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Kinetics of Hydroxyl Radical Reactions with Isotopically Labeled Hydrogen
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The rate coefficients for the reactions of hydroxyl radical (OH) with (k), HD (kz), and B (ks) were
measured betweer230 and~420 K to bek;= 7.21 x 1072°T28% exp(—1150M), k, = 5.57 x 1072727
exp(1258), andks = 5.7 x 10°2°T273exp(—1580M) cm® molecule s~* using pulsed photolysis to generate

OH and laser-induced fluorescence to detect it. Using the same method, the rate coefficients for the reactions
of OD with H, and D, were measured to be equalkpandks, respectively. In reaction 2, the yield of H was
measured to be 0.1F 0.03 and 0.26t 0.05 at 250 and 298 K, respectively, by detecting it using CW
Lyman-a resonance fluorescencé, was found to be half the sum &f andks over the entire temperature

range of this study. The quoted uncertainties are at the 95% confidence level and include estimated systematic
errors. On the basis of these findings it is suggested that most, if not all, of the reaction in the range of
temperatures studied here may be occurring via tunneling of H/D atoms through the barrier.

Introduction reactants. Therefore, in addition to reactions 1 and 2, the rate
The reaction of OH with b, coefficient for the reaction

ks
k. —
OH+H2—1>HZO+H (1) OH+D,—HDO+ D 3)
was measured to provide a consistent set of low-temperature
rate coefficients for comparison with calculations.
Reaction 2 has an added feature in that it can lead to
distinguishable products, H and HDO (reaction 2a) or D and
H,O (reaction 2b),

plays a significant role in atmospheric chemistry because of
the large abundance;0.5 ppmv, of H in Earth’s atmosphere.

It is a significant contributor to the conversion of OH to KHO

in the troposphere. His produced, at least in part, from the
oxidation of methane and non-methane hydrocarbons and is

primarily removed via reaction 1. Since the isotopic abundance Koa

of D in hydrogen is related to that in methane, knowledge of OH+ HD — HDO + H (2a)

the atmospheric flux of Hand HD will help elucidate the Kap,

sources of Chl The flux calculation requires the rate of OH+HD—H,0+D (2b)
removal of HD, which is also expected to be controlled by OH

reaction. Therefore, the rate coefficients for the reaction The product yields in reaction 2 should also be calculable from

the ab initio PES. We have measured the branching ratio for

Ky H atom production in reaction 2 to provide experimental data
OH+HD —H,0+DorHDO+H (2) for comparison with calculations.
Isotopic substitution of the hydroxyl radical, i.e., OH vs OD,
are needed. o , should not significantly alter the rate coefficient for the hydroxyl
Reaction 1 is a key reaction in the combustion of. H raqical reaction with hydrogen because such a substitution
Therefore, there are numerous measuremerksas a function  jqyolves a secondary kinetic isotope effect. To estimate the

of temperature up t0~3000 K! Because the reaction of secondary kinetic isotope effect, we have also studied the
hydroxyl radicals with hydrogen is one of the simpler radical  (g5ctions

molecule reactions, it is amenable to theoretical investigations.

The potential energy surfaces (PES’s) for the reaction of K
hydroxyl radical with hydrogen have been comptietiand OD+H,—~HDO+H 4)
the rate coefficients have been calculated using these sutfades. K
The accuracy of the PES and the calculated rate constants can OD+D,—D,0+D (5)

be evaluated by varying the isotopic composition of the
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system to minimize the use of expensive HD in some experi- TABLE 1: Values of ky, ky, and ks (in Units of 10715 cm3
ments. ky and k, were also determined while measuring the molecule™ s™%) Measured by Monitoring the Temporal
yield of H atoms in reaction 2 by monitoring H atom temporal Profile of OH?
profiles. TK k*x2® TK kk+20¢ T,K ks & 209
Materials and Sample Handling Samples of B HD, and 238 1.46+0.04 248 1.0 0.04 242 0.265+ 0.020
D, were analyzed for the presence of impurities using a gas 252 2.09:0.12 258 1.38:0.04 242  0.331£0.015
chromatograph (GC) equipped with capillary columns (DB-5 267 310£0.10 263 15014 242  0.332:0.02
L 297 6.50+0.13 268 1.79:0.03 243 0.316+ 0.024
gnq G_S-AL columns from J _& W Scientific) anql a flame 353 118:0850 273 199009 243 0.25% 0037
ionization detector. kiwas obtained from Scott Specialty Gases 348 18.0+0.20 286 2.780.14 254  0.428 0.03

