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Rate Constant Measurements for the Reaction of HQwith O3 from 200 to 300 K Using a
Turbulent Flow Reactor”
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The rate constant for the reaction of KH®ith O3 was measured using a turbulent flow reactor with tunable
diode laser absorption detection of HHOwo separate methods were used to deterrkirfeom the pseudo-
first-order decay of H@in excess @ The isotopic labeling method used¥, in excess'®0; to avoid
reformation of the reactant. The OH scavenger method used trifluorochloroethylene to remove the OH product
and prevent re-formation of HOThe turbulent flow reactor allowed measurements at temperatures between
297 and 197 K at total pressures from 80 to 175 Torr, spanning a wide range of stratospheric conditions. The

temperature-dependent rate constant is given by the three-term expilagsjon {(103 £ 57) expf-(1323

+ 160)/T] + 0.88 x 107> cm® molecule® s™4, reflecting its non-Arrhenius behavior at low temperatures.
These results demonstrate that the catalytic destruction of lower stratosphdrycHD radicals (OH and
HO,) may proceed faster than current models predict. The rate constant at 295 K4s@2)x 107> cm?

molecule® s71,

Introduction

The cycling of HQ (HOx = OH + HO,) through reactions
1 and 2 represents the dominang I0ss process occurring in

k

HO, + O,— OH + 20, (R1)
k.

OH+ O,—HO, + 0, (R2)

the lower stratosphere over much of the glébdeeaction 1 is
the rate-limiting step in this H@only ozone destruction cycle.
The atmospheric impact of reaction 1 og I0ss, however, is
coupled to the ozone destruction associated with Ny =
NO + NO,) and reactive haloget?

A difficulty with direct measurements df; under pseudo-
first-order conditions with respect to H@ the rapid regenera-
tion of HO, due to this very cycle. Previous studie% have
used an OH scavenger or have used isotopic labetihghe
HO; in order to determind.

The previous work indicates that strict Arrhenius behavior

is not observed in the temperature dependende.dht lower

flow reactor used in this study allows direct measuremeig of

at stratospheric temperatures and pressures. Both isotopic
labeling of reactant HOand an OH scavenger were used to
reduce the effects of secondary chemistry. In conventional low-
pressure laminar flow tubes, the loss of H® the walls is
sufficient to complicate measurementskgfparticularly at low
temperatures. In the high-pressure turbulent flow technique,
there is limited mass exchange between the turbulent core and
the viscous sublayer, which forms near the wall. Under these
circumstances, the measured wall loss rate constants are less
dependent on wall temperature. This property of the turbulent
flow reactor allows the study of H{kinetics at temperatures
less than 240 K.

Experimental Section

Turbulent Flow Approach. The use of a turbulent flow
reactor to study chemical kinetics was developed by Seeley and
co-workers?>1°The technique has been used to study the kinetics
of several reactions-1?It is a relatively new method, though,
and a short description of the technique will be presented here
to facilitate the discussion of these results.

temperatures the rate constant may be higher than would be Conventional laminar flow tube reactors have a radially
predicted by extrapolation of the data taken above 230 K. parabolic velocity profile where the gas velocity is greatest at
Reaction 1 proceeds through two channels, corresponding tothe center of the tube and decreases by the square of the radial
transfer of the hydrogen atom (major) or the transfer of the position to zero at the tube walls. The velocity fluctuations at

terminal oxygen atom in H@ (minor)/® but the present

any given radial point are low relative to the overall average

understanding of the associated mechanisms does not predic{elocity. This condition leads to a wide distribution of residence

the temperature dependencekef
Although this rate constarity, is most frequently utilized in

times for species that traverse the length of the tube, which is
undesirable when attempting kinetics measurements. To cir-

atmospheric modeling, there have been no previous directcumvent this difficulty, the working pressure is held beled0

measurements df; below 233 K, even though lower strato-

Torr in order to increase diffusional dispersion to such an extent

spheric temperatures can be as low as 185 K. The turbulentthat the radial concentration gradients in the flow tube are

T Part of the special issue “Harold Johnston Festschrift”.
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Cancer Center, Box 806 Mayo, 420 Delaware Street SE, Minneapolis, MN

55455.

minimized. The use of molecular diffusion to overcome the

gradient due to the flow profile characterizes the conventional

low-pressure laminar flow approach to flow tube kinetics.
The Reynolds number for tubular flow is defined in eq 1.
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_2rvp _ aw (1) long) which has been coated with a thin layer of halocarbon

Re n ry wax, emptying into a six-way cross. A sampling port with a 3
mm orifice was located inside the cross and directed a portion

