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Abstract. Peroxy radical reactions (RG RO,) from the 1 Introduction

NOgs-initiated oxidation of isoprene are studied with both

gas chromatography and a chemical ionization mass spec-

trometry technique that allows for more specific speciationhe global emissions of isoprene (440-660 TgyrGuen-

of products than in previous studies of this system. We findther et al. 200§ are larger than those of any other non-

high nitrate yields £ 80 %), consistent with other studies. methane hydrocarbon. Because of its high abundance and re-

We further see evidence of significant hydroxyl radical (OH) activity towards atmospheric radicals, isoprene plays a major

formation in this system, which we propose comes fromrole in the oxidative chemistry of the troposphe@hamei-

RO, +HO, reactions with a yield of-38-58%. An addi- des et al. 1988 Williams et al, 1997 Roberts et a).1998

tional OH source is the second generation oxidation of the nitHorowitz et al, 1998 Paulot et al.20093 and is an impor-

trooxyhydroperoxide, which produces OH and a dinitrooxye- tant precursor for secondary organic aerosol (SARa¢ys

poxide with a yield of~ 35 %. The branching ratio of the rad- €t al. 2004 Kroll et al., 2005 2006 Surratt et al. 2006

ical propagating, carbonyl- and alcohol-forming, and organic2010 Carlton et al. 2009.

peroxide-forming channels of the R®RO, reaction are Nitrate radicals (N@), which form primarily from the re-

found to be~ 18-38%,~ 59-77 %, and~ 3—4 %, respec- action of NQ and G, are likely the dominant oxidant of iso-

tively. HO, formation in this system is lower than has been Prene at night when photochemical production of hydroxyl

previously assumed. Addition of RCto isoprene is sug- radicals (OH) ceases. Although nighttime isoprene emissions

gested as a possible route to the formation of several isopren@'e negligible $harkey et a].1996 Harley et al, 2004, iso-

Cyo-0rganic peroxide compounds (ROOR). The nitrooxy, al- Prene emitted late in the day, as OH concentrations drop, re-

lylic, and G; peroxy radicals present in this system exhibit Mains in the nighttime atmosphei@térn et al. 199§ Stroud

different behavior than the limited suite of peroxy radicals €t @l, 2002 Warneke et a).2004 Steinbacher et al2005

that have been studied to date. Brown et al, 2009. The rate constant for isoprene’s reaction
with NO3 is ~ 50000 times higher than that of its reaction
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7500 A. J. Kwan et al.: RG, chemistry and OH production during isoprene + NOgz reaction

with Os, the other major nighttime oxidanAtkinson 1997). Seo Figs 243 See Fig. 3

Assuming an N@ mixing ratio of 10 ppt and an £mixing somerization

ratio of 40 ppb, oxidation of isoprene by NQvill proceed = \ @mn

more t_han an orc_ier of magn _|tude fas_ter than that pyNOx- O:‘Oyb:y‘oi B OZNO_>:\:O . OZNO%_OH

ing ratios of NQ in the nighttime continental boundary layer miz 230 oNo— o Hirooxycarboryl | Nydroxynitiale
(RO) m/z 230 m/z 232

generally exceed 10 ppt, being in the range of 10-100 ppt Ho,
(Platt and Jansser995 Smith et al, 1995 Heintz et al,

NO3

1996 Carslaw et al.1997), though concentrations on the or- >—\\ NT?’OQNO):‘;OO RO,
der of several hundred ppt have been reportdtf et al, (RO
1981; von Friedeburg et §12002 Brown et al, 2006 Pen- S o,
kett et al, 2007). ozNo):;oomz
During the day, N@ is efficiently destroyed by photoly- ozNohow ozNo)ﬁ;ooJ{omz
sis and reaction with NOWayne et al. 19917), but signifi-
cant daytime concentrations have been measured under con- R iz 377 and 393

ditions of sufficient Q (Ox = O3 + NO) and low actinic flux. _ _ ) _ )

NO; has been shown to reach concentrations dfppt and Flg_. 1. Generalized reaction mechanism of the |sopr_eneg i8]

be responsible for- 10 % of total isoprene oxidation in the 2ction- Boxed compounds are detected by CIMS instrument as
- - CR30~ adducts at the indicated/z values.

daytime under clouds or in a forest cano@rdqwn et al,

2005 Forkel et al, 2006 Fuentes et al2007. In Houston,

with large concentrations of both NGnd G, NOs con- In a previous studyNg et al, 2008, we show that the
centrations between 5-30 ppt in the hours before sunset haw§oa yield from the reaction of isoprene with N@adicals
been measuredeyer et al.20033. is higher when experimental conditions favor RERO; re-

The reaction of isoprene and N©an be significant to at-  5ctions over R@+ NOjs reactions. This phenomenon is ex-
mospheric carbon and nitrogen budgets — and subsequentbqained in part by the formation of low vapor pressurg-C
ozone formation — particularly on a regional scale. Globally, grganic peroxides (ROOR), a product channel that had pre-
it is estimated that the isoprene +N@action is responsi-  yiously been considered insignificant. In light of the poten-
ble for ~ 6—7 % of total isoprene oxidatioiprowitz et al, tial importance of R@+ RO, reactions, we present here a

2007 Ng et al, 200§ and~ 15 % of oxidized nitrogen con-  detailed product study of the R® RO; reactions from the
sumption Brown et al, 2009. Field studies in the north- NOgs-initiated oxidation of isoprene.

eastern United States, which has a mix of,\N#dd isoprene Our study also requires analysis of ROHO, reactions,
sources, find that 22 % of isoprene oxidation in the residual which inevitably occur in this system. Such reactions are
daytime boundary layery 40 % of isoprene oxidation inair- - generally considered to form peroxides (ROOH), but there
masses advected offshore within the marine boundary layelg 5 growing body of work showing that, for certain RO
and~73 % of NG; consumption can be attributed to this re- gther product channels are significant, in particular the chan-
action Warneke et a)2004 Brown et al, 2009. In addition,  ne| |eading to the formation of hydroxyl radical (OH)gs-

the isoprene + N@reaction is likely an important source of gop et al.2004 2012 Jenkin et al.2007, 2008 201Q Dillon
isoprene nitrates, which are significant N@servoir com-  5nd Crowley 2008 Birdsall et al, 201Q Birdsall and El-
pounds affecting regional ozone formatiorol Kuhlmann 14, 2011). Since isoprene + Ngreactions occur when there
et al, 2004 Fiore et al, 2005 Horowitz et al, 1998 2007. is limited photochemical production of OH, such a channel

The oxidation mechanism and products of the iso-may play an important role in determining the oxidative ca-
prene +NQ reaction have been the subject of numerouspacity of the nighttime atmosphere.

studies Jay and Stieglitz1989 Barnes et a).1990Q Skov
et al, 1992 Kwok et al, 1996 Berndt and Bogel1997,
Suh et al, 2001, Zhang and Zhang2002 Fan and Zhang 2 Experimental

