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The kinetics of the reactions of the OH radical with ethekg, fpropene K), and 1-butenekg) are studied
over a temperature range o= 96—296 K. The low-temperature environment is provided by a pulsed Laval
nozzle supersonic expansion of nitrogen with admixed radical precursor and reactant gases. The OH radicals
are produced by pulsed photolysis of®3 at 248 nm. Laser-induced fluorescence of the OH radicals excited
in the (1,0) band of the & —X2IT; transition is used to monitor the OH decay kinetics to obtain the bimolecular
rate coefficients. AT = 296 K, the rate constantg, k;, andks are also measured as a function of total

pressure. The room-temperature falloff parameters are used as the basis for extrapolation of the low-temperature

kinetic data, obtained over a limited range of gas number density, to predict the high-pressure limits of all

three rate coefficients at low temperatures. The temperature dependence of the measured high-pressure rate

constants foll = 96—296 K can be expressed as follows;., = (8.7 & 0.7) x 10-13(T/300)~0-85£0.11) oy
molecule s71; koo = (2.954 0.10) x 1074T/300)~1060-13) cm® molecule s7%; kg = (3.024 0.15) x
10714(T/300)~144:0-10) cm® molecule s71. All three high-pressure rate constants show a slight negative
temperature dependence, which is generally in agreement with both low-temperature and high-temperature
kinetic data available in the literature. Implications to the atmospheric chemistry of Saturn are discussed.
Incorporating the new experimental data knin photochemical models of Saturn’s atmosphere may
significantly increase the predicted rate of photochemical conversiop@itio C—O containing molecules.

Introduction this paper we report new kinetic data on the reactions of OH

) with ethene, propene, and 1-butene:
In a previous paper we reported measurements of the rate

constants of the reactions of hydroxyl radical OH with propene K
and 1-butene aF = 103 and 298 K using a pulsed Laval nozzle OH + C,H, (+ M) — C,H,OH (+ M) (R1)
apparatus. Both measured rate constants agreed well with
. . . . k
available low-temperature and high-temperature kinetic data, OH + C,H, (+ M) e C:HOH (+ M) (R2)

showing a slight negative temperature dependence. At low and

moderate temperatures, reactions of OH with alkenes proceed .

by addition2=° therefore, in general, the corresponding rate OH + C,Hg (+ M) = C,HsOH (+ M) (R3)
constants should be pressure-dependent. In the initial ‘stuely

assumed that the rate constants for the @Hpropene and obtained over a temperature range of= 96-296 K. As

OH + 1-butene reactions measuredTat 103 K and a total  jndicated by the reaction equations, we assume that all three
gas number density of about-210'* molecule cm®are at, or  reactions proceed by addition at low temperatures. The rate
very close to, the high-pressure limit. This assumption is constantsk;, k,, and ks are measured as a function of total
reasonable in view of the considerable complexity of the speciespressure aff = 296 K, and the room-temperature falloff
involved in the reactions. Moreover, comparison of the rate parameters are used to extrapolate the low-temperature data for
constants measured at room temperature and similar total gag; k,, andks (obtained for a limited range of total gas number
densities with literature data shows that the 20'° molecule  gensities) to the high-pressure limit. The obtained rate constants
cm™3 gas number density provides essentially high-pressure gre compared to the available literature data and are also

conditions for these two reactions even at room temperature. giscussed in terms of possible applications to the photochemical
However, our estimates indicate that the high-pressure limit yodels of the atmospheres of the outer planets.

would not be the case for the reaction of OH with ethene. For
this reaction, analysis of the pressure dependence of the rateExperimental Section

constant is required even at temperatures as low as 100 K. In A . .
g P The apparatus used in this work has been described previ-

ously>19Therefore, only a brief description will be given here.
The low-temperature environment is created by supersonic
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TABLE 1: Characterization of the Three Laval Nozzles, Used in the Kinetic Experiments, by Different Methods

Pitot tube measurements OH LIF direct measurements
excitation spectra  of the flow velocity

gas number density,

nozzle Mach number molecules cm? temp, K flow velocity, cm/s temp, K flow velocity, cm/ s
1 2.01+0.19 (3.5+ 0.7) x 106 165+ 14 (5.34=+ 0.30) x 10* 152+14 (5.34+ 0.10) x 10*
2 2.93+0.14 (2.65+ 0.45) x 106 110+ 7 (6.24+ 0.12) x 10* 109+ 16 (6.214+ 0.12) x 10
3 3.24+0.10 (1.94+ 0.2) x 106 96+ 4 (6.48+ 0.07) x 10* 94+ 8 (6.47+ 0.09) x 10*

