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The rate coefficients for the reactions of NO3 with 2-methyl-3-butene-2-ol (methyl butenol, MBO,k1), 1-butene
(k2), trans-2-butene (k3), methacrolein (MACR,k4), and methyl vinyl ketone (MVK,k5) were measured directly
using a flow tube coupled to a diode laser absorption system where NO3 was measured. The measured
values of the rate coefficients arek1 ) 4.6 × 10-14 exp(-400/T) cm3 molecule-1 s-1, k2 ) 5.2 × 10-13

exp(-1070/T) cm3 molecule-1 s-1, k3(298 K)) (4.06( 0.36)× 10-13 cm3 molecule-1 s-1, k4(298 K)e 8
× 10-15 cm3 molecule-1 s-1, andk5(298 K) e 1.2 × 10-16 cm3 molecule-1 s-1. The observed reactivity
trends are correlated in terms of the presence of electron-withdrawing substituents, which reduces the reactivity
of alkenes toward NO3 addition to the double bond. The contribution of NO3 reactions to determining the
tropospheric lifetimes of these compounds are also calculated.

Introduction

The nighttime reactions of the nitrate radical, NO3, with
unsaturated hydrocarbons can be a major loss channel for these
compounds in the troposphere.1 For some hydrocarbons, the
oxidation by NO3 can be as significant as the daytime reaction
with the OH radical. The relatively large rate coefficients of
the NO3 reactions and the high concentration of the nitrate
radical make the removal by NO3 competitive. Characterization
of the NO3 reactions with unsaturated hydrocarbons is needed
for understanding the tropospheric chemistry of alkenes and that
of the NO3 radical.
The NO3 reactions with alkanes, which proceed by hydrogen

atom abstraction, are slow, with tertiary H atom abstraction
being faster than secondary H atom abstraction, which is faster
than the abstraction of a primary H atom.2 The reactions of
NO3 with alkenes are usuallyJ2 orders of magnitude faster
than those with alkanes. The rate coefficients for the reactions
of alkenes with NO3 span about 5 orders of magnitude from
the reactions of the 1-alkenes (k ) 2 × 10-16 cm3 molecule-1

s-1 for ethene) to the more substituted alkenes (k) 5.7× 10-11

cm3 molecule-1 s-1 for 2,3-dimethyl-2-butene).2 The increase
in the rate coefficients is similar to that in OH reactions, which
proceed at low temperatures predominantly by addition to the
CdC double bond. Abstraction from side alkyl chains is
probably not important at atmospheric temperatures, as can be
deduced from the much smaller rate coefficients for alkanes.3

Under atmospheric conditions, the hydrocarbon degradation
initiated by NO3 attack can lead to formation of nitrato
peroxynitrates and dinitrates. These thermally unstable com-
pounds can be transported from polluted to rural and relatively
clean areas and serve as reservoir species to the peroxy radicals
and to reactive nitrogen.
In a recent field campaign,4 2-methyl-3-butene-2-ol (CH3COH-

(CH3)CHCH2, methyl butenol, MBO) was identified as an
important emission from vegetation, which can be present in
the atmosphere at high concentrations. The origin of MBO in

the troposphere is still uncertain, but its concentration can
sometimes exceed that of isoprene,4 which suggests that MBO
may play an important role in tropospheric chemistry by
influencing tropospheric ozone buildup5,6 and transport of
reactive species in the boundary layer.7 To characterize MBO’s
atmospheric fate, we recently measured its absorption cross
section in the wavelength region relevant to the troposphere
and the rate coefficient for its reaction with the OH radical.8

We found the photolysis rate of MBO to be negligibly small,
while its reaction with OH to be fast. Grosjean and Grosjean9

measured the rate coefficient for the reaction of ozone with
MBO to be 1× 10-17 cm3 molecule-1 s-1 at 291 K. On the
basis of these results, we concluded8 that the main loss
mechanism for MBO in the atmosphere during the day is its
reaction with the OH free radical. This process leads to an
atmospheric lifetime of less than 5 h.
To quantify the loss of MBO at nighttime we have measured

the rate coefficient for the reaction of MBO with NO3

between 258 and 396 K. In addition we have investigated the
reactions of NO3 with other olefins:

where MVK is methyl vinyl ketone and MACR is methacrolein.
k2 was measured over a wide range of temperatures (between
232 and 401 K), whilek3 was measured at a few temperatures.
Reactions 2 and 3, which have been studied before, also served
as a test of a new flow tube combined with a diode laser
absorption system used to measure the rate coefficients of NO3

reaction with MBO. Sincek4 andk5 were very small, we could
only report upper limits for these values.
The observed reactivity trends are discussed in terms of the

substituent groups, especially oxygen-containing functional
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2-methyl-3-butene-2-ol+ NO398
k1
products (1)

1-butene+ NO398
k2
products (2)

trans-2-butene+ NO398
k3
products (3)

MVK + NO398
k4
products (4)

MACR + NO398
k5
products (5)
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groups. We also discuss the importance of NO3 reactions
relative to other loss processes of unsaturated organic com-
pounds in the atmosphere.

