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The reactions of OH with molecular chlorine (reaction 1), methane (reaction 2), and propane (reaction 3)
have been studied experimentally using a pulsed laser photolysis/pulsed-laser-induced fluorescence technique
over wide ranges of temperatures (2826, 298-1009, and 296908 K, respectively) and at pressures
between 6.68 and 24.15 kPa. The rate coefficients obtained for reactidhdeimonstrate no dependence on
pressure and exhibit positive temperature dependences that can be represented with modified three-parameter
Arrhenius expressions within their corresponding experimental temperature rdages8.59 x 10716 T35

exp(—745 KIT) cm?® molecule! s72, k, = 3.82 x 1071° T2 exp(—1136 KIT) cm?® molecule* s, andk; =

6.64 x 10716 T146 exp(—271 K/T) cm® molecule! sX. For the OH+ Cl, reaction, the potential energy
surface has been studied using quantum chemical methods, and a transition-state theory model has been
developed on the basis of calculations and experimental data. Model predictions sugge<tioHt HOCI

+ Cl as the main channel of this reaction. The model results in the exprelssienl.35 x 10716 T150
exp(—=723 KIT) cm® molecule® s! for the temperature dependence of the reaction 1 rate coefficient
extrapolation outside the experimental range to low temperatures down to 200 K and to high temperatures up
to 3000 K. A temperature dependence of the rate coefficient of the HHOClI — OH + Cl, reaction has

been derived on the basis of the experimental data, modeling, and thermochemical information.

I. Introduction burning has the potential to generate products such as phosgene,

The hydroxyl radical plays a key role in the chemistry of molecular chlorine, polychlorinated dibenzodioxins, polychlo-

combustion and atmospheric processes. Numerical simulationrInatEd dibenzofurans, and polychlorlr_lated plpheﬁthlch

of the complicated chemistry of these phenomena requires adle more hazgrdous t'han the originally |nC|qerated waste.
large database of accurately determined reaction rate coefficientéb‘ccurate k|_net|c ”?Ode"“g Of these processes is essential for
in a wide range of temperatures and pressures. This article isu_nderstandlng their mc_ac_hanlsms and for use of these mecha-
devoted to the experimental and theoretical temperature- hisms as tools of prediction and control.

dependent kinetic investigation of the gas-phase reaction of the Reaction 1 P'aYS a significant roIe; in the format|0n of 'the
hydroxyl radical with molecular chiorine hazardous emissions from combustion of chlorine-containing

compounds as, for example, it may be important in the control

OH + CI, — products (1)  of the HCI to C} ratio. Molecular chlorine is an effective
chlorinating agent and a powerful oxidant, whereas the larger
over a wide temperature range. bond dissociation energy in HCl can result in significant

Molecular chlorine is produced in large quantities. According sequestration of chlorine. In addition,,G$ difficult to scrub
to a conservative estimate reported by the U.S. Environmentalfrom the flue gas, because of its relatively low water solubility.
Protection Agency, the annual production of molecular chlorine Therefore, the emissions of £khould be controlled and
is about 10 metric tons just in the United States. The largest minimized during the combustion procésBespite reaction 1
users of molecular chlorine are companies that manufacturebeing potentially important in these processes, the rate co-
ethylene dichloride and other chlorinated solvents, poly(vinyl efficient of this reaction has not been studied at high temper-
chloride) resins, chloroflurocarbons, and propylene oxide. As atures.
aresult of this activity, large quantities of wastes with chlorine-  Reaction 1 has been previously studied at low temperattites,
containing compounds are incinerated, subject to thermal and the results of these studies are in agreement with each other
degradation, or accidental fires. For the incineration of industrial within reported experimental errors. The importance of this
wastes to be more efficient and less hazardous, it is necessaryeaction for atmospheric chemistry is described in the work of
to understand all aspects of this process. This understanding isGilles et al? The current work represents the first experimental
especially important for chlorine-containing compounds, whose study of reaction 1 carried out at high temperatures in the range
from 297 K (to compare with the earlier studies) to 826 K, which
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T Louisiana State University. To accurately determine the rate coefficients of hydroxyl
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ficiently low initial concentrations of hydroxyl radicals, thus tube (Electron Tubes Limited: P10N-01W) using a UV band-
ensuring the absence of any complications due to possible fastpass filter (308 nm peak transmission) to reduce scattered light.
secondary reactions. For this purpose, we have constructed arhe signal from the photomultiplier was amplified (Electron
pulsed laser photolysis/pulsed-laser-induced fluorescence ap-Tubes Limited: transimpedance amplifier A1) and then recorded
paratus combined with a heatable, slow-flow reactor. This by an oscilloscope (Tektronix: TDS 714L digitizing oscil-
technique has excellent sensitivity to hydroxyl radicals (vide |oscope). A signal induced by the probe beam in a photodiode,
infra), which allows one to perform OH reaction rate measure- Ph, triggered the oscilloscope. The oscilloscope allows one to
ments with the necessary low initial OH concentrations. TWo optain the integrated voltage averaged for a desired number of
reactions whose rate coefficients are relatively well-established py|ses (typically 150) of the lasers at single time delay. The
(see refs 1616 and references therein), reactions 2 and 3, were ya|ye, S, received from the integration of the average voltage
. signal is a sum of two components: the integral from the
OH + CH, — H,0 + CH, (298-1009 K) @ average laser-induced fluorescence signal of OH radi€a|s,
OH + C,Hg — products (296-908 K) (3) (this term is proportional to the absolute concentration of OH)
and the integral from the average scattered light sighalThe
also studied in order to validate the experimental apparatus usecaverage integrated voltage for the scattered light was measured
here for the first time after its construction. (Numbers in directly in the absence of OH radicals. For this measurement,
parentheses indicate the experimental temperature ranges of théhe photolysis laser was not triggered during the accumulation

