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Abstract. Isoprene, the most abundant non-methane volatilel Introduction
organic compound (VOC) emitted into the atmosphere, is
known to undergo gas phase oxidation to form eight dif- Isoprene (2-methyl-1,3-butadiene) is a volatile alkene pro-
ferent hydroxynitrate isomers in “high-N(C)environments_ duced mainly by deciduous trees and shrubs whose global
These hydroxynitrates are known to affect the global andemissions have been estimated at 600 Tg yiGuenther et
regional formation of ozone and secondary organic aerosofl., 2006), making it the most abundant non-methane volatile
(SOA), as well as affect the distribution of nitrogen. In the organic compound (VOC) in the atmosphere. Because of its
present study, we have synthesized three of the eight possfbundance and two double bonds (which make it particularly
ble hydroxynitrates: 4-hydroxy-3-nitroxy isoprene (4,3-HNI) susceptible to oxidation by species such as the OH radical or
and E/Z-1-hydroxy-4-nitroxy isoprene (1,4-HNI). Oxida- 0zone), isoprene oxidation is important in the formation of
tion of the 4,3-HNI isomer by the OH radical was moni- both ozone and secondary organic aerosols (SOAs) (Carlton
tored using a flow tube chemical ionization mass spectrom£t al., 2009).
eter (FT-CIMS), and its OH rate constant was determined Hydroxynitrates are produced from isoprene oxidation in
to be (3.64+0.41)x 10~ cm® molecule1s~1. The prod-  “high-NOy” environments (Lockwood et al., 2010; Paulot
ucts of 4,3-HNI oxidation were monitored, and a mechanismet al., 2009a). Organic nitrates are products of the reaction
to explain the products was developed. An isoprene epoxbetween peroxyradicals (ROO) and nitric oxide (NO), and
ide (IEPOX) — a species important in SOA chemistry andtheir formation is highly dependent on the alkyl chain length
thought to originate only from “low-N¢ isoprene oxida-  (Atkinson, 1990). The total (non-isomer-specific) yield of the
tion — was found as a minor, but significant, product. Addi- isoprene-derived hydroxynitrates has been measured several
tionally, hydrolysis kinetics of the three synthesized isomerstimes, and the measurements span a very large range (from
were monitored with nuclear magnetic resonance (NMR).4.4 to 15%) (Chen et al., 1998; Chuong and Stevens, 2002;
The bulk, neutral solution hydrolysis rate constants for 4,3-Patchen etal., 2007; Paulot et al., 2009a; Sprengnether et al.,
HNI and the 1,4-HNI isomers were (1.390.03)x 10 °s~1 2002). Because the formation of the hydroxynitrates results
and (6.76£0.09)x 10-3s~1, respectively. The hydrolysis in the sequestration of NQthe large variation in the esti-
reactions of each isomer were found to be general acidmated yields of hydroxynitrates has profound implications
catalyzed. The reaction pathways, product yields and atmofor the assessments of ozone production caused by isoprene
spheric implications for both the gas phase and aerosol phagghotooxidation (Fiore et al., 2005; Horowitz et al., 2007;
reactions are discussed. von Kuhimann et al., 2004). The eight possible isomers of
isoprene-derived hydroxynitrates and their estimated relative
yields (Paulot et al., 2009a) are given in Table 1.

The ability of the hydroxynitrates to sequester ;N@e-
pends on the details of their atmospheric fate. The produc-
tion of organic nitrates creates compounds with a lower va-
por pressure that are more hydrophilic than their precursor
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Table 1.1soprene-derived hydroxynitrate isomers with their calculated yields (Paulot et al., 2009a).

P P )\ﬂ) .
OH
ONO, OH OH 3,4-HNI
OH

Structure ONO, ONO, 28
Abbreviation  1,2-HNI 2,1-HNI 4,3-HNI 3,4-HNI
Yield (%) 23.1 1.1 12.8 2.8

0,NO

ONO, OH HO
4 7
HO — O,NO —
Structure Ho' oG

Abbreviation  (Z)-1,4-HNI  (E)-1,4-HNI  (2)-4,1-HNI  (E)-4,1-HNI
Yield (%) 4.6 26.5 4.4 24.8

volatile organic compounds. Thus, organic nitrates are beradical rate constant for 4,3-HNI oxidation has been mea-
lieved to play an important role in SOA chemistry. Ambi- sured using our lab’s flow tube chemical ionization mass
ent aerosol measurements have indicated that 17-23 % afpectrometer (FT-CIMS), and a mechanism to explain the
molecules in organic aerosol contain the RONGnctional observed products has been proposed. Additionally, the hy-
group (Rollins et al., 2013). Laboratory studies have indi- drolysis rate constants in neutral, bulk aqueous solution have
cated that tertiary organic nitrates undergo fast hydrolysis unbeen measured using nuclear magnetic resonance (NMR) as
der typical aerosol conditions (Darer et al., 2011; Hu et al.,the analytical technique. The oxidation and hydrolysis ki-
2011). Recent studies have shown that the partitioning of hynetics of a similar, unsaturated hydroxynitrate (1-hydroxy-2-
droxynitrates into the particle phase is strongly dependent omitroxy-3-butene (1,2-HNB)) were also investigated in order
the relative humidity; at high RHy-pinene-derived hydrox- to explore the generality of mechanisms gleaned from similar
ynitrates and their hydrolysis products have been observed istudy of the isoprene-derived species.
SOA (Rindelaub et al., 2014). Uptake into SOA represents a
permanent sequestration of N@om the gas phase, which )
leads to a decrease in ozone production associated with hyz Experimental
droxynitrates.

However, further gas phase oxidation of hydroxynitrates

is possible, and, depending on the rate of OH reaction andl-he methods used in the syntheses of 4,3-HNI; E/Z

the product formation mechanism, they may recyclexNO 1,4-HNI: and 1-hydroxy-2-nitroxy-3-butene (1,2-HNB) are
back into the gas phase. A previous chamber study that ingiven in the Supplement.

vestigated the oxidation of isoprene in a highNéhviron-
ment predicted that 60—70 % of all hydroxynitrates releasez 2 NMR technique
NOx when further oxidized by the OH radical (Paulot et al.,
2009a). If the gas phase oxidation is slow and occurs on éydroxynitrate hydrolysis was studied using an NMR-based
long enough timescale, hydroxynitrates may be transportedechnique previously developed in our lab (Darer et al.,
significant distances from the source region to a remote [02011). Hydrolysis of the various hydroxynitrate species was
cation where the subsequent recycling of NEan result  monitored usingH NMR (eight scans, 30 s). Chemical shifts
in accelerated photochemistry and enhanced ozone formawere calibrated relative to the solvent monodeuterated water
tion (Paulot et al., 2012). Understanding how the isoprene{HDO) peak (4.79 ppm) for afiH spectra. The kinetics spec-
derived hydroxynitrates might react in both the aerosol phasera were collected in aqueous solutions prepared from 99.9 %
—leading to permanent NGequestration — and gas phase —D,0O (Cambridge Isotope Lab, Inc.) and 68wt% DGIO
which could lead to the release of N@to the gas phase — (Sigma-Aldrich).
is important for the refinement of air quality models.

In the present research, we have synthesized some of the&3 Hydroxynitrate hydrolysis experiments
isoprene-derived hydroxynitrates to study their possible at-
mospheric fates: gas phase oxidation and aerosol phase uptydrolysis kinetics measurements were made by collecting
take. Three isoprene-derived hydroxynitrates — 4-hydroxy-SequentiatH NMR spectra over the course of the hydrolysis
3-nitroxy isoprene (4,3-HNI) and E/Z 1-hydroxy-4-nitroxy €xperiment (times varied for different isomers) and measur-

isoprene (E/Z 1,4-HNI) — have been synthesized. The OHNg the depletion of the hydroxynitrates. Each measurement
was performed in the same manner: 10 uL of hydroxynitrate

2.1 Synthesis of hydroxynitrates
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were added to a 1 mL aliquot of the desired aqueous solution, Cr/Me

and the solution was stirred in a 10 mL beaker. After approx- microwave

imately 1 min of stirring to ensure solution homogeneity, the e, OMMO PO O e
entire reaction mixture was loaded into an NMR tube, and < Ho | mE e
spectral collection was started. For 1,4-HNI, the relative 1,4- E '

HNI concentration was determined by comparing the nitrate [ ~

>

A
HNI
+

v

proton peak (5.00 ppm) relative to an internal standard (2,2-
dimethyl-2-silapentane-5-sulfonate sodium salt, DSS, which -
had a nine-proton peak at 0.00 ppm). For 4,3-HNI, the rel- e . Voo '

ative 4,3-HNI concentration was determined by comparing Wi e

the 4,3-HNI methyl group protons (1.81 ppm) to the prod-

uct methyl group protons (1.64, 1.69 and 1.71 ppm). For 1,2_Figure 1..Sch.emfo1tic of the FT-CIMS gpparatus. The exper!men-
HNB, the relative 1,2-HNB concentration was determined bytal setup in this c_hagram shows a relative rate experiment using the
comparing the 1,2-HNB alcohol group protons (3.8 ppm) to F+H20 OH radical source.

