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Abstract

The rate coefficients for the reactions of NO3 radicals with methane (CHas), ethane
(C2He), propane (CsHg), n-butane (n-CsHio), iso-butane (iso-CsHio), 2,3-
dimethybutane (C¢Hi4), cyclopentane (CsHio) and cyclohexane (CsHi2) at atmosphere
pressure (1000+£5 hPa) and room temperature (298+1.5 K) were measured using an
absolute method. Careful attention was paid to the role of secondary reactions and
impurities. The upper limits of rate coefficients for methane and ethane at 298 K are <4
x102% and <5 x107!° cm® molecule! 57!, respectively. The rate coefficients at 298 K for
propane, n-butane, iso-butane, 2,3-dimethybutane, cyclopentane and cyclohexane are,
(9.2+2.9) x10718, (1.5£0.4) x10717, (8.2+2.2) x10°!7, (5.8+2.4) x107'6, (1.5+£0.6) x10°!°
and (1.3£0.4) 10! cm® molecule™ s™!, respectively. Rate coefficients for the reactions
of NOj radical with two deuterated n-butanes (butane-D10 and butane-1,1,1,4,4,4-D6)
are also reported. We show that the rate coefficients for NO3 reactions correlate with
the enthalpy change for the reaction, thereby suggesting that the mechanism for NOs
reactions with alkanes is through H atom abstraction. The measured rate coefficients
are compared with available literature values. This study increases the number of
available rate coefficients for the reactions of NO3; with alkanes and sets significantly
lower upper limits for reaction of NO3z with ethane and methane. The atmospheric

significance of our reported rate coefficients is briefly discussed.



1 Introduction

Alkanes are ubiquitous in the Earth’s atmosphere and come from both natural and
anthropogenic sources. They play many important roles in the atmosphere: (a) they are
precursors for tropospheric ozone; (b) they contribute to secondary organic aerosol
formation; (c) they are important reactants for removal of free radicals such as OH, Cl,
and possibly NOs radicals; and (d) the longer-lived alkanes are also a source of
stratospheric water vapor. Methane is the second most important anthropogenic
greenhouse gas and estimates of its radiative forcing depend on accurate assessment of
its atmospheric lifetime. Therefore, an accurate characterization of the loss rates of
alkanes to reaction with major atmospheric oxidants, including NOs, is important. Also,
their role in the removal of NO3 needs quantification.

Most alkanes are removed from the atmosphere via their reactions with the
ubiquitous OH radical, with minor contributions from reactions with CI atoms.
Reactions of alkanes with ozone are too slow to be significant. However, NO3 radical
may also contribute to their removal under special conditions and, more importantly,
the alkanes may substantially contribute to the removal of the NO3 radicals. This is
especially the case with more reactive large alkanes. For example, Wild et al.* showed
that alkanes contributed roughly 45%-50% of the gas phase NOs loss rates in an oil and
gas basin where alkanes were the dominant class of VOC. This analysis was based on
available literature at that time, including upper limits for some reactions.

The rate coefficients for the reactions of alkanes with NOs radicals are relatively
small and they have not been subject to extensive examinations unlike the case of OH
radical and Cl atom reactions. Mostly, large upper limits at room temperature have been
reported for the reactions of NOs with methane, ethane, and propane. Furthermore, most
of these measurements have been derived from relative rate measurements methods.
Suitable reference compounds with well-established small reaction rate coefficients are
difficult to find and hence the reported rate coefficients are likely to have significant

uncertainties. The rate coefficients for the reactions of NO3 with larger alkanes, which



react more rapidly, have been reported; however, there are large variations amongst
even the few reports.?> Therefore, further investigations of the rate coefficients for the
reactions of NO3; with simple alkanes are needed.

In this study, we have utilized a direct method developed recently in our laboratory
to measure NOj reaction rate coefficients that is well-suited for slow reactions. We have
employed this method to measure the rate coefficients for the following reactions at

(298+1.5) K with the ArH°(298 K) noted next to the reaction:

NOs + CHa4 (methane) — CH3 + HNOs; +15.12 kJ mol™! (1)

NO;3 + C,Hs (ethane) — CoHs + HNOs3; -2.44 kJ mol™! ()

NOs + C3Hs (propane) — n-C3H7 + HNO3; -0.74 kJ mol! (3a)
NOs + C3Hg (propane) — iso-C3H7 + HNOs; -10.74 kJ mol™! (3b)
NOs + n-CsHjo (n-butane) — 1-C4Hy (1-Butyl) + HNO3; +0.65 kJ mol™! (4a)
NOs + n-CsHio (n-butane) — 2-C4Ho (2-Butyl) + HNO3; -10.84 kJ mol! (4b)
NOj; + iso-C4Hjo (iso-butane) — C4Ho (Isobutyl) + HNO3; -1.24 kJ mol™! (5a)
NO;3 + iso-C4Hjo (iso-butane) — C4Ho (t-butyl) + HNO3; -23.24 kJ mol! (5b)

NOs3 + CsHi4 (2,3-dimethybutane) — CeHi3 (2,3-dimethyl -1-Butyl) + HNOs3;
~ 12 kJ mol! (6a)
NO3 + CsHi4 (2,3-dimethybutane) — CeHi3 (2,3-dimethyl -2-Butyl) + HNOs3;
-34.64 kJ mol™! (6b)
NOs3 + CsHjo (cyclopentane) — CsHo (cyclopentyl) + HNOg3;
-23.98 kJ mol™! (7)
NOs + CsHi2 (cyclohexane) — Ci2Hii (cyclohexanyl)+ HNO3;
-26.84 kJ mol™! (8)
The enthalpy of each reaction was calculated by using the respective AfH°(298 K)
values from NIST Standard Reference Database.® The enthalpy change for reaction
(6a) was estimated assuming the C-H bond strength to be similar to that in reaction (5a).
Enthalpy change for reaction (6b) was obtained using data from Baldwin et al.”

We monitored the temporal profiles of NOs3 (and N2Os that is in equilibrium with
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NO3) using a cavity ring down spectrometer over a time scale of 10-20 minutes in an
excess of alkanes at a total pressure of (1000+5) hpa in a large chamber to directly

determine the rate coefficients.

