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Rate coefficients for the reactions
N+OH —» NO+H 1)

and
O+OH—>0,+H - 2)

have been determined, in direct experiments, from 250 to 515 K. A discharge-flow system is used to
generate measured concentrations of N or O; then OH radicals are formed by flash photolysis of H,O and
monitored by resonance fluoresence as they are removed by reaction (1) or (2) under pseudo-first-order
conditions. The results are fitted to the rate expressions:

k1=(2.21£0.18)x 1071 779252017 o143 molecule ' s+

ky=(6.65+0.23)x107° 7759012 :1y3 molecule ™' s 7!

where the errors represent 95% confidence intervals within the range of temperature covered in the
experiments. The rate coefficient k is compared with a calculation assuming that the reaction proceeds
via a bound state HO, collision complex.

Current interest in stratospheric chemistry has stimulated a number of recent
studies of fast bimolecular reactions where both reacting species are atomic or
molecular free radicals. The most reliable data have been obtained by direct
observation of both reactants in simple kinetic systems, with one radical in excess
concentration to ensure pseudo-first-order kinetics with respect to the other.
Consequently, only relative concentrations of the minor species need to be measured
and the effects of side and secondary reactions are reduced.’ Experiments of this
kind have been made possible by using sensitive detection techniques such as laser
magnetic resonance,” ® mass spectrometryHO and resonance fluorescence.'' ™"
These conditions have been fulfilled in flow-tube experiments on the reactions:
0+0H," 0+HO,,> H+HO,,° OH+HO,,> NO+HO0,,>"* CIO+NO0,™° Cl0 +
HO,,*” BrO+NO?® and SO +NO,,'° and in time-resolved flash-photolysis experi-
ments on: O+OH'? and BrO+NO.'* Other flow-tube studies include direct
measurements on HO, +H0215 and OH+H0216 in a second-order regime and
indirect experiments on: O+ClO,"” CIO+NO," Cl+HO,,'*" OH+HO,"® and
NO+HO, 8 in which steady-state radical concentrations or concentration ratios
were determined, yielding relative rate coefficients. Finally, a few indirect studies by
molecular modulation spectrometry (Cl+ClO0?°) and pulsed electron irradiation
(OH+HO0,,”! 0+HO,,”*> HO, + HO,?) have been reported.
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A limited .number of these radlcal—radlcal reactions have been studied over a
range of temperature (O + OH,' HO,+NO,>? BrO+NO,*'* ClI0+NO,>"” C1O +
HO,,* O+ Cl0"") and most of the rate coefficients have a shallow negative tempera-
ture dependence. In some cases, it has been suggested™ 491114 that this decrease in
reaction rate with temperature results from the formation of a collision complex
which can either dissociate to products or redissociate to reactants at approximately
equal rates. If the latter process is accelerated more rapidly with temperature and
the rate of formation of complexes is only mildly temperature dependent, the rate of
the overall reaction will fall as the temperature is raised. An alternative explana-
tion>'” is that the rate of complex formation falls at higher temperatures because the
transition state becomes *‘tighter”. This effect has also been proposed®*>* to explain
the similar temperature dependence of the rates of certain radical recombination
reactions in the limit of high pressure.

This paper describes a direct method for measuring the rate coefficients of fast
radical-radical reactions, over a range of temperatures. A relatively large steady-
state concentration of one radical is created in a conventional discharge-flow system,
which can be heated or cooled. The second radical species, OH in these experiments,
is formed directly in the flow tube at much lower concentrations by flash photolysis
and it is continuously monitored by resonance fluorescence. The flash lamp is pulsed
repetitively and the fluorescent signals accumulated in a signal averager. The
conditions are chosen to ensure a pseudo-first-order reaction that is complete before
the reaction mixture has moved a significant distance. Wolfrum and coworkers have
employed a similar technique to study the reaction of O atoms with CN radicals using
kinetic absorption spectroscopy to detect CN or c.w. laser absorption or gain to
monitor the CO product.?®

We have measured the rate coefficients of the reactions:

N+OH > NO+H; AHSys=-203.8 kJ mol™’ (1)
O+OH—->O0,+H; AHS3s=-70.7kJ mol™* (2)

from 250 to 500 K; preliminary room-temperature results have already been
reported. 12 All other determinations of k; and k, are from indirect flow-tube
experlments27 32 with the single exception of Lewis and Watson’s recent work on
reaction (2)."!

