J. Phys. Chem. A998,102,1965-1972 1965

Time-Resolved @Q Chemical Chain Reaction Kinetics via High-Resolution IR Laser
Absorption Methods

Axel Kulcke,' Brad Blackmon, William B. Chapman, In Koo Kim, and David J. Nesbitt*

JILA, National Institute of Standards and Technology andJersity of Colorado, and Department of
Chemistry and Biochemistry, Urrsity of Colorado, Boulder, Colorado 80309-0440

Receied: July 29, 1997; In Final Form: December 9, 1997

Excimer laser photolysis in combination with time-resolved IR laser absorption detection of OH radicals has
kl
been used to study LDH(v = 0)/HO, chain reaction kinetics at 298 K, (i.e., OH O3 —~ HO; + O, and
k

HO, + O3 = OH + 20;). From time-resolved detection of OH radicals with high-resolution near IR laser
absorption methods, the chain induction kinetics have been measured at up to an order of magnitude higher
ozone concentrations (fP< 107 molecules/cr¥) than accessible in previous studies. This greater dynamic
range permits the full evolution of the chain induction, propagation, and termination process to be temporally
isolated and measured in real time. An exact solution for time-dependent OH evolution under pseudo- first-
order chain reaction conditions is presented, which correctly predicts new kinetic signatures not included in
previous OH+ Ojs kinetic analyses. Specifically, the solutions predict an initial exponential loss (chain
“induction”) of the OH radical to a steady-state level ([QH]with this fast initial decay determined by the
sumof both chain rate constantg,y = k; + k.. By monitoring the chain induction feature, this sum of the
rate constants is determined to kg = 8.4(8) x 10~ cm?® molecule® s* for room temperature reagents.

This is significantly higher than the values currently recommended for use in atmospheric models, but in
excellent agreement with previous results from Ravishankara el.alHem. Physl979 70, 984].

I. Introduction troposphere. For example, H@ strongly interlinked with OH
not only through the ozone chain reaction described above but

The chemistry of the middle and upper atmosphere reflects also by reaction with NOspecies,

an intricate hierarchy of energy transfer, reaction dynamics, and

bulk transport phenomena for both homogeneous and hetero-

geneous phaség. One focus of kinetic measurements has been

toward the chemistry of ozone chain reactién®, which play . . .

a crucially important role in the photochemistry of the atmo- WhF’S‘? concentrations can be significantly pgrturbed .by aqura}ﬂ

sphere. There has been much effort elucidating ozone depletiorEMiSSIONs. As aresult, there has been keen interest in obtaining

kinetics in the polar regions due to chlorine radical processes reliable rate constant data for these OH/+tBain processes in .

in high-altitude stratospheric cloué&s1® However, of particular order to facilitate accurate models of the relevant atmospheric

interest in the midlatitudes has been the catalytic odd hydrogen phenomena. . .

ozone cycl& Due to the atmospheric |mportar_1ce of such OH/HMain

rates, there have been several studies of reactions 1 and 2 based

on laser induced fluorescence (LIF), resonance fluorescence

(RF), and laser magnetic resonance (LMR) detection sch&rhes.

. Rates for the H@ + Oz chain reaction step have proven
HO, + 03_2. OH + 20, 2) especially challenging to obtain directly with conventional

discharge flow/LIF methods due to kinetic competition with the

that is predicted from modeling studiés® to be importantin  faster OH+ Oz chain step. Clevef*O/%0 isotopic substitution

determining ozone height profiles. One of the distinguishing Methods by Zahniser and Howérahd Sinha et &.have been

features of this chain reaction is that it does not involve free used in conjunction with laser magnetic resonance (LMR)

oxygen atoms, which therefore makes it kinetically viable in studies to circumvent these problems, yieldkagalues in the

the lower stratosphere/upper troposphere where the O atomtémperature regime above 243 K. However, the resulting

concentrations are constrained by three body recombination withArrhenius plots are significantly curved, which complicates

O,. This kinetic importance at lower elevations has spurred extrapolation to much lower temperatures. The effects of kinetic

interest in potential anthropogenic effects on these chain competition on measurements of the faster ©K; chain step

processes, in particular due to the enhanced lo8dfidNOy are much less severek; has therefore been studied by

and HO vapor from supersonic traffic in the £@0 km region. monitoring the time and/or distance dependence of [OH] based

Additional focus on the OH and HQadical chain cycles stems ~ 0On electronic excitation of the A¥)—X(?IT) band with LIF/

from their relevance in oxidation pathways throughout the RF flow cell methodg:>’ The reported rate constants fior

cover a surprisingly wide range, varying by as much as 30

t Optima Handels GMBH, Austria. 50% (from 5.5-8.2) x 10~ cm?® molecule’? s71) under room
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HO, + NO — OH + NO, @)
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OH+ 0,—~HO, + 0, 1)
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TABLE 1: Rate Constants for OH/HO,/O; Chain Reaction
Kinetics

kinetics is then monitored in real time by direct absorption of

OH chain radicals via a single mode, color center laser tuned
into resonance with a specific spin-orbit and lambda doublet
level of thevon = 1< 0 rovibrational manifold.