admixed radical precursor and reactant gases) to the preexpanbackground subtraction is performed by setting the phototysis
sion chamber of the nozzle block. The gas expands through theprobe delay to a negative value for every other triggering pulse
Laval nozzle to the chamber pumped by a mechanical pump and subtracting the background from the signal. Normally, each
(60 L/s). The expansion results in a collimated supersonic gasOH decay profile is obtained as an average of-200
flow, which is characterized by uniform Mach number, gas experimental kinetic curves. Each kinetic curve consists of 20
number density, and temperature along the flow axis for about points (signal minus background) covering a probe delay time
20 cm10The variable opening of a gate valve is used to control interval of 10-200us in 10us steps and taket s to beacquired
the pumping speed in order to optimize the background pressure(at 10-Hz pulse repetition rate). The triggering of all units and
for the appropriate collimation of the supersonic flow. The devices is provided by a four-channel digital delay/pulse
background pressure in the chamber is measured by a capacigenerator. Both the boxcar integrator and the pulse generator
tance manometer. With three different Laval nozzles used in are GPIB-interfaced to a PC computer, which is used to control
the present work, the kinetic measurements can be performedthe experiment and for data acquisition.
in a temperature range of 9465 K. The Mach number, The gas flows, supplied from cylinders through stainless steel
temperature, gas number density, and static pressure in thdines and controlled by mass flow controllers, are mixed in a
supersonic flow are characterized by Pitot tube measurerfents, 150-cn? stainless steel cylinder on their way to the nozzle block.
as described earliéri° The static pressure of the flow obtained A controlled flow of N, is bubbled through a sample of a
from the Pitot tube measurements is in reasonably good concentratedX90%) aqueous solution of hydrogen peroxide
agreement with the background pressure in the chamber adjusteénd then mixed into the main flow of the carrier gas. The total
to obtain a collimated supersonic flow. For the three nozzles gas number density in the collimated supersonic flow is
used in the experiments, the difference was not more than 13%.measured by the Pitot tube methBds described in the earlier
The temperature in the flow can also be tested independentlywork.! The gas number densities for individual components are
by analysis of the rotational structure of laser-induced fluores- calculated from the total density and the known relative mass
cence (LIF) excitation spectra of the OH radié#h this paper, flows. The flow controllers are calibrated for individual gases
we use an additional means of flow diagnostics, namely, direct by measuring the rate of filling a known volume to a known
measurement of its velocity, based on measurements of the OHpressure.
radical LIF signal versus distance between the nozzle and The gases used are as follows:, KB9.999%); ethene
photomultiplier (see Results). (99.999%); propene (99.97%); 1-butene (99.9%). All gases are
The chamber and the nozzle block have quartz windows, used as supplied without purification.
which makes it possible to introduce laser beams along the axis
of the gas flow to generate radicals photolytically (an excimer Results and Discussion
laser) and for laser-based diagnostics (tunable frequency-doubled ' characterization of the Supersonic Flow: Direct Mea-
dye laser). In this work, LIF from OH is used as a probe. The gyrement of Flow Velocity. In this work, three Laval nozzles
output flange of the chamber is equipped with a baffle arm are ysed to provide different low-temperature environments at
ending in a quartz Brewster angle window to minimize the gjfferent temperatures. The supersonic flows produced by the
scattered light. nozzles are characterized by Pitot tube measurements and LIF
The OH radicals are produced by pulsed photolysisH  spectroscopy of OH radicals. The characterization procedures
at 248 nm with the unfocused beam of a KrF excimer laser (up have been described in detail elsewhefiée results of these
to 100 mJ/pulse at a repetition rate of 10 Hz). The frequency- measurements for the three nozzles are summarized in Table 1.
doubled output radiation of a pulsed dye laser operating on As seen from Table 1, uncertainties in temperature and gas
Rhodamine 590 dye and pumped by the second harmonic of anumber density are relatively high (especially for nozzle no.
Nd:YAG laser is used for excitation of LIF in the;Q) line of 1). These uncertainties are caused mainly by inhomogeneity of
the (1,0) band of the &*—XII; transition of OH. LIF from  the collimated supersonic flow and are treated as systematic

OH is detected on the (1,1) and (0,0) bands of theXA  errors in evaluating the final uncertainties reported for the
transition by a photomultiplier tube (PMT) equipped with a UG- measured rate constasts.

11 UV band-pass filter and a narrow-band interference filter  We also use a direct method of determination of the flow
(3104 10 nm). The PMT, mounted 15 cm downstream of the velocity, which provides complementary information. To mea-
nozzle, detects the light that is collected by a quartz lens (5 cm sure the flow velocity we take advantage of a spike in the OH
in diameter and 5-cm focal length). The lens focuses the image concentration time profile that is produced by the photolysis of
of a segment of the irradiated zone, which is about 2 cm long, H,0, in the preexpansion chamber of the Laval nozzle block
to the PMT photocathode. The optics are appropriately shielded(see Figure 1a). The preexpansion chamber is relatively small,
to minimize the effect of scattered light. and most of its volume is irradiated by the photolysis laser beam.
The kinetics of the OH decay are traced by monitoring the When the portion of the gas irradiated in the preexpansion
OH LIF intensity versus delay between the photolysis and probe chamber expands through the nozzle, the OH radicals fill the
laser pulses. Typically, the signal from the photomultiplier is whole aperture of the flow (in contrast to the OH produced in
integrated over a 200-ns gate after a delay of 200 ns with respecthe supersonic flow, where OH radicals are formed only within
to the excitation laser pulse by a boxcar averager. Active the laser beam aperture diameter). Since the gas flow diameter
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Figure 1. (a) Points show the OH time profiles obtained in the
photolysis of HO, in supersonic expansion through Laval nozzle no.
3 (Mach number 3.24) at different nozzZlPMT distances. For each
data set, lines represent the parabolic fits to the seven points closest t

the maximum of the spike. Arrows show the positions of the maxima . . .
of the spikes in OH time profiles that correspond to OH produced in from Pitot tube measurements are considered the most reliable.