2004 Ng et al, 2008 Perring et al. 2009 Rollins et al, ] ) .
2009. The initial step in the reaction is NOaddition to  This work presents a detailed product study of the “excess

one of the double bonds, followed by addition op @  iSoprene” experiment discussedNig et al.(2009. The ther-
make a nitrooxyalkyl peroxy radical (R The RQ radi- ~ Mal decomposition of bDs serves as the source of NO
cals then react with N©(to make short-lived peroxynitrate radicals. NOs is synthesized by mixing streams of nitric
compounds), N@ HO,, NO,, or another R, leading to a oxide (=>99.5%, Matheson Tri Gas) and ozone in a glass
variety of 1st generation products (Fit). We neglect R@  bulb, which forms NOs via the following reactionsifavid-
reactions with NO as NO concentrations are generally verySon et al.1978:

low at night in the remote environments where this reaction isNo + 05 — NO, + O, (R1)
most likely to occur (and low under our experimental condi-
tions (Sect. 2) due to the rapid reaction NONO — 2NOy). NO,; + O3 — NO3+ Oy (R2)
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NO2 + NO3 <> N2Osg (R3) m/z MW + 85 (Crounse et a).2006. The quadrupole mass
filter scans fromm/z 50 tom/z 425, with a dwell time of
Ozone is generated by flowing oxygen through an ozonize0.5s per mass. The CIMS enables more specific speciation
(OREC V10-0); its mixing ratio is found to be 2 % as mea-  of organic nitrates than other techniques that have been em-
sured by a UV/VIS spectrometer (Hewlett-Packard 8453).ployed to study the isoprene + NGystem: Fourier trans-
The flow rate of nitric oxide into the glass bulb is adjusted form infrared (FT-IR) Barnes et a).199Q Skov et al, 1992
until the brown color in the bulb disappears. TheQy is Berndt and Bogel997), thermal dissociation-laser induced
trapped for 2h in an acetone-dry ice bath at approximatelyfluorescence (TD-LIF)Rerring et al. 2009 Rollins et al,
—80°C, cold enough to trap 05 but not G, as condensed 2009, and proton transfer reaction mass spectrometry (PTR-
O3 can explode upon warming. After synthesis, the bulb con-MS) (Kwok et al, 1996 Perring et al.2009 Rollins et al,
taining the NOs, a white solid, is stored in a liquid nitrogen 2009. FT-IR and TD-LIF measure the amount of a certain
dewar. functionality (e.g., nitrates), but in complex mixtures it is
Experiments are performed in the Caltech dual 38 m difficult to distinguish compounds sharing a common func-
Teflon chambers Gocker et al. 2001, Keywood et al. tional group (e.g., nitrooxycarbonyls and hydroxynitrates).
2009. O3z (Horiba, APOA 360), NO and N® (Horiba, The PTR-MS allows for identification of individual com-
APNA 360), and temperature and relative humidity (RH) pounds, but does so with significant fragmentation and water
(Vaisala, HMP 233) are continuously monitored. The cham-clustering, which leads to complex mass spectra and an in-
bers are maintained in the dark at room temperattt20—  creased probability of mass analogs. In contrast, the CIMS
21°C) under dry conditions (RK: 10 %). Prior to an experi- technique does not lead to significant fragmentation or water
ment, the chambers are continuously flushed for at least 24 ttlustering under these experimental conditions, which sim-
The N;Os is removed from the liquid nitrogen and vaporizes plifies interpretation of mass spectra.
into an evacuated 500 ml glass bulb, the pressure in which is Because authentic standards for the major products are un-
continuously monitored by a capacitance manometer (MKS)available, we estimate the sensitivity of the CIMS to these
Once a sufficient pressure ob®s has been achieved in the products using the empirical method ®fi and Chesnavich
bulb, the bulb’s contents are flushed into the chamber with §1982. This method estimates the collision rate ofsCOF
51 min—1 air stream. After waiting- 1 h to allow the NOs to and an analyte based on the analyte’s dipole moment and
become well-mixed in the chamber, a known volume of iso-polarizability. We calculate the conformationally averaged
prene (Aldrich, 99 %) is injected into a glass bulb and flusheddipole moment and polarizability of the analytes with the
into the chamber with a 51 min* dry air stream, which initi- ~ Spartan06 quantum package using molecular structures op-
ates the reaction. timized with the B3LYP/6-31G(d) method. While this theo-
The amount of isoprene added corresponds to a mixingetical approach compares favorably with experimentally de-
ratio in the chamber of- 800 ppb, while the BOs concen-  rived sensitivities for many compoundSgrden et a).2009
tration is~ 150 ppb. The large excess of hydrocarbon with Paulot et al.2009ha), it represents the largest source of un-
respect to NOs maximizes peroxy radical self- and cross- certainty 25 %) for the CIMS data.
reactions and minimizes N@eactions with both peroxy rad-
icals and stable first generation products (i.e., species other
than isoprene). This excess is magnified by adding the hydro3 Results and discussion
carbon after the pOs is well-mixed in the chamber: within
the injected plume, hydrocarbon concentrations will be muchBecause the isoprene + N®@eaction is rapid, the low time
greater than 800 ppb. resolution of our measurements (one measurement every
An Agilent 6890N gas chromatograph with flame ion- ~ 12 min for the GC-FID and- 8 min for the CIMS) allows
ization detector (GC-FID) measures isoprene and the oxus to determine only the final product distribution (Tabje
idation products methyl vinyl ketone, methacrolein, and The molar yields in Tablel vary slightly from those re-
3-methylfuran. The GC-FID, equipped with a bonded ported inNg et al.(2008 due to refinements in the estimated
polystyrene-divinylboenzene based column (HP-Plot Q,CIMS sensitivity, but these changes do not significantly al-
15mx .53 mm, 40 um thickness, J&W Scientific), is held at ter the conclusions drawn in our earlier work. Due to the
60°C for 0.5 min, then ramped at 38 min—1 to 200°C, af-  computational cost of estimating the conformationally aver-
ter which the temperature is held steady for 3.5 min. aged dipole and polarizability of large molecules, we have
The other gas phase products reported here are monassumed that the CIMS has the same sensitivity to all of the
tored with a custom-modified Varian 1200 chemical ion- Cg and Go compounds.
ization mass spectrometer (CIM) et al, 2007 Paulot The only species for which we see time dependent sig-
et al, 2009h St. Clair et al. 2010, which selectively nals are the ROOR fg-organic peroxide compounds (CIMS
clusters CEO~ with compounds having a high fluo- m/z 332, 377, and 393), which reach peak signals 1-3 h af-
ride affinity (e.g., acids, peroxides, and multifunctional ter the reaction is initiated, followed by a slow decay. This
nitrooxy- and hydroxy-compounds), forming ions detected atbehavior is likely because these compounds have low vapor

www.atmos-chem-phys.net/12/7499/2012/ Atmos. Chem. Phys., 12, 74985 2012
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Table 1.Products detected by GC-FID and CIMS.