What makes high-resolution experimental methods advanta-
geous for studying OH/H&O;3 chain reactions is several fold.
First, the use of high-resolution IR lasers absorption methods
6.8 x 10-14¢ allows one to probe thabsolutequantum state concentrations

8.4(8) x 10714 of OH and HQ radicals nonintrusively. This allows us to
a . . .characterize the rovibrational distribution of radicals in situ, and
The values are based on an approximate analysis that neglects chain . . . . .
reaction effects; the reported rates more appropriately reprégent 1 pa_rtlcul_ar to ascertain that collisional _relaxatlon of excneql
(see text)b The results of Zahniser and Howard u&© isotopic OH vibrational levels is complete on the time scale of the chain
labeling to isolate the two chain reaction steps, and therefore represeninduction kinetics. This reflects an advantage over laser induced
ki ratherk; + k.. © The JPL recommendation represents an average over fluorescence (LIF) or resonance fluorescence (RF) probes of

several literature values. OH radicals on the Ag) < X(2II) band, where electronic
O3

kina (c® molecule? s7%)

5.5(15)x 10142
6.5(10)x 10 142
8.2x 107142
6.5(10)x 10°14b
7.46(16)x 1014

source

Anderson and Kaufman (ref 4)
Kurylo (ref 5)

Ravishankara et al. (ref 7)
Zahniser and Howard (ref 6)
Smith et al. (ref 8)

JPL recommended value (ref 1)
this work

predissociatioff occurs rapidly in the upper AX) state forvoy
> 1 and/or high rotational levels.

An even more important advantage of probing in the near

hv (308 nm) H,0 IR is that ozone, necessarily present in large concentrations, is
s ———> 0(D) ———> OH HO, transparent in the OH stretch region. This is quite different
‘\/ from LIF/RF detection of OH in the 286300 nm AEZ) —
X(?IT) region, where the Hartley band absorption of ozone is

O3 still strong. Furthermore, detection of OH radicals via UV
excitation under high @concentration conditions results in
secondary photolytic formation of &@f), which upon subse-
guent reaction with kD generates additional OH radical chain
centers that can complicate the kinetics under investigation. By
way of contrast, ozone is nonabsorbing in the 3500 c@H
stretch region of the probe laser, which permits the high-
resolution near IR methods to study/OH/HO, chain kinetics

at much higher ozone concentrations than previously accessible.
These higher ozone concentrations greatly speed up chain
propagation kinetics with respect to chain termination processes,
which makes it possible to temporally isolate chemical chain

temperature conditions (see Table 1). The currently recom- féaction kinetics in both the “induction” and steady state
mended value for use in atmospheric modeling reflects an Propagation” regime. In light of the appreciable range of rate
average over this wide distribution of rate measurements. constant values reported in the.llterature, an independent room

The fundamental importance of these atmospheric processedemperature study of these chain rates represents an appropriate
has motivated us to develop alternate methods for study of fast/i'St @pplication of these high-resolution near IR methods.
radical chain reaction kineti¢d.23 Specifically, we have The remainder of this paper is organized as follows. The
developed an approach based on direct absorption spectroscopgxperimental setup for the high-resolution direct absorption
with high-resolution IR lasers, which permits the absolute OH methods is briefly described in section 2. Section 3 presents
radical density to be probed directly in real tiffe> Most analytical solutions for the chain reaction kinetics, which are
importantly, the use of a near IR instead of UV probe allows used to extract the rate constant information from the experi-
much higher concentrations of ozone, which provides accessmental data. The chain reaction rate results are reported in
to an entirely different regime for study of chemical chain section 4, and compared with previous experimental data. The
reaction kinetics. The focus of the present work is to describe experimental conclusions and directions for further work are
and apply these high-resolution flash kinetic methods to an summarized in section 5.
investigation of the @OH/HO, chemical chain reaction system
under room temperature conditions. Extension of these mea-||. Experimental Section
surements down to temperatures200 K) relevant to strato-
spheric modeling is currently underway. The high-resolution flash kinetic laser apparétds is

The method is indicated schematically in Figure 1 and can schematically shown in Figure 2. The experiments are based
be summarized as follows. Pulsed UV excitation with a XeCl on a combination of (i) flow of initial photolysis precursors and

k
OH + O3 —» HO, + 0,

k;
HO, + O3 — OH + 20,

203 —> 30,

Figure 1. Reaction scheme for the investigated reactions including
the atmospheric relevant ozone depleting chain reaction.