the preexpansion chamber (see text). The time window for kinetic 1Ne direct OH LIF flow velocity measurements have smaller
studies (which are performed at a nozzRMT distance of 15 cm) is uncertainty for the no. 1 nozzle but give excellent agreement
indicated as the “working range”. (b) The arrival times of the spikes with the Pitot tube measurements. The Pitot measurements are
in OH time profiles plotted in timedistance coordinates for the three  ysed to characterize the experimental conditions for the kinetic
nozzles used in this study. The flow velocities obtained from the slopes gt\,dies described in the following sections.
are indicated. Rate Constants for the Reactions of OH with Ethene,
Propene, and 1-ButeneThe low-temperature rate constants
of the reactions R1, R2, and R3 are measured using the pulsed
. S Laval nozzle expansion method and LIF detection of the
OH .radlcals are detected by L”:),'S different (slower) for the disappearance of the OH radicals. The inset in Figure 2 shows
portion .Of the flow where the radicals are fo”“e‘,’ b‘?fOfe the representative examples of OH decay profiles obtained at
expansion. This leads to the appearance of a spike in the OHjitterent concentrations of 1-buteneTat 110 K. Similar results
rad|cal_prof|le. Another reason for the OH splk_e formation could have been obtained for OH decay kinetics in the presence of
be a difference in the absprpnon cross-section gbiht 248 ethene and propene. In all cases, the kinetic curves are well
nm at low temperatures (in the supersonic flow) and at room gaccriped by a single-exponential decay function. To ensure that
temperature (in the preexpansion regigh:Note thatonly the e ol rotational relaxation effedfs!s do not interfere with
uniform part of the OH profile (with nozzlePMT distance  he OH reactive decay kinetics, we neglect the first two points
equal to 15 cm) is used for kinetic studies (marked as the o the experimental kinetic curves in the fitting procedure; i.e.,
“working range” in Figure 1a). The portion of the OH profile e fit only the tails of the OH time profiles, starting at a 38-
with the spike is used only for the flow velocity measurements. photolysis-probe delay (the fitted data range is shown by the
To measure the flow velocity, the OH time profiles are horizontal arrow in the inset in Figure 2). To obtain the rate
recorded at different distances between the Laval nozzle andconstants, the OH decay time is measured as a function of alkene
the PMT (see Figure 1a). The arrival time of the maximum of concentration, which is varied over at least a factor of 10. A
the spike is determined for each nozzRMT distance by fitting  representative example of the pseudo-first-order plot for reaction
the seven points closest to the maximum of the spike by a R3 is shown in Figure 2. The corresponding rate constant can
second-order polynomial for each data set (lines in Figure 1a). be obtained from the slope of the straight line that fits the
Then the data are plotted in distandéne coordinates. Figure  experimental dependence. The intercept is primarily due to the
1b shows the results obtained for the three nozzles. The slopesliffusion loss of the OH radicals out of the detection zone. We
of the linear fits of the experimental data give the flow velocities estimate the OH concentration immediately after the photolysis
directly. The results of the direct velocity measurements are pulse to be<3 x 10'° molecule cn®, which is about 3 orders
presented in Table 1 and are seen to be in excellent agreemendf magnitude less than the smallest alkene concentration used
with both the Pitot tube data and the OH rotational temperaturesin kinetic measurements. Therefore, self-reaction of OH can
obtained by LIF. In this work we use a simplified procedure to probably be neglected. However, a certain contribution of the
estimate the OH rotational temperature that involves consider- reaction of OH with HO, cannot be excluded. The rate constant
ation of relative intensities of the rotational lines belonging to for this reaction at room temperature is 17 10712 cm?
only two branches, Rand Qy, of the LIF excitation spectra of  molecule? s71,16 and low-temperature measurements of this
the OH radical in the (1,0) band of the?&F—X?2IT transition rate constant are underway in this laboratory. The rate constants
(obtained at the photolysiprobe delay of 30us). This for reactions R1, R2, and R3 measured at different temperatures
procedure produces higher uncertainty, compared with the Pitotand gas number densities, as well as the details of the
tube measurements. The supersonic flow parameters derivecexperimental conditions, are presented in Tablegt.2The

is 2—4 times larger than the laser beam diameter, the radial
diffusion of the radicals from the center of the flow (where the
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TABLE 2: Rate Constants for the OH + C,H, Reaction
(kq). Buffer Gas N,