Equation 1 shows two representationsRe wherer is the of the flow, via differential pumping, into a 55 cm long, 8.5
tube radiusy is the average axial velocity of the gasis the cm i.d. multipass cell. Nitrogen (Middlesex Gases 99.998%),

density, # is the viscosity of the gasq is a contant of from a liquid N; gas pack, served as the main flow tube carrier
proportionality,Q is the mass flow rate, ard is the molecular gas for the majority of the work presented here. Helium
mass of the gas. In the case of tubular laminar flow, the (Middlesex Gases 99.999%) was used at the carrier gas for the
Reynolds number is smaller than 900, usuafl¥00 for flow flow directed through the inner injector. Flows were measured
tube kinetics. As the mass flow increases, the shear flow nearusing Tylan mass flow meters, which were periodically cali-
the wall develops instabilities and velocity fluctuations occur brated by measuring the rate of change of pressure into a known
which are greater than those present in laminar flow. The flow volume. Special care was taken to ensure these calibrations were
profiles in this regime are not well-defined, and this is referred done isothermally. Pressures in the reactor and multipass cell
to as the transition region between viscous and nonviscous flow.were measured using calibrated capacitance manometers. The
WhenRe > 2000, the flow becomes turbulent with a velocity temperature of the gas in the flow tube was measured using
profile which is more uniform than the parabolic profile high gauge calibrated chromehlumel thermocouples both at
characteristic of a laminar flow. The radial velocity profile of  the end of the injector and just prior to the sampling port shown
fully developed turbulent flow within the core is flat. Near the in Figure 1. The main carrier gas was precooled before passing
tube walls a viscous sublayer forms, and between the sublayerinto the main flow tube, and its temperature was maintained by
and the core a turbulent boundary layer develops. The radiala thermostated fluid which was circulated through the reactor
motion in the core is the combination of molecular diffusion jacket. The amount of precooling was controlled so that the
and small-scale turbulent mixing. Flow visualization stutfles  temperature measured at the injector tip matched that measured
aimed at measuring the effective diffusivity of species in the prior to the sampling port. The flow through the injector was
core have found that in a fully developed turbulent flow the typically less than 6000 standard cubic centimeters per minute
combined molecular and “eddy” diffusion is great enough to (sccm), while the total flow through the reactor wa§5 000
allow for radial mixing, but not so great that appreciable axial sccm. The pumping speed was adjusted such that the pressure
mixing occurs. Essentially, it is this result that allows chemical in the flow tube ranged from 80 to 174 Torr and the average
kinetics measurements to be conducted using a turbulent flowfjow velocity of the gas varied from 850 to 2500 cmisThe

tube reactor. . ) o ~ sampling pressure of 10 Torr was selected to optimize detection

~ When the one-dimensional form of the continuity equation sensitivity at the point where pressure broadening and Doppler
is integrated using the boundary conditions appropriate for a broadening are equal. The number density gti@®pped by a
reaction in a flow tube, the concentration of the reactive species, factor of 20 upon passage into the detector, and as a result, the

C, is given by-+3 extent of reaction occurring in the multipass cell relative to that
Ck*P in the flow tube was negligible. In flow tube experiments
o2 = C_o exp{ 1 ) @) constraints such as the minimum distance between the_ injector
Vet tip and the detection region have an effect on the minimum

detectable reaction times. This is sometimes referred to as the
wherezrepresents the distance down the flow tut@) = co), “end effect”. The experimental conditions employed in the
veri IS the gas velocity in the turbulent cotg¥ is the measured majority of this work result in an end effect, which is the
pseudo-first-order rate constant, amly is the effective equivalent of~6 cm of flow tube distance.

dispersion coefficient. In eq 2, an effective velocity of the A movable double injector was used to create and inject HO
turbulent core is used in place of the average velocity, which to the main flow. A Beenaker style 2.5 GHz microwave
differs from the result USing a fU"y laminar flow. The total discharge Cavit:y produced H atoms from trace amounts Qf H

pseudo-first-order rate coefficient is given by e&'3For the (Wesco Gases 99.9995%) in the He carrier gas, which passed
N through the inner injector. This mixture flowed into the outer
P % Deir ks injector, which contained a sufficient flow of QMiddlesex
K/ =k*|1+ > 3) N 7
Vet Gases 99.999%) to maintain more thar 10" molecules cri