excimer laser is used to generatell)( radicals via weak
photolysis of Q at 308 nm, which rapidly react with4® and
are equilibrated by buffer gas collisions to form rovibrationally
relaxed OH radicals at the flow cell temperature on a few
microsecond time scale. Even for the highest @essures

chain reagents in a temperature controlled flow cell, (ii) chain
reaction initiation by excimer laser photolysis, and (iii) time-

resolved detection of OH chain radicals via IR absorption. The
flow tube for the present room temperature kinetic studies is a
97.5 cm Pyrex cylinder of 5 cm diameter and total volume of

measured in this study, this step is orders of magnitude fasterabout 2000 crh The entrance and exit windows to the flow
than the subsequent chain reaction; thus, for the purposes ofcell are flat Cak plates tilted about 3from normal incidence
the present kinetic analysis, the photolysis can be consideredto avoid reflections from the surface. The gas outlet of the flow
as essentially instantaneous generation of thermally equilibratedtube is connected via regulating valves to a 16L/s mechanical
OH radicals. This subsequent evolution of the chain reaction pump, which allows the pressure and flow rates in the cell to
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Figure 2. A schematic of the infrared flash kinetic spectrometer and
the gas handling system. ¥D)) is produced in the flow tube from 308
nm excimer laser photolysis ofs@nd reacts with kD to form OH,
which is rapidly relaxed to a thermal distribution by further collisions.
The much slower subsequent time dependent evolution of the chain
reaction is probed with a single-mode cw color center lager £
0.0001 cm?) tuned to a specific spin orbit ariddoublet resolved =

1 — 0 rovibrational transition in OH. The gas storage and handling

system is constructed to control concentrations and flow rates of ozone,

water, and buffer gases.

be continuously varied over 3 orders of magnitude. The total
pressure in the flow tube is measured at the center of the cell
with a capacitance manometer. All inlets/surfaces in the flow
cell are made of glass and/or Teflon to minimize decomposition
of Oz on metal surfaces.

Ozone is produced in an AC discharge from molecular
oxygen (99.99%) with 24% efficiency and adsorbed in a
cylinder filled with silica gel at about-110 °C2728 Excess
molecular oxygen is removed from the silica gel trap by
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O3 DENSITY CALIBRATION

T i

1000

800

600

slope = 1.02

400

0, /10" molecules cm™
( 254 nm ABSORPTION MEASUREMENT )

200

i 1 ]

400 600 800 1000
0,/ 10" molecules cm™®
( 308 nm ABSORPTION MEASUREMENT )

200

Figure 3. The plot shows the comparison of the ozone concentrations
obtained by (i) in situ excimer laser light absorption (308 nm) in the
flow cell and (ii) an mercury lamp (254 nm) absorption prior to entrance
into the flow cell. The near unity [1.02(4)] slope of this plot indicates
quantitative consistency for the 254 nm and 308 nm derived values,
with any residual difference within experimental uncertainty. Since a
measurement of £concentration in the flow cell is the most direct
and avoids any potential issue of decomposition, thg yalues used

in the kinetic analysis are based on the in situ 308 nm absorption
measurement.

partial flow rates and total cell pressure. From these flow meter
and calibration measurements, thgr@agent concentration in
the flow cell can be determined to ababi%, where the value
reflects 2r uncertainties. Since the ozone concentration mea-
surement can constitute an important source of systematic error
in the kinetic analysis, this is also directly tested in situ by 308
nm excimer laser absorption in the flow cell geometry.

The chain reaction is initiated by pulsed photolysis of ozone
with an XeCl excimer laser. With unstable resonator optics,
the laser emits 10 ns pulses with a rectangular spatial profile of
1 cm x 3 cm, from which the most uniform center of the beam
is apertured wh a 1 cn? iris and directed down the center of
the flow cell. The excimer laser is operated at low repetition
rates (15 Hz), and varied to test for nonlinear kinetic effects
due to pulse to pulse accumulation of chain radicals. Pulse
energies between 0.1 and 7.5 mJ are selected with neutral density
filters. After traversing the flow tube, the UV beam is extracted
with a 9 dichroic mirror and steered onto a power meter or
pyrolectric detector.