total gas denS|ty, [C2H4], rate constant,

T, K molecule cm?3 molecule cm®  cm® molecule’l st
96+4 (1.9£0.2)x 106  (0-6.3)x 10* (1.99+ 0.33)x 10711
110+ 7 (2.65+ 0.45)x 1016 (0—7.2) x 104 (1.74- 0.40)x 10711
1654+ 14 (3.5+0.7)x 1016 (0—-1.6)x 1015 (7.20+ 1.80)x 10712
206+ 2  2.85x 10 (0—1.6) x 1015 (1.54-+ 0.19)x 10712
206+2  4.74x 101 (0-2.6) x 1015 (2.03+ 0.21)x 10712
296+2  8.06x 10 (0-4.3)x 1015 (2.724 0.30)x 10712
206+ 2  1.07x 107 (0-5.8) x 1015 (3.04-+ 0.33)x 10712
296+2  1.68x 107 (0-9.6) x 1015 (3.60+ 0.46)x 10712
206+2  2.34x 107 (0-6.5) x 1015 (4.43- 0.54)x 10712
296+2  3.27x 107 (0-6.6) x 1015 (5.09+ 0.59) x 10712
206+ 2  4.85x 107 (0-5.1) x 1015 (5.02-+ 0.62) x 10°12
296+2  7.11x 107 (0-4.2)x 1015 (5.48+ 0.58)x 10712
206+2  9.72x 107 (0-3.5)x 1015 (5.59+ 0.59)x 10712
206+ 2  1.65x 10'® (0-6.6) x 1015 (6.17+ 0.67)x 10712
296+2  3.25x 10'8 (0-7.1)x 1015 (6.80+ 0.76)x 10712

a2 The indicated uncertainties are representeft 2, whereo; is a
“combined standard uncertainty” that accumulates both statistical and R3 gbtained in this work and taken from the literature, plotted as a
systematic errors (see text).

TABLE 3: Rate Constants for the OH + C3Hg Reaction
(k). Buffer Gas N,

total gas density, [C3He), rate constant,

T, K molecule cm® molecule cm®  cm® moleculels™?
96+ 4 (1.940.2)x 106 (0—4.6)x 104 (1.29+ 0.29)x 10710
103+9  2.1x 10 (0—-3.8) x 10 (8.1+ 1.8) x 10711b
165+ 14 (3.5+0.7)x 106 (0—1.4)x 105 (5.10+ 1.31)x 107t
296+2  2.88x 106 (0-9.4)x 104 (1.56+ 0.18)x 1071t
296+ 2  4.8x 106 (0—9.2) x 104 (1.934 0.21)x 107 11b
296+ 2  4.8x 10 (0-9.2) x 104 (1.79+ 0.19)x 10°11b
296+ 2  4.83x 10 (0—1.6) x 1015 (1.78+ 0.19)x 1071t
296+ 2  8.35x 106 (0-2.7)x10'5  (1.85+0.19)x 107t
2964 2 1.08x 10 (0-1.9)x 10> (1.90+ 0.21)x 1071t
296+2  1.66x 10Y7 (0—1.5) x 1015 (2.06+ 0.23)x 1071t
296+2  1.76x 10Y7 (0-6.9)x 104 (2.00+ 0.21)x 10711b
296+ 2 2.34x 10Y7 (0—1.2) x 105 (2.1240.22)x 10711
296+ 2  3.28x 10Y7 (0-1.1)x 105 (2.30+ 0.28)x 1071t
296+ 2  4.85x 10Y7 (0-7.8) x 104 (2.29+ 0.23)x 1071t
296+2  7.20x 10Y7 (0-1.3)x 1015 (2.39+ 0.34)x 107t
2964 2 1.03x 108 (0-1.1)x 10> (2.414+0.29)x 101t
296+2  1.65x 108 (0-3.3)x 1015 (2.30+ 0.29)x 1071t
2964+2  3.32x 1018 (0—2.7) x 1015 (2.33+0.29)x 1071t

@ The indicated uncertainties are representett2s;, whereo. is a

“combined standard uncertainty” that accumulates both statistical and

systematic errors (see text)Taken from our previous papér.

TABLE 4: Rate Constants for the OH + C4Hg Reaction
(k3). Buffer Gas N,

total gas density, [C4Hg], rate constant,

T, K molecule cm3 molecule cm®  cm® moleculels™?!
96+4 (1.9+£0.2)x 106  (0—2.1)x 104 (1.744 0.28)x 10710
103+9 2.1x 10% (0-2.9) x 1014 (1.244 0.27)x 107100
110+ 7 (2.65+ 0.45)x 1016 (0—4.5)x 1014 (1.68+ 0.40)x 10710
165+ 14 (3.5+0.7)x 106 (0—6.8) x 1014 (5.80+ 1.51)x 10°11
165+ 14 (3.5+£0.7)x 1016 (0—1.1)x 1015 (8.13+ 2.10)x 101t
296+2 2.88x 10 (0-7.5)x 1014 (3.03+ 0.34) x 101t
296+2 4.90x 1016 (0-4.6) x 1014 (3.184 0.37)x 10°11b
296+2 1.57x 107 (0-5.7) x 1014 (2.944 0.37)x 101t
206+2 6.96x 1017 (0-1.6) x 1015 (3.03% 0.34)x 1011
296+2 3.34x 1018 (0-2.5)x 105 (2.88+ 0.46) x 101t