the equivalent product alcohol group protons (3.54 ppm). A

first-order decay rate law was found to fit the organic hy-2 42 OH source

droxynitrate concentration vs. time data, and the first-order

rate constants (and thus the lifetimes) of the species were dé=or the present study, OH radicals were prepared by passing

termined. a dilute mixture of carbon tetrafluoride (@Fn He through
o . a microwave discharge produced by a Beenakker cavity op-
2.4 HNI gas phase oxidation experiments erating at 50 W. This microwave discharge-initiated dissoci-

ation of CF, followed by reaction with HO, leads to the

2.4.1 Flow tube apparatus production of OH radicals:

A schematic of the flow tube apparatus is given in Fig. 1 andcr, 4+ py —s xF+ CFy_y, (R1)
is similar to the instrument configuration used in a previous

study of the OH reaction with isoprene-derived epoxides (Ja—F +H20 — OH+HF. (R2)
cobs et al., 2013). The main flow tube was 100 cm in lengthThe dilute CR mixture was created by combining 4 %
and constructed with 2.2 cm inner diameter Pyrex tubing. ACF,/He (0.50 STP mL min) with a flow of He (99.999 %,
large flow of Q carrier gas (15 STP L mirt) was injected 500 STP Lminl). This mixture was flowed through the

at the rear of the flow tube and served as the bulk flow. Th%eenakker Cavity to produce fluorine atoms (Reaction Rl)
gases necessary to generate the OH radicals were introducqthe fluorine atoms were then injected in the flow tube
through a 20 cm long, 1.25 cm inner diameter side arm. Theside arm and mixed with $0 (produced by bubbling
organic hydroxynitrate compounds — which were added by12 mL min—! He through a trap filled with pD) to produce
flowing He gas through traps containing the liquid phase ofOH radicals (Reaction R2). Because®iis in great ex-

the various species because of their low vapor pressures —angss in the side arm (0] ~ 2 x 10**molecules cm?) and

the competitor species (compounds used in the relative deteReaction (R2) is very fast (14 10~ cm® molecule 1 s~1)
mination of OH reaction rate constants) were introduced to-(Atkinson et al., 2007), the OH-producing reaction has a very
gether through a moveable injector with a fan-shaped Teflorshort lifetime of about 0.4 ms, ensuring all fluorine atoms
device placed at the end to enhance mixing. All gas floware quickly consumed. For similar experimental conditions,
rates were monitored using calibrated mass flow meters. Thge have estimated that this source leads to a maximum OH
#10Po o-emitting ionization source was placed between theradical concentration of 5 x 101 molecules cm?® (Elrod,

flow tube and the inlet to the CIMS. (yas (99.99%) ata 2011).

flow of 6.5STPLmin! was passed through tfé%o -

emitting ionization source to produce reagent ions. Pressur@.4.3 CIMS detection

in the flow tube was monitored using a 0-1000 torr capaci-

tance manometer, while temperature was measured with Cuthe chemical ionization reagent ions in this study were pro-
constantan thermocouples and held at 298K for most of ~ duced using a commerci&t’Po «-emitting source consist-
the experiments. Most of the flow tube gases were removednd of a hollow, cylindrical (69« 12.7 mm) aluminium body

at the CIMS inlet using a 31 L'# roughing pump. The pres- With 10mCi (3.7x 10? disintegrations's') of #1%Po coated

sure in the flow tube apparatus was controlled by adjustingPn the interior walls. All oxygenated organic species were
the roughing pump valve opening. detected using a proton transfer CIMS (PTR-CIMS) scheme.

Protonated water clusters were used as the reagent ion to
transfer a proton to the oxygenated acceptor, M:

H*(H20)n +M — MHT (H20)n—m + M(H20). (R3)
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The HY(H,0), ions were produced by passing a large O slope ka4/ks). Because the competitor's OH radical rate con-
flow (6.5 STP L mirml) through the ionization source, with stant s) was known, a value fats was determined.

H>0 impurities being sufficiently abundant to produce an The relative rate measurement does not require knowledge
adequate amount of reagent ions. The dominant chemicabf the absolute concentrations of the epoxide and competi-
reagent ion was H(H,O),, and the predominant proton tor species (rather, relative concentrations — which are as-
transfer species detected were the protonated (and partiallgumed to be proportional to the CIMS signal — are required),
hydrated) analogues of the neutral precursor oxygenatedor does it require knowledge of the absolute reaction time
compound. For both the OH rate constant and product studfwhich is a fixed quantity in Eq. 3). Both of these characteris-
ies, all ions (MH"(H20),) assigned to a particular species tics are important for the present experiments because the va-
(M) were summed and normalized to the total reagent ionpor pressure (which is needed to calculate the absolute con-
signal (H™(H20)p) for that particular experiment in order to centrations in the flow tube) of 4,3-HNI is unknown, and the
determine a CIMS signal that was not dependent on the iorflow tube was operated in the laminar-turbulent flow transi-

hydrate distribution or the total ion signal. tion region (Seeley et al., 1993) where a straightforward rela-
tionship between bulk flow velocity and molecular velocities
2.4.4 OH rate constant measurement does not exist (i.e., time of reaction was not known). By op-

erating the flow system in this transition region, the reaction
Arelative rate constant measurement similar to a recent studyime was increased and more extensive loss of both 4,3-HNI
reported by our laboratory (Jacobs et al., 2013) was perang the competitor species was observed. Different reaction
formed to measure the 4,3-HMIOH rate constant. In this  congitions were obtained by varying the time of reaction (in-
method, 4,3-HNI and a competitor with a known rate con-jactor distance), 4,3-HNI concentration and competitor con-
stant are flowed together through the moveable injector (degentration. Both 4,3-HNI and the competitors contained hy-
scribed in Sect. 2.4.1) and react with the OH radical in thedroxyl groups (which are excellent proton transfer targets)
flow tube. Assuming both compounds react only with OH 54 were detected using PTR-CIMS.
radicals under the experimental conditions, the two com- g assess the potential existence of systematic error, rel-
pounds are competing with each other for reaction with OHative rate measurements for 4,3-HNI were performed using
radicals: multiple competitors with varying, well-measured OH rate

constants. The competitors used were methacrolein, allyl al-
4,3-HNI+OH — Products (R4)  cohol and 2-methyl-2-propen-1-ol with OH rate constants of
Competitor+ OH — Products (R5)  2.9x 107! (Atkinson et al., 2006), 4.9 10~ (Holloway

et al., 2005; Orlando et al., 2001; Le Person et al., 2009) and
The rate laws for 4,3-HNI and the competitor are given by 9 2 x 10-11 (Cometto et al., 2008) chmolecule s, re-

Egs. (1)—(2), respectively: spectively. Using a previously described procedure (Jacobs
d[4.3 — HNI| et al., 2013), the relative depletion for each competitor was
T —k4[4,3—HNI][OH], (1)  normalized to the depletion of methacrolein, and all of the
dr . data were used to determine a single valuefidis.
d[Competitor] .
——————'= ks [Competito} [OH], (2)
dr 2.4.5 OH oxidation product study

wherek, andks are rate constants for Reactions (4) and (5), , , .
respectively. By dividing Eq. (1) by Eq. (2) and solving the To explore the mechanism of the OH regcuon with 4,3-
resulting differential equation by separation of variables, it TN!: @ PTR-CIMS-based study of the reaction products was
can be shown that performed. The organic hydroxynitrates were added to the

flow system, and mass spectra were collected with the OH
[4,3—HNI]; o _ka | [Competitot, o 3 source on and off. Comparison of these mass spectra revealed
n [4,3— HNI], on - k_s n [Competitol, oy C) which masses corresponded to products of the OH reaction.
’ These masses were quantitatively monitored with the OH
where [4,3-HNI] o and [competitor]o are the concentration source on and off in both low-NQ(no extra NO added) and
of 4,3-HNI and the competitor species in the absence of OHhigh-NO, (NO added to > & 103 molecules cm?) condi-
radicals at timer, and [4,3-HNI} on and [competitor] on tions. In the low-NQ experiments, observed products are
are the concentrations of 4,3-HNI and the competitor speciesikely formed from peroxy+ peroxy (including hydroper-
in the presence of OH radicals at timeThe relative de- oxy formed from side reactions in the microwave OH radical
pletions of 4,3-HNI and the competitor were monitored source) radical interactions; while in the high-N@xperi-
when the OH source was turned on and off. From the rel-ments, product formation is most likely from peroxyNO
ative depletions, the 4,3-HNI OH radical rate constan) (  reactions. Assuming equivalent PTR-CIMS response factors
was determined by plotting In([4,3-HNI/[4,3-HNI]; oH) (each species contains an OH functional group, and previ-
vs. In([competitor] o/[competitor} on) and determining the  ous work has shown that a variety of alcohols possess very
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similar PTR rate constants; Zhao and Zhang, 2004), the rela6.06 and 0.19 mH, respectively. Previous MG2MS results for
tive product ratios were determined by comparing the signalatmospherically relevant systems from our lab indicate that
from one product to the sum of the product signals. Fromthe calculated thermodynamic properties are typically accu-
the m/z ratios, chemical structures were assigned, and aate to within 2.5 kcal moi* (Cappa and Elrod, 2001).
mechanism was produced to rationalize the observed prod-