Experimental Section

A schematic diagram of the apparatus used to study reactions
1-5 is shown in Figure 1. A jacketed flow tube equipped with
a movable injector was used. Heated or cooled liquid from a
constant temperature bath was flowed through the jacket to
control the temperature of the flow tube between 230 and 400
K. The temperature was measured using a retractable thermo-
couple. The flow tube had an internal diameter of 2.54 cm.
The inner wall of the tube was used bare (T > 298 K), with a
Teflon sleeve (at some of the high- and low-temperatures
experiments), or with a halocarbon wax coating (atT < 298
K). The pressure in the reactor was measured using a 10 Torr
(1330 Pa) capacitance manometer at the center of the reactor.
Typical pressure during the experiments was 1.5-3 Torr (200-
400 Pa); on occasions, pressures up to∼15 Torr (2000 Pa) were
used.
NO3 absorption was detected using a visible tunable diode

laser combined with a White cell10,11 with a base path length
of 30 cm and 42 passes to obtain a total absorption path length
of 12.6 meter. The multipass cell was in a glass jacket with an
inner diameter of 2.3 cm and a total volume of about 130 cm3.
The mirrors had a dielectric coating with a reflectance of>99%
between 450 and 700 nm. To measureI0, the intensity of light
without NO3, NO was added to the gas flow at the entrance to
the cell to completely titrate away NO3.
The temperature and current of the diode laser were adjusted

to operate in a single mode near 661.9 nm, the peak of the NO3

absorption.1 An optical fiber was used to spatially filter and
transmit the beam to the White cell. To minimize optical
feedback-induced amplitude noise, the fiber ends were polished
at an 8° angle and the beam was passed through an optical

isolator. Approximately 60% of the laser power (∼4 mW total
power) was coupled into the fiber by using a spherical lens, an
anamorphic prism pair, and a telescope (×3) in addition to the
collimating and focusing objectives.
At the fiber output, approximately 50% of the power was

directed to a photodiode for an amplitude stabilization servo.
A stable offset current was subtracted from the photocurrent to
provide an error signal and then fed back to the laser’s injection
current with a bandwidth of 100 kHz. The offset current was
derived from a stable, well-filtered voltage reference and a
precision resistor with a low temperature coefficient. The
remaining laser power was then mode-matched to the waist of
the White cell, and the cell output was directed to the signal
photodiode.
The fiber caused the beam polarization to vary slightly with

temperature and acoustic noise, which resulted in amplitude
noise on the signal photocurrent due to the polarization
sensitivity of the optics. This was eliminated by using a
polarizer immediately after the collimated fiber output before
sampling the beam for the servo.
The laser’s wavelength was initially tuned to the NO3

absorption line using a diode array spectrometer calibrated using
a Ne lamp. The correction current for the amplitude stabilization
(<0.1 mA) did not significantly change the wavelength, and
the laser’s spectrum was periodically checked with the spec-
trometer or with an optical multichannel analyzer to ensure
single-mode operation.
The output of the signal detector was read by a digital

voltmeter, averaged with about a 3 s time constant, and
monitored by a computer for further analysis. The stability of
the detection system, as measured by the fluctuations in the
intensity, was about 1× 10-4; it was limited by vibrations of
the multipass cell. This stability corresponds to a sensitivity
of ∼4× 109 molecules cm-3, using an absorption cross section
of NO3 at 662 nm1 of σ(662 nm)) 2 × 10-17 cm2.
NO3, prepared by thermal decomposition of N2O5

in a 20 cm long, 10 cm i.d oven heated to∼400 K, was flowed
into the flow tube through a side arm. The pressure inside the
oven was controlled using a Teflon stopcock and was usually
in the range 3.5-6 Torr (470-800 Pa). Under these conditions,
reaction 6 went to completion in a time much shorter than the
residence time in the reactor. In a few experiments, the F+
HNO3 reaction was also used as an NO3 source, but the thermal
decomposition source was preferred because it is cleaner, i.e.,
it does not produce many other significant reactive species.
In all experiments atT > 298 K, the measured NO3 loss on

the movable injector was less than 1 s-1. In a separate set of
experiments, the rate constant for loss of NO3 on the main flow
tube wall was measured by adding NO3 through the movable
injector to be less than 2 s-1. In the presence of the olefin
reactant, first-order rate constants of up to 70 s-1 were observed.
At T< 298 K, wall-catalyzed reactions contributed significantly
to the loss of NO3 as indicated by nonexponential temporal
profiles and nonzero intercepts in the plots of measured first-
order rate constant vs [reactant]. Halocarbon wax coating
minimized the wall losses at lower temperatures.
In a typical experiment, NO3 was flowed through the reactor

and its concentration was measured. Then the alkene was
introduced through the movable injector and the NO3 concentra-
tion was measured for various reaction distances, which were
varied by moving the injector.

