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Rate Coefficients for Reactions of NQ with a Few Olefins and Oxygenated Olefins
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The rate coefficients for the reactions of fi@ith 2-methyl-3-butene-2-ol (methyl butenol, MBR&), 1-butene

(k2), trans-2-butene kz), methacrolein (MACRK,), and methyl vinyl ketone (MVKks) were measured directly

using a flow tube coupled to a diode laser absorption system whegewd® measured. The measured
values of the rate coefficients akg = 4.6 x 107'* exp(—400/T) cm® molecule! s, k, = 5.2 x 1078
exp(1070m) cm?® molecule® s72, ky(298 K) = (4.06+ 0.36) x 10712 cm?® molecule® s72, ky(298 K) < 8

x 10715 cm?® molecule® s71, andks(298 K) < 1.2 x 10716 cm?® molecule® s™1. The observed reactivity

trends are correlated in terms of the presence of electron-withdrawing substituents, which reduces the reactivity
of alkenes toward N©@addition to the double bond. The contribution of Nf@actions to determining the
tropospheric lifetimes of these compounds are also calculated.

Introduction the troposphere is still uncertain, but its concentration can
sometimes exceed that of isopréh&hich suggests that MBO
may play an important role in tropospheric chemistry by
?nfluencing tropospheric ozone buildip and transport of
reactive species in the boundary layef.o 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 radftal.

The nighttime reactions of the nitrate radical, NQvith
unsaturated hydrocarbons can be a major loss channel for thes
compounds in the troposphéereFor some hydrocarbons, the
oxidation by NQ can be as significant as the daytime reaction
with the OH radical. The relatively large rate coefficients of
the NG; reactions and the high concentration of the nitrate
radical make the_ remoyal by N@ompetitive. Characte_rization We found the photolysis rate of MBO to be negligibly small,
?f the NGy reactions with unsatur ated hydrocarbons Is needed while its reaction with OH to be fast. Grosjean and Grosjean
or understand!ng the tropospheric chemistry of alkenes and thatmeasured the rate coefficient for the reaction of ozone with
of the NGy rad|c¢_al. ) . MBO to be 1x 1017 cm® molecule’? s71 at 291 K. On the

The NG; reactions with alkanes, which proceed by hydrogen .qis of these results, we conclulethat the main loss

gtc_)m ?bstracr'glon, are SC;OW’ with ternélry H atom r?bflt_ra?tmn mechanism for MBO in the atmosphere during the day is its
eing faster than secondary H atom abstraction, which is faster o tion with the OH free radical. This process leads to an

than the abstraction of a primary H atémThe re_actions of atmospheric lifetime of less than 5 h.
NO; with alkgnes are usuallg2 orders .Of magnitude faste_r To quantify the loss of MBO at nighttime we have measured
than those Wl.th alkanes. The rate coefficients for t_he reactions q rate coefficient for the reaction of MBO with NO
of alkenes with N@ span about 5 orders of magnitude from
the reactions of the 1-alkends 2 x 10716 cm?® molecule?! Ky
s for ethene) to the more substituted alkenes(&.7 x 1011 2-methyl-3-butene-2-ot NO; — products (1)
cm® molecule’t s~ for 2,3-dimethyl-2-butené). The increase
in the rate coefficients is similar to that in OH reactions, whic
proceed at low temperatures predominantly by addition to the
C=C double bond. Abstraction from side alkyl chains is K
probably not important at atmospheric temperatures, as can be 1-butenet NO; — products (2)
deduced from the much smaller rate coefficients for alk&nes.
Under atmospheric conditions, the hydrocarbon degradation
initiated by NG attack can lead to formation of nitrato
peroxynitrates and dinitrates. These thermally unstable com- Kk,
pounds can be transported from polluted to rural and relatively MVK + NO; — products (4)
clean areas and serve as reservoir species to the peroxy radicals
and to reactive nitrogen.
In a recent field campaigh2-methyl-3-butene-2-ol (C}OH-