(99.99%) and contained<l ppmv of hydrocarbons. D 373 27.3£0.60 298 3.94:0.26 258  0.484- 0.0
obtained from Matheson Gas Products with an isotopic purity 400 40.3:0.70 313 5.16:0.28 263  0.59+0.03
of 99.9%, contained less than 0.5 ppmv of impurity, which was 315 6.14+0.18 268  0.66:0.04

. . 323 6.48+:0.42 285 1.08:0.04
mostly ethane. HD, obtained from Cambridge Isotope labora- PP-RE 337 935018 297 169 0.1G

tories, had an isotopic purity of 97% and contained an unknown 245 205+-020 355 11.92-068 298 1.5Z 0.04
impurity which condensed at liquid Nemperature. This HD 263 2.85+0.45 373 16.18:0.12 299 1.72£0.10
sample was transferred to a 5 L Pyrex bulb which was connected 273 3.8+0.2 398 24.53:040 301 1.8G:0.07
through a Teflon stopcock to a cold finger maintained at liquid 390 1&‘:&1 21 418 29.38:152 2:151 ééﬁ 8-12
N, temperature. After 15 h of exposure to the cold finger, the . )

. 348 16+ 2 PP-RF 363 6.850.16
HD sample was withdrawn and was found to contaltO ppmv 373 23+ 7 208 5+1 401 14.1+ 0.16
of small saturated hydrocarbons, presumably methane and

ethane. As shown later, these impurities did not lead to ; 9
S . _ under PP-RF. The error bar includes f@ecision only. The pressure
significant errors in the measured rate coefficients. in the reaction cell was 100 Torr for most experiments and 300 Torr
The closed-loop circulation system employed in measuring in a few cases? Photolysis of HO, at 248 nm was used as the OH
k. was equipped with a~3-L ballast volume, a Teflon source except where noteédPhotolysis of HO by Xe flash lamp (165

circulation pump, throttle valves, and inlets in tandem with the 185 nm) was used as the only OH sourtBhotolysis of NO at 193
m to generate GD) followed by reaction with HO/D,O to produce

reactor. Water was U.SEd as the photolyte because it is a Stabl%H/OD except where noted Photolysis of HO, at 193 nm was used
compound, 0,'063 not isotope exchange with HD at the temper-y, generate OH.The flash lamp energy wa of the maximum energy.
atures of this study, and photolyzes at wavelengths where s pnotolysis of HO, at 248 nm.

hydrogen does not absorb. The concentrations of HD in the
circulating mixtures were determined from the known pressure, (ArF laser), or (3) photolysis of YO at 193 nm (ArF laser) to
concentration of the premade mixtures, and dilution factors. As generate GD), which reacted with 1D (D;0). OH and OD
a test of the reliability of the circulation system, the rate Were detected by pulsed LIF as described elsewheFae de-
coefficient for the OH+ CH, reaction was measured at 298 K tection limit for OH was 1x 108 cm~2 for integrating 100 laser
and found to be in excellent agreement with the recommendedshots in the presence of:3 10¢ cm™3 of H,0 and 100 Torr of
value!314 Further,k; measured using the circulation system He. The detection limit for OD was similar to that for OH.
was the same as that obtained in the conventional flow system. Reactions +5 are highly temperature sensitive. Therefore,
Lastly, the value ok, measured at 298 K using the conventional the temperature of the gas mixture in the reaction zone, defined
pump-out configuration was the same as that determined usingby the intersection of the photolysis and probe laser beams, was
the circulation system. directly measured by a shielded thermocouple prior to and after
After exposure to air, there were often reactive impurities on th€ acquisition of a rate coefficient and was estimated to be
the inside surfaces of the circulation system that enhanced theAccurate tat0.5 K. _ _
decay rate of OH. To remove these impurities, at the beginning Al experiments were carried out under pseudo-first-order
of an experiment, a gas mixture containingtHwas circulated conditions in OH or OD. The initial concentrations of OH and
through the system while the photolysis lamp was pulsing. The OD Were <3 x 10t cm2, while concentrations of 5 HD, or
OH decay rates measured after this procedure did not changeP2 Were 10—10°times larger. Therefore, the temporal profiles
with time. To make sure that the gases were well mixed, each ©f [OH] or [OD] followed the equation

