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The temperature dependence of the overall rate constant forLH¥E+ NO reaction and the rate constant

for the minor branching channel resulting in the production gfi{ODNO, have been measured using the
turbulent flow technique with high-pressure chemical ionization mass spectrometry for the detection of reactants
and products. The temperature dependence of the overall rate constant foHg@ € NO reaction was
investigated between 299 and 213 K at 100 Torr pressure, and the data was fit to the following Arrhenius
expression (with 2 standard deviation error limits indicated): 3.8x 10 %exp[(290 + 110)T] cm?
molecule! s™*. The temperature dependence of the overall rate constant agrees well with the current
recommendation for atmospheric modeling. The minor reaction chanhkOg + NO — C,HsONO, was

directly observed for the first time, and the temperature dependence of the rate constant for this channel was
investigated between 298 and 213 K at 100 Torr pressure. The following Arrhenius expression was determined
for the minor channel: 1.6 x 10-2%xp[(11604 310)/T] cm® molecule® s 1. The Arrhenius expressions

for the overall rate and the 8sONO, producing channel indicate a branching ratio of about 0.006 at 298 K
and 0.02 at 213 K at 100 Torr pressure. The temperature dependence of the overall rate constant for the
C.Hs0, + NO;, reaction was also investigated between 299 and 213 K at 100 Torr pressure, and the data was
fit to the following Arrhenius expression: 4.7% x 10 *%exp[(620+ 89)/T] cm?® molecule™ s™2,

Introduction relevant RH/NQ system. Atkinson and co-workers have
developed an empirical relationship for the yield of organic
nitrates from reaction 3b from the results of environmental
chamber photolysis studies 0§-€Cg n-alkane<: The branching

Alkyl peroxy radicals (R@) are important intermediate
species formed in the oxidation of alkanes in the atmosphere.

RH + OH— R + H,0 (1) ratio [Ks/(ksa + kap)] is predicted to rise from 0.008 for the
methyl case to 0.32 for the-octyl case at 298 K and 760 Torr,
R+0,+M—RO,+ M 2 thus indicating the importance of the association channel 3b

for the larger alkyl peroxy radicals.
Ozone levels in the atmosphere are directly affected by RO  Bertman et al. have proposed that the alkyl nitrate branching
reactions, which themselves are dependent on the levels of theratios can be used in regional atmospheric models that determine
nitrogen oxides (N§Q. Under high NQ conditions (generally,  the air mass age from observations of the relative concentration
lower tropospheric urban conditions), Rf@actions lead to the  of alkyl nitrate to the parent alkane. This measurement can serve
production of ozone, the most deleterious constituent of as a “photochemical clock” since the ratio of alkyl nitrate to

photochemical smog. the parent alkane increases with air mass age. Using this air
mass age, in addition to meteorological back trajectories, can
RO, + NO— RO+ NG, (3a) help to identify specific regional ozone production events.
Although their method was found to be self-consistent for the
NO, + hv (4 < 380 nm)— NO + O (4) secondary ¢and G nitrates, Bertman et al. found that their
model systematically underpredicted measured ethyl nitrate
O+0,+M—=0;+M () levels by a substantial amount. They speculated that either the

branching ratio they had used for ethyl nitrate (0.014, an upper
limit estimated earlier for 760 Torr and 298 K by Atkinson et
al4) in their model was too low or that there was an ethyl nitrate

RO, can also be temporarily removed from the ozone
production cycles by the formation of reservoir species

RO, + NO + M — RONQ, + M (3b) source other than reaction 3b in the photochemical system.
Therefore, it is of interest to directly measure the ethyl nitrate
RO, + NO, + M < RO,NO, + M (6) branching ratio under atmospheric conditions.

There have been several previous kinetics investigations of
Because reaction 3b and the forward reaction 6 remove thethe rate of reaction of £1s0, + NO.S° It has been well
radical chain carrier R&from the ozone production cycle, they — established that reaction 7a
have a direct effect on the ozone-producing efficiency of the
C,H;0, + NO— C,H;O0 + NG, (7a)
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Telephone: (616) 395-7629. FAX: (616) 395-7118. is the predominant channel. BecauseH§ONO, has been
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Figure 1. Experimental apparatus.
detected in the atmosphetd, is assumed that reaction 7b moved to various injector positions without breaking any

vacuum seals, as well as to prevent ambient gases from
CHsO, + NO + M — C,H;ONG, + M (7b) condensing on cold portions of the injector. A fan-shaped Teflon
) o i . device was placed at the end of the injector in order to enhance
is also kinetically accessible, although no direct laboratory i jent mixing. The polonium-210 alpha-emitting ionization
detection of reaction 7b has been previously reported. source was placed between the temperature regulated flow tube