O; in the diluted flow. The inner injector was recessed 25 cm

measurements presented héte= ki[O3] + kwar. Equation 3 from the end _of the outer injeptor _(see Figure 1), allowing the
is very similar to that which arises in the instance of laminar H atoms sufficient time to mix with the £He and react to
flow. Other studie¥~16 have developed methods for measuring pr_oduce HQ. Both the inner and outer injectors were coated
rate constants using a laminar flow at higher pressures eitherWith @ halocarbon wax to reduce H and K®sses on the
by determining the complete radial concentration profile or by injector walls.
applying corrections to an apparent temporal profile. Whenthe  Two Teflon “turbulizers” were mounted on the exterior of
detector samples the core of a turbulent flow reactor, the simple the outer injector as shown in Figure 1. These have the effect
equations (2) and (3) may be applied; however, the effective of enhancing the turbulent mixing between the injector and main
velocity must be measured and the magnitud®gf must be gas flows. The gas velocities across the tube diameter were
determined. determined by measuring the difference between the static
Apparatus Description. A turbulent flow reactor coupled  pressure and the impact pressitesing a Pitot tube. The impact
to a multipass cell designed for a long path length in a small pressure was determined ugia 1 mmi.d. Pitot tube situated
volume has been used in the determinatiok;0fA schematic parallel to the direction of the flow. The static pressure was
of the instrument, with an expanded view of the area near the measured usma 1 mmi.d. Pitot tube with two holes normal
end of the injector, is presented in Figure 1. The flow reactor to the direction of the tube. A differential manometer, 1 Torr
consists of a double jacketed Pyrex tube (2.5 cm i.d., 85 cm full scale, was used to accurately measAge The measure-
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Figure 1. Schematic of the turbulent flow reactor coupled to a tunable diode laser. The inset shows detail of movable double injector with “turbulizers

mounted on the tip.

ments associated with the development of the turbulent flow The output from the laser system was collected with a reflecting

will be discussed further in the results section.
Ozone was generated by passing tbrough a corona arc

microscope objective and directed into the multipass cell. For
the work presented here, the multipass cell was configured for

discharge using a commercial ozone synthesizer. The ozone366 passes, which provided 201 m of total path length. The

O, mixture was passed throbga 3 L glass bulb filled with
silica gel. The Qwas trapped and stored on the silica gel in an
ethanol bath cooled te-190 K. The ozone was delivered to
the flow tube by passing a measuregfidw through the silica
gel. This Q/N; mixture flowed through an absorption cell with
a path length of 0.165 cm where the concentration fn@s
determined by ultraviolet absorption of the atomic Hg emission
line at 253.7 nm using the{@ross sectio o = 1.15x 10717
cn?. This concentration was scaled by the appropriate ratios o
pressures and flows to arrive at a concentration gfirOthe
flow tube of typically (0.1-2.5) x 106 molecules cmg,

Two experimental approaches were employed in this work,

exit beam was directed to an HgCdTe photoconductive detector.
The data acquisition is based on a rapid current sweep of the
diode laser with synchronous detection of the transmitted
radiation. For the work presented here, the 120 point spectra
spanning the features of interest were acquired at a rate of 2.5
kHz. The 300 kHz analog-to-digital conversion rate is fast
enough to minimize the impact of low-frequency amplitude
noise.

HO; lines near 1407 cmt were used in this work with the
current ramp adjusted so that the laser frequency range spanned
~0.15 cn. This was wide enough to include fout%D; lines
and two H®0, lines in a single laser sweep. The infrared

f

each a separate tactic for reducing the secondary influences opectroscopy of MO, has been previously investigat&d2°

HO; regeneration. In oné80, was used in place dfO, making
H180; in place of HQ. 180, and!80, (Isotec/Matheson 98.8%)

The line strengths determined by Zahniser et>ahnd the
pressure broadening coefficients determined by Nelson and

could be switched through a low-volume solenoid valve between Zahnisef®?’ are tabulated in the most recent HITRAN data
experiments. The low volume of the valve preserved the purity compilation?3

of the 180, isotope and allowed the two isotopes to be regulated  To measure the relative line strengths and positions 0¥
through the same needle valve. In the other approach, an OHequal amounts of%0, and normal @ were mixed and added
scavenger, trifluorochloroethylene (CFC-1113), was added to to trace amounts of H atoms injected into the multipass cell.

the reaction mixture. The CFC-1113 (Matheson 99.0%) con-

The assignments of peak positions and line strengths fdH

centration was inferred by measuring each of the flow rates usingare given in Table 1. For the pseudo-first-order kinetic measure-
calibrated mass flow meters and the total pressure in the flow ments presented here the absolute accuracy of the line strengths

tube. The CFC-1113 was mixed with the mairp Mow,
upstream from its introduction to the flow tube.

Tunable Diode Laser.The tunable diode laser (TDL) system

is of secondary importance.