a Rate coefficients measured by following H atom growth are listed

gas mixture was circulated in the system for approximately 15 dins

min before acquiring kinetic data. During the course of i —k[X]+ k,=—K ()
determiningk,, many pseudo-first-order rate coefficients were

remeasured using the same concentrations of HD; the obtainedyherei = 1-5, X; refers to H/HD/D, (as appropriate) in

values ofk; did not change. The reaction mixture circulating reactioni, k' = k[Xi] + ks, Sis the LIF signal from OH or OD,
through the system was subjected to many photolysis pulsesandk, is the first-order rate coefficient for the loss of OH/OD
and then analyzed by GC. No new impurities were detected. jn the absence of the reactant. The concentration of the
It is worth nOting that photolySiS of a mixture of hydrogen and photoiyte (i—ko, H,O,, or NZO) and the photoiysis energy were
water does not Change the Composition. Itis pOSSible that Sma”heid constant during the course of measuring a particular
amounts of HO, were produced; however,28, was not a  pimolecular rate constant. Keeping the concentration 0,H
significant stable product, since the measured decay rates ofconstant was particularly important because it reacts with OH
OH did not change with photolysis duration. Also, there was znd contributes to the measured valuéif [H 205] changed,
no significant buildup of @ which would have led to OH | would change. Weighted (according to the signal to noise)
regeneration at long times via the formation of H&nd its least squares fits of the LIF signals at various reaction times to
subsequent reaction with H/D atoms. eq | yieldedk'. The second-order rate coefficiertsks, were
OH/OD Kinetics. The OH (OD) radicals were generated obtained from weighted linear least squares analyses of the
by one or more of the following methods: (1) photolysis of measured values &f at various concentrations of,HHD, and
H.O (D;0) by a Xe flash lamp (165 nn¥ 1 < 185 nm), (2) D,. Results of such measurements, repeated at different
photolysis of HO, (D,0,) at 248 nm (KrF laser) or at 193 nm  temperatures, are listed in Table 1.
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Figure 1. Plot of the second-order rate coefficierks, kz, andks, on
a logarithmic scale, as a function ofT1/The solid lines are the fit of
the data to a three-parameter modified Arrhenius fdgre(AT" e ERT),
The dashed line traced along the HD da&d is the average df; and
ks, i.e., ko = (ki + ko)/2.
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All OH kinetic studies (including those using the circulator)
were carried out under a slow steady flow of the gas mixture.
The linear gas flow velocity in the reaction zone waS—15
cm s1. The total pressure in the reactor was usually in the
range 56-300 Torr. Experimental conditions, such as [@QH]
total pressure, lamp energy, and linear gas flow rates were varied
to check for possible errors due to secondary reactions; no
dependence on any of these variables was observed.

The measured values &f—ks are plotted as a function of
1/Tin Figure 1. They were fitted to the conventional Arrhenius
form, k = Ae"FRT, as well as to a three-parameter forkn=
ATe ®RT The obtained values d%, E/R, andn are listed in
Table 2 along withk(298 K). The quoted uncertainties in the
values ofA andE/R from this study are at the 95% confidence
limit. The uncertainties in thE/R values presented in the format
adapted by NASA/JPE and IUPAC/CODATA“ evaluations
were chosen to represent the uncertainties in the values of the
rate constants at temperatures not equal to 298 K.

