OH profiles fork1a differing by (2σ. For this experiment,
the ArF fluence was about 24 mJ cm-2 and the pressures werePNe )
2.94,PN2O ) 1.54, andPH2O )1.51 Torr atT ) 293 K. (b) Similar to
(a) except for the determination ofkdiff

OH under the same conditions. The
solid line is the OH profile calculated using the optimumkdiff

OH ) 85 (
20 s-1 at the 95% confidence level. The dashed lines are the model
OH profiles for kdiff

OH differing by (2σ. The ArF laser fluence was
about 1.5 mJ cm.-2 Note: the biexponential decay character of the
experimental OH profile.

TABLE 3: Summary of Experimental Measurements of k1a
in Ar at 293 ( 2 K

partial pressure (Torr)Ptotal

(Torr) PAr PN2O PH2O

rate constant
1012k1a (cm3 molecule-1 s-1)

2.642 1.441 0.571 0.629 2.50 ((0.70)
3.440 2.316 0.579 0.545 3.02 ((0.45)
3.474 2.363 0.582 0.528 2.48 ((0.70)
3.635 2.190 0.387 1.058 2.54((0.50)
3.747 2.249 0.562 0.936 2.78 ((0.45)
3.787 2.185 0.543 1.059 2.73 ((0.45)
3.789 2.555 0.629 0.604 2.45 ((0.60)
6.874 4.615 1.142 1.117 2.70((0.39)

k1a ) (2.61( 0.23)× 10-12 cm3 molecule-1 s-1
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section III.E. In Figure 3b, the symbols are the same as in Figure
3a except the open diamonds (]) are the measurements ofk1a

in Ar at 373 ( 3 K. In Figure 3b, the dashed line shows the
average value ofk1a at 347 K and the dotted line the average
value at 373 K. There is little apparent difference between the
values ofk1a measured at 347 and 373 K, within the stated error
bars, as is evident in Figure 3b, although the high-temperature
rate constants are clearly smaller than those at a room temper-
ature shown in Figure 3a. This trend is consistent with the
observation of small negative temperature dependence fork1a

found by Bedjanian et al.16 from 233 to 360 K and by Sun et

al.17 from 220 to 320 K. The recent recommendation fork1a by
the IUPAC subcommittee18 suggests the modified Arrhenius
expression ofk1a ) 6.2 × 10-14(T/298)2.6 exp(945/T) cm3

molecule-1 s-1 from 200-350 K.
Figure 4 shows the results for the measurement ofk1a as a

function of the partial pressure of the carrier gas, either Ar or
Ne. The symbols are the same as in Figure 3. It is clear from
Figure 4a,b thatk1a is independent of the nature of the carrier
gas and its partial pressure at all temperatures.

D. Experiments with H2. As will be discussed in section
III.G, the measured values fork1a determined in this work are
significantly higher than most of the previously reported values.
Therefore, as a way of verifying our experimental technique,
we made two different types of measurements involving the
OH + H2 reaction. First, we measuredk1a in gas mixtures with
a small partial pressure of H2 added to the gas flow. Under
these conditions, the OH+ H2 f H + H2O, reaction 7 in Table
1, dominates over the slow exponential diffusional rate constant,
and the OH decay has a more first-order decay appearance.
Second, we measured the well-characterized rate constant for
reaction 7, under conditions similar to those for the measure-
ments fork1a, in Tables 3 and 4.

Typical OH temporal concentration profiles of these two types
of experiments are shown in Figure 5. In Figure 5a, the long

TABLE 4: Summary of Experimental Measurements of k1a
in Ne at 293( 2 K

partial pressure (Torr)Ptotal

(Torr) PNe PN2O PH2O

rate constant
1012k1a (cm3 molecule-1 s-1)