ucts. Different isomeric species with the samg; ratio can- ~ 2.5.2  IEPOX-4 formation from 4,3-HNI + OH reaction

not be distinguished with this quadrupole-based CIMS in- coordinate calculations

strument; therefore the proposed products are those that are

easiest to rationalize in the context of the proposed mechal N€ OPtimized structures and relative energies of the re-

nism and the experimental conditions. For the case of iso@ctants, intermediates and products for IEPOX-4 (tféns-
prene epoxide (IEPOX) formation, synthesized IEPOX was/EPOX) formation from 4,3-HNI and BEPOX (a butane-

added to the flow system to confirm the IEPOX PTR-CIMS derived_epoxide) formation frqm 1,2-HNB were theoreticz_illy
ion distribution in the matrix of the 4,3-HNI oxidation sys- determined. In order to achieve convergence, a restricted

tem. The pressure dependence of product formation was in?Pen-shell density functional theory method was used for

vestigated by varying the pressure in the flow system from€ach single point energy calculation (ROB3LYP/6-31(d)).
50 to 400torr by adjusting the inlet to the roughing pump. All calculations were carried out with the Gaussian 03 com-
Due to the pressure-dependent efficiency of the microwavé_)Utat'O”al suite (Frisch et a_ll., 2004_). The frequenmes were
discharge source, measurements could not be performed §tSPected to ensure each single point calculation was an en-
pressures greater than 400 torr. At the experimental pressuréf9y minimum (or had an imaginary frequency for the tran-
and timescales. it has also been shown that the flow tub&ition state calculation). Reaction coordinate calculations for
acts as a nearly wall-less reactor (Seeley et al., 1993), whic® 4,3-HNI mechanism were compared to those from the

helps to ensure that the measured relative gas phase concdfioPrene-derived hydroperoxide calculations previously pub-

trations are representative of the true relative product yields!'Shed (Paulot et al., 2009D).

Nonetheless, the flow tube was also coated with halocarbon
wax to further reduce gas—wall interactions, and care wa

taken to ensure that product signals were fully equilibrated
at each point in the measurement. 3.1 NMR assignments

Results and discussion

2.5 Computational thermodynamics The complete NMR assignments of the synthesized hydrox-

: - ynitrates are provided in the Supplement.
2.5.1 Bond dissociation energy

. . . i ) 3.2 Hydrolysis kinetics of hydroxynitrates
Bond dissociation energies were theoretically determined by

calculating the relative energies of the relevant species beThe hydrolysis of the hydroxynitrate isomers was monitored
fore and after a homolytic bond cleavage using an adaptegh, a variety of acid concentrations (0 to 2 M HGJQand, re-
version of the G2MS compound method (MG2MS) (Froesegardless of the acid concentration, the rate of hydrolysis re-
etal., 1997), a variation on Gaussian-2 (G2) theory (Curtissnained constant. Thus, a general acid-catalyzed mechanism
et al., 1991) All calculations were carried out with the Gaus- (Where water protonates the br|dg|ng Oxygen atom on the ni-
sian 03 computational suite (Frisch et al., 2004), and eachrate) was assumed to be the predominant hydrolysis mech-
stationary point was confirmed as an energy minimum by in-anism (Whalen, 2005). A standard first-order analysis of hy-
specting the calculated frequencies. Geometries of the relegroxynitrate depletion was performed for each hydrolysis re-
vant SpeCies were Optimized at the B3LYP/6—31G(d,p) |eVE|.aCti0n_ Figure 2 pro\/ides a Samp|e p|ot of |n([HN|]/[Hw]

To calculate the overall energy of the OptimiZEd structure, 9as a function of time for the reaction of 4.3-HNI |rPD us-
base energy calculation was performed at the CCSD(T)/6-ng the relative integrated areas of the methyl group protons
31G(d) level. In order to correct for basis set effects, a se4n 4,3-HNI and the diol products iftH NMR spectra to cal-
ries of additive corrections were performed to simulate acylate [4,3-HNI]/[4,3-HNI}. The slope from this linear re-
CCSD(T)/631%-G(2df,2p) level calculation. The overall en- gression is equal te-, the neutral solution hydrolysis rate
ergy expression for the MG2MS scheme is defined as fol-constant. A similar procedure was used for 1,4-HNI hydrol-
lows: ysis, but (because of product and reactant peak overlap in
the methyl region) DSS was added to the reaction mixture
and depletion of the hydroxynitrate relative to the peak at
— Emp2/6-316(d) + HLC, (4) 0.00 ppm was monitored. Because of the overlap problem,

where HLC is an empirically defined correction term with hydrolysis kinetics of the specific E and Z 1,4-HNI isomers
HLC = Ang + Bng, wheren, andn are the number of were unable to be distinguished, and a generic 1,4-HNI hy-

and g electrons, respectively, and the constantsnd B are ~ drolysis rate was measured.

Emcams = Eccsom)/6-31Gd) + EMP2/6-311+ G(2df, 2p)

www.atmos-chem-phys.net/14/8933/2014/ Atmos. Chem. Phys., 14, 8®38l§ 2014
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1 ONO,
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{
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c

-4.5 Figure 3. Mechanism for 1,4-HNI hydrolysis with the distribution
of products observed.
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Figure 2. Sample first-order reactant kinetics plot for the hydrolysis o oH
of 4,3-HNI under (initially) neutral BO conditions. ' \)\) /2
8%

66% OH 26%

Figure 4. Mechanism for 4,3-HNI hydrolysis with the distribution

The mechanism and distribution of products observedef Products observed.
for 1,4-HNI and 4,3-HNI hydrolysis are given in Figs. 3
and 4, respectively. In aqueous solution, 1,4-HNI and 4,3- ) L .
HNI were found to have first-order hydrolysis rate Constantsthe more substituted carbocatloh |ntermed|ate. For 1’4._HNI
of (6.76+0.09)x 10-3s~1 and (1.59+0.03)x 10551 hydrolysis, 70 % of the product is derived from the tertiary

respectively. These hydrolysis rate constants indicate tha'f""_rboc""t'0n’W'th.the remaining 30% being derived f_rom the
the 1,4-HNI and 4,3-HNI lifetimes in neutral solution are primary carbocation. The yields for 4,3-HNI hydrolysis were

2.46min and 17.5h, respectively. The hydrolysis rate Con_similar, with the secondary carbocation leading to 66 % of

stants of similar isoprene-derived, saturated hydroxynitrateér:ce :}Otal prloduc(; and tThhe p“rIiErPary carbocatti)on Ie_adir:jg tlo 34%
have previously been measured in our lab (Darer et al., 2011? the total product. The primary carbocation diol was

Hu et al., 2011). The saturated primary nitrates were founopreferred in both cases; it formed 100 % of the time for the
to have lifetimes >2500h, while the saturated tertiary ni- 1,4-HNI product (even though the initial product was 5:1

trates had lifetimes of a few minutes in neutral solution. E:Z 1,4-HNI) and was preferred in a 3:1 ratio over the Z

Thus the allylic nature of the 1,4-HNI and 4,3-HNI tran- isomer for the 4,3-HNI hydrolysis.
sition states apparently lowers the activation barrier suffi-
ciently to make neutral hydrolysis of the primary and sec-

ondary hydroxynitrates occur on a much faster timescaleyile both 4,3-HNI and 1,4-HNI were successfully synthe-
than the previously studied saturated primary and secondargized, only 4,3-HNI was thermally stable enough for study in
hydroxynitrates of isoprene. This hypothesis was testedy fiow tube CIMS system. Presumably because of its fast
by measuring the hydrolysis rate constant for another alyyqrolysis rate constant and the presence of some water im-
lylic, non-isoprene-derived hydroxynitrate, 1,2-HNB. The ity ‘1 4-HNI quickly decomposed into both the diol and a
hydrolysis rate constant and neutral solgtlon lifetime wereyore volatile aldehyde. While the aldehyde component rep-
(9.95+0.30) 10 6s1and 28h, respectively. The hydrol- yesented only a minor fraction of the condensed phase 1,4-
ysis reaction for the unsaturated species was again faster thagy, sample (as ascertained Vil NMR), the very high va-
that of similar saturated species, presumably because of thﬁor pressure of the aldehyde led to a gas phase situation in

resonance stabilized carbocation. which 1,4-HNI was a minor component.
The products were identified usifgl NMR after the hy-

drolysis reactions had run to completion (> 3 lifetimes). Each3.3.1  Gas phase OH rate constant of 4,3-HNI

of the diol products had been previously prepared in our lab,

and NMR spectra of each were available for reference. QuanThe OH rate constant for 4,3-HNI was obtained via

tification of the product distribution was accomplished using competition experiments, using methacrolein, allyl alco-
the integrated areas of the peaks in the methyl region. Baseldol and 2-methyl-2-propen-1-ol as the competitors with
on the distribution of products, it appears that (as expectedknown rate constants. Like 4,3-HNI, all of the competi-

the dominant product for both of the isomers is derived fromtors were unsaturated alkenols which reacted with OH via