In this article we describe our investigation of the kinetics 44 the inlet to the CIMS. Most of the flow tube gases were
of the GHsO, + NO conducted at pressures near 100 Torr and removed at the CIMS inlet by a 31 L-5roughing pump. All

ata range of temperatures extending to those found in the lowerya fiows were monitored with calibrated mass flow meters.
stratosphere using a turbulent flow (TF) tube coupled to a high Tpe fiow tube pressure was measured upstream of the ionization
pressure chemical ionization mass spectrometer (CIMS). It hasg, rce using a 91000 Torr capacitance manometer. The
been previously shown that the TF technique can be used 10emperature was determined at both the entrance and exit points

accurately determine the rate constants of reactions at pressuregs ihe temperature regulated region of the flow tube using Cu
ranging from 50 to 760 Torr and at temperatures as low as 180 -ynstantan thermocouples.

K.19As in previous kinetics studies of HO- NO,' HO, + Reactant Preparation. C;HsO, was generated using the
BrO,12CIO + NO,2 OH + CIO,*15and CHO, + NO* using following reactions:

the coupled TFCIMS approach, we are able to directly access

atmospheric pressure and temperature conditions and sensitively C,Hg + Cl— C,H; + HCI 9)
monitor many of the relevant reactants and products for the
C2Hs02 + NO reaction. In the CkD, + NO work, TF-CIMS CH;+0,+M—CHO,+M (10)

kinetics techniqgue was used in the determination of the
temperature-dependent overall rate constant and an upper limit(ky = 5.7 x 1071 cnm® molecule® s71 andk;p = 7.0 x 10712
for the CHHONO, producing channel of the G, + NO cm? moleculer s~ at 100 Torr; all rate constant values quoted
reaction for pressures and temperatures representative of theire for 298 K values unless otherwise indicat€dEhlorine
upper tropospher¥. In this article we describe a similar  atoms were produced by passing a dilutgk# mixture through
temperature-dependent kinetics investigation of the overall rate a microwave discharge produced by a Beenakker cavity operat-
(k7) and the first measurement of theHEONO; producing ing at 50 W. The dilute GIHe mixture was obtained by
channel ratekzy) of the GHsO, + NO reaction, as well as the  combining a 2.0 STP L mirt flow of helium (99.999%), which
first measurement of the temperature dependence of the ratehad passed through a silica gel trap immersed in liquid nitrogen,
constant for the reaction of 850, with NO; with a 0.5-5.0 STP mL min? flow of a 1% Cb (99.9%)/He
mixture. To generate £ls, the chlorine atoms were then injected
CoH3O, + NO, + M = CH:O,NO, + M (8) into a sidearm and mixed with an excess gHg(CP grade,~
10' molecules cm?®) in order to ensure that no chlorine atoms
were introduced into the main flow.,850, was then produced
Turbulent Fast Flow Kinetics. A schematic of the experi- by the addition of a large excess of (89.995%;>1.0 x 107
mental apparatus is presented in Figure 1 and is similar to thatmolecules cmd) just downstream of the production obKs.
used in our previous study of GB, + NO (ref 16). The flow Absolute GHsO, concentrations (needed to ensure pseudo first-
tube was constructed with 2.2 cm i.d. Pyrex tubing and was order kinetics conditions and for branching ratio modeling) were
100 cm in total length. A large flow of nitrogen carrier gas determined using two independent methods. The first method
(approximately 30 STP L mirt) was injected at the rear of the  involved the measurement of the HCI produced from reaction
flow tube. The gases necessary to generatklsG, were 9, and the determination of the absolute HCI concentration via
introduced through a 10 cm long 12.5 mm diameter sidearm calibration of the mass spectrometer signal using a bubbler
located at the rear of the flow tube. NO was added via an containing a 20 wt % HCI/kD solution kept at 0 C (puc) =
encased movable injector. The encasement (made from cor-0.038 Torr)!® The GHsO, concentration was then assumed to
rugated Teflon tubing) was used so that the injector could be be the same as the measured HCI concentration. This ap-

Experimental Section
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proximation is expected to be valid, as the high concentration 15 mL of 95% BSOq, 15 mL of 70% HNQ, and 0.5 g of urea.

of O, guarantees an extremely fast conversion gH{to
C,Hs0, via reaction 10, and £Hs0; reacts relatively slowly
with itself. The second method involved the titration oHgO,
with NO in the presence of £to produce CHCHO:

C,H.0, + NO— C,H,0 + NO, (11)