3.688 2.263 0.913 0.512 2.66 ((0.72)
3.690 2.235 1.116 0.339 3.15 ((0.85)
3.810 2.223 1.079 0.508 3.02 ((0.64)
4.020 3.009 0.473 0.538 2.87 ((0.84)
4.470 3.063 0.667 0.740 2.75 ((0.60)
5.292 2.483 1.312 1.497 2.62 ((0.39)
5.987 2.935 1.534 1.518 3.14 ((0.32)
7.824 6.234 0.784 0.806 2.55 ((0.45)

k1a) (2.80( 0.29)× 10-12 cm3 molecule-1 s-1

Figure 3. (a) Optimized rate constantk1a as a function of the initial
OH concentration at 293 K in different carrier gases, Ar shown by the
diamonds ([) and Ne by the circles (b). The dashed line is the average
value ofk1a ) 2.7× 10-12 cm3 molecule-1 s-1. (b) Same as (a) except
at 347 and 373 K. The dashed line is the average value ofk1a ) 2.0×
10-12 cm3 molecule-1 s-1 at 347 K, and the dotted line is the average
value ofk1a ) 2.2 × 10-12 cm3 molecule-1 s-1 at 373 K.

Figure 4. (a) Same as Figure 3 exceptk1a as a function of the initial
pressure of carrier gases at 293 K, Ar shown by the solid diamonds
([) and Ne by the circles (b). (b) Same as (a) except at 347 and 373
K. The open diamonds (]) are for Ar carrier gas at 373 K. The dashed
and dotted lines are the same average values as in Figure 3.

Rate Constant for OH(X2Π) + OH(X2Π) f O(3P) + H2O J. Phys. Chem. A, Vol. 111, No. 19, 20073855



time OH decay is dominated by reaction 7, and the OH profile
appears more exponential-like compared to the profile in Figure
2a. Unfortunately, the removal flux of OH by reaction 7 was
more than by reaction 1a, and consequently, the measurements
of k1a were more scattered. The results of seven measurements
gavek1a equal to (2.8( 0.6) × 10-12 cm3 molecule-1 s-1 at
293 K, where the uncertainty is(1σ in the scatter in the data.
In Figure 5b, a typical OH temporal concentration profile is
shown for mixtures of H2 and N2O. At high partial pressures
of H2, reaction 7 accounts for over 90% of the removal flux of
OH. Note the large negative spike just after the photolysis laser
pulse illustrates the initial population inversion63 between OH-
(V ) 0) and OH(V ) 2) created in reaction 6a. The rate constant
for reaction 7 was determined using the model in Table 1.
Although the reaction conditions were almost first-order and
the resulting rate constant measurement not dramatically de-
pendent on the concentration of OH, the model did account for
secondary chemistry in the system. If the decay of OH were

treated as a pseudo-first-order process, the value ofk7 would
have been 7.4× 10-15 cm3 molecule-1 s-1 instead of the
optimized value of 6.1× 10-15 cm3 molecule-1 s-1. In seven
separate experiments, the rate constant of the OH+ H2 reaction
was measured to be (6.00( 0.48) × 10-15 cm3 molecule-1

s-1, where the uncertainty is(1σ, at 293( 1 K. According to
the recent measurements of Orkin et al.,64 k7 is (5.95( 0.08)
× 10-15 cm3 molecule-1 s-1 at 293 K.

The experiments with added H2 to the gas flow indicated the
procedures outlined in sections III.B and III.C are valid. At low
partial pressures of H2, the values ofk1a were in agreement with
those without H2, indicating that the determination ofkdiff

OH was
reliable (see Figure 5a). At high partial pressures of H2, the
value ofk7 obtained using the model in Table 1 was in good
agreement with a recent measurement,64 again indicating the
validity of the reaction model Table 1 (see Figure 5b).