.(CH3)CHCH2’.m?thy| butenol, M.BO) was identified as an \where MVK is methyl vinyl ketone and MACR is methacrolein.
Important emission from vegetation, which can pe present in k. was measured over a wide range of temperatures (between
the atmosphere at high concentrations. The origin of MBO in 232 and 401 K), whilés 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

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

k.
trans-2-butenet NO, - products 3)

ks
MACR + NO,; — products (5)
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Figure 1. Schematic diagram of the experimental setup, showing the
diode laser system, White cell, and the flow tube.

groups. We also discuss the importance of s;N®actions
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isolator. Approximately 60% of the laser power4 mW total
power) was coupled into the fiber by using a spherical lens, an
anamorphic prism pair, and a telescope3J 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 NO
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

relative to other loss processes of unsaturated organic com-the detection system, as measured by the fluctuations in the

pounds in the atmosphere.

Experimental Section

intensity, was about k 1074 it was limited by vibrations of
the multipass cell. This stability corresponds to a sensitivity
of ~4 x 10° molecules cm?, using an absorption cross section
of NOz at 662 nm of (662 nm)= 2 x 10717 cn?.

A schematic diagram of the apparatus used to study reactions NO;, prepared by thermal decomposition ofQ4

1-5is 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 thermoin a 20 cm long, 10 cm i.d oven heated+@d00 K, was flowed

couple. The flow tube had an internal diameter of 2.54 cm. into the flow tube through a side arm. The pressure inside the

N,O; — NO; + NO, 6)

The inner wall of the tube was used baffex 298 K), with a

oven was controlled using a Teflon stopcock and was usually

Teflon sleeve (at some of the high- and low-temperatures in the range 3.56 Torr (470-800 Pa). Under these conditions,

experiments), or with a halocarbon wax coating Tax 298

reaction 6 went to completion in a time much shorter than the

K). The pressure in the reactor was measured using a 10 Torrresidence time in the reactor. In a few experiments, the F
(1330 Pa) capacitance manometer at the center of the reactorHNO;z reaction was also used as an N€urce, but the thermal

Typical pressure during the experiments was-BS orr (200
400 Pa); on occasions, pressures up 1% Torr (2000 Pa) were
used.

decomposition source was preferred because it is cleaner, i.e.,
it does not produce many other significant reactive species.

In all experiments al > 298 K, the measured Noss on

NOs absorption was detected using a visible tunable diode the movable injector was less than T's In a separate set of

laser combined with a White c&ll** with a base path length

experiments, the rate constant for loss of N/ the main flow

of 30 cm and 42 passes to obtain a total absorption path lengthtube wall was measured by adding Bitrough the movable
of 12.6 meter. The multipass cell was in a glass jacket with an injector to be less than 275 In the presence of the olefin

inner diameter of 2.3 cm and a total volume of about 136.cm
The mirrors had a dielectric coating with a reflectance 88%
between 450 and 700 nm. To measlgehe intensity of light
without NGs, NO was added to the gas flow at the entrance to
the cell to completely titrate away NO

reactant, first-order rate constants of up to 7bvgere observed.

At T < 298 K, wall-catalyzed reactions contributed significantly
to the loss of N@ as indicated by nonexponential temporal
profiles and nonzero intercepts in the plots of measured first-
order rate constant vs [reactant]. Halocarbon wax coating

The temperature and current of the diode laser were adjustedminimized the wall losses at lower temperatures.

to operate in a single mode near 661.9 nm, the peak of the NO

absorption: An optical fiber was used to spatially filter and
transmit the beam to the White cell. To minimize optical

In a typical experiment, N@was flowed through the reactor
and its concentration was measured. Then the alkene was
introduced through the movable injector and thesN@Gncentra-

feedback-induced amplitude noise, the fiber ends were polishedtion was measured for various reaction distances, which were
at an 8 angle and the beam was passed through an optical varied by moving the injector.
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High-purity gases (HeX99.9995%), @(99.995%), 1-butene 41012
(>99%), trans2-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.