3.3 Gas phase oxidation of hydroxynitrates
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M. I. Jacobs et al.: Kinetics of the reactions of isoprene-derived hydroxynitrates 8939

0.12 - ° 3.3.2 4,3-HNI gas phase oxidation product study
® Methacrolein ) A

%‘ 0104 = et bropen-i-ol Identification of products
I
:';. 0.08 4 ° Because 4,3-HNI is an unsaturated hydrocarbon, it is ex-
= pected to react with OH via an addition mechanism forming
= 006- a hydroxy alkyl radical. The OH radical could add to either
£ of the carbon atoms in the double bond, so there is the poten-
;'g 0.04 tial for multiple, different reaction pathways. As described
=1 in the experimental section, the product species were identi-
£ . fied by comparing mass spectra taken with the microwave on

K and off, and then looking for new signals in the “OH-source-

on” PTR-CIMS spectrum. Because all of the predicted prod-
Y 002 004 006 008 010 ucts contained alcohol groups, they were all assumed to have
' jp ' ' ' ' ' equal PTR-CIMS response factors. This allowed direct com-

000
oo

-0.02 In ([Ref], / [Ref],) parison of the signals to determine the relative molar product
_ _ o yields.
Figure 5. Relative rate constant determination for 4,3-HNI. Table 2 shows the deduced product structure (based on the

MH*(H,0), signal carriers observed), with the specific iso-

. . mers rationalized within the context of the overall mecha-
an addition mechanism and at the usual 10_0t°,” OPeratiism. For the cases of C—C bond dissociation reaction types,
ing pressure of the_ﬂo_w tbe were all at their high PreS" there are two reaction products. However, due to mass coin-
sure rate constant I|m|t: The S|gnals from the COMPEtOrSgigence complications, only one of the products (the product
and 4,3-HNI were monitored W't.h the OH source on andlisted in Table 2) was quantified via PTR-CIMS in each case.
off. Becau;e all o the competitors were r_lormallzed ' From the structures of the products, a proposed mechanism

methacrolein, all of the data for each competitor were plot-c o tomation of products from 4,3-HNI was developed
ted togethgr. The plot Of.In([4’3'HN!b/[4’3'HNI]_’*OH) VS. (Fig. 6). Based on the products observed, it seems likely that
In([competitor} o/[competitor] ow) is shown in Fig. 5. The "4 1 gical adds to the double bond almost exclusively at
slope of the best fit line in Fig. 5, 1.2570.058, is equal the C1 position. This generates the thermodynamically pre-

tgl_t|he rtat|o of 1’3';'\]/'];5 OF'I: rate contshtant tlo _metfgﬁrole;n’s ferred tertiary radical over the primary radical from C2 ad-
rate c;r;fgg @105)1'1 r;%m rlne Iaclro_ellni i rale  gition. The alkyl radical can either undergo a unimolecular
constant, 2.%0.3x cm”molecule ™ s~ (Atkinson rearrangement to produce an IEPOX — either cis- or trans-

o k";"-- 3221?6 Tle 4'13(;"{';‘””?3"' rate conptant was Cf"cg'atgd B-IEPOX (IEPOX-3 and IEPOX-4, respectively) — and O
0 be S. AL cm” molecule " s~ (one standar or it can react with @, forming a peroxy radical. The com-

deviation error, which includes contributions from both the petition between the two reactions was found to be pressure
relative rate constant uncertainty kiks and uncertainty in dependent and is discussed below. The peroxy radical can
thi\absolute rate cotnstaPt dOf thicompentort). d th OH react with either NO (added to the flow system) or H@

t veryt rtecer_lth s4u3 3(_”\“ as dre]?orz i Et’ b by-product of the microwave discharge source) to generate
rj gi807ns ‘31%_11’\"”]3 ’I } el a_nl L oun II 20014 € the alkoxy radical. The C2—-C3 bond can fission, generat-
g’h I )X. N d molecule s h( ﬁefg ?—lKll oH )- ing hydroxyacetone (HAC), glycolaldehyde and N©r the

IS value Is in good agreement with the 4,3- rate -1_C2 bond can break, which results in formaldehyde and
constant measured in this work and confirms the expecta, methyl vinyl ketone hydroxy nitrate (MVKN). The rela-
tion that the OH rate constant is not pressure dependerﬁve yields of the products observed by PTR-CIMS at 50 and

between 100 a_nd_ 760torr tOt?I pressure. The O_H rate; 60 torr (based on the analysis described below) are given in
constant for a similar hydroxynitrate, 2-hydroxy-1-nitrato- able 2

but-3-ene (2,1-HNB), was measured separately and foun

o be (3'6& 0.72)x 10+ cm® moleculéls b (Treves ressure conditions by its unique PTR-CIMS ion distribu-
and Rudich, 2003). Ther(_afore, It appears that the Value{)ion. Previous work in our laboratory investigated the reac-
of the_ OH+4,3-HNI rate is well constrained by several tion of IEPOX with the OH radical (Jacobs et al., 2013),
experimental measurements. and thus mass spectra of previously collected IEPOX (as
well as a sample of previously synthesized IEPOX) were on
hand and aided in the identification of IEPOX. In the pre-
vious work, PTR-CIMS of IEPOX had peaks at/z 101,
137, 155, 219 and 237, which represent (IEPOX)H,0,
(IEPOX)(H,0)H*, (IEPOX)(H0)HT, (IEPOX)HT-H,0

IEPOX was identified as a major product at the lower
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1 o ” NOs tal product yield, respectively. Many of the aspects in our
/J\T) . c|)on o] b T mechanism coincide with the mechanism proposed by Lee
( ! 2% et al. (2014) with the exception of a minor, but significant,
oH l et OQ\ ‘o IEPOX-producing product channel.
OH % | ow
W 2 \/i\‘) Product pressure dependence
13% [e1)
. l 2 At higher pressures the relative yield of IEPOX from 4,3-

ing that the OHt+ 4,3-HNI reaction followed a Lindemann—
Hinshelwood-type mechanism (i.e., the energized OH-4,3-
Figure 6. Gas phase OH-initiated oxidation mechanism for 4,3-HNI HNI adduct can revert to OH 4,3-HNI, be de-energized by

o
)u“ A e o | o HNI decreased. This observation was explained by assum-
/ +
17%

70% (o)

(calculated 760 torr relative yields are given). collision or go on to form products):

4,3 — HNI 4+ OH — 4, 3—HNI-OH*, (R6)
Table 2. Relative product yields for 4,3-HNI oxidation at 50 torr "
(experimental) and 760 torr (calculated). 4,3—HNI-OH" — 4,3—HNI + OH, (R7)
4,3 —HNI-OH*+M — 4, 3—HNI—-OH + M*, (R8)
m/z Deduced molecular ~ Relative yield Relative yield 4, 3— HNI—OH* — IEPOX+ NO», (R9)
+ i 0, 0,

(MHT) species SOtorr (%) 76010 (%) 4 3 _ HNI—OH* +M — Otherproducts- M*, (R10)

where * represents a high-energy complex. At low pressures
(low [M]), Reaction (R6) competes with Reaction (R7), and

{o}
I
(e}
(o]
o
2 I

7 10 u the activated complex can revert back to reactants. Previous
119 71 13 research has shown that isoprene’s OH rate constant does not
NO, change between 2 and 6 torr, indicating that isoprene is at
)\U" its high-pressure limit at 2 torr (Chuong and Stevens, 2000).
150 o 19 70 The relatively low threshold for the high-pressure limit was

attributed to the isoprene complex’s ability to distribute en-
ergy into many vibrational modes and thus decrease the en-
ergy in the critical CO vibration. Because 4,3-HNI is an even

+ . .
ag:kg ?g?gbsérr\?sgﬁzmtﬁéy' 4'2“_];',\\]/'6 Orfog:ifes p;(c)?r:d_rolarger molecule than isoprene and has even more vibrational
Eonfirm there were no matrix éffects apt work inpthe 4' 3- modes, the relative rate of Reaction (R7) as compared to Re-

; ; . '™ action (R8) is expected to be even more insignificant at the
HNI product studies, the previously synthesized IEPOX was . |
added downstream of the OH source (where it would notexperlmenta pressures (> 50torr). .
have a chance to react with OH radicals), and all of the peak However, because Reaction (R8) is dependent on the num-
: . ' PEaXBer of total gas molecules present (i.e., pressure), and the rate
attributed to IEPOX increased as expected. Thermodynamic : . i
. . of IEPOX formation was observed to decrease at higher pres
calculations for IEPOX formation from 4,3-HNI were per-

. . _sures, it was assumed that IEPOX was formed from the 4,3-
formed and compared to the previously proposed mechanlsrp_mI_OH* activated complex. Thus, the alkyl radical branch-
for IEPOX formation from hydroxy peroxides (Paulot et al., : '