2 Experimental section

The experimental set up and the procedure used has been described in detail in a
previous publication.® The rate coefficients for reactions (1-8) were measured by
following the temporal profiles of NO3; and N>Os in an excess of each alkane. The
concentrations of NO3z and N2Os were both measured via cavity ring down spectroscopy.
The reactions were carried out in a large chamber that allowed measurement of the slow
loss of the NOs3 and N>Os over long periods of time (up to 30 mins). Here, we will
briefly describe the experimental set up, the analytical instruments used to quantify

alkanes, NO3, N>Os, and NO», and the data acquisition procedures.

2.1 Experimental system

The rate coefficients were measured at room temperature (298.0+1.5K) in the
ICARE-7300L dark Teflon chamber at slightly above the ambient pressures
(1000+5hpa).® ° Before each set of experiments, the chamber was flushed overnight
with dry zero air (relative humidity <3%) to remove alkanes and nitrogen oxides to
below their detection limits (see below). The gaseous reactants were flowed into the
chamber from a gas handling system where mixtures were made using calibrated
capacitance manometers (0-10, 0-100 and 0-1000 Torr, MKS Baratron). The larger
alkanes, which are liquids, were evaporated into glass bulbs where their pressures were
measured and then filled with dry air to known pressures. A measured pressure of this
mixture was introduced into a calibrated volume and then this gas mixture was flushed
into the chamber using zero air.

All the analytical instruments sampled from the middle of the chamber. The



temperature in the chamber was measured using two thermocouples located in different
parts of the chamber; they were the same to within 0.5 K and remained constant during
the rate coefficient measurements. The pressure in the chamber was measured using a
capacitance manometer.

A small flow (about 10 L/min) of purified air was added to make up for the
continuous withdrawal of gases for analysis from the chamber and keep the pressure
constant. This procedure slowly diluted the chamber contents. The contents of the
chamber were mixed by two internal fans. We measured the time constants for these
two processes, dilution and mixing, by adding a sample of SFs (>99.99%, Alpha Gaz)
into the chamber and following its temporal profile using an FTIR spectrometer (see
below). The dilution rate could be expressed as a first order loss with a rate coefficient
of (2.5+0.1)x10°s? (as shown in Figure S1, in the supporting information section)
and the mixing time (for >99% mixing) was (30 3) seconds.

The contents of the chamber were sampled using: (a) an FT-IR spectrometer to
measure hydrocarbon concentrations; (b) a cavity ring down spectrometer to
simultaneously measure NOz and N2Os; and (c) a Cavity Attenuated Phase Shift (CAPS)
spectroscopy instrument to measure NO». They are described below. The IR absorption
bands of methane were partially saturated because of the large the concentrations used
in our study. Therefore, methane concentrations in the chamber were determined
manometrically. This approach was very accurate since we could directly measure the
substantial pressure of methane that was introduced into the chamber.

(@) FT-IR spectrometer: A commercial Nicolet 5700 Magna FT-IR spectrometer
with a liquid nitrogen cooled mercury—cadmium—telluride (MCT) detector was coupled
to a white-type multiple-reflection mirror system located near the center of the chamber.
The multipass system had a base path length of 2 m and, with 70 traverses, a total optical
path length of 140 m. The spectra, measured between 4000700 cm™!, were analyzed
using the software provided by the vendor (OMNIC 9). The IR spectra were recorded
in 63s by co-adding 16 scans at a spectral resolution of 1 cm™'. The alkanes and SFs

were monitored at the following wavenumbers: ethane (940-734 cm™), pentane (1576-
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1298 cm™), n-butane (3083-2798 cm™), iso-butane (3053-2808 cm™), cyclopentane
(3100-2800 cm™?), cyclohexane (2970-2830 cm™), 2,3-dimethy butane (3035-2821 cm™)
and SFe (934- 954 cm™).

The integrated absorbances, the areas under the curves of the measured
absorbances with absorption wavenumbers noted above, were used to determine
concentrations. Calibration plots were generated by plotting the integrated absorbance
against known mixing ratio of the hydrocarbon (ppmv); an example for ethane is shown
in Figure 1. Similar plots for other alkanes are shown in the supporting information
(Figure S2).

(b) Cavity Ring Down Spectrometer: A two-channel cavity ring down spectrometer
operating at 662 nm was used to simultaneously measure the concentrations of NOz (in
one channel) and N2Os + NOs (in another channel). The operating characteristics of this
instrument have been described in detail elsewhere.!*"** The time resolution of the
instrument was 1s with detection limits of 0.4 and 2 pptv, respectively, for NO3z and
N2Os for 1 second integration as described in detail by Fuchs et al.X> The sample from
the chamber entering the CRDS system was passed through a filter to remove aerosols,
which scatter the 662 nm light and thus degrade the sensitivity for NOs detection. The
losses of NOz and N2Os to the walls of the instrument and the filter assembly have been
estimated™®*® to be less than 20% and 4%, respectively; these losses were accounted
for in calculating the concentrations. The overall accuracy of the measured NOsz and
N20Os concentrations, respectively, are estimated to be from -8% to +11% and from —9%
to +12%.%* In the current study, the NO3 and N.Os mixing ratios were, respectively,
between 50 and 2,500 pptv and between 1,000 and 28,000 pptv. The precisions of these
measurements are much better than the quoted absolute uncertainties under the
concentration conditions used in the present study. Therefore, the temporal variation of
these reagents could be determined very precisely.

(c) The CAPS instrument. A commercial NO> monitor from Aerodyne Research
Inc. was used to measure the NO> concentrations during the experiments. This

instrument measures absorption due to nitrogen dioxide at 450 nm using cavity
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attenuation that is detected by phase shift measurements. Levels of detection (3o noise
levels), as specified by the vendor, was less than 100 pptv for a 10 second averaging

period."’

2.2 Chemicals

The following chemicals, with purities as stated by the supplier, were used without
further purification: methane (> 99.995%, Air Liquid), ethane (> 99.995%, Air Liquid),
propane (> 99.95%, Air Liquid), iso-butane (> 99.95%, Air Liquid), n-butane (>
99.95%, Air Liquid), cyclopentane (> 99.5%, Aldrich), cyclohexane (>99.5%,
Aldrich), 2,3-dimethy butane (>99.5%, Aldrich), n-butane-D10 (98 atom % D, Aldrich)
and n-butane-D6 (98 atom % D, Aldrich) . The alkene impurities in these samples are
important since they can influence the measured rate coefficients. Therefore, they were
measured using GC-MS analyses and are noted elsewhere.