@ The indicated uncertainties are representett2s, whereo; is a

“combined standard uncertainty” that accumulates both statistical and ;

systematic errors (see tex)Taken from our previous papér.

uncertainties of the measured rate constants are reported,as 2 curve (i.e., wherdg[M] =
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Figure 3. Room-temperature rate constants of reactions R1, R2, and

function of total gas density. Legend: Vakhtin01, Vakhtin et al.M
N);* Zellner84, Zellner and Lorenz (M= Ar);® Klein84, Klein et al.
(M = Ar and synthetic air}; Nielsen90, Nielsen et al. (M= Ar);5
Kuo91, Kuo and Lee (M= Ny);” Becker91, Becker et al. (M synthetic
air);® Fulle97, Fulle et al. (M= He)# Atkinson75, Atkinson and Pitts
(M = Ar);* Ravishankara78, Ravishankara et al.ffMHe)*® Tully85,
Tully and Goldsmith (M= He);* Biermann82, Biermann et al. (¥
He) %0 Solid lines show the fitted falloff curves (see text).

nozzle is not possible, due to certain technical difficulties and
also to the fact that each nozzle is designed for a particular gas
density. Therefore, the low-temperature measurements have been
performed at a single total gas number density for each
temperature. However, at room temperature, we obtained the
kinetic data for reactions R1, R2, and R3 over a relatively wide
range of total pressure (more than 2 orders of magnitude). The
information about the falloff behavior of the rate constants at
room temperature is helpful in estimating the importance of the
falloff effects for lower temperatures. The solid points in Figure
3 show the room-temperature rate constants for reactions R1,
R2, and R3 measured in this work as a function of total gas
density (with nitrogen used as a buffer gas). The rate constants
obtained by other groups are also shown. For reaction R1, only
the data obtained with buffer gases similar to nitrogen (A, N
synthetic air) are presented. The only exception is the point at
a total gas density of £ molecules cm?® indicating a recent
very-high-pressure measurement by Fulle et al. with-Nile 8

To obtain the room-temperature falloff parameters, we fitted
the experimental data by the Troe expressioH:

= [kMI/(1 + ko[M/ k)IF )

where
log FeenflL + (10g(,[MV/ K.))’] 2
In egs 1 and 2 andk., are the limiting low-pressure and high-

pressure rate constants, respectivdlyjs the “broadening”
correction factor, which takes into account the energy distribu-

logF =

tion of the back-dissociating adducts and weak collision
effectsi®19F.nis the value ofF at the “center” of the falloff
k.). Equation 1 was used to fit our

whereo.'s are the “combined standard uncertainties” calculated data for reactions R1 and R2 alone and also combined with the

according to NIST recommendatioks,as described in a

previous papet.

Although it would be desirable, a large variation in the total (11.6+ 1.8) x 1072° cmf molecule? s, ky o =

literature data shown in Figure 3a,b. For the data obtained in
this work, the following parameters were obtainekko =
(7.5+0.4) x

gas number density in the supersonic flow produced by a Laval 10722 cm® molecule! s, with Fen = 0.65 for reaction
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R1; k20 = (9.0 + 3.6) x 102" cm® molecule? s7%, kpoo = 1510™ e
(2.6 £ 0.2) x 107 cm?® molecule® s71, with Feene= 0.5 for OH+CH, (+N,) >CH,OH (+N,)
reaction R2. When all the data shown in Figure 3a,b were fitted, T=06K

the following falloff parameters were obtaine#j o = (8.6 +

1.4) x 1072 cmPf molecule? s71, ky = (8.7 £ 0.4) x 10712 F-: 10
cm® molecule® s71, with Feeny= 0.65 for reaction R1lky o = g
6.2+ 2.0) x 10727 cmf molecule? s, kyw = (3.0 £ 0.1) x 2
1071 cm® molecule? s71, with Feene = 0.5 for reaction R2. e

[&]

¢ = e Thiswok |

The broadening factorBcen; Wwere estimated as recommended 10724

k

by Troe and co-worket819 (see below). Since the fitted low- WK oz

and high-pressure rate constants showed good agreement with @ Nebonc)

the latest recommended valuég%2'we adopted the following = Bedet
recommended falloff parametersk; o = 9 x 1072° cmf 10™ : : : : : .
molecule? s, ki = 9 x 10722 cm® molecule s, Feen = 10 10° 107 10° 10° 10% 107
0.65 for reaction R2 koo = 8 x 10727 cmf molecule? s71, Gas number density, molecule cm”

keeo = 3.0 x 10~* cm® moleculet s, Feent= 0.5 for reaction Figure 4. Solid points: experimental rate constants for reaction (R1)
R22! The falloff curves constructed with these parameters are measured in this work at temperatures of 296, 165, 110, and 96 K
shown in Figure 3a,b. plotted as a function of total gas density. Open points: room-