C,H:0 + O, — CH,CHO + HO, (12)

(k11 = 8.7 x 1072 cm® molecule* st andk;, = 1.0 x 10714
cm?® molecule! s1)17 and subsequent calibration of the &H

The solution was stirred for 5 min. The upper organic layer
(containing GHsONO,) was pipetted off and washed with 20
mL of ice-cold distilled water. A separatory funnel was used to
drain the lower aqueous layer, and the washing process was
repeated several times. The organic layer was then washed with
80 mL of ice-cold 22% NacCl solution and was drained and
stored in a volumetric flask at10° C. The high purity of the
C;HsONO, samples was confirmed By NMR spectroscopy
(Och, = 4.44 ppm, anddcn, = 1.30 ppm) in CDJ solvent.

The samples did not undergo degradation over the course of
several weeks. Standard samples were prepared by drawing an

CHO mass spectrometer signal. Standard samples were preparegppropriate amount of Es0NO; vapor from the liquid sample,

by drawing an appropriate amount of gEHO vapor from a
pure liquid sample, followed by mixing with Nto make 1%

CH3CHO mixtures appropriate for mass spectrometric calibra-

followed by mixing with N> to make 1% GHsONO, mixtures
appropriate for mass spectrometric calibration.
To aid in the detection of the BsONO, product, higher

tion. Computer modeling of these titration reactions indicated C,HsO, levels were used for the branching ratio measurements

that not all of the GHsO; initially present was converted to the
stable species, GJEHO. This is mainly due to reactions of
C,HsO with other species in the chemical system (which will
be addressed in the discussion section). Therefore, #HgC3
concentrations were calculated from theZCHO concentrations
by explicitly determining the conversion factor (usuatp.8)

from computer modeling using the specific experimental condi-
tions. The NO (CP grade) used in reaction 11 was purified by

several freeze/pump/thaw cycles to remove,Napurities. The
NO,/NO ratio of the purified sample was typically less than
1% as determined from CIMS NQiletection and calibration
methods. For this study, 850, concentrations ranged from
0.5 to 30.0x 10" molecules cm?.

For the overall rate determination for theHzO, + NO

than in the determination of the bimolecular rate constant
(because ¢Hs0; is the limiting reagent). The major complica-
tion in the branching ratio determination is the side reaction
resulting from the reaction of the products of the main channel
(reaction 7a) of reaction 7

C,HO+ NO, + M — C,H;ONO, + M (13)
(kiz= 2.6 x 10~ cm® molecule* s~ at 100 Torr)” Reaction
13 is therefore a potential source ofHEONO,, and experi-
mental conditions must be designed to minimize this relatively
fast reaction. By keeping £Zoncentrations very high, computer
modeling shows that reaction 12 will consume most of the
C,HsO produced by reaction 7a and minimize production of

reaction, NO was purified before use as described above andC;HsONO, by reaction 13. To drive the production obids-

was added to the flow reactor as a 10% mixture ptiNough

ONGO; from reaction 13 down to very low levels,@as used

the movable injector. For the overall rate determination for the as the carrier gas for the branching ratio experiments, so that

CoHsO, + NO» reaction, the N@ was used without further
purification and added as a 10% mixture in. WO and NQ
concentrations used in this study ranged from 0.5 to 60.0
102 molecules cm3. To ensure pseudo first-order kinetics
conditions, NO and N@were kept at levels at least 10 times
larger than the €Hs0, levels.

For the low-temperature studies, liquid nitrogen cooled

silicone oil was used as the coolant for the jacketed flow tube.

the oxygen concentration was nearly equal to the total molecular
density (for experiments at 100 Torr total pressure] [© 3.0
x 10' molecules cm?).
Chemical lonization Mass Spectrometric DetectionPosi-
tive ion chemical ionization schemes (with®i"™ as the reagent
ion) were used to detect,Hs0,, CH;CHO, and GHsONO;,
and negative ion chemical ionization schemes (witly"S&s
the reagent ion) were used to detect HCI and,N@th the

Nitrogen carrier gas was precooled by passing it through a quadrupole mass spectrometegCF was produced in the ion

copper coil immersed in a liquid Nreservoir followed by

source by passing a large, @ow (10 STP L mirrl) through

resistive heating. The temperature was controlled in the reactionthe polonium-210 alpha-emitting ionization source (witfCH
region to within 1 K. The pressure was maintained at ap- impurities being sufficiently abundant to produce adequate

proximately 100 Torr in order to achieve optimum instrument

quantities of reagent ions). §Fwas produced in the ion source

performance. Pressures below 100 Torr were found to lower by passing a large Nlow (10 STP L mirr?) and 0.1 STP mL
the ionization efficiency and pressures above 100 Torr were min~! of SK; through the ionization source. The commercial

found to lower the radical production efficiency.
C,HsONO; Branching Channel Measurements.In these
studies, the production of HsONO, from reaction 7b was
monitored directly over a reaction time 625 ms. Computer
modeling was used to extract the rate constaptfrom the
observed production of £is0ONG, and the initial concentrations

ionization source consisted of a hollow cylindrical (69 by 12.7
mm) aluminum body with 10 mCurie (3 10° disintegrations
s71) of polonium-210 coated on the interior walls.