E. Reaction Contribution Factor Analysis. It is crucial to
know the influence of each individual reaction in the reaction
model on an experimental observation to fully understand a
reaction system involving many species and reactions. In the
present study, a reaction contribution factor analysis65 was
carried out to determine the contribution of each reaction to
the removal of OH. The reaction contribution factor (RCF) at
time t, for species i removed by reaction with species j,
RCFj

i(t), is given by RCFj
i(t) ) -kij [i][j]. Similarly, for species

i produced by reaction between species l and m, it is given by
RCFlm

i (t) ) klm[l][m]. The corresponding integrated RCF,
IRCFj/lm

i , from t ) 0 to timet, is the total flux of species i that
is removed in reaction with j or produced in reaction between
l and m, respectively, up to timet. This is often called the
reaction pathway contribution. The RCFX

OH(t) and IRCFX
OH for

each species X in the model were calculated in each determi-
nation of k1a. Figure 6 shows the results of the reaction
contribution analysis for OH removal at three different initial
OH radical concentrations. As mentioned in section III.A, the
three major contributions to the removal of OH are reactions
1a and 2 and diffusion. They account for more than 95% of the
removal processes for OH. Figure 6a shows the IRCFX

OH’s for

Figure 5. (a) Typical OH concentration profile with a low partial
pressure of H2 in Ar/H2O/N2O/H2 mixtures. The open circles (O) are
the experimental data points and the solid line the OH profile generated
with the optimum value ofk1a. Reaction 7 suppresses the influence of
the smaller OH diffusional rate constant (see text). The conditions of
the experiment werePAr ) 1.90,PH2O ) 0.554,PN2O ) 0.507, andPH2

) 0.431 Torr at 293 K. (b) Typical OH concentration profile in
H2/N2O mixtures to measurek7, OH + H2 f H + H2O. The open
circles (O) are the experimental data points, and the solid line the OH
profile generated with the optimum value ofk7. The negative transient
is due to a population inversion between OH(V ) 2) and OH(V ) 0).
The conditions of the experiment werePH2 ) 4.30 andPN2O ) 0.912
Torr at 294 K.

Figure 6. (a) Integrated reaction contribution factors of OH, IRCFX
OH

(X ) OH, O, and diffusion) at [OH]0 ) 7.4 × 1012 molecules cm.-3

(b) Same as (a) except [OH]0 ) 2.0× 1013 molecules cm.-3 (c) Same
as (a) except [OH]0 ) 4.0 × 1013 molecules cm.-3
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these reactions at an initial concentrations of OH of 7.4× 1012

molecules cm.-3 As expected, the diffusional loss is the
dominant source of OH consumption at this low initial OH
concentration. Figure 6b shows the same IRCFX

OH’s for an
initial concentration of OH of 2.0× 1013 molecules cm,-3 and
Figure 6c shows them for an initial concentration of OH of 4.0
× 1013 molecules cm.-3 As expected, diffusional loss dominates
for OH removal at the low initial concentrations but is still
significant at the higher OH concentration, accounting for 36%
of the OH removal for an OH concentration of 4.0× 1013

molecules cm.-3

F. Factors Influencing Second-Order Decay Kinetics.We
address two issues that could influence the determination of
k1a; both issues result from the evaluation of a second-order
rate constant from a signal-averaged concentration profile. First,
shot-to-shot power fluctuations of the photolysis laser produce
fluctuating initial OH radical concentrations. The determination
of k1a depends on the OH concentration, but its evaluation was
based on a signal-averaged OH profile. Signal averaging can
be used to improve the signal-to-noise in an experiment without
error only if the averaged signal is reproducible on a shot-to-
shot basis or has a pure exponential decay. Such was not the
case for the OH concentration profiles recorded in this work as
the OH decay had both first- and second-order components.
Second, the initial OH concentration was not constant along
the optical axis but decayed exponentially because of the
absorption of the photolysis laser radiation by N2O. Thus, at
each instant in time, the probe laser absorption actually measured
the absorbance integral,∫[OH(t,x)] dx, wherex is a position
along the optical axis, rather than the separation into a simple
product of concentration times total path length, [OH(t)] × l,
as assumed in the data analysis based on equation E1.

The first situation has been studied by Tulloch et al.66 From
computer simulations describing a first-order build-up and first-
and second-order decay of a reaction product, they concluded
that as long as the fluctuations in the initial radical concentration
was less than(5% and a sufficient number of averages were
accumulated (>32), the error introduced by signal averaging
was less than 0.5%. In the current work, the pulse-to-pulse
fluctuations of the photolysis laser was less than 5%, and
generally 1000 traces were accumulated so that the fluctuations
in the initial OH radical concentration had little influence on
the results.