N2Os was synthesized by the reaction of ozone with,NO
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/@ixture from the ozone
generator was mixed with NQwhich was formed in situ by
the reaction of @with pure NO. High-purity NO was obtained 201 1y . : . :
by passing the gas through a silica gel trap immersed in a dry 2 o 6 80
icefethanol bath (195 K), which removes higher nitrogen oxides. Reaction time (ms)

The gases were mixed in a 50 cm long, 3.8 cm inner diameter Figure 2. Example for the first-order decays of N@r various MBO
reactor at a pressure of 800 Torr (1.6710° Pa), and the ~ concentrations af = 296 K: @, no MBO addeda, [MBO] = 5 x
resulting gas mixture was passed through a trap held at dry ice/A0"" ¢ % @, [MBO] =1 x 10°>cm™*; W, [MBO] = 1.4 x 10" cm.

. - The decays are exponential, as is expected for pseudo-first-order
ethanol temperature to collecb®s. Durlr_lg the experiments,  .onitions, in the absence of secondary reactions.
the NbOs was flushed out of the trap, which was maintained at
~215 K, by high-purity He.

2x1012

1012
8x10M

INO, ] (o)

i

6x1011

4x101

25 T=296 K
Results

Reactions +5 were studied under pseudo-first-order condi-
tions, with [alkene]/[NG] ~ 50—1000. Under these conditions,
the NG; decay obeyed first-order kinetics, i.e.,

_ —K[(Zw)—(/w)]
[NO, = [NO], & It (1)
where [NQ],; and [NQi], are the concentrations of NGat
distancesz and z,, w is the flow velocity of the gases in the 00  50oxi0W 104105 15105 20410
flow tube, andk' is the pseudo-first-order loss rate coefficient (MBO]
due to all reactive processes. The relative reaction times,  Figure 3. Plots of pseudo-first-order rate constants for reactiom:

to = (Llw)(z — z0), were calculated from the injector position 400 K; O, 296 K; a, 267 K. The slopes of these plots give the rate
and the computed flow velocities. The flow velocities were ~ coefficientki(T) at a given temperature.

corrected for the viscous pressure drop down the t&b& The

first-order loss rate coefficientk;, were measured as a function trans-2-Butene+ NOas. As a check of the new experimental
of concentration of the reactant. A linear least squares fitof ~ apparatus, we measurgglat 298 and 267 K. Reaction 3 was

vs [alkene] gave the second-order rate coefficidgqtsThe k; chosen for comparison becausans-2-butene has a structure
values were plotted as a function ofrt6 obtain the Arrhenius close to that of the other molecules that we studied and its rate
parameter#\ and Ey/R according to eq 2 coefficient for the reaction with Ngis well establishe@1®The
results k(298 K) = (4.06 + 0.36) x 10713 andks(267 K) =
k(T) = Ae &ED ) (3.55+ 0.33) x 10713 cm® molecule! s7 ] are in excellent

agreement with the value recommended by Atkiddok(298
K) = 3.9 x 103 cm® molecule* s71] and with those measured
by Dlugokenckyet al1®in a fast flow system with laser-induced
fluorescence (LIF) detection of the N®@eactant® (ks(298 K)

where E; is the activation energy for the reactioA, is the
Arrhenius pre-exponential factor, aitis the gas constant.

We believe that the main source of error in the experiments " 13 - 4
results from uncertainties in the determination of the concentra- — (3-96= 0'0?) >i110‘  ke(267 K) = (3.55+ 0.04) x 10
tion of the olefin in the flow tube. We estimate this error to be C* molecule™ s74). To our knowledge, Dlugokenckst al.
not more than 7% at the 95% confidence level. The estimated &€ the only ones who have previously measured the temperature

uncertainty, which includes both precision and estimated dependence of this rate coefficient.