lons were detected with a quadrupole mass spectrometer
housed in a two-stage differentially pumped vacuum chamber.
Flow tube gases (neutrals and ions) were drawn into the front

of all relevant chemical species. As will be discussed in the chamber through a 0.1 mm aperture, which was held at a

Results and Discussion section, both the time profile of thé&C
ONO, production and the absolute amount ofHgONO;

potential of+210 V. The ions were focused by three lenses
constructed from 3.8 cm i.d., 4.8 cm o.d aluminum gaskets.

produced over the longest reaction time were used as constraint he front chamber was pumpeg & 6 in. 2400 L s? diffusion

on the determination okz, therefore it was critical that the
absolute GHsONO, concentrations were determined accurately.
Standard samples of;Bs0NO, for mass spectrometric calibra-
tion were prepared as follows..Bs0ONO, was prepared by
dropwise addition of a solution of 2 mL of 95%,80, and 6
mL of 100% GHsOH to an ice-bath cooled solution containing

pump. The gases entered the rear chamber through a skimmer
cone with a 1.0 mm orifice (held at130 V) which was placed
approximately 5 cm from the front aperture. The rear chamber
was pumped by a 250 L~ turbomolecular pump. Once the
ions passed through the skimmer cone, they were mass filtered
and detected with a quadrupole mass spectrometer.
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Chemical lonization Schemed o perform pseudo-first-order
rate kinetics studies of the overall rate of reaction 7, a chemical
ionization scheme for 1505 is required. In our previous study
of the CHO, + NO reactiont® we developed the following
chemical ionization detection scheme for £ based on the
computational thermochemical predicti®rthat CHO, has a
higher proton affinity than pD:

CH,0, + H,0" — CH,00H" + H,0 (14)
Because the proton affinity of 850, is expected to be very
similar to CHO,, we successfully attempted to detegHgO,
with the analogous reaction

C,Hs0, + H,0"™ — C,H,00H" + H,O (15)
Depending on the amount of the water in the flow system,
C,HsO, was detected as 8s00H"(H,O),, where n was
typically 2 or 3.

To perform branching ratio measurements for reaction 7b,
chemical ionization schemes are needed fogCHO, HCI (for
the two GHs0, absolute concentration determination methods
described above), N(to assess the purity of the NO used and
any potential interference from side reaction 13), and for the
product GHsONO.. In a previous study, acetaldehyde was found
to react quickly with HO™

CH,CHO+ H,0" — CH,CHOH" + H,0  (16)
(ki = 3.6 x 1072 cm® molecule’? s71).20 Again, depending on
the amount of the water in the flow system, €HHO was
detected as C¥CHOH"(H,0),, wheren was typically 2 or 3.
HCI and NQ were detected using previously reporteds SF
chemical ionization schemes

HCI + SF,” — F HCl + SF, (17)

NO, + SF;, —NO, + SFK; (18)
(k17 = 4.2 x 10719 cm® molecule! s™t andk;g = 1.4 x 10710
cm® molecule® s71).21 Previously, we found that GONO,
reacted with HO™, but at a rate that was too slow for sensitive
mass spectrometric detecti¢fin this study, it was determined
that GHsONO; reacts very quickly with BO™

C,H;ONO, + H;0" — C,H;ONO,H" + H,0 (19)

such that very high sensitivity could be achieved for the
detection of this important product. Again, depending on the
amount of the water in the flow systemzHEONO, was detected
as GHsONO;:T(H,0),, wheren was typically 2 or 3. The
detection sensitivity for gHsONO, was estimated to be about
100 ppt at 100 Torr.

Results and Discussion
Overall Rate Constant Determination. Bimolecular rate
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Figure 3. Determination of the overall bimolecular rate constant for
the GHsO; + NO reaction from data in Figure 2.

are equal to the bulk flow velocity) are negligible. Under the
conditions present in our turbulent flow tube (Reynolds mo.
2000), Seeley et al. estimated that these deviations result in
apparent rate constants which are at most 8% below the actual
values?? Hence, the flow corrections were neglected as they
are smaller than the sum of the other likely systematic errors in
the measurements of gas flows, temperature, detector signal,
and pressure. Considering such sources of error, we estimate
that rate constants can be determined with an accurat30%o
(20).