Figure 2 shows two traces of the transmitted light as a
function of wavenumber: one where isotopically normal HO

coupled to an astigmatic Herriot cell used in these measurementss present and another forl#D,. The spectra shown in this

has been described more completely elsewketebut some

figure were acquired by modulating the H atom microwave

general comments on how the apparatus works are warranteddischarge source (1 s pa s off) and taking the ratio of the

The infrared light suitable for Hodetection was generated by
using a Pb-salt laser diode housed in a liquid nitrogen Dewar

spectra. This ratio method removes optical fringes due to
. scattered light in the multipass cell. The absoluté®4 and
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TABLE 1: Line Positions and Strengths for HO, and HO,

line wavenumber line strength (10 cn? transition
species (cm™) molecule’* cm™) N'kake— N'kage references
HO, 1407.063 3.4 F[625< 524 Zahniser et af®
1407.066 4.7 F[717— 614 and Nagai et at®
1407.069 3.4 F[624— 524 are tabulated in the
1407.078 5.5 E[717— 614 HITRAN 28 database
H0, 1407.103 5.0 this work
1407.108 5.0
1410.968 5.6
1410.983 5.0
1411.031 5.3
1411.043 51
1411.101 2.6
1411.113 2.8
<, A : 7000
o -
X g—\/\"’\,‘\j wf‘v\/\/\ v\/\’\fw“"\rw*\/\ﬂ 6000 -
:; :4: ‘
E P 5000
1.0000 ke
4000 oAA,AAe
0.9995 g gﬂggﬁnumun 88 g
S 3000 BT @
g 0999 /
g a 10
E 09985 2000 1= 0 20em
g > 55em
© 09980 1000 |- /
7 Re = 7232, P = 100 Torr, T = 275 K .
09975 7 | | ! N PN PRI SRR PRI PYRTTRN FRTTTTNL.
1407.04 1407.06 1407.08 1407.10 1407.12 -1.2 038 04 0.0 0.4 0.8 1.2

wavenumber (cm’) flow tube r (cm)

Figure 2. H'O, and H®O, transmission spectra. The solid lines are  Figure 3. Velocity profile measurements. Results of the Pitot tube

the data while the dashed lines are the least-squares fits. The blackmeasurements of the flow velocity as a function of radial distance from

data are PfO, and the gray data are'fD,. The concentration of each  the center of the flow tube at three injector positions are displayed.

species is-5 x 10" molecules cm? in the multipass cell. The residuals ~ The average flow velocity is displayed as a dashed line. The solid line

of the fit have an rms absorbance 081104, represents an area-weighted average of the measured velocity profile
of the turbulent core. The gray parabolic profile corresponds to a fully

H180, concentrations were calculated by fitting the absorption developed laminar flow and is included for comparison.

feature to a Voigt line shape using the line parameters given in

Table 1 and the broadening coefficients determined in earlier Persistent concentration gradient across the turbulent core. Under

work 27 The detection sensitivity with signal-to-noise ratic2 experimental conditions typical of this work, the correction to

was 20 ppb, which corresponded to an absorbtivity af 204, k' due to axial diffusion, usin@er = 250 cnt s™%, is less than

at 10 Torr in the multipass cell. At each injector position, data 1% and was not applied to these measurements. The magnitude

was collected for 20 s, which increased the detection sensitivity Of this correction is less than the uncertaintykirthat results

by a factor of 1&/2to a mixing ratio of 7 ppb. This corresponds ~ from the uncertainty in the effective velocity determination (5%).

to a number density of & 10° molecules crin the flow The second consideration when using the turbulent flow
tube (100 Torr, 298 K). reactor lies in measuring the effective velocity of the turbulent

core. An empirical relationship was developed relating Riee
and average flow velocity to the appropriate effective velocity.
This allows the effective velocity (to be used in eq 2, above) to
When employing the turbulent flow reactor technique, two be determined for a given average flow velocity. Some typical
important considerations are assessing the magnitude of theresults of the velocity profile measurements are shown in Figure
effective dispersion coefficienDesr, and measuring the effective 3. Two Teflon “turbulizers” shortened the distance for turbulent
velocity of the turbulent core. The experiments conducted by flow development to less than 10 cm. The distance between
Seeley et al. have shown thatDey under turbulent flow the turbulizers was greater than the tooth-gap size of the
conditions becomes dominated by the small-scale turbulentturbulizers by a factor of 30 to prevent the second turbulizer
mixing, and is between 50 and 500 g1 with no dependence  from sampling a persistent stream or jet caused by the first.
on Reynolds number, when the flow is fully turbulent. The The initial large-scale turbulent motions caused by the second
velocity fluctuations in the axial and radial directions are larger turbulizer cause vortices in the downstream flow which are on
in fully developed turbulent flow than in laminar flow; however, the order of the radius of the tube. The large-scale turbulence
they are sufficiently small compared to the average velocity so is dampened to “fully developed” turbulent flow within 10 cm,
that, in the turbulent core, plug flow is nearly achieved. Also, and the associated vortices are much smafld@ihough there
the radial velocity fluctuations cause eddies whose sizes relativeare some small differences between these velocity profiles at
to the tube diameter are appreciable and allow for rapid radial different injector positions, no overall trend with injector position
mixing. As a result, whatever wall effects are occurring through was observed. The flow velocity measurements at each measured
the turbulent boundary layer do not manifest themselves as aradial position for a given flow profile were averaged with area