Figure 1. Schematic diagram of the experimental setup, showing the
diode laser system, White cell, and the flow tube.

N2O598
M
NO3 + NO2 (6)
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High-purity gases (He (>99.9995%), O2 (99.995%), 1-butene
(>99%), trans-2-butene (>99%), and NO (99.9%)) were used
as supplied. Commercially available MBO, MACR, and MVK
were transferred to glass bulbs and were directly flowed to the
reactor. Concentrations of all the gases were determined by
using calibrated electronic mass flow meters.
N2O5 was synthesized by the reaction of ozone with NO2.

Ozone was prepared by a commercial ozone generator using
high-purity (>99.995%) oxygen flowed through a molecular
sieve trap at 195 K. The ozone/O2 mixture from the ozone
generator was mixed with NO2, which was formed in situ by
the reaction of O2 with pure NO. High-purity NO was obtained
by passing the gas through a silica gel trap immersed in a dry
ice/ethanol bath (195 K), which removes higher nitrogen oxides.
The gases were mixed in a 50 cm long, 3.8 cm inner diameter
reactor at a pressure of 800 Torr (1.07× 105 Pa), and the
resulting gas mixture was passed through a trap held at dry ice/
ethanol temperature to collect N2O5. During the experiments,
the N2O5 was flushed out of the trap, which was maintained at
∼215 K, by high-purity He.

Results

Reactions 1-5 were studied under pseudo-first-order condi-
tions, with [alkene]/[NO3] ∼ 50-1000. Under these conditions,
the NO3 decay obeyed first-order kinetics, i.e.,

where [NO3]z and [NO3]z0 are the concentrations of NO3 at
distancesz and z0, ω is the flow velocity of the gases in the
flow tube, andk′ is the pseudo-first-order loss rate coefficient
due to all reactive processes. The relative reaction times,t -
t0 ) (1/ω)(z - z0), were calculated from the injector position
and the computed flow velocitiesω. The flow velocities were
corrected for the viscous pressure drop down the tube.12,13 The
first-order loss rate coefficients,k′i, were measured as a function
of concentration of the reactant. A linear least squares fit ofk′i
vs [alkene] gave the second-order rate coefficientski. The ki
values were plotted as a function of 1/T to obtain the Arrhenius
parametersA andEa/R according to eq 2

whereEa is the activation energy for the reaction,A is the
Arrhenius pre-exponential factor, andR is the gas constant.
We believe that the main source of error in the experiments

results from uncertainties in the determination of the concentra-
tion of the olefin in the flow tube. We estimate this error to be
not more than 7% at the 95% confidence level. The estimated
uncertainty, which includes both precision and estimated
systematic errors, for the rate coefficient at temperatureT is
expressed using the commonly used formula in rate data
evaluations, for example, the NASA/JPL evaluation14

In eq 3, which can be used for calculating the uncertainty in
the value of k at temperatureT, f(298) is the estimated
uncertainty in the value of the rate coefficient at 298 K and
was derived usingk(298 K) calculated from the Arrhenius
parameters and the measured values near 298 K. (It is implicitly
assumed that the rate coefficient at 298 K is the best defined
value.) ∆Ea is chosen to estimate the uncertainty in the rate
coefficients at T* 298 K.

trans-2-Butene+ NO3. As a check of the new experimental
apparatus, we measuredk3 at 298 and 267 K. Reaction 3 was
chosen for comparison becausetrans-2-butene has a structure
close to that of the other molecules that we studied and its rate
coefficient for the reaction with NO3 is well established.2,15The
results [k3(298 K) ) (4.06( 0.36)× 10-13 andk3(267 K) )
(3.55( 0.33)× 10-13 cm3 molecule-1 s-1 ] are in excellent
agreement with the value recommended by Atkinson2 [ k3(298
K) ) 3.9× 10-13 cm3molecule-1 s-1] and with those measured
by Dlugokenckyet al.15 in a fast flow system with laser-induced
fluorescence (LIF) detection of the NO3 reactant15 (k3(298 K)
) (3.96( 0.06)× 10-13, k3(267 K)) (3.55( 0.04)× 10-13

cm3 molecule-1 s-1). To our knowledge, Dlugokenckyet al.
are the only ones who have previously measured the temperature
dependence of this rate coefficient.

2-Methyl-3-butene-2-ol + NO3. Typical NO3 temporal
profiles for reaction 1 are shown in Figure 2. In addition, plots
of the pseudo-first-order rate coefficients (k′1) vs [MBO] are
shown in Figure 3 for three different temperatures. The
measured rate coefficients, along with pertinent experimental
conditions, are listed in Table 1. The values ofk1 measured
between 258 and 397 K are also shown in Figure 4 (solid
squares) in the Arrhenius form [eq 2]. The line in Figure 4 is
a fit of the data to eq 2 between 267 and 396 K and corresponds
to the Arrhenius parameters given in Table 3:A) 4.6× 10-14

cm3molecule-1 s-1, Ea) -800 cal mol-1,∆Ea) 70 cal mol-1,
and f(298)) 1.07. The recommended rate coefficient at 298
K, k1(298 K), is (1.21( 0.09)× 10-14 cm3 molecule-1 s-1.
All the quoted uncertainties are at the 95% confidence level.