The NOs radicals were produced by thermal decomposition of N2Os injected into
the chamber. Pure N>Os was synthesized by mixing NO to a slowly flowing mixture of
O3 in Nz and collecting N2Os in a trap at 193 K. The collected N2Os was purified via

trap-to-trap distillation, as described by Davidson et al.*

2.3 Kinetic study method

The rate coefficients for the reactions of NO;3 radicals with alkanes were measured
by following the temporal profiles of NOs3, N2Os and NO» in excess of alkanes. During
this process, NOs, N2Os and NO- are in equilibrium; therefore, the loss of NO3 also
leads to the loss of N2Os. The temporal profiles of the absolute concentrations of the
NOj3 and/or N2Os can then be fit to a kinetic model to extract the reaction rate coefficient
of interest, as explained previously.®

N20s was injected into the middle of the chamber, where it decomposed to give

NOs3 and NO» and rapidly set up equilibrium amongst these species.
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k
N20s = NO3+NO; )

NO+NO; -3 N20s (10)

The temporal variations of the concentrations of NOs3, N>Os and NO; in the
chamber were continuously measured. The concentrations of NO3 and N>Os decreased
with time as NOs3 reacted with the alkanes and both N2Os and NO; were lost to the walls
of the chamber. The measured temporal profiles of NO3, N>Os and NO; concentrations
were calculated using a box model that integrated the set of reactions occurring in the
chamber. The calculated profiles were compared to the observed concentrations and the
differences between the observed and calculated concentrations were minimized (using
a non-linear least squares algorithm). The fitting was done by minimizing together the
sum of least-squares for both NOz and N>Os profiles while changing the input
parameters. The input parameters included the initial concentrations of each reactant
(as measured) and rate coefficients for the reaction of NO3 with alkanes. First, the data
in the absence of alkane (the first 10 mins after N2Os injection and before the injection
of alkanes) were fit to the reaction scheme with alkane concentration set to zero using
the known values of ko and ko from NASA/JPL recommendation.?! (The derived rate
constants for NOs + alkane were not very sensitive to the choice equilibrium constants
used; the difference between using the IUPAC versus NASA/JPL value for the
equilibrium constant yielded rate coefficients that were less than 5% different.) The
values of the first order rate coefficients for loss of NO3 and N2Os to the walls (ki1, s

and ki2, s ') were derived from the fit of the reaction scheme shown below:

K

N205 > NO3+NO, ©

Kio

NO3+NO; — N20s (10)
k11

NO; — loss (11)
k12

N2Os — loss (12)

Subsequently (roughly 10 mins after N>Os injection), a known concentration of the

alkane was introduced into the chamber to allow NOs to react with the alkane of interest:
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NOs + alkane lg products  (Ri+HNO3) (1-8)
The concentration of the alkane was measured using the FTIR (or pressure in case of
CH4). As shown in Table 2 and 3, the concentration of the alkane was always at least a
2000 times (often hundreds-of-thousands of times) greater than that of NOs3 in the
chamber. The temporal profiles of N2Os, NO3; and NO> measured 60 s (roughly double
the time it takes for complete mixing) after alkane injection were again fit to the above
reaction scheme that includes Reaction (1-8). Again, the fitting was done by minimizing
the sum of least-squares for NO3; and N2Os decays in the reaction scheme by varying
only the rate coefficient for the reaction of alkanes; the values of ki1 and k> were fixed
to the values derived from the observation in the absence of alkanes (i.e., during the
first ~10 mins). The initial NO2 concentrations were sometimes altered very slightly
(less than 10%, well within the uncertainty of our measurements) to make the
equilibrium constant derived from our observations agree with the known equilibrium
constant from NASA/JPL evaluations. Part of this discrepancy could be due to a small
amount of N2Os decomposing in the CAPS instrument and the resultant NO; and NO;
being detected at 450nm. Tests showed that the NO; concentration could be utmost 15%
lower than that measured by CAPS due to the potential interference due to
concentration of N2Os in the chamber. We note that NO> concentration was not central

to our analysis to obtain the rate coefficients.

3 Results and discussion

3.1 Accounting for subsequent reactions and impurities

We studied Reactions (1) through Reaction (8) under pseudo-first order conditions
in NOs in the presence of an excess of alkanes. The temporal profiles of NO3 depends
on: 1) the reaction under study; 2) its equilibrium with N>Os; and 3) the quantified

dilution and wall losses. Figure 2 shows the observed temporal profiles of NO3, N>Os,
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and NO; for Reaction (1).

Many of the reactions studied here are very slow and we encountered two
difficulties that needed to be accounted for: (1) the temporal profiles of NO3 (and N2Os)
could be influenced by its subsequent reactions with the products of the initial reaction;
and (2) we needed to quantify the contribution of the reactive impurities (mostly alkenes,
if present) in the excess reagent because their presence could lead to an overestimation
of the rate coefficients. To examine and account for interferences due to secondary
reactions, we carried out a series of calculations using a box model that contained the
reactions in Table 1. We initially used a larger set of reactions that could take place in
the chamber and found that the NOs profiles were controlled by the subset of reactions
shown in Table S1. To examine the influence of impurity reactions, we analyzed the
reactants for the presence of impurities and examined the dependence of the measured
rate coefficients as a function of reaction time. As shown later, if there were very small
amounts of impurities that could still influence the measured rate coefficients, they
should be reacting away with NO;3 in the initial period and thus we should see a
dependence of the measured rated coefficients with reaction times. This point will be
discussed later.