. : ing point in Fig. 6 can be more accurately represented by
2009b) to_ further support Fhe experimental obseryatlons. the two competing reactions, Reactions (R9) and (R10). The
A previous atmospheric chamber study looking at the

oxidation of 4.3-HNI by the OH radical has also pro- IEPOX and “other products” (OP) rates of formation can then

posed a reaction mechanism (Lee et al., 2014). This react—)e defined as follows:

tion mechanism, derived from experiments performed veryd[IEPOX]
near atmospheric pressure, also includes MVKN-forming  df
(C1-C2 bond-breaking) and hydroxyacetone-forming (C3—d[OPJ — k10[M][4, 3— HNI — OH*] (6)

C4 bond-breaking) channels with 72 and 10% yields, re- dt ! ’ ’

spectively. Their mechanism also suggests that <18% ofvherekg andkig are the rates of Reactions (R9) and (R10),
4,3-HNI forms a dinitrate species. Unlike the present WOfk,respective|y. Combining these two expressions yields an
the Lee et al. mechanism does not include IEPOX for-equation for the rate of total product (TP) formation:

mation from 4,3-HNI. Our experimental results show that d[TP]
(at atmospheric pressure) the MVKN-forming channel, the
hydroxyacetone/N&forming channel and the IEPOX/NO
forming channel account for 70, 17 and 13% of the to- + k10[M][4, 3 — HNI — OH"]. )

= ko[4,3 — HNI — OH*], 5)

— ko[4,3— HNI — OH']
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6 - Table 3. Relative product yields for 1,2-HNB oxidation at 50 torr
(experimental) and 760 torr (calculated).

mj/z Deduced molecular Relative yield Relative yield

(MHT) species 50 torr (%) 760 torr (%)
) HO 0
i \/
% 61 3 12
105 86 16

136 4 11 71

ratio and the calculated relative yield of IEPOX. All of the
extrapolated relative yields are given in Table 2.

L S S B L B S S S B S e p
50 100 150 200 250 300 350 400 450

o

Pressure (Torr)

Figure 7. Pressure dependence of the inverse relative IEPOX yield3-3-3  1,2-HNB gas phase oxidation product study

from 4,3-HNI. o ]
To assess the feasibility of IEPOX formation from other cur-

rently synthetically inaccessible isoprene-derived hydroxyni-
The relative yield of IEPOX can then be expressed as therates, a gas phase oxidation product study on 1,2-HNB was
IEPOX rate of formation (Eq. 6) over the total product rate performed to see if epoxide products were formed. The rel-
of formation (Eg. 7): ative yields of the observed products and a proposed mech-
d[IEPOX] d[IEPOX] anism for the formation of the observed products are pro-
& _ = vided in Table 3 and Fig. 8, respectively. The mechanism is

“—[Jt—”] d[TP] similar to that of 4,3-HNI: the OH radical initially adds to
ko[4,3— HNI — OH*] carbon 4, creating a secondary alkyl radical. The radical can
ke [4’ 3_HNI — OH*] + ko [M] [4’ 3_HNI — OH*] then undergo unimolecular rearrangement to form a butane
X epoxide (BEPOX) and N§ or it can react with @, form-
S — (8) ing the peroxy radical. The peroxy radical reacts with either
kg + k10[M] NO or HO, to create the alkoxy radical. Reaction withh O
Taking the reciprocal of Eg. (8) yields an expression that iscan cause the C3—-C4 bond to break, resulting in formalde-
linearly dependent on [M] (and thus pressure): hyde and hydroxynitrate propanal, or the C2—-C3 bond can
break, leading to two equivalents of glycolaldehyde and the
oL TPl = ko + kaolM] al+ @P. 9) release of one N@molecule. The proportion of C3-C4 to
d[IEPOX] ko ko

C2-C3 bond fragmentation in 1,2-HNB oxidation is roughly
By plotting the inverse of the relative yield of IEPOX vs. the same as the proportion of C1-C2 to C2—C3 bond frag-
pressure, a linear relationship was determined that was usetientation in 4,3-HNI oxidation. Thus, 1,2-HNB and 4,3-
to estimate the relative yield of IEPOX at atmospheric pres-HNI release roughly the same amount of N@hen further
sure (Fig. 7). The slope of the best fit line in Fig. y/—= oxidized by OH.

[(9.0540.73)x 1073] P(torr)+1.074+0.17, was used to At higher pressures, the relative epoxide yields were once
estimate the yield of IEPOX from 4,3-HNI at atmospheric again observed to decrease. The mechanism for BEPOX
pressure presented in Table 2. The relative error from thdormation from 1,2-HNB was assumed to be the same as
linear regression propagated into the calculated atmospherithe mechanism for IEPOX formation from 4,3-HNI, and a
pressure IEPOX relative yield was less than 0.084113%). pressure dependence product study was performed. Again
When extrapolated to lower pressures (Otorr), the yield ofthe inverse of the relative yield of BEPOX was plotted vs.
IEPOX is calculated to approach 100%, as predicted bypressure to give a linear relationship (Fig. 9). The slope
Eq. (9). Taken together, these characteristics of the regressf the best fit line in Fig. 9,y = [(6.80+0.44)x 1079]

sion analysis demonstrate that the pressure dependence finé{torr) 4+ 0.89+ 0.09, was used to estimate the yield of BE-
ings are well described by our model. Over each of the entirePOX from 1,2-HNB at atmospheric pressure presented in
measured pressure range (50-400 torr), on average the ratiéig. 8. The ratio of C3—C4 bond splitting and C2-C3 bond
of MVKN formation to HAC formation was observed to re- splitting products was found to be constant, on average,
main constant (4.0£ 0.98). The yields of these two chan- throughout the experiment (5481.6). This ratio (with the
nels at atmospheric pressure were determined by using thisalculated relative yield of BEPOX) was used to determine
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Figure 8. Gas phase OH-initiated oxidation mechanism for 1,2-HNB (calculated 760 torr relative yields are provided).

44 tal section. The energies of the relevant species were calcu-
lated according to Eq. (4), and the bond dissociation energy
was determined by finding the difference in energy between

the products and reactants after homolytic cleavage of the
relevant bond. The O—O and O-N bond dissociation ener-

gies for hydrogen peroxide and nitric acid were also calcu-

lated, both to validate the MG2MS method and to serve as

a point of comparison for the bond dissociation energies for

the isoprene-derived compounds. The calculated bond disso-
ciation energies are presented in Table 4.

The experimental O-O and O-N bond dissociation en-
ergies for hydrogen peroxide and nitric acid are 50.4 and
49.3 kcal mot, respectively (Lou, 2007). Thus, as found in
our previous implementation of the MG2MS method, the cal-

. r . r . : . | culated values are quite accurate (Cappa et al., 2001). The O—
0 100 200 300 400 N bond dissociation energy for 4,3-HNI is somewhat lower
Pressure (Torr) than the O—O bond dissociation energy for ISOPOOH. While
Figure 9. Pressure dependence of the inverse relative BEPOX yieldthls calculation does not rationalize the klnetl_c fegS|b|I|ty
from 1,2-HNB. of 4,3-HNI as a precursor to IEPOX-4 formation, it does
demonstrate the thermodynamic feasibility of IEPOX-4 for-
mation from either 4,3-HNI or ISOPOOH.

the yields of the fragmentation pathways at atmospheric pres-
sure. The calculated relative yields of the products at atmo3-4.2  IEPOX-4 formation from 4,3-HNI + OH reaction
spheric pressure are presented in Table 3 and Fig. 8. coordinate calculations

The formation of IEPOX from 4,3-HNI and BEPOX from
1,2-HNB suggests that epoxide formation may be a gen-All stationary points in the reaction of 4,3-HNI to IEPOX-
eral mechanism that is operative whenever an alkyl radica# (transg-IEPOX) and in the reaction of 1,2-HNB to
is adjacent to the nitrate functional group. This finding sug-trans-BEPOX were optimized with the ROB3LYP/6-31G(d)
gests that other isomers of isoprene-derived hydroxynitrategnethod. The transition state (TS) between the alkyl radi-
should be capable of forming IEPOX compounds throughcal and the epoxide each had a single imaginary frequency

1/BEPOX Relative Yield

OH reaction. at 635 and 731 cmt for the 4,3-HNI and 1,2-HNB derived
species, respectively. As anticipated, this imaginary mode is

3.4 |IEPOX formation thermodynamics calculations a vibration along the O—N bond. The single point energies
for the 4,3-HNI to IEPOX-4 and 1,2-HNB to trans-BEPOX

3.4.1 Bond dissociation energy calculations reactions are provided in Table 5, and the reaction coordinate

diagram for IEPOX-4 formation is provided in Fig. 10. The
To confirm the feasibility of IEPOX (specifically IEPOX-4 previous calculations performed to rationalize IEPOX forma-
or transg-IEPOX) formation from 4,3-HNI, the O—N bond tion from ISOPOOH found that the level of theory and choice
dissociation energy was calculated and compared to the Oef basis sets used did not significantly influence relative en-
O bond dissociation energy for isoprene hydroxyperoxideergy aspects of the reaction coordinate diagram (Paulot et al.,
(ISOPOOH), the previously proposed IEPOX-4 precursor2009b). However, we found that restricted open-shell den-
(Paulot et al., 2009b). The calculations were performed ussity functional theory methods were needed to ensure that
ing the adapted G2MS procedure described in the experimerenergy convergence was achieved for all species. To provide
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Table 4. Calculated 0 K bond dissociation energié&g{ for the relevant species.