[NO3]z ) [NO3]z0 e
-k′[(z/ω)-(z0/ω)] (1)

ki(T) ) A e-(Ea/(RT)) (2)

f(T) ) f(298) e|(∆Ea/R)((1/T)-(1/298))| (3)

Figure 2. Example for the first-order decays of NO3 for various MBO
concentrations atT ) 296 K: [, no MBO added;2, [MBO] ) 5 ×
1014 cm-3; b, [MBO] ) 1× 1015 cm-3; 9, [MBO] ) 1.4× 1015 cm-3.
The decays are exponential, as is expected for pseudo-first-order
conditions, in the absence of secondary reactions.

Figure 3. Plots of pseudo-first-order rate constants for reaction 1:9,
400 K; O, 296 K; 2, 267 K. The slopes of these plots give the rate
coefficientk1(T) at a given temperatureT.
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At temperatures lower than 290 K, the measured values of
k1 on uncoated flow tube walls deviated from the behavior
expected from eq 2. When a Teflon sleeve was inserted into
the flow tube to minimize wall losses, eq 2 was obeyed down
to 280 K. With halocarbon wax, eq 2 was obeyed down to
260 K. However, in the absence of MBO, the first-order loss
rate coefficients of NO3 on the injector were always less than
1 s-1 at all temperatures. We attribute the sharp deviation from
eq 2 at low temperatures to enhanced reactive loss of NO3 due
to heterogeneous reaction of NO3 with MBO sticking on the
walls of the flow tube. This view is supported by the change
in the temperature at which deviation from eq 2 is observed
with the character of the wall surface. Since MBO has a
somewhat low vapor pressure (∼25 Torr at 298 K) and a polar
OH group, it is expected to be “sticky” on the flow tube walls
where it can react heterogeneously with NO3. Therefore, we
did not include data obtained below 260 K in our fit to eq 2.
In addition to experiments at the usual∼2 Torr (367 Pa)

pressure, we measuredk1 at pressures of 10-15 Torr (1330-

2000 Pa). No significant change ink1 was observed. Further-
more,k1 did not change upon addition of oxygen (up to 1 Torr
(133 Pa)).
1-Butene+ NO3. The reaction of 1-butene with NO3 was

studied between 232 and 401 K, with either an uncoated wall,
a Teflon sleeve (297-400 K) or a halocarbon wax coating
(232-297 K). The results are shown in Figure 5 (solid squares)
with the experimental uncertainty, which includes systematic
and precision (2σ) errors. Table 2 lists the experimental
conditions and results of these experiments. Also shown in the
figure (open squares) are the data of Canosa-Maset al.16 The
solid lines are, again, Arrhenius fits to the data. The Arrhenius
parameters for reaction 2 in the range 232-401 K areA ) 5.2
× 10-13 cm3 molecule-1 s-1, Ea ) -2120 cal mol-1, ∆Ea )
60 cal mol-1 andf(298)) 1.07, withk2(298 K)) (1.4( 0.10)
× 10-14 cm3 molecule-1 s-1. The quoted errors are at the 95%
confidence level.
As in the case of reaction 1, high loss rate coefficients of

NO3 were observed when Teflon or bare walls were used atT
< 280 K and caused deviation from the expected Arrhenius
behavior. Such high loss rate coefficients were not observed
when halocarbon wax was used. As a result, the low-
temperature rate coefficients were obtained using halocarbon

TABLE 1: Rate Coefficients (in Units of cm3 molecule-1
s-1) for Reaction 1 and Pertinent Experimental Conditionsa

temp
(K)

1014× rate
coefficient

pressure
(Torr)

flow velocity
(cm s-1)

[MBO]/
[NO3]

wall
coating

267 0.95( 0.08 2 350 130-714 waxb

280 1.09( 0.09 2 615 55-350 waxb

295 1.2( 0.09 1.2 376 100-620 waxb

296 1.14( 0.09 8.8 301 170-650 Teflon
296 1.14( 0.09 2.6 840 45-450 waxb

296 1.30( 0.09 2.6 622 72-390 none
297 1.23( 0.09 2.5 680 95-500 none
297 1.26( 0.09 2.5 750 65-360 none
297 1.23( 0.09 2.4 880 90-500 Teflon
313 1.29( 0.10 2.5 1034 40-224 Teflon
313 1.27( 0.10 2.7 660 74-410 none
314 1.27( 0.10 2.7 750 50-350 none
314 1.22( 0.10 2.5 712 72-400 none
333 1.44( 0.12 2.5 740 80-475 none
346 1.35( 0.12 2.5 1120 30-200 Teflon
351 1.58( 0.13 2.7 733 62-400 none
353 1.42( 0.13 2.7 740 61-360 none
365 1.44( 0.13 2.5 1165 34-215 Teflon
373 1.52( 0.14 2.5 780 50-350 none
373 1.52( 0.14 2.7 800 53-300 none
400 1.76( 0.18 2.5 650 60-320 none
400 1.76( 0.18 2.7 830 50-280 none

a The error bars include precision and estimated systematic (2σ)
errors.bWax ) halocarbon wax.