Table 1

3.2 Experimental results

Figure 2 shows the observed and simulated temporal profiles of NO3, N>Os, and
NO,. Simulated profiles were obtained by numerical integration of the mechanism
shown in Table 1, as discussed above. Panel (1) shows these losses in the absence of
methane with the methane concentration set to zero. From this fit, the rate coefficients
for the wall loss of NO3 and N>Os were derived. Panel (2) shows the loss of NO3 and
N2Os in the presence of 2647 ppmv of methane. These data were again fit using the
mechanism in Table 1 with all of the rate coefficients for the secondary reactions set to
zero, 1.e., the additional NO3 loss attributed to only reaction with methane. Panel (3)

shows the same data as in panel 2, but the fits included all the reactions shown in Table
1



1. Clearly, the fits in panel 2 and 3 are both good, but the obtained values of the rate
coefficient for the reaction of NO3 with CHy4 are different. The reason for the good fit
in both cases is that the reactions subsequent to initial reaction with CH4 are rapid and
have the effect of changing the stoichiometry from 1 to 2, or more, for NO3 radicals
consumed per reaction with methane.
Figure 2

Multiple experiments were carried out by varying concentration of alkanes and
initial NOs. The fits of the observed temporal profiles in such experiments for ethane
are shown in the supporting information as Figure S3. The inclusion of secondary
reactions in the simulations shows that they contribute substantially to the measured
temporal profiles and derived NOj3 reaction rate coefficients.

Table 2

We examined the ratios of the rate coefficient obtained without and with the
inclusion of the secondary reactions (Ratio 1) as a function of the ratios of the alkane
to initial NO3 concentrations (Ratio 2) (Figure 3). Clearly, the Ratio 1 decreased as the
ratio of the methane/ethane to NO; (Ratio 2) increased. It asymptotically approached 1,
as the ratio of alkane to NOs3 increased. Ideally, an additional factor of 10 increase in
the alkane to NOj3 ratio would have almost completely suppressed the importance of
the secondary reactions. However, such a ratio was difficult to achieve in our chamber.
Increasing the alkane concentration would increase the NOs3 loss rate relative to the
mixing time and possibly perturb the equilibration between NO3 and N>Os. Decreasing
the NO; concentration would decrease the precision of measured NOs profiles
(measured for approximately 20 minutes).

Figure 3

The presence of any reactive impurity whose concentration does not change
appreciably with reaction time will not be sensitive to this analysis and could influence
the accuracy of the measured rate coefficient. The effects of reactive impurities are

discussed further in the section on error estimation below.
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3.3 Measured rate coefficients and their uncertainties

The results of our measured values of ki-kg are given in Tables 2 and 3. We will

first discuss the estimated uncertainties in these reported rate coefficients.
Table 3.

The errors on the reported rate coefficients arise from: (1) the precision in the
measurements of the concentrations of NO3, N2Os and NO»; (2) the uncertainty in the
concentration of the alkanes, the excess reagent; (3) the uncertainty of the rate
coefficients shown in Table 1; and (4) the precision of our fitting.

In the present study, the systematic errors in measurements of NO3 and N>Os using
the CRDS system employed here have been assessed to be —8/+11% for NO3z and
—9/+12% for N2Os, as noted earlier. The error in measurement of NO: (after correcting
for the potential interference due to N2Os) using CAPS monitor has been assessed to be
15%. Systematic errors in the measured concentration of the alkanes are estimated to
be 5% for each compound (this includes the uncertainties in the calibration curves that
is mostly due to the manometric preparation of the mixtures and the uncertainties in
measuring the integrated absorbance). All the noted uncertainties are at the 95%
confidence level. The uncertainty in the fitting, as noted above, is better than 5%. But
the uncertainty of the rate coefficients used in the reaction scheme of the box model to
fit the curves (k7, ks) can reach almost 60%.%? This uncertainty includes estimated error
arising from not simulating the entire reaction sequence. Note that this uncertainty does
not translate linearly into the estimated uncertainties in the rate coefficients. For
example, an uncertainty of 50% in the rate coefficients for the reaction of RO, with
NOs, the major secondary reaction, translates to an uncertainty of less than 15% in the
reported value of the rate coefficient. Therefore, we estimated that the uncertainty in
our simulated correction is less than 15% for the uncertainty in this rate coefficient. To
be conservative, we have used the larger uncertainties in calculating the upper limits
for ki and ka.

The uncertainty in the obtained value of Kaiane due to fitting was typically less than
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7%. The uncertainty in the precision of our measured rate coefficients were obtained
by the standard deviation of the mean of multiple measurements and including the
Student t value accounting for the limited number of measurements. The overall
estimated error in the rate coefficients included the fitting error, estimated uncertainty
of absolute concentrations of each reactant, the precision of the measurements of Kaikane,
and the uncertainty due to potential errors in the rate coefficients used from the
literatures into account.

Another potential source of error in the rate coefficients measured by using the
absolute method is the presence of reactive impurities in the sample of the alkanes. The
alkanes used in the study were the purest we could obtain from commercial vendors.
For methane and ethane, the impurities are less than 0.005% (50 ppmv) and the main
impurities are nonreactive gases such as, N, O, and CO,. However, we cannot rule out
very small amounts of reactive impurities (<20 ppm). If such an impurity that reacts

with a rate coefficient of 1x10"3 ¢cm® molecule™ s’!

were present, its concentration
cannot be more than about 0.5 ppmv even if we attributed the entire measured rate
coefficient to the impurity reaction. For methane and ethane, second and third aliquots
of N2Os (~20 ppbv) were introduced to the chamber roughly 1 hour after the initial
alkane injection. Small amounts of reactive impurities would have reacted with NO3
over the hour, reducing their concentrations. The temporal profiles of NO3, N>Os and
NO; were again fit to the reaction scheme and we obtained rate coefficient (Kaiane) that
were within 7% of the initial values, a difference significantly smaller than the
estimated uncertainty. Therefore, from these experiments, we estimate that less than 0.1
ppmv reactive impurities were present in the alkane samples. Based on these
observations, we suggest that the contribution of reactive alkenes was small. It is still
possible that the reaction of NO3; with methane and ethane could be slower than the
values noted above. Therefore, we quote the rate coefficients for the reactions of NO3
with methane and ethane to be upper limits of, respectively, <4 x102° and <5 x 107"
cm® molecule s7!.

Gas chromatography- mass spectrometry (GC-MS) was used to measure the levels
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of olefinic impurities in propane, n-butane and iso-butane. Our detection limit for
alkenes in these alkanes was < 20ppmv. For propane, less than 50 ppm propene was
detected as a main reactive impurity, and mixing ratios for other olefins were below the
detection limit of 20 ppmv. Based on these upper limits for olefins, we conclude that
our measured values for ks-ks were not influenced by alkenes.