current study.) of the scattered light signal. Kinetic information was obtained
_ _ by varying the time delay between pulses of the pump and the
Il. Experimental Section probe lasers in the desired time interval. We used a pulse

II. A. Experimental Apparatus. A schematic of the experi- ~ 9enerator (Stanford Research System: DGS35 digital delay/
mental apparatus and the optical test cell (reactor) are depictedPUlSe generator) to trigger the excimer laser and the Nd:YAG
in Figure 1a and b, respectively. This pulsed laser photolysis/ [aser with different time delays.
pulsed-laser-induced fluorescence apparatus is similar to the We developed software usingsual Basic 6.0o obtain the
one described in ref 17. An ArF excimer laser (LAMBDA temporal profiles automatically. Kinetic dat& (values with
PHYSIK: COMPEX 102) and an Nd:YAG (Quanta-Ray: DCR- corresponding reaction time delaysand S;c value) were
2a) pumped, frequency doubled, tunable pulsed dye lasercollected in the computer for the subsequent data processing.
(Quanta-Ray: PDL-3) were employed to generate the pump andS;c was subtracted frorg measured at different reaction time

probe beams, respectively. delays and one fixed concentration of molecular substrate to
Pulsed, unfocused 193-nm radiation (10 Hz) from the excimer obtain a relative OH concentration temporal profigy = S
laser was directed through two iris diaphragmgsabd D, and — S The systematic uncertainty in the experimentally obtained

a fluorescence-free UV fused silica window,Mihto a quartz Son values (the deviation from linearity) was defined using
tubular six-way cross that served as the base of the optical tesfcharacteristics of the accuracy stated by the manufacturers for
cell. The pump (photolysis) beam was responsible for creation the photomultiplier, amplifier, and oscilloscope. The maximum
of the hydroxyl radicals. In most experiments, hydroxyl radicals of the systematic deviation of the OH concentration detection
were formed following the 193-nm laser photolysis of nitrous system from linearity has been estimated as 3.0%.

oxide producing excited @) atoms followed by rapid reaction Helium was used as the carrier gas in all experiments

with molecules of watéf-17.12 presented in this article. We utilized four separately controlled
) gas flows to prepare a reaction gas mixture. Three of them were
the main flow of helium, the flow of nitrous oxide diluted with
helium (206-1000 times), and the flow of helium containing
water vapor. Water vapor was added to the third flow of helium
by bubbling helium though water at controlled pressure and
temperature in a thermostabilized saturator maintained at a
temperature~2 K below ambient temperature. We employed
three calibrated mass-flow controllers (SIERRA Instruments,
Inc., model 810C) with appropriate flow ranges to establish the

also see ref 11) to avoid possible effects from the thermal values of the three gas flows gnd maintain theirstapility during
decomposition of BD at high reaction temperatures and to the perfor_mance of the experiments. At selected times during
verify that the results were independent of the method of OH the experiments, we controlled values of these three flows by
generation. measuring rates of pressure increases in the calibrated volumes
Pulsed, unfocused radiation (10 Hz) from the probe laser was located upstream from the gas inlet of the opt_ical test c_eII. These
directed using two flat laser (UV enhanced, aluminum coated) Pressure measurements were performed with capacitance ma-
mirrors, My and M, and passed through two iris diaphragms, nometers (MKS Instruments, model 626A13TAE, range 1000
Ds and D, and a fluorescence-free UV fused silica window, Torr or model 622A12TAD, range 100 Torr). The fourth flow
W, placed at a Brewster angle into the detection zone of the of undiluted molecular substrate was manually regulated by a
optical test cell. metering valve (Swagelok, type SS-SS4). This flow was also
After the pulse of the excimer laser, the pulse of the probe determined by measuring the rate of the pressure increase in
laser induced excitation of hydroxyl radicals. OH was excited the calibrated volume before and after obtaining each OH
at approximately 282 nm via theZ&"—X2I1 (1—0) transition temporal profile. A mean value of these two flow measurements
followed by observation of fluorescence from the-(tl) and was taken to calculate molecular substrate concentration in the
(0—0) bands at 308316 nm (see, for example, refs 19, 20). reaction zone. The independence of the measured flows on the
The fluorescent radiation was monitored with a photomultiplier surface-to-volume ratio of the calibrated volume was verified

N,O + hy(193 nm)— N, + O(‘D)
O('D) + H,0 — 20H (5)

When CH, or CsHg was present in the reaction mixture, OH
could potentially be produced via reactions of-) with one

of these species that can occur simultaneously with reaction 5.
In selected experiments, we produced hydroxyl radicals by the
193-nm laser photolysis dissociation of® only ([N>O] = 0,
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to ensure the absence of interference from heterogeneouya)
absorption and desorption processes on the walls of this volume.