Compound Method m/z (CIMS) Final concentration Percent Yield
(PP} (%)P

C4 non-nitrate compounds

MACR GC-FID - 3 2.3

MVK GC-FID - 6 4.7

Cy4-hydroxycarbonyl CIMS 171 <0.5 ~0

Cs Nitrates

Cs-nitrooxycarbonyl CIMS 230 45.7 35.6

Cs-hydroxynitrate CIMS 232 27.5 21.4

Cs-nitrooxyhydroperoxide CIMS 248 125 9.7

C4/Cs Isomerized nitrates

Cs-nitrooxyhydroxycarbonyl CIMS 246 5.5 4.3
Cs-nitrooxydiol CIMS 248 3.3 2.6
Cs-nitrooxyhydroxyhydroperoxide CIMS 264 2.1 1.6
Cy-nitrooxycarbonyl CIMS 216 0.6 0.5
Cs Hydroxy compounds

Cs-hydroxycarbonyl CIMS 185 2.6 2.0
Cs-diol CIMS 187 23 1.8
Cs-hydroxyhydroperoxide CIMS 203 4.2 33
Cs Isomerized hydroxy compounds

Cs-dihydroxycarbonyl CIMS 201 15 1.2
Cs-triol CIMS 203 1.3 1.0
Cs-dihydroxyhydroperoxide CIMS 219 <0.5 ~0
Organic peroxides

Cjo-dinitrooxy ROOR CIMS 377 1.0 0.8
Cjo-isomerized dinitrooxy ROOR CIMS 393 0.6 0.5
Cyo-nitrooxycarbonyl ROOR CIMS 330 <0.5 ~0
C10-hydroxynitrate ROOR CIMS 332 0.6 0.5
Cjo-nitrooxyhydroperoxide ROOR CIMS 348 <0.5 ~0
Co-nitrooxycarbonyl ROOR CIMS 316 <0.5 ~0
Other

3-MF GC-FID - 4.5 3.5
hydroxyacetone CIMS 159 0.5 0.4
hydrogen peroxide CIMS 119 5.5 4.3
glycolaldehyde CIMS 145 0.9 0.7
Total 128.4

2 Products with small but non-zero signals are note¢@$ ppb.

b Molar yield.

€ Sum of all products except hydrogen peroxide and minor signalsc@mpounds are counted twice as they comprise two isoprene
molecules.

pressures and thus interact significantly with instrument tub-3.1  Nitrate yield

ing or condense into secondary organic aerosdl@ pg nm3

of SOA forms rapidly in this experiment). For these com- Cs-nitrooxycarbonyls, hydroxynitrates, and nitrooxyhy-

pounds, the reported values are the peak mixing ratios seetiroperoxides, the major products of the isoprene £N&

during the experiment. action, are detected by the CIMSmayz 230, 232, and 248,
respectively. In addition, we see compounds appearing at
m/z 216, 246, and 264, which are consistent with nitrate

Atmos. Chem. Phys., 12, 7499515 2012 www.atmos-chem-phys.net/12/7499/2012/
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products resulting from the isomerization of the alkoxy (RO) Vs
radical originating from thé-nitrooxyperoxy radical formed ’
by (1,4) or (4,1) addition (the notation (x,y) indicates NO

— —0
NO3 ): 0 go, >:
0NO

O;  OoNO

AW

nitrooxyhydroxy carbonyl

addition to the x carbon and subsequeptaddition to the y oo oom | oo ‘“mhm PoH__
carbon) (Fig2). Previous studies have shown that (1,4) addi- e N _ _ OZNOJL
tions are dominant in this systerSKov et al, 1992 Berndt o T A D
and Boge 1997 Suh et al. 2001). Isomerization also leads nicoomaT cabony i 0uR0; \o. T
to a nitrate product at:/z 248, the same mass as the ni- — °2/“°20NO HOH ;i_,fo&. oo

2 0OzNO

trooxyhydroperoxide. To estimate the ratio of these two iso- |, 7., o

baric species, we assume that the alkoxy radical yield from ey de \Roz & }02%2
RO, + RO, reactions is identical for both the non-isomerized +CH:0 - & on
and isomerized nitrooxyperoxy radical (the branching ratio Gmivamcaron e - 1 omo >~

of RO, + RO, is discussed further in Sect. 3.4). Finally, we " ——

see Gp-organic peroxides at/z 332, 377, and 393 (further ez

discussed in Sect. 3.6). Summing the concentrations of thesgig. 2. Formation mechanism of compounds resulting from the
nitrates (and noting that the ROOR compounds:gt 377  isomerization of alkoxy radicals and measured by the CIMS at
and 393 sequester two nitrates), we find a total organic nitrate:/z 216, 246, 248, and 264. This figure assumes initiakNG
concentration of- 100 ppb. tachment to the 1-carbon and formation of an §g)eroxy radical,

We can express the nitrate yield with respect to both re-but other isomers are possible.
acted nitrogen or carbon. For the nitrogen-based vyield, we
divide the nitrate concentration by the amount of ]N@di-
cal consumed, which is equivalent to the loss O during 57+ 11 % (Perring et al.2009, and 70+ 8 % (Rollins et al,
this reaction. Lacking a quantitative measurement gDg| 2009. Variance in yields with different experimental meth-
we use the change in N@oncentration after the addition of ods is not surprising because they depend on the relative con-
isoprene { 125 ppb) as a proxy. Every conversion of®§ centrations of different radicals, as well as physical loss and
to NOs releases N@ but the total change in NOmay be  mixing processes, which are unique to each work. Further-
an overestimate of total N{reacted because N@an also  more, the final product distribution is a strong function of
be released in the formation of methyl vinyl ketone (MVK), the distribution of peroxy radical isomei&nitrooxyperoxy
methacrolein (MACR), 3-methylfuran (3-MF), and the C radicals tend to maintain their nitrate functionality (with the
hydroxycarbonyl (Fig3), though in Sect. 3.2 we discuss al- exception of the possible formation of hydroxycarbonyl or
ternative formation pathways for these compounds. Subtract3-MF), while g-nitrooxyperoxy radicals, if they become ni-
ing these additional N@sources to get a lower limit for N§  trooxyalkoxy radicals, are likely to lose the nitrate to form
consumption leads to an NCGonsumption range of 109— MVK or MACR (Vereecken and Peete2009. Berndt and
125 ppb and a corresponding nitrate yield~080-90% (all  Boge (1997 and Peeters et al(2009 suggest that peroxy
percentage yields in this work are calculated on a molar baradical isomers formed from isoprene oxidation are continu-
sis). ously interconverting. If this is true, the degree of intercon-

This high yield suggests that the N@®adical reacts with  version is affected by the rate at which RBecome stable
isoprene predominantly, if not exclusively, via addition to products relative to the interconversion rate, i.e., the magni-
a double bond. The CIMS does not see a detectable rise itudes ofk1 andk, with respect tokiniy andkin2 in Fig. 4.
HNOg, indicating that hydrogen abstraction is not a signifi- These rates are specific to the unique experimental condi-
cant pathway for this reaction (our sensitivity to HJ@ow- tions of each study, such as temperature, pressure, the de-
ever, is hampered by a large background — probably from im-gree of mixing, and hydrocarbon and oxidant concentrations.
purities in the NOs or reaction of NOs with trace water on  Therefore, the distribution of isomers — which defines the fi-
the surface of the chamber). Assuming most of the 16.1 ppmal product distribution — may be sensitive to specific exper-
of MVK, MACR, 3-MF, and the G-hydroxycarbonyl orig- imental conditions.
inates from nitrooxyperoxy radicals, we can account for To calculate the nitrate yield with respect to carbon, we di-
~ 100 % of the reacted N§ Additionally, although our ex-  vide the concentration of nitrates by the amount of isoprene
perimental design seeks to minimize reactions ofzNith reacted. Because a portion of the isoprene reacts immediately
species other than isoprene, there are possible (likely smalljpon introduction into the chamber, we do not know the exact
losses of NQ@ from reaction with other radicals or first gen- starting isoprene concentration. Therefore, we assume that
eration products, or heterogeneously to the chamber walls oeach of the products listed in Table 1 comes from one iso-
SOA. prene molecule, with the exception of the ROOR compounds