The reaction of O atoms with OH is of interest because of its important role in
deciding the ratios of odd hydrogen species in the upper stratosphere and mesos-
phere and the subsequent effect on the ozone concentration. 33 Reaction (1) is

involved in most mechanisms for forming NO in fuel-rich hydrocarbon flames.>*

EXPERIMENTAL

Fig. 1 shows a schematic diagram of the central part of the apparatus that was used for
experiments above and below room temperature. The brass block (HB) surrounding the flow
tube was heated by eight cartridge elements to above 500 K or cooled to 250 K by circulating
cold methanol. The temperature at various points inside the flow tube was measured by the
retractable thermocouples T1, T2 and T3, and found to be constant across and along the flow
tube to within 5 K. The larger, but otherwise similar vessel used in the earlier room-
temperature experiments has already been described."

DISCHARGE-FLOW SYSTEM

A dilute mixture of N, in Ar (ca. 1%) was pumped through the flow system at
ca. 4 dm® s™'. The total pressure was measured at point P by an oil manometer (+10 Pa,
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F1G. 1.—Schematic diagram of the apparatus. The symbols are identified in the text.

0.08 Torr) and found to be ca. 530 Pa (4 Torr); pressure gradients along the flow tube are
expected to be <1.3 Pa (10 mTorr). The mass flows of Ar and N,, measured with floating-ball
rotameters (‘“MeTeRate”, Glass Precision Engineering; £2% accuracy), were typically
800 umol s~ and 1—30 umols™’, respectively. The resulting linear-flow velocities varied
from 3.1ms™"' at 250 K to 6.2 ms™" at 500 K. Both N, and Ar were taken directly from Air
Products high purity cylinders [Ar, 99.998% ; N, 99.9% (O, free)].

Approximately 5% of the N, molecules were dissociated as they passed through the
microwave cavity (MC, 2450 MHz, ca. 50 W) resulting in a continuous flow of N atoms
through che reaction vessel. The atom flow, and hence concentration, was determined by
titrating with a flow of NO in Ar, measured from the pressure drop in a known volume. The
rapid titration reaction:*®

N+NO — N,+0(P) 3)

was followed by observing the NO or N, chemiluminescent emissions up to the end point and
the NO, emission beyond, using a photomultiplier (PM2, EM1 9781 B) with suitable filters.
At the end point, all three emissions are extinguished. Therefore, known steady-state
concentrations of N(*S) or O(*P) could be generated in the flow tube.

Depletion of atom concentration down the flow tube owing to homogeneous recom-
bination was < 1.5%, providing the excess NO concentration® was < 1 x 10'* molecule cm ™.
Heterogeneous losses of N(*S) atoms on the Pyrex walls were estimated by comparing
titration end points from two injectors, upstream and downstream of the reaction vessel. The
atom loss between injectors was negligible, <3%, in the room-temperature apparatus and
small, ca. 4%, in the narrower variable-temperature flow tube. The depletion of OCP) atoms
was estimated by comparing the NO, emission intensities when an excess of NO was added at
either injector. This varied according to the temperature of the walls (and from day to day)
from ca. 5% at 250K to ca. 16% at 500 K. These figures gave values for the fraction of
reactive collisions at the walls of y=5-7x107° for N and v =6—30x107° for O over the
experimental temperature range. The atom losses up to the observation region in the centre of
the flow tube were estimated at each temperature, assuming an exponential decay, dnd the
atom concentration measurements corrected accordingly. Bearing in mind the precision of
the end-point determination and the variability of the wall losses, an overall accuracy of ca.
5% is assigned to the atom concentrations.
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FLASH-PHOTOLYSIS SYSTEM

A small flow of thoroughly degassed H,O was injected into the gas flow to give a partial
pressure between 5 and 16 Pa (40-120 mTorr). Any metastable N,(A *3}) molecules
formed in the microwave cavity were rapidly quenched by N(*S) atoms®’ and subsequent
steady-state concentrations, due to N atom recombination, were negligible. Therefore,
processes such as:

N,(A *2})+H,0 - N,+H+OH (4)

were not significant.

A very small fraction (ca. 0.05%) of the H,O molecules were photolysed by an intense
pulse of u.v. light (A >120 nm) from the flash lamp, FL. The lamp has three tungsten
electrodes: an e.h.t., ground and trigger. The e.h.t. pin is charged to between 8 and 11 kV in
common with one plate of a 3 uF capacitor. The discharge, through flowing nitrogen at
atmospheric pressure, is initiated by a 10 kV pulse across the trigger and ground electrodes.