All flows were premixed and directed though the reactor. The
total flow rate ranged between 5.0 and 25 STP e, The
value of the total flow was set depending on total pressure and
temperature in the reaction zone to ensure slow-flow conditions,
such that each photolysis pulse-initiated reaction within a locally
fresh gas mixture, eliminating potential complications that might
result from accumulation of the photolysis or reaction products.
The composite flow conditioned the reactor for several minutes
prior to data collection, thereby minimizing any effects due to
reactant adsorption on the reactor walls and stabilizing the
established experimental conditions. The maximum systematic
uncertainty in the ratio of the measured molecular substrate flow
rate to the total flow rate of the reaction gas mixture has been
evaluated as 1.5% of this ratio value.

Pressure in the reactor was monitored with the capacitance(b)
manometers described earlier. A pressure measurement inlet wa

located (see Figure 1b) at the main axid,5 mm downstream
of the photolysis zone in the quartz tubular six-way cross. The
maximum systematic uncertainty in the reaction pressire,

was evaluated as 0.7% of this pressure value based on the finite
accuracies stated by the manufacturers for the devices used ir

pressure monitoring.

The reactor was resistively heated. A heater, thermoinsulator,
two temperature controllers (series CN77000), and Chromel-
Alumel thermocouples were supplied by OMEGA Engineering,
Inc. We employed two Chromel-Alumel thermocouples to
control the temperature within the heated zone. The first 0.813-
mm diameter thermocouple was fixed at the main axsmm
downstream from the photolysis zone of the quartz tubular six-
way cross (see Figure 1b). The temperature field inside the

heated zone with the desired temperature in the detection zone

(reaction temperature) was stabilized by using this thermocouple
installed with the temperature controller connected to the reactor

heater. The temperature field inside the heated zone was

measured (calibrated) with the second movable 0.508-mm
diameter Chromel-Alumel thermocouple and referenced to the
readout of the first thermocouple. The maximum total uncer-

tainty in the measurements of the reaction temperatiireid

not exceed 0.5% of and was considered as the systematic

source of the experimental errors because of its behavior
revealed during the calibration and experiments.

The molecular concentration of each reactant in the reaction
zone was calculated by means of the multiplication of three
values: the total concentration in the reaction zone derived from
measured pressure and temperature using the ideal gas law, th
molecular partial concentration in the flow carrying the reactant,
and the value of the ratio of the flow carrying the reactant to
the total gas flow rate. Typical reaction mixtures used in these
experiments consisted of the following molecular concentrations:
N2O, 3.6 x 10'%—1.5 x 10" or 0.0; HO, 4.0 x 10"-2.1 x
10'% He, 5.06x 107—3.99 x 108, Cl, 0.0-5.07 x 105, CHy,
0.0—3.89 x 10%; C3Hg, 0.0-3.49 x 10 in units of molecule
cm 3,

The chemicals utilized in this study had the following stated
minimum purities (and were supplied by): He, 99.999% (The
BOC Group, Inc.); Gl, 99.999% (Matheson Tri-Gas, Inc.); GH
99.999% (Matheson Tri-Gas);sBg, 99.993% (Matheson Tri-
Gas); NO, 9.98% mixture of 99.99% purity in 99.999% He
(The BOC Group); HO, A.C.S. reagent grade (Aldrich).
Analyses of CJ, CHs;, and GHg samples showed only trace
levels of impurities, and these small concentrations had a
negligible effect on the observed OH decay rates.
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Figure 1. a. Schematic drawing of the experimental apparatus. b. Two-
dimensional schematic drawing of the optical test cell (reactor). The
probe beam is perpendicular to the plane of the figure and intersects
fhe pump (photolysis) laser beam in the center of the reactor.