Bond O-N (4,3-HNI) O-N (HONG) O-O (ISOPOOH) 0-O (KOy)
Dy (kcal mol1) 40.6 49.6 438 49.9

Table 5.Calculated relative energies (kcal md) of the stationary ~ COmplex. Again this finding is qualitatively consistent with
points in the reactant OH— epoxidet+ NO, reaction. All ener-  the finding that IEPOX and BEPOX have similar yields at at-

gies were calculated using the ROB3LYP/6-31G(d) method. mospheric pressure (16 % for BEPOX compared to the 13 %

for IEPOX). Because it is certainly possible for IEPOX to

Species 4,3-HNI  1,2-HNB  ISOPOOH also form from the deactivated alkyl radical (as proposed
by Paulot et al., 2009b), the atmospheric pressure yields of

Reactant 0 0 0 . :

Alkyl radical _36.7 _305 _330 IEPOX calculated in this study for the 4,3-HMIOH reac-

Transition state ~ —25.2 _215 _29.4 tion are lower bound estimates.

Epoxide product —51.0 —53.3 —42.5

4 Atmospheric implications

. . . 4.1 Potential aerosol phase hydrolysis of 4,3-HNI and
a comparison and corroborate our results, single point en- 1 4-HNI

ergy calculations for IEPOX-4 formation from ISOPOOH

were repeated using the ROB3LYP/6-31G(d) method. Therne 4,3-HNI and E/Z 1,4-HNI isomers have previously been
calculated energies followed the same general trend as prevjgentified as the products of OH-initiated, high-N@xida-
ously observed and had an activation energy (3.6 kcaf ol tjon of isoprene (Lockwood et al., 2010; Paulot et al., 2009a).
that was in good agreement with the calculations previouslyaggitionally, Rindelaub et al. recently demonstrated that, for
performed on this reaction pathway (Paulot et al., 2009b).gimilar species produced from pinene, the aerosol phase
The single point energies for the ISOPOOH reaction are alsartitioning reaction was competitive with the gas phase ox-
listed in Table 5. idation processes (Rindelaub et al., 2014). If the Henry’s
The pressure dependence study suggests that the majorifyy constants for 4,3-HNI and 1,4-HNI (and other isoprene-
of IEPOX formatipn is derived from the activated 4,3-HNI- gerived hydroxynitrates) are large enough, the hydrolysis
OH complex, which has the same energy as the initial ré-constants measured in this work indicate that aerosol phase
actants. Because the energy of this species far exceeds ”Pﬁ‘/drolysis (at all pH values, due to the general acid catalysis

energy of the transition state, the magnitude of the activatior}nechanism) should be efficient on an atmospherically rele-
energy is irrelevant, as depicted in Fig. 10. However, once thgant timescale (< 1 day).

complex is collisionally deactivated and the excess energy is

removed, the energies of the reaction barriers become relet.2  Gas phase OH-initiated oxidation of 4,3-HNI

vant again. The energy barrier between the alkyl radical and

the TS was found to be higher (11.5 kcal mbl for the 4,3-  The experimental determination of a fast @Ht,3-HNI rate

HNI pathway than the ISOPOOH pathway. Thus, once deacc€onstant confirms the expectation that isoprene hydroxyni-

tivated, substantially less IEPOX is expected to be producedrates will have a relatively short atmospheric lifetime (for

from the 4,3-HNI alkyl radical than the ISOPOOH alkyl rad- an average OH concentration ok110° molecules cm?, the

ical. Additionally, because the 4,3-HNI-derived alkyl radi- 4,3-HNI lifetime is only 7.6 h). The observation of N@ecy-

cal is larger and contains more vibrational modes than thecling product pathways suggests that the traditional catego-

ISOPOOH-derived alkyl radical, the 4,3-HNI-OH activated rization of low- and high-NQ processes for isoprene is inad-

complex is expected to be more easily deactivated by colli-equate for the description of the actual, more subtle mecha-

sion than the ISOPOOH-OH activated complex. Taken to-nisms at work in the atmosphere. In addition to theN€xy-

gether, these findings are qualitatively consistent with thecling, the present finding that a high-N®pecies, 4,3-HNI,

present findings that IEPOX only accounts for 13 % of the can lead to the important “low-NQ species, IEPOX, em-

total product formed from 4,3-HNI oxidation, while the pre- phasizes this point. Several studies have shown that IEPOX

vious work measured a 75 % IEPOX yield from ISOPOOH is an important isoprene intermediate for the formation of

oxidation at atmospheric pressure (Paulot et al., 2009b).  species formed in SOA formation (Paulot et al., 2009b; Cole-
The BEPOX-forming pathway had a similar energy bar- Filipiak et al., 2010; Darer et al., 2011; Lin et al., 2012; Sur-

rier (11.0 kcal mot?) to that of the 4,3-HNI pathway, and ratt et al., 2010). Based on the IEPOX- and BEPOX-forming

the 1,2-HNB-OH activated complex is expected to be colli- mechanisms that we have proposed from the4OH3-HNI

sionally deactivated in a similar manner to the 4,3-HNI-OH and OH+ 1,2-HNB reactions, respectively, we also expect
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Figure 10. Relative energies for the formation of trans-IEPOX from 4,3-HNI. The activated alkyl radical (4,3-HNI-OH*) resulting from
the addition of OH onto the 4,3-HNI double bond is formed with enough excess energy that it can decompose inte- [ EBO®a the
transition state. Only after being collisionally deactivated by another molecule (M) does the activation barrier to the TS become relevant.
Energies calculated with the ROB3LYP/6—-31G(d) method.

OH OH OH
ONO, -OH ONO,| OH w + NO,

E/Z 4,1-HNI IEPOX-1
ONO, oNo, OH OH
2,1-HNI IEPOX-3 or IEPOX-4

Figure 11.Proposed mechanism for IEPOX formation from 4,1-HNI and 2,1-HNI. For both hydroxynitrate isomers, the thermodynamically
favored alkyl radical is adjacent to the nitrate group, potentially leading to IEPOX formation.

that the OH reactions with 1,2-HNI and both E/Z 4,1-HNI SOA components under high-N@onditions (Surratt et al.,
(Table 1) should also be capable of producing an IEPOX2010; Budisulistiorini et al., 2013).

compound. These three hydroxynitrate isomers would go

through an intermediate in which the alkyl radical is adja-

cent to the nitrate group (Fig. 11). IEPOX is also possibles  cqnclusions

from E/Z 1,4-HNI, but the OH-initiated oxidation would

need to lead to the secondary alkyl radical instead of thetherzl-hydroxy-s-nitroxy isoprene (4,3-HNI) and E/Z 1-
modyn_amically preferre(_i tertiary radical. Therefore_, IEPOX hydroxy-4-nitroxy isoprene (1,4-HNI), representing three of
formation from 1,4-HNI is not likely. Based on the isomer- e gight possible isoprene-derived hydroxynitrates, have
specific isoprene hydroxynitrate product d|str|butlons PreVi-heen synthesized and characterized with NMR. The uni-
ously reported (Paulot et al., 2009a), we estimate that 65 %nqlecular, neutral-solution hydrolysis rate constants for
of isoprene hydroxynitrates have the ability to form IEPOX. 43-HNI and the 1,4-HNI isomers (as determined via
The present findings indicate a potentially greater role foryr spectroscopy) were (1.390.03)x 105s! and
IEPOX even under high-NQatmospheric conditions, which g 764 0.09)x 10-3s72, respectively. The measured rate
could impact our understanding of both the gas and aerosqlonstants were unaffected by increasing acid strength (up
phase chemistry of isoprene-derived compounds for varyingy 2 gm HCIQy): thus a general acid catalysis mecha-
NOx conditions. Indeed, this newly discovered mechanismyigm (where water molecules protonate the bridging oxy-
may help to explain the previous detection of IEPOX-derived yony atom) was proposed. The lifetimes of these unsaturated
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hydroxynitrates (17.5h and 2.46 min for 4,3-HNI and 1,4- Budisulistiorini, S. H., Canagaratna, M. R., Croteau, P. L., Marth,
HNI, respectively) are several orders of magnitude smaller W. J., Baumann, K., Edgerton, E. S., Shaw, S. L., Knip-
than the lifetimes for similar non-tertiary saturated hydrox-  ping, E. M., Worsnop, D. R., Jayne, J. T., Gold, A., and Sur-
ynitrates. ratt, J. D.: Real-yime continuous characterization of secondary
The rate constant for the OH-radical-initiated oxida- organi;laetroscéla derived from ti;op;enedepoxxdiols :“C?]O""r_"
- - town Atlanta, Georgia, using the Aerodyne Aerosol Chemi-
;:32 gt:’g ;T]:q\:jvss Tmhgagﬁe?atgsglgn::m':xg Mmse;ﬁ; d cal Speciation Monitor, Environ. Sci. Technol., 47, 5686-5694,

d0i:10.1021/es4000232013.
—11 11
to be (3.64£0.41)x 10 cm® moleculet s~*. A mecha- Cappa, C. D. and Elrod, M. J.: A Computational Investigation of the

nism for the formation of the observed products (including  Ejectron Affinity of CO; and the Thermodynamic Feasibility of
an IEPOX species) was proposed (Fig. 6). Based on esti- COj5 (H20), + ROOH Reactions, Phys. Chem. Chem. Phys., 3,
mates of the atmospheric pressure yields of the products, 2986-2694, 2001.