: : temperature data obtained by other groups: Zellner84: Zellner and
d Rea_culgn R.3 does not Show.any no.tcljceagle pLessur_e dﬁ_p(;n Lorenz (M= Ar);2 Klein84: Klein et al. (M= Ar and synthetic air¥;
ence; thus its rate constant is considered to be in its high- je|sengo: Nielsen et al. (M= Ar);5Kuo91: Kuo and Lee (M= Ny);’

pressure limit under the experimental conditions employed in Becker91: Becker et al. (M= synthetic airf Fulle97: Fulle et al.

this work, for both low-temperature and room-temperature (M = He)8ForT = 296 K, the line shows the fit of all the experimental

measurements. Simple averaging of the data shown in Figuredata by the Troe expressiéh'®The lines forT = 165, 110, and 96 K

3c yields the following rate constantks. = (3.0 & 0.2) x are the extrapolations of the experimental data obtained at a single total

10711 cm? molecule! s1 (data from fhis work only) and gas density to the high-pressure limit, using calculated low-pressure
_ 11 1 1 frhai limiting rate constants (see text).

ks = (8.1 0.4) x 10711 cm® molecule® s (this work and

the literature data). The latter value, which is in good agreement

with the recommendation by Atkinséwas adopted aks.. constants at these temperatures. Note, however, that at low

and is showln as the solid fine in F'gL_”? 3c. temperatures (96165 K) and gas number densities of (.9
For reacstclzon R1, the strong-collision low-pressure rate 35y, 10 molecule cm3, k; is close to its high-pressure limit,
constantsq™ were calculated by using the Troe formulas for 5 the extrapolation of the experimental data to infinite pressure
barrierless association reactici$?and the collision efficien- g ot very sensitive to the uncertainties of the falloff model.
cies, fic, were obtained a. = ko/ko°". To calculateko°C, we Figure 4 shows the results of fitting each experimental low-
used the vibrational frequencies a_nd structural parameters Oftemperature data point for reaction R1 by eq 1. During fitting,
the GH4OH adducts reported by Villa et &.and the OH+ the calculated low-pressure rate constarnd the falloff central
CoHa — C,H4OH reaction enthalppAHo® = —123 kd/mol that  proadening factoFcenwere fixed at the values described below,
was recently measured by Fulle efdlhis experimental value  5nq k., was allowed to float. In calculations d, at low
agrees well with the earlier experimental datand ab initio  temperatures, we assumed that the average energy transferred
calculations?#26.27For reaction R2, thé> values were also  per collision—[AEdoes not depend on temperature. Based on
estimated. In view of the lack of spectroscopic and thermody- the room-temperatur; value, the—[AECvalue was estimated
namic information on the &£1s0H adduct, only approximate o pe equal to 115 cr, using the following expressiond/(1
estimates ofk>" could be made. To get estimates of the _ g12) — _AEFcKT), whereFe is the correction factor for
vibrational frequencies, the structure otHEGOH, and the  the energy dependence of the vibrational density of states at
enthalpy of reaction R2, we performed Gaussiaf:g8antum  the adduct dissociation threshdf#! Then thef. values for
chemical calculations for ¢1OH and also €H,OH for lower temperatures were calculated fefAEC= 115 cnr.
comparison, using the CBS-QB3 compound method developedThe central broadening factBewas represented as a product
by Montgomery et at?*°For G;H,OH, our calculations resulted  of “strong-collision” and “weak-collision” factors:Feen =
in vibrational frequencies and structures similar to those reported FeenSFcenVC.18.19 The Fe,SC factor was estimated as recom-
by Villa et al** The reaction enthalpy was calculated-6513  mended by Tro® with the vibrational frequencies of the
kJ/mol at 0 K, showing a reasonable agreement with the transition state taken from ab initio calculations by Villa et4al.
experimental value. As expected, the CBS-QB3 calculations for The weak-collision broadening factBen'C was obtained by
reaction R2 gave essentially the same reaction enthalpy as forysing the expression 10¢en'C = 0.14 log 8.1 The falloff
reaction R1, which encouraged us to use the experimatg, parameters for reaction R1 are shown in Table 5.
obtained for the OH+ CpHs — CoHOH reactiorf, for The resulting high-pressure rate constants for reactions R1
calculations ofk,>" for reaction R2. It was found that, for  R3 are plotted as a function of temperature in Figure 5. The
reaction R2, the falloff effects, although important at room error bars fork; . include the systematic error, in addition to
temperature, are essentially negligible under the low-temperaturethe statistical error. The systematic error arises from the
conditions of the Laval nozzle supersonic expansions employedyncertainty of the extrapolation of the kinetic data to the high-
in our experiments. That is, the rate constants obtaindd=at pressure limit, which is dominated by the uncertainty in the

taken into account to obtain the high-pressure limiting rate

96-165 K and at total gas densities of (+8.5) x 10 calculatedck; o values. Under a rather conservative assumption
molecule cm?® (see Tables 24) are at or very close to the  that the calculated; o values are accurate to a factor of 2, we
high-pressure limit. estimated the systematic error as the range okthevariation