Il. B. Reaction Rate Measurements and Data Processing.
All experiments to measure the rate coefficients of reactions
1-3 were conducted under pseudo-first-order kinetic conditions
with a large excess of molecular substrate[GICH,4], [C3Hg]
> [OH]o. An estimated initial concentration of OH radicals in
the detection zone was in the range %010'°—3.0 x 10
molecule cm?, at least two orders of magnitude smaller than
the lowest molecular substrate concentration. We estimated OH
initial concentrations on the basis of a photolysis laser pulse
intensity measured as it entered the reactor, published UV
absorption coefficients of §D,2! our own experimental evalu-
ation of the absorption cross section obQN at 193 nm
performed at different temperatures, and on the assumption that
the maximum possible total yield of OH formation was equal
to 2.0 per absorption of one photon by@in the presence of
H»0. The initial OH concentrations produced from the direct
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Figure 2. Examples of relative OH temporal profiles obtained under
the following conditions: helium buffer gas, total pressBre= 20.10
kPa (150.8 Torr), temperatuiie= 365 K, [N;O] = 3.8 x 103 cm3,
[H20] = 1.59 x 105 [MS] = [Cl] = 0, 5.11x 10% 9.09 x 104,
1.54x 10'5 1.76 x 105, 2.38 x 105, 2.52x 10'°, 3.42x 10'°, 3.75

x 10 cm™3 for profiles 1-9, respectively.

photolysis of HO were estimated by comparing tBe values
obtained in the presence of® to those obtained in the absence
of NoO at different concentrations of @ and NO and
temperatures. The values of the initial concentrations of OH
radicals used in the experiments to determine the rate coef-
ficients of reactions 43 (listed in Tables 1, 2) are somewhat
overestimated and should be understood as upper limits to
[OH]o. Exact knowledge of the initial OH concentrations is not
needed for the determination of rate coefficients, because the

experiments were conducted under pseudo-first-order conditions.

The evaluated detection sensitivity for OH radicals ranged from
1 x 1C®to 5 x 10° molecule cm® depending on experimental
conditions.

Examples of temporal profiles of the set of experiments are
shown in Figure 2 as a plot of I8) versust. The initial
reaction time valuety, in all OH temporal profiles was not less
than 0.2 ms. This time delay followed the photolysis of the
reaction mixture and was sufficient for the completion of the
reaction 5 and for rotational and vibrational equilibration of OH
radicals to the Boltzmann distributidf?2?

We analyzed each set of experiments at first assuming first-
order kinetic behavior of OH decay

IN(S,,) = constant- K't 0]

where

K = k[MS] +k, (In
is the effective first-order rate coefficieri,is the bimolecular
rate coefficient of the reaction under study= 1, 2, 3), [MS]
(IMS] = [Clg], [CHy], [CsHg]) is the molecular substrate
concentration, ank is the effective first-order rate coefficient

of OH decay due to possible OH reactions with background
impurities in the buffer gas and )8, H,O precursors, OH
diffusion, and flow out of the detection zone (OH background
loss). The effective first-order rate coefficient valukisyalues,
were obtained from linear least-squares fits of the experimental
values of In&op) to eq I. (These least-squares fits and all next
least-squares fits were performed with no weighting of the data
points.) Examples of measuréd versus molecular substrate

concentration dependences are presented in Figures 3 and 4a,

(for Cl,, CH,4, and GHg substrates, respectively). We determined
the bimolecular rate coefficienk;, from the slope of the least-
squares straight line drawn through tkeversus [MS] data
points including the (0ko) point, whereky was derived from
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Figure 3. Examples of experimentally obtainédvs [Cl;] depend-
ences.
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Figure 4. Examples of experimentally obtaingdvs [CH,] (part a)
andk' vs [CsHg] (part b) dependences.

the OH temporal profile directly measured at zero concentration
of the molecular substrate.

However, under some experimental conditions, the OH
temporal profile detected at [MSF 0 and then plotted int]
In(Sow)] coordinates displayed a reproducible positive curvature.
By varying the reaction pressure, temperature, total flow rate,
and diameter of the photolysis beam, we found that the
appearance of this curvature was mainly caused by the process
of the OH diffusion out of the detection zone. All sets of the
experiments with such behavior of OH background loss were
also treated by data processing that is similar to that described
in refs 23-26. This method of data processing allows one to
analyze and decrease the possible effect of the non-first-order
kinetic behavior of the OH background loss on the measkired
value. During the first stage of data processing, each OH
temporal profile recorded in the presence of the molecular
substrate was point-by-point divided into the common interval
of time delays by the OH temporal profile recorded in the
absence of molecular substrate, in order to obtain OH back-
ground loss-corrected temporal profiles. These background
loss-corrected temporal profiles were then treated by data
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TABLE 1: Conditions and Results of Experiments to TABLE 2: Conditions and Results of Experiments to
Measure Rate Coefficients of the Reaction of Hydroxyl Measure Rate Coefficients of the Reactions of Hydroxyl
Radicals with Molecular Chlorine Radicals with Methane and Propane
[Cl range/  19/mJ  [OH]/10%° k91074 OH + CH; — H,0 + CH3 (2)
10"molecule pulse! molecule molecule?