Figure 4

The rate coefficient for reaction of propane with NOs radicals was obtained by
fitting the observed temporal profiles of NO3z, N2Os, NO» in different conditions as
shown Figure 4. Simulation of these profiles where we assumed 50 ppmv of propene
impurity in propane are shown as the line in Figure 4. Based on such simulations, we
estimate that effect of reactive impurity to the reaction rate coefficient for NO3 reaction
with propane is less than 7%. Furthermore, fits to the data from different reaction time
periods, when some of the alkenes should have been depleted due to reaction with NOs,
yielded rate coefficients that were less than 10% different. However, the simulations
show that 50 ppmv of propene would not be completely remove by the levels of NO3
present in the reactor.

The rate coefficients for reaction of NOsz with n-butane, iso-butane, 2,3-
dimethylbutane cyclopentane and cyclohexane were also studied in this work, and the
typical observed temporal profiles of NO3 and N>Os in such experiments are similar to
those of other alkanes described above. The purities of each alkane specified by the
vendor and determined by GC-MS measurements are listed in Table S2. The
contributions of this level of olefins in alkanes do not affect the measured rate
coefficient by more than 10%. The related Figure S4 in the supporting information
demonstrates the derivation of the same rate constant at different reaction times for the
NOs; + cyclopentane system. The experimental conditions and rate constants for
reaction of NO3 with these reactants are summarized in Table 3. The related figures are
shown in the Supporting Information as Figure S5-Figure S9.

The results in Table 3 clearly shows that a major contributor to the uncertainty in

our measured rate coefficients is the secondary reactions of NO3 with the products of
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the reactions noted earlier. This uncertainty has been incorporated in our analyses.

3.4 Comparison with the kinetic results in literature

Many of the reported rate coefficients for alkanes were measured relative to that of
NOs with ethene. The rate constant of ethene with NO3 was recommended by ITUPAC??
to be (2.1 £ 1.2) x 1071 cm® molecule ! s7; i.e., with an uncertainty of 58% uncertainty.
Therefore, we measured the rate coefficient for this reaction using the same method as
for alkanes to be (2.6+0.4) x 10! cm? molecule™! s! (see Supplementary Table S3). We
used our measured value to place previous relative measurements on an absolute basis.

Our measured rate coefficients of NOs radicals with alkanes are compared with
those from the literature in Table 4. The upper limits of methane with NOs radicals were
all derived based on no observable reaction occurring in their systems.> 2830 The results
of Cantrell et al*® on k; are very indirect and is based on their inability to detect CO and
COz in their reactor when CH4 was mixed with NOs and N2Os. It is possible that the
reactions of CHz radicals in their system could lead to end-products other than CO or
COy, e.g., nitrates or formaldehyde. The upper limits for k> at room temperature were
derived by Wallington et al and Boyd et al to be <2.7x10Y" and <4x107%8 cm?® molecule™!
s, respectively.> 2* Bagley et al.* reported k at 453K and above. An extrapolation of
their measured rate coefficients using the Arrhenius expression leads to ko (298K) = 2.0
x 10718 cm® molecule's™!, and but likely has a significant uncertainty. Previous studies
have obtained rate coefficients for reactions with n-butane are all higher than the value
measured by all but Wallington et al. 2 We assume that Wallington et al. supersedes the
earlier reported value from the same group. 2 It is likely that the difference with our
value reported by Bagley et al is due to the extrapolation from high temperatures (where
they measured the rate coefficients). The previous reported rate coefficients for the
reactions with iso-butane and 2,3-dimethybutane at room temperature, mainly using
relative rate techniques with ethene as the reference compound, are in good agreement
with our values. In those cases, we recommend a weighted average (Table 4) for use in

atmospheric calculations. There are no previous reports for the rate coefficients for the
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reactions of NO3; with cyclepentane. It is worth noting that agreement is better with
larger alkanes with larger rate coefficients.
Table 4

Our upper limit for the reactions of NO3z with methane is lower than all the previous
reports except for that by Cantrell et al. As noted earlier, the upper limit reported by
Cantrell et al. was based on the absence of CO and CO> being produced in their system.
The low rate coefficient for this reaction is not surprising since it is slightly endothermic,
and the barrier height for the reaction is large. We also report an upper limit for the
reaction of NO3 with ethane, lower than all previous reports. We quote this only as an
upper limit given that it is very low and very small levels of impurities can lead to errors.

We are the first to report, to the best of our knowledge, the rate coefficients of NO3
reaction with propane and cyclopentane. The reported values of the rate coefficients of
2,3-dimethylbutane and cyclohexane are in reasonable agreement with available values.

A weighted average of these values (Table 4) is recommended for atmospheric purposes.

3.5 Relation between structure and reactivity of alkanes.

We observe an increase in the reactivity with the chain length ki(methane) <
ko(Ethane) < ks(Propane) < ks(n-butane). Further, the iso-butane and 2,3-
dimethybutane react faster than their normal analogs. This observation is consistent
with NOs reaction occurring via H atom abstraction from primary, secondary, and
tertiary C-H bonds, respectively.

For simple alkanes, the C-H bond dissociation energies are: primary C-H, -100 kcal
mol*; secondary C-H, -96 kcal mol™* and tertiary C-H -94 kcal mol?, respectively.®! So,
we expect the reaction to be faster for molecules with lower C-H bond energy, since we
expect the reaction to proceed via H atom abstraction from the weakest C-H bonds in
the molecule.

To further examine this mechanism, the rate coefficients for reactions of NOs with
two different deuterated n-butanes (n-butane-d10 and n-butane-1,1,1,4,4,4-d6) were

measured (see Table 5) to be (7.4 £2.3) x107'¥ and (2.0 £ 0.5) x10"'” cm® molecule™'s™,
17



respectively. Because of possible reactive impurities in the gas samples, the rate
coefficients obtained for n-butane-d10 and n-butane-1,1,1,4,4,4-d6 may be
overestimates. As seen from these values, ka(n-butane)/ku-butane-ds) > 0.75, and ka(n-
butane)/Km-butane-d10) > 2. Therefore, deuteration reduces the rate coefficient for the
reaction, an observation consistent with a reaction mechanism via H atom
abstraction.3233

Table 5.