Also shown in Table 2 are the rate coefficients for the
reactions of OD with H (ks) and Db (ks). The value ofk,
measured at 302 K was (7# 0.4) x10715 cm® molecule
s71, which leads toks(298 K) = (6.8 & 0.4) x 1071 cm?®
molecule! s™1 by assuming that th&/R value fork, is the
same as that fok;. The measured value & at 302 K was
(1.844 0.13) x 10715 cm?® molecule! s71, which translates to
ks(298 K) = (1.65 4 0.13) x 105 cm® molecule® st by

TABLE 2: Comparison of Measured k;—ks with Those from Previous Works?

k(298 Ky A n ER + AE/R (K) T range (K) commefit ref
OH + H; (ki)
6.7+ 15 7.7 2100k 200 200-450 14
6.7+ 1.2 5.5 2000t 400 2006-300 13
6.65+ 0.36¢ 5.44+0.27 1983+ 17 238-400 PP-LIF this work
7.21x 108 2.69 1150 238400 PP-LIF this work
6.65 5.4 2000k 25 238-400 f(298 K)=1.08 this work re¢
OH + HD (ko)
3.95+0.12 relative 32
3.96+ 0.32 4,98+ 0.32 2121+ 21 248-418 FP-LIF this work
5.57x 1078 2.7 1258 248418 FP-LIF this work
3.96 5.00 2136 25 248-418 (298 K)= 1.08 this work re¢
OH + D2 (ka)
2.1+0.18 FP-RA 30
2.05+0.31 VUV FP—RF 39
1.99+ 0.26 FP-RA 40
1.83+0.12 12.1+£5.2 2671+ 147 250-470 FP-RF 24
4.37x 1073 1.18 2332 256-1050 FP-RF 24
2.2+0.4 12. 5+2 8 2587+ 181 2106-460 FP-RF 29
1.64+0.13 6.21+ 0.33 24564+ 19 242-401 PP-LIF this work
3.43x 10710 3.47 1324 242401 PP-LIF this work
5.644+ 0.27 2420+ 16 242-401 ref 24
5.7x 1078 2.73 1580 + this work
1.64 6.21 2456+ 20 242-401 f(298 K)=1.08 this work re¢
OD + Hz (ks)
6.8+ 0.40 this work
OD + D2 (ks)
1.88+ 0.30 PP-LIF 31
2.21+£0.22 FP—RA 30
1.65+0.13 PP-LIF this work

aQur quoted error bars are at the 95% confidence level and include estimated systematickearmtA. are in the units of 10" and 10'*? cm?
molecule? s72, respectively? The 298 K values quoted here were obtained from an averaf@@8 K) calculated from the Arrhenius expression
and the measured values lofat T in the range 295 T < 300 K. Data close to 298 K were normalized to 298 K usiIR measured here.
¢FP-LIF: Flash photolysis (KO using Xe flash lampylaser-induced fluorescence detection of OH.—RH-: Pulsed (laser) photolysidaser-
induced fluorescence detection of OH. -ARF: Flash photolysisresonance fluorescence detection of OH.—IRA: Flash photolysisresonance
absorption detection of OH.Includes estimated systematic error of 5% in concentrations,0fiB, and D. € These are our values in the format
used in NASA and I[UPAC/CODATA recommendations. Uncertainty at temperatiggiven byf(T) = f(298 K)exp/(AE/R)((1/T) — (1/298))0
fThis value was obtained by transforming the measured data at temperatures other than room temperature by using activatidR femergy

reactions 1 and 3 determined in this work.
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assumingE/R = 2460 K. The quoted error bars include an
estimated 5% uncertainty in concentrations ofdnd H.

H Atom Kinetics. The yield of H atoms in the reaction of
OH with HD (reaction 2) was measured relative to that in

reaction 1. They were placed on an absolute scale by assuming

the H atom yield in reaction 1 to be unity. The Lymariines

of H and D atoms are very close to each other. D atoms are

produced in reaction 2b. If D atoms are detected by the H atom

lamp, the measured temporal profiles cannot be attributed to

only H atoms. Therefore, we checked to see if D atoms were

detected by the H atom detection system by generating only D

atoms via the GD) + D, reaction; D atoms were not detected.
OH radicals €1 x 102 cm3) were produced via 248 nm

photolysis of HO, (~5 x 10 cm~3) or of ozone (25 x 10%2

cm~3); O(*D) from O3 photolysis reacted with jto make OH

or with HD to make OH and OD. The concentration ofdhd

HD were in the range (220) x 10" cm 3. Postphotolysis

reactions are illustrated for the,&, source and HD reactant:

H,0, ™ 20H (6)
k-
OH + H,0, — H,0 + HO, ©)
k a
OH + HD —~HDO + H (2a)
k.
OH+HD —=H,0+ D (2b)
OH il loss (8)
kH
H—loss (9)
D 5, loss (10)
The temporal profile of H atoms is given by
H,=(@xe™—(yxe? (N

where

0yp = { ko JOH][HD]}/
{k;[H,0,] + k[HD] + ko — ky} = vp (1112)
Bro = Ky (lllb)

and

Oup = {ke[HO5] + K[HD] + Koy} (lic)
The H+ HD — H, + D (k(298 K) = 4.5 x 10° cnd
molecule’? s71) and D+ HD — D, + H (k(298 K) = 4.3 x
10 cm® molecule’? s™1) reactions are too slow at the
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Figure 2. H atom temporal profiles in the reactions of OH with HD
and H at 250 K and 60 Torr pressure. The concentrations pait

HD were 5.6x 10 and 5.3x 10 molecule cm?3, respectively. The
solid lines are the biexponential fits to eq Il (see text for details). The
rate coefficientsk; andk;, and the yields of H atom in reaction 2a
were determined from the fitted parameters.

H Atom Signal from OH + H,,HD (Arbitrary Unit)
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The parameters, 3, v, ando were obtained by fitting the H
atom temporal profiles to eq Il. Examples of the measured H
atom temporal profile and the fit of this data to eq Il are shown
in Figure 2. During the course of these measurement€{H
was kept constant and concentrations gHd HD were varied.
The obtained values afy, and dnp were plotted against [
and [HD] to obtain, respectively, the bimolecular rate coef-
ficients ky andko.

Using the above procedure, the valu&kgéletermined at 298
K was kp (5 £ 1) x 10 cm® molecule® s1. At
temperatures other than 298 K, tldgp parameter was not
determined at many HD concentrations, because very large
amounts of HD would have been required for these experiments.
However, oy, was measured as a function of JHat various
temperatures, and the obtained valueg;ddre listed in Table
1. In general, they agree with the values obtained by observing
OH profiles. Determining rate coefficients from the temporal
profile of a product, by fitting to an eq such as eq Il, is less
precise than the values obtained by monitoring an exponential
decay of a reactant. Therefore, we used only the data obtained

temperatures used in our measurements to cause any interferny monitoring OH profiles for deriving the Arrhenius parameters
ence. Therefore, these reactions were not included in deriving reported in Table 2.

the above rate expression. Rate coefficients for the HD
and D+ HD reactions were estimated from the experimentally
determined rate constants of the reverse reactions,H} and

H + D,516 and the known thermodynamic quantitiés.n

the presence of §1 the parameters in eq Il are given by

oy, = {ky[OH][Ho}/
{k/[H,0,] + Kki[Hj] + ko — K} = VH, (IVa)
B, = ki (1Vb)
and

On, = {kz[H0,] + ky[H] + kop} (Ive)

To determine the yield of H atoms in reaction 2, we carried
out back-to-back experiments where HD was replaced with H
while maintaining all other parameters constant. The H atom
resonance fluorescence signals were normalized for small
changes in the resonance lamp output by using the background
signal obtained before generating OH radicals. The signal for
a given concentration of H atoms did not change significantly
with H, concentration €5% decrease for doubling B.
Because comparable concentrations efadd HD were used,
it was assumed that H atom detection sensitivity was the same
in the two back-to-back experiments where HD was replaced
by H,. By assuming that [bD;], laser fluencekon, and
detection sensitivity of H atom remained unchanged between
the back-to-back experiments and by using egs Ill and IV, we
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TABLE 3: Branching Ratio, ky#k, in OH + HD Reaction
branching ratioKx/kz)

estimated from
source of OH temp (K) measured k; andks k; andks

H>0,/248 nm 250 0.1 0.03 0.15 0.17
298 0.28+ 0.05 0.20 0.21
05/248 nm/H (HD) 298 0.24+ 0.03 0.20 0.21

obtain the following expression for the branching ratio:

kl[HZ] 6HD - ﬁHD

Koa_ %o y
ko[HD] 6H2 - ﬂHZ

ky oy,

V)

J. Phys. Chem., Vol. 100, No. 8, 1998041

branching ratios determined using the two different methods
are in excellent agreement.