Results and Discussion
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Figure 4. Velocity of turbulent core as a function of Reynolds number. Distance (cm)

Results of the Pitot tube velocity profile measurements are displayed.
The ratio of the area weighted effective velocity to the average velocity o0, mixing ratios are shown as a function of injector distance for
is plotted as a function oRe Data are shown for the following e case where the source is#%0, (depicted by the solid fit lines)
conditions: open trlangles,_ 100 Torr; open circles, 50 Torr; open 4nq H+ 180, (shown by the dashed lines). The symbols are the
squares, 200 Torr. The solid circles were taken at the same |njectorH1602 concentrations while the open circles are those 80k These

position, but the temperature was varied, from 220 to 275 K. The spread g yeriments were conducted at 160 Torr, 295 K, and wit} [91.2
of the data about the empirical fit line 185% and represents a source | 16 molecules cri

of systematic uncertainty in the measured valud;of

Figure 5. Temporal profiles of FFO, and H®0, in the presence of

k
weighting to determine the effective flow velocityf). The HO, + 03—1> OH + 20, (R1)
ratio of ves to the average flow velocityayeis shown in Figure

4. I_n some of the measurements the temperature of the gas was OH + 03—k2> HO, + O, (R2)
varied, but no trend in effective velocity with temperature was

observed. The relationship between the quantityva.eto Re 18 K 18

was found to be H 25.7R&561and is depicted by the solid H™0, + 0;— OH+ 70, + O, (R4a)
line. These data show a slightly different power dependence ki 1g 1816,

for the Reynolds number than that predicted by thé®ijhe — OH+70"0+0, (R4b)
empirical function is used to estimate the effective core velocity K

used in eq 2. Note that fdke > 2200 (the lowest used in this — H%0, + 0,0 (R4c)
work), the difference between the average velocity and that of

the turbulent core is approximately 15%. K H0 %0 + 1801602 (R4d)

Kinetics Measurements HgO» Isotope MeasurementsThe
first approach adopted in this work for measuriagwithout Kie 1618 1816
interference from H@ regeneration was to use isotopically —HOT0+ 7070, (R4e)
labeled HQ. The inner injector delivered H atoms to the outer  None of the listed product channels for reaction R4 has a
injector (see Figure 1), where eithep Or 80, was present,  plausible chance of regenerating®, through an elementary

generating H@ or H'#0; via the following two reactions. reaction with normal @ The isotopic scrambling reactions
" (R4c—R4e) have also been shown to be siailid contribute
H+ O,— HO, (R3a) <2% to the totalks. Isotopic exchange between the énd
180, in the flow reactor would complicate this measurement,
H + 0, *~ H'0, (R3b) by opening a possible regeneration of%@, via reaction of

180H with 180—160, present in the reactor. The exchange

H80, is not regenerated by reaction R2 due to the very low between molecular oxygen and ozone has been shown to be
abundance of%0 in normal Q. Figure 5 depicts the observed very slow3132 Assuming the most favorable conditions for this
H60O, and H2O, concentrations for the two sources in the pres- source of H80, regeneration, the amount 800, would be
ence of 1.2x 108 molecules cm?® Og, as a function of injector 0.01% of the total @ The natural abundance of tH© isotope
distance. When the source of H@ (R3a), the concentration  (0.2%) is much greater than the amount formed by scrambling
of H180, is zero (lower trace). MO, exhibits a slow (10 s!) between 180, and Q in the flow tube. This source of
decay (top trace) due to the cycling betweenytd@d OH while regeneration could make the apparkntess than the trué;
being lost to other processes (walls). This decay rate constantby less than 0.02% due to the fact that, at room temperéture,
is independent of the amount og@dded. When the source of the ratio ofky, to kg is <12%.
radicals is (R3b), the HO, signal decays while the 0D, signal The manner of data collection while using the isotope allows
grows in time. In this instance, D, is not being regenerated  for a convenient measurement of the wall loss at eagh O
and its loss is due to the sum of reaction with &d loss on concentration. The ratio of O, (when (R3b) is employed) to
the walls. When the source of radicals is (R3a), the apparentHO, (when (R3a) is used) yields temporal decays, due exclu-
decay of H%0, is due to loss of radical to the walls. The ratio  sively to ki[O3]. The ratio of H80, to HO, taken under the
of H180, to H%O,, when using sources (R3b) and (R3a), circumstances described is depicted in Figure 6 vs injector
respectively, gives a temporal decay due exclusivekifiO3]. distance. The figure legend gives the specific number densities

The reactions given below show some of the relevant of Os. A coarse guide to the ozone concentration is given by
processes to consider when measurikagusing isotopically the shading of the points where the darker points indicate greater
substituted H@ O3 than the lighter points. This shows temporal decays’8oxl
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than any previously published results. One set of experiments
(solid diamonds) performed dat= 208 K shows considerable
imprecision relative to those conductedTat= 211 K (solid
bow ties). The initial concentration of D, in these two sets
of experiments was 35 and 200 ppb, respectively. The data show
that the ratio technigue leads to a zero intercept as anticipated.
The individual fit lines are shown in the legend for each
temperature. A summary of the measurements using ¥f@,H
isotope is given in Table 2.