By monitoring the transmitted UV excimer power as a
function of gas flow rate, this arrangement conveniently allows
the G concentration to be monitored directly in the photolysis
cell. For accurate conversion from fractional UV absorption
to ozone density, the absorption cross section averaged over

evacuation at liquid nitrogen temperatures. An adjustable ozonethe excimer emission profile has to be known reliably. An XeCl

partial pressure in the cell is then maintained by passing a
measured flow rate of Ar through the ozone trap at a warmer
but fixed temperature. The absolute concentration£élOted

into the Ar flow is determined by absorption of the Hg emission

Excimer laser with unstable resonator optics has two emission
lines at 307.9 and 308.2 nm in an approximately 2:5 integrated
intensity ratio®® On the basis of known UV absorption
spectre®29.3lthis translates into an effective absorption cross

line at 253.7 nm in a calibrated 8.56 mm transmission cell, basedsection for ozone at room temperature of 13.4(5)22@n?.

on the known absorption cross secfiétof o = 1.137x 1017
cn?. A second gas flow into the flow cell is formed by passing
a calibrated flow of Ar or Sk gas through a porous frit
immersed in a KO bubbler, which generates &®l concentra-
tion at the equilibrium vapor pressure. Partial pressures;pf O
H.O, and Ar buffer gas are determined from knowledge of

Thus, one can measure {Osimultaneously from the Hg
absorption values prior to entering the flow cell, as well as by
direct absorption of 308 nm in the flow cell under actual
experimental conditions. The quantitative accuracy of this
double calibration scheme is shown in Figure 3, which indicates
a 1.02(4) ratio between thes@oncentrations from flow rate
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Vs in situ absorption measurements. Although the two calibra-
tion methods agree to within experimental uncertainty, we
consider the in situ measurement in the flow cell to be
marginally more direct; thus, thes@oncentrations in this work
are either measured by laser absorption at 308 nm, or from the
Hg lamp values modified by the calibration plot in Figure 3.
The IR single-mode laser source for the high-resolution
infrared spectrometer is a modified color center laser, pumped
by a Kr* laser (647.1 nm) and amplitude stabilized under servo
loop control. Part of the color center output is used for a
traveling Michelson interferomet&rto read the absolute laser
frequency and a scanning Fabiiyerot etalon (150 MHz) to
provide frequency markers and to verify single mode operation.
The radiation is split into signal and reference beam components
propagated though the photolysis cell or through an equivalent
air path, and focused onto matched InSb detectors withus
rise times. The color center laser output is collimated to 0.15
cm beam diameter (i.e>; 7-fold smaller diameter than the UV
photolysis beam) with a focusing lens/iris combination. The
signal and reference detector outputs are subtracted in dif-
ferential amplifiers optimized for high common mode rejection
of laser amplitude noise, measured with a digital oscilloscope

and transferred to a computer for storage and data analysis. The

transient IR absorption signals are typically averaged over 500
excimer pulses to obtain signal to noise ratios of 100:1 or better.
The time-resolved OH measurements are based on the P(2.5)1
transitior$? from the vibrational ground state at 3484.60¢m
Transitions from othed states have been sampled to verify that
collisional equilibration to a room temperature distribution is
complete on the time scale of the chain reaction. The strong
P(2.5)1 transition is chosen since the lower state is maximally

populated at room temperature and not overlapped by any waterF_

absorption features in the flow cell.

lll. Kinetic Analysis of Chain Reactions

As mentioned above, the chemical chain process is initiated
by pulsed laser photolysis ofs&t 308 nm in the red wing of
the Hartley band, with an absorption cross seétioil3.4(5)

x 10720 cm~2 and an O¥D) quantum yield of approximately
75%
0,— 0, + O('D)

(75%) (4a)

0,—0,+0CP) (25%) (4b)
The excited O{D) atoms rapidly react with O in the flow
cell to yield both vibrationally “hot” (i.e.p > 0) and “cold”

(i.e., v = 0) OH radical§*3®

O('D) + H,0 — OH(*hot”) + OH(“cold”) (5)
with a rate constark= 2.2 x 1071°cnm® molecules! s™1. There
is also rapid competition to quench or react thé(species
with Oz (k = 2.4 x 1071% cm® molecules® s™) or O, (k= 3.2

x 10711 cm® molecules?! s71) to yield ground state oxygen
atoms or molecules i&38

o('D) + 0,— 0, + 0, (6a)
Oo('D) + 0,— 0, + OCP) + OCP) (6b)
o('D) + 0,— O,+ O(P) 7)

Kulcke et al.

OH Production From O('D) + H,0
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igure 4. OH time profiles measured via time-resolved IR laser
absorption on the = 1— 0, P(2.5)1 transition. In a and b, the buffer
gas conditions are chosen to modify the rate of collisional relaxation
of the OH radicals, which in effect samples the early time scale
dynamics for OH production. (a) At the lowest® quenching gas
concentrations, there is a “prompt” component of @H(0) absorption
due to rapid reaction of @D) with H,O, which then rises to roughly
twice this value with subsequent collisions in the buffer gas. This nearly
2-fold additional increase in OH signal reflects that vibrationally “hot”
(i.e.,v > 0) and “cold” OH@ = 0) radicals are generated in roughly
equal numbers, corresponding to “active” and “spectator” OH bonds
in the O{D) + H,O reaction. (b) For typical ¥D concentrations,
however, this collisional relaxation is too rapid to distinguish these
two components. The net effect is a prompt production of collisionally
equilibrated OH radicals on the & time scale, which is much faster
than the subsequent OH/HIO; chain reaction kinetics of interest.