Discussion

The major sources of error in our measured values oks
are the uncertainties in the concentrations ¢f HD, or D,
which are conservatively estimated to be 5% at the 95%
confidence level, and the presence of reactive impurities. The
latter possibility is important becauke-ks are small and, hence,
very small amounts of impurities can lead to large errors. We
have already mentioned that the level of impurities iand
D, samples was too small to affect the measured valuds of
andks. Our purified sample of HD contained10 ppmv of

All parameters on the right-hand side of eq V can be obtained small hydrocarbons (CHand GHg). Even if we assume this

from the biexponential fits (eq II), the derived valueskpfind

kp, and the known concentrations of Eind Dp. Alternatively,

the ki[H,] and ky[HD] values can be obtained from the

impurity to be all GHg, it would contribute less than 0.1% to

the measured rate coefficient even at 245 K, the lowest
temperature of our measurements. Since the same gas handling
procedures were employed at different temperatures, systematic

differences in the& parameters measured with Bind HD and ' Y )
the intercepts of plots ofy, vs [Hz] and dup vs [HD]. Since errors in the concentrations of the excess reagent, iz DH
only a limited number of HD concentrations were used and since OF HD, are the same at all the temperatures. Therefore, the
the values ofk; and k, measured by observing OH temporal uncertainties inE/R values shown in Table 2 are primarily
profiles are more accurate, we used the computed values of determined by the measured temperature and the precision of
[H] andk[HD]. The intercept of a plot o vs [H,] or [HD] ki—ks. TheAfactors, of course, are affected by the uncertainties
is Oint = kz[H202] + kon. The measured values 6f in back- in measuring concentrations oHHD, and B

to-back experiments invo|ving Hand HD were, within the Table 2 lists the parameters obtained by flttlng our data to
experimental uncertainty, the same. This constancy showed thaArrhenius expressions and three-parameter fokrsATe ERT.

the concentration of ¥D, and, hence, [OH] did not change Such parameters from previous studies are also shown in the
during these experiments. The obtained values of the branchingtable. The average value kf(298 K) measured here, (6.65

ratio are shown in Table 3 as the mean of a large number of 0.36) x 107> cm® molecule® 7%, is in excellent agreement
back-to-back measurements. The quoted error bars are thevith the current recommendatiofs!* The quoted error bar

standard deviation of the mean.

includes an estimated systematic uncertainty of 5% in measuring

In a second series of experiments at 298 K, a small amountthe concentration of fHand 2 precision ink; obtained from

of Oz (<5 x 102 cm~3) was photolyzed to generate D) in
the presence of a large concentration of HEL(x 108 cm~3).

the fits of k' vs [H;] data to a straight line. The Arrhenius
parameters from our data are in excellent agreement with the

O('D) reacted with HD to make OH and OD. The sum of the recommenations*'4 Oldenberget al*® measuredk; in the
concentration of OH and OD was equal to the initial concentra- temperature range 86500 K. They combined their data with

tion of O(D) that reacted with HD. The concentration o§ O  those of Ravishankarat al,>* Tully et al.?® Michael and
was small enough to prevent any Significant loss of H or D Sutherlanc?,e Frank and Juﬁ? and Davidsoret al28 and derived

atoms via the reactions the expressior‘kl = 3.56 x 10°16711.52 exp[—173671'] cm3
molecule’! s, to cover 256-2581 K. This fit agrees well
with our measured values, except at temperatures less-2a0
K, where it deviates by~20%.

The k3 values between 250 and 1050 K reported by Ravi-
(12) shankaraet al?* are in excellent agreement with those from