We performed several determinations of the rate constant at
100 Torr and 299 K for the £450, + NO reaction (see Table
1 for a complete list of experimental conditions and measured
rate constants) and arrived at the mean valuk of (10.1 +
0.9) x 1072 cm?® molecule! s7%; the uncertainty represents
the two standard deviation statistical error in the data and is
not an estimate of systematic errors. Our room-temperature rate

constants were obtained via the usual pseudo first-order ap-constant is in excellent agreement with previous stitdfesnd

proximation method, using NO or Ns the excess reagent.
Typical GHsO, decay curves as a function of injector distance

thus with the JPL recommended value for atmospheric model-
ing.t’

are shown in Figure 2 for the NO kinetics measurements. The Temperature Dependence of the Overall Rate Constant

first-order rate constants obtained from fitting thgHg0, decay
curves were plotted against [NO] in order to determine the

(k7) for C,Hs0, + NO. We performed several measurements
at 100 Torr pressure and at temperatures between 299 and 213

bimolecular rate constant, as shown in Figure 3. This approachK in order to establish the temperature dependence of the rate
for determining bimolecular rate constants assumes that devia-constant for conditions relevant to the upper troposphere (and

tions from the plug flow approximation (molecular velocities

lower stratosphere). The rate constant increased by approxi-



5762 J. Phys. Chem. A, Vol. 104, No. 24, 2000 Ranschaert et al.

TABLE 1: Overall Rate Constant Data for the C,Hs0, + TABLE 2: Overall Rate Constant Data for the C,Hs0, +

NO Reaction at 100 Torr Pressure NO, Reaction at 100 Torr Pressure

temperature velocity k72 temperature velocity kg?
(K) (cms?) Reynolds no. (107'2cm? molecule s™2) (K) (cms?) Reynolds no. (107*2cm®moleculels™)
299 1210 2110 9.61.1 299 1140 2070 2.7# 0.28
299 1190 2230 11.%0.7 297 1090 2080 3.38 0.20
299 1150 2210 9.615 283 1080 2190 4.18 0.39
273 1150 2540 10.2 1.0 283 1070 2190 4.0 0.63
263 1150 2510 13.8& 4.2 273 1020 2210 4.8% 0.57
263 1075 2490 11.81.6 273 1000 2180 4.76: 0.54
258 1075 2630 11.8 0.7 263 969 2250 5.06-2.10
253 1070 2680 12.4 0.7 263 962 2240 4.4 0.56
248 1060 2660 13.£4.0 253 1010 2540 4.43 0.88
248 970 2560 12.% 2.2 253 989 2500 5.64 0.46
243 930 2630 12.2 2.7 243 946 2430 6.491.23
238 970 2630 14.6 3.1 243 943 2450 6.3% 1.97
238 1050 2710 13.3 6.2 233 961 2670 6.31% 1.48
233 980 2830 12.2 1.7 233 953 2760 7.08: 0.54
233 980 2910 154 1.3 228 1040 3090 7.0# 0.52
228 1075 3230 13.%1.3 223 1060 3390 6.6% 0.83
223 1130 3540 15.83.5 223 969 3000 7.8% 0.52
213 1200 3740 13.41.2 213 1030 3420 7.9% 0.33

213 1080 3580 8.48 0.79

a Stated error is @
a Stated error is @
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Figure 4. Arrhenius plot of the temperature dependence of the overall 1000/T (17K)

rate constant for the £s0, + NO reaction. Figure 5. Arrhenius plot of the temperature dependence of the overall
rate constant for the £1s0, + NO; reaction.