roughly 30% of the NQ sequestered by 4,3-HNI will be Carlton, A. G., Wiedinmyer, C., and Kroll, J. H.: A review of Sec-
released upon OH reaction. IEPOX, a species important for ondary Organic Aerosol (SOA) formation from isoprene, At-
SOA formation, was observed to be a minor but signifi- mos. Chem. Phys., 9, 4987-5005, d6i5194/acp-9-4987-2009
cant product of 4,3-HNI oxidation. This new IEPOX-forming 2009

pathway was supported by computational results that i”di'Chge:r}ii('ﬁiﬁgige;itéﬁ'f}?ﬂqd ggi@iﬁﬂb?ﬁih“iﬂsi?)srgﬂeemﬁnéz?;ﬁyzr-
cate that the reaction mechanism is similar to the estab- o '
lished hydroperoxide IEPOX-forming pathway (Paulot et al., Res., 103, 25563-25568, dil. 1029/98JD01483 998,

> b imil - | and ? I .’ Chuong, B. and Stevens, P. S.: Kinetic Study of the-©koprene
009D). A similar experimental and computational investiga- and OH+ Ethylene Reactions between 2 and 6 Torr and over the

tion of the OH reaction with 1-hydroxy-2-nitroxy-3-butene  temperature Range 300-423K, J. Phys. Chem. A, 104, 5230—
(1,2-HNB) also indicated significant epoxide product forma- 5237, 2000.

tion. Based on these findings, it is expected that several o€huong, B. and Stevens, P. S.: Measurements of the kinetics of the
the other isoprene-derived hydroxynitrates, in total account- OH-initiated oxidation of isoprene, J. Geophys. Res., 107, 4162,
ing for 65 % of all isoprene-derived hydroxynitrates, willalso ~ doi:10.1029/2001JD000862002.

be able to form IEPOX species. The formation of IEPOX Cole-Filipiak, N. C., O'Connor, A. E., and Elrod, M. J.: Ki-

(a low-NO, compound) from a hydroxynitrate (a high-NO neti_cs of the hydroly;is of atnjospher_ically relevant isoprene-
compound) suggests that, as has previously been discussedde_”ved hydroxy epoxides, Environ. Sci. Technol., 44, 6718-23,
(Wennberg, 2013), the traditional low- and high-N@e- doi:10.1021/es1019222010.

scriptors are insufficient to explain the more subtle chemicalcometto' P. M., Dalmasso, P. R, Taccone, R. A, Lane, S. ., Ous-
P . _ P sar, F., Daéle, V., Mellouki, A., and Le Bras, G.: Rate coeffi-
mechanisms at work in the atmosphere.

cients for the reaction of OH with a series of unsaturated alco-
hols between 263 and 371 K, J. Phys. Chem. A, 112, 4444-4450,
The Supplement related to this article is available online Cu(:t(i)ls.sl,OLl.(f,l/gZJ#;\/laifggék., Trucks, G. W., and Pople, J. A.:
at doi:10.5194/acp-14-8933-2014-supplement Gaussian-2 theory for molecular energies of first- and second-
row compounds, J. Chem. Phys., 94, 7221-7230, 1991.
Darer, A. I., Cole-Filipiak, N. C., O’Connor, A. E., and Elrod, M.
AcknowledgementsThis work was supported by the National J.: Formation and stability of atmospherically relevant isoprene-

Science Foundation under grant no. 1153861. derived organosulfates and organonitrates, Environ. Sci. Tech-
nol., 45, 1895-1902, ddi0.1021/es1037972011.
Edited by: V. F. McNeill Elrod, M. J.: Kinetics study of the aromatic bicyclic peroxy rad-

ical + NO reaction: overall rate constant and nitrate prod-
uct yield measurements, J. Phys. Chem. A, 115, 8125-8130,
References doi:10.1021/jp204308f2011.
Fiore, A. M., Horowitz, L. W., Purves, D. W., Levy I, H., Evans, M.
Atkinson, R.: Gas-phase tropospheric chemistry of organic com- J., Wang, Y., Li, Q., and Yantosca, R. M.: Evaluating the contri-
pounds: a review, Atmos. Environ., 24, 1-41, 1990. bution of changes in isoprene emissions to surface ozone trends
Atkinson, R., Baulch, D. L., Cox, R. A, Crowley, J. N., Hamp- over the eastern United States, J. Geophys. Res., 110, D12303,
son, R. F., Hynes, R. G., Jenkin, M. E., Rossi, M. J., Troe, J., doi:10.1029/2004JD005483005.
and IUPAC Subcommittee: Evaluated kinetic and photochemi-Frisch, M. J., Trucks, G. W., Schlegel, H. B., Scuseria, G. E., Robb,

cal data for atmospheric chemistry: Volume Il — gas phase re- M. A., Cheeseman, J. R., Montgomery Jr., J. A., Vreven, T.,
actions of organic species, Atmos. Chem. Phys., 6, 3625-4055, Kudin, K. N., Burant, J. C., Millam, J. M., lyengar, S. S., Tomasi,
doi:10.5194/acp-6-3625-2008006. J., Barone, V., Mennucci, B., Cossi, M., Scalmani, G., Rega, N.,

Atkinson, R., Baulch, D. L., Cox, R. A., Crowley, J. N., Hampson,  Petersson, G. A., Nakatsuiji, H., Hada, M., Ehara, M., Toyota, K.,
R.F.,Hynes, R. G., Jenkin, M. E., Rossi, M. J.,and Troe, J.: Eval- Fukuda, R., Hasegawa, J., Ishida, M., Nakajima, T., Honda, Y.,
uated kinetic and photochemical data for atmospheric chemistry: Kitao, O., Nakai, H., Klene, M., Li, X., Knox, J. E., Hratchian, H.
Volume Il — gas phase reactions of inorganic halogens, Atmos. P, Cross, J. B., Bakken, V., Adamo, C., Jaramillo, J., Gomperts,
Chem. Phys., 7, 981-1191, dbi.5194/acp-7-981-2002007.

www.atmos-chem-phys.net/14/8933/2014/ Atmos. Chem. Phys., 14, 8®38t§ 2014


http://dx.doi.org/10.5194/acp-14-8933-2014-supplement
http://dx.doi.org/10.5194/acp-6-3625-2006
http://dx.doi.org/10.5194/acp-7-981-2007
http://dx.doi.org/10.1021/es400023n
http://dx.doi.org/10.5194/acp-9-4987-2009
http://dx.doi.org/10.1029/98JD01483
http://dx.doi.org/10.1029/2001JD000865
http://dx.doi.org/10.1021/es1019228
http://dx.doi.org/10.1021/jp7111186
http://dx.doi.org/10.1021/es103797z
http://dx.doi.org/10.1021/jp204308f
http://dx.doi.org/10.1029/2004JD005485

8946 M. I. Jacobs et al.: Kinetics of the reactions of isoprene-derived hydroxynitrates

R., Stratmann, R. E., Yazyev, O., Austin, A. J.,, Cammi, R., Penten-1-ol, and Allyl Alcohol (2-Propen-1-ol), J. Phys. Chem.
Pomelli, C., Ochterski, J. W., Ayala, P. Y., Morokuma, K., Voth, A, 105, 3564-3569, ddi0.1021/jp004171,2001.

G. A., Salvador, P., Dannenberg, J. J., Zakrzewski, V. G., Dap-Patchen, A. K., Pennino, M. J., Kiep, A. C., and Elrod, M. J.: Direct
prich, S., Daniels, A. D., Strain, M. C., Farkas, O., Malick, D. Kinetics Study of the Product-Forming Channels of the Reaction
K., Rabuck, A. D., Raghavachari, K., Foresman, J. B., Ortiz, J.  of Hydroxyperoxy Radicals with NO, Int. J. Chem. Kinet., 39,
V., Cui, Q., Baboul, A. G., Clifford, S., Cioslowski, J., Stefanov, 353-361, doit0.1002/kin202482007.