The second situation is more complex and model simulations
of the experiment were conducted to estimate the effect of the
radical concentration gradient along the optical axis. As noted
in sections III.A and III.E, reactions 1-3 account for most of
the chemistry in the OH+ OH reaction scheme. In fact, if the
steady-state approximation is applied to the oxygen atom the
simple reaction scheme can be directly integrated to give the
OH concentration as a function of time, [OH(t)], as

where [OH]0 is the initial OH concentration. The influence of
the OH concentration gradient along the probed laser beam
axis on the measuredk1a values can be determined by modeling
the observed absorption signal. The absorbance integral,
∫[OH(t,x)] dx, was evaluated by dividing the optical axis into a
number of steps,x. At each step, the initial concentration of
OH, [OH(0,x)], was calculated from the attenuation of the
photolysis laser over that step interval, and at each step the
temporal dependence of [OH(t,x)] was calculated using equation

E2. The simulation of an effective experimental OH concentra-
tion profile, [OH(t)], was generated by summing over the
number of steps and dividing by the path length. This simulated
OH profile was analyzed using a modified model of the reaction
scheme in Table 1 to find the value fork1a that fit the simulated
profile to compare with the values used in deriving it. In this
modified reaction scheme, quenching of O(1D) to O(3P) was
neglected because this process was not included in deriving
equation E2. In all cases, the simulated values ofk1a were within
a few percent of the generating values. If the OH concentration
depends linearly onx, the absorbance integral can be separated
into an OH concentration factor, the average value of OH along
the optical path and the path length. The more the OH
concentration gradient along the optical axis deviates from
linearity the more the value ofk1adetermined in the data analysis
underestimates the true value. For example, an OH gradient of
50%,PN2O ) 2.3 Torr, underestimated the value ofk1a by about
7%. Although this is a systematic effect, the error is well within
the scatter of the measurements.

An example of the influence of the OH concentration gradient
on the evaluation ofk1a is shown in Figure 7. The experimental
OH profile, given by the open circles (O) in Figure 7a,c, was
simulated by the procedure just discussed, and by adjusting the
initial photolysis energy in the simulation until the initial OH
concentration, given bykdiff

OH∫[OH(0,x)] dx/139, matched the
experimental value. Also shown in Figure 7a are the calculated
OH profiles at the start of the photolysis region,x ) 0 (0), at
the end of the photolysis region,x ) 139 (4), and the average
OH concentration profile,kdiff

OH∫[OH(t,x)] dx/139, by the line.
Panel 7b shows that at this degree of photolysis laser attenuation,
-31%, the OH(0,x) concentration still decayed nearly linearly
along the path length. Figure 7c shows the result of fitting the
simulated OH profile using the computer analysis that deter-
mined the rate constants for reaction 1a. The computer analysis
of the simulated OH profile returned a value ofk1a that was
2% smaller than the value used to generate the simulation
profile. Although the OH concentration gradient could cause
the measured rate constant to be systematically underestimated,
for the gradients used in this work,<35%, the maximum
deviation was less than-3%, and was well within the
uncertainty in the determination of the optimum value ofk1a

by the least-squares minimization procedure.
G. Comparison with Previous Works.Figure 8 shows the

results of this work and previous measurements ofk1a in the
temperature region around 300 K. As is evident from Figure 8,
there is considerable scatter in the results and even in the
temperature dependence ofk1a. Only results considered in the
IUPAC evaluation18 of k1a are plotted except for the results from
Trainor and von Rosenberg.13 These measurements were made
in a pressure regime where recombination reaction 1b was
important. The other measurements, not plotted, span the same
range of values shown in Figure 8. It is noteworthy that the
temperature dependence ofk1a determined by Wagner and
Zellner15 is opposite to that determined in this work and two
recent measurements.16,17