A typical pulse dissipates between 100 and 200 J of electrical energy and has a full width at
half maximum of ca. 3 us. Unfortunately, the flash, and the various emissions it excites, have a
long tail which is scattered into the photomultiplier, PM1. This restricts data collection to
ca. 0.5 ms and onwards after the flash. Light from the spark gap is roughly collimated by CaF,
optics through the filter vessel F and along the axis of the flow tube. The filter vessel could be
filled with Cl, to filter out the flash in the region of OH resonance fluorescence; however, much
of the flash is observed via fluorescence in the flow tube and the Cl, appeared to attenuate the
deep u.v. photolysis of H,0, so the filter vessel was normally evacuated.

Photolysis of H,O in its first absorption continuum, from 186 to 140 nm, yields OH
radicals in their *T1 electronic ground state with a near thermal rovibrational distribution.*®
Below the 136 nm threshold, photolysis produces small fractions (<10%) of OH(A 234
having excited rovibrational populations.*> The mean radiative lifetime of this species is
ca. 1 ps;*® any OH(X I1) radicals in vibrational levels above v = 0, produced by the decay of
OH(A 23"), are rapidly quenched by H,0* [OH(v =1)+H,O — OH(v =0)+H,0; k=
(1.35+£0.5)x 10 cm® molecule ' s™'] so an internal distribution that is indistinguishable
from thermal can be expected within 100 us of the flash.

RESONANCE FLUORESCENCE OF OH

The OH radicals produced by photolysis were continuously monitored by resonance
fluorescence. The resonance lamp (RL) consists of a flow of H,O in He (ca. 2%), at ca. 100 Pa
(0.75 Torr), through a microwave cavity (2450 MHz, 150 W). Fluorescence from excited OH
radicals produced in the cavity*! is directed along an aluminised light pipe, through a quartz
window and into the observation zone where it excites the fluorescence of ground-state OH
radicals. This is observed at right angles to the incident light by a gated photomultiplier (PM1,
RCA 1P28) through a series of baffles and an interference filter (IF; centre wavelength,
308.3 nm; half-bandwidth, 3.2 nm; maximum transmission, 12%) centred on the low rota-
tional lines of the OH(A *=*, v =0)-OH(X *I1, v =0) band. This transition is a weak
oscillator (f =7 x 107*). Consequently, the fluorescent intensity should increase linearly with
the radical concentration up to ca. 5 10" molecule cm >:*? this has been experimentally
confirmed up to 2 x 10'? molecule cm ™ *2

Although an absolute determination of [OH] is not required to calculate the rate
coefficients k; and k,, it is necessary to know the initial OH concentration in order to justify
the assumption of pseudo-first-order kinetics. To this end, H,O was photolysed in an excess of
N atoms and an OH fluorescent signal recorded in the usual way. The initial OH radicals were
quantitatively converted to O atoms via reactions (1) and (3), and the total yield of O atoms
estimated by integrating the NO emission as the photolysed gas was swept past photomul-
tiplier PM2. The initial distribution of OH in the flow tube is uncertain so an even distribution
was assumed in order to obtain a lower limit for the detection sensitivity. This calibration was
checked in the room-temperature reaction vessel by generating OH radicals in the discharge-
flow system. Hydrogen atoms, produced by discharging H, in Ar, were titrated with NO,
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from a moveable injector assembly replacing the flash lamp and filter vessel. The titration
reaction

H+NO, - NO+OH (5)

was followed by observing the HNO emission*® with a red-sensitive photomultiplier (RCA,
C7164R) replacing PM2. Analysis of the OH fluorescent intensity against time profiles, by
comparison with a computer model, gave a sensitivity in reasonable agreement with the
flash-photolysis calibration. Under typical experimental conditions these experiments
indicate a detection limit better than 2 X 10'° molecule cm™ (S§/N = 1) when monitoring slow
dec}:ays1 (k1= 500s7") and better than 7 X 10'° molecule cm ~ for the fastest decays (kyy > 2 X
10°s77).