The enthalpies of each reaction under standard state conditions are shown in the
introduction section. From the enthalpies of these reactions, we find Reaction (1) and
(4a) to be endothermic reactions and all the other reactions are exothermic.

We have plotted the rate coefficient for the measured alkanes and cycloalkanes as
a function of the reaction exothermicity (Reaction (1), (2), (3), (4b), (5b), (6b), (7) and
(8)) in Figure 5. Clearly, the log of the rate coefficient at 298 K correlates with the
exothermicity or the bond dissociation energy. This is to be expected for an abstraction
reaction where the activation energy for the reaction is directly related to the
dissociation energy for the bond being broken, i.e., the C-H bond in the reactions
studied here. The correlation is surprisingly robust. Based on this correlation, we
suggest that the rate coefficient for the reaction of NO3; with CHs is not more than a
factor of five lower than that reported here. Also, this correlation and the finding that
the reaction proceeds via H atom abstraction from the weakest C-H bond mean that
reactions 1-8 will have substantial activation energies. Therefore, one would expect the
rate coefficients to be smaller at lower atmospheric temperatures.

Figure 5.

4 Atmospheric implication

Calculation of the atmospheric lifetimes of VOCs, including alkanes, due to their
reaction with NOs is difficult since neither NO3 nor larger alkanes are uniformly mixed
in the troposphere®*. The reactions of NO3 with smaller alkanes are clearly negligible.

Lifetime comparisons for VOCs by reaction with different oxidants can be estimated
18



using the following equation®”.
1
Kyoc[X]

In this calculation, [ X] represents the concentration of typical atmospheric oxidants

T =

(OH, CI and NO3) and Kaikane is the rate constant of the reactions between alkanes and
oxidants at 298 K. The concentrations for the oxidants vary greatly in the troposphere.
For example, the measured range of NO3; mixing ratios is 0.1 — 400 pptv. The estimated
concentrations®® of Cl atoms are usually less than 1 x 10* molecules cm™>. The
concentrations of OH radicals vary from essentially zero to roughly 107 cm™. Therefore,
clearly, the contributions of NOs3 reactions towards the removal of alkanes will be
negligible compared to those via OH radical or Cl atoms. Unlike OH and Cl atoms,
NOs is prevalent at night. Therefore, one might expect that at high latitudes during long
period of darkness the reactions of NO3 with large alkanes could contribute to the
removal of such alkanes. However, we expect the lower temperatures would also
mean lower reactivities. Removal of large alkenes by NOs reactions has been
suggested by Carslaw et al.*” To our knowledge, there is no atmospheric evidence for
significant removal of alkanes by NO;. However, these NO; reactions could indeed
contribute to the removal of NOs in regions with high alkane concentrations and
temperatures closer to 298 K, such as in the regions affected by oil/gas extraction

activities.'
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Figure 1. Calibration curve for ethane- A plot of the integrated absorbance of ethane
centered at 837 cm™ (measured as the area under the absorbance between 940-734 cm™)
as a function of the mixing ratio of ethane in the chamber as determined by manometric
measurements. The data was fit to a line passing through zero using a linear least-squares
analysis. The uncertainties in each point, derived from multiple measurements, are shown
as vertical error bars.
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Figure 2. Observed (data points) and simulated (lines) profiles of N2Os, NO3; and NO>
as a function of time. Mixing ratios of CH4 are shown in each panel. The simulations
in the middle panel did not include secondary reactions of NOj3 reaction products while
those in the bottom panel included such reactions (shown in Table 1).
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Figure 3 The ratio of calculated rate coefficients to that measured without
accounting for secondary reactions (Ratio 1) versus the ratio of alkanes to NO; (Ratio
2) for reactions (1) and (2). Clearly, the ratio approaches 1.0 as Ratio 2 increases.
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Figure 4. Observed (data points) and simulated (lines) profiles of N2Os, NO3; and NO»
as a function of time. Mixing ratios of propane (C3Hg) are shown in each panel. The
simulations in the 2nd panel did not include secondary reactions of NOj3 reaction
products while those in the 3rd panel included such reactions (shown in Table 1). The
simulations in the 4th panel included both secondary reactions and reactions with
impurities (see Table S1).
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Figure 5: Rate coefficient for the reaction of NO3 with alkanes on a logarithm scale
plotted against the exothermicity for each reaction shown in the text. The upper limits
for reactions with methane and ethane are shown with arrows to highlight that they are
upper limits. Note, the slope of the plot would be larger if the rate coefficients for NO;
reactions with methane and ethane were lower than indicated.
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Tables

Table 1. Reactions of the products of the NO3 reaction with alkanes in the presence of

O and nitrogen oxides included in simulating the temporal profiles of NO3 and N»Os.

Rate coefficients
Reaction 298 K, 1 bar air Reference
(cm® molecule™'s! or s)

Ky .
alkane +NO3; — R; +HNO; kx (ki1-kg) This work
k
N,05 > NO3+NO; 0.0369 a
k -
NOs+NO> —  N»Os 1.35x10712 a
k11 k b
NO3 — loss 11
k12 k b
N2Os — loss 12
kq3 10—11
Ri+O2 — Ri0O2 c

k
R10; +NO3 — R0 + NO,

Ri: CH; 1.2x10712 d
Ri: C2Hs and other alkyl radical 2.3x10712

kqs
RiO; + RO, — 2RO

Ri: CH; 3.5x10™" f
Ri: CoHs 7.6x10 f
Ri: n-CsH7 3x10713 f
Ri:1-CsHy 1x1071 f
Ri: s-C4Ho 2.5x10713 g
Ri: t-C4Ho 6.7x10°1° g
Ri: cycle-CéHs 2.5x10713 g
kie

RiO2 tNO2 — R102NO2
Ri: CH; 4.0x107"2 c
Ri: C2Hs and other alkyl radical 5.1x10712 c

k17

R1O2NO2 — R102 + NO2

Ri: CH3 1.5 c
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R1: C2Hs and other alkyl radical 34 c
k )
R0 +0; — R,CHO + HO; 7.14x10 g
k19

