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Abstract

Alkyl nitrates and secondary organic aerosol (SOA) produced during the oxidation of
isoprene by nitrate radicals has been observed in the SAPHIR chamber. We find the
yield of nitrates is 70+£8% from the isoprene+NO; reaction, and the yield for sec-
ondary dinitrates produced in the reaction of primary isoprene nitrates with NO5 is
40+20%. We find an effective rate constant for reaction of NO5 with the group of first
generation oxidation products to be 7x10" " cm®s™. At the low total organic aerosol
concentration in the chamber (max ~0.6 ug m~%) we observed a mass yield (ASOA
mass/Aisoprene mass) of 2% for the entire 16 h experiment. However a comparison
of the timing of the observed SOA production to a box model simulation of first and
second generation oxidation products shows that the yield from the first generation
products was <0.2% while the further oxidation of the initial products leads to a yield
of 10% (defined as ASOA/Aisoprenezx where Aisoprenezx is the mass of isoprene
which reacted twice with NO3). The SOA yield of 10% is consistent with equilibrium
partitioning of highly functionalized Cg products of isoprene oxidation.

1 Introduction

Isoprene (2-methyl-1,3-butadiene) is globally the most abundant non-methane volatile
organic compound (VOC), with an estimated emission of 440-660 Tg C/year (Guen-
ther et al., 2006). Total non-methane VOC emissions are estimated at 1150 Tg C/year
biogenic (Guenther et al., 1995) and 186 Tg C/year anthropogenic (Olivier et al., 2005)
making isoprene the source of 34%—-51% of the non-methane organic carbon emitted
to the Earth’s atmosphere. The combined factors of its source strength and high reac-
tivity to atmospheric oxidants (OH, O3, and NO3), make isoprene a major factor in the
chemistry of the troposphere. As a result, tropospheric O3 and aerosol burdens and
distributions are highly sensitive to the products of isoprene chemistry (e.g., Chamei-
des et al., 1988; Thornton et al., 2002; Henze and Seinfeld, 2006; Wu et al., 2007).
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Isoprene emissions are near zero at night when nitrate radical chemistry is tradition-
ally thought to be of primary importance. However, isoprene emitted during the day is
observed to persist after sundown when NO; concentrations begin to increase (Starn
et al., 1998; Stroud et al.; Steinbacher et al., 2005), and theoretical arguments sug-
gest that NO4 can be important in shaded forest canopies near NO, (NO,=NO+NO,)
sources even during daytime (Fuentes et al., 2007). NO5; has been measured during
the day in polluted urban areas (Geyer et al., 2003a) and new developments in NOg
instrumentation allowing for sub ppt sensitivity are beginning to reveal the potential
importance of NO5 — VOC chemistry during the day (Brown et al., 2005). Global esti-
mates made with GEOS-Chem suggest that 6% of the total isoprene oxidation occurs
by NO5 (Ng et al., 2008) while regionally in areas of high NO, that are collocated with
isoprene sources it has been shown to be 22% or higher (Brown et al., 2009).

Alkyl nitrates (RONO,) formed from reactions of isoprene with NO4 represent ~50%
of the total nitrate production in isoprene rich regions, with likely consequences for
tropospheric O5 production (Horowitz et al., 1998; von Kuhlmann et al., 2004; Fiore
et al., 2005; Horowitz et al., 2007; Wu et al., 2007). Photochemical (OH) oxidation of
isoprene has been shown to produce aerosol with yields that are small (1-3%) (Kroll
et al., 2005, 2006) compared to yields from other biogenic VOC'’s, but due to the source
strength of isoprene this could be the single most significant source of SOA on Earth
(Henze and Seinfeld, 2006; Zhang et al., 2007; Ng et al., 2008). SOA from the re-
action of isoprene with NO3 has been recently studied (Ng et al., 2008), with signifi-
cant yields observed (4.3—23.8%). The nitrate radical reacts primarily with unsaturated
VOC'’s and therefore is a particularly effective oxidant for many biogenic compounds.
Isoprene which has two double bonds, can react with NO5 at each bond, and the
products of both oxidation steps can affect both NO, and NO, (NO,=NO,+organic
nitrates+NO3+2xN,05+HNO, +HNO; +particulate nitrate) partitioning as well as SOA
formation. However, there is little detailed information about the second step in the
isoprene oxidation sequence.

Kinetics of the first step in isoprene oxidation by NO5 are well established. The
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rate constant has been measured by a number of investigators using various methods
(Atkinson et al., 1984; Benter and Schindler, 1988; Dlugokencky and Howard, 1989;
Barnes et al., 1990; Berndt and Boge, 1997; Wille et al., 1991; Suh et al., 2001) and
the recommended rate constant at 298K is 6.8x10™ "> molecule ™' cm®s™" (Atkinson
et al., 2006). The mechanism for the reaction is addition of NO3 to one of the double
bonds, mainly at the C1 position. Theoretical and experimental studies are in good
agreement that the main product of the reaction in the presence of oxygen will be a Cs
nitrooxycarbonyl. Minor products include Cs hydroxynitrates, Cg nitrooxyhydroperox-
ides, methyl vinyl ketone (MVK) and methacrolein (MACR) (Barnes et al., 1990; Skov
et al., 1992; Ng et al., 2008). Ng et al. (2008) also identified some of the gas and
particle phase products of the further oxidation of these initial products. SOA was ob-
served to form from both first generation and second generation products. Reaction of
the Cs-hydroxynitrate with NO5 was more correlated with production of SOA than was
the reaction of the other major Cg products. Highly functionalized C,, peroxides were
also identified in the gas and particle phases. Ng et al. (2008) concluded that SOA
in this system is produced more efficiently by RO,+RO, reactions than by RO,+NO;
reactions.