3 - s = [CH4 range/ [°Y/mJ [OH]o/10° k10715
no? T/K PlkPa cm cm cm oS 10 molecule pulse* molecule molecule?
1 297 1341 4.8450.7 13 30 6.25- 0.31 no? T/K P/kPa cm3 cm2 cm3 cmis?t

297 1340 405483 2.6 60 63&021 1 208 1346 343205 11 6.1  6.480.19
3 330 6.70 4.5841.7 12 19 9.25t 0.67
2 298 13.43 3.5%20.7 3.6 2.0 6.29% 0.34
4 330 6.72 4.6333.1 2.8 4.4 9.28 0.26
3 299 1343 5.04295 11 27 6.75-0.12
5 365 20.10 5.1%375 11 9.6 13.720.44
4 299 13.43 5.1%29.9 4.1 10 6.78£ 0.14
6 404 1341 3.0549.1 11 17 19.72: 0.33
5 341 6.71 5.8618.7 10 8.5 15.19% 0.57
7 404 13.40 3.1%19.1 2.6 4.0 19.0&: 0.38
6 341 6.71 6.0519.1 2.6 2.2 15.22 0.62
8 447 1341 5.9420.6 11 12 26.32- 0.96
7 408 13.43 3.0238.9 10 7.7 36. & 1.2
9 447 1341 5.9320.7 2.6 2.8 25213
8 408 13.43 3.0838.1 4.3 3.3 371+ 1.3
10 501 13.41 3.74435 11 7.0 35 & 1.7
9 507 13.43 2.5521.6 12 7.3 108.5 3.7
11 501 13.42 3.2320.2 11 7.3 36.% 2.3
10 507 13.43 2.5621.7 3.3 2.0 106.% 3.6
12 562 6.70 3.7616.5 12 4.3 49.# 3.0 B
11" 606 24.15 2.05125 13 2.5 243.% 8.7
13 562 6.70 3.7916.3 12 4.3 50.# 4.0
12 706 13.41 0.4226.47 13 11 482+ 12
14 620 13.40 2.7817.6 4.3 5.9 60.3 2.6 13 706 1341 0.4276.41 33 29 4819475
15 620 13.39 3.1816.8 12 16 59.Gt 3.6 " ) ’ ' ’ ' y )
14 807 13.43 0.12%4.00 14 3.2 803t 19
16 719 13.42 1.4410.1 13 19 87.14.0
15 908 13.41 0.2732.70 11 16 1246- 42
17 719 13.42 1.4310.7 2.6 3.8 87.#5.0
16° 908 13.41 0.27%32.70 2.6 3.8 1232 43
18 810 10.74 2411.2 10 16 125.& 2.5
17 961 6.71 0.3331.260 13 6.3 142% 43
19 810 10.74 2.3911.1 2.1 34 1244 7.4
18 1009 21.46 0.23061.33 11 12 168#& 72
20° 825 10.73 1.195.68 13 3.8 131.& 7.9 19 1009 21.46 0.2361.33 36 38 1676 62
21" 825 21.46 3.7910.9 13 7.6 121.54.1 ’ ’ ' ’ '
22 826 13.39 0.7%6.3 12 4.4 131.3-6.9 OH + C3Hg — products (3)
a Experiment number. [MD] = 0 was in experiments marked with [CsHg] range/ 1°’mJ  [OH]o/10Y°  kg¢/10712
*. bPhotolysis laser intensity.Error limits represent @ statistical 10"molecule pulse® molecule molecule*
uncertainties only. Maximum estimated systematic uncertainty is 5% no? T/K P/kPa cm 3 cm2 cm3 cmést
of the rate coefficient value (see text). 1* 296 12.07 378203 86 1.0  1.08% 0.055
processing described in the previous paragraph. The linear 2 296 12.01 173327 13 3.7 1.08%0.024
least-squares fit method with two floated parameters was ap- 339 1209 328335 13 6.7 148%0.034
lied in both stages to obtaiki= k[MS] (in this case) and 4 339 1209 3.2534.9 41 21 14530044
P . . : . 5 407 6.71 186180 12 2.1 2.156- 0.092
ki values. The point with (0, O) coordinates was always in- g 495 1205 1.3411.9 8.9 27 337 0.15
cluded in the data points set of the third stage. For the same set 7 605 6.71 1.174.69 4.8 2.4 4.9% 0.22
of experiments, the application of data processing with the 8 705 12.05 0.4662.88 13 3.0 6.65- 0.20
background loss correction stage always yielded a lower value 9 765 6.68 0.4534.39 14 7.7 7.4%0.30
for ki than the value obtained by applying the data pro- 10 765 6.68 0.4823.83 4.8 2.6 7.320.38
cessing without the background loss correction stage; how- 3885 12;353 gﬁ)’gigg 12 1%'7 lg'gi 8'22
ever, the difference between these two values never exceede 908 1205 0408412 29 36 1038 019

4% of their average value. Only in those cases where this

difference was 1.0% or more of thevalue, thek; value obtained & Experiment number. [pO] = 0 was in experiments marked with

by the data processing with the background loss correction stage- - hotolysis laser intensity.Error limits represent & statistical
ncertainties only. Maximum estimated systematic uncertainty is 5%

was taken as the result of its measurement for the subsequengf the rate coefficient value (see text).
consideration, instead of thHe value obtained assuming first-
order kinetic behavior of OH decay. Therefore, a systematic
uncertainty in the experimentally obtained rate coefficients,
caused by unaccounted-for deviation of OH background loss
from the first-order kinetic behavior, was evaluated as 1% of
and taken into account in the evaluation of the systematic error
of the measured bimolecular rate coefficients (vide infra).