DATA ACCUMULATION AND ANALYSIS

Having established a known concentration of N or O atoms in the presence of H,O, the
flash lamp was pulsed repetitively at 0.2 Hz. Each fluorescent signal was observed at PM1 and
recorded by a transient recorder (Data Laboratories, DL 905); the digitised signals were
accumulated in a signal averager (Data Laboratories, DL 4000) and output onto punched
tape. After summing 128 signals in the averager, the resonance lamp was turned off and a
further 128 signals subtracted in order to remove the residual flash tail and any other spurious
fluorescences from the OH resonance fluorescence signal. This process was repeated at
several atom concentrations for each temperature.

RESULTS

Measurements were made in the temperature-variable apparatus at 25035,
300+5,375+£5,445+5and 515+ 5 K; those at 300 K have been combined with the
previously published room-temperature results 2 At each temperature the atom
concentrations were varied from ca. 0.6 x 10" to 5 0x 10" atom cm>; upper limits
for the initial OH concentrations range from 10" to 3x 10'? molecule cm ™~ which
is typically 1-5% and never more than 15% of the atom concentration.

The averaged resonant fluorescent signals were fitted to a single exponential by
computer, using a regression analysis routine with baseline, pre-exponential factor
and decay constant as variable parameters. The fit was normally started from
ca. 0.5 ms after the flash to avoid contributions from improper subtraction of the
flash tail; only fits with 99% confidence intervals better than 5% were accepted. The
data are summarised in table 1.

Apart from reaction with the known atom concentrations, the removal of OH
radicals was caused by diffusion to the walls and subsequent loss, convection due to
the flow and reaction with any background concentrations of reactive species such as
O atoms produced from an 02 1mpur1ty passing through the discharge. The
bimolecular recombination of OH** is negligible at the concentrations present in our
experiment. These background removal processes are grouped together into a
first-order rate constant ky, (see table 1). In the room-temperature reaction vessel ky,
can be safely ignored;' 2 however, in the narrower variable-temperature flow tube k
is small but significant, indicating that the major contributions are the diffusive and
convective processes. The value of k, was determined at each temperature in the
absence of added N in the Ar flow but with the microwave cavity MC switched on.
Consequently, the decay of OH is given by the equation:

—d[OH]/dt = k1«
=ky+kiN] or k,y[O].
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TABLE 1.—SUMMARY OF EXPERIMENTAL RESULTS®

[N] or [O] kyor k,
temp. number of /10'? molecule /107" cm?®
/K experiments cm’® kig/s™ kyo/s ! molecule ' s~}
1) N+OH
2505 18 0.93-3.80 570—-2502 100 5.56+0.34
3005 20 1.03-5.14 518-3990 135 4.74+0.44
375+5 11 0.59-2.56 466 —1427 161 497+0.21
445+ 5 15 1.19-4.21 694 —2698 176 5.07+0.44
515+5 22 0.76 -3.78 430-2284 179 4.25+0.37
2) O+OH
250+5 20 0.92-4.52 421-2088 100 4.04+0.18
300+ 5° 21 0.98-6.04 341-2165 135 3.53+0.31
375+5 17 0.55-3.56 310-1866 161 3.36+0.24
445+5 25 1.09-3.86 516—-1633 176 3.10+0.27
5155 56 0.69—-4.34 366 —-1653 179 2.76+0.14

* Full experimental details are available from the authors. ® Includes previously published
room-temperature data;'? k, is less than 50s™' and therefore neglected. © Errors in the
second-order rate coefficients are 95% confidence intervals.

Values of k; and k, at each temperature, calculated from the means of (ks — kv)/[N]
or [O], are presented in table 1; the errors are the 95% confidence intervals in the
means. A further systematic error of ca. 5% due to the titration is possible.

Fig. 2 is a plot of log k againstlog T for both sets of data; the solid lines have been
fitted by a weighted least-squares method which leads to the rate expressions:

ky=(2.21+0.18)x 107" T7%%*%17 cm® molecule s !
ky=(6.65+0.23)x 107" T7%°°*%12 ¢ molecule ' s™!

where the quoted errors represent 95% confidence intervals within the range of
temperature covered in the experiments.

DISCUSSION

There has only been one previous determination of k4, in a flow-tube experiment
at 320K.*> Active nitrogen was partially titrated with NO and the resulting
concentrations of N and O atoms were deduced from the intensities of the N, and NO
afterglows. Removal of both N and O was catalysed by addition of H,, presumably
via reactions (1) and (2) with OH formed in the reaction of O atoms with H,. The
relative rates at which the N and O atoms decayed indicated a value of (ki/k>) =
1.40+0.1, in excellent agreement with our (k;/k2) =1.4+0.3 at the same tempera-
ture.