For reaction R1 the situation is more complicated. The falloff when the low-pressure rate constant was varied frorik, @
effects are important even at low temperatures and need to be2k; . Then the combined uncertainty that includes the systematic
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TABLE 5: Falloff Parameters for the OH + C,H4 (+ Ny) — C,H4OH (+ N,) Reaction

T, K ko2 cmf molecule? st Be Feent® FeentV© Feent ko, cmP molecule? st ke, cm® molecule s7*
296 3.7x 10728 0.24 0.79 0.82 0.65 9.0 10 9.0x 10°%2
165 2.9x 1077 0.36 0.93 0.87 0.81 10 10% 11x 104
110 1.2x 10°%6 0.46 1.0 0.90 0.90 5.% 107% 21x10%
96 2.0x 10726 0.49 1.0 0.90 0.90 9.8 10°% 24x 101

2 Calculated by the Troe methdeé??

“ OH + ethene of T = 200-300 K. For higher temperature$ & 290-525
o 110 @ K), the rate constark . = 9 x 10-%T/298) 21 cn¥ molecule’
3 Fusr s~1 with a slight negative temperature dependence is recom-
e 10™ mended by AtkinsoR?35 The latter expression extrapolated
wg down toT = 90 K describes the experimental low-temperature
o data reasonably well, overestimatikg, by a factor of~1.5 at
£ 1x10™ T =100 K. The IUPAC! and NASA evaluations significantly
S 1o underestimatdy . at low temperatures.
2 For reaction R2, IUPAC evaluati8hrecommends a temper-
g ature-independent value of 3:0 10°1 cm® molecule? st
¢ 10 (T = 200—-300 K), while for higher temperature3 & 290—
=3 525 K) the following rate constant is suggested by Atkingbn:
5 10" kow = 2.8 x 10714T/298)71-3 cm?® molecule’! s™1. Again, the
T extrapolated higher temperature expres¥ias the most ap-

10 100 1000 propriate. The IUPAC evaluatidhunderestimatek; . at low

Temperature, K temperatures, while the earlier evaluations by Atkiff8@md

Figure 5. High-pressure rate constants of reactions R1, R2, and R3 Tsang’* when extrapolated down 6= 90 K, yield very high
plotted as a function of temperature. Filled points are the results of the rate constants that are not physically reasonable.
present measurements. Open triangles in (a) are the experimental high- For reaction R3, the available reviews by WarRawnd

pressure rate constants reported by Fulle 8Gpen circles and dash . 3 - - . .
dot line in (c) are the low-temperature data for reaction R3 obtained in Atkinsor?® recommend the Arrhenius expression with a negative

the CRESU apparatu.Thick solid lines show the fits of the data  activation energy of about3.8 kJ/mol 0.9 keal/mol), which
obtained in this work by the empirical expressiors A(T/300) (see is obviously inadequate for extrapolation to low temperature.
egs 3-5). Thin lines represent the recommended high-temperature rate  The negative temperature dependence of the rate constants

constants: Warnatz84, Wamdtzatkinson8s, Atkinsor: Tsang91, ¢4 yeactions of OH radical with alkenes has been a matter of

Tsang?®* Atkinson97, Atkinsor?? DeMore97, DeMore et at$ Atkin- o C 2433 36.38 : .
son99, Atkinson et &t Dashed lines show the extrapolations of the extensive discussiof$>> Some of the explanations involve

recommended high-temperature rate constants to low temperatures. @n assumption of the formation of an intermediate weakly bound
complex®:38 followed by competing forward and backward

and statistical contributions was calculatédlhe three rate  dissociation of the comple¥. 4! Villa et al 24 applied variational
constants each show an apparent negative temperature depenransition state theory on the calculated potential energy surface
dence. For reactions R2 and R3, the rate constants measured ifor the OH + C,H,4 reaction and managed to reproduce the
this work agree well with our earlier resuitand the CRESU experimental negative temperature dependencl afithout
low-temperature data set (for reaction R3)Y hick solid lines any assumptions about the intermediate complex formation. It
in Figure 5 represent the results of the2yveighted fitting of could be also possible that, at low temperatures, the reaction
the present data together with the data from the previous'work rate is controlled by adiabatic capture on the attractive part of
by the empirical expressido= A(T/300)' used in the IUPAE! the barrierless potential energy surface that is determined by

and NASA® evaluations, with two fitting parametefsandn. long-range electrostatic interactiofisAs the temperature is
The temperature dependence of the high-pressure rate constantewered, the inter-reagent distance, corresponding to the transi-
of reactions R+R3 can be expressed as follows (for= 96— tion state, increases, until eventually the reaction rate is
296 K): determined by the captuféFor reaction of &II dipole with

a X quadrupole, for moderately low temperatures, adiabatic
Ko =(8.7£0.7) x 10712(T/300)(7°'85i0'11) capture theory predicts rate constants independent of temper-

ature3”4243The experimentaky «, kzw, andks. each show a

3 1.1
cm’molecule”s ~ (3 . . : .
(3) trend of increasing value with decreasing temperature; however,