Since the high-resolution IR laser samples on P(2.5)1
transitions out of OH«{ = 0, J = 2.5), the early time signals in
Figure 4a reflect only the fraction of vibrationally “cold” OH
radicals formed from reaction 5. Note that this early time
component is followed by a slower, although still quite rapid
exponential rise to nearly twice the initial value; this is due to
rovibrational cooling of the “hot” OH species by collisions with
H,0 and Ar buffer gas, which rapidly brings the system to room
temperature equilibration. This approximate 2-fold increase in
OH absorption amplitude is consistent with previous stiidies
of reaction 5, which indicate a nascent bimodal distribution of
OH vibrationally hot and cold radical populations corresponding
to “active” and “spectator” H atoms inJ@, respectively. Under
typical flow cell conditions, rapid quenching of these rovibra-
tionally “hot” OH radicals [see Figure 4b], results in an
essentially “prompt” rise in OH signals probed out of the=
0, low N quantum levels, which on a much longer time scale
reacts with @to initiate the chemical chain reaction cycle. The
key point is that the OH populations are equilibrated to a room
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temperature distribution o5 us time scale, which is 1 or 2 4
orders of magnitude faster than the subsequent chain reaction
kinetics under investigation. [OH]y K

Thus, for the purposes of kinetic analysis, initiation of the OH+ 03 = HO, + 0,
chain reaction can be approximated simply by prompt generation
of [OH]p att = 0. For typical XeCl pulse energies and beam
sizes, [OH} is 3 or 4 orders of magnitude smaller thansJO
which is necessary to ensure a pseudo-first-order kinetic regime
and discriminate against radieaiadical termination reactions.
In this limit, the relevant coupled kinetic equations become

d[OH]/dt = —k JOH][O4] + kJHO,J[OJ  (8a) .

k
HO,+ 0, % OH +20,

% Absorbance
n

d[HO,)/dt = +k,[OH][O4] — k,[HO,]J[O4] (8b)

d[OH]/dt+ d[HOZ]/dtZO (8C) 0 R

where the last expression reflects the neglect of any net loss of Time (ms)
chain radical concentration due to slow wall losses, diffusion, rigure 5. Typical time dependence of the OH absorption signal in
out of beam, etc. These kinetic equations can be readily solvedihe 10 ms time scale. The fast initial decay signals the “induction” of

for [OH](t) and [HQ)(t) to yield the chain reaction, followed by a much slower decay from the steady
state “propagation” regime due to chain “termination” processes. The
[OH](t)/[OH], = ky/{k, + Kk} exp[—ki4[O5lt} + fast decay is determined by tlsemof the two chain rate constants,

whereas the ratio of fast- to slow-decay components reflectsatie
kot {ky + K} (9a) of the two chain rate constants. For this data)] [© 0.72 Torr, [HO]
= 3.2 Torr, [Ar] = 17.9 Torr, and the excimer photolysis intensity is
[HO,J(1)/[OH], = ki/{k; + K} (1 — exp{ —k,q[Os]t}) (9b) 1.6 mJ/crA per pulse. Under these experimental conditions, the number
of chain cycles iNcnain =~ 20.
where the effective chain induction rate and steady-state . ) o o
concentrations of OH radical and steady-state rate of chain more dramatically made in logarithmic plots shown in Figure

propagation are given by 6, which indicate a clear break characteristic of double-
exponential decay behavior. Though this secondary decay is
King = { KTk} (10a) due to chain termination and therefore not predicted by the
simple chain model, it can be easily treated by including
[OH] = [OH] k/{ k; + Ko} (10b) irreversible(i.e., non-chain reaction sustaining) loss processes
for OH and HQ, as presented below.
kK, Specifically, if we assume first-order, irreversible loss mech-
kprop: m[oa] (10c) anisms for OH and Heradicals, the relevant kinetic equations
1 are modified to become
Equation 9a for the time dependence of [OH] illustrates oH
several important points. First of all, [OHi)(starts initially at d[OH]/dt = —k,[OH][O4] + k[HO,][O4] — ki, [OH]
[OH]o and undergoes single-exponential decay to a nonzero base (11a)

line value of [OH]s= [OH]ok/{ kit+kz} with a chain “induction”
time constanting = { king [O3]} 1. This induction time constant _ _ L HO,
reflects the time required for OH and H@adicals to come d[HO,J/dt = +k,[OH][O4] LIHO,I[O4] — ki [HO,]

into steady state, and therefore is controlled by the magnitude (11b)

of both chain propagation steps. Consequently, any kinetic

analysis of this exponential time dependence yieldssthraof d[OH]/dt + d[HO,}/dt = —k, °"[OH] — k " [HO,] (11c)

the two pseudo-first-order propagation rate constants. This is i i 2

different from previous kinetic analyses’of OH + Ogreaction gficient propagation occurs when irreversible loss of OH and
rates, which neglect the slower second chain step and ascribg, js slow, and thus the chain reaction is sustained for many
the observed time dependence entirely t@ind/~ ki[Os]. cycles. This is kinetically equivalent to saying that the OH/