As noted in the Introduction, reaction 1a has been studied
by a wide variety of techniques, most involving the discharge
flow method to generate the OH radicals coupled with some
method of determining their concentration. These detection
methods ranged from MS,7,9,10,14,16,17 RA,5,13,15 RF,12,14,17

ESR,6,8,10,11or a combination of the above-mentioned techniques.
A popular method has been DF/MS to establish the initial OH
radical concentration and RF to follow its time dependence.14,17

Bedjanian et al.16 used the DF/MS technique both to monitor

[OH](t) )
kdiff

OH[OH]0

(3k1a + kdiff
OH)e

kdiff
OH

t - 3k1a

(E2)
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the OH time dependence and to provide an absolute concentra-
tion measurement. These workers did not monitor OH+ directly
but converted OH to HOBr by the rapid OH+ Br2 f Br +
HOBr reaction and monitored the HOBr+ ion signal. ESR6 alone
and coupled with MS10 has been used to monitor the OH
concentration. A feature of the ESR technique is the signal
depends on the permanent dipole moment; however, it must be
calibrated by comparison with a signal from a stable species
such as NO.67 The H + NO2 f OH + NO is a convenient
reaction as long as there are no losses of OH in the ESR cavity.
As can be seen from Figure 8, the results of the ESR based

measurements are in agreement with those of this work near
300 K, within the scatter of the data. A complicating factor in
the application of the DF technique is the loss of radicals by
wall reaction; thus, the decay is described by first- and second-
order rate processes, eq E2. It can be difficult to separate the
influence of both processes in the determination ofk1a. Two
previous studies13,15 used VUV flash photolysis of H2O to
produce OH and RA to monitor its concentration. However, it
was not possible to calibrate the absorption in situ, and it was
necessary for these workers to calculate the influence of both
Doppler and pressure broadening on the absorption cross section
of OH. This makes the determination of the OH concentration
more tenuous.

In the current work, pulsed laser photolysis was used to
generate the OH radical and tunable-diode laser spectroscopy
(TDLS) was used to monitor its concentration. The advantages
of this technique are the instantaneous creation of a uniform
OH concentration and the straightforward calculation of OH
absorption coefficients using known line strengths and shapes.
The disadvantage of this technique is the complicated diffusion
kinetics caused by the particular geometric configuration used
in these experiments. There have been many discussions in the
literature about possible systematic errors associated with the
DF technique applied to the study of reaction 1a.10,11,14,68One
difference in the measurements shown in Figure 8 is that
generally, the DF/MS/RF experiments were done at pressures
near 1 Torr and in the ESR/MS experiments the pressure ranged
from 1 to 3 Torr. The experiments of this work were conducted

Figure 7. (a) Example of the influence the OH concentration gradient
had on the determination ofk1a. The OH temporal concentration profile
is shown for the initial position atx ) 0 by the squares (0) and at the
final position atx ) 139 by the triangles (4). The experimental OH
profile is shown by the circles (O) and the line is the average integrated
absorbance OH profile, as discussed in the text. The conditions of the
experiment werePAr ) 4.61,PN2O ) 1.14 andPH2O ) 1.12 Torr at 293
K. For these experimental conditions,k1a was found to be (2.7( 0.3)
× 10-12 cm3 molecule-1 s-1 and kdiff

OH was 68( 7 s-1. (b) [OH(0,x)]
gradient along the optical axis. The gradient is close to linear. (c)
Analysis of the simulated OH profile, shown in (a). The experimental
profile, also shown in (a) is given by the circles (O). The computer
calculated profiles of several species are shown by the lines. The
reaction mechanism excluded the quenching of O(1D) to O(3P). The
computer analysis yielded a value ofk1a equal to (2.65( 0.7)× 10-12

cm3 molecule-1 s-1.