In this work we report a chamber experiment on the reaction of isoprene+NO; per-
formed with lower levels of isoprene and NO, than in prior experiments. High precision
measurements of both gas phase and particle phase products have been made, in-
cluding especially detailed observations of nitrogen species. NO, NO,, NO3, N,Os,
and total alkyl nitrates (XRONO,) were observed This unique set of measurements
provides a new measure of the alkyl nitrate yield and allows us to estimate the reactiv-
ity of the initial oxidation products, strengthening our understanding of the mechanism
by which gas and aerosol products are produced in the ambient environment.
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2 Experimental

The experiment was conducted in the SAPHIR (Simulation of Atmospheric PHoto-
chemistry In a large Reaction Chamber) chamber in Julich, Germany. The reaction
chamber is a double walled 120 um Teflon-FEP cylindrical bag, 5m in diameter and
18 m long providing a volume of ~ 270 m>. The chamber is housed in an aluminum
structure with shutters that can be left open to outside lighting, or closed to simulate
nighttime chemistry. During experiments the chamber is overpressured by 40-60 Pa
with respect to the ambient pressure, and the space between the two FEP sheets
is continually flushed with high purity N,. These measures isolate the air inside the
chamber from outside air. Air sampled from the chamber during experiments is re-
placed with synthetic dry air to maintain the positive pressure. A mixing fan inside the
chamber continuously stirs the gas in the chamber to maintain a spatially uniform mix-
ture with a mixing time of 2-3min. SAPHIR has been described in detail elsewhere
(Bossmeyer et al., 2006; Rohrer et al., 2005; Wegener et al., 2007).

2.1 Instrumentation

This experiment was conducted on 18 July 2007 during an intercomparison campaign
focused on measurements of NO3 (Dorn et al., 2009) and N,O5 (Apodaca et al., 2009),
during which ten different instruments for measurement of NO; and/or N,Og were co-
located at the SAPHIR chamber. NO5; and N,O5 measurements were found to be in
agreement to £10% for almost all of the instruments throughout the campaign. Figures
and analysis in this paper make use of Cavity Ringdown Spectroscopy (CaRDS) mea-
surements reported by the NOAA group (Brown et al., 2001; Dubé et al., 2006) with
accuracies of +12%/-9% for NO5 and +11%/-8% for N,O5 (Fuchs et al., 2008). Mea-
surements of isoprene were obtained by Proton Transfer Reaction-Mass Spectrometry
(PTR-MS), and Gas Chromatography with Flame lonization Detector (GC-FID). Volatile
organic compounds (VOC) including MVK, MACR and methyl ethyl ketone (MEK) were
also measured with GC-FID. NO and NO, were measured with a Chemiluminescence
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(CL) instrument equipped with a photolytic converter (ECO Physics CLD TR 780). NO,
as well as the higher nitrogen oxide classes total peroxy nitrates (2PNs), total alkyl and
multifunctional nitrates (XRONO,) were also measured by Thermal Decomposition-
Laser Induced Fluorescence (TD-LIF) (Thornton et al., 2000; Day et al., 2002). Ozone
was measured with a UV Photometer (ANSYCO 0341M), as well as with a CL detec-
tor (ECO Physics CLD AL 700) modified as described by Ridley et al. (1992). Both Og
instruments were in good agreement and figures in this paper show the CL measure-
ments.

Aerosol size distribution, surface area, volume, and total number density were ob-
tained with a Scanning Mobility Particle Sizer (SMPS) (TSI model 3936L85) and Con-
densation Particle Counter (CPC) (TSI model 3785) with time resolutions of 7 min and
20 s, respectively. A high resolution (Am/m=250 ppm at m/z=100, DeCarlo et al., 2006)
aerosol mass spectrometer (Aerodyne HR-ToF-AMS) was operated to measure the
aerosol chemical composition, providing data every 2min. The AMS was connected
to the SAPHIR chamber via a stainless steel tube designed to minimize losses in the
sampling line. Details of the AMS are described in (Canagartna et al., 2007). The high
resolution (HR) capabilities of the AMS can distinguish between chemically different
fragments at the same nominal mass (i.e. NO* and CH,O" at m/z=30) when signal to
noise is high enough. HR analysis was used to exclude the non nitrogen containing
fragments from the nominally nitrate peaks at m/z=30 and 46, as well as to ensure the
other major peaks normally considered organic did not contain nitrogen.

2.2 Experiment description

The chamber was prepared by flushing for 12.5h with clean synthetic air at a rate of

75m°/h. Starting at 06:20 UTC, the chamber was loaded with trace gasses to meet the

intended experimental conditions (relative humidity=57%, ethane 5.5 ppb as a tracer

for dilution, CO 500 ppm as an OH scavenger, isoprene 9.6 ppb, and NO, 16 ppb, see

Fig. 1). In addition we added ammonium sulfate seed aerosol (3.5 ug/ms). At 08:50,

O3 (37 ppb) was added initiating the production of NO5. After 5h of reaction time the
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chemistry was accelerated with the addition of 23 ppb NO, and 43 ppb O, and then
approximately 1 h after the isoprene was fully consumed another 11 ppb of isoprene
was added. The slow reaction of O; and NO, generated NO; radicals throughout the
experiment, consuming the majority of the isoprene. We calculate that throughout the
experiment ~90% of the isoprene reacted with NO; and ~10% with O3. The GC-FID
measurements of ethane were fitted to an exponential decay with a rate constant of
Kgi=1 :39x107°s™", which was applied to all species in the box model to account for
dilution.

2.3 Modeling

The Kinetic PreProcessor (KPP V2.1) (Sandu and Sander, 2006) was used to pro-
duce code for kinetic box model simulations of the chamber experiment. Two sets of
simulations were run. In one set KPP input was provided by the Master Chemical
Mechamism (MCM V3.1) (Saunders et al., 2003). In another set of simulations the
MCM isoprene+NO3; degradation scheme was modified and optimized to reproduce
the chamber observations, leaving the isoprene+0O5; scheme identical to that in the
MCM. The full reaction set used in this second scheme is listed in Table 1, and both
mechanisms are shown schematically in Fig. 2 for comparison. This second mecha-
nism includes two main deviations from the MCM: firstly, the yield to form alkyl nitrates
as the first generation oxidation products of isoprene+NO; is less than 100%, and
secondly, these initial oxidation products retain a double bond to which NO5 can add
electrophilically, eventually forming additional multifunctional nitrates.
Details of the chemistry included in the modified model are as follows:

— Inorganic chemistry: the inorganic reactions and rates are taken directly from the
MCM website.