In the flow tube where MO, is formed (R3b), a small amount
of H,180, may be formed, which could regenerat&®, upon
reaction with OH. The results of a simple numerical box model
show that under the worst circumstances in the injector the
H,180, concentration delivered to the flow tube (4 10'?
molecules crf) would result in an apparent rate constant which
is 0.2% greater than the true value. The box model also predicts
the intercept of th&' vs [Og] to be less than the measured wall
loss. The observed intercepts in the plotskofvs [Os] are
consistent with the measured wall loss when tH€Qd decay
is considered alone. The,HO, + OH mechanism is not a
significant source of MO, regeneration.

When using the isotopically labeled H(QR3b as the source),
the ratio technique (following HO, decay) is the most
straightforward way to analyze the isotope data. Product

Figure 6. Temporal profiles of the ratio of ¥O, (R3b source) to . . . . .
H160, (R3a source). In the upper panel marked (a), the ratio80H formation, however, can also yield mformatlon abtkutl.e.z
when180, is present in the source to#, when160, is present in the ~ the appearance of D, when (R3b) is used as the radical
source is plotted vs injector distance. The total pressure in the reactorsource. The temporal behavior of9(t) can be solved directly
was 130 Torr, and the temperature was 273 K. The darker data pointsfrom the rate laws for MO, H80,, and OH radical with a
are indicative of greater [{prelative to the lighter data points. The  few assumptions which greatly simplify the result. Assuming
increase in the pseudo-first-order decay constant with increasing O the wall loss rate constant for HG@s the same as that for OH,

can be seen. The initial concentration df®, and H¢O, was 53+ 4 : : .
ppb for each of the decays shown in the figure. In the lower panel (R4a) is th.e o_nly product channel in reaction R4, &ne- ks,
the result is given by

marked (b), the corresponding vs [O;] plot is shown.

[H'O)),
[H®0,,

- Jlrk (ke 4 g (IO Hhuaty (0T Hhumit (4
1 2

30

The use of this equation to describe the H@mporal profile
provides another measurementlaf to the extent thak; is
known. Using this equation to fk; to the H%O, appearance is
problematic, though because data collection was restricted to

reaction times greater tharb ms with the geometry employed
T X in the majority of this work. Nevertheless, wh&nwas used
197K as a fixed parameter in (4) to see how well this expression
predicts magnitude of formed [FD,], insight was gained into
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the HOQ/OH/Os cycling mechanism. Using the 1fD, decay

channel to determink, andkya and takingk, from ref 19, eq

4 overpredicts the amount of H@enerated at the 295 and 273
Figure 7. k' vs [Os]. Measured pseudo-first-order decay coefficients K data points by 18%. At the lower temperatures, 211 and 208
vs ozone concentration are plotted for the experiments conducted however, the agreement is much better 5%. More of the

between 197 and 211 K. The solid points were measured using thereaction is proceeding through the H atom abstraction (R4a)

isotope technique, where the decay is determined fr6fO#H™0; annel at lower temperatures than at room temperature
and as a result these decays have a zero intercept. The open data poin P P )

are the total decays measured using the OH scavenger where the walf\ltérnatively, the improved agreement could be due to the wall
loss of HQ shows as the positive intercept{62 s2). loss coefficients for HQand OH becoming closer in magnitude

at low temperatures than at room temperature. In either case,
relative to the null or cycling MO, increase with @concentra- the temporal behavior of 10, confirms the basic mechanism
tion. The pseudo-first-order rate constants from the temporal postulated for HQcycling.
profiles similar to those in Figure 6 are plotted versug] [t© Discharge Flow Laminar Conditions. Some initial work
determinek;. Such a plot is given in Figure 7, which shows using isotopic substitution was performed on this apparatus using
results for both the isotope experiments conducted at 208 anda traditional low-pressure laminar flow approach. In this
211 K. Figure 7 also shows the results for the OH scavenger instance, the multipass mirrors were physically mounted in the
experiments discussed below. The data on this figure represensix-way cross at the end of the flow tube. The wall loss rate
the majority of the experiments conducted at temperatures lowercoefficient for H80, at lower temperatures was deemed too