The measured nitrate yield with respect to Ni®consis-  (which comprise two isoprene molecules) and hydrogen per-
tent with the substantial yields determined by other studiesoxide (which comprises zero). This leads to an estimate of
~ 95 % (under NO-free conditionsBérndt and Bogel 997, ~ 130 ppb of isoprene reacted, and a nitrate yieled &0 %.

www.atmos-chem-phys.net/12/7499/2012/ Atmos. Chem. Phys., 12, 74985 2012
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NOg k
0, ozmo}\\ OgNO}\ )ﬁ * 0“20“02 B-RO, : Stable products
(mostly non-nitrates)
CHgO + NOz
N o kint1 kintz
o AONOZ ﬂomz YKH + lCHzoNoz
. k .
OO+ NO: 8-RO, 2 Stable products (mostly nitrates)

DAV
R
@ )

_No;
02 ONO

RO, cyclization
—f i
00 O:NO / /\

O

_NOs
02 O,NO

RO,
—
00  O:NO

e
DENE N

1,5-H shift 4>_
Lo —
) oNo—  \—oH

h + NOp
o= OH

Fig. 4. Schematic of the relationship between the interconversion of
peroxy radical isomers and nitrate yields.

Hoho

hydroxycarbonyl
m/z 185

>_(OH
HO e}

dihydroxycarbonyl
m/z 201

Fig. 3. Formation mechanisms of methyl vinyl keton@),
methacroleir{b), 3-methylfurar(c), and hydroxycarbonyl), lead-

OH

s

ing to release of N@. The exact mechanism of 3-methylfuran for- HO OH HO
mation is still uncertainRrancisco-Marquez et aR005. diol triol
m/z 187 m/z 203
] ) ) ) ) ) OH
As with the nitrogen-based vyield, this result too is consis- h >—(
HO OOH HO OOH

tent with other studies: 80 % Barnes et a).1990, ~ 90 %
(Berndt and Boggel997), 7048 % (Rollins et al, 2009, and hydroxyhydroperoxide dihydroxyhydroperoxide
65+ 12 % (Perring et al.2009. m/z 203 m/z 219

Much of the discrepancy between our estimates of iso-
prene and N@ consumption is likely due to our lack of an
empirical calibration for the CIMS. Some of it, however, is
due to an additional loss process of isoprene besides oxida-
tion by NO;s, which we discuss in the following section.

Fig. 5. Products detected by CIMS that may result from the OH-
initiated oxidation of isoprene. Other isomers are possible.

from isoprene + N@ reactions because its yield in the iso-
prene + OH system is lowRuppert and Becke200Q Paulot

et al, 2009h.

The CIMS detects the formation of productsmafz 185, We evaluate five possible routes to OH formation in our
187, 203, and 201, which are indicative of compounds atsystem: reactions of (i) £and isopreneNeeb and Moort-
MW 100, 102, 118, and 116, respectively. These compoundgat, 1999, (ii) HO2 and G (Sinha et al. 1987, (iii) HO2
are analogous to those depicted in Figand 2, only with and NO Geeley et a).1996, (iv) HO2 and NG (Mellouki
oxidation initiated by the hydroxyl radical (OH) (Fidp) et al, 1993, and (v) RQ and HGQ (Hasson et al.2004
(Surratt et al. 2010; the relative contribution of isobaric 2005 Jenkin et al. 2007, 2008 201Q Dillon and Crow-
species is determined in the same manner as in Sec. 3.1ley, 2008. Routes (i) and (ii) are unlikely to be significant
Some of the signal at /z 201 may also be attributable tgC  sources of OH in our experiments. Not only does ouyr O
hydroperoxyaldehydes, which have recently been reported tononitor not detect any ozone during the experiment (limit
result from OH oxidationCrounse et al201]). Perring etal.  of detection~ 2 ppb), but we also see no evidence in the
(2009 report PTR-MS signals at/z 101, 103, 119, and CIMS data of significant organic acid or peroxide formation,
117, which could be the protonated clusters of these comwhich would result from the reaction of Qwith isoprene
pounds, though they attribute the latter thregz to water  (Hasson et a].2001; Orzechowska and Paulsd005. Fur-
clusters of other major product ions. Under the dry conditionsthermore, for route (ii) to be feasible, H® O3 reactions

of our experiment, however, we do not typically observe wa-(k = 1.9 x 10~ °cm® molec1s™1 at 298K, Sander et a).
ter clusters with, or significant fragmentation of, our product 2011) must be significantly faster than H® HO, reac-
ions, so we are confident that the signals on the CIMS in factions = 2.3 x 10-2cm® molec1s~1 at 1 atm and 298K,
represent hydroxy compounds. OH formation may also con-Sander et a).2011), which produce ppb levels of 4D, in
tribute to some or all of the MVK and MACR produced in the system (Tabld). This would require @ to be more
our system, though it is likely that most of the 3-MF comes than three orders of magnitude more abundant thap HE,

3.2 Hydroxyl radical (OH) formation

Atmos. Chem. Phys., 12, 7499515 2012 www.atmos-chem-phys.net/12/7499/2012/
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Table 2. Reactions considered for box model assessment of OH sources in the isopregesy<tn.

No. Reaction Rate constdnt Source
1P NOg+isoprene>RO,+HO, 6.6x 10713  Atkinson(1997)
2 RO, + RO, — products 1x 10713 Atkinson et al(2006, and references therein
3 RO, +NO3— products 3« 10712 Biggs et al(1994; Daele et al(1995);
Canosa-Mas et al(1996; Vaughan et al.
(2009
4 RO, +HO, — products 2.x10°11 Atkinson et al(2006), and references therein
5 RO, +NOy— RO;NO, 5x 10711 Sander et al(2011), and references therein
6 RO,NOy — RO, + NO» 20 Sander et al(2011), and references therein
7  NOg+HOp > OH+NO;+0, 35x10712  Sander et al2011), and references therein
8  NO,+NO3— N,yOg 6.7x 10712 sander et al(2011), and references therein
9 N2Og — NO3 + NO3 22x10°1 Sander et al(2011), and references therein
10 HO+HO; — Ho05 2.3x10712 Sander et al(2011), and references therein
11  HO, +NOy — HO,NO, 2.8x10712  sander et al2011), and references therein
12 HONO - HO2 +NO» 1.8x 1071 Sander et al(2011), and references therein
13 NO3+NO; > NO+NO;+0O, 6.6x 10716 Sander et af2011), and references therein
14 NO3+NO— 2NO, 2.6x10711  sander et al2011), and references therein
15 HO,+NO— NO, +OH 8.0x 10712  Sander et al(2011), and references therein

a At 1atm and 298 K. Units are cmolec 1 s~1, exceptkg, kg andky, which are s1. Reaction rates involving Riare approximated
from values found in the literature.
b HO, yield is an upper limit to facilitate model analysis.