Figure 4. Plots ofk1 (log scale) vs 1/T for the reaction of MBO+
NO3. The line is a weighted fit of the data to the Arrhenius expression.
The error bars include precision and estimated systematic errors, as
mentioned in the text. The data obtained at low temperatures using
uncoated or Teflon coated walls are not included.

Figure 5. Arrhenius plots ofk2 (log scale) vs 1/T for 1-butene+ NO3

reaction: 9, our data;0, data from Canosa-Maset al.16 The lines
represent weighted Arrhenius fits to the data. The error bars include
precision and estimated systematic errors as mentioned in the text.

TABLE 2: Rate Coefficients (in Units of cm3 molecule-1
s-1) for Reaction of NO3 with 1-Butene and Pertinent
Experimental Conditionsa

temp
(K)

1014× rate
coefficient

pressure
(Torr)

flow velocity
(cm s-1)

[1-butene]/
[NO3 ]

wall
coating

232 0.57( 0.06 2.4 480 34-850 waxb

249 0.69( 0.07 2.4 520 38-780 waxb

263 0.9( 0.09 2.4 550 65-680 waxb

279 1.15( 0.09 2.4 600 75-700 waxb

296 1.30( 0.10 2.4 825 80-581 waxb

296 1.38( 0.10 2.4 950 80-460 Teflon
296 1.35( 0.10 2.5 850 50-540 none
296 1.34( 0.10 8.4 900 85-450 none
296 1.34( 0.10 2.6 800 60-700 none
314 1.71( 0.14 2.5 1000 55-655 none
333 2.25( 0.19 2.4 1033 50-350 Teflon
334 1.88( 0.19 8.2 950 60-700 none
334 1.92( 0.19 2.5 920 65-530 none
352 2.48( 0.25 2.5 1100 50-600 none
374 3.03( 0.31 2.5 1200 50-510 none
377 3.16( 0.33 2.6 1100 53-590 Teflon
396 3.18( 0.35 2.5 1250 65-620 none
401 3.82( 0.42 2.4 1200 56-595 Teflon

a The error bars include precision and estimated systematic (2σ)
errors.bWax ) halocarbon wax.
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wax coating on the flow tube inner wall. For the high-
temperature experiments, either Teflon or uncoated walls were
used. We again attribute the high losses at low temperatures
to enhanced reactions of NO3 with 1-butene adsorbed on the
wall of the flow tube.
Methyl Vinyl Ketone and Methacrolein + NO3. In

addition to reactions 1-3, we also measured rate coefficients
for the reactions of NO3 with methyl vinyl ketone (MVK) and
methacrolein (MACR), two oxygenated hydrocarbons of natural
origin. These studies were carried out at 298 K only, with a
halocarbon-wax-coated flow tube. Only upper limits to the rate
coefficients were obtained:k4(298 K) e 1.2 × 10-16 cm3

molecule-1 s-1 andk5(298 K)e 8.0× 10-15 cm3 molecule-1

s-1. Although we measuredk4(298 K)) (1.0( 0.2)× 10-16

cm3 molecule-1 s-1, we report an upper limit because our
experiment is not suited to accurately measuring such low rate
coefficients. We report only the upper limit fork5, since the
commercial MACR sample contained methylhydroquinone and
acetic acid as inhibitors. We distilled the sample twice at a
temperature of 250 K to collect pure MACR. Methylhydro-
quinone and acetic acid, which have low vapor pressures, are
unlikely to be present in the purified sample. However, gas
chromatographic analysis of the distilled samples revealed that
some impurities that were in the original sample remained after
distillation. Some of these impurities were identified to be
cyclohexene, octene, methanol, propanol, and 2-methyl-2-
butenal, all at less than 1 ppmv. The existence of these
impurities at such low concentrations is not likely to increase
the values ofk5. Since we were not able to obtain a much purer
sample, we quote only an upper limit fork5. The value ofk5 at
298 K using a doubly distilled sample was the same as that
measured with the original sample.