— VOC chemistry: MVK and MACR are assumed to be produced with yields of 3.5%

"http://mem.leeds.ac.uk/MCM/
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each from isoprene+NQO;, as was previously reported (Kwok et al., 1996) and
these yields are held fixed in the simulations. HO, is assumed to be produced
by 80% of the RO, reactions, which is a rough approximation consistent with
the semi-explicit model used by Horowitz et al. (2007). OH and HO, are not
distinguished because the 500 ppm CO in the chamber immediately converts OH
to HO..

The only measurement we made of the other carbon products of isoprene oxida-
tion is the ZRONO,. We reduce the model complexity by only distinguishing these
oxidation products by their -ONO, content and whether they have undergone a
second oxidizing reaction with NO5 or O5. NIT1 (Table 1, Fig. 2) is representa-
tive of all first generation oxidation products which have one -ONO, group. The
branching ratio to form NIT1 is a tunable parameter in the model. The group of
species represented by NIT1 is reactive towards NO; and O3. The effective rate
for reaction of NO3 with this group of unsaturated species is also tunable, and is
fit to be 7.0x10™"* molecules™ cm®s™" to achieve the best agreement between
modeled and measured NO5; and N,Oj (see Sect. 3.1). The nitrate radical which
reacts with NIT1 is presumed to lead to the production of additional -ONO, func-
tionality (NIT3, either di-nitrate or 2 organic nitrate molecules), or be converted
to NO, or HNO4 leaving the original -ONO, group attached to a different carbon
backbone (NIT2). The branching ratio between formation of NIT2 and NIT3 is
the final tunable parameter in the model. The reaction of NIT1 with O; makes
NIT4 which is also treated as an unspecified RONO,. The modeled 2RONO; is
therefore NIT1+NIT2+2 x NIT3+NIT4+NISOPO2+NIT1NO30O.

Because the primary oxidation product of isoprene+NOj is believed to be 4-

nitrooxy-3-methyl-2-butanal, we use the reaction rates of the structurally similar

2-methyl-2-butene as a reference for the ratio of the reaction rates with O3 and

NO; (both rates taken from MCM). Thus, k03=4.3><10'5ka03. The choice to

use 4-nitrooxy-3-methyl-2-butanal as the reference compound for these rates has

a small impact on the outcome of the model because the O reaction is much
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slower than the NO; reaction. The O3 Reaction R9 accounts for 7% of the con-
sumption of the NIT1 species throughout the entire model run, while during the
short SOA growth period (14:30—-16:15) it is only 4%. Using methacrolein as the
reference compound increases these values to 26% and 17%, respectively.

— Peroxy radicals: peroxy radicals in the model are generated by reactions of
each double bond of isoprene with NO5. All peroxy radical (RO,) reaction rates
are taken directly from MCM. The initial isoprene nitrate peroxy radical+RO,
rate is 1.30x10™ 2 cm® s_1, and this rate is used also for all second generation
RO,+RO, reactions. All RO,+NO5; and RO,+HO, reactions proceed at stan-
dard MCM rates of 2.5x10" "2 cm®s™" and 2.3x107" cm®s ™, respectively (see
Table 1). The yield for product formation is modeled to be the same regardless
of the peroxy radical reaction partner, and the products of all peroxy radical re-
actions are only distinguished by whether a stable alkyl nitrate or NO, is formed.
For example, two isoprene peroxy radicals could form a C,, peroxide, or two Cjy
products. These product channels are not tracked in the model because the only
observable and therefore modeled quantities are NO,, NO3, N,Og5 and 2RONO,.

3 Gas phase products

We first describe the observations from the chamber and show that different time peri-
ods uniquely constrain some of the model parameters. Two distinct chemical environ-
ments dominated the chemistry in the chamber at three different time periods. These
time periods are referred to by their UTC hour and are most obvious in the observations
of NO3 and N,Og (Fig. 1c).

1. 08:00-14:30: during the initial phase the isoprene concentration was high and
isoprene dominated the consumption of nitrate radicals. The NO3 production rate
ranged from 0.56 ppt s (2.0ppb h_1) at 08:00 to O.16ppts_1 (0.58 ppb h_1) at
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14:30. At any given time >90% of the NO3 loss was due to reaction with iso-
prene, with the majority of the balance being to reaction with oxidation products.
Reaction of peroxy radicals is predominately with other peroxy radicals and hy-
droperoxy radicals. RO,+NO4 accounts for <5% of RO, reactions.

2. 14:30-16:15: during this second phase, the isoprene concentration decreased
rapidly to zero and reaction with the initial oxidation products was a much more
important sink for NO;. Between UTC 15:18 and 16:15 reaction with these ini-
tial oxidation products accounted for more than half of the total NO3 reactivity.
VOC'’s generated by NO; oxidation of both double bonds of isoprene rapidly ac-
cumulated. RO,+NOj; also accounted for a larger fraction of the peroxy radical
reactions, peaking at ~40-50% of total peroxy radical loss.

3. 16:15-24:00: during the third phase an additional 11 ppb isoprene was added.
Isoprene again was the dominant sink of NO3, suppressing both the production
of the doubly oxidized products of isoprene and RO, +NOg reactions.

3.1 Optimized model parameters

As previously discussed, three of the model parameters have been adjusted to min-
imize differences in the model-measurement comparison. These are: 1) branching
ratios for the formation of alkyl nitrates vs NO, from the isoprene+NQO; reaction, 2)
reaction rate of 1st generation oxidation products with NO3, and 3) branching ratios for
formation of alkyl nitrates and NO, from the reaction of NO5 with the first generation
oxidation products. Wall losses of NO; and N,Og were determined in a pervious VOC
and aerosol free experiment. A loss rate of organic nitrates to the chamber walls is
determined to be 2.2x107°s™" by a best fit of the 2RONO, data and model at the end
of the experiment when changes in ZRONO, are the most sensitive to this process.
Model optimization of the free parameters was achieved in the following order:

1. Branching ratio #1: stable nitrates result from addition of NO; and O, to iso-
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prene followed by a radical-radical reaction that produces a closed shell product
through either an abstraction reaction followed by a cleavage, or a recombina-
tion of the radicals (Fig. 2). The branching ratio (Yy1) to form alkyl nitrates from
isoprene+NO;, is defined as the fraction of isoprene+NO;, reactions that eventu-
ally form stable nitrates:

_ A3RONO, »
"~ Aisoprene

This ratio would be equal to ARONO,/ANO; if ANOz=Aisoprene, i.e. in the ab-
sence of another NOj sink. An initial attempt was made to evaluate this branching
ratio directly from changes in the NO3, N,O5 and 2RONO, observations during
second addition of isoprene to the chamber. This addition lead to a prompt con-
sumption of a known amount of NO; and N,Og, and subsequent production of
alkyl nitrates and NO,. However, because the NO5; concentration was high rela-
tive to RO,, we calculate that RO, +NO3;—RO+NO,+0, accounted for ~15-25%
of the total RO, reactions, meaning that on the order of 20% of the sudden change
in NO; radicals was due to the reaction with peroxy radicals, not isoprene. Due
to the uncertainty in the reaction rate for the specific peroxy radicals with NO4 it
is not possible to precisely calculate the contribution of this reaction to the ANO;.
For the initial phase of the experiment however the concentration of NO; was so
low that the rate of NO3+RO, is minor compared to RO,+RO, and RO,+HO,,
and uncertainties in the reaction rates other than NOs+isoprene result in a small
uncertainty in the branching ratio.

To evaluate the yields of alkyl nitrates and NO, we therefore varied this yield in
simulations run over the time period 07:00-13:00 UTC (Fig. 3). A yield 70+8%
alkyl nitrates and 30% NO, was found to minimize the accumulated residuals
between model and measurements of RONO, and NO, over this time period.

AN1

. Alkyl nitrate+ NO3 reaction rate: with the branching ratios for the first gen-

eration products fixed at 70% and 30% for alkyl nitrates and NO,, re-
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spectively, the time period 14:00-16:15UTC was used to fit the rate coef-
ficient for reaction of the lumped species NIT1+NOj;. A rate coefficient of
7x107*£3x107"* molecules™" cm®s™" was found to be optimal (Fig. 3) based
on minimizing residuals in comparison of modeled and observed NO3+N,O5.

3. Alkyl nitrate+ NO; products:  using the optimized branching ratios for
isoprene+NO3 and the optimized reaction rate, the branching ratio to form alkyl
nitrates or NO, from the second oxidation step was investigated. Focusing
on the time period 14:00-16:15UTC when the isoprene was depleted so that
RONO,+NO3; was the primary sink of NO3, we examined the yield in 20% incre-
ments (Fig. 4). The model and measurements are in best agreement for a yield of
40%=+20%. We note that a yield of greater than 0% for NO, produces a significant
positive bias in the model runs and the yield for NO, for this reaction is therefore
set to 0% for the final run. This implies that the second oxidation step has a high
yield to form HNO4 directly.

Figure 5 shows a comparison between the MCM model, and the model optimized in
this work for modeled XRONO,, NO, NO5 and N,O5. Generally, the MCM overpredicts
NOj;, N,O5 and alkyl nitrates, and underpredicts NO,.

Our observation of alkyl nitrate formation (70+£10%) is equivalent to previously re-
ported yields (60%—80%), within the combined experimental errors (Barnes et al.,
1990; Skov et al., 1992; Perring et al., 2009). The fact that multiple experiments con-
ducted under different conditions (concentrations of isoprene and oxidants differing by
more than a factor of 100) have all produced high yields of alkyl nitrates implies that the
yield is robust and relatively insensitive to the peroxy radical chemistry, and supports
findings that the isoprene+NQO; reaction is possibly the single strongest source of alkyl
nitrates in the atmosphere (Horowitz et al., 2007).

MACR, MVK and methyl ethyl ketone (MEK) were observed in small yields. Approx-
imately 70% of the observed MVK and 80% MACR were calculated to be from the
reaction of isoprene with ozone, and the remainder is consistent with yields of 2-4%
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for both MVK and MACR from NOs-+isoprene. Production of 0.9 ppb MEK was also ob-
served by 24:00 UTC. The observations of the yields of MACR and MVK are consistent
with previous observations. Barnes et al. (1990) reported an observable but small yield
of MACR. Skov et al. (1992) report MACR below their FTIR detection limit (<5%). Kwok
et al. (1996) measured the production of MVK and MACR with GC-FID and reported
yields of 3.5% for both MVK and MACR. Perring et al. (2009) observed a 7% vyield of
the sum of MVK and MACR using PTR-MS. Skov et al. (1992) and Perring et al. (2009)
measured product yields by adding isoprene to a chamber that was initially charged
with ppm levels of N,O5. Kwok et al. (1996) added isoprene first as we did, but then in-
jected N,Og in ppm steps. All of these experiments would have resulted in much larger
NO4/RO, ratio than in the experiment reported on here. These similar yet small yields
of MVK and MACR observed in vastly different radical regimes are not surprising, sup-
porting the conclusion that the yields of these products are primarily determined by the
position at which O, adds to the alkyl radical generated by isoprene+NO; as opposed
to the peroxy radical reaction partner. The observation of 0.9 ppb MEK at the end of
the experiment is surprising. It seems that this product would have appeared in the
FTIR detection scheme of Skov et al. (1992), however they do not report observing it.
The mechanism responsible for the MEK in our experiments is unclear and might have
been an interference from a different compound with the same GC retention time.