the present study in the overlapping temperature range. The

and subsequent H atom production via reactions of OH and OD data of Smith and Zellnét appear to be systematically higher
with HD, even thougtk;; andk;; are rapidi® ~3 x 1071 cm? than those measured here and of Ravishankaah Neverthe-
molecule! s~1. The rate coefficients for the reaction of HD less, the three sets of data agree within the combined error limits.
with OD should be equal t&, and the branching ratio for H ~ We have combined Ravishankatal.s data with those from
atom production in the two reactions should also be the same.the present study to extract the recommended valukg(298
Hence, the concentration of H atoms produced will depend on K) and its temperature dependence, which are also shown in
the sum of the concentrations of OH and OD. There was an Table 2.
instantaneous production of H atoms via the reaction dD{( To check for a secondary isotope effect, we measured the
with HD. Following this jump, there was a slower production rate coefficients for reactions 4 and 5. The 297 K valuésof
of H atoms via the reactions of OD and OH with HD. The measured by Paraskevopoulos and3lig 35% higher than
temporal profiles of H atom were again fit to a biexponential our value at 298 K. Their measured valuekgis also~30%
expression, which was essentially the same as eq Il with the higher than that measured here and by Ravishardtzah The
exception that it included a term for the initial H atom produced difference is likely due to the presence of impurities in the D
by the O{D) + HD reaction. By comparing the signal due to sample used by Paraskevopoulos and Nip. Our previously
the reaction of OD/OH with HD to that due to the reaction of reported valu& of (1.88+ 0.30) x 1015 cm?® molecule’l s71
O(*D) with HD, the H atom yield was calculated. This method at 2984+ 2 K is in good agreement with the present measure-
requires knowledge of the fractional yield of H atom in the ments. Because of the greater care taken here to analyze the
O('D) + HD reaction, which was independently measdfed samples, the present value supersedes our previously reforted
be 0.57+ 0.03, in agreement with previously reported valfe% rate coefficient. Our observation tHat= k; andks = ks shows
The obtained value okx/k; is also listed in Table 3. The the minimal amount of secondary kinetic isotope effect in the

k.
H+ 0O,— OH + O, (11)

k12
D+ 0,— 0D+ O,
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reaction of hydroxyl radical with hydrogen. This is to be channels (reactions 2a and 2b) in the GHHD reaction,

expected because the H or D atom in the hydroxyl group is attributed the low branching ratios for H atom production at
merely a spectator and the mass difference between OH andow collision energies (below threshold) to the preferential
OD is very small. Of course, this finding is consistent with tunneling of H over D atoms. The lowest collision energy used

theoretical calculations.® in their calculations, 2.8 kcal/mol, is much higher than the
There are no previous absolute measuremenks. oEhhalt average collision energy in the temperature range of our

et al32 measuredk/k, at 298 K to be 1.65+ 0.05 using a  experiments. The calculations of Zhang and ZRérare

relative rate technique. The ratio of our measukgdndk; at qualitatively consistent with our results. Calculation of the

298 K yields ki/k, = 1.68 &+ 0.11, if we assume that the thermal rate constants from reactive cross sections would be
systematic errors in our measurementk;aindk. are the same. useful. Calculation of low-temperature rate constants requires
The agreement between these two studies is excellent. TheCross sections at low collision energies, which are not always
activation energy for reaction 2 is closer to that for reaction 1 available.

than for reaction 3. This is to be expected if H atom abstraction  In Figure 1, we compare the measured valuds @fith those

is the major channel in reaction 2 (see below). calculated by assuming them to be equal to half the sul of

Table 3 shows the branching ratig/k,, measured at 298 and ks. The agreement over the entire temperature range is
and 250 K. The ratio was measured at 298 K using two very @mazing! With the same assumption, we can calculate the
different methods, and the values were found to agree with eachPranching ratios for H atom production at different temperatures,
other; this agreement enhances our confidence in this value. Itwhich are also shown in Table 3. Again the agreement between
can be easily shown that secondary reactions are not significanthe measured and the calculated values is excellent. These two
in our system. Attempts to measure this branching ratio at observations suggest that when OH reacts with hydrogen, the
higher temperatures were not successful; they yielded incon-identity of the uninvolved atom does not matter. If OH
sistent values and were not pursued further. The low H atom @Pproaches an H atom, it abstracts the H atom as efficiently

yield is consistent with a large fraction of reaction 2 proceeding from Hz as from HD. If it approaches the D atom of HD, it
via H atom abstraction. abstracts it with the same efficiency as from. DThe OH+