Discussion

The most likely sources of errors in our measurements of
k1-k5 are the occurrence of unrecognized secondary reactions,
the determination of the concentrations of the excess reagent,
impurities in the excess reagents, and the precision of the
measurements.
Reactions other than (1)-(5), which either consume NO3 or

regenerate it, can introduce errors. The likely candidates that
can consume NO3 are the reactions of the NO3 radicals with
the products of the reactions. For example, if these reactions
occur on every collision, because of the large initial concentra-
tions of NO3 employed here, the measured rate coefficient can
be overestimated by a factor of 2 or more. The concentration
of the NO3 radical was∼1012 cm-3. Yet, the measured rate

coefficients were not affected by any secondary reactions of
NO3. Experimentally, the insignificance of NO3 side reactions
was shown by the exponential nature of the [NO3] vs time
(reaction distance) profiles and the invariance of the measured
values ofk1-k5 with the initial concentration of the NO3 free
radicals. Addition of O2, which can scavenge the radicals
formed in the reaction, did not alter the measured values of the
rate coefficients as well. NO3 does not undergo self reaction,
and any reactions of NO3 with the products of reactions 1-5
are unlikely to be fast enough to influence the measured rate
constants.
The major problem associated with these measurements was

the wall reactions at low temperatures. As discussed earlier,
coating the walls with halocarbon wax minimized this effect.
The linearity of the Arrhenius plots for reactions 1 and 2 bears
this out. The identification that the enhanced rate coefficients
at the lower temperatures were due to wall reactions was clearly
shown by the departure from Arrhenius behavior occurring
rather abruptly and the changes in the rate constants with the
coating on the wall. Previous investigations have shown that
halocarbon coating is a very good way to reduce the wall losses.
Furthermore, one series of experiments carried out using pulsed
photolytic production of NO3 (by photolysis of N2O5 or
ClONO2) followed by its laser-induced fluorescence detection
also yielded the same values fork1 at 298 K. Because of the
difficulties encountered due to dark side reactions between the
NO3 precursors and MBO, which were possibly heterogeneous
in nature, we did not pursue this approach further.
Another source of possible error is the determination of the

concentration of the excess reagent. The absorption cross
sections of the reactants used in this study were too small to
allow direct measurement of their concentrations in the gas
mixture using absorption. Therefore, we used calibrated mass
flow meters to determine their concentrations. As was discussed
in the Results section, we estimate the uncertainty in this
concentration to be 7%.
Table 3 lists our measured values ofk1-k5 along with

previous determinations of some of these rate coefficients. To
our knowledge,k1, k4, andk5 have not been measured before.
Therefore, it is instructive to compare our results to the rate
coefficients for NO3 reactions with compounds containing
similar functional groups.
The room temperature value ofk2 has been previously

measured using many techniques17-20 and, hence, provides a
benchmark for comparison. Atkinsonet al.17 measuredk2 at
298 K to bek2(298 K)) (1.23( 0.2)× 10-14 cm3 molecule-1

s-1 by monitoring the loss of 1-butene relative totrans-2-butene

TABLE 3: Rate Coefficients (in Units of cm3 molecule-1 s-1) at 298 K and Arrhenius Parameters for Reactions Studied in This
Work and Those for Some Closely Related Reactions from Literature

compound k(298 K) A E/R (K) ref

2-methyl-3-butene-2-ol (MBO) (1.2( 0.09)× 10-14 4.6× 10-14 400 this work
1-butene (1.4( 0.1)× 10-14 5.2× 10-13 1070 this work

(1.4( 0.3)× 10-14a Japar and Niki19

(1.3( 0.3)× 10-14a Andersson and Ljunstrom20

(1.2( 0.2)× 10-14 Atkinson17

(1.3( 0.2)× 10-14 Barnes18

(1.1( 0.2)× 10-14 2.50× 10-13 940 Canosa-Maset al.16

1.2× 10-14 2.04× 10-13 843 Atkinson2,3

trans-2-butene 3.9× 10-13 1.1× 10-12 310 Atkinson2,3

methacrolein (MACR) <8× 10-15 this work
methyl vinyl ketone (MVK) <1.2× 10-16 this work
2-methyl-1,3-butadiene (isoprene) 6.78× 10-13 3.03× 10-12 446 Atkinson2,3

ethene 2.05× 10-16 Atkinson2,3

propene 9.49× 10-15 4.59× 10-13 1156 Atkinson2,3

2-methylpropene 3.32× 10-13 Atkinson2,3

aCalculated using the currently accepted value14 for the equilibrium constant for N2O5 a NO3 + NO2.
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and assumingk3 ) 3.89× 10-13 cm3 molecule-1 s-1. Barnes
at al.18 used propene (k ) 9.4× 10-15 cm3 molecule-1 s-1) as
their standard and obtainedk2(298 K) ) (1.3( 0.2)× 10-14