Table 2 lists the available data on reaction (1), including our own. The first five
values of k, were determined in indirect flow-tube experiments. The three highest
results’” > were obtained in essentially similar experiments in which reaction (5) was
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FI1G. 2.—Plots of log,, k againstlog;o T for the reactions of OH radicals with N or O atoms; error bars are

95% confidence intervals, those at room temperature are omitted for c]anty (a) N+ OH: B, this work.

(5) O+ OH: @, this work; V, Lewis and Watson; ! [, Westenberg et al.; ;3% (-~ -) Cohen and Westberg’s
evah.lation;"5 (— - —) “maximum free-energy’ calculatnon

used to generate an initial concentration of OH. The only significant subsequent
reactions were assumed to be the bimolecular reaction

OH+OH —» H,0+0 (6)

heterogeneous removal of OH, and reaction (2). Therefore, a steady-state concen-
tration of O atoms was reached, determined by (ks/k2) and the absoulute concen-
tration of OH. By using high initial [OH] and long observation times, Clyne was
able to deduce &, from the steady state O atom concentratlon alone, determmm%
this from the intensity of the air afterglow. Kaufman®® and Breen and Glass®

TABLE 2.—RATE COEFFICIENTS FOR THE REACTION O+OH—-»0,+H

k>

temp./K . /107" cm® molecule™*s™* ref.

300 5.0£1.7 Clyne, 1963.%

300 5.0+1.7 Kaufman, 1964 .28

300 4.3+0.2 Breen and Glass, 1970.%°

425 4.2+0.3° Campbell and Handy, 1977.*!
228-340 3.3+0.5° Westenberg et al., 1970.%°
220-500 3.4+0.3-2.820.08 Lewis and Watson, 1980."
250-515 4.0+0.2-2.8+0.1 this work.

“ Relative to OH+CO, reaction (7), k;=1.6X 107" cm® molecule™ s™'.** * Interpreted
by authors as temperature independent; see fig. 2 for actual data.
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monitored [OH] as well, using ultraviolet absorption and e.p.r. spectrometry,
respectively.
The rate of reaction (2) has also been measured relative to the rate of

OH+CO —» CO,+H, N

by observing the decay of O atoms in a discharged H, +CO + N, mixture at 425 K.*'
The rat10 (kz/ k) was found to be 26020, giving the tabulated value of k&, if k7 is
1.6 x107"* cm® molecule ' s~

Two groups have studled the temperature dependence of k,; their results, as well
as our own, are shown in fig. 2. Westenberg ez al.*® observed the relative concen-
trations of O atoms in a gas containing O and H flowing through a homogeneous
e.p.r. reactor, with and without NO, added. Combined with an absolute measure-
ment of [OH], this yielded a value of k, that is independent of k¢. Because of the
limited temperature range and fairly wide error limits, Westenberg et al. concluded
from their results that k, is temperature invariant between 228 and 340 K.

Finally, Lewis and Watson’s recent direct experiments, "' between 220 and
500 K, yield rate coefficients in good agreement with our own and a similar, small but
significant, negative temperature dependence. In their experiments, flows of O and
H atoms were mixed and then a much smaller flow of NO, was added to generate a
small concentration of OH wvia reaction (5). Relative concentrations of OH were
observed by resonance fluorescence. To ensure the rapid formation of OH at the
NO; injector, and hence good time resolution, large excess concentrations of H
atoms ((Hlo=1.5x10">cm~*; [OHlo=1.5x10" em™; [Olo=1-7%10' cm™
were used. Under these condmons, significant concentrations of OH radicals were
produced via the reactions:

H+0;+M —» HO,+M (8)

and
H+HO, —» 20H )]

or
O+HO, - OH+O0.. (10)

Lewis and Watson’s computer simulation of their system indicated that this caused
their observed value of k, to be 6-10% lower than the ‘“‘true” value, and an
appropriate correction was made.

Measurements on reaction (2) and its reverse have been recently evaluated.
The recommended*’ expression for k,, based on high-temperature determinations
of k_, and application of the principle of detailed balance, on model calculations, and
on previous room-temperature determinations of k, agrees with our results quite
well (see fig. 2).