Figure 8. Low-temperature dependence of selected measurements of
the rate constant,k1a, for the OH+ OH f O(3P) + H2O reaction. The
results of this work ([) are shown with previous results: Sun and Li17

(2); Bedjanian et al.16 (left solid triangle); Wagner and Zellner,15 (b);
Farquharson and Smith,14 (4); Clyne and Down,12 (0); McKenzie et
al.,11 (O); Westenberg and deHaas,10 (f); Dixon-Lewis et al.,6 (g).
The uncertainties generally reflect( 1σ in the scatter in the measure-
ments. The solid lines are fits to the temperature-dependent data. Not
shown is a data point atT ) 578 K,k1a ) 2.1× 10-12 cm3 molecule-1

s-1 for the data of Wagner and Zellner.
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at pressures ranging from 2.6 to 7.8 Torr (see Tables 3 and 4)
with no detectable pressure dependence (see Figure 4). The
authors can offer no explanation for the scatter in the numerous
determinations ofk1a except to note that the measurement of
the concentration of a transient species can be a challenging
undertaking. The more direct the measurement of the radical
concentration the more reliable the outcome.

H. Estimated Uncertainties in the Determination of k1a.
The uncertainty in determining the OH concentration can be
estimated from the uncertainties in the factors that enter eq E1.
The absorption cross sections for the P1e/f branch rotational
transitions of the OH(2,0) vibrational overtone can be calculated
from the known line strengths and the Doppler line shape
function. There have been several refinements57,58in the values
of the line strengths of the OH(2,0) first overtone rotational
transitions without any major deviation from the initial deter-
mination,56 and the original estimate of(7% at the 95%
confidence limit is taken as the uncertainty. The procedure for
tuning the probe laser frequency to the center of an OH
spectroscopic transition was described in section II. The Doppler
width of a molecular spectroscopic transition is directly
proportional to the frequency of the transition so that the Doppler
width of an OH overtone transition is about twice that of the
fundamental. Thus, for a rotational transition in the OH(2,0)
band, a frequency variation of(40 MHz only causes an
absorption decrease of 1%. This frequency shift is 6 times the
resolution of the monitoring scanning spectral analyzer and
readily detectable. Furthermore, errors in tuning the laser
frequency to the line center would contribute to scatter in the
measurements and not to a systematic error. Similarly, the
influence of pressure broadening is reduced because of the larger
Doppler width of the overtone as compared to the funda-
mental. The pressure broadening parameters for OH(2,0) in
collisions with Ar, Ne, N2O and H2O are not known, but those
for OH(1,0) in collisions with Ar, He, O2 and N2 have been
measured.69 Applying the OH fundamental pressure broadening
parameters to the OH first overtone, we made an estimate of
the influence of pressure broadening. At the highest pressure
used in this work (see Tables 3 and 4), theσpk was decreased
by about 3%, and at 4 Torr, where most of the data were
collected, by about 1.5%. However, the decrease inσpk due to
pressure broadening was smaller than the uncertainty in theσpk

itself and was neglected in estimating the overall uncertainty.
It should be noted that multiple scans were made of the line
shape of the OH(2,0) P1e/f(4.5) transition, but within the
uncertainty of these measurements, about(10%, no deviation
from the Doppler width was detected, as expected under these
conditions. The path length was defined by the distance between
the two optical elements on the axis of the White cell and the
number of passes the probe beam made through the photolysis
region. The accuracy in determining the base optical path length
was estimated to be(0.25 cm and contributed a negligible
amount to the overall uncertainty. Thus, the uncertainty in
determining the OH concentration from the factors in equation
E1 was estimated to be about(7% at the 95% confidence level.

As discussed in section III.F, the pulse-to-pulse fluctuations
in the initial OH concentration caused less than(0.5%
uncertainty ink1a. The OH concentration gradient also produced
only a small influence on the determination ofk1a, but this effect
is hard to quantify. In section III.F, the simulated OH profile
shown in Figure 7a was generated using eq E2 for computational
efficiency. However, eq E2 is based on the use of the steady-
state approximation to describe the O atom time dependence.
Under the conditions of Figure 7, this is only valid at early

reaction times. Further, the uncertainty in the determination of
the optimized value ofk1a by the computer analysis was always
of the order of(5%. Loh and Jasinski70 and Fahr and Laufer71

examined the influence of the reactant concentration gradient
on the measured rate constant for pure second-order decay and
concluded that even for gradients approaching 100%, the error
in the rate constant was only 5%. We conclude that the
concentration gradient along the photolysis axis had little
influence on the determination ofk1a.