cm3 molecule-1 s-1. Japar and Niki19 and Andersson and
Ljungstrom20 observed the rate of decay of N2O5, which was
in equilibrium with NO3, as a function of added 1-butene. By
assuming that N2O5 does not react with 1-butene, they calculated
k2(300 K)) (7.8( 0.8)× 10-15 andk2(296 K)) (6.4( 0.3)
× 10-15 cm3molecule-1 s-1. A reanalysis of their results using
the currently recommended value14 for the equilibrium constant
for the process N2O5 a NO3 + NO2, keq(T) ) 2.7 ×
10-27e(11 000/T), yieldsk2 ) (1.4( 0.3)× 10-14 andk2 ) (1.3
( 0.3)× 10-14 cm3 molecule-1 s-1, respectively. These rate
coefficients are in excellent agreement with our 298 K value
(Table 3). The rate coefficients measured by Canosa-Maset
al.16 between 300 and 473 K are approximately 20% lower than
our values as shown in Figure 5 (open triangles), even though
they overlap with ours within the combined error limits. One
possible reason for the higher values is the presence of impurities
in our sample of 1-butene. We analyzed our sample using gas
chromatography for possible impurities and found the level of
impurities in our sample to be<0.5%. We did not observe
any alkenes larger than butene. Therefore, we are confident
that our values are not significantly affected by presence of
impurities.

There is a lot of evidence that suggests that the reaction of
NO3 with alkenes proceeds by addition of NO3 to the CdC
double bond. Significant deuterium effect is not observed in
the reaction of NO3 with propene-d6,19 suggesting that abstrac-
tion of an H atom by NO3, although exothermic, does not
occur.3,2 The products of NO3 reactions with alkenes also
suggest that the reaction involves addition of the NO3 radical
to the double bond with simultaneousπ-bond rupture to form
a nitrate radical adduct.21-23 This reaction mechanism resembles
the behavior of OH and O(3P) reactions, which are known to
be electrophilic additions. Since NO3 has a higher electron
affinity, EA, than those of both the OH radical and O(3P)
(EA(NO3) ∼ 3.9 eV,24,25EA(OH)∼ 1.83 eV,26 and EA(O(3P))
) 1.46 eV27), it is expected to react predominantly via
electrophilic addition. Thus, the reactivity should be governed
by the electron density distribution along the double bond and
by steric factors.2,3,16,19 NO3 addition takes place on the least
substituted carbon atom, and the rate coefficient at 298 K for
the reaction increases with the amount of substitution with
electron-donating groups, such as alkyl side chains, consistent
with the inductive effect of the alkyl groups, which alters the
electron distribution on theπ-bond.3,16 The presence of
substituents also stabilize the radical formed following the NO3

addition.

Atkinson has shown that there is a correlation between the
rate coefficients of the reactions of NO3 and OH with alkenes.3

A similar comparison shows a correlation with the reactions of
O(3P).28 It can be seen (Table 4) that less substituted hydro-
carbons (such as ethene, propene, and 1-butene) react much
more slowly than 2-alkenes and substituted alkenes. Alkyl
substitution on the double bond enhances the reactivity (cis-
and trans-butene), but steric hindrance slows it down. Fur-
thermore, substitution by another alkyl group enhances the
reactivity even more (2-methyl-2-butene). Also, for less
substituted alkenes, the OH reactions are much faster than the
corresponding NO3 reactions. However, in branched alkenes
the NO3 reaction becomes comparable to the OH reaction. To
our knowledge, the effect of an electron-withdrawing group such
as alcohol or aldehyde has not been previously compared. Yet,

the overall reactivity of reaction 1 is consistent with NO3

addition to the double bond in MBO.

Both steric and inductive effects may play a role in determin-
ing the reactivity of NO3 with MBO. The alcohol group, which
is an electron-withdrawing group, can reduce the electron density
across the double bond and, hence, slow the reaction. In
addition, the methyl and alcohol groups on theâ-carbon atom
to the double bond may pose a steric hindrance to the double
bond site. These factors probably determine the rate by which
reaction 1 can proceed. In 1-butene, on the other hand, steric
hindrance should not be significant. This might be the reason
that 1-butene reacts slightly faster than MBO. Since the OH
group in MBO is not directly bonded to the carbon-carbon
double bond, its effect on the reactivity is not very large but
still noticeable. We speculate that the difference in reactivity
arises mainly because of the steric hindrance, which is also
reflected in a smaller Arrhenius pre-exponential factor (∼5 ×
10-14 as opposed to∼5 × 10-13 cm3 molecule-1 s-1 for
1-butene). The inductive effect due to the highly substituted
â-carbon may be the reason that the activation energy observed
for MBO is lower than that of 1-butene.

The effect of the oxygenated substituents can be best seen
by comparing a list of compounds of similar structure. By
looking at Table 4, one can observe that the reactivity decreases
in the following order: 2-methylpropene. propene> MACR
for substituted propenes. In 2-methylpropene, the methyl group,
which is an electron-donating group, enhances the reactivity
compared to propene. When a propene is substituted with an
aldehyde group in MACR, the reactivity is decreased. For
butenes, a similar trend is observed: 2-methyl-2-butene. trans-
2-butene> 1-butene> MBO. 2-Methyl-2-butene has three
alkyl substituents on the double bond, and hence, it reacts very
fast. trans-2-Butene has one methyl group on each double
bonded carbon, and it reacts a little more slowly. 1-Butene and
MBO have only one alkyl substitution on the double bonded
carbon, and they react even more slowly. In MBO, the OH
group is probably decreasing the reactivity; however, since it
is not directly attached to the double bond, the effect is not
very large. MVK can be considered to be an ethene substituted
with a carbonyl group (an electron withdrawing functional
group) to the double bond which makes its reaction slower than
that of ethene.