[0,), (1 10" molecule cm ™)
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TABLE 2: Temperature-Dependent Measurements ofk;

rate constant

temperature pressure mass flow flow velocity Reynolds no. of (1 x 10%5cm?
(K) (Torr) (slm) (cms?) number expts molecule*s™) technique
297 4.8 0.6 370 40 4 22502 laminartéO,
296 154 60 1042 3505 5 2.%0.2 scavenger
296 156 68 1186 3933 4 100.2 180, isotope
295 80-171 44-54 6571492 2524-3108 25 2.0+0.2 scavenger
295 110 38 940 2186 5 24 0.6 scavenger
273 130 44 837 2715 6 150.2 180, isotope
238 174 54 675 3602 7 1403 scavenger
233 157 64 870 4317 7 1.H0.12 scavenger
225 5.3 1 391 70 2 +1.0 laminartéO,
219 4.7 1 435 68 4 1.20.2 laminarttO,
211 112 49 842 3524 6 14£0.2 180, isotope
208 138 57 792 4190 6 1+40.6 180, isotope
204 4.2 0.9 430 55 4 0£0.9 laminarttO,
202 108 44 755 3284 5 1+40.2 scavenger
197 98-141 49-59 627902 3712-4467 15 0.92+ 0.2 scavenger

great to measurg; using the laminar flow method with the  complex and subsequent reaction witht®@form a halogenated
desired accuracy and led to the application of the turbulent flow peroxy radicaf® At the pressure and number density of O
being sampled into the multipass cell as shown in Figure 1. employed in this work, this is expected to be the dominant
The data from these measurements are designated “lat@ar channel and ejection of a Cl atom is unlikely.
in Table 2 and are included for comparison purposes. The measured value &, using the isotope and scavenger
Kinetics Measurements: OH ScavengerAnother technique techniques, agrees at both room temperature and low temper-
for preventing the regeneration of H@om influencing the atures (197211 K). This suggests that the secondary chemistry
measured; has been used in this work. In these experiments, sources unique to each technique are negligible contributors to
an OH scavenger has been added to the reaction mixture.  the measured values &f.
In reaction R5, [M] refers to the number density of the bath  Self-Reaction.At the number densities of HG&mployed in
the flow tube, typically less than 4 10! molecules cm3, the
self-reaction could be significant. The total rate constant for
the HG; self-reaction consists of bimolecular and termolecular
components, shown below.

), ks
OH + CIFCCF, —— OH-C,F,Cl (R5)

gas. The results of the measurementkadt the four lowest

temperatures vs [§pare shown in Figure 7. Over the pressures Kea

and flow velocities employed at = 197 K, the figure shows HO, + HO,— H,0, + O, (R6a)

thatk; is invariant. The dashed line represents the fit to all of M], kg,

the compiled data at 197 K. The results of this work at all —H,0,+ 0, (R6b)

temperatures are summarized in Table 2, and in the technique

column, “scavenger” refers to the addition ofFgCl to the The rate constant for the self-reaction of Fl@action R6 at
reaction mixture. 200 Torr and 298 K, is~2 x 10712 cm® molecule? s71 and

The rate constant for reaction R5 in 7 Torr of He at room increases with decreasing temperature. A simple numerical box
temperatur&is 6 x 1012cm® molecule* s™1. The rate constant ~ model was constructed to ascertain the effects of reaction R6
exhibits some bimolecular and termolecular character. The on the measurement ¢&fi. The model was used to construct
previously measured value is assumed to be a lower limit for temporal HQ data considering reactions (R1, R2, and R5), then
ks, as these experiments empleyt00 Torr of N> as the bath again with (reaction R6) added to the model. These data were
gas. In this work, experiments where the scavenger concentratiorfit, neglecting the initial times due to the flow tube end effect
was varied did not indicate any dependence of the rate (approximation time< 10 ms). The result of these model trials
coefficient measurements with the scavenger concentration  for the greatest amounts of initial H@1 x 10'2 molecules
x 10" molecules cri The concentration of £3Cl was at least cm~3) was that the apparent or measukgavould be up to 5%

3 x 10 molecules cm?® in the scavenger experiments reported lower than the trudg at 195 K (1% at 298 K). The model also
here. At the highest concentrations of @nd the highest  predicts that in zero §) the apparent first-order decay rate
temperatures in this study, the measured rate coefficlent, constant would be greater than that chosen for the wall. The
would be influenced by regeneration by at most 2%. A results from the isotope experiments give an effedtjyg which
previously reportetiupper limit for the reaction of HOwith does not change with [{ As a result, reaction R6 does not
CoFsCl is 2 x 10716 cm® molecule® st which at the have a significant impact on the results within the precision of
concentrations used in these experiments would represent ghese measurements. The measured values of the rate constant
pseudo-first-order loss of HOof <1 s1. This effect would have not been corrected by the small percentage predicted by
not vary with G and is not anticipated to have an effect on the the model.

measurement df;. Several variations in pressure and flow velocity were

There are two possibilities for the O&,FsCl complex. The performed at room temperature using the scavenger technique.
first possibility is the ejection of a Cl atofd Were this to occur, The measured rate constant showed no systematic trend with
the Cl atom would react with forming CIO. The rate constant  these variations. This lends additional confidence that the
for the reaction of CIO with H@is great enough to be of turbulent core velocity correction function (see Figure 4) is not
concern despite the low concentration of ClIO. The second introducing a systematic bias that is greater than the precision
possibility for the excited adduct is the stabilization of the of the apparatus.