Il. C. Experimental Results. The kinetic study of the
reactions of OH with G|, CH,;, and GHg was performed over
the temperature ranges of 29826, 298-1009, and 296908
K and at pressures between 6.7 and 21.46, 6.71 and 24.15, an
6.68 and 24.13 kPa, respectively. The initial concentration of

section). The fact that the rate coefficients are independent of
the initial OH radical concentration indicates an absence of any
influence of potential secondary reactions on the kinetics of OH
radicals, as can be expected by the low values of JJHD x
10'0—3.0 x 10" molecule cm3) estimated as upper limits.
Similarly, the observed absence of any correlation between the
measured rate coefficients and the photolysis laser intensity
indicates that the potential effects of reactions between OH and
H"Ie products of the laser photolysis of molecular substrates are
negligible. At the highest temperatures used in the study of

OH radicals was varied by changing the photolysis laser reaction 1_,_the absence of any potential _e_ffects of thermal
intensity, the concentration of 9, and the concentration of decomposition of molecular chlorine was verified by measuring

H,0. Conditions and results of experiments to determine the rate; coefficients at different pressures and bulk flow velocities
values of the rate coefficients of reactions3 are presented ~ Varied by a factor of approximately 2.

in Tables 1 and 2. The rate coefficients demonstrate no Temperature dependence values of the bimolecular rate
dependence on pressure or initial concentration of OH radicals coefficients for reaction 43 are displayed in Figures 5 and 6
within the experimental ranges. The observed pressure inde-in Arrhenius coordinates. The rate coefficients exhibit positive
pendence was anticipated, because the mechanisms of reactiortemperature dependence that can be represented with the
1-3 were expected to be those of atom abstraction (see nextfollowing modified three-parameter Arrhenius expressions
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Figure 5. Temperature dependence of the rate coefficient for reaction
1 displayed in Arrhenius coordinates. Closed circl@ tepresent the
current experimental data; open squar® ¢epresents ref 5; open
triangle up @) represents ref 6; open diamon&)(represents ref 7;
open hexagonsY) represent ref 8; open circle®) represent ref 9.
The solid line ¢) represents the modified Arrhenius fit of eq Ill; the
dashed line (- - -) represents eq VI (see text).
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Figure 6. Temperature dependences of the rate coefficients for
reactions 2 and 3 displayed in Arrhenius coordinates. Reaction 2:
Closed squaresH) represent the current experimental data; open
triangles up £) represent ref 10; open squaré&s) fepresent ref 11;
open triangles dowrw) represent ref 12; open hexagoRy (epresent
ref 13; the solid line €) represents the result of the fit of the current
experimental data only (eq IV). Reaction 3: closed cird@3 (epresent
the current experimental data; open circle$ (epresent ref 14; closed
triangles up 4) represent ref 15; open diamond3)(represent ref 16;
the dashed line (- - -) represents the result of the fit of the current
experimental data only (eq V).

within their corresponding experimental temperature ranges

k, = 3.59x 10 *® T-%exp(-745 K/T) cm® molecule ' s*
(297-826 K) ()

k, = 3.82x 10 *° T*®exp(—1136 K/T) cm’ molecule ' s*
(298-1009 K) (IV)

ks = 6.64x 10 *° T-**exp(-271 K/T) cm® molecule ' s*
(296-908 K) (V)

Maximum deviations of our experimental rate coefficient values

from the rate coefficient values calculated using these param-
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substrate, ratios of the calibrated volumes, reaction pressure,
temperature, time, anfl and S, values, were subdivided into
statistical and systematic categories according to their physical
nature or the behavior observed during the performance of the
experiments. The evaluation of potential systematic errors was
mainly based on the finite accuracy of the equipment. The
uncertainties in the measured experimental parameters were
propagated to the final values of the uncertainties in the
measured rate coefficients, using different mathematical pro-
cedures for propagating systematic and statistical uncertafties.
The error limits of the experimentally obtained rate coefficients
listed in Tables 1 and 2 represent the ®vel of statistical
(random) uncertainty only. The evaluated maximum of the
systematic uncertainty in the experimental rate coefficients is
5% of the value.

lll. Potential Energy Surface and Transition-State
Theory Model of Reaction 1

Ill. A. Potential Energy Surface Study. The potential
energy surface (PES) of reaction 1, that of OH with, @as
studied using quantum chemical approaches. Two methods were
used for the optimization of molecular structures and calculation
of vibrational frequencies: density functional BH&HL ¥
and QCISD®® both with the aug-cc-pVDZ basis sét.The
version of the BH&HLYP functional implemented Baussian
98%2 was used which, as described in the Gaussian manual, is
different from that of ref 28. The sets of vibrational frequencies
obtained using BH&HLYP and QCISD methods are similar to
each other (Table 1S in the Supporting Information). The
Gaussian 9& program was used in all PES calculations. In
addition, high-level single-point energy calculations were carried
out for the PES stationary points using the QCISBE{f)ethod
with two basis sets, aug-cc-pVDZ and aug-cc-p\PEZAll
QCISD(T) results lead to the same qualitative conclusions
regarding the mechanism of reaction 1; energy values quoted
in the text henceforth are those obtained in the QCISD(T)/aug-
cc-pVTZ//IQCISD/aug-cc-pDTZ calculations and include vibra-
tional zero-point energies unless stated otherwise. The results
of the PES study are summarized in Table 3 and Figure 7, and
the detailed information is given in the Supporting Information
(Table 1S).