_ —11 —1.06+0.13) there are signs of leveling-off at the lowest temperattfredich
ko = (2.954 0.10)x 10 (T/BOO)( s - could indicate approaching the capture liffit.
cm” molecule“s = (4) Fulle et al® performed measurements &f at very high
B . pressures (total gas densities of He up té'@olecule cnts).
Ks = (3.02 0.15) x 107 *(T/300f 44010 They succeeded in approaching high-pressure conditions for this
cm® molecule s (5) reaction for temperatures as high as 800 K. Their data show

essentially no temperature dependencé;ef for T = 300—
The literature data for reactions RR3, represented by the 800 K. These results disagree with many earlier measurements
evaluated rate constants from the revié#&,21.3235 gre also that show a negative temperature dependenckfarin view
presented in Figure 5. For reaction R1, DeMore et al. (NASA of the experiments by Fulle et &lif could be argued that the
evaluation)® and Atkinson et al. (IUPAC evaluatiof)recom- apparent negative temperature dependende ©ofs the result
mend temperature-independent values of:8.80712 and 9x of improper extrapolation of the data, obtained in the intermedi-
102 cm? molecule’® s, respectively, for the temperature range ate pressure range, to the high-pressure limit. However, this
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Figure 7. Pressure dependencelafcalculated forT = 110 K with
Temperature, K

the falloff parameters obtained in this work for # N, (solid line)
Figure 6. Low-pressure limiting rate constant for reaction R1. Filled and with those used in the photochemical model of Saturn’s atmosphere
circles showk; o calculated in this work. Filled triangles and dashed by Moses et at® (dashed line). The shaded area represents the gas
line are the experiment#] o obtained by Fulle et & Solid lines, marked density range that is relevant to Saturn’s stratosphere.

as koSS, are the strong-collision rate constants calculated in this work

by the Troe methad23for M = N, and M= He. Also shown are the the most abundant ; ) ;

gas in the Saturn’s atmosphere is hydrogen,
temperature dependencelaf, recommended fof = 200—300 K by . - _
DeMore et al® (solid line) and its extrapolation to low temperatures it would be more appropr_late 10 ugofor M = Hy to_cor]Stht
(dashed line) that is used in the photochemical model of Saturn's the falloff curve. Our estimates show that for M = H; will

atmosphere by Moses et4l. be about 60% larger thaky o for M = N, thus making the
difference between the falloff curve based on the experimental
argument can hardly be applied to reactions R2 and R3, whichdata and that used in the photochemical mtfdeven more
should be at or close to the high-pressure limit at room dramatic.
temperature and moderately elevated temperatures, within the Although it is difficult to predict the detailed impact of the
range of total pressures typically used in experimental kinetic new low-temperature experimental rate constant for reaction R1
studies. The available experimental data on reactions R2 andon the Saturn atmospheric models, rough estimates can be made.
R3 support a negative temperature dependenc&;ofand According to the photochemical model by Moses et*&ln
k3244451t seems that it would be valuable to have further Saturn’s stratosphere, about 96% of the water that is photodis-
theoretical and experimental studies of the kinetics of the sociated into H and OH efficiently recycles (mostly through
reactions of OH radical with alkenes that may involve measure- the OH+ H, reaction). The remaining 4% of photochemical
ments under extreme conditions including very low temperatures loss of water results in permanent conversion gdHnto CO
and very high pressures. and CQ (70%) and condensation (30%). The most important
Applications to Photochemical Modeling of Saturn’s primary processes that are responsible for the conversion of
Atmosphere. In Saturn’s atmosphere, reactions of the OH water to carbon oxides are the OH C,H, and OH+ C,H4
radical with unsaturated hydrocarbons play the key role in reactions. In the calculated reaction rate proffiethe rate of
conversion of water, introduced mostly by comets and meteors, OH + C,H, is about an order of magnitude higher than that of
to molecules containing-€0 bonds, ultimately CO and G@° the OH+ C,H4 reaction. However, if the experimental low-
According to the model by Moses et &.the two most temperature rate constant for the @HC,H,4 reaction were used,
important reactions following dissociation ob® by photolysis  the two reaction rates would be approximately the same. This
are OH+ C;Hz and OH + CpHs. In view of the lack of  would probably lead to about a 2-fold increase in the overall
experimental data, the most straightforward way to obtain rate of permanent photochemical conversion gbHo CO and
estimates for low-temperature rate constants is extrapolation ofCO, and would therefore affect the calculated balance of
the literature high-temperature rate constants to the temperatureconversion/condensation of water. This example shows the
and pressure range that are important for Saturn’s stratosphereimportance of direct kinetic measurements at low temperatures
In many cases, however, these extrapolations lead to significantfor adequate photochemical modeling of planetary atmospheres.
errors?” To estimate the low-temperature rate constants of the
OH + C;H4 reaction, Moses et df.extrapolated the expressions Acknowledgment. The support of this research by the

for ki andky o evaluated by DeMore et 8}. Thus, k; . was National Aeronautics and Space Administration (Grants NAG5-
considered temperature-independent and equak;to = 8923 and NAG5-13339) is gratefully acknowledged.
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