Reactions (1) and (2) presumably proceed via a collision complex corresponding
to a state (or states) of the triatomic radical which can form without the system havmg
to surmount any barrier on the potentlal energy surface (or surfaces). N(*S)+
OH(X 1) adiabatically correlate with *A’, >A’2A” and *A" terms of a colllslon
complex with C, symmetry, but only the >A” term correlates through to NO(X *II) +
H(*S) and electronically excited products are energetically inaccessible. Intuitively,
one expects a collision complex closer to an HON conﬁguratlon than the more
familiar HNO radical. Indeed, ab initio calculations*® on the lowest singlet and
triplet states of HNO have shown that there is an appreciable barrier between the
HNO and HON structures and that the ground state of the latter species is a triplet.
There are, however, no available spectroscopic data on HON, so a calculation of the

44,45
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rate of reaction (1) via the methods proposed by Quack and Troe®’ has not been
attempted What one can do is to estimate rate coefficients for adiabatic reaction
across the >A” surface of HON by multiplying k; by the ratio of electronic partition
functions: fe nfeon/ fe. NOH(XsAu) This procedure yields rate coefficients of 2.1 X
1071° and 1.9% 107 cm?® molecule 's™! at 250 and 500 K, respectively, cor-
responding to simple collision theory mean reaction cross-sections of 25 and 16 A”.

The adiabatic correlations of OH(X “IT)+ O(’P) are with 3°A’, 3°A", 3A’ and
3*A” terms of an HO, collision complex with C; symmetry Only one A" and one
*A" term correlate through to 0,2y ) and H(S)' and electromcal]y excited
products are energetically maccessxble No A" state of HO; is known spec-
troscop1cally and the one correlatmg with both OH(TD) + O( P)and 02( S+ H(S)
is presumed to play no part in the reaction. The common *A” term is the electromc
ground state of HOZ Combining orbital and spin symmetries,*® both this term and
the low-lying A’ excited state become “E;,, and a non-crossing rule becomes
probable although not rigorous. Calculating, as before, rate coeflicients associated
with adiabatic reaction across the lowest surface of the triatomic radical yields values
varying from 3.8x10 '°cm’molecule 's™' at 250K to 3.4x107"°
molecule 's™! at 500 K, corresponding to simple collision theory mean reaction
Cross- sections decreasing from 47 to 30

Since spectroscopic information on HOz is available, estimates of k, have been
made using Quack and Troe’s simplification”” of their adiabatic channel model. This
was designed for calculating the rates of unimolecular dissociation reactions, in the
limit of high pressure. The rate of association reactions, under these conditions,
corresponds to the rate of formation of the energised complex. This is also the case in
reactions (1) and (2) as long as the complex breaks down to products much more
rapidly than it dissociates to reagents.

In such calculations, the partition function for the system is expressed as a
function of the reaction coordinate g, taken to be the O—QO bond distance in reaction
(1). This variation depends on an exponential interpolation formula, containing a
single parameter vy, to connect the rovibrational partition function of the reactants,
i.e. at g =0, to that of equilibrium HO,, i.e. at ¢ = g.. The electronic potential is
assumed to be a Morse function and the centrifugal contribution is represented by a
simple two-body expression. The transition state is then located where the total
partition function is a minimum corresponding to the position of maximum free
energy.

Usmg the recommended®’ value of ¥ =0.75 A™! and a Morse parameter 8 =
2.5 A7, estimated from the O—OH dissociation energy and the force constant for
this bond in HO,, one obtains k,=3.2x10""! cm® molecule *s " at 250 K and
3.3x107"" cm® molecule ' s7" at 500 K; this is shown on fig. 2. The magnitude of
the calculated rates are in good agreement with experiment; however, the fit to the
temperature dependence is poor and is not improved significantly by varying 8 and y.
Nevertheless, the general picture of the transition state becoming less extended at
higher temperatures is probably correct.

In order to explain the negative temperature dependence of k,, Lewis and
Watson'' have proposed that reaction proceeds via a collision complex which can
dissociate to products or redissociate to reagents:

k,
O+OH == (HO,)t = H+0,

so that k= k¢k,,/ (k. +k,). As the temperature, and therefore the mean energy in
(HO,)*, is raised, k. increases more rapidly than k, so that k,/(k.+k,) falls.
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However, for there to be a significant effect on the observed reaction rate, it is
necessary that k. and k, are roughly equal within the temperature range of interest.
Lewis and Watson exammed their proposition on the basis of RRK (Rice-Rams-
berger-Kassel) theory, in which the specific rate constant, k(E), for unimolecular
decomposmon of an energised molecule with internal energy E is given by A[(E —
Eo)/ET ™", where E, is the critical or threshold energy and s the number (or
‘effective’ number) of oscillators m the molecule. They argued that the large
difference between [(E — Eo)/ ET " for the two (HO,)t dissociation channels might
be compensated for by differences in the A factors.