To a zeroth order approximation, a reaction with a barrier H2 reaction is not a heawfight—heavy system of the A-

such as that between OH and Ban be roughly divided into B —C type reaction. Yet it appears to behave as one! One
three energy regimes: (1) reactions at energies much higherSIMPI€ (Simplistic?) explanation for these observations is that
than the barrier, where dynamical effects are dominant; (2) the majority of the reaction proceeds via tunneling, as suggested

reactions at energies comparable to the barrier height, whereby(;te Ealculatlor?f noted above. Measurﬁjmbentkl,okz, Kgf I
the rate coefficients are sensitive to the height of the barrier; an 24K at much lower temperatures would be very useful to
sflnd out the cause(s) for our observations. However, such

and (3) reactions at energies where passing over the barrier i e ey
measurements are difficult to make. In the interim, our

essentially impossible and, hence, tunneling through the barrier d val ks should id ) q
is the most likely pathway. The third regime is particularly Measured values df-ks should provide a consistent data set
for testing the theoretical calculations.

important for H atom transfer processes, such as the reaction - oS o
under consideration here. Usually, dynamical calculations Atmospheric Implications. The tropospheric lifetimes of
address the first two regimes, where the height of the barrier is D> b, and b, 7, due to reaction with OH can be estimated
of major importance. It appears that our data mostly refer to Using the formulation of Prather and Spivakov&iyy using
the third regime, where the width/shape of the barrier is likely the expression

to play a major role.

. . 77K
A large number of investigators have calculated the thermal Thp OF Ty, H,CCly

rate constants for reactions 1 and 3 with varying degrees of " = 7T (V1)

agreement with measured values (see Clanyd references CHCCl p OrkKy,

therein). Most of these calculations are based orath@itio
PES of Walch and Dunniny.Recently, Fisher and Mich&l  wherekZ[; &, is the rate coefficient for the reaction of OH
used the PES of Kraka and Dunning, which is believed to be with CHsCCl; at 277 K, the weighted average temperature of
better than the Walch and Dunning surface, to calcitatnd the troposphere for removal of species via reaction with OH.
ks using transition state theory. They obtained remarkably good 27" K andkZ” ¥ are the rate constants at 277 K for the reactions
agreement between experimental data and their calculations ovebf OH with HD and H, respectively. Using the tropospheric
a very wide range of temperatures, 282500 K. Because rate |ifetime of CHCCl; due to reaction with OHrcrice, Of 4.9
coefficients in the temperature rang&00—2500 K are sensitive years3® we obtain tropospheric lifetimes for removal via OH
to the height of the barrier, Fisher and Michael could estimate for HD and H, of 14.5 and 8.5 years, respectively. Equation
this parameter well. In all these calculations, except the “exact v is g good approximation because hydrogen ands@El;
quantum” methodologie®}*3® tunneling through the barrier  are poth well mixed and activation energies for the @K Hs-
was addedh posterioriusing a correction, such as the Wigner ccl; and OH+ H,/HD reactions are not too different. In the
correction (see, e.g., ref 1). Therefore, comparison of our low- apove analysis, we assumed that the only loss process,for H
temperature data with theoretical calculations is not a very good gnd HD is reaction with OH in the troposphere. The atmo-
test of the PES or the dynamics. spheric lifetimes of Hand HD would be~8 and 14 years when
The reaction of OH with I has been extensively studied stratospheric removal of these compounds is considered. Again,
theoretically as a “prototype” for quantum scattering calcula- we are assuming that the only loss process for these two species
tions. Absolute rate coefficients, as well as kinetic isotope in the stratosphere is via reaction with OH.

effects, have been calculated (see, e.g., CJamjth varying There would be a large isotopic fractionation if the primary
levels of agreement between calculations and between calculajoss of atmospheric hydrogen is due to its reaction with OH.
tions and experiments. Microbial uptake of hydrogen by soil is known to be isotope

Zhang and Zhang in their time dependent quantum me- nonselectivé? However, if the microbial uptake is a major
chanical calculations of the reaction probabilities for the two loss process for hydrogen, the ratio of HR/H the atmosphere
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will be much smaller than that seen in the absence of a soil M. J. Chemical Kinetics and Photochemical Data for use in Stratospheric

sink. Therefore, measurement of HDQ/katios in the atmo-

sphere and estimation of its sources can place limits on thex .

microbial sink. Measuring the D/H ratio in atmospheric

molecular hydrogen in conjunction with the measured values

of ki andk; and the isotopic abundances of g€Mis likely to
help constrain the methane budget.
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