B. B., Liu, G., Liashenko, A., Piskorz, P., Komaromi, I., Mar- Paulot, F., Crounse, J. D., Kjaergaard, H. G., Kroll, J. H., Seinfeld, J.
tin, R. L., Fox, D. J., Keith, T., Al-Laham, M. A,, Peng, C. Y., H., and Wennberg, P. O.: Isoprene photooxidation: new insights

Nanayakkara, A., Challacombe, M., Gill, P. M. W., Johnson, B., into the production of acids and organic nitrates, Atmos. Chem.
Chen, W., Wong, M. W., Gonzalez, C. and Pople, J. A.: Gaussian Phys., 9, 1479-1501, d&id.5194/acp-9-1479-2002009a.
03, 2004. Paulot, F., Crounse, J. D., Kjaergaard, H. G., Kirten, A., St Clair,

Froese, R. D. J.,, Svensson, M., and Morokuma, K.: J.M.,, Seinfeld, J. H., and Wennberg, P. O.: Unexpected epoxide
IMOMO(G2MS): A New High-Level G2-Like Method for formation in the gas-phase photooxidation of isoprene, Science,
Large Molecules and Its Applications to Diels-Alder Reactions, 325, 730-733, dal:0.1126/science.1172912009b.

J. Phys. Chem. A, 101, 227-233, 1997. Paulot, F., Henze, D. K., and Wennberg, P. O.: Impact of the iso-

Guenther, A., Karl, T., Harley, P., Wiedinmyer, C., Palmer, P. I., prene photochemical cascade on tropical ozone, Atmos. Chem.
and Geron, C.: Estimates of global terrestrial isoprene emissions Phys., 12, 1307-1325, d&D.5194/acp-12-1307-20,12012.
using MEGAN (Model of Emissions of Gases and Aerosols from Le Person, A., Solignac, G., Oussar, F., Daéle, V., Mellouki, A.,
Nature), Atmos. Chem. Phys., 6, 3181-3210, Hab194/acp-6- Winterhalter, R., and Moortgat, G. K.: Gas phase reaction of al-
3181-20062006. lyl alcohol (2-propen-1-ol) with OH radicals and ozone, Phys.

Holloway, A.-L., Treacy, J., Sidebottom, H., Mellouki, A., Daéle, Chem. Chem. Phys., 11, 7619-7628, 1i8i1039/b905776e
V., Le Bras, G., and Barnes, |.: Rate coefficients for the re- 2009.
actions of OH radicals with the keto/enol tautomers of 2,4- Rindelaub, J. D., McAvey, K. M., and Shepson, P. B.: Determination
pentanedione and 3-methyl-2,4-pentanedione, allyl alcohol and of «-pinene-derived organic nitrate yields: particle phase parti-
methyl vinyl ketone using the enols and methyl nitrite as pho-  tioning and hydrolysis, Atmos. Chem. Phys. Discuss., 14, 3301—
tolytic sources of OH, J. Photochem. Photobio. A, 176, 183-190, 3335, doi10.5194/acpd-14-3301-2012014.
doi:10.1016/j.jphotochem.2005.08.03D05. Rollins, A. W., Pusede, S., Wooldridge, P., Min, K. E., Gen-

Horowitz, L. W., Fiore, A. M., Milly, G. P., Cohen, R. C., Perring, tner, D. R., Goldstein, a. H., Liu, S., Day, D. A., Russell,
A., Wooldridge, P. J., Hess, P. G., Emmons, L. K., and Lamar- L. M., Rubitschun, C. L., Surratt, J. D., and Cohen, R. C.:
gue, J.-F.: Observational constraints on the chemistry of isoprene Gas/particle partitioning of total alkyl nitrates observed with TD-
nitrates over the eastern United States, J. Geophys. Res., 112, LIF in Bakersfield, J. Geophys. Res. Atmos., 118, 6651-6662,
D12S08, doil0.1029/2006JD007742007. doi:10.1002/jgrd.505222013.

Hu, K. S., Darer, A. |, and Elrod, M. J.: Thermodynamics and Seeley, J. V., Jayne, J. T., and Molina, M. J.: High pressure fast-flow
kinetics of the hydrolysis of atmospherically relevant organon-  technique for gas phase kinetics studies, Int. J. Chem. Kinet., 25,
itrates and organosulfates, Atmos. Chem. Phys., 11, 8307-8320, 571-594, 1993.
doi:10.5194/acp-11-8307-20,12011. Sprengnether, M., Demerjian, K. L., Donahue, N. M., and Ander-

Jacobs, M. |., Darer, A. |, and Elrod, M. J.: Rate constants and prod- son, J. G.: Product analysis of the OH oxidation of isoprene and
ucts of the OH reaction with isoprene-derived epoxides, Environ. 1, 3-butadiene in the presence of NO, J. Geophys. Res., 107,

Sci. Technol., 47, 12868-12876, 2013. 4268, d0i10.1029/2001JD000718002.

Lee, L., Teng, A. P., Wennberg, P. O., Crounse, J. D., and Co-Surratt, J. D., Chan, A. W. H., Eddingsaas, N. C., Chan, M., Loza, C.
hen, R. C.: On Rates and Mechanisms of OH andRBactions L., Kwan, A. J., Hersey, S. P., Flagan, R. C., Wennberg, P. O., and
with Isoprene-Derived Hydroxy Nitrates., J. Phys. Chem. A, 118, Seinfeld, J. H.: Reactive intermediates revealed in secondary or-
1622-1637, doi:0.1021/jp41076032014. ganic aerosol formation from isoprene, P. Natl. Acad. Sci. USA,

Lin, Y.-H., Zhang, Z., Docherty, K. S., Zhang, H., Budisulis- 107, 6640-6645, ddi0.1073/pnas.09111141@010.
tiorini, S. H., Rubitschun, C. L., Shaw, S. L., Knipping, E. Treves, K. and Rudich, Y.: The Atmospheric Fate of C3—C6 Hy-
M., Edgerton, E. S., Kleindienst, T. E., Gold, A., and Sur-  droxyalkyl Nitrates, J. Phys. Chem. A, 107, 7809-7817, 2003.
ratt, J. D.: Isoprene epoxydiols as precursors to secondary orvon Kuhlmann, R., Lawrence, M. G., Péschl, U., and Crutzen, P. J.:
ganic aerosol formation: acid-catalyzed reactive uptake studies Sensitivities in global scale modeling of isoprene, Atmos. Chem.
with authentic compounds, Environ. Sci. Technol., 46, 250-258, Phys., 4, 1-17, ddi0.5194/acp-4-1-2002004.
doi:10.1021/es2025542012. Wennberg, P. O.: Let's abandon the “high NOX” and “low NOX”
Lockwood, A. L., Shepson, P. B., Fiddler, M. N., and Alagh- terminology, IGAC News, 50 (July 2013), 3—4, 2013.
mand, M.: Isoprene nitrates: preparation, separation, identificaWhalen, D. L.: Mechanisms of Hydrolysis and Rearrangement of
tion, yields, and atmospheric chemistry, Atmos. Chem. Phys., 10, Epoxides, in: Advances in Physical Organic Chemistry, \Vol. 40,

61696178, dot0.5194/acp-10-6169-201R010. edited by: Richards, J. P., 247-297, Academic Press, London,
Lou, Y. R.: Comprehensive Handbook of Chemical Bond Energies, 2005.
CRC Press, Boca Raton, FL, 2007. Zhao, J. and Zhang, R.: Proton transfer reaction rate con-

Orlando, J. J., Tyndall, G. S., and Ceazan, N.: Rate Coefficients and stants between hydronium ion £B+) and volatile or-
Product Yields from Reaction of OH with 1-Penten-3-ol, (Z)-2- ganic compounds, Atmos. Environ., 38, 2177-2185,
doi:10.1016/j.atmosenv.2004.01.Q2904.

Atmos. Chem. Phys., 14, 89338946 2014 www.atmos-chem-phys.net/14/8933/2014/


http://dx.doi.org/10.5194/acp-6-3181-2006
http://dx.doi.org/10.5194/acp-6-3181-2006
http://dx.doi.org/10.1016/j.jphotochem.2005.08.031
http://dx.doi.org/10.1029/2006JD007747
http://dx.doi.org/10.5194/acp-11-8307-2011
http://dx.doi.org/10.1021/jp4107603
http://dx.doi.org/10.1021/es202554c
http://dx.doi.org/10.5194/acp-10-6169-2010
http://dx.doi.org/10.1021/jp0041712
http://dx.doi.org/10.1002/kin20248
http://dx.doi.org/10.5194/acp-9-1479-2009
http://dx.doi.org/10.1126/science.1172910
http://dx.doi.org/10.5194/acp-12-1307-2012
http://dx.doi.org/10.1039/b905776e
http://dx.doi.org/10.5194/acpd-14-3301-2014
http://dx.doi.org/10.1002/jgrd.50522
http://dx.doi.org/10.1029/2001JD000716
http://dx.doi.org/10.1073/pnas.0911114107
http://dx.doi.org/10.5194/acp-4-1-2004
http://dx.doi.org/10.1016/j.atmosenv.2004.01.019