systematic errors, for the rate coefficient at temperafuis 2-Methyl-3-butene-2-ol + NOs. Typical NO; temporal
expressed using the commonly used formula in rate dataprofiles for reaction 1 are shown in Figure 2. In addition, plots
evaluations, for example, the NASA/JPL evaluatfon of the pseudo-first-order rate coefficients;] vs [MBO] are
shown in Figure 3 for three different temperatures. The
f(T) = f(298) d(AESR)(1/)~(1/298)) (3) measured rate coefficients, along with pertinent experimental

conditions, are listed in Table 1. The valueskafmeasured

In eq 3, which can be used for calculating the uncertainty in between 258 and 397 K are also shown in Figure 4 (solid
the value ofk at temperatureT, f(298) is the estimated squares) in the Arrhenius form [eq 2]. The line in Figure 4 is
uncertainty in the value of the rate coefficient at 298 K and a fit of the data to eq 2 between 267 and 396 K and corresponds
was derived using(298 K) calculated from the Arrhenius to the Arrhenius parameters given in TableB= 4.6 x 10714
parameters and the measured values near 298 K. (It is implicitly cm® molecule’* s, E; = —800 cal mot?, AE; = 70 cal mof?,
assumed that the rate coefficient at 298 K is the best definedandf(298) = 1.07. The recommended rate coefficient at 298
value.) AE, is chosen to estimate the uncertainty in the rate K, k(298 K), is (1.21+ 0.09) x 1074 cm® molecule® s™%.
coefficients at T= 298 K. All the quoted uncertainties are at the 95% confidence level.
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TABLE 1: Rate Coefficients (in Units of cm® molecule™® T(K)
s1) for Reaction 1 and Pertinent Experimental Conditionst oD 450 40 350 30 20
]
temp 10%x rate pressure flow velocity [MBO)/ wall
(K)  coefficient  (Torr) (cms?) [NO3] coating
267 0.95+0.08 2 350 136714 wax =
280 1.09+ 0.09 2 615 55350 wax ©
295 1.2+ 0.09 1.2 376 106620 wax o
296 1.144+0.09 8.8 301 176650 Teflon §
296 1.14+0.09 2.6 840 45450 wax E
296 1.30+0.09 2.6 622 72390 none 1014
297 1.23+0.09 25 680 95500 none E
297 1.26+0.09 2.5 750 65360 none x = This work
297 1.23+0.09 2.4 880 96500 Teflon o Canosa-Mas et. al.
313 1.29+0.10 2.5 1034 46224 Teflon
313 1274010 27 660 74410 none 3 5 30 5 " s
314 1.27£010 27 750 56350 none 1000/ T (K)
314 1.22+0.10 2.5 712 72400 none
333 1.44+0.12 25 740 806475 none Figure 5. Arrhenius plots ok; (log scale) vs IV for 1-butenet+ NOs
346 1.35+0.12 25 1120 36200 Teflon reaction: M, our data;0, data from Canosa-Mast all® The lines
351 1.58+0.13 2.7 733 62400 none represent weighted Arrhenius fits to the data. The error bars include
353 1.42+0.13 2.7 740 61360 none precision and estimated systematic errors as mentioned in the text.
365 1.444+0.13 2.5 1165 34215 Teflon
373 1.52+0.14 2.5 780 56350 none TABLE 2: Rate Coefficients (in Units of cm® molecule™®
373 1.52+0.14 2.7 800 53300 none s1) for Reaction of NOz with 1-Butene and Pertinent
400 1.76+£0.18 25 650 66320 none Experimental Conditions?
400 1.76+0.18 27 830 56280 none temp 10" x rate pressure flow velocity [1-butenel/ wall
aThe error bars include precision and estimated systematip (2  (K)  coefficient  (Torr) (cms™?) [NOs]  coating
errors.” Wax = halocarbon wax. 232 057+006 2.4 480 34850 wax®
249 0.69+ 0.07 2.4 520 38780 wax
o0 250 TK 200 250 263 0.9+ 0.09 2.4 550 65680 wa¥
3x1014 . : 279 1.15+0.09 2.4 600 75700 wax
296 1.30+0.10 2.4 825 86581 wa¥
296 1.38+£0.10 2.4 950 86460 Teflon
— 296 1.35+0.10 2.5 850 56540 none
T o 296 1.34+£0.10 84 900 85450 none
< 296 1.34+0.10 2.6 800 66700 none
2 314 1.71+0.14 25 1000 55655 none
8 333 2.25+0.19 2.4 1033 56350 Teflon
2 1 334 1.88+0.19 8.2 950 66700 none
2 334 1.92+0.19 2.5 920 65530 none
\g, 352 2.48+0.25 2.5 1100 568600 none
X g 374 3.03:031 25 1200 56510 none
o105 377 3.16+0.33 26 1100 53590  Teflon
X105 396 3.18+0.35 2.5 1250 65620 none
24 28 32 36 40 401 3.82+0.42 2.4 1200 56595  Teflon
1000/T (K)

aThe error bars include precision and estimated systemadip (2
Figure 4. Plots ofk; (log scale) vs I¥ for the reaction of MBO+ errors.? Wax = halocarbon wax.