RiO2 + HO; — R;OO0OH + O
Ri: CH3 5.2x10712 f
Ri: CoHs 7.97x10712 g
Ri:1-CsHy 1.19x107! g
Ri: s-C4Ho 1.43x107! g
Ri: t-C4Hpy 1.43x107! g
Ri: CsHiz 1.76x107!! g
Ri: cycle-CsHii 1.76x107!! g

k

R>CHO +NO; — R3CO0O +

HNO;
Ri: H 5.5%1071° f
R3: CH3 and other alkyl radical 2.7x10°1 f

k ]
HO, +NO; = OH + NO; + 0; 4x107 f
k )
OH +NO; — HO, +NO; 2x10™" f
k ]
NO,+OH =5 HONO;/ HOONO 6.5%10™" f

a(Zl)

b (Derived from the first period of the experiments: observation in the absence of

alkanes)
¢
d )
e (4)
£)

g (")
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Table 2. Summary of the experimental conditions and upper limits for reaction of NOs
with methane and ethane at 298.0+1.5K.

Compound Initial mixing ratio Kalkane1® Kalkane2 °
Alkane | NO3 | N2Os NO2 3 moleculels”!
(ppmy) |(ppbY)| (ppbY) | (ppbv) (emmoleeule™s ™)
Methane | 2624 | 0.33 | 4.93 19.80 2.98x102° 1.34x10°%°
2520 | 0.84 | 1449 | 22.49 2.48x1020 1.12x102°
2598 | 0.14 | 2.22 20.93 3.68x102° 2.65x1020
3440 | 0.28 | 5.14 19.11 1.55x10°2° 8.04x10%!
3276 | 0.52 | 10.38 | 20.59 1.90x10°2° 6.90x10%!
3389 | 0.14 | 2.64 19.33 2.80x102° 2.05x1020
Average | (2.5+1.7) x10%° |[(1.7£1.5) x10%°
Ethane 958 | 0.22 | 4.84 26.63 7.50x10°" 4.50x107"
1106 | 0.24 | 5.74 23.25 7.60x10°"° 4.23x107"
1095 | 0.09 | 2.46 25.88 6.01x10" 4.30x107"
1101 | 0.26 | 6.57 23.60 7.37x107" 4.05x107"
1000 | 0.36 | 10.24 | 2641 7.13x107" 3.94x107"
1055 | 0.10 | 2.84 26.05 6.37x107" 5.02x107"°
Average | (7.1£1.3) x10™" | (4.2£0.4) x10°"°

2 The calculated value without including secondary reactions shown in Table 1. Quoted errors are at

the 95% confidence level and are measures of the precision of our measurements. It includes Student

t-distribution contribution due to the limited number of measurements.

® The calculated values that include secondary reactions shown in Table 1. Quoted errors are at the

95% confidence level and are measures of the precision of our measurements. It includes Student t-

distribution contribution due to the limited number of measurements.
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Table 3. Summary of the experimental conditions and rate coefficients for reaction of

NOs with propane, n-butane, iso-butane, 2,3-dimethylbutane cyclopentane and

cyclohexane at 298.0+1.5K.

Kalkane ©
Initial mixing ratio of reactants incl.
Compound in thi chamber Kalkanet” Kakanez systematic
Crrors
Alkane| NO3 | NoOs | NO» 3 11
(ppm)|(ppbv) | (ppbv)|_(ppbv) (em”molecule”™s™)
propane | 99.86 | 0.56 | 11.38| 19.61 | 1.73x107"7 | 9.40x107'8
60.81 | 0.72 [ 12.10| 20.43 | 1.80x10"7 | 1.02x10°"
51.08 | 0.85 | 15.56| 16.27 | 1.68x10"7 | 9.38x10°'®
98.39 | 0.10 | 2.88 | 27.49 | 1.27x107"7 | 1.01x10"
59.62 | 0.10 | 2.40 | 29.07 | 1.23x107"7 | 9.12x10°!'8
Mean | (1.5£0.6) | (9.2+2.1) |[(9.2+2.9)
average | x107" x10°18 x10718
n-butane | 19.72 | 1.03 | 1826 | 18.13 | 3.10x10"7 | 1.35x10°"7
18.70 | 0.14 | 3.80 | 2822 | 2.42x107Y7 | 1.59x10"
30.78 | 1.06 | 18.10 | 15.16 | 3.10x10"7 | 1.65x10°"
29.68 | 0.12 | 3.33 | 25.55 | 2.24x107V7 | 1.56x107"
2426 | 0.79 | 11.05 | 1424 | 3.60x107"7 | 1.56x10"7
Mean | (2.9+1.1) | (1.5£0.2) |[(1.5+0.4)
average | x107" x10717 x1071
iso-butane | 13.90 | 0.83 | 9.40 | 12.99 | 1.35x10'° | 8.57x10"7
13.73 | 0.10 | 1.86 | 21.23 | 8.93x107"7 | 7.43x10"7
1026 | 1.10 | 14.64 | 13.84 | 1.40x107'¢ | 8.21x107"7
10.04 | 0.10 | 242 | 2526 | 9.52x107"7 | 7.67x107"7
522 | 1.30 | 14.04| 12.07 | 1.65x107'° | 9.00x1077
Mean | (1.3+£0.6) | (8.2+1.3) |(8.2+2.2)
average | x107 x10717 x107Y
2,3]::::5;@1 102 | 025 | 3.90 | 1941 | 1.55x105 | 6.80x10°1¢
0.51 | 023 | 550 | 24.05 | 1.00x10°" | 5.50x107°
038 | 0.58 | 9.57 | 18.17 | 1.25x10°" | 6.32x107'°
038 | 0.12 | 2.56 | 23.80 | 7.84x10°'® | 5.44x107'°
026 | 0.64 | 920 | 1447 | 1.25x10" | 6.02x107'°
024 | 0.10 | 2.09 | 2027 | 7.03x10°'® | 4.82x107'¢
Mean | (1.1£0.6) | (5.8+1.4) |(5.8+2.4)
average x10713 x10°16 x10°16
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cyclopentane| 1.76 | 0.72 | 8.59 | 13.33 | 3.50x10'® | 1.80x107°
141 | 024 | 391 | 1798 | 3.20x107'° | 1.68x107!°
2.04 | 0.57 | 10.66 | 19.67 | 2.70x107'® | 1.31x107"¢
1.71 | 0.19 | 426 | 2397 | 2.60x107'° | 1.38x10°'®
204 | 0.11 | 2.49 | 24.61 | 1.99x107'° | 1.41x107"°
1.78 | 0.63 | 939 | 17.14 | 2.60x107'° | 1.29x10°'®
1.71 | 0.10 | 2.10 | 23.84 | 1.96x107'° | 1.41x10°'®
Mean | (2.6x1.1) | (1.5£0.4) |(1.5£0.6)
average | x107 x10°16 x10716
cyclohexane | 2.51 | 039 | 7.73 | 22.05 | 2.30x10'° | 1.20x10°'°
1.88 | 0.45 | 7.89 | 19.40 | 2.35x107'° | 1.34x10°'®
1.82 | 0.10 | 2.16 | 24.09 | 1.98x107'° | 1.41x10°'®
1.54 | 046 | 685 | 16.70 | 2.50x107' | 1.27x10°'®
1.50 | 0.11 | 2.04 | 20.55 | 1.92x107'° | 1.39x10°'®
1.98 | 0.50 | 10.42 | 21.08 | 2.30x107%° | 1.12x107"°
Mean | (2.2+0.5) | (1.3%0.3) |[(1.3%0.4)
average | x1071 x1071 x10716