atppm levels that cannot come from trace contamination ofwith NOs after N;Os injection; the NO lifetime is~ 1 s with
the chamber. our NpOs5 loading. Although NO may be generated as a mi-
To examine the remaining hypotheses, we create a boxor channel of the N@+ NO3 reaction, the rapid reaction
model incorporating the major reactions in the system forof NO and NQ limits the steady state concentration of NO
developing a qualitative understanding of which processedo <~4 ppt; at this concentration, NO cannot compete with
may be important for the final product yield. Talfdists other radicals reacting with HQ(i.e., RQ, HO,, NO3, and
the parameters of this box model; for rate constants that havdlO,). Therefore, H@+ NO is unlikely to contribute signifi-
not been experimentally determined, we use estimates baseaxhntly to the~ 12—-21 ppb of OH that is formed in our system.
on the rate constants of similar reactions found in the lit- The box model also suggests that route (iv) is not feasi-
erature, but caution that the actual rate constants may difble because of the substantial difference in the rates of the
fer significantly. Initial conditions reflect the nominal con- NOs +isoprene and N&+ HO, reactions, both of which are
centration of reagents in the chamber: [isoprene] =800 ppbwell established experimentally. Under the base conditions of
[N2Os] =125 ppb, and [N@|=50ppb (the NQ likely re- our box model in Tabl®, which significantly overestimates
sults from decomposition of }0s prior to isoprene injec- the prevalence of HPand underestimates the concentration
tion). In reality, though, the isoprene concentration is higherof isoprene in the plume, less than 1% of the N\Ni®@acts
than 800 ppb during the reaction because of our injectionwith HO,, while 94 % reacts with isoprene and the rest with
method. As discussed later (Sect. 3.4), there are major unRO,. Therefore, while there is significant uncertainty with
certainties in the H@ sources and magnitudes, so for the the RGQ + HO,, RO, + ROy, and RQ + NOg rate constants,
purposes of assessing possible OH sources, we assume astae frequency of the N+ HO, reaction predicted by the
upper limit that the formation rate of HOs the same as that model is very insensitive to these rates becausg M@c-
of ROz in Eq. (1) of Table2; our final concentration of perox- tivity is dominated by its reaction with isoprene. Even if we
ides (i.e., [ROOH] + 2« [H202]) is ~ 29 ppb, much less than favor NO; + HO, reactions by reducing the R@ HO, and
the~ 109-125 ppb of R@that is formed (Sect. 3.1), suggest- RO, + NOg rate constants by a factor of 100, we only obtain
ing that the formation of H@is significantly less than that ~ 5ppb of OH formation; in contrast, lowering the NG
of RO,. isoprene rate constant would lead to significantly more pro-
The box model shows that the NO levels in the chamberduction of OH via N@Q + HO, (Fig. 6). These simulations are
are too low to sustain substantial OH formation via route (iii). consistent with the observation Atkinson et al (1988 dur-
The NQ monitor measures<1 ppb of NO throughout our ing hydrocarbon + N@kinetics studies that there is OH for-
experiment, and any NO that may exist prior to the exper-mation when slower reacting hydrocarbons are studied. The
iment (or as a trace impurity in theJ®s) reacts quickly  reaction of isoprene with Nis sufficiently fast under our
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20- et al, 20093. We thus constrain the range of OH forma-

—base model tion to 9-20.5 ppb, with the upper limit incorporating all
—10x slower radical
15|/ —100x slower radical the hydroxy products plus MVK and MACR, and the lower
— 10x slower hydrocarbon limit being the upper limit minus MVK, MACR, and the
100x slower hydrocarbon

hydroxycarbonyl. We estimate channel (R4) by the con-
centration of the nitrooxyhydoperoxides at/z 248 and
m/z 264, so obtain a range for (R6)/[(R6)+ (R4)] of be-
tween 9/(9+12.5+2.1) and 20.5/(20.5+12.5+2.1), or 38—
[ 58 %. Because this analysis assumes that RBO, reac-
‘ s 9 10 tions are the exclusive source of OH radicals and also ignores
channel (R7), this yield should be considered an upper limit.
Fig. 6. Box model simulations for OH production in iso- AlISO, thisyieldis for the isomeric mix of R this system,
prene+NQ system. Blue: base case described in Table 2;Which is dominated by R@from (1,4) additions, but also
Red: RG +HO, and RG + NOj3 rate constants reduced by factor contains other isomers.
of 10; Green: R@+HO, and RQ + NOs rate constants reduced by ~ To our knowledge, this is the first study that has attempted
factor of 100; Pink: isoprene + Nfxate constant reduced by factor to quantify the OH yield from R@+ HO, reactions involving
of 10; Light Blue: isoprene + N@rate constant reduced by factor the nitrooxyperoxy radicals in our system. Thus far, signif-
of 100. Initial conditions: 150 ppb $0s, 800 ppb isoprene, S0ppb  jcant OH yields (15-80 %) have been found for acylperoxy
NOa. (RC(0)00), methoxymethylperoxy (C#DCH,OO0), andx-
carbonylperoxy (R@J)CH,OO0) radicals, and evidence for
experimental conditions, however, that such behavior shouloO H_formation also exisfcs for bicyclic hydroxyperoxy radicals
not oceur. derived from toluene; in contrast, alkylperoxy and hydrox-
yalkylperoxy radicals have exhibited minimal yieldd&s-

We therefore suggest that formation of OH radicals most . )
likely results from %Ee reaction of ROand HO radicals son etal, 2004 2012 Jenkin et al.2007, 2008 201Q Dillon
" and Crowley 2008 Birdsall et al, 201Q Birdsall and EI-

Quantifying the branching ratio of the B® HO, reaction, rod, 2011). For the peroxy radicals in this study, the high

however, is not trivial. There are four documented pathwaysOH ol It 1 h f the elect
for the Ry + HO, reaction: yields may result from the presence of the electron-

withdrawing nitrooxy group conjugated through the dou-

OH formed (ppb)
s

3]
T

4 5 6
time (minutes)

RO, + HO, — ROOH+ Oy (R4) ble bond, which may stabilize (i.e., lower the enthalpy of)
the alkoxy radical formed by the radical propagating chan-

RO, + HO, — ROH+ O3 (R5) nel (R6), thereby making this channel more thermodynami-

RO, + HO — RO+ OH + O Re)  Callyfavored.