NOs. The line is a weighted fit of the data to the Arrhenius expression.

The error bars include precision and estimated systematic errors, aspgoQ Pa). No significant change lkawas observed. Further-
mentioned in the text. The data obtained at low temperatures using more,k; did not change upon addition of oxygen (up to 1 Torr
uncoated or Teflon coated walls are not included. (133 ’Pa))

At temperatures lower than 290 K, the measured values of 1-Butene + NOs. The reaction of 1-butene with Nwas

k; 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 N@on the injector were always less than
1 s 1atall temperatures. We attribute the sharp deviation from
eq 2 at low temperatures to enhanced reactive loss afdi@

to heterogeneous reaction of W@ith 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 pressure5 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 NOrherefore, we
did not include data obtained below 260 K in our fit to eq 2.

In addition to experiments at the usuaR Torr (367 Pa)
pressure, we measurdg at pressures of 015 Torr (13306~

studied between 232 and 401 K, with either an uncoated wall,
a Teflon sleeve (297400 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 (@) errors. Table 2 lists the experimental
conditions and results of these experiments. Also shown in the
figure (open squares) are the data of Canosa-8ad'® The
solid lines are, again, Arrhenius fits to the data. The Arrhenius
parameters for reaction 2 in the range 23®1 K areA = 5.2
x 107 cm® molecule® s7%, E, = —2120 cal mot?, AE, =
60 cal moi'! andf(298)= 1.07, withkx(298 K) = (1.4 + 0.10)
x 1071 cmé molecule 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 usefl at
< 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
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TABLE 3: Rate Coefficients (in Units of cm® molecule ! s1) 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) (1.20.09)x 10+ 4.6x 107 400 this work

1-butene (1.4£0.1)x 1074 5.2x 10713 1070 this work
(1.4+£0.3) x 10714 Japar and NikP
(1.3+£0.3) x 107142 Andersson and Ljunstroth
(1.2+£0.2) x 1074 Atkinson'’
(1.3+0.2)x 10714 Barned®
(1.1+£0.2)x 1074 2.50x 10718 940 Canosa-Mast al 16
1.2x 10 2.04x 1083 843 Atkinsor-3

trans-2-butene 3.%« 10713 11x10% 310 Atkinsort?

methacrolein (MACR) <8 x 1071° this work

methyl vinyl ketone (MVK) <1.2x 10716 this work

2-methyl-1,3-butadiene (isoprene) 6.%810° 3 3.03x 10°%? 446 Atkinsor#?

ethene 2.05¢ 10716 Atkinsor?3

propene 9.4% 107%° 4.59x 10713 1156 Atkinsoi®

2-methylpropene 3.32 10713 Atkinsor??

a Calculated using the currently accepted vétder the equilibrium constant for 05 == NO; + NO..

wax coating on the flow tube inner wall. For the high- coefficients were not affected by any secondary reactions of
temperature experiments, either Teflon or uncoated walls wereNOs. Experimentally, the insignificance of NQide reactions
used. We again attribute the high losses at low temperatureswas shown by the exponential nature of the gN®@s time
to enhanced reactions of N@ith 1-butene adsorbed on the (reaction distance) profiles and the invariance of the measured
wall of the flow tube. values ofk;—ks with the initial concentration of the Ngfree
Methyl Vinyl Ketone and Methacrolein + NOs. In radicals. Addition of @, which can scavenge the radicals
addition to reactions 13, we also measured rate coefficients formed in the reaction, did not alter the measured values of the
for the reactions of N@with methyl vinyl ketone (MVK) and rate coefficients as well. Nf£does not undergo self reaction,
methacrolein (MACR), two oxygenated hydrocarbons of natural and any reactions of Nfwith the products of reactions—5
origin. These studies were carried out at 298 K only, with a are unlikely to be fast enough to influence the measured rate
halocarbon-wax-coated flow tube. Only upper limits to the rate constants.