The propagation of an uncertainty in a specific rate constant
in a kinetic model into an uncertainty in a derived rate constant
using the model is not straightforward; however, the use of
IRCFs does provide a reasonable estimate. If the specific
reaction involves a species that directly reacts with a reactant
involved in the reaction of interest, the uncertainty in the derived
rate constant is related to the uncertainty in the specific rate
constant times the ratio of the IRCF for the specific reaction
and the IRCF for the reaction of interest. As discussed in section
III.E, the most significant reactions contributing to OH removal
were reactions 1a, and 2 and diffusion. The reliability ofk2 has
been estimated to be about(25%, at the 95% confidence limit.18

Typical examples of IRCFs for these processes are shown in
Figure 7, and on average, the ratio of IRCFO

OH to IRCFOH
OH is

about 0.35( 0.05 depending on the experimental conditions.
Thus, the uncertainty ink1a introduced from the uncertainty in
k2 can be calculated to be about(9%, at the 95% confidence
level. Similarly, under the conditions were the determination
of k1a was made, diffusion accounted for nearly half the removal
of OH (see Figure 6b,c) so that the uncertainty inkdiff

OH directly
resulted in a corresponding uncertainty ink1a. Generally,kdiff

OH

was determined several times in each experiment, and the
uncertainty was estimated to be(10%, at the 95% confidence
limit. Thus the uncertainty inkdiff

OH produced a corresponding
uncertainty ink1a of (10%. As mentioned in section III.C, the
time scale over which the OH temporal profiles were fit was
varied in a few cases, and on average, the shorter the time scale
the smaller the value ofk1a and the vice versa. However, this
was a small effect and no systematic trend was established.

There is another source of O atoms in the experiment besides
reaction 1a, and that is the quenching of O(1D) to O(3P) by
H2O, N2O, and Ar or Ne, reactions 3c, 4c, and 5. The data were
analyzed using the rate constants for quenching of O(1D) listed
in Table 1. The uncertainty in the various rate constants arek3c

( 65%, taken to be at the 95% confidence level,35 k4c ( 100%
an upper limit,36 andk5 ( 38%, for Ar as a quenching partner
at the 95% confidence level.38 Even at the highest partial
pressures, the quenching of O(1D) by Ne was sufficiently small
to contribute only a few percent to the total O(3P) flux and does
not need to be considered. Although the contribution of these
individual reactions varied depending on the experimental
conditions, a reasonable estimate is given by the following:
IRCFO1D,H2O

O3P ) 0.10, IRCFO1D,N2O
O3P ) 0.02, and IRCFO1D,Ar

O3P )
0.07. The propagation of the uncertainties in the O(1D)
quenching rate constants into an uncertainty in the determination
of k1a is calculated by propagating the fractional contributions
of all the IRCFO1D,X

O3P to the O(3P) production and OH removal
processes. As noted previously, the ratio of IRCFO

OH to IRCFOH
OH

was about 0.35 so that the uncertainty in the determination of
k1a due to the uncertainty in the quenching rate constants for
O(1D) was(6%.

However, there have been new determinations of the rate
constants for reactions 3c and 4c that provide different values
for these rate constants. For reaction 3, Carl46 has determined
the yield of O(3P) to be less than 0.003. For reaction 4, there
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are three new measurements44,45,46of the total removal rate and
two for the yield45,46 of O(3P). The weighted average of these
new measurements gives the total rate constant fork4 to be (1.35
( 0.08) × 10-10 cm3 molecule-1 s-1 at the 95% confidence
limit and the yield of O(3P) to be 0.051( 0.01. With these
new measurementsk3c is 6.6× 10-13 cm3 molecule-1 s-1 and
k4c is (6.9( 0.14)× 10-12 cm3 molecule-1 s-1. The contribution
of reaction 3c, IRCFO1D,H2O

O3P , would decrease to 0.017 and for
reaction 4c, IRCFO1D,N2O

O3P , would increase to 0.14. Fortunately,
the overall production of O(3P) by O(1D) quenching is only
increased slightly by this new information. The effect of these
new rate constant measurements was tested in a few simulations,
and indeed the optimumk1a values were found to be reduced
by a few percent. To account for the influence of these new
measurements, the contribution of O(1D) quenching to the
systematic uncertainty in the determination ofk1a was increased
from ( 6% to (9%.