Secondly, the OH decays tomnzerovalueatt > zing due o i, ratio is maintained in a steady-state rakigks, even as
chain regeneration of OH from the secondary H® Os both chain radical species are eventually consumed irreversibly.
reaction. This also differs from previous analyses of ©kD; In this simplifying limit of kO, kM2 < king, €q 11a-c can

kinetics, which treat the OH signal asiagleexponential decay

! > - be solved to yield
down to [OHLs~ 0 and ascribe this time constant to the first

step in the Challin react.ion sequence. . [OH](t)/[OH], = k,/{k, + k,} exp{—k. 4 [O4]t} +
Sample chain reaction data supporting this more complete Kk -+ K B 12
kinetic analysis are presented in Figure 5, where the water and kg + kot exp{ —kemt} (12)

ozone reagent concentrations are listed in the figure caption.
As predicted, the data unambiguously demonstrate single
exponential decay from [Old}o afinite [OH]ssplateau, which
in turn decays on a much longer time scal@cky = 10 ms)
due to a combination of nonlinear chain termination and oH HO
diffusion out of the probe laser IR beam volume. This point is Kerm = Kir - Kol{ky + K5} + ki, 2 kyl{ky + K5} (13)

This now correctly predicts doubleexponential decay in the
OH signal, with the faster chain induction component given by
kina @nd a slower chaiterminationcomponent given by
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TABLE 2: Summary of Experimental Conditions
no. of laserenergy H,O total  [Og]° x 10 Kind®
. ] data (mJcnt?2  pressure pressuré  molecules/ (107
runs pulse™?) (Torr) (Torr) cm® cmis™)
19 75 5.0 45.0 0.0979.46  8.2(8)
®© 21 4.3 6.6 34.9 0.257.56 8.7(8)
% e " 7.1 mdJ em 6 5.0 5.3 29.7 0.131.16 9.2(9)
£ 013 R 2 Lo 21 4.9 4.0 24.6 0.206.45 8.3(8)
§ 21 2.8 1.3 425 0.477.62 9.1(9)
< 20 1.6 33 234  0.426.69  8.7(8)
® 12 24 6.0 16.7 0.564.59 11.0(11)
001 4 19 2.6 125 43.4 0.0954.52  8.0(8)

2 Typically with Ar buffer gas, though additional tests have been
performed with SE N, and Q buffer gas.° Range of [Q] sampled
at the stated laser energy, B and total cell pressuréking values

. - i S obtained from analysis of each data subset; the reported vakjetof
0.001 +—— ‘ R ' ' ko = 8.4(8) x 10~ cm?® molecule’t st represents a least-squares fit
o} 2 4 6 8 . . .
to the combined data set, as shown in Figure 7.
Time {ms)
Figure 6. Logarithmic plot of the absorbance depending on time for Decay Rate vs O, Concentration

(@) 7.1 mJ/crh and (b) 1.0 mJ/ckh UV laser intensities. For this
comparison, the experimental concentrations are held constang]at [O
= 1.1 Torr, [HO] = 4.1 Torr, and [Ar]= 19.5 Torr. Note the clear
break in slopes characteristic of double-exponential decay and the lack
of sensitivity to [OH] radical concentration.

This Work

10 A 0.6 g
g ® Ravishankara et al (Ref 7)

0.4

It is interesting to note from eq 13 that the chain termination
rate reflects ssum of bothOH and HQ loss rates, but now
weighted by the fractional steady-state concentrations of each
radical. As a result, these OH/HID; chains can still propagate
quite efficiently even in the presence of relatively fast irrevers-
ible removal processes for OH, due simply to the fact that the
overall concentration of chain radicals (i.e., [OH] [HO]) is
“stored” as the less reactive H®@adical. Note also that this
model predicts theatio of ki/k; to be determined by the relative
amplitudes of the fast- and slow-decay components back
extrapolated td = 0. Finally, the total number of chain cycles
is typically dominated by the long time propagation behavior, 2
which can be found by integration of eq 12 to yield

King /10° (s€C™)

Koo/ [O4] = (8.4 £0.8) x 10" cm® sec

Ncycles% kpror!kterm = klkZ[OS]/{ kirrOH I(2 + kirrH02 kl} (14) 0

T T T T
0 200 400 600 800 1000

In summary, t_he aboyg kinetic _analy3|s ma_kes three predlctlt_)ns. [0,]/ 10" (molec om™)