coefficients were obtainedks(298 K) = 1.2 x 10716 cm? The major problem associated with these measurements was
molecule’? st andks(298 K) < 8.0 x 10715 cm® molecule'? the wall reactions at low temperatures. As discussed earlier,
s L. Although we measurek(298 K) = (1.0 + 0.2) x 10716 coating the walls with halocarbon wax minimized this effect.

cm® molecule’! s, we report an upper limit because our The linearity of the Arrhenius plots for reactions 1 and 2 bears
experiment is not suited to accurately measuring such low ratethis out. The identification that the enhanced rate coefficients
coefficients. We report only the upper limit fég, since the at the lower temperatures were due to wall reactions was clearly
commercial MACR sample contained methylhydroquinone and shown by the departure from Arrhenius behavior occurring
acetic acid as inhibitors. We distilled the sample twice at a rather abruptly and the changes in the rate constants with the
temperature of 250 K to collect pure MACR. Methylhydro- coating on the wall. Previous investigations have shown that
quinone and acetic acid, which have low vapor pressures, arehalocarbon coating is a very good way to reduce the wall losses.
unlikely to be present in the purified sample. However, gas Furthermore, one series of experiments carried out using pulsed
chromatographic analysis of the distilled samples revealed thatphotolytic production of N@ (by photolysis of NOs or
some impurities that were in the original sample remained after CIONO,) followed by its laser-induced fluorescence detection
distillation. Some of these impurities were identified to be also yielded the same values flarat 298 K. Because of the
cyclohexene, octene, methanol, propanol, and 2-methyl-2- difficulties encountered due to dark side reactions between the
butenal, all at less than 1 ppmv. The existence of these NO; precursors and MBO, which were possibly heterogeneous
impurities at such low concentrations is not likely to increase in nature, we did not pursue this approach further.

the values oks. Since we were not able to obtain a much purer  Another source of possible error is the determination of the

sample, we quote only an upper limit fey. The value oks at concentration of the excess reagent. The absorption cross
298 K using a doubly distilled sample was the same as that sections of the reactants used in this study were too small to
measured with the original sample. allow direct measurement of their concentrations in the gas

) ) mixture using absorption. Therefore, we used calibrated mass
Discussion flow meters to determine their concentrations. As was discussed

The most likely sources of errors in our measurements of in the Results section, we estimate the uncertainty in this
ki—ks are the occurrence of unrecognized secondary reactions concentration to be 7%.
the determination of the concentrations of the excess reagent, Table 3 lists our measured values kf—ks along with
impurities in the excess reagents, and the precision of the previous determinations of some of these rate coefficients. To
measurements. our knowledgeks, ks, andks have not been measured before.
Reactions other than (&)5), which either consume Nr Therefore, it is instructive to compare our results to the rate
regenerate it, can introduce errors. The likely candidates thatcoefficients for NQ reactions with compounds containing
can consume N@are the reactions of the NQadicals with similar functional groups.
the products of the reactions. For example, if these reactions The room temperature value ¢ has been previously
occur on every collision, because of the large initial concentra- measured using many techniqteg® and, hence, provides a
tions of NG; employed here, the measured rate coefficient can benchmark for comparison. Atkinsat all’ measuredk; at
be overestimated by a factor of 2 or more. The concentration 298 K to beky(298 K) = (1.23+ 0.2) x 10~14cm? molecule’?
of the NG; radical was~10'2 cm™3. Yet, the measured rate  s~1 by monitoring the loss of 1-butene relativettans-2-butene
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and assumingiz = 3.89 x 1013 cm® molecule! s71. Barnes