1590 J. Phys. Chem. A, Vol. 105, No. 9, 2001 Herndon et al.

TABLE 3: Rate Constant Parameters for This and Previous Work (measurements okj)

temperature pressure Al x 10%cm? C(1x 10 %cm?
range (K) (Torr) molecule! s EJ/R(K™ molecule! s technique reference
245-365 14+ 4 580+ 100 DF-LMR Zahniser et dl.
243-413 2.0-3.2 38+ 24 820+ 190 DF-LMR Sinha et al.
320+ 580 1730+ 740 1.2+ 0.5
298 1.6-2.0 1.9+ 0.3 DF-photofragment Manzanares et al.
253-400 0.5-3.0 18+ 6 680+ 148 DF-photofragment Wang et@l.
197-300 50-230 103+ 57 1323+ 160 0.88+ 0.1 TFR-TDL this work
197-300 88+ 35 1303+ 116 0.9+ 0.1 all data,T < 300 K
T Conclusions
6
sk This work extends the low-temperature measuremenks of
~ L considerably, down to 197 K. This work has used two methods,
—.: isotopic labeling and OH scavenging, for measukindirectly,
§ 3 without appreciable influence from the regeneration of,HO

Within the precision of these measurements, these two schemes
agree. In the temperature range where previous measurements
were available, 233400 K, the determination df; presented

in this work agrees withinv10%.

The use of the turbulent flow reactor has allowed a direct
examination ofk; at lower temperatures and higher pressures
than traditional flow tube methods. Secondary chemistry in the
flow tube with respect to the regeneration of%&, and/or or
H0, via reaction R2 and other possibilities has been shown
to be well understood and not a significant source of error. The

3

cm mo;

k(HO,+0;) (1x10™°

- )

T e '0' L ‘4'5' - '50 turbulent flow reactor technique has been shown to be capable
23 30 35 _14' : : of measuring rate constants for other systéh3The agreement
1000/T (K™) of this work with other measurements &f gives further

Figure 8. Arrhenius plot fork(HO,+0s). The measured rate constants ~ confidence that the turbulent flow reactor technique can be
are displayed as a function of inverse temperature. The open trianglesemployed to measure gas-phase rate constants.

are the data of Wang et al., the open Cir.CIeS are the data of Sinha et al., To determine an expression for use in stratosphenc mode“ngl
the open squares are the data of Zahniser and Howard, and the room;

; ' i simple fit of all data was done (this work and the previous
temperature measurement of Manzanares et al. is depicted as a soli Lirect ts &f for T < 300 K). Th irical f
square. The solid symbols represent this work. The triangles are the Irect measurements or ). The empirical form

laminar flow measurements, the squares are the scavenger measure?f the expression chosen is the Arrhenius expression plus a
ments, and the bow ties are the isotope measurements. The solid lineconstant and results ka(T) = {(88 + 35) exp[-(1303+ 116)/
represents the best fit to all the data below 300 K, using the form T] + 0.9 x 10715 cm® molecule! s72,
described in the text. The dashed line is the recommended rate constant These measurements show tikatexhibits non-Arrhenius
?;kdert]hfem?asd;? dreergéct)rjarepresents the uncertainty in the rate constangapayior, The rate constant for the O atom transfer (terminal O
' on HO,) channel has been previously shdwo be a small
Comparison to Previous Measurements.The previous fraction of the total rate constant at low temperatures and is
measurements df along with the rate constants determined not responsible for the observed curvature. It remains possible
in this work are shown in Figure 8 and summarized in Table 3. that at low temperatures new uninvestigated channels open up
In Figure 8, the straight dashed line represents the currentor that H atom tunneling becomes significant.
recommended rate constant for use in stratospheric modeling
and the shaded area is the uncertainty in this rate coritant. Acknowledgment. We thank the NASA Upper Atmospheric
The solid black line represents a simple fit of the combined Research Program for the support of this work under Contract
data,T < 300 K, to an empirical form which is the traditional ~NO. NAS5-32917. Invaluable discussions with Charles Kolb and
Arrhenius form, plus a constant. A fit of the data in the present Richard Miake-Lye are gratefully acknowledged.
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