Rate coefficientsk1 andk2 do not increase with pressure in
the small pressure range over which they were studied (1-15
Torr (133 - 200 Pa)). The lack of pressure dependence is
consistent with other NO3 reactions of this type, whose rate
coefficients do not change with pressure.3,1

TABLE 4: Rate Coefficients (in Units of cm3 molecule-1
s-1) at 298 K for Reactions of NO3, OH, and O(3P) with
Some Simple Alkenes

compound

k(298 K)
for NO3

a

× 1014

k(298 K)
for OHb

× 1012

k(298 K)
for O(3P)c

× 1012

ethene 0.02 8.52 0.44
propene 0.95 26.3 3.98
2-methylpropene 33.2 51.4 16.9
methacrolein (MACR) e0.01 20.0
1-butene 1.4d 31.4 4.15
2-methyl-3-butene-2-ol (MBO) 1.2d 64.0e

cis-2-butene 33.2 56.4 17.6
trans-2-butene 39.0 64.0 21.7
2-methyl-2-butene 937 86.9 56.5

aReference 2.bReference 2.cReference 28.d This work. eRefer-
ence 8.
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Atmospheric Implications. Table 5 lists the tropospheric
lifetimes of several compounds of natural origin due to reaction
with the OH radical, ozone, and the nitrate radical.
MBO was recently discovered to be present in the atmosphere

in high concentrations, up to 8 ppbv.4 Although its exact origin
has not been fully identified, the similarity in its diurnal behavior
and the correlation of its concentration with that of isoprene
suggest that it is emitted by a vegetative source. In a previous
study,8 we have found that the reaction of MBO with OH is
fast, with a rate constant of 6.4× 10-11 cm3 molecule-1 s-1 at
298 K. Grosjean and Grosjean9 reported the rate coefficient
for the ozone+ MBO reaction at 291 K to be 1.0× 10-17 cm3

molecule-1 s-1. With the 298 K rate coefficient of 1.2× 10-14

cm3 molecule-1 s-1 for the NO3 + MBO reaction we conclude
that the atmospheric lifetime of MBO will be dominated by
the reaction with OH. At night, reaction of MBO with ozone
is comparable to the loss due to reaction with NO3 in clean
areas, where NO3 concentrations are low. For example,
assuming [NO3 ] ) 5 × 108 cm-3 and [O3] ) 1 × 1012 cm-3

(40 ppbv at atmospheric pressure), reaction 1 is responsible for
about 40% of the MBO loss during the night. However, since
the emission of MBO is light-mediated,4 and since the reaction
with OH is fast, the concentrations of MBO during the night
are expected to be low and the main loss of MBO would be
during the day by the reaction with OH.
Isoprene is the most abundant emission from vegetation, while

MVK and MACR are two of the main photochemical degrada-
tion products of isoprene.29 Removal of MVK by the NO3
reaction is not significant, and the reaction with ozone will
dominate its nighttime loss (see Table 5). For MACR, however,
the nighttime removal may be via the NO3 reaction. In a few
field campaigns,29,30 nighttime MACR concentrations were
reported to be slightly higher than that of MVK, in contrast to
the daytime behavior where [MVK]> [MACR]. This behavior
can be rationalized by different nighttime removal rates. MVK
is removed by ozone alone faster than the removal of MACR
by ozone and NO3 reactions together. This will result in a faster
removal of MVK than of MACR during the night and might
lead to its lower nighttime concentrations, consistent with the
observations.29,30

1-Butene is produced mainly by anthropogenic activities, and
its concentration in the atmosphere can be as high as 350 ppbv
in polluted atmospheres16 and as low as a few ppbv in remote
places.31 The lifetime of 1-butene due to reaction with NO3 is
about 30 h (assuming [NO3] ) 5× 108 cm-3). The tropospheric
lifetime of 1-butene due to the reaction with OH is about 10 h
(assuming [OH]) 106 cm-3, k(298 K) ) 3.14× 10-11 cm3

molecule-1 s-1) and that with ozone is about 30 h (assuming
[O3] ) 1× 1012 cm-3, k(298 K)) 9.64× 10-18). During the
day, 1-butene will be lost by reaction with the OH radical

(∼75%) and by reaction with ozone (∼25%). At night, NO3
may be responsible for∼40% of the 1-butene nighttime loss.
All of these numbers should be treated with caution because
the NO3 and OH concentrations vary substantially, depending
on the environment, location, and season.
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