at al.*® used propenek(= 9.4 x 10715 cm?® molecule! s71) as
their standard and obtaindg(298 K) = (1.3+ 0.2) x 10714
cm?® molecule’! s Japar and NikP and Andersson and
Ljungstron?® observed the rate of decay ot®, which was

in equilibrium with NG;, as a function of added 1-butene. By
assuming that pOs does not react with 1-butene, they calculated
ka(300 K) = (7.8+ 0.8) x 10715 andky(296 K) = (6.4 + 0.3)

x 10715 cm® molecule? s™1. A reanalysis of their results using
the currently recommended valdéor the equilibrium constant
for the process pDs NOz + NOy, keT) = 2.7 x
102711 000N "yieldsk, = (1.4 4 0.3) x 10 * andk, = (1.3

+ 0.3) x 107 cm® molecule’® s71, respectively. These rate
coefficients are in excellent agreement with our 298 K value
(Table 3). The rate coefficients measured by Canosa-&las
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

—
—
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TABLE 4: Rate Coefficients (in Units of cm® molecule™®
s 1) at 298 K for Reactions of NG;, OH, and OCP) with
Some Simple Alkenes

k(298 K) k(298 K) k(298 K)
for NOg2  for OH®  for OCPY
compound x 101 x 1012 x 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) <0.01 20.0
1-butene 14 31.4 4.15
2-methyl-3-butene-2-ol (MBO) 192 64.0¢
cis-2-butene 33.2 56.4 17.6
trans-2-butene 39.0 64.0 217
2-methyl-2-butene 937 86.9 56.5

aReference 2 Reference 2¢ Reference 289 This work. ¢ Refer-
ence 8.

the overall reactivity of reaction 1 is consistent with NO
addition to the double bond in MBO.

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 bec0.5%. We did not observe
any alkenes larger than butene. Therefore, we are confiden
that our values are not significantly affected by presence of
impurities.

There is a lot of evidence that suggests that the reaction of
NOs with alkenes proceeds by addition of W@ the G=C
double bond. Significant deuterium effect is not observed in
the reaction of N@with propeneds,1® suggesting that abstrac-
tion of an H atom by N@ although exothermic, does not
occurd2 The products of N@ reactions with alkenes also
suggest that the reaction involves addition of thesNéaxical
to the double bond with simultaneomsbond rupture to form
a nitrate radical adduét-2® This reaction mechanism resembles
the behavior of OH and GR) reactions, which are known to
be electrophilic additions. Since NOhas a higher electron
affinity, EA, than those of both the OH radical and 3B
(EA(NO3) ~ 3.9 eV425EA(OH) ~ 1.83 eV26 and EA(OEP))
= 1.46 eV¥), it is expected to react predominantly via
electrophilic addition. Thus, the reactivity should be governed

Both steric and inductive effects may play a role in determin-
ing the reactivity of NQwith MBO. The alcohol group, which
is an electron-withdrawing group, can reduce the electron density

tacross the double bond and, hence, slow the reaction. In

addition, the methyl and alcohol groups on fhearbon 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 carbecarbon
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 facteb (x

107 as opposed to~5 x 10718 cm® molecule’? s for
1-butene). The inductive effect due to the highly substituted
pB-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

by the electron density distribution along the double bond and looking at Table 4, one can observe that the reactivity decreases
by steric factorg:316.19 NO; addition takes place on the least in the following order: 2-methylpropene propene> MACR
substituted carbon atom, and the rate coefficient at 298 K for for substituted propenes. In 2-methylpropene, the methyl group,
the reaction increases with the amount of substitution with Which is an electron-donating group, enhances the reactivity
electron-donating groups, such as alkyl side chains, consistentcompared to propene. When a propene is substituted with an
with the inductive effect of the alkyl groups, which alters the aldehyde group in MACR, the reactivity is decreased. For
electron distribution on ther-bond316 The presence of  butenes, asimilar trend is observed: 2-methyl-2-buterteans

substituents also stabilize the radical formed following thesNO  2-butene> 1-butene> MBO. 2-Methyl-2-butene has three
addition. alkyl substituents on the double bond, and hence, it reacts very