Although the recombination reactions 1b, 11, and 12 could
contribute up to a 5% to the removal flux of OH at the highest
pressures, most of the experiments were made at lower pressures
where their contribution was less than 2%. Thus, they are
neglected in the error analysis.

In summary, the main systematic errors that effect the
determination ofk1a have been analyzed: the OH concentration
measurement,(7%; the rate constant for reaction 2,(9%; the
diffusional rate constant of OH,(10%, and the quenching rate
constants for converting O(1D) to O(3P), (9%. Assuming a
Gaussian distribution for these uncertainties, the systematic
uncertainties can be added in quadrature to give a total
uncertainty of(18% in the determination ofk1a at the 95%
confidence level. Combining with the uncertainty due to scatter
in the measurements of(28% at the 95% confidence level,
gives an estimate of(33% in the overall uncertainty in the
measurement ofk1a, including random and systematic errors.

IV. Summary and Conclusion
The rate constant for the reaction, OH+ OH f O(3P) +

H2O, has been measured via direct concentration measurements
of the OH radical using high-resolution diode laser absorption
spectroscopy onΛ-doublet resolved rotational transitions of the
first OH(2,0) overtone. The OH radical was created by pulsed-
laser photolysis of N2O to create O(1D) atoms, which reacted
with H2O to create the OH radical. The measurements were
conducted in two carrier gases, Ne and Ar, to provide different
conditions for removal of OH by diffusion and electronic
quenching of O(1D), with no difference in the determination of
k1a. The results were independent of carrier gas and pressure
(see Figure 4), as well. The OH temporal concentration profiles
were recorded with high signal-to-noise, greater than 200 for
OH concentrations of 1.0× 1013 molecules cm-3. With this
high signal-to-noise ratio, the value ofk1a could be determined
to within an uncertainty of about 10% (at the(1σ level),
neglecting systematic errors, even thoughk1a accounted for
between 30 and 40% removal of the OH radicals (see Figures
3 and 4). Several potential sources of error were explored in
section III.F but shown to be negligible.

Separate experiments were carried out with H2 at low and
high concentrations to verify the experimental method (see
Figure 5). At low H2 concentrations, the measuredk1a values
were in agreement with the different carrier gas results. At high
concentrations of H2, the experiments enabled the OH+ H2

rate constant to be measured. Good agreement was found with
recent determinations.

The rate constant,k1a, was measured at three temperatures:
(2.7 ( 0.9)× 10-12 at 293( 2 K; (2.0 ( 0.7)× 10-12 at 347

( 4 K; (2.2 ( 0.7)× 10-12 cm3 molecule-1 s-1 at 373( 3 K,
where the uncertainty includes an estimate of both random and
systematic errors at the 95% confidence limit. The observed-
negative temperature dependence of the rate constant is in
agreement with recent experimental measurements16,17 but is
in disagreement with another experimental work.15 These results
seem to confirm thatk1a has slight negative temperature
dependence near 300 K. The measurements at 293 K reported
on here are in good agreement with early work using the ESR
technique to measure the OH radical concentration but differ
by almost a factor of 2 from other results and the IUPAC
recommendation (section III.H). Although within the 95%
confidence limit of random and systematic errors, the results
of this work and the IUPAC evaluation fork1a just overlap, but
this is an unsatisfactory situation. Various sources of error were
discussed and evaluated but cannot account for this disagree-
ment. It is noted that the more direct methods of determining
the OH concentration, TDLS and ESR appear to give similar
results. Further study of this important and unique radical-
radical reaction appears necessary.
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