The rate constant that we find for the reaction of the first generation oxidation prod-
ucts with NO4 (7x10'14molecules'1 cm3s'1) can be compared to known rate con-
stants for compounds that are likely to be structurally similar. The observations that
~40% of this reaction generates an alkyl nitrate, while ~60% of the nitrogen does
not reappear in any of our measurements indicates that the reaction occurred by
~40% addition of NO5 to a double bond, and ~60% abstraction of the aldehydic
hydrogen, with rate constants of 0.4x7x10™*=2.8x10"" molecules™' cm®s™" and
0.6x7x107*=4.2x10"" molecules™ cm®s™" for these two respective reactions. 3-
methyl-2-butene-1-ol (MBO) is a unsaturated alcohol structurally similar to the hydrox-
ynitrate produced by the isoprene+NOj. The reaction rate constant for MBO has been
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measured as 1x10™ "2 molecules™ cm®s™ (Noda et al., 2002). While the effects of
nitrate substitutions has not been studied on the reactions of alkenes with NO;, the
electronegative nitrate group should be expected to slow the reaction. For example,
in the case of the electrophilic OH addition to a double bond, the Cg-hydroxynitrate
reaction rate constant would be predicted to be a factor of 5 slower than that for
MBO (Kwok and Atkinson, 1995). Scaling the MBO reaction by a factor of 5 yields
a rate constant of 2x10™ "> molecules™ cm®s ™", ten times faster than our fitted value
of 2.8x10™*molecules ' cm®s™". The presumed rate constant for hydrogen abstrac-
tion of 4.2x10™"* molecules™ cm®s™" is on the fast end of the range that has been
measured for aldehydes with NO5. D’Anna et al. (2001) measured a rate constant of
2.68x10™ " molecules™' cm®s™! for the reaction of 2-methylbutanal, which differs from
the Cg hydroxycarbonyl only by a nitrate substitution at the & carbon. We caution that
these comparisons are only intended only to be rough, as we only are considering what
are believed to be the highest yield isomers of the isoprene+NOj reactions. Further,
the measured products from the initial reaction only account for 77% of the primary
products (XRONO,+MVK+MACR) and it may be reaction of one of the unresolved ini-
tial products that consumes most of this NO; and produces SOA. However, this would
contradict the findings of Ng et al. (2008) who report at least 2 nitrogen atoms in almost
all of the molecules forming SOA from this system.

3.2 Peroxy radical fate

The relative concentration of peroxy radical reaction partners RO,, HO, and NO3 can
lead to differences in observed yields of i.e. peroxides, hydroperoxides and nitrates be-
tween experiments. Figure 6 shows the modeled contributions of these three radicals
to the total RO, reactions throughout the experiment. For the majority of the experiment
the RO, fate is almost entirely dominated by reaction with peroxy and hydroperoxy rad-
icals. NO4 is modeled to be a significant reaction partner for peroxy radicals for a brief
period of time in the middle of the experiment when the isoprene concentration was
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zero and the nitrate radical production rate was high (~1.5 ppts_1). During this time,
a large concentration of NO3 accumulated (max~150 ppt) at the same time that RO,
and HO, production decreased.

While it would be interesting to use this experiment to help clarify the role of nighttime
peroxy radical reactions in tropospheric chemistry, direct comparison of the modeled
peroxy radical chemistry to the nighttime atmosphere is not conclusive. Box models
simulating nighttime chemistry are in disagreement as to whether or when NO3+RO,
reactions can compete with RO,+RO, and RO,+HO, as a sink for RO,. At least two
studies have concluded that in polluted environments NO5 can be an important sink
for RO, (Geyer et al., 2003b; Vaughan et al., 2006), while Bey et al. (2001) conclude
that this process is insignificant. One of the reasons for this discrepancy may be the
lack of detailed knowledge surrounding RO,+RO, and RO,+NO, reaction rates. Our
experiment does not address constraints to these rates.

We do note that model calculations (both the modified model and MCM) suggest
that HO, dominates the fate of peroxy radicals in the chamber. If all RO,+HO, reac-
tions formed a hydroperoxide via RO,+HO,—ROOH, than the majority of the oxidation
products would be hydroperoxides instead of carbonyls. Ng et al. (2008) conducted a
chamber study with higher total radical concentrations, but presumably similar ratios
between HO, and RO,. They observed a ratio of carbonylnitrate: nitrooxy hydroper-
oxide of ~4-5. These combined results suggest that either the rate of RO,+RO, is
much faster relative to RO,+HO, than used in our calculations, or that the yield for
hydroperoxides from RO, +HO, may be significantly less than 100%. Laboratory (Has-
son et al., 2004; Jenkin et al., 2007; Crowley and Dillon, 2008) and theoretical (Hasson
et al., 2005) studies have shown that while the hydroperoxide yield from small peroxy
radicals such as methyl peroxy and ethyl peroxy is near 100%, larger more substituted
peroxy radicals especially of the form R(O)OO may form alcohols or OH in high yields
from the reaction with HO,. Photochemical box models have also been shown to more
accurately reproduce field data if RO,+HO, reactions are not chain terminating sinks
of HO, (e.g., Thornton et al., 2002; Lelieveld et al., 2008). Thus, the yield of ROOH
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from RO, +HO, reactions is currently an open question.

4 Aerosol

Figure 1 shows the raw AMS signal. The AMS indicated some brief initial increase
in SOA with the injection of Og, but this production did not continue throughout the
experiment and our analysis focuses on the more significant growth between 14:00 and
17:00 UTC. The number density of particles followed a monotonic exponential decay
with a lifetime of 3.7 h throughout the experiment, presumably due to wall losses. We
assume that the observed SOA is due the combined effects of SOA production and
wall loss and in Fig. 7 we show the SOA corrected for this loss. Secondary organic
aerosol was observed to increase rapidly during the phase of the experiment when the
isoprene concentration was low and the NO5; concentration was at its peak. The rapid
growth of SOA observed uniquely in the presence of high NO5 concentration indicated
that SOA formation was initiated by NO3 oxidation rather than O5. The fact that this
growth also took place when isoprene concentration was at a minimum indicated that
this SOA was generated upon reaction of NO3 with one of the initial isoprene oxidation
products as opposed to isoprene itself. A final mass yield in the traditional sense

Aorganic aerosol mass
~ Aisoprene mass

(@)

of 2% was observed.

Figure 7 shows the change in AMS organic aerosol corrected for chamber dilution
and wall loss (green), the modeled net amount of isoprene consumed by NO; (blue),
and the modeled net amount of isoprene nitrates (produced by the isoprene+NO; re-
action with a 70% yield) consumed by reaction with NO4 (extent of Reaction R5 from
Table 1, red line). The blue curve shows Aisoprene (ug/m3) and the red curve shows
the moles of second generation oxidation products multiplied by the molecular weight of
isoprene. We define this quantity as Aisoprenezx because it is the mass concentration
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of isoprene which reacted two times with NO5;. Mass yields with respect to isoprene
can be read for the first and second oxidation steps by comparing these lines to the
AMS data. By 14:00 UTC, approximately 12.5 ug m=3 isoprene has reacted with NO;.
SOA production over the pervious 4 h is within the noise of the AMS (~0.02 ug m'3)
indicating that the direct yield of SOA from the isoprene+NOj reaction is <0.2%. The
mass yield of SOA from the reaction of NO; with the intermediate isoprene nitrates
however is approximately 10% based on the observed final production of 0.8 i m~3
SOA (1.4 ug m~ at 24:00 — 0.6 ug m~2 at 10:00) and the calculated of 8 ugm™" iso-
prene reacted through this channel (i.e. Aisoprene2X=8 ug m’s).