mately 50% as the temperature was lowered over this range.
From the data listed in Table 1 and plotted in Figure 4, we expression, the relative rate constants of Elfers et al. can be
obtained the Arrhenius expressidil) = 3.8ffjé x 10712 converted to the following absolute rate constams(7.5 Torr)
exp[(290+ 110)/T] cm® molecule* s, Our results areingood = 2.5 x 102 cm? moleculel s71, kg (75 Torr)= 6.0 x 10712
agreement with the two previous temperature dependencecm?® molecule® s71, and kg (750 Torr) = 9.6 x 10712 cmd
studie§® and the JPL recommended value for atmosphere molecule® s1. Our value forkg at 100 Torr and 254 K (as
modeling?” calculated from Arrhenius expression above) is6.40-12 cm?
Temperature Dependence of the Overall Rate Constant  molecule’® s, which is reasonable agreement with the
(kg) for C2HsO2 + NO2. In a manner similar to our measure- measurement of Elfers et al. at 75 Torr. We attempted to detect
ment for the GHsO, + NO reaction, we performed several the GHsO,NO, product from reaction 8 using the*H,0),
measurements at 100 Torr pressure and at temperatures betweathemical ionization proton transfer reaction successfully used
299 and 213 K in order to detail the temperature dependencefor C,Hs0,, CH;CHO and GHsONO, detection. However, we
of the overall rate constant for,BsO, + NO,. The rate constant  did not observe the ion corresponding to the expected proton
increased approximately 3-fold as the temperature was loweredtransfer product. This result most likely indicates thalti§D,-
over this range. From the data listed in Table 2 and plotted in NO, has a lower proton affinity than water, rather than indicating
Figure 5, we obtain the Arrhenius expressigm) = 4.7ffj2 X that GHsO,NO; is not a product of reaction 8.
10 3exp[(6204 89)/T] cm® molecule’l s~%. To our knowledge, C,HsONO, Branching Ratio Determination. We were able
there has been only one previous estimate of the pressureto observe the production of very small concentrations €
dependence of this rate constant and no temperature dependend@NO; (~3.0 x 1&° molecules cmq) over the reaction time~25
study for this reaction. Elfers et &l.measured the rate of the ms), which we have positively identified as coming from
C,Hs0, + NO, reaction relative to the £150, + NO reaction reaction 7b. In Figure 6, the;8sONO; rise (squares) has been
at 254 K and found that the reaction rate increased fromxk21 overlaid on the background signal (circles) to demonstrate that
at 7.5 Torr, to 0.5k, at 75 Torr to 0.8k; at 746 Torr. Using the GHsONGO; rise is significantly larger than th&2¢ level
our value fork; at 254 K as calculated from the Arrhenius of the background signal. Under the optimal experimental
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TABLE 3: Kinetics Parameters for Branching Ratio Determination

A k0300 km300

reactiort (cm®stmolecule?) EJ/R(K) (cmPs'molecule? m (cmP*s'molecule!) n
C,Hs0, + NO — products (this work) 3.& 10712 —290
2 C;HsO, — products 6.8¢< 107 0
CzHs0; + NO;— CzHs0:NO,(VPAC) 40x 10728 6.2 8.8x 10712 0
C;H50; + HO, — CH3CHO + H,0 + O, (1IUPAC) 3.8x 10718 —900
CoHs + Oy — CoHs0, 15x 10728 3 8.0x 10712 0
C;Hs0 + O, — CH3;CHO + HO(UPAC) 6.3x 10 550
C;Hs0 + NO — C,HsONO 2.8x 10°% 4 5.0x 10711 1
C,HsO + NO, — C;HsONO, 2.0x 107% 4 2.8x 1011 1
HO; + NO — OH + NO, 3.5x 10712 —250
HO,; + OH— H,O + O, 48x 101 —250
OH + OH— H;0, 6.2x 1073 1 2.6x 1071 0
OH + NO— HONO 7.0x 1073 2.6 3.6x 10711 0.1
OH + NO; — HNOs 25x 10°%0 4.4 1.6x 1071 1.7
OH + CH;CHO— CH3CO + H,0 5.6x 10712 —270
OH + C;Hg— CoHs + H0 8.7x 10712 1070

a All data from the JPL compilation (DeMore, W.B.; Sander, S. P.; Howard, C. J; Ravishankara, A. R.; Golden, D. M.; Kolb, C. E.; Hampson,
R. F; Kurylo, M. J.; Molina, M. J.Chemical Kinetics and Photochemical Data for Use in Stratospheric ModeliRg Publication 97-4; Jet
Propulsion Laboratory: Pasadena, CA, 1997), unless specifically indicated as from the IUPAC compilation (Atkinson, R.; Baulch, D. L.; Cox, R.
A.; Hampson, R. F.; Kerr, J. A.; Rossi, M. J.; Troe Simmary of Ealuated Kinetic Data for Atmospheric Chemistty PAC Subcommittee on
Gas Kinetic Data Evaluation for Atmospheric Chemistry: Cambridge, UK, 1999 (http://www.iupac-kinetic.ch.cam.ac.uk). Pressure-independent
rate constants calculated frok(T) = Ae &RT. Pressure-dependent rate constants calculated &@hi], T) = ((k(MM]D/(1 + ko(T)[MJ/
K(T)))0. 81+ (081 loMMD/(kooMNA ™ whereko(T) = k2°(T/300)™ and kx(T) = k.3°(T/300)™.