The reaction path leading from the OH Cl, reactants to
the HOCI + CI products has an energy barrier (transition
state TS1) and two shallow van der Waals minima on both
the reactants (vdW1) and the products (vdW2) sides of the
barrier (-6.5 relative to the reactants andl0.1 kJ mof?!
relative to the products). The energy barrier height was
overestimated at both the BH&HLYP (39 kJ mé) and the
QCISD (29 kJ mat?) levels, as can be seen by comparing
these values with the 11.6 kJ mblexperimental activation
energy obtained if the experimentk(T) dependence is fit
with a two-parameter Arrhenius expression. The use of the
higher-level QCISD(T) single-point calculations reduced
the barrier height to more realistic values in the +116.6 kJ
mol~! range (see Table 3 for individual values corresponding
to each combination of basis set and geometry optimization
method).

An attempt was made to locate a transition state (PES saddle

etrized expressions are 7.0% (expression lll), 4.8% (expressionpoint) for the reaction channel leading from GHCI; to the

IV), and 2.5% (expression V). Error limits of the parameters in

HCI + CIO products. In these calculations, a two-dimensional

expressions IHV are not reported, because these parameters PES scan (CtCl and O-H, starting from the HOCH- ClI

bear no physical meaning.

product valley) at the BH&HLYP/aug-cc-pVDZ level and three-

The sources of error in the measured experimental physical dimensional scan (GICI, O—H, and O-ClI) at the B3LYP%39
parameters, such as total flow rate, flow rate of the molecular aug-cc-pVDZ level were performed. The searched-for transition
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TABLE 3: Energies of Reactants, Products, and Stationary Points on the PES of Reaction 1 Obtained in Quantum Chemical
Calculations?

specie®
method HOCI+Cl  HCI+CIO  vdwl vdw2 vaw3 IP1 TSI TS2
BH&HLYP/aug-cc-pVDZ optimization
BH&HLYP/aug-cc-pvVDZ 15.11 —8.04 —5.63 5.80 —-14.11 10.39 39.13 49.62
QCISD(T)/aug-cc-pVDZ -8.17 —30.86 —7.30 —16.65 —33.87 —15.68 11.12 26.34
QCISD(T)/aug-cc-pVTZ 4.45 —26.50 —6.18 —6.70 —29.58 -3.19 13.91 44.55
QCISD/aug-cc-pVDZ optimization
QCISD/aug-cc-pvVDZ —6.87 —27.62 —6.44 —14.41 —37.12 —13.44 29.22 34.53
QCISD(T)/aug-cc-pVDZ —9.52 —30.05 —7.50 —18.80 —41.13 —17.08 13.85 30.69
QCISD(T)/aug-cc-pVTZ 351 —24.40 —6.47 —6.61 —34.48 —4.20 16.55 31.67
experimentél 9.7+3.3 —29.2+ 3.5 9.63

2 Energy values are given in kJ mélrelative to OH+ Cl, and include zero-point vibrational energy (ZPEBee text for the description of the
individual PES stationary point§ Ref 35 for productsAHy°) and the result of transition-state theory fit of experimeht@l) dependence for TS1.

potential formation of the HCt CIO products can be neglected

40 } in the OH+ CI; reaction.
TS2

lll. B. Rate Coefficient Calculations. To provide means for
an extrapolation of the experiment&l(T) dependence to
temperatures outside the experimental range, a transition-state
theory model of reaction 1 was created in the current work. In
the initial approximation to the properties of the reaction
transition state, geometry, and vibrational frequencies obtained
at the QCISD/aug-cc-pVDZ level, calculations were used
together with the experimental properties of the reactants and
HCl+ Clo products®® Rate coefficient values were calculated using the
classical transition-state theory formula (see, for example, ref

N
o

Cl + HOCI

OH +Cly

Energy / kJ mol™
o

)
]

vdw3 36) .