Partly because of theoretical interest and partly because the rate of reaction
between O and OH might depend on pressure if Lewis and Watson’s hypothesis is
correct, we have examined the proposed mechamsm using the extensions of RRKM
(R1ce—Rambsberger—Kassel—Marcus) theory' due to Quack and Troe*’ and Troe*’
As already indicated, the model of Quack and Troe estimates a value of k¢ in
reasonable agreement with the observed value of k,. The ratio (k¢/k,) describes the
equilibrium between thermally equilibrated OH+O and the energised (HO)t
complexes formed by assomation of these species; it can be estimated via a
procedure developed by Troe*® for calculating the rates of dissociation and asso-
ciation reactions in the limit of low pressure. Using the estimated value of k¢, this
calculation yields k., which we find to be ca. 7x 10'°s™ ! at 298 K.

The rate constant k, for dissociation of (HO,)T to H+ O,, where the complex is
formed in thermal collisions of O and OH, has been estimated using the expression:

ko =k(E)=N*(Et)/hp(E)

where N*(E¥) is the number of “active’ states in the transition state at energy E. In
estimating N*(Et) we have assumed that Et=E+AE;=70.7kJ mol~!. This
means that the energies associated with the adiabatic degrees of freedom in the
(HO,)t complex and in the transition state for its dissociation to H+ O, are taken to
be the same and equal to the thermal energy present in collisions between O and
OH. Any errors introduced by these assumptions will be small since E+ and E are
both much greater than k7. Counting of states to yield N*(E+) was carried out
according to the simple harmonic approximation, which would cause us to under-
estimate N*(E1) and hence k,. Frequencies in the transition state were estimated
via the mterpolation formulae of Quack and Troe.”> This calculation gives
k,~10"s"", i.e. 15 times the value estimated for k..

The calculations outlined in the two previous paragraphs suggest that there is
unlikely to be significant redissociation of collision complexest formed from OH and
O. Two further arguments appear to support this conclusion. First, 1f ke=kp, then
k¢=2k,. Because of the number of surfaces which correlate with OH(*I1) and OCP),
formation of HO,(X2A") would then have to occur with a collision cross-section of
ca. 100 A? to be consistent with the observed k». This is larger than could be
explained even in the limit of a “‘loose” transition state determined only by the need
to conserve angular momentum. Secondly, a growing number of radical-radical
reactions are being shown to have rates which decrease significantly with
temperature. The mechanism of competing dissociation channels cannot be re-
sponsible for this in association reactions, e.g. OH+NO,(+M) — HNO3(+M)
and seems inherently improbable in more than a fraction of atom-transfer reactions.

f It is important to recognise that the calculations only treat the fate of genuine collision complexes. It
may be that, as the temperature increases, collision complexes are formed in a smaller fraction of O+ OH
collisions as d result, for example, of the system passing through the transition state for formation of HO,
twice before energy is randomised and a proper complex is formed [see also ref. (1), p. 37].
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Despite the absence of a satisfactory simple theoretical model, it appears that these
observations reflect the decrease in rate constant associated with formation of a
collision complex from two radicals as the temperature is raised. Unfortunately,
there have been very few theoretical calculations of potential surfaces in the
important regions where two radicals just start to interact appreciably.

SUMMARY

The experiments described in this paper demonstrate a new, versatile technique
for measuring the rate coefficients of radical-radical reactions, which is perhaps less
susceptible to systematic errors than methods based only on the flow tube. The
results reported for the reactions of OH with N and O atoms are in satisfactory
agreement with those of other workers and reduce the uncertainties in the rate
coefficients; for k,, from factors of two** and three* quoted in recent evaluations to
ca. 20%. The negative temperature dependence of k, found by Lewis and Watson is
confirmed. However, our calculations indicate that there is unlikely to be significant
redissociation to O + OH of the collision complex formed in this reaction, although it
is not possible to match the observed temperature dependence by any other simple
theoretical model.
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