80 -] . favor the following reaction
75 C,H;0 + O, —~ CH,CHO + HO, (12)
£ 70__ . which effectively scavenges,8s0 from the system. Although
z . the HG, product formed from this reaction could conceivably
E 654 . lead to the reforming of €450, (and thus GHs0) in the system
< e A via the following reactions
3] T
5% . HO, + NO — OH + NO, (20)
I _\4_\ . .
QN 55 | . . Y S
. OH+ C,Hg— C,H;+ H,0O (21)
.
-5 I (l) ‘ é ' 1|0 I 1|5 I 2|0 I 2I5 ' 3|0 I 3|5 I 4I0 C2H5 + 02 + M — CZHSOZ + M (10)

injector position (cm)
(koo = 8.1 x 102 cm® molecule’! s™* andky; = 7.0 x 10712
Figure 6. Observed production of £sONO, from reaction 7b cm® molecule® s71 at 100 Torr), computer modeling shows
(squares) Above theEsONO, Background level (circles) as a function  that the OH product from reaction 20 primarily reacts with NO
of injector distance. A least-squares fit to the background level was gnd NQ (rather than GHg), to form HONO and HNG,

performed, and the dotted lines represent thdeXel. This data set - . ’ -
was obtained under the following conditionB:= 100 Torr, T — 223 respectively, which are relatively unreactive under the flow tube

K, velocity = 925 cm s?, Reynolds no= 2820, [GHsO;]o = 1.8 x conditions. .
102 molecules cm?, [NOJo = 3.3 x 1012 molecules cim?. Computer modeling was used to extract a rate constant for

reaction 7b by fitting the observedl@sONO, production. The

actual time profile of the gHsONO, production, as well as the
conditions ([GHsOz] ~ 2.0 x 10" molecules cm?, [NO] ~ total production of GHsONO, over the total reaction time were
1.0 x 10" molecules cm?, and [Q] ~ 3.0 x 10'¥ molecules  ysed as constraints in the fitting process. The latter constraint
cm™3) kinetics modeling shows that side reactions can produce is useful in that the competing side reaction 13 approaches
concentrations of &sONO, that are on the order of the  completion faster than the desired reaction 7b, such that the
detection level of the instrument6.0 x 18 molecules cm?®) proportion of GHsONO; that has been produced by reaction
and are significantly less than the actuaHgONO;, observed.  7p increases as longer reaction times are achieved. The model
Table 3 contains a list of the reactions used in the modeling. input included the concentrations o0, NO, and all
An inspection of Table 3 indicates that only one side reaction precursors. Table 4 contains a list of the initial conditions and
directly produces @4sONO;: calculated rate constantks§) for the branching ratio experi-

ments. Figure 7 demonstrates the sensitivity of the fikgd

C,HsO + NO, + M — C,H;ONO, + M (13) value to the actual kinetics data collected. The fitkegivalue

is subject to error arising from experimental uncertainties, as
However, this reaction is significant in that the reactants are well as uncertainties in the rate constants used in the modeling
the products of dominant reaction channel feHgO, + NO. process. As stated earlier, we believe that the relevant experi-
As mentioned in the Experimental Section, oxygen was used mental uncertainty for a rate constant determination with this
as the carrier gas in the branching ratio experiments in order toapparatus is on the order of 30%, although the uncertainty may
achieve very high @concentrations. The high @oncentrations be somewhat higher due to the fact that the branching ratio
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TABLE 4: Branching Ratio Data for the C ;HsO, + NO Reaction at 100 Torr Pressure

[C2HsO2]o [NOJo Kzp branching ratio
T (K) (10 molecule cm?®) (10" molecule cm?d) (10~ cmP*moleculet s71) kzv/ (Kzat-Kb)
298 23 110 6.6 0.0065
298 23 120 5.6 0.0055
298 23 130 5.6 0.0055
273 23 82 12 0.0109
263 14 75 14 0.0122
263 14 62 16 0.0139
253 14 63 22 0.0183
253 14 60 25 0.0208
243 20 86 20 0.0159
243 17 93 23 0.0182
233 19 34 26 0.0196
223 18 44 20 0.0143
223 18 33 20 0.0143
223 18 45 28 0.0200
213 19 28 32 0.0215
7x10° 4 k7b 288 ]
1 (cm® molecule’ s) 288 ]
~ 6x10° e 39X107 -20.0]
£ ] 292 ]
$ =) . e
ig’ 4x10° - -29.6 1
£ g 2984
° 3x10° o g 30,0 ]
3 1 £ 302
° 9
g 2x10° + _30A4_- /'
o 110 -306
% 1 -30.8 4
o so0d
e 312]
-1x10° — T T T T T 1 T T T T T T 1 L e I B e B e e e o e e N
5 0 5 10 15 20 25 30 35 40 3.2 3.4 3.6 38 40 42 4.4 46 48
relative reaction time (ms) 1000/T (1/K)
Figure 7. Sensitivity of fitted value oks, to branching ratio data (given ~ Figure 8. Arrhenius plot of the temperature dependence of the rate
in Figure 6). constant of the @1sO0NO, branching channel (squares and solid line)

and prediction from Atkinson modeldashed line) at 100 Torr pressure.