The TD-LIF instrumentation observes the sum of gas and aerosol organic nitrates.
Figure 8 shows the changes in TD-LIF signal and AMS nitrate, with both measurements
averaged to 15 min resolution. We observed an increase of ~4 ug m~2 total organic ni-
trate coincident with 0.12 ug m™~2 aerosol nitrate. This indicates that ~3% of the organic
nitrate produced in the second oxidation step partitioned to the particle phase. Of the
final SOA products which exist in gas/particle equilibrium, the molecular yield can be
calculated by scaling the mass yield (10%) by the relative molecular weights of iso-
prene and of the SOA. For example, assuming particle/gas equilibrium if the primary
SOA component were a Cs-dinitrate-diol (C5H;qOgN,) with MW=226, the fraction of
this molecule in the particle phase would be 10%x68/226=3% which is in agreement
with our nitrate partitioning observation.

4.1 SOA composition

The design of the gas phase model used in this study was primarily motivated by accu-
rately calculating the partitioning of NO,, throughout two stages of isoprene oxidation,
and thus species were lumped according to their nitrate content. However, other stud-
ies (Barnes et al., 1990; Skov et al., 1992; Ng et al., 2008; Perring et al., 2009) have
distinguished hydroxynitrates, carbonylnitrates, and peroxynitrates as the majority of
the oxidation products. In Fig. 9 we consider physical properties including expected
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SOA yields of some of the specific molecules that may be responsible for SOA pro-
duced from the isoprene+NO3 system. These expected yields are then compared to
the calculated 10% mass yield, and 3% molar yield from the second oxidation step.

This figure depicts the evolution of isoprene oxidation products through two stages of
oxidation by nitrate radical, assuming that in each step the reaction takes place by ad-
dition of NOg to one of the C=C bonds. For simplicity, we consider secondary oxidation
products produced by the reaction of NO5 with the Cg hydroxynitrate, as the consump-
tion of this product was highly correlated with SOA formation in the study of Ng et al.
(2008). Similar second generation structures could be arrived at from reactions of the
C; carbonylnitrate, and the predicted vapor pressures of these products are a factor of
6—8 higher than for the analogous hydroxynitrate. Although multiple isomers of each
molecule are possible, we show only one of each for simplicity. The vapor pressure
of these molecules is determined primarily by the number of carbon atoms and the
molecular functionalities, various isomers should have similar vapor pressures. For
each molecule we show the molecular weight (Da, black), estimated vapor pressure
PL0 (Pa, blue) effective saturation concentration C* (ug m=>, green). From the effective
saturation we calculate the fraction of this molecule residing in the particle phase in the
presence of 0.6 ug m~3 organic aerosol (red), which was the maximum observed OA
concentration in this experiment. Vapor pressures are estimated using the group con-
tribution method (Pankow and Asher, 2008) which has been demonstrated to estimate
these values to within a factor of 2 for 456 atmospheric compounds spanning 14 or-
ders of magnitude in PLO. The vapor pressure is related to an equilibrium partitioning
coefficient (K') and to the effective saturation concentration (C*) by

1 760RT

=S =— 3)
C* MW, 108¢P?

with R being the ideal gas constant (8.206x10'5 m? atm mol ™" K'1), T is the tempera-
ture (K), MW, is the mean molecular weight of the organic aerosol (g mol™") and ¢
is the activity coefficient of the species in the organic aerosol phase, which is typically
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assumed to be 1 (Odum et al., 1996). While the mean molecular weight of the organic
aerosol in this experiment is likely >200g mol~", here we assume MW,,,=150g mol ™"
as is typically used in calculations of atmospheric aerosol. The fraction of a given
molecule / which is residing in the OA phase (Y;) is then calculated under these as-
sumptions using the relationship between C*, the particle phase (Cp) and gas phase
(Cg4) concentrations of species, and the ambient OA concentration (M)

1 G
Cr  CyM,

(4)

M,/C"

=TT ©

i
At low concentrations of aerosol, the yield calculated as a function of vapor pressure is
highly sensitive to both My and MW,,,. In Fig. 10 we illustrate how changes in these val-
ues would have an effect on the partitioning of the Cs-dinitrate-diol (PL0=9.7><1O_5 Pa).

In Fig. 9 we calculate that for MW, ,,=150 and M,=0.6 ug m™ (the maximum observed
in this work before correction for losses), ¥;=9%. If the OA is completely composed of
this substance (MW,,,=226), the yield would be ~6%. Generally, given uncertainties
in MW,,,, and M, we find that equilibrium partitioning predicts yields of «<1% for the
first generation products, ~5—20% for the second generation Cs products, and >95%
for the C4, peroxides. Considering the factor of two uncertainty in the vapor pressures
of the oxidation products and the assumption that é=1, we find these predicted yields
reasonably close to the 3% molar yield observed and conclude that the primary com-
ponents of the aerosol are most likely C5 second generation oxidation products. The
yields that would have been observed if the aerosol was primarily composed of first
generation oxidation products or highly functionalized peroxides are well outside the
range of our data.

Figure 11 shows the AMS nitrate vs. AMS organic signals from UTC 14:15-24:00. A
linear fit to the data indicates that the ratio of nitrate:organic of the SOA (on a mass
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basis) was approximately 0.18 for the entire period, with the highest ratio of 0.20 oc-
curing between 14:15 and 16:36 UTC. The production of SOA with a nitrate:organic
ratio of 0.18 could in principle be due to condensation either of a single nitrate con-
taining organic compound with this ratio, or by co-condensation of multiple oxidation
products. In Fig. 9 (purple numbers) we have estimated the nitrate:organic mass ratio
that would be observed for the presumed second generation products, assuming that
RONO, fragments in the AMS as R (organic) and ONO, (nitrate) and each are detected
with equal efficiency. The calculated values are shown in purple. All molecules have
nitrate:organic mass ratios >1, much too large to explain the observations. Fragmen-
tation of organic nitrates RONO,—RO+NO, on the AMS heater is likely, which would
reduce these ratios somewhat. For example, the dinitrate-diol structure of MW 226
would in this case have a nit:org ratio of 0.66 instead of 1.05. This however is still much
higher than our observed 0.18. The discrepancy here could be explained by a num-
ber of mechanisms, including: 1) co-condensation of nitrate and non-nitrate organics,
2) polymerization of the nitrate peroxy radicals with non-nitrate containing species, or
some other addition of non-nitrate functional groups to the isoprene oxidation products,
3) underestimation of the nitrate content in the aerosol, or 4) release of nitrogen upon
condensation of organic nitrates.