The reaction transition state has one torsional degree of

Reaction coordinate freedom. The PES of this torsion, obtained using a relaxed scan

Figure 7. Potential energy surface of reaction 1 obtained in quantum

chemical calculations (see text). QCISD(T)/aug-cc-pVTZ//QCISD/aug- of the TO_CII(_CI dlllhedrarl] angle has two unleqlljal. maXIrrr]la
cc-pDTZ energies are used for the plot (solid horizontal linek, (7.5 and 28.1 kJ mof). In the rate constant calculations, the

Dotted lines {--) indicate the experimental values AH,° for HOCI partition function of this torsional degree of freedom was
+ Cl and HCI+ CIO (ref 35) and the energy barrier height for calculated by summing over the energy levels evaluated via a
TS1 obtained in transition-state theory modeling of the experimental numerical solution of the Schdinger equation. Th&EGH1D

data. prograni’ of Johnson was used in the energy level calculations.
state could not be found. The three-dimensional scan producedEXistence of the low-lying excited electronic stdfesf OH

a PES ridge without a saddle point separating the -©i€l, (139.7 cm?) and CI (882.5 cm?) was taken into account in
and the HCH- CIO valleys. the rate coefficient calculations.

However, a reaction path leading from the van der Waals The energy barrier of reaction 1 was adjusted to provide a
complex corresponding to the HO&I Cl products (vdW2) to match with the experiment&l(T) dependence. A combined set
HCI + CIO was found using both the BH&HLYP and QCISD of data formed by the results of the current study and those of
geometry optimizations. This path leads from vdW2 through Gilles et al® (included to represent the low-temperatig€r)
the structure denoted as IP1, a transition state TS2, and a vardependence) was used in the fitting. The resultant model

der Waals complex vdW3 corresponding to the HEICIO reproduces the experimentalT) dependence very well, with
products. The IP1 structure (Table 1S in the Supporting the calculated room-temperature preexponential factor differing
Information) has energy that is 7.7 kJ mbbelow that of HOCI from the experimental one by a factor of 1.4. An adjustment of

+ CI and resembles another shallow-well van der Waals the lowest vibrational frequency of the transition state (from
complex. The molecular structure optimization procedure 171 to 242 cm?) brought the calculated temperature dependence
implemented irGaussian 98 reported IP1 as a PES minimum;  into agreement with the experimental one. The final adjusted
however, a BH&HLYP-level scan of the €Cl distance leading  value of the reaction energy barrier is 9.6 kJ mol
from IP1 to vdW2 indicated that the path between these two  The rate coefficient values extrapolated via modeling can be
structures is barrierless. Therefore, itis likely that IP1 representsrepresented by the modified Arrhenius expression
an inflection point on the reaction PES, not a local minimum.

The TS1 PES saddle point represents the dynamic bottleneck _ —16-1.50 , 3 11
of the OH+ CIl, — HOCI + Cl reaction. Any further chemical kkl = 1.35x 107"T"exp(~723 KIT) cm” molecule " s
transformation of the exit van der Waals complex (vdw2) can (200-3000 K) (V1)
be expected to largely favor dissociation into HOELCI via a
very loosé*transition state with densities of states that are much With deviations from the calculated values of less than 4%
larger than those of the tighter PES saddle points TS1 and TS2.between 200 and 3000 K.
In addition, the energy of the transition state for the pathway Information on reaction 1 obtained in the current work can
leading to the HCH CIO products (TS2) is higher than that of be used in combination with the known thermochemistry to
the HOCI+ ClI products by 28.2 kJ mol, indicating that the derive the temperature dependences of the rate coefficient of
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the reverse process, that of the reactions of abstraction of ameans for the extrapolation of thgT) temperature dependence

chlorine atom from HOCI by Cl: to outside the experimental temperature range. The PES of
reaction 1 obtained in quantum chemical calculations demon-
Cl+ HOCI—OH+ Cl, (—1) strates good agreement with experimental results. The vibrational

frequencies of the transition state (TS1) obtained at both the
The transition-state theory model of reaction 1 created in the BH&HLYP and QCISD levels yield realistic preexponential
current study results in th& 1(T) dependence that can be factors; only a minor adjustment (see section lll. B.) was needed

represented by the expression to bring the model to complete agreement with the experimental
ki(T) dependence. The QCISD(T)/aug-cc-pVTZ level energy
k_, =2.76x 10 *T-*exp(177 K cm’® molecule * s™* calculations also provide reasonable agreement with the ex-

perimental values of the reaction enthalpy and barrier height,
with deviations of 5-6 and 4-7 kJ mol?, respectively (see
Table 3). Theoretical model predictions suggest ©KCl, —
HOCI + CI as the main channel for reaction 1, in agreement
with the room-temperature evaluation of the branching ratio for
the OH reaction with Glpresented in the work of Loewenstein

et al” The agreement between experimental and computational
results provides support for further use of the computational
techniques applied here for the treatment of other reactions of
similar types.

(200-3000 K) (VII)

with deviations from the calculated values of less than 7%.

Here, thermochemical properties from ref 35 were used. The
uncertainty in expression VIl originates, primarily, from that
in the enthalpy of reaction 1. The uncertainty factor can be
calculated for any temperature using the van’t Hoff factor with
the cumulative reaction enthalpy uncertainty of 3.3 kJ Thol
The bimolecular rate coefficient values for reactiefh calcu-
lated from the temperature dependence of expression VIl are
consistent with the recommendation given in ref 38 for4Cl
HOCI — products within reported uncertainties in a common
temperature interval.
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