(1) In the limit of efficient chain propagation and slow chain ‘ _ _

termination processes, double-exponential time dependence ofigure 7. Stern-Volmer analysis of decay time vs ozone concentration

; ; ; i at 298 K for various different experimental conditions. The slope
the OH chain radicals is anticipated. (2) A plot of the fast decay represents the sum of the two chain rate constants= k, + k, —

rate vs [,Q] will yleld.a slope (,)f{ ki + ko} (.., thesumof the . 8.4(8) x 107* cm® molecule s™. This data reflects=140 different

two chain propagation reaction rate constants). (3) The ratio sets of independent experimental conditions taken over several months,

of back extrapolated components for fast (induction) and slow covering (i) a 5-fold range of excimer laser intensities {1765 mJ/

(termination) decays yields/k; (i.e., the ratio of the two chain  cn), (i) a 10-fold range of [HO] (1.3—12.5 Torr), (iii) a 3-fold range

propagation rate constants). of total cell pressure (16-745.0 Torr), and (iv) a 1000-fold range of
[O3] (9.7 x 10** and 9.5x 1016 molecules/ch). The explicit ranges

IV. Results and Discussion of conditions for separate data runs are summarized in Table 2.

To obtain the desired kinetic rate information, time-resolved of the fast- and slow-decay components. Sample-fitted data
IR absorption traces for loss of OH radical after excimer laser are shown in Figure 5, which indicate the high signal-to-noise
initiation are obtained for a wide variety of experimental (S/N) quality and small residuals obtained from the least-
conditions. To verify that the kinetic results are quantitatively squares-fitting procedure. From eq 14, these experimental
reliable, these experiments have been exhaustively repeated foconditions support over 20 complete chain cycles (i.e., more
~140 different cell pressures, buffer gases, flow rates, photolysisthan 40 molecules of ©are destroyed for each OH radical
energies, and over a 1000-fold dynamic range of ozone generated photolytically). The chain induction rate component
concentrations. An abbreviated list of the experimental condi- (king) has been plotted vs ozone concentration in Figure 7. From
tions is summarized in Table 2. A more complete discussion a linear least-square analysis, the slope of this fit (i.e., the
of these various experimental checks is deferred until later in induction rate constant) at 298 Khgq = ki + ko = 8.4(8) x
this section. Each OH radical time trace is then fitted to the 10~*cm?® molecule! s~1, with an intercept which is negligible
double exponential decay form predicted in eq 12 using within uncertainty. It is worth stressing that these data reflect
nonlinear least-squares routines to extkagt kermand the ratio the results o/140 separate kinetic measurements, taken at over
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a 50-fold dynamic range in laser pulse energies and cell (g) Rate Constant vs Buffer Gas Pressure
pressures, as well as over a 100-fold dynamic range gh [O 12
Though such chain reaction kinetics have been present in
previous experimental studies, the effects require relatively high
SIN to see unambiguously. Furthermore, detection of the steady
state chain regime is enhanced by the higher ozone concentra-
tions accessible to the present IR method, which is able to make
the initial decay rapid with respect to radieahdical chain
termination processes and diffusion out of the probe beam. This
is the first kinetic study of the @OH/HO; reaction system that
takes chain propagation effects explicitly into account, and
which therefore reports threumof the two chain rate constants { /r
(i.e., kng = ki + k). By way of contrast, previous kinetic 0+ T I T I \
analyses have approximated the loss of OH as a single- 0 5 10 15 20 25
exponential function of time and report a value fgralone. Peyser (TOFF)
From section 3, it is clear that this is not rigorously correct; for
the OH/HQ/O3 chain reaction system, however, the magnitude
of ks is thought to be only<5% of k;, which explains why the (b) Rate Constant vs Laser Energy
second decay component would only be evident at high S/N in
the previous studies. In the current studies, this double-
exponential behavior is evident in all kinetic traces and is
explicitly included in the kinetic analyses. Thus for consistency,
the present results fdg,q should be compared with the earlier
values reported fok; from previous studies that presumed a
purely single-exponential decay.