RO, + HO, — R'CHO+H,0+ O (R7) 3.2.1 OH formation from 2nd generation

dinitrooxyepoxide formation

Channel (R4) can be quantified with CIMS measurements of
peroxides. We neglect channel (R5), first because we don'While this study focuses on the first generation products from
see any evidence for ozone formation, and also because thike isoprene + N@reaction, another nighttime source of OH
channel is believed to proceed via a hydrotetroxide interme-in the atmosphere would be the further oxidation of the ni-
diate that only yields @ if RO, is an acylperoxy radical trooxyhydroperoxide, which can produce a dinitrooxyepox-
(RC(0)OO0) Hasson et al2005. To quantify channel (R6), ide and OH Paulot et al.20093. In another experiment de-
we can use the sum of OH products as a tracer, but MVK,scribed in detail inNg et al. (2008, we first add 179 ppb
MACR, and the G-hydroxycarbonyl can come from either of isoprene to the chamber followed by three additions of
OH or NOs, which leads to uncertainty in this quantity. Sim- N>Os (~ 120, 50, and 210 ppb). After the first two additions,
ilarly, the nitrooxycarbonyl can come directly from chan- isoprene is completely consumed, so the third aliquot leads
nel (R7), indirectly from the RO formed in channel (R6), primarily to the formation of second generation products;
or from RG + RO,. Because multiple pathways share com- some second generation products may be oxidized by this
mon products, and lacking more knowledge about these inthird addition, but the amount of D5 added is similar to the
dividual pathways, we cannot unambiguously constrain theconcentration of first generation products (which is roughly
RO, + HO, branching ratios with the available data. equal to the starting isoprene concentration), so such tertiary

Recognizing the uncertainties, we estimate the OH yieldchemistry is likely to be minimal. After this third addition,
from RO, + HO, but emphasize that our assumptions and re-the nitrooxyhydroperoxide signal drops6 ppb, while the
sults must be verified by further studies. We assume chansignal for the dinitrooxyepoxide (at/z 293) rises~ 2.3 ppb,
nel (R7) is negligible, as well as OH from R®@HO, reac-  indicating that the epoxide (and OH) yield from the pNax-
tions where the R@originates from isoprene + OHPaulot  idation of the nitrooxyhydroperoxide is 35 %, compared
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to ~75% for OH oxidation of isoprene hydroxyhydroper-

oxides Paulot et al.20093. The yield in the N@ system >_\ L;’ ONO}\¥OO&>ONO ):\;OOH
is likely lower because the dominant first generation peroxy : ’

radical is from the (1,4) addition of N Therefore, to form NO,

an epoxide the second N@nust add to the 2-carbon, cre-

ating a secondary alkyl radical, whereas the more favored

addition is likely to the 3-carbon creating a more stable ter-

tiary alkyl radical (Fig.7). In the OH system, (1,2) and (4,3) )EL )_{f
additions in the first oxidation step are most commBay(ot ozNo 0OH OaNO OOH
et al, 20091, which means that the epoxide forming chan-

nel involves a second OH addition to the more favored 4- \

or 1-carbon, respectively. Another factor which may con-

tribute to a lower yield in our experiment is the presence of ONO,

large amounts of nitric acid, which may increase heteroge- }VO "on

nous loss processes for the epoxide, either on the surface of onee

the SOA or the chamber walls. Epoxides have been ShOWrIjﬁig. 7. Formation mechanism of dinitrooxyepoxide and hydroxyl
to undergo significant reactive uptake by acidic aero&d(  radical from oxidation of nitrooxyhydroperoxide.

dingsaas et gl1201Q Surratt et al.2010.

3.3 RO+ ROz branching ratio derive ranges for the RG- RO, branching ratio of 59-77 %
) (i.e., 55/94-55/71) for (R8), 3-4 % (i.e., 3/94-3/71) for (R9),

RO, + RO, reactions have three product channels (E)g. 19-38% (i.e., 13.5/71-36/94) for (R10).

RO, + RO, — R'CHO+ ROH+ O, (R8) To our knowledge, this is the first study analyzing the
branching ratio of R@+RO, reactions of isoprene ni-

RO, + RO, — ROOR+ O, (R9) trooxyperoxy radicals. For most peroxy radicals that have
been studied, channel (R10) is typically more than 50 %,

RO, + RO, — 2RO+ 05 (R10) while channel (R9) is generally considered negligilek{n-

son 1997 and references thereirjiemann(2002 proposes
The Gs-hydroxynitrate atn/z 232 comes exclusively from ROOR formation as the source of diacyl peroxides found in
channel (R8), so we estimate that 55ppb of R@asses SOA from cycloalkene ozonolysis. Preliminary work in our
through this channel, leading to 27.5 ppb of hydroxynitratelaboratory has also detected ROOR compounds as products
and 27.5 ppb of the £nitrooxycarbonyl atn/z 230. Sim-  of RO, + RO, reactions from the N@initiated oxidation of
ilarly, we see that- 3 ppb of RQ follows channel (R9) to  1,3-butadiene and 1,4-pentadiene (for the latter compound,
become ROOR (the sum of/z 377 and 393, multiplied by ROOR is only apparent in the aerosol phase, M. N. Chan,
2 because each ROOR comprises two;R@lthough some  personal communication, 2010), as well as the OH-initiated
ROOR is likely in the aerosol phase as well, which we areoxidation of 1,3-butadiene and isoprene. There remain many
unable to quantify. uncertainties regarding the mechanism of,R@®RO, reac-

For channel (R10), we assume that the nitrooxycarbonykions Dibble, 2008, so it is difficult to assess whether re-
yield in excess of the hydroxynitrate yield arises from RO- ported ROOR formation (or lack thereof) is a result of the
forming channels of either RG-HO, or RO, + RO,. Thus,  particular radicals studied or the analytical techniques em-
the total RO formation is estimated to be 33.5-45 ppb; theployed to study their reaction. It is possible that the larger
lower limit comprises the sum of the excess nitrooxycar- peroxy radicals we have studied are more likely to form
bonyl, isomerized nitrates, and 3-MF, while the upper limit ROOR than the smaller radicals that have been the subject
includes the lower limit plus MVK, MACR, and hydroxy- of most previous work because larger R@ave more vibra-
carbonyl (assumed to come exclusively from isoprenezNO tional modes with which to distribute collisional energy and
reactions). Of the RO formation, 9-20.5ppb comes fromprevent breaking apart upon combination with anothep RO
RO, +HO, (Sect. 3.2), depending on the true provenanceradical. Thus, ROOR formation from R® RO, reactions
of MVK, MACR, and the hydroxycarbonyl. Taking into may be analogous to organic nitrate (RON@ield from
account the uncertainties involving RO, we get betweenRO, + NO reactions, which tends to increase with increasing
13 (i.e., 33.5-20.5) and 36 (i.e., 45-9) ppb of RO comingRO;, size O’'Brien et al, 1998 Arey et al, 2001, Matsunaga
from RO, + RO,, and summing up all the product channels and Ziemann2009.
yields a range of between 71 (i.e., 55+3+13) and 94 (i.e.,

55 + 3 + 36) ppb of R@Qundergoing R@+ RO, reactions.