Isoprene (CsHg) and nitrate radical (NOg), respectively, have molecular weights of
68, and 62. If a single molecule is forming the SOA through the addition of one nitrate
radical followed by the polymerization of isoprene units, this would be somewhere be-
tween 5 and 6 isoprene units (0.18 and 0.15 nitrate/organic mass, respectively). Even if
we assume that oxidation of each double bond of isoprene adds 2 oxygens to the mass
(C5HgO,, MW=132) this would require at least two fully oxidized isoprenes per nitrate
group. Laboratory studies have observed the formation of polymers from isoprene in
SOA (Jang et al., 2002; Kalberer et al., 2004; Surratt et al., 2006; Muller et al., 2008)
by various mechanisms and some of these may be possibilities here.

An internal isomerization of the 6-alkoxy radical formed by NO5 addition to isoprene
at the 1 position via a 6 membered ring is also a possibility for adding non-nitrate
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functionality to the oxidation products (Fig. 12). This could lead to a slight decrease
in the nitrate:organic ratio: 0.93 vs. the 1.2 for example if the second double bond of
the two products shown in Fig. 12 reacts again with NO5. Estimates of the relative
estimated rates of isomerization and hydrogen abstraction of the alkoxy radical also
suggest that this may be a significant pathway (Atkinson, 2007). The production of this
molecule as a main product of the isoprene+NO; reaction would not be in conflict with
some previous product studies for which organic nitrate standards were not available
and for which the product chemical structure has been deduced based on the existence
of carbonyl and nitrate peaks in FTIR spectra. Ng et al. (2008) however do not report
significant yields of this product, even though it would have been likely to be detected
by their CIMS with comparable efficiency to other products that are reported.

Ng et al. (2008) reported many highly nitrated structures observed in both the gas
phase, and on filter samples produced in their isoprene+NO3 experiment. Although
an AMS nitrate:organic ratio for this experiment was not reported, all of the structures
observed with their CIMS and filter extraction TOFMS have much higher nitrate:organic
ratios than we measured. Furthermore, as we have observed in the initial reaction, and
as is well founded for many alkene NOj reactions, the yield of organic nitrate forma-
tion from these reactions is high. The continued oxidation of double bond containing
isoprene oxidation products is expected to lead to the formation of organic nitrates.
Therefore it seems most reasonable that the condensing species were similar to the
C; dinitrate species in Fig. 9. Our data can neither confirm nor deny the possibil-
ity of release of NO, during SOA formation due to rapid changes in total NO, which
would have been only contributed to in a minor way from this process. While AMS
nitrogen:carbon and oxygen:carbon ratios have been verified for nitrogen containing
compounds including amines, amides and phenols, (Aiken et al., 2007) similar results
have not been reported for molecules containing RONO, groups, leaving open the
possibility that organic nitrate content is underestimated.
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5 Atmospheric implications

Our observations indicate that the formation of SOA from isoprene+NO; under typical
concentrations of OA will rely on the extent to which both double bonds of isoprene are
oxidized. Here, we observed oxidation of both bonds via reaction with NO;. However,
the exchange of a nitrate group with a hydroxy group has a minor affect on the effective
saturation concentration, thus we expect that reaction with NO3 followed by reaction
with OH or vice versa would produce a similar aerosol yield. To consider the extent to
which these second oxidation steps will take place in the atmosphere, we compare the
lifetime of the initial oxidation products to reaction with OH and NOj to their lifetimes
with respect to wet and dry deposition.

MCM uses a rate constant for 4-nitrooxy-3-methyl-2-butanal with OH of
4.16x10™"" molecules™ cm®s™'. This rate is roughly consistent with those measured
by Treves and Rudich (2003) for unsaturated hydroxyalkyl nitrates. At an average day-
time concentration of 2x10° molecules/cm® this would give a lifetime to OH of 3.3h,
indicating these compounds generated at night by NO; chemistry remaining through
the next morning would be consumed by reaction with OH early in the day.

We found an effective rate constant for the initial oxidation products with NO3 of
7.0x10" " molecules™ cm®s™". Nighttime NO3; concentrations are highly variable
ranging from O to hundreds of pptv, and depend on the availability of NO,. In a recent
study Brown et al. (2009) show that the first generation daytime isoprene oxidation
products MVK and MACR, are found at ppb levels along with 50—100 ppt NO5. This
range of NO5 concentrations would yield 3.1-1.6 h for lifetimes of isoprene nitrates.

We use the method of Brimblecombe and Dawson (1984) to estimate the wet de-
position rate of the first generation oxidation products. This method has been used
previously to estimate the wet removal rate of hydroxy-nitrate isoprene oxidation prod-
ucts (Shepson et al., 1996). Henry’s law coefficients at 283 K of 4-nitrooxy-3-methyl-2-
butanal (2.3><104 M/atm) and 4-nitrooxy-3-methyl-2-butanol (3.3><1O5 M/atm) were cal-
culated using the SPARC online calculator (Hilal et al., 2003, 2004). Using the same
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assumptions for mid-latitude meteorology as Shepson et al. (1996) and Brimblecombe
and Dawson (1984), we use these Henry’s law constants to calculate rainout rates of
2.3x107%s7" for the carbonyl-nitrate and 5.5x10%s™" for the hydroxy-nitrate. These
rates imply rainout lifetimes of these species of 5 and 2.1 days, respectively, both which
are too slow to compete with the lifetime to reaction.