2 The calculated values do not account for the secondary reactions listed in Table 1. Quoted errors

are at the 95% confidence level and are measures of the precision of our measurements. It includes

Student t-distribution contribution due to the limited number of measurements.

® The calculated values include accounting for secondary reactions listed in Table 1. Quoted errors

are at the 95% confidence level and are measures of the precision of our measurements. It includes

Student t-distribution contribution due to the limited number of measurements.

°The quoted errors include estimated systematic errors as described in the text.
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Table 4. Summary of literature values for the rate coefficients of NO3 radicals with

alkanes at room temperature compared with those from this study.

Kalkane Teported
Reactant 10"7cm’ Technique Reference
molecule!s™!
Methane <40 Absolute method 8
<2 Absolute method »
<0.0004 Indirect* 30
<0.08 Absolute method 5
<0.004 Absolute method This work(k)
Ethane <0.4 Absolute method »
0.2 Indirect** 4
<(2.7£0.2) Absolute method 3
<0.05 Absolute method This work(kz)
Propane <(4.8+1.7) Absolute method 5
0.92+0.29 Absolute method This work(ks)
n-butane 75419 Relative method )
(ethene)?
<2 Absolute method »
4.5+0.6 Absolute method 4
1.5£0.4 Absolute method This work(ks)
iso-butane 11.2+£2.8 Relative method 2
(ethene)?
11+2 Absolute method 4
<(60£10) Absolute method 5
8.2+2.2 Absolute method This work(ks)
10.1+1.3 Weighted average
23-dimethylbutane| 4624115 | oo method 2
(ethene)?
40.645.7 Relative method (trans- 3
2-butene)®
58+24 Absolute method This work(ke)
42.4+45.0 Weighted average
cyclopentane 15+6 Absolute method This work(k7)
Relative method (2,3-
cyclohexane 19.04£9.0 dimethylbutanc) 2
13+4 Absolute method This work(ksg)
14.0+£3.7 Weighted average
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2 The values from the literatures were recalculated by using the rate constant of ethene with NO3 to
be (2.4% 0.6) x 1071 cm3 molecule ! s™!, which was measured here using the absolute method.

® The rate constant of trans-2-butene (reference compound) with NOs radicals was (3.87 +0.45)
x103¢cm? molecule s,

¢ The values from the literatures were recalculated by using the rate constant of 2,3-dimethylbutane
with NO; to be (5.8 £ 2.4) x 107! cm3 molecule™ s™! obtained in this work.

*Estimated based on the absence of CO and CO, formation.

** The rate coefficient at room temperature assuming Kegnane = 2.0 x 10°'® cm?® molecule!'s! and via

an Arrhenius extrapolation to 298 K.
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of NO3 with n-butane-d10 and n-butane-d6 at 298.0+1.5K.

Table 5. Summary of the experimental conditions and rate coefficients for the reactions

Initial mixing ratio of Kaliane
Compound reactants Katkanet® | Kalkane2® incl. .
in the chamber systematic
errors
VOC | NO3 | N2Os | NO» 3 11
(cm’ molecule™'s™)
(ppmv)|(ppbv) |(ppbv)| (ppbv)
n'f’;tzne 52.43 | 0.56 | 13.38| 22.55 |1.28x1017|6.31x10718
50.21 | 0.13 | 3.75 | 28.38 |1.08x10"7(6.89x10'8
30.60 | 1.07 | 14.05| 14.09 |1.62x10"7|7.98x10°'8
29.03 | 0.15 | 3.21 | 22.86 |1.41x107'7|8.56x1018
32.69 | 021 | 7.52 | 23.93 [1.50x1077|8.62x107'®
31.07 | 0.14 | 527 | 2532 [1.31x1077|7.78x10°'®
Mean | (1.4+0.4) | (7.442.0) | (7.4%2.3)
average| x1077 x10718 x10°18
n'b_‘;tgne 11.05 | 0.08 | 3.85 | 28.14 |2.12x10"7|1.81x10""7
11.00 | 0.26 | 11.63 | 26.47 [3.92x10717|1.97x1077
10.05| 0.10 | 5.21 | 29.59 [3.64x107'7|2.19x107"7
Mean | (3.2+1.9) | (2.0+0.4) | (2.0+0.5)
average| x1077 x10°18 x10°18

2 The calculated values without accounting for secondary reactions shown in Table 1. Quoted errors
are at the 95% confidence level and are measures of the precision of our measurements. It includes
Student t-distribution contribution due to the limited number of measurements.

b The calculated values accounting for secondary reactions shown in Table 1. Quoted errors are at
the 95% confidence level and are measures of the precision of our measurements. It includes Student
t-distribution contribution due to the limited number of measurements.

°The quoted errors include estimated systematic errors as described in the text.
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