With the above analysis (and neglecting possible

RO, + RO; reactions involving the hydroxyperoxy RDwe
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3.4 RO radical fate and HO, production sumed in the above analysis that every RO behaves the same,
regardless of source.
The fate of the alkoxy radical is important both for under-
standing the chamber studies and in nighttime chemistry a8.5 Formation of Cyp-organic peroxides
it leads to the production of HOFrom the amount of excess
hydroxycarbonyl formed, we estimate that 18 ppb of HO In Ng et al.(2008, we report the formation of ROOR:16-
forms from Q abstraction of RO (the formation of which organic peroxide at/z 377 and 393. Further examination of
we constrain to 33.5-45 ppb, Sect. 3.3), or 40-54 % of ROthe CIMS data reveals other isoprene-basgg@@ganic per-
This assumes thatCabstraction from RO is the sole source oxides. The most abundant of these, with a signal similar in
of excess nitrooxycarbonyl, and that direct formation from magnitude to that of:/z 393, appears at/z 332, which in-
RO, + HO, reactions (R7) is negligible. dicates a hydroxynitrate ROOR. One possible source for this
This is lower than the total sum of HQlerived from per-  compound is an R®+ RO, reaction where one RQcomes
oxide measurements in our system (29 ppb, Sect. 3.2). Adfrom NO;z and the other from OH. The abundance of OH is
ditional HO, comes from @ abstraction from minor alkoxy ~much less than that of N)however, so it would be surpris-
radicals (the isomerized nitrooxyalkoxy and hydroxyalkoxy ing if such a reaction would produce almost as much ROOR
radicals) and formation of the schydroperoxyaldehyde as the reaction between nitrooxyperoxy radicals. Alterna-
(Crounse et a]2011), but it is not trivial to attempt an H9  tively, this compound may result from addition of an RO
balance because of the uncertainties in both the CIMS calradical to isoprene, creating aéalkyl (and subsequently
ibration and the sources and sinks of H®IO, can come  alkylperoxy) radical, which undergoes an RORO, reac-
from the conversion of the nitrooxyalkoxy radical to a ni- tion to create the ¢y-hydroxynitrate ROOR (Fig8). This
trooxycarbonyl, or MVK and MACR if the latter are from mechanism for creating a;& RO; radical is analogous to
OH +isoprene; sinks of HPinclude peroxide formation, the formation of bicyclic radicals by aromatic peroxy radi-
RO, + HO» derived alkoxy radicals that do not undergo ab- cals @Atkinson and Arey2007). Small amounts of the cor-
straction, and from nitrooxycarbonyls formed directly from responding nitrooxycarbonyl and nitrooxyhydroperoxide at
RO, + HO via channel (R7). m/z 330 and 348, respectively, are seen, as well as an appar-
Because thes-nitrooxyalkoxy radical, the dominant entG compound atz/z 316 that can result from isomeriza-
alkoxy radical in our system, can isomerize via a 1,5-H shift, tion of a Go-nitrooxyalkoxy radical; isomerization may also
the large HQ yield is somewhat surprising because isomer-lead to a diol ain/z 348, the same mass as the hydroperox-
ization reactions are typically faster than abstraction by O ide.
(Atkinson and Arey 2007). It is possible that the nitrooxy We are not aware of any previous work that has examined
group limits isomerization when th&nitrooxyalkoxy radi- ~ external RQ addition to alkenes under atmospheric condi-
calis in a Z conformation. According to the structure-activity tions, though it has been reported in both gas phase combus-
relationship ofKwok and Atkinson(1995, H-abstraction tion (Osborne and Waddingtph98Q Stark and Waddingtgn
from a carbon with an attached nitrooxy group is an order1999 and liquid phase studiesdn Sickle et al. 1965ab;
of magnitude slower than from a carbon with an attachedMayo, 1968 Simmons and van Sicklel973, producing
methyl group. The nitrooxy group likely does not prevent both epoxides and polymeric peroxy radicals. This pathway
isomerization — we see the analogous isomerized nitrates ifay be another source of large peroxides in the ambient at-
experiments with 1,3-butadiene, for which the isomerizationmosphere.
must abstract a hydrogen from the carhoto the nitrooxy
group — but more study is required to elucidate the effect
of the NO; group on isomerization rate. Large H®ields 4 Implications
would also be possible if Pabstractions are faster for the
alkoxy radicals in this system. The observed high nitrate yields, in general agreement with
While our HG, yield is higher than expected based on the previous results, support the modeling resultsHaofrowitz
alkoxy radical structure, it is lower than the value of 80 % of et al. (2007 that isoprene + N@ reactions, while a minor
RO, that has been used in modeling studidsrowitz et al, sink of isoprene, are a substantial source of isoprene nitrates
2007 Rollins et al, 2009. Therefore, models may overes- in the atmosphere. The formation and fate of these nitrates in
timate the impact of isoprene + N@eactions on nighttime  turn significantly influences tropospheric N@nd ozone.
HOy chemistry in this respect. Although we obtain similar nitrate yields relative to both
Each pathway to RO (e.g., R®@RO,;, RO, +HO,, reacted nitrogen and carbon, these two yields are funda-
RO, + NOs) has a different heat of reaction, which may af- mentally different quantities that coincidentally have similar
fect the RO fateBerndt and Bogel 997 Atkinson and Arey ~ magnitudes. The nitrogen-based yield (i.e., [nitrates]4NO
2007). Lacking any specific knowledge about how the RO consumed]) is non-unity due to competing reactions of
fate in our system depends on the reaction enthalpy (and thBO3 (e.g., reactions with R&) HO,, and walls) and loss
values of the reaction enthalpies in our system), we have assf the nitrate functionality by the initial isoprene-NO
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ouozhoohow

m/z 348

HO,
I o) oo™ oo oo o0
\ o, 0,NO 00 Oz ONO, 00 00 IONO, 00 OH

m/z 332

et al. (2003h overpredict measurements by a factor of two
without such a source. Clearly, there remain many unre-
solved issues surrounding the abundance of oxidants in the
nighttime atmosphere.

As demonstrated bi{g et al. (2008, while ROOR com-

RO~ ~EO, pounds are minor products of R® RO, reactions, they may
S - hooho be important in the atmosphere because they present a means
o e e ’ of significantly increasing the mass of a molecule, thereby re-
et ducing its volatility and increasing its potential to form SOA.
oo o Currently, field measurements of SOA burdens often exceed
’ ’ those predicted by modeldg Gouw et a].2005 Heald et al.
e 2005 Johnson et 812005 Volkamer et al. 2006 Simpson
ono)ioo )\'OH et al, 2007, a discrepancy that may be explained by SOA
\02 formation pathways, such as ROOR, that are missing from
on | ro 00 models. In this work, we see evidence of an additional ROOR
omzhooﬂm 2 ONOzhooj o formation pathway, possibly the R@ddition to alkenes, that
- v, may be relevant to SOA formation. As SOA itself is a mi-
oy HH nor product of hydrocarbon oxidatiob¢nahue et a]2009,