Lifetimes to dry deposition are perhaps less well constrained, although we note that
loss to dry deposition is unlikely at night because most of the isoprene+NO; reac-
tion will take place above the nocturnal boundary layer. Dry deposition velocities
(vy) of HNO3; have been reported in the range of 2-4 cm s~ (Seinfeld and Pandis,
1998; Farmer and Cohen, 2008), while reported PAN deposition velocities range from
0.25-0.8cms™" (Turnipseed et al., 2006; Garland and Penkett, 1976; Farmer and Co-
hen, 2008; Wolfe et al., 2009). Multi-functional nitrate deposition velocity have been
measured by Shepson et al. (1996) and Farmer and Cohen (2008) at 0.4cm s~ and
2.0cms™", respectively, and inferred from NO, fluxes by Munger et al. (1996) ranging

from 0.5cms™" at nightto 2cm s during the day. Assuming the same scale height as
we use for the wet deposition calculation (2.3 km) the lifetime (1=2/v, where Z=scale
height) for v, of 0.25-2.0cm s~! would be 10-1.3 days if it were important.

These estimates of wet and dry deposition lifetimes of the carbonyl- and hydroxy-
nitrate first generation oxidation products of isoprene are significantly longer than life-
times to chemical reaction by average daytime OH concentrations, and NO4 concentra-
tion greater than 10 ppt. For NO5; above 10 ppt the first generation oxidation products
are likely to react with NO3 at night converting them to condensible species, but on
timescales longer than the rapid reaction of isoprene with NO; that has been observed
immediately after sunset. For much smaller NO3 concentrations, transport at night,
daytime deposition or OH oxidation will dominate the fate of these nitrates.
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6 Summary and conclusions

We have observed the reaction of isoprene with nitrate radicals at atmospherically rel-
evant concentrations of VOC and oxidants (9.6 ppb isoprene, 16 ppb NO,, 37 ppb Os).
A modified version of the MCM was used to evaluate the yields for alkyl nitrates from
the reaction of isoprene with NO5 (70%) and for the subsequent reaction of the first
generation oxidation products with NO5 (20-60%). NO5 observations which were sig-
nificantly lower than predicted by the MCM were used to determine an effective rate
constant for reaction of the group of first generation oxidation products with NO;. We
observed that SOA is formed from the isoprene/NO5 system, but at low organic aerosol
concentration (<1 ug/m3), only when both double bonds of isoprene are oxidized. Us-
ing the modified MCM, we estimate that the SOA mass yield of isoprene which reacts
two times with NO3 is 10% and show that this yield is consistent with equilibrium par-
titioning of the expected oxidation products. Modeling also indicates an inconsistency
between the current estimations of the relative magnitudes of the rate constants for
RO,+RO, vs. RO,+HO,, and the expectation that RO,+HO,— ROOH with a 100%
yield. The AMS data reported much less nitrate content than would be expected from
these structures, and we therefore conclude that either some additional chemistry was
responsible for the chemical content of the SOA, or the aerosol nitrogen content is
higher than measured.
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Table 1. Gas phase reactions and rates included in reduced isoprene chemistry model.
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rxn # reaction rate at 298 K reference
(cm®s™

1 C5H8+NO; —»NISOPO2 6.78x107'*  MCM V3.1
2 NISOPO2+NO, —0.70NIT1+0.035 MVK+0.035 MACR

+1.25 NO,+0.80 HO, 25x107" MCM V3.1
3 NISOPO2+HO, —0.70NIT1+0.035 MVK+0.035 MACR

+0.25 NO,+0.80 HO, 2.3x107" MCM V3.1
4 NISOPO2+R0, —0.70NIT1+0.035 MVK-+0.035 MACR

+0.25 NO,+0.80 HO, 130107 MCM V3.1
5 NIT1+NO; —NITINO300 7x107" fit
6 NITINO300+NO,; —0.6 NIT2+0.4 NIT3+NO,+0.8 HO,  2.5x107 "% MCM V3.1
7 NIT1INO300+HO, —0.6 NIT2+0.4 NIT3+0.8 HO, 2.3x107" MCM V3.1
8 NITINO300+R0O, —0.6 NIT2+0.4 NIT3+0.8 HO, 1.30x10"?  MCM V3.1
9 NIT1+0; — NIT4 3x107"8 fit (assumed

4.3x107° xks)
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Fig. 1. Descending top to bottom, measurements of (a) NO, and O5 (CL measurement), (b)
chamber temperature and relative humidity (RH), (¢) NO; and N,O5 (CaRDS), (d) organic
nitrates (RONO,) and inorganic nitrates (NO;+2xN,05+HNO;) (TD-LIF), (e) isoprene and the
sum of methacrolein and methyl vinyl ketone (PTR-MS), and (f) AMS measurements of aerosol
composition.
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Fig. 2. Top: schematic of isoprene+NOz; mechanism MCM V3.1. 100% of first generation
oxidation products are alkyl nitrates. The only first generation product which is reactive to-
wards NOj is the carbonyl nitrate, which reacts in an aldehyde+NO; mechanism at a rate
of 1.1x107"*cm®s—1. Bottom: the modified mechanism used in this study. NIT1-NIT4 are
lumped species representing organic nitrates produced by the first (NIT1) and second (NIT2,
NIT3, NIT4) oxidation steps. NIT1 has one RONO, group and one carbon-carbon double bond.
Oxidation of the second double bond by NO; is presumed to either leave the original nitrate
functionality (NIT2) or add an additional RONO, group (NIT3). Oxidation of NIT1 by O is pre-
sumed to leave the nitrate functionality (NIT4). NITINO3OO is the peroxy radical generated by
reaction of NIT1 with NOg4 followed by O,.
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and (bottom) NO43+N,O5. Green lines are calculations from MCM V3.1 and blue lines are the
modified model from this work.
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oxidation products (blue line) and second generation oxidation products (red). Modeled first
and second generation products are both expressed in units of ,ug/m3 of the initial isoprene
reacted, calculated as moles/m® of product x the molecular weight of isoprene, allowing the
mass yield (AVOC/ASOA) from each step to be calculated by comparing the product mass to
measured organic aerosol mass.
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Fig. 8. Increases in TDLIF gas+aerosol RONO, (blue) and AMS nitrate (green) during the
second oxidation step in the chamber. AMS and TDLIF data are mapped to the same time
resolution using 15 min means.
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