These results are in agreement with the previous room
temperature RF studies of Ravishankara et alho report a
rate constant of 8.2 10714 cm?® molecule! s™1. To make
this more explicit, we have replotted the Ravishankara et al. ! ! | j
datd on top of the current data (see inset region in Figure 7), 5 10 15
which indicates a nearly quantitative overlap but also under- Energy Density (mJ pulse' cm=)
scores thex10—20 fold larger range of ozone concentrations
that have been investigated via the IR laser absorption method
As indicated in Table 1, there is a relatively broad range of
rate values reported in the literature; our data is most
consistent with the Ravishankara et al. valuerified over a s an extremely efficient quencher of vibrationally as well as
much larger dynamic range of §p Of particular importance,  rotationally excited OH radical. This can be tested in several
the presently determined value flrq is >20% higher than  ways. First of all, this degree of internal state relaxation is
obtained from thek; andk; values recommended for use in  confirmed in Figure 4b, which indicates the excellent temporal
atmospheric modeling. separation between fast OH rovibrational relaxation and the

As additional confirmation of these results, the measurementsmuch slower removal of OH by chain reaction withs.O
have been repeated under a variety of diagnostic test conditionsSecondly, since the IR probe laser is quantum state specific,
The first is to assess for any effects due to nonlinear radical We can monitor the chain kinetics on different rotational levels,
radical kinetics, which one can systematically check by varying Which indicate no difference within experimental uncertainty.
the |aser power' The |ack Of any dependence on excimer |aserFurthermore, these klnetIC measurements haVe been repeated
power is displayed in Figures 6 and 8a, which indicate no changefor @ variety of buffer gases (Ar, $FN;, and Q) and cell
in the reported value dfng over a factor of 50 in laser pulse ~ Pressures. As dlspl'ayed in Figure 8a,b th.e.observed rates are
energy. For comparison, most of the experiments reported in remarkably insensitive to buffer gas conditions over the full

Figure 7 are conducted with laser energy of abstitmJ/ cn? range of data represented in Figure 7. _ _
at a typical ozone concentration offGnolecules/cn?. This As a final note, the chain kinetic analysis presented in section
corresponds to an initial OH radical concentration=of0'2 3 predicts that the ratio dé,/k; can be obtained from the ratio

molecules/criand a [OHY[O4] ratio of ~10-. This low ratio of back extrapolated amplitudes for the slow- and fast-decay
of radical to Q concentrations ensures first-order kinetics and fgr?gsgrigtghin Edﬁfg’7 f;ﬁir:r; r:t?o ;V?(;ﬁgg tcc:\li;ér( Ei” Ot?;;_ data
discriminates against contributions from even gas kinetic b 9 ' ! y

- - . . (3), although there is currently an appreciable level of scatter
radlcal_—radlca_l regctlons_ such as OHHO; on the time scale in these results. This is at least consistent with the previous
of chain reaction induction period.

measurements & by Zahniser and Howar®lwhich yield ky/

A second issue to address is the degree of thermal equilibra-k, ~ 0.026(3), as well as their LMR measurements of jH®
tion of the OH radical. As noted by Ravishankara ef ahis [OH]ss~ 35(8) in the steady state regime, which would predict
can be particularly important in the OH/HI3 chain reaction ko/ky =~ 0.028(7). From preliminary results at 193 nm, this
system due to acceleration of the GHO;3 chain step by OH  scatter in the ratio of fast- and slow-decay components appears
vibrational excitatior?® To eliminate these interferences, the to be due to initial OP) concentration in the flow cell. This
flow cell mixture contains high concentrations of® which O(P) concentration arises from (i) finite &) quantum yield

O
@fe}

King/ 10° (s€C™)

Kina / 102 (sEC)

o N

Figure 8. Further confirmational tests of the kinetic analysis,
‘demonstrating independence on (a) the excimer photolysis energy
density and (b) buffer gas concentration.
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from photolysis of @, as well as (ii) non reactive quenching of
O('D) with O3 or H,0, which currently limits a more quantita-
tive extraction ofky/k;. Specifically, on the much longer time
scales of chain propagation and termination3Rp@toms can
act as an alternate pathway for “recycling” KH€hain radicals
back to OH by the fast reaction

0(P)+ HO,— OH+ O, (15)
which occurs with a rate constdfiat room temperature of 5.9
x 10711 cm® molecule® st This is at first somewhat
surprising, since reaction 15 represents a radicadical loss
mechanism that should be negligible at sufficiently low radical
densities. However, although [®)] is typically ~10° times
smaller than [Q3], the corresponding reaction rate with KO
radical is nearly gas kinetic ard3 x 10* faster than the H®
+ Osreaction. Thus, even for the relatively low radical densities
in the flow cell, reaction 15 can still be contributing to net
regeneration of OH chain radicals from KGand thereby
influence the back-extrapolated ratio of [QH{OH]o. These

expectations have been explicitly tested by numerical integration

of coupled kinetic equations including radieafdical reactions
of OGP), OH, and HQ, as well as reactions with and quenching
of Oy(*A) formed from the initial photolysis of ozone. Such
simulations confirm that the fast “induction” analysislaf+

k. is not influenced significantly, but that these nonlinear
radical-radical processes can perturb the inferred [QFQH]o

ratios by an amount consistent with the observed scatter. Thus,

Kulcke et al.

the temperature dependence of these chain rates down to
temperatures<200 K) relevant to atmospheric modeling.
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