measurements are being made very close to the detection level
of the instrument. In addition, the branching ratio method rate constant. However, because the measurements made at 100
requires the added step of titration and calibration experiments Torr were barely within the detection limit of the instrument, it
needed to determine j8s0;]o. The uncertainty in the rate  was not surprising that we were unable to obtain sufficient
constant for reaction 13 is expected to play the largest role in sensitivity to pursue experiments at pressures other than 100
the propagation of rate constant uncertainties through our fitting Torr.
process. According to the JPL databa&the uncertainty irks There have been no previous measurements of the rate
is only 15% (because we are operating at the high-pressure limitconstant for reaction 7b. However, all but one of the rate
for this reaction). Propagating this value through our model constant determinations previously reported in the literature were
indicates that this uncertainty has a minor effect (less than 10%) obtained by following the production of N@refs 6, 8, and 9)
on our fitted value fokz,. Therefore, we estimate the total error  or C;HsO (ref 7) and thus were measurementskaf rather
to be approximately 50% for the branching ratio measurements.than the overall rate constaki The fact that these measure-

We performed several measurements of the branching ratioments ofkz, are in good agreement with the only previous
for C;HsO, + NO at temperatures between 213 and 298 K in measurement d¢; (ref 5) and the present result flrindicates
order to establish the temperature dependence of the ratethat the value;, must be quite small, which is consistent with
constantkz, for conditions relevant to the upper troposphere. the present results. The model of Atkinson and co-workers,
From the data listed in Table 4 and plotted in Figure 8, we which is based on measurec-@Cg alkyl nitrate branching
obtained the Arrhenius expressitpy(T) = 1.6775 x 10715 ratios, can be used to predict a value kag. The results from
exp[(1160+ 310)T] cm® molecule’l s™%. Again, the uncertainty ~ this model are plotted with the experimental results in Figure
represents the two standard deviation statistical error in the data8. Although the temperature dependencekigis well predicted
and is not an estimate of systematic errors (which are discusseddy the model, the absolute experimental rate constants are
above). The branching ratioks}/(kza + kzu)] reported in Table consistently higher than the model predictions.
4 were calculated using the measured Arrhenius expression for As discussed in the Introduction, the ethyl nitrate-based air
the overall rate consta; (k7o + kzu). The branching ratios ~ mass age model of Bertman et®alsed a value foks, derived
range from about 0.006 at 298 K to 0.02 at 213 K, indicating from the Atkinson work Therefore, our finding thaky, is
the increased importance of theHgONO,-producing channel somewhat larger than predicted from the Atkinson model could
at lower temperatures. Because theHEONO,-producing potentially provide an explanation for the Bertman et al. result
channel is almost certainly pressure-dependent, it would be ofthat their air mass age model systematically underpredicted
interest to attempt to establish the pressure dependence of th&C;HsONO; levels in the atmosphere. However, if one assumes
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that reaction 7b is the only source oflGONO, in the
atmosphere, measuredJ&EONGO,]/[C,Hg] ratios can be used
(via the Bertman et al. model) to predict the branching ratio (
= ksp/k7) for reaction 7b:

_ [CZHSON OZ] atm
[CZHG]atm

kg — Ka 1
kA 1- e(kA—kB)t)

(22)

whereka is the pseudo first-order rate constant for the rate-
limiting OH + C,Hg step in the mechanism that eventually leads
to C;HsONO; production (2.68x 1077 s71), kg is the pseudo
first-order rate constant for the conversion aHgONGO; into
other products (1.1 107% s71), andt is the air mass age.
Using eq 22, a [eHsONGO,)/[C,Hg] value of 0.002 and an air
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agreement was found with an earlier pressure dependence study
performed at 254 K2 This work should help improve modeling

of ozone formation arising from ethane/N@hemistry by
placing more stringent constraints on the formation efl&
ONO, and by helping to establish temperature-dependent rate
constants for the reactions o0, with NO and NQ for
tropospheric pressure and temperature conditions.
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