pathways that are negligible in the context of gas phase ox-

issociaton idation mechanisms may in fact be important in the atmo-
=~ ﬂo conon sphere if they represent efficient pathways to forming SOA.
oo oo The formation of ROOR compounds in the atmosphere,
and the importance of ROG- RO, reactions in general, is
ono+Ho, difficult to predict because of the large uncertainties in the
rates of all the relevant competing pathways (RARO,,
Fig. 8. Proposed formation mechanisms of products detected byRO, + NO3, RO, + NO, RO, + HO,, RO; + alkene) as well
CIMS atm/z 316, 330, 332, and 348. Other isomers are possible. as the large variation in ambient mixing ratios of the rele-
vant species. Itis apparent, though, thabRMRO, reactions
are most favored when the concentration of hydrocarbon is
adduct (Fig.3); in contrast, the carbon-based vyield (i.e., greater than that of oxidant. For the case of isoprene + NO
[nitrates]/[isoprene reacted] or [nitrates]/[total carbon prod- reactions, this most likely would occur in the early evening,
ucts]) is non-unity from both nitrate losses by the initial as OH concentrations drop and Bl@oncentrations are still
adduct and isoprene reactions with OH. For systems witHow, or during the daytime under clouds or in forest canopies,
extensive amounts of competing N®inks and/or OH for-  when isoprene concentrations are high and small amounts of
mation, the nitrogen- and carbon-based yields may vary conNOg3 can also exist.
siderably. Thus, when applying experimental yields to atmo- Although the isoprene : Ngxatio in our experiment varies
spheric models, care must be taken to choose the appropriateoth temporally and spatially within the chamber, our box
value, as well as to consider the conditions under which thosenodel (Sect. 3.2) shows that the ratios achieved during the
yields are obtained. experiment may be plausible in the ambient atmosphere.
The yield of products produced from reaction of OH with During the base case simulation, the peaksN®ncentra-
isoprene is potentially very important for nighttime chem- tion is ~ 1.5 ppb, which represents an isoprenezN@tio
istry, particularly because we propose that the source obf ~500. If we increase the initial isoprene level to 3 ppm
OH is from RQ +HO; reactions which likely dominate (to account for the fact that our concentrated plume contains
in the ambient environmenBgaver et al. 2012. Recent  more than 800 ppb isoprene) the peakg\fdncentration is
field studies suggest that the radical propagating channels of 0.5 ppb, for a ratio of- 6000. Thus, the isoprene:N®@a-
RO, + HO, reactions must be significant to explain observa-tios during the experiment, while variable, are likely on the
tions (Thornton et al.2002 Lelieveld et al, 2008. Previous  order of~ 1000 when most of the reaction takes plagpel
studies of nighttime chemistry have only considered alkeneet al.(2002 andBrown et al.(2009 find isoprene concentra-
ozonolysis and H@+ NO, HO, + O3, and NG +HO; re- tions~ 1 ppb at sunset in Northern Michigan and New Eng-
actions as sources of OHBéy et al, 1997 2001ab; Har- land, respectively, so N§Jevels of~ 1 ppt would yield simi-
rison et al, 1998 Faloona et a).2001 Golz et al, 200%; lar ratios. Studies of daytime Nf@xidation find even higher
Geyer et al.2003h Ren et al, 2003 Geyer and Stut2004 ratios, with isoprene concentrationsl0 ppb and N@ con-
Vaughan et a).2009. While a missing OH source may ex- centrations~ 0.5 ppt, or a ratio of~ 20000 Brown et al,
plain instances where models underestimate field measur€2005 Fuentes et al.2007). Thus, it is likely that our ex-
ments of OH Faloona et a).2001% Ren et al, 2003, Geyer  perimental conditions, which favor R@ RO, reactions over

0,
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RO, + NOs reactions, can occur in the ambient atmosphere, Although we have gained insights into the isoprene 8NO
but the ambient atmosphere will also likely have higherHO system in this work, chamber studies such as ours have lim-
and NO levels (due to additional sources of these radicalstations. There currently exists no stable precursor ofsNO
such as soil emissions and pernitric acid decomposition)suitable for chamber studies, so chemical transformations oc-
which will also influence the final product yield and must cur the instant the N@precursor and hydrocarbon meet; for
also be considered. isoprene, the chemistry occurs on a much faster timescale
Situations  favoring  nighttime RORO,  (or than the mixing. Therefore, because of our experimental con-
RO, + alkene) reactions may be more prevalent for monoter-ditions we are only able to do an end product analysis of our
penes and sesquiterpenes, which, unlike isoprene, may bexperiments, and are unable to perform kinetic modeling,
emitted at night $akulyanontvittaya et al2008. Many of  which could provide deeper insights into the system. Fur-
these compounds have exhibited high SOA yields in laborathermore, while we can constrain R@action pathways in
tory studies, though there are still many uncertainties in thechamber studies of OH oxidation (i.e., RONO for high
SOA formation mechanismiffin et al, 1999 Hallquist NOy conditions and R@+HO; for low NOy conditions),
et al, 1999 Spittler et al, 200§ Fry et al, 2009. Based this is currently not feasible for N§&xxhamber studies. Also,
on our experience with isoprene, the role of monoterpeneawhile the CIMS can speciate oxidation products with greater
and sesquiterpene R® RO, reactions in nighttime SOA  specificity than other techniques, the lack of commercial or
formation is worthy of further study, particularly because the easily synthesizable standards leads to uncertainties in prod-
nitrooxy group is electron withdrawing, and the presence ofuct quantification.
electron withdrawing groups has been shown to significantly Up to now, most studies relating to hydrocarbon oxidation
increase R+ RO, reaction rateslightfoot et al, 1992. mechanisms and kinetics have focused on ozone or the OH
Resonance stabilization may also affect R®@action rates, radical; increased transferring of the techniques employed in
though we know of no work that has examined this effect.those studies to N§oxidation kinetics and mechanisms of-
As noted by other investigator8iown et al, 2009 Fry fers promise to significantly advance our understanding of
et al, 2009, SOA formed from the reaction of biogenic nighttime atmospheric chemistry, but will require overcom-
compounds with N@ — an anthropogenic oxidant — is ing challenges such as reagent sythesis (including isomeric
consistent the common finding that while SOA is largely specificity), finding suitable radical precursors, and limit-
composed of contemporary carbon, even in urban areadg secondary and competing reactions. Many of our results
(Bench et al.2007 Schichtel et a].2008), its concentrations  (e.g., OH yield from R@+ HO,, RO yield from RQ + ROy,
are correlated with anthropogenic emissiates Gouw etal.  HO, formation from RO, ROOR formation) differ from what
2005 2008 Quinn et al, 2006 Sullivan et al, 2006 Weber s suggested by previous work on different — mostly small
etal, 2007). alkylperoxy, acylperoxy, or hydroxyalkylperoxy — systems.
Most of the RQ formed from isoprene + NQreactions  More studies focused on nitrooxy and allylic peroxy radicals,
are primary radicals, however, whereas a significant amounéas well as larger peroxy radicals, are warranted.
of the RQ derived from terpenes are likely to be sec-
ondary or tertiary. Primary Rgtend to undergo significantly
faster RQ + RO, reactions than secondary or tertiary RO AcknowledgementsThis research is funded by the US Department
(Lightfoot et al, 1992. Reactivity trends are less certain ©f Energy Biological and Environmental Research Program
for RO, +NO, RO, +NOs, and RQ +HO, reactions, but DE-FGOZ-OSER63983_. Also, _thls material _|s based upon work
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for these compounds may be less competitive than for iso-

prene under the same conditions because of the significantlizdited by: J. B. Burkholder

lower RG; + RO, rate constants compared to competing re-
actions. On the other hand, if ROOR formation is analo-
gous to RONQ formation from RQ + NO reactions, then
the ROOR vyield from terpene RG RO, reactions may be
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