Atkinson has shown that there is a correlation between the fast. trans2-Butene has one methyl group on each double
rate coefficients of the reactions of N@nd OH with alkene3. bonded carbon, and it reacts a little more slowly. 1-Butene and
A similar comparison shows a correlation with the reactions of MBO have only one alkyl substitution on the double bonded
OEP)28 It can be seen (Table 4) that less substituted hydro- carbon, and they react even more slowly. In MBO, the OH
carbons (such as ethene, propene, and 1-butene) react mucfroup is probably decreasing the reactivity; however, since it
more slowly than 2-alkenes and substituted alkenes. Alkyl is not directly attached to the double bond, the effect is not
substitution on the double bond enhances the reactiity ( Very large. MVK can be considered to be an ethene substituted
and trans-butene), but steric hindrance slows it down. Fur- With a carbonyl group (an electron withdrawing functional
thermore, substitution by another alkyl group enhances the group) to the double bond which makes its reaction slower than
reactivity even more (2-methyl-2-butene). Also, for less that of ethene.
substituted alkenes, the OH reactions are much faster than the Rate coefficientsk; andk; do not increase with pressure in
corresponding N@reactions. However, in branched alkenes the small pressure range over which they were studied $1
the NG; reaction becomes comparable to the OH reaction. To Torr (133 - 200 Pa)). The lack of pressure dependence is
our knowledge, the effect of an electron-withdrawing group such consistent with other N@reactions of this type, whose rate
as alcohol or aldehyde has not been previously compared. Yet,coefficients do not change with pressdfe.
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TABLE 5: Comparison of the Atmospheric Lifetimes of Compounds Investigated Heré

rate coefficient atmosphere lifetime
(cm® molecule s71) (hours)
Kon k03 kN03 TOH To3 TNO3
2-methyl-1,3-butadiene 1.01x 107102 1.15x 107172 6.78x 107132 2.9 24 0.8
(isoprene)
methyl vinyl ketone 1.88x 10711b 4.56x 107182 <1.2 x 10716¢ 14 60.6 >4610
(MVK)
methacrolein 2.01x 1074b 1.14x 107182 <8.0x 10715¢ 14 245 >72
(MACR)
2-methyl-3-butene-2-ol 6.40x 10711d 1.00x 10°17e 1.20x 10714¢ 4.3 27 46
(MBO)

aReferences 2 and 8Reference 32 This work. ¢ Reference 8¢ Reference 9 Reactions with OH, ozone, and the nitrate radical are considered.
Rate coefficients units are dmolecule! st and lifetimes are in hours. Assumptions: [OH]1.0 x 1, [O3] = 1.0 x 10'% [NO3] =5 x 10°
cm3,

Atmospheric Implications. Table 5 lists the tropospheric  (~75%) and by reaction with ozone-25%). At night, NQ
lifetimes of several compounds of natural origin due to reaction may be responsible for40% of the 1-butene nighttime loss.
with the OH radical, ozone, and the nitrate radical. All of these numbers should be treated with caution because

MBO was recently discovered to be present in the atmospherethe NO; and OH concentrations vary substantially, depending
in high concentrations, up to 8 ppBvAlthough its exact origin on the environment, location, and season.
has not been fully identified, the similarity in its diurnal behavior
and the correlation of its concentration with that of isoprene  Acknowledgment. We thank Steve Montzka of NOAA/
suggest that it is emitted by a vegetative source. In a previousCMDL in Boulder for performing the GEMS analysis of the
study® we have found that the reaction of MBO with OH is MBO, MACR, and MVK samples and Stephen Barone for
fast, with a rate constant of 64 1011 cm® moleculel s at performing the PPLIF experiment of NQ with MBO. This
298 K. Grosjean and Grosjeareported the rate coefficient work was performed while Yinon Rudich held a National
for the ozonet MBO reaction at 291 K to be 1.8 1077 cm? Research CouncHNOAA Research Associateship. This re-
moleculel s~1. With the 298 K rate coefficient of 1.2 10714 search was funded in part by NOAA's Climate and Global
cm® molecule’! s71 for the NQ; + MBO reaction we conclude  Change research program.
that the atmospheric lifetime of MBO will be dominated by
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